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Preface

Low temperature fuel cells are electrochemical devices that convert chemical

energy directly to electricity. They have great potential for both stationary and

transportation applications and are expected to help address the energy and envi-

ronmental problems that have become prevalent in our society. Despite their great

promise, commercialization has been hindered by lower than predicted efficiencies

and the high cost of electrocatalysts in the electrodes.

Highly dispersed Pt nanoparticles (2–3 nm) on carbon black are commonly used

as electrocatalysts for both fuel oxidation (anode) and oxygen reduction (cathode)

reactions in low temperature fuel cells. In a hydrogen fuel cell, hydrogen oxidation

is an extremely fast reaction and requires low Pt catalyst loading (<0.05 mg/cm2).

For more than five decades, the predominant work has been focused on the

development of novel catalysts for the oxygen reduction reaction (ORR), which

has sluggish kinetics and is responsible for the high overpotential observed in the

low current region. Significant progress on Pt reduction (from >1.0 mg/cm2 to

�0.4 mg/cm2) in the cathode has been achieved by optimizing the membrane

electrode assembly (MEA) over the past two decades. However, the rising price

of Pt continues to offset this effort.

In direct alcohol fuels cells (DAFCs), some simple organic molecules such as

methanol, ethanol, formic acid, and ethylene glycol are used as alternative fuels.

Besides the slow kinetics of ORR in the cathode, the slow alcohol oxidation

reaction on Pt is another major contribution to low DAFC performance.

Recent intensive research efforts have led to the development of less expensive

and more abundant electrocatalysts for fuel cells. This book aims to summarize

recent advances of electrocatalysis in oxygen reduction and alcohol oxidation, with

a particular focus on low- and non-Pt electrocatalysts. The book is divided into two

parts containing 24 chapters total. All the chapters were written by leading experts

in their fields from Asia, Europe, North America, South America, and Africa. The

first part contains six chapters and focuses on the electro-oxidation reactions of

small organic fuels. The subsequent eighteen chapters cover the oxygen reduction

reactions on low- and non- Pt catalysts.
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Chapter 1 discusses the current status of electrocatalysts development for meth-

anol and ethanol oxidation. Chapter 2 presents a systematic study of electrocatalysis

of methanol oxidation on pure and Pt or Pd overlayer-modified tungsten carbide,

which has similar catalytic behavior to Pt. Chapters 3 and 4 outline the understand-

ing of formic acid oxidation mechanisms on Pt and non-Pt catalysts and recent

development of advanced electrocatalysts for this reaction. The faster kinetics of

the alcohol oxidation reaction in alkaline compared to acidic medium opens up the

possibility of using less expensive metal catalysts. Chapters 5 and 6 discuss the

applications of Pt and non-Pt-based catalysts for direct alcohol alkaline fuel cells.

Chapters 7–12 focus on the electrocatalysis of carbon-based non-precious

metal catalysts. The unique properties and fuel cell applications of various carbon

based catalysts are intensively discussed in these chapters. Chapter 7 summarizes

the fundamental studies on the electrocatalytic properties of metallomacrocyclic

and other non-macrocyclic complexes. Chapter 8 and 9 review the progress made

in the past 5 years of pyrolyzed carbon-supported nitrogen-coordinated transition

metal complexes. Chapter 10 gives a comprehensive discussion on the role

of transitional metals in the ORR electrocatalysts in acidic medium. Chapter 11

introduces modeling tools such as density functional theory (DFT) and ab initio

molecular dynamics (AIMD) simulation for chemical reaction studies. It also

presents a theoretical point of view of the ORR mechanisms on Pt-based catalysts,

non-Pt metal catalysts, and non-precious metal catalysts. Chapter 12 presents

an overview on recent progresses in the development of carbon-based metal-free

ORR electrocatalysts, as well as the correlation between catalyst structure and their

activities.

Chapter 13 and 14 summarize the development of transitional metal oxides

and transition metal chalcogenides for ORR, respectively. Chapter 15 is the only

chapter in this book dedicated to the ORR catalysis of alkaline fuel cells.

Electrocatalytic properties of various non-Pt catalysts including Ag, Pd, transition

metal macrocycles, metal oxides, and multifunctional materials are presented.

Fundamental issues related to the design of low-cost, high-performance electro-

catalysts for alkaline fuel cells are discussed. Chapter 16 and 17 review the recent

advances on the study of ORR on Au and Pd-based catalysts, respectively.

Chapters 18–21 discuss core–shell and advanced Pt alloy catalysts (which also

can be considered to have a core–shell structure). Chapter 18 studies the

fundamentals of Pt core–shell catalysts synthesized by selective removal of transi-

tion metals from transition metal-rich Pt alloys. Chapter 19 outlines the advances of

core–shell catalysts synthesized by both electrochemical and chemical methods.

The performance, durability, and challenges of core–shell catalyst in fuel cell

applications are also discussed. Chapter 20 reviews the recent analyses of the

various aspects intrinsic to the core–shell structure including surface segregation,

metal dissolution, and catalytic activity, using DFT, molecular dynamics, and

kinetic Monte Carlo. Chapter 21 presents the recent understanding of activity

dependences on specific sites and local strains in the surface of bulk and core–shell

nanoparticle based on DFT calculation results.
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The last three chapters are dedicated to improving the durability of the catalyst/

electrode. Chapter 22 reports the development and evaluation of bimetallic Pt–Ru (Ir)

oxygen evolution catalysts on 3M’s nanostructured thin film (NSTF). This type

of catalyst may significantly reduce carbon corrosion and Pt dissolution during

transient conditions of fuel cells. Chapter 23 discusses the unique properties of

carbide-modified carbon as the support for fuel cell catalysts. The final chapter

gives a comprehensive review of novel materials other than carbon black as catalyst

support. The interactions between the supports and catalysts are intensively

discussed in the last two chapters.

I believe this book includes most of the state-of-the-art development of low cost

and high performance catalysts and our understanding of fuel cell reactions. I hope

that this book can be a comprehensive reference for those who are interested in the

related areas. I truly believe that some of the technologies described in this book

will be applied in the mass-produced fuel cells in the not-too-distant future.

I would like to thank all the authors of each chapter for their great contributions

and efforts to this project. I would also like to acknowledge the invitation from

Dr. Anthony Doyle, Senior Editor at Springer to edit the book, and Ms. Christine

Velarde and Grace Quinn for their kind help in the preparation of this book. Finally,

I would like to express my appreciation to my family for their understanding and

support of my work.

South Windsor, CT Minhua Shao
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Chapter 1

Low-Platinum-Content Electrocatalysts for

Methanol and Ethanol Electrooxidation

Meng Li and Radoslav R. Adzic

Abstract Methanol and ethanol, having high energy density, likely production

from renewable sources, and ease of storage and distribution, are ideal combustibles

for fuel cells wherein their chemical energy can be converted directly into electrical

energy. However, the slow, incomplete oxidation of methanol and ethanol on

platinum-based anodes as well as the high price and limited reserves of platinum

has hampered the practical application of direct alcohol fuel cells. Extensive

research efforts have been dedicated to developing high-activity electrocatalysts.

This chapter presents an overview of the recent progress in methanol and ethanol

electrocatalysis on platinum-based materials, with special attention focused on the

research effort to reduce platinum content.

1.1 Introduction

Hydrogen is the most convenient fuel for fuel cell applications, because of its fast

oxidation kinetics and the high efficiency of a hydrogen/oxygen fuel cell; however,

hydrogen is not a primary fuel, meaning it has to be produced from other sources,

such as, natural gas reforming, oil or coal gasification, and water electrolysis [1].

The clean and efficient production of hydrogen and the difficulties with its storage

and large-scale distribution have greatly hindered the wider application and com-

mercialization of hydrogen-fed fuel cells.

Alcohols (e.g., methanol and ethanol) are considered as potential alternatives to

hydrogen, because they are liquid under ambient temperature and pressure, which

makes their storage and distribution simple [2–4]. Moreover, alcohols have a high

energy density (6–9 kWh/kg), and they can be obtained from renewable sources. The
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direct methanol fuel cell (DMFC) gained most attention at first because methanol is

the simplest alcohol (with only one carbon atom) and its electrocatalysis is also the

simplest. Compared to methanol, ethanol possesses advantages such as low toxicity,

easy logistics, and likely production in large quantities from renewable sources

such as agricultural products. In addition, it has higher energy density than methanol

(8.0 vs. 6.1 kWh/kg). However, the practical application of the direct ethanol fuel

cell (DEFC) is more difficult than that of the DMFC, because of the slower kinetics

of ethanol electrooxidation than that of methanol.

Platinum and Pt-based materials are currently the best electrocatalysts for

these reactions. The price and the limited reserves of Pt are the prime obstacles

to adequately developing this major field. Extensive research efforts have been

devoted to the development of highly active and cost-effective electrocatalysts.

This chapter describes recent advances in electrocatalysts for anodic reactions in

low-temperature fuel cells that use methanol and ethanol as fuels in acidic media.

Special attention is focused on the effort to decrease Pt content in the catalysts.

Electrocatalysts employed in alkaline fuel cells are not discussed as they have been

adequately covered in Chap. 5.

1.2 Electrocatalysts for Methanol and Ethanol

Oxidation in Acidic Media

1.2.1 Methanol and Ethanol Electrooxidation on
Bulk Platinum Electrode

Methanol electrooxidation and ethanol electrooxidation are complex reactions

occurring in a pattern of parallel reaction pathways (Fig. 1.1) [5–14]. Although

detailed reaction mechanisms remain obscure, a number of reaction intermediates

and products have been identified by spectroscopic methods such as in situ Fourier

transform infrared spectroscopy (FTIR), on-line differential electrochemical mass

spectrometry (DEMS), and other techniques [6, 12–14].

The complete oxidation of methanol yields CO2 and six electrons per methanol

molecule:

CH3OHþ H2O ! CO2 þ 6Hþ þ 6e� (1.1)

Methanol has a low theoretical oxidation potential (0.02 V) comparable to that

of hydrogen (0.0 V), and in principle it can be an efficient fuel at low temperatures.

However, methanol decomposition on Pt produces surface-poisoning species and

leads to a low activity. Adsorbed CO (COad) has been identified in many studies as

the primary poisoning species [8, 9]. Oxidizing CO requires oxygen atoms, usually

supplied by the dissociation of water. However, Pt does not chemisorb H2O at

potentials lower than 0.7 V, and thus, pure Pt is a poor electrocatalyst at low

2 M. Li and R.R. Adzic
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potentials. A high rate of oxidation on pure Pt occurs only at high potentials without

technological interest. The tardiness of the methanol oxidation reaction (MOR) at

the anode is more prominent than that of the oxygen reduction reaction (ORR) at

the cathode, so adversely affecting the performance of DMFCs.

The total ethanol oxidation reaction (EOR) can be described as

CH3CH2OHþ 3H2O ! 2CO2 þ 12Hþ þ 12e� (1.2)

The EOR has a useful thermodynamic potential of 0.08 V. The kinetics of the

EOR is more sluggish than that of MOR on Pt since the number of electrons

exchanged doubles and the activation of the C�C bonds is more difficult than

that of C�H bonds. There is a consensus that carbon dioxide (CO2), acetaldehyde

(CH3CHO), and acetic acid (CH3COOH) are the main products of the oxidation of

ethanol in acidic solution. Similarly, Pt itself is rapidly poisoned by the strongly

adsorbed intermediates generated from the dissociative adsorption of ethanol.

Moreover, breaking the C–C bond for a total oxidation to CO2 is the major problem

in ethanol electrocatalysis. The ethanol partial oxidation pathway dominates on

the pure Pt catalyst, which causes a decrease in number of electrons extracted

from ethanol fuel and consequently a considerable lowering of the fuel utilization

efficiency [12–14].

1.2.2 Structure Modification of Platinum Electrocatalysts

Significant structure sensitivity has been found for alcohol oxidation on well-

defined Pt single-crystal surfaces as well as on nanoparticle Pt catalysts. This

Fig. 1.1 Schematic representations of the parallel pathways for methanol (a) and ethanol

(b) electrooxidation on Pt electrode [5, 6]
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activity dependence of the Pt surfaces on crystallographic orientation offers the

possibility of selecting the surface structure for the optimal activity [15–34].

The onset potential for methanol bulk oxidation increases in the order of

Pt(111) < Pt(110) < Pt(100). The largest current is associated with the peak at

0.8 V on the Pt(100) plane [15]. However, from a practical point of view, this

oxidation takes place at too high a potential because a cell with such electrode

would have too low voltage. In that respect, Pt(111) plane could be considered

as the most active MOR catalyst among the three low-index planes. Similar

performances have been observed during EOR, and Pt(111) is the most active

among the three basal planes [14–21].

Tripkovic, Koper, Feliu, and Korzeniewski groups carried out systematic elec-

trochemical study on a series of high-index Pt single-crystal surfaces to understand

the role surface steps and defects played in methanol and ethanol electrooxidation

[22–28]. The study of Pt[n(111) � (110)]-type electrodes (having (111) terraces

with (110) monoatomic steps) shows that the overall oxidation rate of both metha-

nol and ethanol increases with an increasing (110)-type step density. Moreover,

spectroscopic studies reveal a dual effect from (110)-type steps on the EOR:

at potentials below 0.7 V, the step catalyzes the C–C bond cleavage and the

oxidation of COad; at high potentials, the step also catalyzes the oxidation of ethanol

to acetic acid and acetaldehyde. The study of Pt[n(111) � (100)]-type electrodes

shows that the presence of (100)-type steps on the (111) terraces has no significant

enhancement of the activity of the surfaces [25, 26].

For practical Pt electrocatalysts in the form of nanoparticles dispersed on a

conductive support such as carbon black, it is expected that the higher surface

area would bring higher activity. Decreasing Pt particle size is an important way to

increase the surface area, improve Pt utilization, and reduce Pt loading. Although it

was expected that surfaces with higher step densities would mimic smaller

particles, the contrary is observed for particles in the nanometer range: MOR

activity decreases with smaller particle size [29]. Moreover, a great variance is

observed in results from different groups [22, 23, 29–31]. It has to be noted that

different synthetic methods can profoundly affect the morphology of resulting

nanoparticles as well as the support.

Guided by the finding from single-crystal model catalysts studies, Pt nanoparticles

enclosed with high-index facets have been designed. Sun et al. developed an electro-

chemical shape-controlled method and successfully synthesized tetrahexahedral Pt

nanocrystals (THH Pt NCs) enclosed by (730), (210), and/or (520) surfaces that have

a large density of atomic steps and dangling bonds [32]. THH Pt NCs with a defined

size that can be varied from 20 to 200 nm are grown on the glassy carbon electrode

and exhibit much enhanced (up to 400 %) catalytic activity for equivalent Pt surface

areas for electrooxidation of formic acid and ethanol. The same group improved

the synthetic method and synthesized high-index faceted Pt NCs (Fig. 1.2) supported

on carbon black (HIF–Pt/C) with a size 2–10 nm comparable to that of commercial

catalysts by using a square-wave potential method [33].

Zhou et al. synthesized the one-dimensional (1D) Pt nanowire electrocatalyst, which

exhibited greatly enhanced activity and efficiency in the EOR (Fig. 1.3), a negatively
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Fig. 1.3 TEM images of Pt nanowires (a) and Pt nanoparticles (b); comparison of current–time

plots (c) during EOR on Pt nanowires (black) and nanoparticles in 0.2 M ethanol in 0.1 M HClO4

solution at 0.65 V for 3,600 s reaction time. Inset in (c) shows comparison of current densities

measured at three different potentials (0.55 V, 0.60 V, and 0.65 V) at 500 s reaction time [34]

Fig. 1.2 Aberration-corrected high-resolution transmission electron microscopy (HR-TEM) images

of HIF-Pt/C catalysts, showing the high density of atomic steps [33]
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shifted onset potential for ~0.22 V, and a high current density with at least a twofold

enhancement compared with the 0D counterparts (i.e., Pt nanoparticles) [34].

The enhanced catalytic performance of 1D nanostructures in the EOR has been

attributed to the likely interplay between balanced terrace-step sites for ethanol adsor-

ption and reaction and a facilitated removal of chemisorbed CO on the nanowires.

1.2.3 Cocatalysts Modified Platinum Electrocatalysts

Pure platinum is an inadequate electrocatalyst for alcohol oxidation, and thus,

efforts to improve Pt have been concentrated on the addition of cocatalysts

[35–38]. Different approaches have been developed, for instance, adatom- or

adlayer-modified Pt [37–45], Pt–M alloy [46–62], Pt–MO (metal oxide) [63–69],

Pt–M intermetallic [70], M–Pt core–shell nanostructures [71–74], and the like. The

promotional effect from the cocatalyst is often attributed to the bifunctional effect

(promoted mechanism) [37] and the electronic effect (ligand effect or intrinsic

mechanism) [38]. According to the bifunctional effect, the oxidative removal of

the strongly adsorbed poisoning species is facilitated in the presence of an oxyphilic

cocatalyst (e.g., Ru, Sn, Ir, Re, Os, Pb, Bi, andMo) by supplying oxygen atoms at an

adjacent site at a lower potential than that accomplished by pure Pt. The electronic

effect postulates that the presence of the cocatalyst modifies the electronic structure

of Pt and, as a consequence, the adsorption strength of poisoning species and

oxygen-containing species. Moreover, the addition of the cocatalysts reduces Pt

content in the electrocatalysts. Among various anode electrocatalysts developed,

the most extensively investigated ones are Pt–Ru- and Pt–Sn-based catalysts.

1.2.3.1 Pt–Ru-Based Electrocatalysts

Pt–Ru electrocatalysts are generally considered to be the most active binary

catalysts for the MOR. Several commercial Pt–Ru alloy nanoparticles supported

on carbon black have been available for applications in DAFCs. The catalytic effect

has been observed using different kinds of Pt–Ru materials, such as adsorbed Ru on

bulk Pt [46, 47], UHV-evaporated Ru on bulk Pt [46, 47], Pt–Ru electrodeposits

[48, 49], Pt–Ru alloys [50–60], and Pt–RuO2 [63–66].

Supported Pt–Ru alloy nanoparticle catalysts are usually prepared by impregna-

tion [50, 51] and colloidal methods [52–54]. The impregnation method is a simple

procedure; however, the resulting nanoparticles have a large average size and a

broad distribution. The colloidal methods can produce very small and homo-

geneously distributed nanoparticles but the methodologies are more complex.

Microemulsion method is a new synthetic route and the main advantage is the

ease in controlling metallic composition and particle size within a narrow distribu-

tion by varying synthesis conditions [55–57].

The Pt–Ru alloy catalyst with a Pt:Ru atomic ratio of 1:1 is generally considered

as the best MOR catalysts in terms of activity and stability [58]. Lamy et al. [59]
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reported the best composition of Pt–Ru alloy for MOR depended on electrode

potentials. A Ru-rich catalyst showed higher performance at low potentials, while

a Pt-rich one worked better at higher potentials. Contrary to the current understand-

ing, the mixed-phase electrocatalyst containing Pt metal and hydrous ruthenium

oxides were reported to be more active than the Pt–Ru bimetallic alloy catalyst [60,

63–65]. Wieckowski and co-workers first demonstrated the spontaneous deposition

of a noble metal on another noble-metal surface by the deposition of Ru adlayers on

a Pt(hkl) single crystal [66, 75]. Using the spontaneous deposition method, Pt

nanoparticles were decorated with Ru to obtain a Pt/Ru catalyst, and the optimized

Pt/Ru catalyst was twice as active as the commercial Pt–Ru alloy catalyst. How-

ever, Pt content in the Pt/Ru catalyst is high, so the approach to decorate Ru

nanoparticle surfaces by Pt adatoms/adlayers seems beneficial to reduce Pt loading.

Hwang et al. [76] prepared Pt-decorated Ru nanoparticle catalysts by a redox-

transmetalation process; the catalysts showed higher mass activity for methanol

oxidation than did commercial Pt–Ru catalysts. Sasaki et al. synthesized

electrocatalysts comprising a monolayer amount of Pt on Ru nanoparticles by

galvanic displacement of a Cu adlayer (detailed discussion in Sect. 2.4) [77].

Pt–Ru catalysts also received much attention in ethanol oxidation [48, 67, 78, 79].

Iwasita et al. [48] investigated the EOR activity of Pt–Ru electrodeposits as a function

of their atomic composition and demonstrated that the catalytic activity of Pt–Ru

is strongly dependent on the Ru content. The optimum Pt:Ru composition was

suggested to be 3:2. At low Ru concentration, there are insufficient Ru sites to

effectively assist the oxidation of adsorbed residues, while ethanol adsorption can

be inhibited when Ru concentration is too high (i.e.,>ca. 40%) due to the diminution

of Pt sites.

Some work was carried to modify Pt–Ru catalysts by adding a third or

even a fourth constituent. These Pt–Ru-based ternary or quaternary electrocatalysts

such as Pt–Ru–Os, Pt–Ru–W, Pt–Ru–Ni, Pt–Ru–Mo, Pt–Ru–Pb, Pt–RuO2–IrO2,

and Pt–Ru–Os–Ir showed improved catalytic activities than Pt–Ru binary catalysts

[61, 80–85].

1.2.3.2 Pt–Sn-Based Electrocatalysts

Pt–Sn electrocatalysts only show modest improvement in catalyzing MOR com-

pared to pure Pt catalysts, despite the superior performance of Sn as a cocatalyst for

enhancing CO oxidation [86]. Generally, comparisons between Pt–Ru and Pt–Sn

catalysts indicated that the former are more active for the MOR, and DMFCs with

Pt–Ru/C anode catalysts demonstrated substantially better performance compared

to one with Pt–Sn/C catalysts under similar operating conditions [62, 87–89].

Pt–Sn electrocatalysts have been considered as the most active binary catalyst

for the EOR, and their superior performance has been confirmed in fuel cell

measurements [89–91]. Sn promotes the EOR activity of Pt and works even better

than Ru. Polyol method [92, 93] and “Bönneman” method [94, 95] were employed

to synthesize alloy Pt–Sn/C and Pt–SnOx/C catalysts, and Jiang et al. [68] claimed

that the greater activity was from Pt–SnOx/C due to the presence of both sufficiently
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large Pt ensembles for ethanol dehydrogenation and C–C bond splitting and of

SnOx for OH generation. Considerable research has been devoted to optimizing

Pt–Sn electrocatalysts. Lamy et al. [95] found the alloy Pt–Sn/C catalysts with

10–20 at.% of Sn exhibited best activity at low potentials. Results from Jiang et al.

showed that the Pt–SnOx/C catalyst with an atomic ratio Pt/Sn of 1 was the most

active among four with different Pt/Sn ratios. An integrated surface science and

electrochemistry study of the SnOx/Pt(111) model catalysts was carried out by Zhou

et al. [69], and the results showed a “volcano” dependence of the EOR activity on

the surface composition with the highest activity appearing at a SnOx coverage of

37 %. Despite the improved overall EOR activity from Pt–Sn catalysts, on-line

DEMS studies have shown that acetic acid and acetaldehyde represent the dominant

products with CO2 formation contributing only 1–3 % [68].

Pt–Sn-based systems like Pt–Sn–Ru, Pt–Sn–Ir, Pt–Sn–Ni, and Pt–Sn–Ce were

also studied to improve the electrocatalytic activity of Pt–Sn catalysts [69, 96–100].

Other catalysts including Pt–M (where M represents metals other than Ru or

Sn, e.g., W, Pd, Rh, Re, Mo, Ti, and Ce) and Pt–MO (where MO represents a

metal oxide like WO3, TiO2, and CeO2) have been investigated for the electro-

catalysis of alcohols [35, 36].

1.2.3.3 Electrocatalysts with Novel Nanostructures

The use of Pt–Ru and Pt–Sn electrocatalysts has been found to introduce a

stability problem: during extended period of fuel cell operation, the catalyst surface

becomes depleted of Ru and Sn [70]. It was reported that Ru can nucleate in other

parts of the cell and facilitate degradation of the membrane. Ordered intermetallic

systems, in general, provide predictable control over structural, geometric, and

electronic effects and high structure stability. DiSalvo et al. [70] studied a wide

range of ordered intermetallic phases, and the PtBi, PtIn, and PtPb ordered inter-

metallic phases appeared to be very promising fuel cell anode electrocatalysts.

Most recently, Pt-based electrocatalysts with novel nanostructures such as

nanowire, nanotube, hollow, core–shell, and nanodendrite structures have been

investigated [71–74, 101]. One-dimensional ternary PtRuM (M ¼ Ni, Co, and W)

nanowire catalysts were synthesized, and these catalysts outperform Pt–Ru com-

mercial catalyst and have a low noble-metal content due to the incorporation of an

Earth-abundant element [101].

1.2.4 Platinum Monolayer Electrocatalysts

Adzic et al. [102] developed a new approach for designing and synthesizing

electrocatalysts that can dramatically reduce the required Pt content while affording

possibilities to enhance their catalytic performance. These electrocatalysts consist of

a monolayer (one-atom thick) of Pt on extended or supported nanoparticle metal

or metal–alloy surfaces. The Pt-monolayer (PtML) approach has several attractive
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features: (a) close to complete Pt utilization since all Pt atoms are present on the

surface and involve in catalytic reactions; (b) tailored electrocatalytic properties

consequent upon the combined geometric effect (substrate-induced strain) and ligand

effect (the electronic interaction between PtML and the substrate); (c) enhanced

stability because of the decreased oxidation of the PtML resulting from the interaction

with the suitable substrate; and (d) direct activity correlations between catalytic and

physical properties of the PtML as all Pt atoms involved in the reaction are sampled

by the measuring technique [102].

The PtML/Ru electrocatalysts were inaugurated for fuel cell anode reactions,

and the catalysts were synthesized by two methods. The first method facilitated

the formation of submonolayer-to-multilayer Pt deposits on Ru surfaces via the

electroless (spontaneous) deposition of Pt on Ru [103–107]. The coverage and

morphology of the Pt deposit on Ru depended on the concentration of platinum

ions and the time of deposition. The activity and selectivity of the electrocatalyst

was fine-tuned by changing the coverage (the cluster size) of the Pt deposit, and

the optimized PtRu20/C (with atomic ratio of Pt:Ru as 1:20) electrocatalyst

demonstrated superior CO tolerance and stability compared to conventional

Pt–Ru/C alloy catalyst [104].

The second synthetic method involves depositing submonolayer-to-monolayer

amount of Pt on Ru by the galvanic displacement of an underpotentially deposited

(UPD) Cu adlayer; thus, the Pt coverage on Ru can be efficiently controlled

by varying Cu coverage (Fig. 1.4). Scanning tunneling microscopy (STM) study

of the resulting PtML/Ru(1010) surface revealed that Pt was deposited as a small

three-dimensional (3D) island on Ru [77]. In some other Pt–M binary systems,

for instance, Pt on Pd, a pseudomorphic monolayer of Pt was formed by the

displacement of a Cu UPD layer [102]. The PtML electrocatalysts comprising

different coverage of Pt deposit on carbon-supported Ru nanoparticle supports

with 10 nmol Ru content were synthesized, and electrochemical study showed

that 3.9 nmol Pt afforded the most active surface for methanol electrooxidation

(Fig. 1.5a). Figure 1.5b compared Pt mass activities for methanol oxidation on

commercial PtRu/C and the optimized partial Pt monolayer on Ru/C, denoted as

PtML/Ru/C electrocatalysts; the latter exhibited a threefold higher Pt mass activity.

The effect of the size of Ru nanoparticles on the MOR activity of PtML/Ru/C

electrocatalysts was investigated, and the optimal size was found to be around

3 nm. Chronoamperometric measurements at 0.67 V showed that the loss of activity

with time for the PtML/Ru/C electrocatalyst is 2.5 times slower than that for

commercial PtRu/C electrocatalyst (Fig. 1.6). The difference is caused by the

weaker CO bonding to the PtML/Ru than to the Pt–Ru alloy and also by a more

efficient bifunctional mechanism. An interesting finding was that the incorporation

of another oxyphilic metal into the PtML by depositing mixed-metal M + Pt mono-

layer (where M ¼ Ir, Pd, Os, and Rh) on Ru/C did not surpass the PtML/Ru/C

electrocatalyst in catalyzing methanol oxidation.

Most recently, PtML electrocatalysts were systematically studied for the

electrooxidation of methanol and ethanol [108]. PtML was deposited on different

substrates via the galvanic displacement of a Cu UPD monolayer, employing

five single-crystal surfaces (Au(111), Pd(111), Ir(111), Rh(111), and Ru(0001))
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as substrates. Taking as examples a PtML/Au(111) surface, where Au exerts on Pt

a tensile strain, and a PtML/Pd(111) surface where Pt is under compressive strain, a

significant enhancement in the catalytic activity associates with the tensile strain,

and decreased activity associates with the compressive strain. During the MOR

(Fig. 1.7a), the PtML/Au(111) exhibited a negatively shifted potential at the onset

of the reaction and over sevenfold enhancement in peak current density with

respect to Pt(111) (the most active low-index plane of Pt). Similarly, during the

EOR (Fig. 1.7b), the stretched PtML supported on Au(111) demonstrates slightly

negatively shifted reaction-onset potential and over fourfold increase in peak

current density. Along with more electrochemical studies, a trend is observable

indicating that increased lattice compression lowers reactivity. Spectroscopic study

showed the enhanced MOR activity in PtML/Au(111) was due to the formation of

COHads, instead of poisoning COads, and the promoted oxidation of COHads directly

to CO2. The high EOR activity on PtML/Au(111) was attributed to the fast kinetics

of partial oxidation pathway leading to acetic acid and acetaldehyde.

Fig. 1.4 PtML deposition by galvanic displacement of a Cu UPD adlayer on the substrates of bulk

Pd electrode (a) and Pd nanoparticle (b). Models of pseudomorphic monolayers of Pt on three

different substrates (c) inducing compressive strain (Ru(0001) and Pd(111)) and expansive strain

(Au(111)) [102]
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DFT calculations were carried out to gain better understanding of the methanol

electrooxidation on the surfaces of PtML supported on different substrates.

The onset potential for methanol electrooxidation on the PtML/metal surfaces was

estimated by calculating the binding energies and free energies of CO and OH

(Fig. 1.8). The DFT-predicted trend in reactivity agreed well with the experimental

observations, showing in decreasing sequence, PtML/Au(111) > Pt(111) > PtML/

Pd(111) > PtML/Ir(111) > PtML/Rh(111) > PtML/Ru(0001); PtML/Au(111) displays

the highest activity, where PtML is stretched by over 4 % and exhibits enhanced

reactivity in the dehydrogenative adsorption of alcohol molecules (Pt–CO) and the

dissociation of water (Pt–OH formation). That is, the strain effect due to the Au

support results in a Pt with moderate activity, being able to bind the adsorbates

Fig. 1.5 Methanol oxidation peak currents as a function of Pt coverage (4 nmol as 2D islands is

approximately 0.8 of a monolayer), where If and Ib represent peak currents at forward and

backward scans, respectively (a) Pt mass activity for methanol oxidation on commercial PtRu

and PtML/Ru electrocatalysts (b) [77] (reproduced with permission from J. Electrochem. Soc. 155,

B183 (2008). Copyright 2003, The Electrochemical Society)
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strongly enough to activate methanol, yet weakly enough to prevent CO poisoning

and allow the formation of CO2.

Several PtML nanocatalysts comprising PtML supported on mono- or bimetallic

nanoparticle cores were studied (Fig. 1.9), and the activity for both methanol and

ethanol electrooxidation reactions increased in the order of PtML/Pd/C < Pt/C <
PtML/Au/C. Hence, a qualitatively similar trend is observed as with single-crystal

surfaces, viz., dilated PtML enhances activity, while activity in compressed PtML is

decreased. PtML supported on Pd–Au bimetallic alloy nanoparticles demonstrated

an activity in between of PtML/Pd/C and PtML/Au/C, which also suggested a tunable

activity can be obtained from PtML by manipulating its lateral strain. Nanoparticles

are generally enclosed by a mixture of (111) and (100) planes and have certain

surface density of low coordinated sites. The size, shape, and structure of nanopar-

ticle supports can affect the reactivity, selectivity, and stability of PtML in a complex

way. However, with advanced synthetic nanotechnology methods, designing suit-

able, low-cost nanoparticle supports with enhancing properties is quite feasible.

1.2.5 Ternary Electrocatalysts for Oxidizing Ethanol
to Carbon Dioxide

The major challenge for the electrocatalysis of ethanol is to facilitate its total oxida-

tion to CO2 at low potentials, which cannot be achieved by existing Pt-based

binary catalysts. Adzic et al. developed the multifunctional ternary Pt–Rh–SnO2

electrocatalyst which is effective in splitting the C–C bond in ethanol at room

Fig. 1.6 Time dependence of the PtML/Ru electrocatalysts’ activity at 0.69 V with two different

compositions indicated in the graph and a commercial PtRu/C catalyst for methanol oxidation [77]

(reproduced with permission from J. Electrochem. Soc. 155, B185 (2008). Copyright 2003,

The Electrochemical Society)
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temperature, and the catalytic property of the ternary catalyst is attributed to the

synergistic effect between all three constituents (where Pt is for ethanol dehydro-

generative adsorption, SnO2 supplies oxygen-containing species, and Rh is respon-

sible for C–C bond cleavage) [109–115].

The model catalyst RhSnO2/Pt(111) and PtRhSnO2/C nanoparticle catalyst

were synthesized; both demonstrated unprecedented activity for the EOR with the

onset of reaction occurring at low overpotentials [109]. In situ infrared reflection-

absorption spectra (IRRAS) recorded during EORwith both catalysts demonstrated the

enhanced CO2 production compared to pure Pt and binary PtSnO2 catalysts. DFT

investigation of ethanol decomposition over a model RhPt/SnO2(110) catalyst

suggested the optimal reaction pathway is �CH3CH2OH ! �CH3CHO þ H� !�CH2

CH2Oþ 2H� ! �CH2 þ �CH2Oþ 2H�.

Fig. 1.7 Positive voltammetric scans for Pt(111) and PtML supported on five different substrates

(Au(111), Pd(111), Ir(111), Rh(111), and Ru(0001)) in 0.1 M HClO4 containing 0.5 M methanol

(a) or 0.5 M ethanol (b) with scan rate 10 mV/s [108]
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Most recently, a series of carbon-supported ternary SnOM0/SnO2 NP electro-

catalysts comprising SnO2 NP cores decorated with multi-metallic nanoislands

(MM0 ¼ PtIr, PtRh, IrRh, PtIrRh) were prepared using a seeded-growth approach

as synthetic analogues to the PtRh/SnO2(110) model catalyst in the earlier DFT study

[109, 112]. The composition and architecture of these catalysts were established using

an array of characterization techniques including Z-contrast scanning transmission

electron microscope (STEM) (Fig. 1.10), X-ray diffraction (XRD), and more

techniques.

Electrochemical measurements (Fig. 1.11) and in situ IRRAS studies (Fig. 1.12)

were carried out to investigate the catalytic properties of the MM0/SnO2/C

electrocatalysts. Both EOR reactivity and selectivity towards CO2 formation

of several of these MM0/SnO2/C NP catalysts are significantly higher than those of

Pt/C and PtSnO2/C. Among the systems studied, PtIr/SnO2/C catalyst with highest

Ir content, i.e., the catalyst with atomic ratio Pt:Ir:Sn of 1:1:1, showed the most

negative EOR onset potential and considerably improved capability in C–C bond

splitting. PtRh/SnO2/C electrocatalysts with a suitable Rh content, i.e., catalysts with

atomic ratio Pt:Rh:Sn of 1:1/2:1 and 1:1/3:1, exhibit the highest selectivity towards

ethanol total oxidation. The dependency between chemical composition and cata-

lytic properties was attributed to the combined ensemble effect and ligand effect.

The PtIrRh/SnO2/C electrocatalyst (with atomic ratio Pt:Ir:Rh:Sn of 1:1:1:1)

displays lower activity compared to PtRh/SnO2/C and PtIr/SnO2/C electrocatalysts,

Fig. 1.8 DFT investigations of methanol oxidation on PtML supported on different substrates.

The DFT-calculated variation of the lowest potential to proceed methanol electrooxidation on the

PtML supported on Cu(111), Ru(001), Rh(111), Re(001), Pd(111), Os(001), Ir(111), Ag(111), and

Au(111) surfaces with the surface strain. The surface stain was calculated by [d(PtML/surf) – d(Pt)]/
d(Pt), where d is Pt–Pt bond length. The potential and surface strain were expressed with respect to
the case of Pt(111) [108]
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and the IrRh/SnO2/C electrocatalyst (with atomic ratio Ir:Rh:Sn of 1:1:1) is

the poorest of all. The CO2 production efficiency of the above catalysts decreases

in the following order: PtRh/SnO2 (with atomic ratio Pt:Rh:Sn of 1:1/2:1 and

1:1/3:1) > PtIrRh/SnO2 (with atomic ratio Pt:Ir:Rh:Sn of 1:1:1:1) > PtIr/SnO2

(with atomic ratio Pt:Ir:Sn of 1:1:1).

Fig. 1.9 Positive voltammetric scans for Pt/C and PtML supported on different nanoparticle

substrates in 0.1 M HClO4 containing 0.5 M methanol (a) or 0.5 M ethanol (b) with scan rate

10 mV/s [108]
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1.2.6 Alternative to Pt-Based Electrocatalysts

Ir- and Rh-based catalysts have been investigated for ethanol oxidation reaction in

acidic media, and there have been some interesting and reasonably promising

results [116–118]. Lamy et al. [116] carried out in situ FTIR study on polycrystal-

line Ir and Rh electrodes and showed ethanol oxidation on Ir leading selectively to

either acetic acid or acetaldehyde, while Rh is a better catalyst in the total oxidation

of ethanol to CO2. Cao et al. [117] studied carbon-supported Ir3Sn nanoparticle

electrocatalyst, and the fuel cell test results showed that the overall performance of

Ir3Sn/C was comparable to that of the Pt3Sn/C catalyst.

The combined DFT and kinetic Monte Carlo (kMC) simulations conducted by

Choi et al. [118] propose that ethanol on Rh(111) is decomposed into C and CO,

with the cleavage of the C–C bonds (Fig. 1.13).

Fig. 1.10 Representative high-resolution Z-contrast AC-STEM images of PtIr/SnO2/C (a and c),

and PtRh1/2/SnO2/C (b and d) electrocatalysts [112]
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1.3 Conclusions and Future Directions

This chapter summarized the fundamental aspects and recent advances in

electrocatalysts for the oxidation reactions of methanol and ethanol occurring at

fuel cell anodes. Pt-based electrocatalysts are still considered to be the most

viable for the anodic reactions in acidic media. The major drawback, however,

is the price and limited reserves of Pt. To lower the Pt loading, the core–shell

structure comprising Pt shells is more beneficial than the alloy structure, since all

the Pt atoms on the nanoparticle surfaces can participate in the catalytic reactions

(and those in cores do not); particularly, the Pt submonolayer/monolayer approach

would be an ultimate measure to minimize the Pt content. The architectures in

nanoscale also have a significant effect on the reactivity and durability [119, 120]

and thus should be explored continuously in a future. As for the ethanol oxidation,

Rh addition is shown to enhance the selectivity towards C–C bond splitting;

however, Rh is even more expensive than Pt, and thus, the Rh content has to be

very low, or less expensive constituents replacing Rh are necessary to be found.

Fig. 1.11 Anodic polarization curves of PtIr/SnO2/C (with atomic ratio Pt:Ir:Sn of 1:1:1), PtRh1/3/SnO2/

C (with atomic ratio Pt:Rh:Sn of 1:1/3:1), IrRh/SnO2/C (with atomic ratio Ir:Rh:Sn of 1:1:1), and PtIrRh/

SnO2/C (with atomic ratio Pt:Ir:Rh:Sn of 1:1:1:1) electrocatalysts in 0.1 M HClO4 with 0.5 M ethanol

with scan rate 10 mV/s. The total noble-metal mass (Pt + Rh + Ir) specific current densities were

employed in the comparison, and all measurements were carried out at room temperature [112]

1 Low-Platinum-Content Electrocatalysts for Methanol and Ethanol Electrooxidation 17



Fig. 1.12 In situ IRRAS spectra recorded during EOR on three MM0/SnO2/C NP electrocatalysts:

(a) PtIr/SnO2/C, (b) PtRh1/3/SnO2/C, and (c) PtIrRh/SnO2/C [112]
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Chapter 2

Metal-Modified Carbide Anode Electrocatalysts

Zachary J. Mellinger and Jingguang G. Chen

Abstract Fuel cells are being extensively studied to help ease the potential energy

crisis. There have been many recent advances in direct methanol fuel cells (DMFC).

These devices have shown promise for portable power applications because of the

high gravimetric energy density of methanol. One major limitation of the technol-

ogy is its extensive use of platinum in its anode catalyst. This chapter will provide a

review of the work done to eliminate or significantly decrease the amount of

platinum in DMFC catalysts by replacing platinum with tungsten monocarbide

(WC) and monolayer coverages of platinum or palladium on WC.

2.1 Introduction

While there has been much progress in DMFC technology, there are still technical

hurdles that remain for large-scale commercialization. One of the challenges with

the anode electrocatalyst is the high cost and low abundance of the leading catalyst

materials: Pt and Ru. Another challenge is the strong binding of CO molecules to

Pt and Ru, which leads to CO poisoning of the active sites and slow kinetics for the

electrooxidation of methanol [1]. The commercialization of DMFC depends upon

new catalytic materials being developed that are more cost-effective and show a

higher CO tolerance. This can be achieved by either finding a new catalyst or

modifying the current catalysts.

A potential alternative electrocatalyst is tungsten carbide, which has attracted

attention from researchers since Levy and Boudart discovered that tungsten

carbides had similar catalytic behavior to Pt [2]. The Levy and Boudart study

has led to many groups researching tungsten carbides as alternatives to Pt for
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catalytic and electrocatalytic applications [3–5]. Some of the initial studies

focused on single-crystal surfaces in an ultrahigh vacuum (UHV) environment

[6–11] and density functional theory (DFT) calculations [12]. Studies were also

being performed using Pt- and Pd-modified tungsten carbides. Replacing Pt with

Pd is desirable as Pd is cheaper and more abundant than Pt as is discussed in one of

the chapters. Pt- and Pd-modified tungsten carbides are also promising potential

electrocatalysts because having an electrocatalytically active support decreases

the precious metal loading needed while possibly adding a synergistic effect

between the materials.

Our research group attempted to bridge the “materials gap” and “pressure gap”

between fundamental surface science studies and industrially applicable catalysts.

This bridging was needed because while single-crystal and UHV studies have

provided fundamental insights into the catalytic behavior of tungsten carbides

and metal-modified tungsten carbides, an industrially applicable catalyst would

have the form of carbide catalysts on large surface area supports. Our group first

investigated the reaction pathways of methanol on single-crystal surfaces of tung-

sten carbide and Pt-modified tungsten carbide [6–11]. Then those single-crystal

results were extended to the synthesis, characterization, and electrochemical evalu-

ation of polycrystalline tungsten carbide and metal-modified tungsten carbide films

[11, 13–22]. Electrochemical studies were performed in acid as well as basic

solutions as pH and type of solution affect the performance of electrocatalysts.

Finally, supported particles of tungsten carbide and Pt-modified tungsten carbide

were tested in full-cell measurements [23]. These studies bridged the “materials

gap” and “pressure gap” between DFT and UHV studies on model surfaces and the

evaluation of relevant supported electrocatalysts throughout the literature [23–30].

2.2 Theoretical and Experimental Studies on Single-Crystal

Surfaces

2.2.1 DFT Studies

DFT studies of single-crystal and polycrystalline surfaces have provided a funda-

mental understanding of the reaction pathways of methanol decomposition on tung-

sten carbide and metal-modified tungsten carbide surfaces. The binding energies of

methanol and methoxy species are shown in Table 2.1 on different surfaces [14, 16,

31, 32]. For both methanol and methoxy, tungsten carbide showed the highest

binding energy, and adding a monolayer of Pt or Pd decreased the binding energy

closer to that of the pure metals. The methanol and methoxy binding energies are

similar to the literature for Pd(111) [33–36] and Pt(111) [37, 38]. The trend in

Table 2.1 predicts that metal-modified WC surfaces should show activity more

similar to the parent metals than to tungsten carbide. Additionally, metal-modified
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tungsten carbide surfaces should show higher total activity than parent metals

because of the higher methanol and methoxy binding energies. These DFT studies

provided the basis for selecting relevant model surfaces for UHV experiments.

2.2.2 TPD Studies on Single-Crystal Surfaces

For the UHV experiments, surface preparation and characterization of C/W(111)

have been described in detail previously [8]. Clean W(111) was dosed with ethylene

at 120 K and then annealed to 1,200 K, producing C/W(111). The Pt/C/W(111)

surface was synthesized by depositing Pt by evaporative deposition by resistively

heating aW wire which was wrapped with Pt wire [10]. Previous studies using Auger

electron spectroscopy (AES) had determined that Pt grows on tungsten carbide

through a layer-by-layer mechanism [39, 40]. This growth mechanism means that

submonolayer coverages of Pt form regions of monolayers on the tungsten carbide

surfaces, as opposed to forming nanoparticles. Thus, Pt could be deposited onto the

carbide surface with precise control over the surface coverage. Temperature-

programmed desorption (TPD) and high-resolution electron energy loss spectroscopy

(HREELS) were used to determine the decomposition pathways of methanol on Pt

(111) [17, 41], C/W(111) [16, 17], Pt/C/W(111) [16, 17], C/W(110) [11], Pt/C/W

(110) [11], and Pd(111) [14, 42, 43]. Methanol has been found to decompose via the

following net reaction pathways under UHV conditions:

aCH3OH ! aCad þ aOad þ 2aH2 complete decompositionð Þ (2.1)

bCH3OH ! bCOþ 2bH2 ðreforming; desired reactionÞ (2.2)

cCH3OH ! cCH4 þ cOad ðmethane productionÞ (2.3)

Table 2.1 Binding energies of methanol and methoxy on metals, tungsten carbide, and metal-

modified tungsten carbide surfaces

Binding energy (kcal/mol)

Methanol Methoxy

Binding site

Atop Atop fcc hcp Bridge

Pt(111) [32] �4.50 �31.80

Pd(111) [14] �5.56 �33.79 �38.00 �37.69 �37.22

WC(0001) [16] �19.07 �51.16

Pt/WC(0001) [16] �8.37 �5.35

Pt [31] �4.86 �34.91 �32.95 �31.33 �31.93

WC [14, 31] �15.86 �66.38 �81.94 �91.09 �73.95

Pt/WC [31] �10.59 �49.49 ns �48.97 �48.9

Pd/WC [14] �8.58 �48.62 �55.33 �54.84 �52.25

ns not stable
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where a, b, and c denote the amount of methanol molecules undergoing each

pathway. The reforming pathway is the desired reaction as this extracts the most

hydrogen from the fuel while not coking up the catalyst surface. The CO product can

be further reacted on the surface to produce CO2 to release two more electrons. The

production of CO in the reforming reaction pathway is the reasonwhy CO tolerance is

an important characteristic of an anode DMFC catalyst. Also, the removal of the

methane production pathway is critical for the efficient utilization of methanol

because it leads to losing four of the six electrons available from the methanol

electrooxidation reaction.

The quantification of the TPD results for the reactions of methanol on various

single-crystal surfaces is shown in Table 2.2. The methods used to quantify the TPD

results are described in the literature [44]. These results indicate that there

is a synergistic effect by supporting submonolayer coverage Pt on WC(111) and

WC(110); the Pt-modified WC single-crystal surfaces still had a high activity for

methanol decomposition while eliminating the production of the undesirable methane

production pathway. The selectivity toward the reforming reaction pathway was

higher for the Pt-modified surfaces when compared to the metal single crystals.

2.2.3 Vibrational Studies of Single-Crystal Surfaces

To further characterize the intermediates on the surfaces, vibrational studies using

HREELS were performed with methanol dosed between 90 and 100 K on the

single-crystal surfaces. The results of the HREELS experiments are summarized in

Table 2.3. The HREELS spectra of methanol on various surfaces include an O–H

stretching mode at ~3,200 cm–1, a symmetric and asymmetric C–H stretching modes

at ~3,000 cm–1, CH3 deformation features at ~1,475 cm–1, a CH3 rocking mode

at ~1,150 cm–1, a CO stretch at ~1,000 cm–1, an O–H deformation at ~700 cm–1,

and a metal-O stretch at ~400 cm–1. The spectra on the carbon-modified tungsten

surfaces showed that the methanol adsorbed as methoxy, indicative that the tungsten

carbide surfaces adsorbed methanol dissociatively breaking the O–H bond. The Pt-

modified surfaces still showed a weak O–H stretching mode at around 3,200 cm–1

Table 2.2 Activity of methanol decomposition on single-crystal surfaces of metals, tungsten

carbides, and metal-modified tungsten carbides

Methanol activity (ML)

Surface Reforming Decomposition CH4 Total

Pt(111) [41] ~0 ~0 ~0 ~0

Pd(111) [14] 0.079a 0.000a 0 0.079a

C/W(111) [9] 0.087 0.155 0.038 0.28

0.6 ML Pt/C/W(111) [10] 0.091 0.086 0 0.177

C/W(110) [6] 0.06 0.176 0.068 0.304

0.5 ML Pt/C/W(110) [11] 0.049 0.174 0 0.223
a[42]
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which indicated that at least some of the methanol adsorbed molecularly on those

surfaces. This was confirmed as the spectrum of Pt(111) showed a strong O–H

stretching feature as nearly all the methanol adsorbed molecularly [41]. In contrast,

Pd(111), which will be further examined later, adsorbed methanol as a methoxy

intermediate [43].

As the surfaces were heated, the intermediates that were left adsorbed to the

surfaces were investigated for the different single-crystal surfaces. For the C/W

(111) and C/W(110) surfaces, the methoxy was found to react without producing

any other surface intermediates. The Pt-modified surfaces reacted at a lower

temperature than the pure carbides. The methanol on Pt(111) mostly desorbed

from the surface by 300 K [41]. These conclusions from the single-crystal studies

were then applied to study polycrystalline foils which are much more realistic

surfaces than the idealized single crystals.

2.3 Surface Science and Half-Cell Measurements

on Polycrystalline Surfaces

Studies of the clean and Pt-modified carburized W single crystals provided a funda-

mental understanding of how methanol decomposition proceeds under UHV

conditions. These studies suggest that tungsten carbide-based electrocatalysts, espe-

cially metal-modified tungsten carbides, are promising anode catalyst materials to

replace Pt in the DMFC. These conclusions are further examined on more applicable

polycrystalline foils. These foils are better representations of the complexmorphology

Table 2.3 HREELS assignments for methanol on single-crystal surfaces (in cm–1)

Mode

Gas

phase

Liquid

phasea
Pt

(111)c
Pd

(111)d
C/W

(111)e

0.6 ML

Pt/C/W

(111)f
C/W

(110)g

0.5 ML

Pt/C/W

(110)g

ν(OH) 3,220 3,470

νas(CH3) 3,000 2,980 2,930 3,015 2,956 2,976 2,936 2,963

2,960a 2,946 2,865 2,821

ν(M–CO)

δ(CH3) 1,455;

1,477a
1,480 1,410 1,430 1,454 1,454 1,448 1,461

1,375

ρ(CH3) 1,124b 1,140 1,157 1,150 1,157 1,150

ν(CO) 1,033a 1,030 970 1,005 1,035 1,028 1,028 1,025

δ(OH) 680

ν(M–O) 325 670
a[32]
b[62]
c[41]
d[43]
e[8]
f[10]
g[11]
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of real catalysts. These materials also can be more easily used to electrochemically

evaluate the catalysts. In these experiments, chronoamperometry (CA), cyclic

voltammetry (CV), X-ray photoelectron spectroscopy (XPS), TPD, and HREELS

have been used to analyze the activity and selectivity of these polycrystalline films

toward the electrooxidation of methanol. These samples were synthesized by either

carburizing a polycrystalline tungsten foil [14] or by depositing WC on a carbon

substrate [19, 22]. These differentWC thin films were characterized by a combination

of various techniques including X-ray diffraction (XRD), AES, andXPS. The samples

were found to be phase-pure WC in the bulk as well as on the surface. The Pt- and Pd-

modified surfaces were synthesized either by evaporative deposition [14] or incipient

wetness impregnation [45] and were characterized by AES and XPS. Pd has been

found to follow a layer-by-layer growth mechanism on WC [14]. Electrochemical

studies were performed as described previously [14, 20].

2.3.1 TPD Studies of Methanol on Polycrystalline Surfaces

The TPD quantification results of methanol on WC and metal-modified WC are

summarized in Table 2.4. These results show that modifying the polycrystallineWC

foil with Pt takes away the methane production pathway. The 0.5ML Pt/WC surface

had a higher selectivity toward the reforming reaction and a much higher activity

than the pure Pt foil. The 1 ML Pt/WC surface also had a higher activity than Pt foil

but with a lower selectivity toward the reforming reaction. For the Pd-modified WC

surfaces, even a low Pd loading such as 0.5 ML Pd significantly reduced the

methane production pathway, while it was completely removed with 1 ML Pd.

While not having as high of a selectivity toward reforming as Pd(111), there was a

much greater overall and reforming activity for the 0.5 ML Pd/WC surface. The

1 ML Pd/WC surface also had a higher reforming activity than Pd(111). Another

property that was examined for these polycrystalline surfaces through TPD was the

CO tolerance. The CO TPD results of CO dosed on to Pd(111), Pt, tungsten

monocarbide (WC), Pt/WC, and Pd/WC surfaces are compared in Fig. 2.1

[14, 15]. These results show that supporting the Pt and Pd with WC decreased the

CO desorption temperature, suggesting an increase in the CO tolerance of the

catalysts. Another property that increased CO tolerance was the ability for a surface

to dissociate water. Tungsten carbides and Pt-modified tungsten carbides are more

active toward water dissociation than Pt(111) [11].

2.3.2 Vibrational Studies of Polycrystalline Surfaces

HREELS measurements were performed to further examine the reaction pathways

of methanol that were observed on the polycrystalline WC and metal-modified WC

surfaces. Table 2.5 shows the HREELS vibrational features of the polycrystalline

32 Z.J. Mellinger and J.G. Chen



Fig. 2.1 CO TPD on Pt(111), 2 ML Pt/WC, Pd(111), 1 ML Pd/WC, andWC following adsorption

of CO at 100 K

Table 2.4 Activity of methanol decomposition on polycrystalline surfaces of metals, tungsten

carbides, and metal-modified tungsten carbides

Methanol activity (ML)

Surface Reforming Decomposition CH4 Total

Pt [16] 0.006 0.04 0 0.046

WC [14, 16] 0.02 0.182 0.023 0.225

0.5 ML Pt/WC [16] 0.018 0.107 0 0.125

1 ML Pt/WC [16] 0.006 0.079 0 0.085

0.5 ML Pd/WC [14] 0.183 0.083 0.011 0.277

1 ML Pd/WC[14] 0.053 0.152 0 0.205

Table 2.5 HREELS assignments for methanol on polycrystalline surfaces (in cm–1)

Mode Gas phase

Liquid

phasea Ptc WCd
0.5 ML

Pt/WCc
1 ML

Pd/WCd

ν(OH) 3,626 3,606 3,301

νas(CH3) 3,000; 2,960a 2,980; 2,946 2,970; 3,369 2,936 2,929; 3,277 2,936

ν(M-CO) 1,860; 2,036 2,043 2,036 2,043

δ(CH3) 1,455; 1,477a 1,480 1,454 1,441 1,444 1,448

ρ(CH3) 1,124b 1,150 1,150 1,136 1,143

ν(CO) 1,033a 1,030c 1,021 1,015 1,021 1,028

δ(OH) 717 737
a[32]
b[62]
c[16]
d[14]
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surfaces following methanol adsorption. Similar to the single-crystal surfaces, WC

was found to adsorb methanol as a methoxy intermediate. When the WC surface

was heated up to ~350 K, the C–O bond was broken which confirmed what the TPD

results showed with the presence of the methane production pathway [14, 16]. The

polycrystalline Pt surface showed that the adsorbed molecular methanol reacted

through an aldehyde intermediate. Above 300 K, the Pt surface showed an increase

in the aldehyde feature as well as a C–O stretching peak [16]. The Pt-modified WC

surfaces also showed that the methanol reacted through the aldehyde intermediate;

however, with this surface, the C–H bond broke before the C–O bond [16]. The

Pt-modified WC showed that the origin of the synergistic effect of supporting Pt on

WC can be attributed to the different chemical properties of the modified surface

[17]. For the Pd-modified WC surfaces, there was a weak O–H stretching mode.

There was no η2-formaldehyde intermediate as was seen on the Pd(111) surface

[43]. The methoxy on Pd-modified WC reacted at a lower temperature than on the

WC surface [14]. The reaction temperature for methoxy on Pd/WC [14] was lower

than that of Pt/WC [16], Au/WC [31], and Ni/WC [31] and was similar to Rh/WC

[31]. Overall, the metal-modified catalysts decomposed methoxy at a lower tem-

perature with a greater selectivity toward the reforming reaction pathway. The

metal-modified surfaces also showed an increased CO tolerance when compared

with the parent metals. These surface science experiments were then extended to

electrochemical testing of the activity, selectivity, and stability of the surfaces.

2.3.3 Electrochemical Evaluation of Polycrystalline
WC and Metal-Modified WC

2.3.3.1 CO Stripping Experiments

The surface science studies of both single-crystal and polycrystalline surfaces suggest

that WC and metal-modified WC are promising DMFC anode electrocatalysts. The

next step is to bridge the “pressure gap” and test the polycrystalline catalysts in

atmospheric pressure. The first set of experiments examined the CO tolerance of the

polycrystalline catalysts in an electrochemical environment through CO stripping

voltammetry as described earlier [15]. Pt foil, Pt supported on carbon paper, WC on

carbon paper, and Pt-modifiedWC on carbon paper were exposed to CO followed by

two consecutive cyclic voltammograms. The first scan stripped off the CO, showing

at what potential CO was oxidized and removed from the sample. The second scan

provided a clean scan of the surface from which to compare the first “poisoned” scan.

For Pt foil and Pt supported on carbon paper, the results were similar with CO

stripping peaks at ~0.75 V (all potentials are recorded versus the normal hydrogen

electrode) in a 0.05 M solution of H2SO4. For the sample of WC supported on carbon

paper, a broad peak at ~0.45 V was observed. For the Pt-modified WC on carbon

paper, there was a peak at ~0.75 V as well the start of CO oxidation as low as ~0.28 V.
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These results confirmed that using WC as a substrate increases the CO tolerance of

the Pt catalyst [15].

This same procedure was performed for a Pd foil and 1 ML Pd/WC in a

0.05 M H2SO4 environment. The results of this CO stripping voltammetry are

shown in Fig. 2.2. The two peaks on the Pd foil CO stripping scan show the CO

being oxidized from the steps (~0.55 V) and terraces (~0.88 V) of the foil [46]. For

the 1 ML Pd/WC surface, the oxidation peak starts below the potential at which the

Pd foil terrace sites start to oxidize CO. This figure also suggests that using WC as a

substrate increases the CO tolerance of the precious metal.

2.3.3.2 Methanol Electrooxidation on WC and Metal-Modified WC

in Acidic and Alkaline Media

CV and CA experiments were performed to examine the electrochemical activity of

Pt, Pd, WC, Pt/WC, and Pd/WC activity toward methanol electrooxidation.

Experiments were performed with Pt, 0.8 ML Pt/WC, and WC samples in a

0.2 M CH3OH and 0.05 M H2SO4 electrochemical environment [20]. The Pt foil

showed methanol oxidation peaks at ~0.9 V on the forward scan at ~0.7 V on the

Fig. 2.2 CO stripping

voltammetry on 1 ML Pd/WC

foil and Pd foil
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reverse scan. The WC surface exhibited a methanol oxidation peak at ~0.65 V on the

forward scan and no features on the reverse scan. The 0.8 ML Pt/WC surface showed

similar features to theWC surface but with greater stability of the curves. CAwas also

performed on the three surfaces at a potential of 0.65 V. These results showed that the

WC and 0.8 ML Pt/WC surfaces had a significantly higher steady state current than

the Pt foil [20]. The higher steady state current for WC and 0.8 ML Pt/WC can be at

least partially explained by the higher CO tolerance.

Experiments were performed with Pd, WC, and 1 ML Pd/WC surfaces in a 2 M

CH3OH and 0.01 M KOH environment [14]. An alkaline solution was chosen for the

palladium experiments as Pd-based catalysts in this environment have been shown to

have a higher CO tolerance and an increased activity for methanol oxidation when

compared to Pt-based catalysts [29, 47–50]. As a means of comparison between

acidic and alkaline CV, Pt foil samples were tested using CV in a 0.01MKOH as well

as a 0.05MH2SO4 solution, both with 2 M CH3OH. The results are shown in Fig. 2.3

with both of the spectra having peaks on the forward and reverse scans but at different

potentials. The Pt foil in the alkaline environment shows slightly higher currents. The

Pd foil surface shows a methanol oxidation peak at 0.86 V on the forward scan and

0.77 V on the reverse scan. The WC CV experiments in alkaline media showed no

activity toward methanol oxidation. The 1 ML Pd/WC foil showed similar methanol

Fig. 2.3 Methanol CV of

Pt foil in acidic and alkaline

environments
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oxidation activity as Pd foil with oxidation peaks at 0.89 V on the forward scan and

0.71 V on the reverse scan. The CA experiments showed that the 1 ML Pd/WC

surface had a higher steady state activity and maintained a higher stability over a 2-h

scan when compared to Pd foil [14]. Again, this higher steady state activity

and stability can be at least partially explained by the higher CO tolerance of the

1 ML Pd/WC surface.

2.3.3.3 Electrochemical Stability of WC and Metal-Modified WC

Surface stability in an electrochemical environment is one of the critical requirements

in developing an effective electrocatalyst. XPS measurements were performed before

and after the electrochemical experiments to directly probe the oxidation state of the

surface metal atoms. Some of these experiments were performed with a setup that

allowed the surface to be kept in a UHV environment between experiments as

described previously [18, 20]. XPS experiments investigate whether a surface is

irreversibly oxidized or dissolved from the surface during the electrochemical

experiments. For all the experiments on WC and metal-modified WC, phase-pure

WC was confirmed before experiments were performed. It was found that for CV of

cleanWC, the surface could be ramped up to ~0.8 V for 30 cycles in a 0.05 M H2SO4

environment without showing surface oxidation [18]. Pt deposited on WC was found

to help protect the WC from forming surface oxides, even when ramped up to a

potential of 1.2 V. In these experiments, the Pt loading was not found to decrease after

the CV experiments [15]. These experiments confirmed that there is a synergistic

effect for the Pt/WC surface with the samples showing a higher CO tolerance than Pt

and with greater stability and activity than WC [15]. For the alkaline environment

experiments, there was little oxidation on the surface after the 2-h CA experiments on

the WC and 1 ML Pd/WC surfaces. With the 1 ML Pd/WC surface, there was a 20 %

loss in Pd on the surface after the 2-h experiment. This loss was either due to

agglomeration or dissolution of the Pd metal. The electrochemical experiments on

Pt-modified WC were then expanded to full-cell testing of WC and Pt/WC

nanoparticles.

2.4 Full-Cell Measurements of Supported Catalysts

Supported nanoparticles are the main catalysts used in current fuel cell devices. The

combined DFT, single crystal, polycrystalline, and electrochemical experiments

demonstrated that WC and Pt/WC have catalytic properties that are promising for

use as anode DMFC electrocatalysts. These fundamental results still left questions

unanswered as to how these materials could be incorporated into a realistic device.

These questions led to studies of WC and Pt/WC nanoparticles in a fuel cell test

station [23]. TheWC nanoparticles were obtained from Japan NewMetals Company.

The Pt/WC nanoparticles were prepared with a 10 wt% Pt loading using incipient
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wetness impregnation [45]. In preparing the membrane electrode assembly (MEA),

the nanoparticles were coated on a Nafion 117 membrane. This combination was then

hot pressed along with the gas diffusion layer into the MEA, which was then

evaluated using an Arbin Instruments fuel cell test stand [23].

2.4.1 Characterization of WC Nanoparticles

The WC nanoparticles were characterized using XRD, XPS, and scanning electron

microscopy (SEM). XRD and XPS were used to confirm that the nanoparticles were

phase-pure WC in the bulk and on the surface, respectively. SEM was then used to

confirm the WC particle size. The XPS results also revealed that ~25 % of the

tungsten signal for the WC nanoparticles were due to tungsten oxides and that there

was some carbonaceous carbon on the surface. After the synthesis of the Pt/WC

nanoparticles, the amount of the tungsten signal that was now tungsten oxides

increased to ~50 % [23].

2.4.2 Fuel Cell Evaluation of WC and Pt/WC Nanoparticle
Anode Electrocatalysts

Power density and polarization curves for the Pt/WC nanoparticles are shown in

Fig. 2.4 [23] with a summary of the data in Table 2.6 [23]. These curves were

generated by withdrawing specific current density values for 5-min intervals. The

output of the MEA was monitored within the normal temperature ranges for

DMFC evaluation [51–54]: 323 K, 333 K, and 343 K. As the temperature

increased, so did the MEA performance, suggesting that the reaction was kineti-

cally limited. With the increase in temperature from 323 K to 343 K, the power

density of the MEA was increased from 6.8 mW/cm2 to 14.5 mW/cm2. The open-

circuit voltage for the Pt/WC nanoparticles also increased with temperature going

from 460 mV at 323 K to 500 mV at 343 K. On Pt/WC, the electrooxidation of

methanol was found to be reaction limited as the position of the maximum power

density was within the linear region of the polarization curve. Also, the polariza-

tion curves lack of a mass transfer limited regime suggested that the cell

performance was likely limited by the surface area of the anode electrocatalyst.

The Pt/WC nanoparticle MEA was also compared to an MEA with a Pt/Ru anode

electrocatalyst. The results in Table 2.6 show that, on the basis of power per mg of

metal loading, the Pt/WC MEA delivered about the same power as the Pt/Ru

MEA. The MEAs for the WC and Pt/WC catalysts were not optimized, leaving the

possibility for significant improvement. These results showed that as a realistic

catalyst in a full-cell test station, Pt/WC showed promise as an alternative DMFC

electrocatalyst to Pt and Pt/Ru catalysts.
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2.5 Conclusions

This chapter describes the research approach of combining DFT, UHV surface

science studies, half-cell electrochemical evaluation, and full-cell testing to identify

DMFC electrocatalysts with desirable properties. These different studies bridged

both the “materials gap” and “pressure gap” by applying the fundamental under-

standing gained from theoretical and surface science studies to industrially relevant

supported nanoparticle electrocatalysts. For the purpose of finding anode

electrocatalysts for DMFC, this approach illustrates the potential to substitute

WC-supported Pt or Pd for the Pt/Ru anode electrocatalyst. These results also

suggest WC, Pt/WC, and Pd/WC are active and stable electrocatalysts which can

be explored for other electrocatalytic applications [13, 39, 55–61].

Fig. 2.4 Power density and polarization curves of a Pt/WC anode MEA with a 2 M methanol

concentration and a flow rate of 4 ml/min at various operating temperatures [23]

Table 2.6 Maximum power density and cell voltage values at various temperatures for Pt/WC

and Pt/Ru anode MEAs

Anode MEA (2 M CH3OH, 4 ml/min)

Temperature (K)

Power density

(mW/cm2)

Power per mg Pt at

anode (mW/mg Pt)

Pt/WC nanoparticles 323 6.8 17.0

333 9.1 22.8

343 14.5 36.3

Pt/Ru nanoparticles 323 67.5 16.9

333 98.4 24.6

343 120.1 30.0
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Chapter 3

Electrocatalysis of Formic Acid Oxidation

Cynthia Ann Rice and Andrzej Wieckowski

Abstract Direct liquid fuel cells for portable electronic devices are plagued by

poor efficiency due to high overpotentials and accumulation of intermediates on the

electrocatalyst surface. Direct formic acid fuel cells have a potential to maintain low

overpotentials if the electrocatalyst is tailored to promote the direct electrooxidation

pathway. Through the understanding of the structural and environmental impacts

on preferential selection of the more active formic acid electrooxidation pathway,

a higher performing and more stable electrocatalyst is sought. This chapter

overviews the formic acid electrooxidation pathways, enhancement mechanisms,

and fundamental electrochemical mechanistic studies.

3.1 Introduction

The ever-increasing energy demands of portable electronic devices have

overburdened the power supply capabilities of today’s state-of-the-art battery

technologies. The markets for small personal electronic devices are driven by

three dominant criteria: (1) reduced volume, (2) decreased weight, and (3) increased

uninterrupted power. Batteries are essentially “energy storage devices” due to their

finite storage capacity that scales with energy density. Fuel cells are potentially a

competitive alternative to batteries, promoting efficient conversion of chemical

energy directly to electrical energy. Fuel cells are capable of “hot” refueling,

permitting 24/7 operation. For personal portable electronic devices, based on current
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fuel cell technologies, proton exchange membrane fuel cells (PEMFC) using direct

liquid fuel-oxygen (anode/cathode) are currently the most viable, meeting criteria 1

and 2 above.

High sustainable power densities demanded by criterion 3 remains a challenge.

Anode fuel type and catalyst selection are pivotal in attaining high overall conversion

efficiencies and power densities. Hydrogen fuel is capable of high conversion

efficiencies, but for portable devices the requirement of onboard compressed gas

storage or reforming has negative implications to criteria 1 and 2. Direct liquid fuel

cells (DLFC) have the advantages of easy transport and handling but typically suffer

from poor conversion efficiencies, high fuel crossover through the PEM, toxicity, and

poor leak detection [1]. Direct formic acid fuel cells (DFAFC) overcome several of the

issues ofDLFCs, having low fuel crossover, low toxicity, and a putrid odor for fast leak

detection. The first DFAFC was demonstrated in 1996 on a phosphoric acid-doped

polybenzimidazole (PBI) membrane at 170 �C [2]. In the early 2000s, Masel et al.

began working on DFAFCs with Nafion™ (sulfonated tetrafluoroethylene)

membranes, operating below 60 �C [3–10]. A drawback of DFAFCs in terms of liquid

fuels is the low volumetric energy density of formic acid (2,104WhL�1) as compared

to methanol (4,900 Wh L�1). This deficiency in DFAFCs is compensated by the 6�
reduction in crossover through the Nafion™ membrane, allowing substantially higher

fuel concentrations—5 to 12Mformic acid versus only 1–2Mformethanol [9, 11, 12].

For a formic acid-oxygen fuel cell, the theoretical open circuit voltage (OCV) is 1.48V

at 25 �C determined from the formal potentials of the anode and cathode half-cell

reactions, respectively (Ecell ¼ Ecathode – Eanode ¼ 1.23 V – (�0.25 V) ¼ 1.48 V).

The theoretical OCV for formic acid is larger than either hydrogen or direct methanol

fuel cells: 1.23 V and 1.21 V, respectively. The magnitude of parasitic overpotentials

and conversion efficiencies for formic acid electrooxidation are dependent on catalyst

composition and size since they dictate the dominant reaction pathways.

(All cited potentials are versus a reversible hydrogen reference electrode (RHE)

unless otherwise stated.)

Formic acid is produced in nature (biofuels), commercially, and as a byproduct

of commercial synthesis. Renewable, carbon neutral, synthesis processes are also

under investigation to form formic acid from CO2 [13]. Reagent grade formic acid

requires further purification to remove ppm levels of common substituent

impurities, i.e., methyl formate, methanol, and acetic acid [14].

3.2 Review of Reaction Pathways

Since around 1960, the formic acid electrooxidation mechanism has been

investigated, resulting in several review articles [15–18]. Formic acid electro-

oxidation studies have been carried out on pure metal electrodes, such as platinum

(Pt) [19], palladium (Pd) [20], gold [21–23], rhodium [24, 25], and iridium [26].

Studies have also been performed on alloys, intermetallics, and adatoms.

The conversion efficiency is determined by the rate of a series of steps: (a) reactant

adsorption, (b) electrooxidation, and (c) product desorption. The electrooxidation
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pathway selection (step b) is controlled by the initial adsorption orientation of formic

acid either in the CH-down or CH-up configuration (step a; see Fig. 3.1a) [27–29].

The subsequent electrooxidation (step b) occurs via either a dual [30] or triple [19,

31] pathway mechanism: the direct dehydrogenation and the indirect dehydration

reactions. It has been suggested by Behm et al. [19, 31] and Osawa et al. [32, 33] that

a third reaction pathway through a bridge-bonded formate (HCOOad) intermediate is

possible. Their attenuated total reflection Fourier transform infrared (ATR-FTIR)

spectroscopic measurements demonstrated a fast formate “adsorption–desorption

equilibrium,” limiting appreciable formate conversion to CO2 [19, 31].

The direct dehydrogenation pathway favors high turnover efficiencies at low

overpotentials through a direct conversion of formic acid to the carbon dioxide

(CO2) product [Eq. (3.1)]:

HCOOH ! active intermediate ! CO2 þ 2Hþ þ 2e� (3.1)

Alternatively, the indirect dehydration pathway forms a strongly adsorbed carbon

monoxide (COads) reaction intermediate via an initial non-Faradic step [Eq. (3.2a)].

To complete further oxidation of COads, an additional activated hydroxyl species

(OHads) is required. OHads is typically formed on a separate catalytic surface site

[Eq. (3.2b)] at higher overpotentials. The two adsorbed intermediates diffuse across

the catalyst surface to combine and complete the conversion sequence [Eq. (3.2c)].

The limited availability of OHads results in the accumulation of COads that blocks the

catalyst surface, limiting the turnover efficiency [34, 35]:

HCOOHþMð1Þ0 ! Mð1Þ�COads þ H2O (3.2a)

Mð2Þ0 þ H2O ! Mð2Þ�OHads þ Hþ þ e� (3.2b)

Mð1Þ�COads þMð2Þ�OHads ! Mð1Þ0 þMð2Þ0 þ CO2 þ Hþ þ e� (3.2c)

Fig. 3.1 Catalyst-mediated

formic acid electrooxidation

mechanisms: (a) ensemble/

third-body effect and

(b) bifunctional mechanism.

The catalyst atoms: (open
circle) commonly Pt or Pd

and (filled circle) secondary
metal atom
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Typically, themetals (M) that participate in either electrooxidation reactions (3.2a)

or (3.2b) in the dehydration pathway to formCOads [Eq. (3.2a)] and OHads [Eq. (3.2b)]

at low overpotentials are not the same, completing the electrooxidation reaction

through a complementary bifunctional mechanism [36]. The dual M catalysts are

either comprised of alloys or adatoms. The overpotential of Eq. (3.2a) is low, as

compared to formic acid’s formal potential (Eanode). Unfortunately, the requirement of

an activated OHads species imposes a penalty on the conversion efficiency through

overpotentials exceeding 0.3 V even on ruthenium (Ru) surface sites. For formic acid

electrooxidation, the dominance of one reaction pathway versus the other is dependent

on the physical and electronic characteristics of the catalyst, thus catalyst optimization

is pivotal in reducing overpotentials by promoting the dehydrogenation pathway

[Eq. (3.1)] and restricting accumulation of adsorbed reaction intermediates.

The presence of the dual pathway mechanism was experimentally verified in an

elegant differential electrochemical mass spectroscopy (DEMS) study performed

by Willsau et al. [37] (Fig. 3.2). Isotopically labeled H13COOH was oxidized at

a polycrystalline Pt electrode at 0.25 V forming a partial surface coverage of

adsorbed 13CO. While maintaining the potential, the solution was replaced with

H12COOH followed by a positive potential scan to 1.5 V. The resulting DEMS

response showed an immediate low potential loss of 12CO2, followed by a com-

bined 13CO2 loss above 0.5 V. The presence of the
12CO2 oxidation peak at voltages

below 0.5 V confirms the presence of an alternative, less strongly adsorbed reaction

intermediate because of the inability of Pt to activate OHads required in the

dehydration pathway [Eq. (3.2b)] at low voltages.

3.3 Enhancement Mechanisms

The catalytic enhancement mechanisms commonly described to facilitate the

electrooxidation of hydrocarbon fuels are (a) the ensemble or third-body effect,

(b) the bifunctional mechanism, and (c) the electronic effect [15, 16, 38]. Figure 3.1

shows a graphical description of (a) the third-body effect and (b) bifunctional

mechanism. The third-body effect is typically attributed to enhancement of the

dehydrogenation pathway by adatoms or alloys due to a steric hindrance facilitating

preferential orientation of adsorbing formic acid in the CH-down direction, step (a)

[27–29]. Alternatively, the dehydration pathway turnover frequency is accelerated

by increased availability of activated hydroxyl groups [Eq. (3.2b)] at lower

overpotentials through the bifunctional mechanism. Ultimately, the bifunctional

mechanism is incapable of producing significant reductions in the overpotentials

required for increased turnover efficiencies compared to the dehydrogenation

pathway. The electronic effect could manifest itself either as a reduced COads

bond strength or a preferential reactant adsorption orientation promoting the de-

hydrogenation reaction pathway.
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3.4 Platinum and Palladium Electrocatalysts Reactivity

The electrooxidation of formic acid has been evaluated on single crystal, polycrystal-

line, unsupported nanoparticle and supported nanoparticle Pt- or Pd-based electrodes.

3.4.1 Single Crystal

Formic acid electrooxidation has been studied on both Pt [39–41] and Pd [42] single-

crystal surfaces. Herein we compare the work of Iwasita et al. [41] and Hoshi et al.

[42] on Pt and Pd single crystals, respectively. The cyclic voltammograms were
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Fig. 3.2 Formic acid cyclic voltammetry (a) coupled with differential electrochemical mass

spectroscope (b) on Pt in 0.5 M H2SO4. Initially, H
13COOH was pre-adsorbed at 0.25 V to form

a sub-monolayer of Pt–13COads. After exchanging the solution with 10 mMH12COOH, the voltage

was scanned at 12.5 mV s�1, resulting in an initial low-voltage mass signal for 12CO2 (m/e ¼ 44)

via the dehydrogenation pathway and an additional signal for 13CO2 due to the dehydration

pathway [37]
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performed under similar conditions, i.e., in 0.1 M HClO4 supporting electrolyte

solution and 0.1 M formic acid at room temperature. On the three types of single

crystals studied (Fig. 3.3), the formic acid electrooxidation reaction pathway is

impacted by (a) competitive adsorption of both hydrogen and oxygen, (b) availability

of adsorbed oxygen, and (c) shifting of the d-band centers of the metal surface

atoms due to changes in the interatomic bond lengths. The portion of the cyclic

voltammograms most relevant to fuel cell operations is the low-voltage anodic

sweep, <0.4 V.

Selecting 0.4 V vs. RHE as a potential relevant to operating DFAFCs, Pt has the

following anodic scan single crystal orientation dependence: Pt(110) 0.015 mA cm�2

< Pt(100) 0.31 mA cm�2 < Pt(111) 1.8 mA cm�2 [41]. The overall performance at

0.4 V on Pd single crystals is higher than that of Pt, with preference on different facets:

Pd(100) 2.7 mA cm�2 < Pd(110) 4.5 mA cm�2 < Pd(111) 8 mA cm�2 [42]. The

symmetry between the forward anodic and reverse cathodic sweep currents is similar

for all Pd single-crystal electrodes and asymmetric for Pt with the cathodic sweep

current significantly higher than that of the anodic. Formic acid electrooxidation on

both Pt and Pd is suppressed at the higher potentials during the anodic sweep due to

competitive adsorption of OHads blocking the surface sites on both catalyst types. The

Pd cyclic voltammogram profile supports the dominance of the dehydrogenation

pathway on all facets. The lack of significant current densities in the anodic sweep

Fig. 3.3 Single-crystal cyclic voltammograms of (A) Pt [41] and (B) Pd [42] for (110), (111), and

(100) facets. The electrooxidation of 0.1 M formic acid is evaluated on the various faceted surfaces

in 0.1 M HClO4 supporting electrolyte at scan rates of 50 mV s�1 and 20 mV s�1, respectively. In

(A) the dashed lines are for the background cyclic voltammograms of the different faceted Pd

single crystals in 0.1 M HClO4 alone, as are the designated (b) plots in (B) for Pt (reprinted with

permission from [41] and [42], respectively)
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for both Pt(100) and Pt(110) suggests the increase propensity of the dehydration

pathway on these surface. For the Pt(100) surface, the current density response is

asymmetric with relatively little activity in the anodic sweep and an amplified intensity

exceeding that of the other two facets in the reverse sweep.

3.4.2 Nanoparticle: Size Effect

The electrooxidation of formic acid is a heterogeneous reaction involving only

surface atoms, thus it is cost effective to reduce the particle size, increasing the

dispersion (ratio of the number surface atoms to the total number of atoms) of the

catalyst. As particle size decreases, the relative abundance of corners and edges

increases, accompanied by a decrease in extended surface terraces that results in

undercoordinated catalysts with altered d-band energetic and interatomic lattice

spacing; all of which are potentially negatively impacting specific activity

(current per unit surface area). Metal nanoparticles are typically described by a

cuboctahedral geometry, shown in Fig. 3.4 [43]. Nanoparticle sizes below 10 nm

require stabilization by an electrically conducting support (typically carbon)

introducing possible metal–support interactions.

Park et al. compared methanol versus formic acid electrooxidation on polycrys-

talline Pt and on two sizes of carbon-supported Pt (2.0 nm vs. 8.8 nm) (Fig. 3.5)

[44]. The potentials were referenced to a saturated calomel electrode (SCE) (RHE,

0.242 V) in 0.05 M H2SO4 at a scan rate of 50 mV s�1. The cyclic voltammograms

were normalized to a 1 cm2 Pt “effective area.” They observed a reduction in

methanol activity for particles smaller that 4 nm and an opposite effect for formic

acid; see Fig. 3.5. The disparity between methanol and formic acid size-dependent

performance trends is due to methanol preferentially adsorbing onto three adjacent

Pt atoms found on Pt(111)-faceted surfaces during the C–H bond dissociation step

Fig. 3.4 Cuboctahedral nanoparticle (~1.5 nm). Types of surface atoms corner (filled circle), edge
(open circle), and terrace (hashed circle). The numeric values represent the coordination of

adjacent atoms [43]
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to form COads [45]. Adzic et al. attributed these differences to a facet-dependent

bond strength for the adsorbed methanol intermediate [40]. As particle size

decreases, the number of adjacent surface sites needed for adsorption decreases

resulting in a decrease in the maximum current density. Additionally, the available

surface sites are further diminished by OHads at elevated potentials, resulting in a

reduction in methanol adsorption onto the catalyst surface during the reverse

potential sweep.

Formic acid adsorption onto Pt requires either multiple sites for the dehydration

pathway or only one to activate C–H bond for the dehydrogenation pathway [46].

The onset of formic acid electrooxidation has been shown to be effected by both Pt

particle size and reactant concentration (Fig. 3.5B, C). The dehydration pathway is

favored on both the polycrystalline and 8.8 nm Pt catalyst surfaces during the

forward scan, as is apparent from the low currents and high overpotentials. The

higher potentials are required to form the activated hydroxyl complexes required to

oxidize the passivating CO moieties to CO2, similar to methanol. The formic acid

Fig. 3.5 Cyclic voltammograms on (a) polycrystalline Pt, (b) Pt(8.8 nm)/C, and (c) Pt(2.0 nm)/C

in 0.05 M H2SO4 at 50 mV s�1 versus SCE. Electroactive species in solution (A) 0.01 Mmethanol,

(B) 0.01 M formic acid, and (C) 0.1 M formic acid. The active surface area of each electrode was

measured in pure electrolyte solution and normalized to 1 cm2 Pt (modified from Park et al. [44])
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electrooxidation rate on the 2.0 nm Pt nanoparticles is significantly enhanced,

resulting in reduced overpotentials during the forward scan. The authors attribute

this to the reduction in the abundance of contiguous terrace binding sites promoting

the dehydrogenation reaction pathway. The maximum current was higher in 0.1 M

formic acid (Fig. 3.5C), but the onset potential was unexpectedly shifted to higher

overpotentials for the reaction to proceed.

On Pd catalyst, the dehydrogenation pathway is dominant at low overpotentials

in the positive scan [30, 47]. The Pd particle size dependence of formic acid

electrooxidation was studied by Zhou et al. with carbon-supported nanoparticles

(SA ¼ 240 m2 g�1) ranging from 2.7 to 9 nm [48]. In this study, X-ray photoelec-

tron spectroscopy was used to decouple the particle size effects on the surface

binding energy and corresponding valency of the Pd species (Pd0, Pd2þ, and Pd4þ).
As the particle size decreased, the Pd0 surface species was reduced by a factor of

2 and the Pd2þ increased by a third. The Pd4þ was observed at low percentages

for particles under 4 nm. The formic acid cyclic voltammograms support the

dominance of the dehydrogenation pathway on the Pd nanoparticle catalysts.

As shown in Fig. 3.6, the most active Pd/C size is (a) around 6.5 nm at 0.4 V but

(b) only 5.2 nm at 0.2 V versus RHE in 3 M formic acid and 0.1 M HClO4.
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Fig. 3.6 Size-dependent

current densities acquired at

(A) 0.4 V and (B) 0.2 V

versus RHE from cyclic

voltammograms anodic scan

(5 mV s�1) on carbon-

supported Pd nanoparticles

(Pd/C) in 3 M formic acid and

0.1 M HClO4 [48]
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Although Pd has superior initial performance at low overpotential, it is quickly

deactivated over time. Pan et al. from Tekion Inc. showed that at 40 �C in a DFAFC

environment 30 % of the power was lost in the first 3 h of operation [49]. The

degradation is attributed to the accumulation of COads-like species on the Pd

nanoparticle surface during continuous operation [49–52]. Reactivation of the

surface has been demonstrated by both electrochemical [49, 53, 54] and non-

electrochemical [51] methods. This activity instability drives the search for more

stable and active catalysts.

3.5 Modeling Insights

Several modeling efforts have been published probing the formic acid electro-

oxidation pathway mechanisms, specifically trying to quantify the energetics of

each step [27, 28, 46, 55, 56]. Recent density functional theory (DFT) calculations

by Neurock et al. and Wang et al. have shown the CH-down adsorption configura-

tion results in a lower energy electrooxidation pathway of formic acid on Pt

[28, 46]. In a recent theoretical study by Gao et al., the impact of the energetically

favored formic acid electrooxidation pathways was probed due to the relative

presence of water at the Pt(111) interface: (a) two water molecules versus (b) a

bilayer network of water molecules [55]. They concluded that in the more realistic

solvated environment, formic acid electrooxidation proceeds via a dual-path
mechanism including the direct path with a transient CO2*-adsorbed intermediate

species and an indirect path that proceeds through an HCOO* species. Unfortu-

nately, the models are for idealized planer single-crystal surfaces and are lacking

connections to the more active nanoparticle surfaces—6.5 nm on Pd and 4 nm on Pt.

To find the ideal catalyst structure to exclusively promote the dehydrogenation

reaction, a firm relationship must be drawn between catalyst reactivity and physical

atomic catalyst structure through the following sequence:

1. Surface solvation

2. Nanoparticle-faceted terraces, corners, and edges’ presence

(a) Third-body effect

3. Adatoms and alloying component addition

(a) Third-body effect

(b) Electronic effect

4. Surface coverage must be correlated to formic acid feed concentrations.

5. Impact of inner catalyst/ionomer agglomerate acidity.

6. CO2 removal rate from the ionomer shell of the agglomerate.

In a relatively simple model by Leiva et al., the impact of adatom coverage

in terms of a nearest-neighbor electronic effect versus a third-body effect was

developed and compared to experimental results for both bismuth (Bi)- and

antimony (Sb)-modified Pt single-crystal surfaces, shown in Fig. 3.7 [56]. One of
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the fundamental assumptions of the model was that formic acid only adsorbs onto

Pt atoms. The experimental current density measurements were made at 0.5 V,

50 mV s�1 in 0.25 M formic acid, and 0.5 M H2SO4. The different adatom surface

coverages (θ) resulted in significantly different current density trends. The addition
of a slight fraction of Bi induced an immediate increase in performance, with a

maximum between θ of 0.7 and 0.8. While the performance did not increase for

Sb-modified surfaces until θ > 0.4. The Bi enhancement was found to be consistent

with an electronic effect proportional to the number of Bi–Pt pairs. The lack of

impact at low coverages of Sb followed their predicted trend due to steric hindrance

promoting CH-down adsorption through a third-body effect at elevated coverages.

Peng et al. combined electrochemical surface-enhanced infrared spectroscopy

(EC-SEIRAS) and DFT calculations to probe the Sb adatom enhancement mecha-

nism on polycrystalline Pt surfaces [27]. The forward cyclic voltammogram in 0.1M

formic acid and 0.5 M H2SO4 showed a 2.7� decrease in COads at potentials below

0.2 V versus RHE for a 0.6 monolayer (ML) Sb, with a tenfold current increase at

0.5 V in the forward scan. They concluded at coverages >0.25 ML that the [Sb]δþ

[Pt]δ� dipole interaction enhances CH-down adsorption. This is consistent with

Leiva et al.’s work presented above. They additionally attributed this coverage

dependence to a decrease in the Pt–COads bond strength with increased Sb coverage.

Demirci investigated the degree of segregation and shifting of d-band centers by

metal alloy combinations to improve the direct liquid fuel cell catalyst activity

through electronic promotion of the dehydrogenation pathway [57]. He focused on

Pt- and Pd-based catalyst for formic acid electrooxidation and looked at the

potential impact of surface adatom adsorption of other 3d, 4d, and 5d transition

metals. The criteria he imposed for improved catalytic activity on Pt and Pd

Fig. 3.7 Adatom coverage-dependent current densities acquired at 0.5 V versus RHE from cyclic

voltammograms anodic scan (50 mV s�1) on Pt single-crystal electrodes in 0.25 M formic acid and

0.5 MH2SO4. The experimental results (filled circle) are compared to the theoretically (continuous
line) predicted activity. (A) Pt(111)/bismuth and (B) Pt(100)/antimony [56]
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surfaces were that the second metal did not segregate and a positive shift in

the d-band center of Pt. The results from Demirci’s work are listed in Table 3.1.

The positive shift in the d-band center is predicted to enhance the adsorption of the

“active intermediate” species [Eq. (3.1)]. Unfortunately, the relative d-band shifts

were not provided for all the secondary metals of interest in Table 3.1. The Pd cross

entries designated with S1 are predicted to segregate in the presence of the

ad-metal. The predicted performance enhancement of Pd adatoms onto Pt and Au

has been experimentally demonstrated by Wieckowski’s group [6, 58–60]. Signifi-

cant work has been preformed with gold (Au) incorporated onto both Pt and Pd

catalyst, supporting Demirici’s prediction [61–64].

3.6 Electrocatalyst Performance Studies

Controlled electrochemical experiments are designed to probe select aspects of the

formic acid electrooxidation reaction as a function of material selection and/or

experimental conditions. Unfortunately, the selected experimental technique

employed imposes deviations from a complex three-dimensional catalyst layer

used in an operational DFAFC and thus results in inconsistencies between

techniques. Assuming the current–potential relationship is always directly

correlated to Faraday’s law for charge and CO2 production, the assessment

techniques can be broken down into three general categories: (1) indirect correla-

tion, (2) desorbed product detection, and (3) direct catalyst surface analysis.

General Electrochemical Setup. Catalytic studies to probe formic acid

electrooxidation efficiencies are commonly not performed in a complex fuel cell,

but using a three-electrode electrochemical cell at room temperature, consisting of a

working (catalyst of interest), a counter (Pt mesh), and a reference electrode.

Potentials are typically referenced against an RHE, saturated calomel electrode

(SCE), or silver/silver chloride (Ag/AgCl).

The supporting electrolyte type and concentration of formic acid impact the

observed overpotentials. The two most commonly used supporting electrolytes are

either H2SO4 or HClO4. Specific bisulfate anion adsorption onto Pt surface sites

from H2SO4 adversely increases the onset potential of formic acid electrooxidation.

The top of Fig. 3.8 shows an unfavorable increase in the onset potential for OHads in

the anodic cycle by ~0.1 V on a Pt (~2.3 nm)/C catalyst in the presence of 0.1 M

H2SO4 versus 0.1 M HClO4 [65]. In the presence of 0.5 M formic acid, the initial

response in the forward anodic sweep at potentials below 0.4 V versus SCE is

Table 3.1 Comparison of shifts in d-band center (eV)/separation energies of ad-metals

(impurities) to Pt and Pd

V Cu Nb Pd Ag Ta Pt Au

Pt /A1 �0.33/n /A2 0.19/A1 0.5/A2 /A1 0 0.46/A2

Pd /S1 /S1 /A1 0 0.14/A1 /S1 �0.17/n 0.17/A1

The separation energies are designated S for segregation, A for antisegregation, and n for no

segregation—1, 2, and 3 as moderate, strong, and very strong, respectively [55]
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relatively unaffected by the electrolyte. This may be attributed to the combined

surface coverage of bisulfate and COads having relatively little impact on the

availability of the single adsorption sites required for the dehydrogenation pathway.

The onset and maximum current density for the second peak in the forward scan is

negatively impacted by the presence of bisulfate.

The formic acid electrooxidation current density may be impacted by temperature,

formic acid concentration, rotation rate of the working electrode (0–1,000 rpm),

upper potential limit, and contamination from the reference electrode. The upper

potential limit in the cyclic voltammogram, depending on catalyst type, impacts the

magnitude of the reverse scan current density due to the promotion of the dehydration

path through the formation of OHads at higher potentials [66]. Masel’s group has

shown an increase in turnover efficiency of formic acid electrooxidation with

increasing pH for both Pt and Pd catalyst [67].

Fig. 3.8 Comparison of cyclic voltammetric features in 0.1 M H2SO4 (solid line) and 0.1 M

HClO4 (dashed line) on Pt/C (47.5 wt% from Tanaka Precious Metal Group) at 50 mV s�1.

(a) Base electrolyte and (b) 0.5 M formic acid and base electrolyte [65]
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Purity of the formic acid fuel can have significant effects on the initial and

sustained catalyst performance. Commercial synthesis of formic acid contains

residual precursors due to incomplete conversion or purification such as methanol,

methyl formate, and formaldehyde [68]. In a recent paper by Law et al., the impact

of ppm-level common catalyst poisoning substituents on steady-state DFAFC

performance was investigated: methyl formate (CH3OC(O)H), methanol, and

acetic acid (CH3COOH) [14]. At contamination levels of 50 ppm, an accelerated

DFAFC decay at 200 mA cm�2 was observed for all contaminates measured. To

remove undesirable contaminates from the supplied standard commercial grade

formic acid at minimal cost penalties, a patent from the Masel group demonstrates

improved performance for formic acid pretreated by freeze distillation [68].

3.6.1 Indirect Correlation

Several types of indirect measurements may be used to infer the physical and/or

chemical phenomena inducing changes in the formic acid electrooxidation activity.

Using in-vacuum X-ray diffraction (XRD) and X-ray photoelectron spectroscopy

(XPS) to complement electrochemical evaluations, Yu and Pickup have evaluated

the change in electron density due to adatom addition of Bi [69] and Sb [70]

individually onto Pt/C to assess coverage-dependent changes. Their results

supported segregation of the adatom to the surface with no observable alloying.

Electrochemical impedance spectroscopy (EIS) is a powerful technique for

probing reaction kinetics and mass transport limitations within a finite electro-

chemical system. EIS has been applied to both ex situ electrochemical cell [12,

71–76] and in situ fuel cell [11, 51, 77–79] formic acid systems. The discussion

herein is limited to testing in a two-electrode electrochemical cell: electrode 1

(counter and reference electrodes)/electrode 2 (sense and working electrodes). The

frequency range of interest is typically 10 kHz to 0.01 Hz at the acquisition interval of

ten points per decade with an ac perturbation amplitude of 10 mV. The ac perturba-

tion is superimposed upon a constant applied dc potential. The results are typically

represented in a Nyquist plot, with the imaginary component (�Z00) versus the real

component (Z0). The high-frequency intercept (RI) is dominated by electrolyte

resistance and contact resistance; in the electrochemical cell, these contributions

are minimal and approach zero. The arc is a combination of charge transfer resistance

(Rct) and double-layer capacitance (Cdl). The Cdl is represented in an equivalent

circuit model as a capacitive phase element (CPEdl) due to the impact of formic acid

increasing the extent of solvation of ions across the Helmholtz layer [80]. Additional

circuit elements may be included to account for electrooxidation of adsorbed reaction

intermediate species. Mass transport resistances are typically not observed in a two-

electrode electrochemical cell.

Wang et al. compared formic acid electrooxidation EIS Nyquist plots for Pt/C

and PtPd(alloy)/C catalyst (Fig. 3.9a, b, respectively) [12]. The results were

acquired in 0.5 M formic acid and 0.5 M HClO4 over a range of applied dc

potentials from 0.1 to 0.7 V versus Ag/AgCl (þ0.199 V vs. RHE). The Nyquist
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plots show activity in two quadrants, dependent on the applied potential and the

dominant reaction mechanism. The arc in quadrant (Z0, RI ! þ) decreases as the

potential is increased from 0.1 to 0.2 V for both catalyst types, which is consistent

with a decrease in the Rct of the reaction. As the potential increases to 0.3 V, the

radius of the arc increases beyond that observed for 0.1 V. The transitioning to

the second quadrant (Z0, RI ! �) has been attributed to the contribution of the

dehydration reaction (3.2c), [12] being consistent with the anodic sweep of Wang’s

cyclic voltammograms (Fig. 10 in [12]) for the Pt/C and PtPd/C, which exhibited

Fig. 3.9 Nyquist plot of (a) Pt/C and (b) PtPd/C (alloy) at 25 �C in 0.5 MHClO4 and 0.5 M formic

acid as a function of applied potential [vs. Ag/AgCl/KCl(sat)] [12]
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similar peak trends with the activity of the PtPd/C catalyst and which is signifi-

cantly higher for the identical applied potentials. The lower potential peak current

below 0.5 V is attributed to the dehydrogenation reaction pathway, while the

current from the dehydration pathway reaches a maximum between 0.6 and

0.8 V. Suo and coworkers studied Pd/C and attributed the increase in the arc in

the second quadrant at higher applied potential to a blocking effect of surface oxide

species [76]. Wang found that the Rct was smaller for the PtPd/C catalyst, but it

followed the general trends of Pt/C in terms of arc location dependence on

applied potential.

Electrochemical quartz crystal microbalance. To monitor adsorbate accumulation

on catalyst surfaces from formic acid electrooxidation and advance mechanistic

understanding, an electrochemical quartz crystal microbalance (EQCM) can be

used to simultaneously measure current and mass [22, 66, 81–83]. The dampening

of the vibration frequency (Δf ) of an AT-cut 9 MHz piezoelectric crystal is directly

proportional to mass accumulation (Δm) on the catalyst surface through the

Sauerbrey equation ðΔf ¼ �f 20 2ðμqρqÞ�1=2Δm=AÞ [84], where f0 is the base

frequency, μq is the quartz shear modulus, ρq is the density of the quartz, and A is

the active area. The detection limit can be as low as �0.4 ng cm�2 [85].

In a three-electrode electrochemical arrangement, in the absence of formic acid,

the Δm’s on polycrystalline Pt working electrodes during potential cycling are

associated with H-adsorption–desorption, double-layer alignment, and oxide

formation/reduction [85]. In the presence of 0.1 M formic acid and 0.2 M HClO4

at 50 mV s�1, Tian and Conway observed competitive adsorption between COads

[Eq. (3.2a)] and Oxads [Eq. (3.2b)] formation [66]. They observed strong symmetry

between the current- and mass-dependent potential response on the forward anodic

sweep. Figure 3.10 shows the effect of sequentially increasing the upper potential

limit (0.6–1.4 V vs. RHE) during cyclic voltammetric measurements (from 0.05 V)

on the (a) current and (b) mass response in 0.2 MHClO4 and 0.2 M formic acid [66].

Positive scan—The forward anodic scan is unaffected by the previous upper poten-

tial limit. As the potential increases in the positive direction, the emergence of a

second peak with a maximum current at 1.05 V is observed without a corresponding

increase in mass (decrease in frequency); this observation is attributed to the

favorable autocatalytic low oxide layer coverage facilitating step 3 [Eq. (3.2c)] in

the indirect reaction pathway. Above 1.05 V the mass increases which corresponds

to the accumulation of an oxide layer on the Pt surface and inhibition of formic acid

adsorption. The growth of an oxide layer is shifted by about 200 mV in the presence

of formic acid. Negative scan—While the reverse negative going scan shows a

strong dependence on the upper potential limit, when the potential is limited to

less than 0.8 V, the current in the reverse scan is only slightly higher than that in the

forward scan; the current peak near 0.6 V shifts to higher potentials with increasing

upper potential limits. A distinct current spike is observed for upper potential limits

of 1.05 V and greater which coincides with the increase in mass due to surface oxide

accumulation. As the surface oxide layer becomes more well developed at higher
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upper potential limits, the subsequent formic acid anodic spike decreases in intensity

and is negatively shifted.

3.6.2 Desorbed Product Detection

Several research groups have used differential electrochemical mass spectroscopy

(DEMS) to monitor product conversion during formic acid electrooxidation [2, 21,

37, 86–88]. In Fig. 3.2, the origins of the CO2 product formation pathway is

investigated by using isotopically labeled formic acid [37].

Fig. 3.10 Cyclic voltammetry using a electrochemical quartz crystal microbalance of formic acid

electrooxidation on a polycrystalline Pt surface in 0.2 M formic acid and 0.2 M HClO4 at

50 mV s�1 (a) current and (b) frequency (corresponding to negative mass changes) response.

The upper potential limit is sequentially increased with each subsequent cycle [66]
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3.6.3 Direct Catalyst Surface Analysis

The in situ study in electrochemical cells of the catalyst surface is challenging due

to low surface sensitivity through the electrolyte. Several surface-sensitive

techniques have been employed to probe the abundance and/or state of adsorbed

surface species formed during formic acid electrooxidation: broadband sum

frequency generation [89, 90], surface-enhanced Raman spectroscopy [21],

scanning tunneling microscopy [91], and Fourier transform infrared spectroscopy

[19, 26, 27, 31, 32, 41, 92–99].

Fourier transform infrared spectroscopy (FTIR) is a powerful technique to

probe real-time adsorbed surface species (reactants, intermediates, products) and

solution constituents due to selected molecular dipole bond vibrations induced by

tuned incident radiation [100]. FTIR has been used to study the formic acid

electrooxidation reaction mechanism in situ by stepping or scanning the potential

where species of interest are generated, from either high potentials where the

intermediate species are completely oxidized (a clean surface, >1 V vs. RHE) or

low potentials where the intermediate species approaches the coverage limit

(blocked surface, <0.05 V vs. RHE) [100]. The three observed reaction

intermediates for formic acid electrooxidation are linearly bonded COL, bridge-

bonded COB, and bridge-bonded formate (HCOOad) with vibrational bands at

2,052–2,080 cm�1, 1,810–1,850 cm�1, and 1,320 cm�1, respectively [27, 98].

The vibration frequencies of the adsorbates are influenced by the electronic

characteristics and electrochemical potential of the electrode surface. Additional

peaks of lesser intensity are observed for the water adlayer and sulfate/bisulfate at

the electrode interface [27, 98].

The initial studies in this area were done in external infrared reflection adsorp-

tion spectroscopy (IRAS) mode [26, 41, 92–97], where the incident beam was

passed through an optical window, a 1–100 μm ultra thin solution layer, then

reflected off the electrode where it transverses back through the aforementioned

layers at an incident angle to a detector. The solution layer is minimized to reduce

solution interference at the expanse of induced mass transport effects. To enhance

surface sensitivity and alleviate mass transport restrictions, attenuated total reflec-

tion surface-enhanced infrared adsorption spectroscopy (ATR-SEIRAS) has been

used [19, 27, 31, 32, 98, 99]. The radiation passes through the backside of a

hemicylindrical Si prism that has a metal film on the front to act as the working

electrode and the incident infrared radiation goes to a detector [33, 101].

Considering the work by Pang et al., they clearly demonstrate the positive

impact of antimony (Sb) adatoms on Pt for enhanced formic acid electrooxidation;

see Fig. 3.11 [27]. They studied a surface coverage of 60 % Sb (θSb ¼ 0.6) on

polycrystalline Pt in 0.5 M H2SO4 and 0.1 M formic acid at 10 mV s�1 versus RHE.

Figure 3.11a shows the normal current response for formic acid electrooxidation on

polycrystalline Pt with the corresponding detection of the extent of coverage of the

surface by reaction intermediates, COL, COB, and formate. At low potentials in the

positive potential scan, COL is the dominant surface species, with negligible current
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generation. As COads is removed from the surface at potentials >0.4 V, the current

increases slightly and formate begins to appear on the surface. Above 0.7 V both

COads species are rapidly removed from the surface and the current increases. In the

reverse negative potential scan, the asymmetric current profile has increased and

shifted toward lower potentials; the COL and COB are not detected until the

potential is decreased below 0.55 V. Conversely, the Sb-modified surface

(Fig. 3.11b) exhibits a symmetric current profile with favorably intensity shifted

to lower potentials. The initial COL and COB intensities at 100 mV are reduced by

at least 50 %. The initial rise in current is unaffected by the presence of COads and

simultaneously decreases with COads desorption due to surface oxidation. This

observation clearly demonstrates the dominance of the dehydrogenation (direct)

pathway on an Sb-modified Pt surface. The rise in COL and COB intensities in the

reverse scan is potentially linked with loss of Sb due to oxidation at elevated

potentials.

3.7 Conclusions

The type, structure, and electron density clearly determine the reactivity of a

catalyst toward formic acid electrooxidation. The catalyst characteristics that

promote reactant adsorption in the CH-down orientation exhibit enhanced activity

through the dehydrogenation reaction pathway. Pd catalyst initially favors the

dehydrogenation pathway but suffers for 30 % activity loss within only 3 h of

continuous operation due to accumulation of reaction intermediates on the surface.

Fig. 3.11 A time-resolved series of selected ART-FTIR integrated peak intensities as measured

during potential cycling on (a) polycrystalline Pt and (b) 60 % antimony (Sb) adatom covered

polycrystalline Pt in 0.5 M H2SO4 and 0.1 M formic acid at 10 mV s�1. From the top-down the

series of plots are as follows: the current response, COL, COB, and formate [27]
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A smaller percentage of Pt surface sites participate in the dehydrogenation pathway,

limiting activity to high overpotentials that promote OHads formation to complete

the dehydration reaction.

Size of the Pt and Pd catalyst plays an important role in catalytic activity, due to

reduction in the abundance of contiguous surface sites and crystallographic facets

as the size of nanoparticles are reduced. Geometrically, the reduction in contiguous

Pt sites enhances reactivity, with an optimal size of 2 nm. Alternatively, for Pd as

the particle size decrease the abundance of unfavorable oxidation states increase,

adversely impacting reactivity; the optimal size at 0.4 V is 6.5 nm.

Separate modeling efforts have evolved to include solvation, electronic

alterations in the d-band center, and the third-body effect. The findings suggest a

combination of a positive electronic shift in the d-band center and third-body effect

promotes the dehydration pathway. There exists a need for a cohesive hybrid model

that also includes nanoparticle attributes.
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Chapter 4

Recent Advances in Electrocatalysis of Formic

Acid Oxidation

Cynthia Ann Rice, Akshay Bauskar, and Peter G. Pickup

Abstract Direct formic acid fuel cells offer an alternative power source for

portable power devices. They are currently limited by unsustainable anode catalyst

activity, due to accumulation of reaction intermediate surface poisons. Advanced

electrocatalysts are sought to exclusively promote the direct dehydrogenation

pathway. Combination and structure of bimetallic catalysts have been found to

enhance the direct pathway by either an electronic or steric mechanism that

promotes formic acid adsorption to the catalyst surface in the CH-down orientation.

Catalyst supports have been shown to favorably impact activity through either

enhanced dispersion, electronic, or atomic structure effects.

4.1 Introduction

Fundamental anode catalyst research is imperative for improved direct formic acid

fuel cell (DFAFC) performance and stability; such that an intimate understanding

of the interplay between structural, morphological, and physicochemical

properties is needed. The primary base catalysts found to be active for formic

acid electrooxidation are either platinum (Pt) or palladium (Pd). The cyclic

voltammograms in Fig. 4.1 compare the activity of carbon-supported Pt to Pd

towards formic acid electrooxidation. The anodic (forward) scan, relevant to

DFAFC performance, is relatively inactive on Pt/C until the applied potential
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exceeds 0.8 V vs. RHE (ca. 0.6 V vs. Ag/AgCl), due to the dominance of the

indirect dehydration pathway [(3.2) in Chap. 3]. Conversely, on the Pd/C catalyst,

large currents are immediately observed at very low potentials, because initially

the reaction on a Pd surface is almost exclusively by the nonpoison-forming direct

dehydrogenation pathway [(3.1) in Chap. 3].

The reason for Pd’s enhanced activity is due to the breakage of the H–COOH

bond by adsorption in the CH-down orientation, while Pt promotes the breakage of

the HC(O)–OH bond by adsorption in the CH-up orientation [1–4]. Although Pd is

significantly more active than Pt, it lacks sustained high performance. Pd has the

propensity to generate intermediate species that slowly stifle the direct pathway

[5–8], as well as to lose active area due to Pd dissolution in an acid environment

[9, 10]. Research and development activities for advanced anode catalysts for

DFAFCs are driven by the need for increased activity, sustained activity during

long-term operation of the cell, and reduced cost. To that end secondary metals have

been incorporated into the Pt- or Pd-based catalyst. Table 4.1 enumerates several

precious and non-precious metals that have been investigated in combination with

either Pt or Pd [11]. Group III elements have a distinct cost advantage over Groups I

and II. Since none of these have completely eliminated the activity loss for Pd-based

(Pt-free) catalysts, and some (notably Bi, Pb, and Sb) result in greatly enhanced and

stable performances for Pt-based catalysts, there is substantial activity in the further

Fig. 4.1 Cyclic voltammograms on Pt(4 nm)/C and Pd(5 nm)/C in 3 M formic acid and 1 M

H2SO4 at 10 mV s–1 [101]
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development of both of these types of catalyst. In the case of Pt-based catalysts, the

focus is now on the development of supported, low Pt loading catalysts (e.g., Pt on

carbon; Pt/C), and the search for novel support materials that increase activity [12, 13].

Catalyst activity towards formic acid electrooxidation is strongly influenced by

preparation method and nanoparticle size. As discussed in the previous chapter, the

optimal sizes for Pt/C and Pd/C are 4 nm and 5.2–6.5 nm, as determined by Park

et al. [14] and Zhou et al. [15], respectively. This chapter is segregated into two

sections: bimetallic catalysts and catalyst supports. The section on bimetallic

catalysts is subdivided into adatoms, alloys, and intermetallics.

4.2 Bimetallic Catalysts

The goal of the addition of a secondary metal is to enhance activity and/or stability.

Adatoms are adsorbed onto preformed catalyst surfaces. While for both alloys and

intermetallics, the composition of a base metal (typically Pt or Pd) is altered by

the addition of a secondary metal as part of the preparation procedure. The key

difference between the two is that alloys are characterized by a random mixture of

at least two metallic solid solution phases, while intermetallics are defined as

ordered solid solution phases with fixed stoichiometry and identical atomic unit

cells. The resulting intermetallics have uniform geometries, resulting in control of

the electronic environment [16].

4.2.1 Adatoms

A common method for improving formic acid electrooxidation activity is through

the incorporation of foreign adatoms in sub- or monolayer coverages onto metal

electrocatalyst surfaces (substrates). Adatoms are usually deposited onto the metal

surface either by under potential deposition (UPD) or by irreversible adsorption

[17]. The two dominant reaction enhancement mechanisms for the direct dehydro-

genation pathway, as described in Sect. 3.3 of the previous chapter for formic acid

electrooxidation, are the third-body and electronic effects. The type of enhance-

ment mechanism due to adatom addition is dependent on the substrate/adatom

Table 4.1 Groupings of secondary metals having been incorporated into Pt- or Pd-based anode

catalysts for formic acid electrooxidation (adapted from [11])

Elements Classification Remarks

Group I Au, Ir, Pd, Pt, Ru Precious metals Enhancement of Pt

Group II Cr, Cu, Fe, Mo, Nb, V Transition non-precious

metals

Thermodynamic properties

Group III Bi, Pb, Sb, Sn Post-transition metals Reduced cost
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configuration and/or electronic interaction. Results in the literature suggest that

both effects promote the adsorption of formic acid in the CH-down direction which

is a predetermining factor for the direct reaction pathway [2–4].

The most commonly investigated substrates have been Pt and Pd, ranging from

well-defined single-crystal surfaces to nanoparticles. Bismuth (Bi) has been the

most extensively tested adatom [18–28]. Other adatoms that have also exhibited

performance enhancements are lead (Pb) [29–31], antimony (Sb) [2, 22, 29, 32, 33],

arsenic (As) [34, 35], gold (Au) [36], tellurium (Te) [37, 38], selenium (Se) [39],

ruthenium (Ru) [40], and palladium (Pd) [5, 40, 41]. Researchers have seen that, for

the various adatoms, higher coverages promote the direct reaction pathway.

4.2.1.1 Single-Crystal Surfaces

To illustrate the primary effects of adatom addition, single-crystal electrodes are

discussed here. Feliu and Herrero have extensively studied formic acid

electrooxidation on Pt single-crystal substrates modified with an array of various

adatoms. They have established a connection between the electronegativity of the

adatoms in relation to Pt and the type of active enhancement mechanism incurred as

a function of adatom coverage [42]. Their results support inhibition of the indirect

pathway on Pt(111) terraces and they have demonstrated that COads formation

occurs at step and defect sites. For Pt(111) substrates decorated with electropositive

adatoms, such as Bi, Pb, Sb, and Te, the electronic enhancement is extended to the

second or third Pt atom shell from the adatom. While for electronegative adatoms,

in respect to Pt, the third-body effect dominates with increased coverages, such as

S and Se.

Table 4.2 highlights the extensive work done in Feliu’s group on adatom-decorated

Pt(111) substrates—specifically Se, As, Te, Pd, and Bi. Cyclic voltammogram results

are compared for the first forward sweep in 0.25 M formic acid and 0.5 M H2SO4 at

50 mV s–1 vs. RHE. Two distinct phenomena can be differentiated based on their

results: (a) formic acid electrooxidation activity at low overpotentials and (b) the

Table 4.2 Activity of Pt(111) adatom electrodes, from anodic portion of cyclic voltammogram in

0.25 M formic acid and 0.5 M H2SO4 (except Te in 0.1 M formic acid) at 50 mV s–1

Adatom on

Pt(111)

Optimal

coverage

(θ)
I at 0.4 V

(mA cm–2)

Anodic

peak E
(V)

Anodic peak

I (mA cm–2)

Primary

enhancement

mechanism References

Pure n/a 0.57 0.53 1.12 [20]

Se 0.28 0.1 0.71 3.4 Third body [39]

As 0.31 0.35 0.54 4.6 Electronic [35]

Te 0.3 0.9 0.75 6.2 Electronic [38]

Pd 0.28 1.5 0.50 2 Third body [5]

Pd/Pt(100) 0.7 14 0.22 55 Electronic [5]

Bi 0.82 15.5 0.495 35 Electronic [20]

Potentials (E) vs. RHE and current (I)

72 C.A. Rice et al.



amount of surface poison. For Se, As, and Te, the optimal coverage was found to be

around 0.3. Coverages in excess of 0.3 for these adatoms resulted in a decrease in

overall performance. We have selected a potential of 0.4 V to evaluate fuel cell

relevant anode catalyst activity, where the indirect dehydration pathway does not

significantly contribute to the current density. At 0.4 V for these three modifiers, an

increase in current density over the Pt(111) baseline was observed only for Te, while

for Se and As the current density decreased. The peak current density with these

modifiers was observed above 0.5 V and higher than that of the Pt(111) baseline.

To evaluate the extent of poison formation as a function of adatom coverage, the

electrodes were held at 0.1 V for an extended period of time in formic acid containing

electrolyte, after which the solution was exchanged with pure electrolyte and a cyclic

voltammogram was initiated to strip off COads. Formic acid dissociation to COads was

found to only occur on the Pt substrate, thus the adatoms do not directly participate in

the reaction. The COads on Se-decorated surfaces decreased linearly with increasing

adatom coverages, consistence with a primarily third-body effect, i.e., higher

coverages are required to induce steric inhibition of the CH-up adsorption in the

indirect pathway [43]. Conversely Te follows the trend of an electronic effect

promoting CH-down adsorption for the direct pathway up to 6–8 Pt atom away

from the adatom. For As-decorated surfaces, the magnitude of the electronic effect

is diminished by adatom desorption at open-circuit potentials in the presence of

formic acid, as is also found for Sn- and Pb-decorated Pt surfaces [42].

For Pd- and Bi-decorated surfaces, higher coverages resulted in enhanced

performances. For θPd ¼ 0.28, the observed current density at 0.4 V was nearly

three times that of the Pt(111) baseline, but there was only marginal improvement at

the peak potential which was only slightly lower than at pure Pt. In comparison, Bi

has an optimal coverage at 0.82 with a 27 times increase in activity at 0.4 V relative

to Pt. The COads stripping coverage dependence followed the linear decrease

characteristic of a third-body effect for Pd on Pt(111) (albeit at a steeper slope

than Sb), while Bi produced an exponential decrease consistent with an electronic

enhancement. The optimal coverage of Pd increased to 0.7 on Pt(110) and the

current density at 0.4 V was comparable to that of the optimal Bi-modified surface.

The key difference for the Pd/Pt(100) combination is that the maximum peak

potential is shifted to 0.22 V with a current density of 55 mA cm–2.

4.2.1.2 Nanoparticles

The driving force for small nanoparticle catalysts is reduced cost by minimizing

inactive non-surface atoms, which is the basis of most low Pt approaches. Yu and

Pickup investigated the coverage dependence of Pb and Sb on commercial 40 wt%

Pt supported on carbon in situ in a formic acid/O2 fuel cell [29]. They found optimal

coverages of 0.7 for both types of adatoms. The performance of both PtSb/C and

PtPb/C far exceeded that of Pt/C. After nearly a 2 h hold at 0.6 V under fuel cell

operation, the performance increase over Pt/C was 15- and 12.8-fold, respectively.

Figure 4.2 is a comparison of fuel cell performance at 0.6 V as a function of adatom
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coverage. This cell voltage corresponds to a relatively low anode overpotential in a

region where the direct pathway would exclusively contribute to the measured

power density. The results are compared to the model developed by Leiva et al.

[44] for the two dominant formic acid electrooxidation enhancement mechanisms—

third body (dashed line) vs. electronic (solid line). The results follow the trend line

for an electronic enhancement, whereas Leiva et al. [44] reported that increasing the

coverage of Sb on a Pt(100) single crystal displayed a third-body enhancement effect

(Fig. 3.7 in Chap. 3). The divergence in dominant enhancement mechanism for an

Sb-decorated Pt substrate is potentially twofold: (a) the facet structure of the Pt

substrate and/or (b) the dispersion of the Sb. The Pt/C nanoparticles used in Yu and

Pickup’s work were 2.5 nm in diameter, possessing typical cuboctahedral features

depicted in Fig. 4.3 with fractal Pt(111) and Pt(110) contiguous terraces and an

abundance of low coordination corners and edges. Also, their decoration method

was via chemical deposition as opposed to under potential deposition, which may

produce an alternative more active adatom dispersion on a per Pt basis, in compari-

son to that prepared by Lee et al. by UPD [33].

Wieckowski’s group has studied formic acid electrooxidation on Pt nanoparticles

decorated with controlled amounts of Pd and Pd+Ru adatoms [41]. They reported

two orders of magnitude increase in the reactivity of the Pd-decorated catalyst

compared to pure Pt towards formic acid oxidation. Also, it was concluded that

the impact of COads on the Pt/Pd catalyst through the dual pathway mechanism is

much lower even though the potential required to remove COads from the surface

was the highest.

Bi et al. boosted the performance of Pt nanoparticles towards formic acid

electrooxidation by depositing sub-monolayer Au clusters [36]. The modified Pt

nanoparticles exhibited a 23-fold increase in specific activity. This enhancement in

Fig. 4.2 Plot of direct formic acid fuel cell performance at 0.6 V for Pt/C anodes as a function of

Pb and Sb adatom coverages. The experimental data is compared to the two formic acid

electrooxidation models proposed by Leiva: (solid line) electronic enhancement and (dashed
line) third-body effect [29]
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catalytic activity was attributed to the inhibition of the indirect reaction pathway by

the third-body effect.

Bismuth has attracted significant interest as a Pt/C modifier for formic acid

electrooxidation [21, 24, 26, 27]. A wide range of stable and well-characterized

electrode surfaces modified by irreversible Bi adatom adsorption on Pt have been

reported in the literature for a range of Bi coverages (θ). Chen et al. have explored

Bi adatom decoration on 81 nm tetrahexahedral Pt nanoparticles that while com-

posed of (100) and (110) facets that are the least active for formic acid

electrooxidation, they are bound by {730} and vicinal high-index facets that are

extremely active [18]. They have measured current densities of 10 mA cm–2 for Bi

coverages up to 0.9 at 0.4 V in 0.25 M formic acid and 0.5 M H2SO4 solution; see

Fig. 4.4. They also showed steady-state activity at 0.3 V of 2.8 mA cm–2 after 1 min

vs. 0.0003 mA cm–2 for the non-modified Pt baseline.

Kim et al. [24] reported a detailed analysis on formic acid electrooxidation on

3 nm Pt/C modified by irreversible adsorption of Bi. They ascribed the enhance-

ment in catalytic activity to promotion of the direct pathway, which is dependent on

the oxidation state and coverage of the Bi. For Bi coverage on Pt above 0.54, the

oxidation rate of formic acid increased by a factor of 8. The amounts of CO and

Fig. 4.3 (Left) High-resolution TEM image of a Pt/C nanoparticle. (Right) Pictorial proposed
representation of the cuboctahedral Pt nanoparticle, with Pt(111)- and Pt(100)-faceted terraces

identified [102]

Fig. 4.4 Current density at 60 s after transient potential holds on 81 nm tetrahexahedral (THH) Pt

nanoparticles as a function of Bi coverage. The dashed line is for a 3mA cm–2 performance target [18]
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poison were proportional to Bi coverage with a negative slope indicating the

blocking of Pt sites by Bi for CO adsorption thereby impeding the dehydration

pathway predominantly by the third-body enhancement effect. At a θBi of 0.75, the
anodic current density at 0.55 V vs. RHE was around 4.5 mA cm–2 after a 33 min

hold, demonstrating an eightfold increase over the Pt baseline.

Bauskar and Rice have recently investigated an alternative method of adsorbing

adatoms onto Pt/C substrates using a solution surface potential method amenable to

mass scale-up [28]. Figure 4.5 tracks the change in formic acid electrooxidation

current at 0.2 V vs. RHE as a function of Bi coverage for two commercial Pt/C

nanoparticle sizes (2.4 nm and 3.4 nm). The performance is compared on a specific

surface area basis to limit undesirable mass activity effects. The larger nanoparticles

exhibit higher per surface atom activity at Bi coverages above 0.15. The initial rise in

activity of the 3.4 nm Pt/C with Bi coverages up to 0.45 is indicative of an electronic

enhancement, while the jump at around 0.54 would suggest a coverage-dependent

shift in the dominant enhancement mechanism to third body. In contrast the activity-

coverage-dependent features of the 2.4 nm Pt/C lack strong characteristics of either

mechanism. Onset potentials for the unmodified Pt/C nanoparticles are similar,

although slightly less for the 2.4 nm than 3.4 nm particles. Upon adsorption of

0.15 of a layer of Bi, the onset potential drops by nearly 0.11 V for both nanoparticle

sizes, from 0.3 V to less than 0.2 V. Subsequent increases in Bi coverage induce a

Fig. 4.5 Anodic current density acquired during a cyclic voltammogram at 0.2 V vs. RHE for

3.4 nm and 2.4 nm Pt/C as a function of Bi coverage, in 0.1 M formic acid and 0.1 M HClO4. Onset

potential for formic acid electrooxidation of Bi-modified Pt electrodes (unpublished work from

Rice’s group)
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slight additional decrease in the onset potential to around 0.15 V. Similar studies on

Bi-modified mesoporous platinum microelectrodes resulted in a 0.15 V lower onset

potential with respect to an unmodified mesoporous platinum microelectrode [21].

Scale-up for mass production can also potentially be achieved by reductive

chemical deposition of metals such as Bi [27], Pb [29], and Sb [29] onto preformed

Pt/C. For Bi, it was found that optimum performance occurred at very low surface

coverage (ca. 0.15), which is not consistent with the third body or electronic

enhancement models that work with other Bi on Pt catalysts or Pt/C modified

with Sb and Pb in the same way [27]. However, it is consistent with observations

that a Bi coverage as low as 0.04 can suppress CO formation on Pt(111) [34, 42].

These observations highlight the sensitivity of the enhancement mechanism to the

way in which adatoms are deposited on the Pt surface, as well as possible

differences in the structures of the modified Pt particles.

4.2.2 Alloys

In keeping with the focus of this book, “A Non and Low Platinum Approach,” we

have elected to restrict our discussion of recent catalyst advances here to either

carbon-supported Pt or non-Pt-containing alloyed catalysts. The interested reader is

directed to the following papers and review articles [45] on unsupported Pt alloys:

PtHg [46], PtCd [46], PtCu [47], PtTi [48], and PtFe/Au [49]. To reduce cost, the

reduction in the relative amounts Pt and Pd is desirable while approaching or

exceeding the initial activity of Pd.

Pt/C-based—The introduction of a second metal to Pt has resulted in perfor-

mance increases in a number of cases. For carbon-supported lead (Pb) alloyed with

Pt (PtPb/C) in a nearly 1:1 atomic ratio, Huang et al. showed that for a 5.9 nm

average PtPb particle size the anodic performance increased 74-fold over commer-

cial Pt/C at 0.4 V vs. RHE [50, 51]. Unfortunately, the magnitude of the initial

enhancement was not maintained under chronoamperometric testing; within the

first few seconds of the hold, there was a substantial decrease in performance and

after holding for only 30 min the performance difference to that of Pt/C was less

than threefold.

Obradovic et al. investigated two different PtAu/C preparation methods [52].

They observed a 39-fold increase in activity at 0.4 V vs. RHE for a PtAu-modified

Au(18.3 nm)/C core over the Pt(2.5 nm)/C baseline. The performance enhancement

was only transitory, resulting in a rapid loss in performance. Chen et al. synthesized

a systematic series of PtxAux–1/C alloys with sizes ranging from 4.5 to 5.5 nm. For

the 1:1 Pt to Au alloy (Pt0.5Au0.5/C) at 0.1 V vs. SCE (0.344 V vs. RHE), an 8.8-fold

improvement was observed over Pt/C [53]. The activities of both catalysts decayed

at similar rates, but after 30 min the Pt0.5Au0.5/C was able to maintain a 9.2-fold

improvement.
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Carbon-supported PtSb alloy catalysts have been shown to provide high and

stable performances for formic oxidation in DFAFCs over 2 h periods [54].

Optimum performances were obtained for 1.8 nm particles with a 0.29 mol fraction

of Sb.

Several groups have explored replacing a fraction of Pt with less expensive Pd

[55–57]. Zhang et al. have systematically prepared and evaluate PdxPt1–x/C, with

atomic fractions of x ¼ 0.5–1 for a narrow size distribution of 3.2–3.8 nm and

compared their performances to Pt/C, as shown in Fig. 4.6 [55]. Pt/C was the least

active in regard to peak potential (Ep) and peak current density (Ip). The lowest Pd
content tested was Pd0.5Pt0.5/C, which resulted in a favorable 0.25 V decrease in

anodic peak potential (Ep) with a slight increase in current density (Ip). As the Pd
fraction was increased, Ep trended back towards the value for Pt, but Ip continued to
increase, reaching a maximum for Pd0.9Pt0.1/C. For this composition, the current

was 5.9- and 2.1-fold higher relative to Pt/C and Pd/C, respectively.

An attempt to produce PtBi alloy nanoparticles on carbon produced highly active

catalysts for formic acid oxidation, although XRD showed no evidence of alloy

formation [27]. Highest performances were obtained with a Bi:Pt mole ratio of

just 0.07.

Pd/C-based—Metals, metalloids, and nonmetals have been alloyed with Pd in

order to increase its activity and/or prevent or minimize its activity decay during

formic acid oxidation. Increases in activity with boron (B) [58] and phosphorous (P)

[59–61] have been attributed to a reduction in the 3d electron density and an increase

Fig. 4.6 Maximum anodic peak potential (Ep) vs. SCE (0.244 V vs. RHE) and peak current

density (Ip) acquired during a cyclic voltammogram at 50 mV s–1for PdxPt1–x/C atomic fractions,

in 0.5 M formic acid and 0.5 M H2SO4 [55]
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in the percentage of metallic Pd [59]. The increases in activity were modest, between

1.3 and 1.9 times, while decay rates during potential holds were similar to those for

unmodified Pd/C, albeit at higher current density values.

Several research groups have explored the addition of cobalt (Co) to Pd [62–66].

Wang et al. found that the addition of a third metal (iridium (Ir)) to a PdCo/C

catalyst resulted in further enhanced activity [65]. At 0.294 V vs. RHE (0.05 V vs.

SCE), the current density increases were 1.5- and 2.5-fold for Pd2Co/C and

Pd4Co2Ir/C, respectively, over that of Pd/C. The stabilities of the catalysts were

evaluated at 0.344 V vs. RHE (0.10 V vs. SCE) and after a 16.7 min hold the

Pd4Co2Ir/C current density was 18.4 times that of Pd/C, however, with a continued

decreasing slope.

Tin (Sn)/Pd carbon-supported alloys have shown enhanced activity and stability

[67–71]. Although Sn is completely inactive towards formic acid electrooxidation,

a decrease in the 3d electronic density has been observed. An atomic ratio of Sn to

Pd of 1:1 resulted in the highest overall performance for particles of similar sizes

[69, 70]. For the aforementioned PdSn/C results, the current density increased 2- to

2.3-fold at 0.4 V vs. RHE. During constant potential holds, the Pd/C has a continued

decrease, while the PdSn/C alloys stabilize after 500 s [70].

Alloying bismuth (Bi) with Pd/C has resulted in a slight decrease in performance

but an increase in stability during a constant DFAFC operation at 0.3 V (Fig. 4.7)

[71]. Unfortunately after 2 h of continued operation, the performance of PdBi/C

Fig. 4.7 Specific current acquired from DFAFC chronoamperometric holds at 0.3 V for selected

catalyst combinations, 5 M formic acid at 0.2 ml min–1 and O2 at 100 ml min–1 on the anode and

cathode, respectively. Alloys—PdBi(4:1)/C and PtRu(1:1)/C. Adatoms—PtSn(8:1)/C and PtPb

(8:1)/C [71]
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approached that of Pt/C, while a PtRu/C catalyst had improved activity. The last

two catalysts included in Fig. 4.7 are for Sn and Pb adatom-decorated Pt/C, for

which Sn only minimally increased activity and Pb had a significant impact,

exceeding the performance of Pd with much better performance stability.

4.2.3 Intermetallics

Transformation of alloys into ordered intermetallics through various thermal

treatments results in a tuning mechanism of the structural, geometric, and electronic

character of the catalyst. The inner atomic bond distances are altered with the

addition of a secondary metal.

The DiSalvo group at Cornell University has intensely studied intermetallics for

formic acid electrooxidation and observed significant enhancements in turnover

efficiencies [16, 46, 72–79]. Table 4.3 compares the activity of several extended

intermetallic surfaces in comparison to a Pt baseline [16]. The onset potential

relevant to enhanced reactivity through the direct dehydrogenation pathway was

most impacted by the addition of Sb. The introduction of both Sn and Sb into the Pt

unit cell negatively impacted the anodic peak current. While Bi increased the peak

current, it had an adverse impact on the onset potential. It increased the onset

potential by 0.06 V and nearly doubled the peak current. The key challenges related

to intermetallics for DFAFCs are surfactant-free synthesis methods and reduced

nanoparticle sizes (>10 nm) to improve mass activity of the catalyst [74, 75, 80].

Mastumoto et al. compared the mass activity of PtPb 10–20 nm intermetallic

particles to a commercial nanocatalyst [79]. During a 9 h hold at 0.197 V vs.

RHE, the PtPb intermetallic catalyst demonstrated over a twofold sustained mass

activity over that of Pd.

Table 4.3 Activity of extended surface intermetallics, from anodic portion of cyclic

voltammogram in 0.125 M formic acid and 0.1 M HClO4 (except Pt3Sn and PtSb in 0.25 M

formic acid) at 10 mV s–1

Electrode Onset E (V) Anode peak E (V) Anode peak I (mA cm–1)

Pt 0.317 0.847 0.5

PtBi 0.357 0.752 3.8

PtIn 0.247 0.697 0.93

Pt3Sn 0.297 0.577 0.35

Pt2Sn3 0.627 0.02

PtSb 0.197 0.457 0.1

Potentials (E) vs. RHE and current (I) (modified from [16])
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4.3 Catalyst Supports

There have been a number of recent reviews of supports for fuel cell catalysts

[12, 13, 81]. Although these focus on oxygen reduction and methanol oxidation,

they provide an excellent overview of the breadth of support materials that are

available, mechanistic information, and include some examples for formic acid

oxidation. Various types of high surface area carbons have been most commonly

used as supports for formic acid oxidation catalysts. However, there is now growing

interest in the use of various metals, metal oxides, and conducting polymers.

Several studies have been performed on alternative extended carbon support

structures: Pd/graphite rods [82], Pd/nanotubes [83], and Pd/nanofibers [84]. How-

ever, it is difficult to distinguish between catalyst size and atomic structure

differences. Zhang et al. attributed the performance enhancements to an increase

in the relative abundance of the more active Pd(111) facet [82].

Iridium alloyed on Pt has been tested on different supports: PtxIr1–x/Au [85] and

PtIr/Ti [86]. Chen and Chen have demonstrated an initial performance increase for

Pt0.5Ir0.5/Au, with an average particle size of 2 nm, of 9.4-fold at 0.459 V vs. RHE

[85]. Unfortunately, the performance decayed quickly and within 30 min had

decreased to a value only twofold higher than that of Pt/C. NanoPtSn/Ti surfaces

were prepared resulting in cyclic voltammetric profiles similar to Pt/C [87]. For the

aforementioned results, it is difficult to decouple the impacts of metal–support

interactions.

The most widely studied conducting polymer support is polyaniline (PANI),

which has been shown to decrease the poisoning of Pt by COads [88]. Gharibi et al.

have recently explored the factors responsible for the enhanced formic acid

oxidation activity of Pt supported on a carbon/PANI composite [89]. They

concluded that improvements in both electron and proton conductivities, as well

as the increased methanol diffusion coefficient and decreased catalyst poisoning,

could be involved. A carbon nanotubes/PANI composite [90], poly(o-
methoxyaniline) [91], and polyindole [92] have recently been reported as effective

supports for formic acid oxidation at Pt nanoparticles, while polycarbazole [93] has

also been used to support PtRu nanoparticles.

Because of its lower cost relative to Pt, there is growing interest in the develop-

ment of supported Pd catalysts for formic acid oxidation. Synergies between Pd

and PANI supports are well documented [94], while poly(diphenylamine-co-3-

aminobenzonitrile) [95] has recently been shown to provide enhanced and more

stable activities. Addition of 3-aminobenzonitrile to poly(diphenylamine) was found

to improve the dispersion of the Pd, while both polymers eliminated the current

decay seen over 1 h for carbon supported Pd.

Pb oxide [96], W oxide [97, 98], and Ce oxide [99] have been shown to notably

promote formic acid oxidation at Pt and/or Pd. In the case of Pb oxide, a Pd-Pt-

PbOx/C catalyst was shown to be less susceptible to poisoning than Pd/C, exhibiting

a superior performance after ca. 800 s at 0.15 V vs. Ag/AgCl [100].
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4.4 Conclusions

Considerable progress has been made in the development of supported Pt-based

catalysts for formic acid oxidation, with a variety of Pt alloy, intermetallic, and

surface-modified catalysts showing impressive increases in performance relative to

Pt/C. The use of Au, Bi, Pb, or Sb as the second metal has been shown to be

particularly beneficial, although it is not clear yet whether any of these metals

combined with Pt will provide sufficient long-term durability, nor which type of

modification of the Pt structure (alloy, intermetallic, or surface modified) is most

suitable.

The high cost of Pt continues to be a significant issue. This has been partially

addressed by the use of a variety of supports, which allow better dispersion of the Pt

in small particles (1–4 nm) with high area/mass ratios. Replacement of a significant

fraction of the Pt with a second metal is also an effective way of decreasing the

required loading of Pt, as in Pd0.9Pt0.1/C, Pt0.5Au0.5/C, and the PtPb and PtSb

intermetallics.

Improvements in Pd-based catalysts have been modest in comparison with the

advances in Pt-based catalysts, although this needs to be considered in the context

of the far superior activity of pure Pd over pure Pt. Slow loss of activity, over a

period of hours, remains a problem for all Pd-based catalysts, to the point where

Pt-based catalysts provide better performances over long time periods.

Future advances in the catalysis of formic acid oxidation will benefit from

further development of our understanding of the fundamental processes involved

via single crystal and computational studies. Refinement of synthesis methods to

produce nanoparticles with the most active and durable geometries and structures

will allow fine-tuning of catalysts. Continued discovery of support effects and

advances in the understanding of such effects will create additional opportunities

to improve performances, lower costs, and enhance durability.
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Chapter 5

Anode Catalysts for Alkaline Direct Alcohol Fuel

Cells and Characteristics of the Catalyst Layer

Ermete Antolini and Joelma Perez

Abstract The faster kinetics of the alcohol oxidation reaction in alkaline direct

alcohol fuel cells (ADAFCs), opening up the possibility of using less expensive

metal catalysts, as silver, nickel, and palladium, makes the alkaline direct alcohol

fuel cell a potentially low-cost technology compared to acid direct alcohol fuel cell

technology, which employs platinum catalysts. In this work an overview of

catalysts for ADAFCs, and of testing of ADAFCs, fuelled with methanol, ethanol,

and ethylene glycol, formed by these materials, is presented.

5.1 Introduction

Among different types of fuel cells, alkaline fuel cells (AFCs) are the most matured.

Alkaline fuel cells have numerous advantages over proton-exchange membrane

fuel cells on both cathode kinetics and ohmic polarization. The less-corrosive

nature of an alkaline environment ensures a potential greater longevity. The

kinetics of the ORR reaction is more facile in alkaline medium than in some acid

medium such as H2SO4 using Pt catalysts [1] and HClO4 using Ag catalysts [2]. The

inherently faster kinetics of the oxygen reduction reaction in an alkaline fuel cell

allows the use of non-noble and low-cost metal electrocatalysts such as silver and

nickel, making the AFC a potentially low-cost technology compared to PEMFCs,

which employ platinum catalysts. Thus, a resurgence of interest in AFCs has

occurred in recent years [3–7]. A serious problem of AFCs was the progressive
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carbonation of the alkaline electrolyte due to CO2 from air or the oxidation product

of the fuel, addressed mainly by the application of alkaline anion-exchange

membranes (AAEMs) [8–10]. Indeed, a boost in the research regarding AFC is

related to the development of alkaline anion-exchange membranes. Alkaline fuel

cells using AAEMs have several important advantages over conventional AFCs:

(1) since there is no mobile cation, there is no precipitated carbonate; (2) no

electrolyte weeping; (3) reduced alcohol crossover; (4) potentially simplified

water management, due to the fact that the water is produced at the anode and

consumed at the cathode; and (5) potentially reduced corrosion [11].

The development of alternative power sources is an important issue at present.

Direct alcohol fuel cells (DAFCs) have attracted considerable interest in their

application to alternative power sources for automobile and portable consumer

electronics [12]. Liquid fuels, such as low molecular weight alcohols, have

several advantages compared to pure hydrogen, because they can be easily

handled, stored, and transported. Furthermore, they have relatively high mass

energy density, comparable to that of gasoline. Methanol is a promising fuel for

DAFCs [13], but other low molecular weight alcohols such as ethanol [14] and

ethylene glycol [15] are also candidates. At present, DAFCs are mostly using

acidic proton-exchange membrane. With strong acidic electrolyte membrane, CO2

generated in anodic reaction can be easily removed. A major contribution to the

relatively low DAFC performance is from kinetic constraints in the alcohol

oxidation reaction in acid media. Improved alcohol oxidation kinetics can be

facilitated using basic media [16]. In addition, the ionic current in alkali fuel

cells is due to conduction of hydroxide ions and is the reverse direction to that in

proton-conducting systems. As such, the direction of the electroosmotic drag is

reversed, reducing the alcohol permeation rate [17]. Accordingly, the approach is

to develop an alkali analogue of the DAFC. The recent development of polymeric

membrane presenting a good anionic conductivity opens a new research area to

conceive solid fuel cells working with an electrolytic membrane different from

the common proton-exchange membrane. Several DAFCs which use an alkaline

anion-exchange membrane as a polymer electrolyte membrane have already been

reported [8, 17–19]. An advantage of using alkaline fuel cells, rather than the

traditional acidic fuel cells, is the potential use of non-Pt catalysts in the

electrodes. The development of new anode and cathode catalyst systems is

more likely in alkaline media because of the wide range of options for the

materials support and catalyst, as compared to acidic media which offer more

limited materials choice. Alternatives to platinum have been investigated,

showing good performance, comparable sometimes to platinum itself.

In this work an overview of anode catalysts for alkaline direct alcohol fuel cells,

and reports of the testing of these materials in alkaline direct alcohol fuel cells

fuelled with C1 (methanol) and C2 (ethanol and ethylene glycol) alcohols, is

presented.

90 E. Antolini and J. Perez



5.2 Anode Catalysts

5.2.1 Catalysts for Methanol Oxidation in Alkaline Media

The use of alkali electrolytes not only leads to better polarization characteristics of

methanol oxidation on platinum compared to acid media but also opens up the

possibility of using non-noble, less expensive metal catalysts for the process.

5.2.1.1 Pt and Pt-Based Catalysts

Platinum has the highest catalytic activity for the methanol oxidation reaction

(MOR) of any of the pure metals both in acid and in alkaline media. An excellent

review on the MOR on Pt and Pt-based catalysts in alkaline media was done by

Spendelow and Wieckowski [20]. Concisely, the enhanced activity in alkaline

media results from the lack of specifically adsorbing spectator ions in alkaline

solutions, and the higher coverage of adsorbed OH at low potential, which is

required for methanol oxidation [20].

The rate-limiting step during the MOR on Pt in alkaline media is a chemical step

involving reaction of adsorbed MOR intermediates (such as CO or CHO) and

adsorbed OH [21]. The final product of the MOR in alkaline media, carbonate or

formate, is a subject of some controversy. Tripkovic et al. [22] carried out a

comparative study of methanol oxidation on a Pt(100) surface in various alkaline

solutions. They found that Pt(100) adsorbs OH and “poisoning species.” The

“poisoning species,” produced in methanol oxidation, participate in the reaction

at higher potentials but block the surface partially at lower potentials. A dual-path

reaction mechanism, common to all the alkaline solutions used, was proposed based

on the assumptions that HCO is a reactive intermediate and that a formate is a

reaction product in the main path, while CO2 is a product of “poisoning species”

oxidation in a parallel reaction path. Tripkovic et al. [23] performed the electro-

chemical oxidation of methanol, ethanol, n-propanol, and n-butanol at the Pt(111).
They observed that reversible OHad species were produced in a fast process of OH

�

adsorption as opposite to irreversible OHad species, which could be generated only

during a time-dependent adsorption. The reversibly adsorbed OH species are the

active intermediates in alcohol oxidation, while the irreversible adsorbed OH

species are the inactive, strongly bound intermediates, acting as a “poison” in the

alcohol oxidation. Spendelow and Wieckowski [20] concluded that the different

final reaction products reported in the literature for the MOR on Pt(111) simply

reflect the different potential ranges in which the MOR is examined.

A lot of papers have been addressed to the methanol oxidation on Pt–Ru catalyst

in acidic media, and excellent reviews have been done by Spendelow et al. [24] and

Petrii [25]. Conversely, few works have been addressed to the MOR on Pt–Ru

catalysts in alkali media. Firstly, Petrii et al. [26] compared the polarization curves

of methanol electrooxidation in an alkaline solution under steady-state conditions

5 Anode Catalysts for Alkaline Direct Alcohol Fuel Cells and Characteristics. . . 91



on Pt–Ru (Pt:Ru atomic ratio 9:1) deposited on platinum with those on a platinized-

platinum electrode. They found that the overvoltage of methanol oxidation on

Pt–Ru is 60–70 mV lower than on Pt/Pt at a current density of 2.5 mA cm�2.

Rauhe et al. [27] performed methanol electrooxidation on poor alloyed Pt–Ru (1:1)

in Cs2CO3 electrolytes at 100–140 �C and ambient pressures. They found that

Pt–Ru/C provided enhanced performance, compared to Pt/C. Performance curves,

based on unit catalyst mass, for Pt–Ru/C at 120 �C matched or exceeded previously

reported performance data for supported Pt or Pt black in concentrated Cs2CO3

electrolytes at 120–150 �C at 8 atm and for supported Pt–Ru in concentrated H3PO4

electrolytes at 200 �C. Tripkovic et al. [16, 28] investigated the kinetics of methanol

oxidation on supported Pt and Pt–Ru (Pt:Ru ¼ 3:2 and 2:3) catalysts in 0.5 M

H2SO4 and 0.1 NaOH at 22 and 60 �C. At room temperature, the Pt–Ru catalysts

were slightly more active than Pt for methanol oxidation in alkaline solution,

suggesting a promoter effect of Ru on OH� adsorption. Higher activity of Pt3Ru2
than Pt2Ru3 catalyst was observed, ascribed to the higher rate of methanol dehy-

drogenation/adsorption on Ru-less rich alloy. At higher temperatures, a negligible

difference in the kinetics between Pt and Pt–Ru catalysts was observed. Jayashree

et al. [29] compared the performance of an air-breathing laminar flow-based direct

methanol fuel cell (LFFC) operated in acidic or alkaline media at room temperature

with a bulk Pt–Ru (1:1) alloy as the anode catalyst. Figure 5.1 from ref. [29] shows

polarization and power density curves for the LFFCs operated in acidic and alkaline

media under identical operating conditions. As can be seen in Fig. 5.1, the perfor-

mance of LFFCs operated in alkaline media was higher than that of LFFCs in acidic

media. A maximum power density of 11.8 and 17.2 mW cm�2 was found for

operation in acidic and alkaline media, respectively.

Besides Ru, a variety of alloyed metals, metal adatoms, and metal oxides have

been investigated as MOR promoters on Pt in alkaline media. Kadirgan et al. [30]

investigated the electrocatalytic oxidation of methanol on Pt–Pd alloy electrodes of

different compositions in acid, neutral, and alkaline solutions. In alkaline solution,

the exchange current densities for the MOR presented a pronounced maximum for a

surface composition of about 15 at.% in palladium. This synergistic effect is

important, since the exchange current densities are up to ten times greater than

for platinum. Conversely, in acid and neutral media, there is no such maximum, and

the exchange current densities decrease monotonically from pure platinum to pure

palladium. This enhanced MOR electroactivity in alkaline media at the Pt–Pd

catalyst was explained on the basis of a decrease of electrode poisoning.

Gold is recognized to adsorb oxygen-containing species in alkaline solution at a

more negative potential than in acidic solution, so, based on the bifunctional theory

of electrocatalysis, the presence of gold atoms is expected to enhance the

electrocatalytic activity of platinum electrode for methanol oxidation in alkaline

solution but not in acidic solution [31]. Watanabe and Motoo [31] observed the

activity maximum for the MOR on Pt–Au alloys at 40 at.% Au. The activity was

enhanced about 2.5 times compared with that of Pt in alkaline solution. On the

contrary, no enhancement was exhibited in acidic solution by alloying. More

recently, nanosized gold has been reported to have the excellent catalytic activity
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Fig. 5.1 Polarization (filled symbols) and power density (open symbols) curves for an air-

breathing, direct methanol LFFC operated in either alkaline or acidic media at room temperature.

Reprinted from ref. [29]

5 Anode Catalysts for Alkaline Direct Alcohol Fuel Cells and Characteristics. . . 93



for CO oxidation [32, 33]; thus, it could be suitable to decrease the poisoning effect

of COads at the Pt-based catalyst surface. So, the cocatalytic effect of gold for

methanol electrooxidation at Pt-based catalysts has attracted many attentions

[34–36]. Luo et al. [34] investigated the MOR activities in alkaline electrolytes of

Au–Pt/C catalysts with different composition ranging from 10 to 90 % Au. The

catalysts with 65–85 % Au exhibited maximum electrocatalytic activities. The

findings revealed important insights into the participation of COads and OHads on

Au sites in the catalytic reaction of Pt in the Au–Pt alloys with 75 % Au.

Zhang et al. [37] synthesized ternary PtPdAu alloy nanoparticles on graphene

sheets via a chemical reduction method. This catalyst exhibited high catalytic

activity and stability for MOR in alkaline medium. Cyclic voltammograms (CVs)

for PtPdAu/G, PtPd/G, PtAu/G, and Pt/G electrodes in 1.0 M KOH and 1.0 M

CH3OH solutions are shown in Fig. 5.2. As can be seen in Fig. 5.2, the onset

potential of MOR on PtPdAu/G was the lowest, indicating an effective decrease of

the overpotential of the methanol electrooxidation reaction. Moreover, the current

of methanol oxidation on the PtPdAu/G electrode was the highest, 1.5, 2.3, and 2.8

times as high as that of PtPd/G, PtAu/G, and Pt/G, respectively.

Noble (Au) [31] and non-noble (Cd, Pb, Bi, Tl) [21] metal adatoms were

investigated as MOR promoters on Pt in alkaline media. When these metals are

present in alkaline solutions at low concentrations, methanol oxidation on Pt

electrodes is enhanced in the low potential range of interest for fuel cell anodes.

At higher concentrations of these species, methanol oxidation is suppressed due to

excessive coverage by foreign metal adatoms. The ad-electrode Au–Pt presented

the same electrocatalytic characteristics for methanol oxidation as the Au–Pt alloy

electrode. This finding indicates the surface composition to play predominant roles

in the methanol oxidation [31].

Recently, some metal oxides (CeO2, NiO, V2O5) [38–41] have been tested as

promoters for the MOR in alkaline media on Pt. Oxide-promoted Pt showed higher

MOR activity than Pt alone. The higher activity and better poison resistance of the

Fig. 5.2 Cyclic

voltammograms of Pt/G (a),

PtAu/G (b), PtPd/G (c), and

PtPdAu/G (d) catalysts in

1.0 M KOH containing 1.0 M

CH3OH solutions with a scan

rate of 50 mV s�1.

Reproduced from ref. [37]
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Pt–MxOy catalysts were attributed to the synergistic effect between Pt and oxide

promoter. Pt electrocatalytic properties for the methanol oxidation reaction in

alkaline electrolyte can be enhanced significantly by the copresence of Ag, as

compared with monometallic Pt catalyst [42]. The data clearly demonstrate that

the Ag oxide plays an important role in promoting the catalysis of Pt towards

methanol electrooxidation via a synergistic effect, and this promoting effect of Ag

oxide also depends on the composition and/or the proximity of Ag and Pt [42].

Perovskites were also investigated as promoters of the MOR on Pt. The

perovskite-modified (La1 � xSrxCoO3 and La1 � xSrxMnO3) Pt/C electrodes were

more active than the Pt/C electrode for methanol electrooxidation in alkaline

solution. The higher electrocatalytic activities of the perovskite-modified Pt/C

compared with Pt/C alone were ascribed to the advantageous role of the perovskite

oxides in promoting the formation of the active platinum oxides/hydroxides,

providing oxy-species at a less positive potentials [43].

5.2.1.2 Pt-Free Catalysts

Among different metals, nickel is the most investigated Pt-alternative anode

catalysts for methanol oxidation in alkaline media. Since nickel placed in contact

with a solution of aqueous alkali has been shown to become covered with a layer of

nickel hydroxide, the surface change is normally written as

NiðOHÞ2 ! NiOOH þ Hþ þ e� (5.1)

although it is recognized that the oxidation state of the nickel in the oxide layer

probably changes continuously between two and four over a range of potentials

[44]. The oxidation of primary alcohols at Ni/NiOOH electrodes in alkaline

medium leads to the formation of organic acids [44]:

RCH2OHþ NiOOH ! RCOOHþ NiðOHÞ2 (5.2)

A general mechanism of the oxidation of primary alcohols at Ni/NiOOH

electrodes in alkaline medium was proposed by Fleischmann et al. [44]. Kowal

et al. [45] investigated the electrochemical oxidation of methanol at Ni hydroxide

electrodes in alkaline electrolytes. They found that methanol oxidation commences

in the potential region where multilayers of NiOOH are formed on the electrode

surface, and occurs in two stages, with predominantly formate being formed in the

potential window 0.36–0.44 V (vs. SCE), followed by further oxidation to carbon-

ate at potentials above approx. 0.45 V. Rahim et al. [46] observed that the reaction

of the electrooxidation of methanol in alkaline medium on Ni dispersed on graphite

electrodes is activation controlled proceeding by direct chemical reaction with

NiOOH for thin nickel oxides and by charge transfer with the electrode for thick

oxides. Recently, a novel titanium-supported nanoscale nickel catalyst (nanoNi/Ti)
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with flaky structures was prepared by Yi et al. [47]. Cyclic voltammograms in

alkaline solutions showed that the oxidation current of methanol on the nanoNi/Ti

was much higher than that on a polycrystalline nickel. Chronoamperometric

measurements indicated that the steady-state current on the nanoNi/Ti was signifi-

cantly higher than on conventional Ni and linearly proportional to the methanol

concentration. The results showed that this novel nickel electrode can be used

repeatedly and possess stable electrocatalytic activity for the methanol oxidation.

In addition to the pure nickel electrode, different nickel-based electrodes, like

nickel alloy and nickel complex-modified carbon electrodes, have been tested for

methanol oxidation in alkaline media. The MOR activity of Ni can be enhanced by

alloying with Ru and Cu. Kasakov et al. [48] observed that the electrocatalytic

activity of Ni–Ru alloys for methanol oxidation in alkaline solutions is higher than

that of Ni and Ru alone and rises with the Ru content increasing to 80 %. Gobal

et al. [49, 50] investigated the redox process and electrocatalytic activities towards

the MOR in alkaline media of nickel and nickel–copper alloy-modified glassy

carbon electrodes. The addition of copper to the electrodeposited nickel is a very

effective method of suppressing the formation of γ-NiOOH species, less effective

for the MOR than β-NiOOH species, during prolonged cycling processes in alkaline

medium. The methanol electrooxidation at the Ni–Cu alloy (40 % Cu)-modified

electrode was significantly larger than that at pure Ni.

Research into developing new electrode materials is also directed towards the

use of macrocyclic complexes of some metals in the form of conductive polymers.

An immobilized polymeric film containing a reversible redox center acts as a fast

electron-transfer mediator for a solution species, which is oxidized or reduced

slowly or not at all at the naked electrode. Macrocyclic complexes of nickel are

of particular interest as modifying agents because in basic media, nickel redox

centers show high catalytic activity towards the oxidation of some small organic

compounds [51, 52]. Thus, Ni-complex-modified electrode systems have been

tested for the MOR in alkaline solutions [52–58]. All these systems showed a

MOR activity in NaOH solution higher or comparable to that of bare Ni. One of

the main advantages of redox polymers with the coordinated redox couple is the

higher chemical stability of the attached redox center compared with electrostati-

cally incorporated sites. The physical stability of the polymer films is also very

often satisfactory, due to the insolubility of the polymers in the aqueous

electrolytes.

Palladium and gold are active for methanol oxidation in alkaline media [30, 31,

59–61], but their activity is remarkably lower than that of platinum [39, 62]. The

MOR activity of Pd can be enhanced by the presence of a second metal, as in binary

Pd–Au [31] and Pd–Ni catalysts (with Ni either alloyed [63, 64] or in the oxide form

[65]). The MOR activity of Au, instead, can be increased by using specific metal

structures, as continuous gold films deposited on the surface of ultrafine PAni fibers

[66] or isle-like Au nanoparticle formed on modified ITO electrodes [67].

The perovskite oxides of the general compositions ABO3 and A2BO4 with excellent

electrical conductivities and electrocatalysis were considered as possible materials for the

application as anode materials in direct methanol fuel cells (DMFCs). White and
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Sammells [68] observed that perovskite electrocatalysts are active towards methanol

oxidation during CVmeasurements in H2SO4. On this basis, perovskite oxides have been

investigated as electrocatalysts for methanol oxidation in alkaline media. A series of rare-

earth cuprates with overall composition Ln2 � xMxCu1 � yMy
0O4 � δ (where Ln ¼ La

and Nd; M ¼ Sr, Ca, and Ba; M0 ¼ Ru and Sb: 0.0 � x � 0.4; and y ¼ 0.1) were

tested as anode electrocatalysts for methanol oxidation in alkaline media by Raghuveer

et al. [69]. These materials showed significant activity for the MOR at higher potentials.

The linear correlation between Cu3+ content and methanol oxidation activity suggested

that the active sites for adsorption of methanol are Cu3+ ions. These materials showed

better tolerance towards the poisoning by the intermediates of methanol oxidation

compared to that of conventional noble metal electrocatalysts. The lattice oxygen in

these oxides could be considered as active oxygen to remove CO intermediates of

methanol oxidation reaction. The high values of Tafel slopes obtained for rare-earth

cuprates compared to that of platinum in the methanol adsorption region suggest that the

adsorption of methanol is the rate-determining step on these oxides. Yu et al. [70]

investigated the electrocatalytic activity of La1 � xSrxMO3 � δ, where M ¼ Co and

Cu, towards methanol oxidation in 1 M NaOH. The methanol oxidation onset potential

for La1 � xSrxCoO3 � δ was 0.42 V, 0.03 V lower than that for La1 � xSrxCuO3 � δ.

However, the electrocatalytic activity for methanol oxidation of La1 � xSrxCuO3 � δ was

much higher than that of La1 � xSrxCoO3 � δ. The authors ascribed the higher

electrocatalytic activity for La1 � xSrxCuO3 � δ to the capability of Cu ions for the

absorption of methanol and the existence of a large amount of oxygen vacancies

facilitating oxygen ion (O2�) transport into the proximity of adsorbedmethanol oxidation

intermediates at the reaction site. Singh et al. [71] studied theMOR activity in an alkaline

solution at 25 �C of La2 � xSrxNiO4 (x ¼ 0, 0.25, 0.5, and 1.0). The results showed that

all the La2 � xSrxNiO4 are quite active for the MOR in alkaline medium and the

electrocatalytic activity increases with x. All the perovskites investigated did not indicate
any poisoning by the methanol oxidation intermediates/products. The MOR activity of

La2 � xSrxNiO4 was compared with that of pure Pt. The onset potential for

electrooxidation of methanol on Pt was significantly lower than that on La2 � xSrxNiO4;

however, the observed apparent current densities are considerably low at Pt compared to

that on La2 � xSrxNiO4. The observed low oxidation current densities on Pt can be

caused to the poisoning of the direct methanol fuel cells electrode surface by

the oxidation intermediates. To improve the electrocatalytic activities of La2 � xSrxNiO4

catalysts, the electrodes were modified by finely dispersed nickel particles [72]. The

results showed that the apparent electrocatalytic activities of the modified oxide

electrodes are much higher than those of unmodified electrodes under similar experi-

mental conditions. The highest activity was obtained with the Ni-modified

La1.5Sr0.5NiO4 electrode. At 0.55 V (vs. Hg|HgO) in 1 M KOH/1 M CH3OH at 25 �C,
this electrode delivered a current density of over 200 mA cm�2. According to the

authors, such high methanol oxidation current densities have not been reported on any

other non-platinum electrode in alkaline solution.
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5.2.2 Catalysts for Ethanol Oxidation in Alkaline Media

Among pure metals, palladium is the more active catalyst for the ethanol oxidation

reaction (EOR) in alkaline media. Conversely to ethanol oxidation in acid media, in

alkaline media, the EOR activity of Pd is remarkably higher than that of Pt [38]. Xu

et al. [73] compared the EOR activity in alkaline medium of Pt and Pd supported on

carbon Vulcan and carbon microspheres (CMS) by cyclic voltammetry. The onset

potential for ethanol oxidation on Pd shifted at lower potentials with respect to that

on Pt. The current density peak on Pd was higher than on Pt. These results indicate

that the activity for ethanol oxidation is higher on Pd than on Pt independently of

the type of support, also if the difference is more significant for the catalysts

supported on CMSs. Liang et al. [74] studied the mechanism of the EOR on Pd

by CV measurements. They found that acetate is the final product and acetaldehyde

is an active intermediate. The content of the carbonate ions in the solution indicated

that less than 5 % of the ethanol was converted to the carbonate ions. This result

indicates that, as in the case of ethanol oxidation in acid medium on Pt [14], the

cleavage of the C–C bond is rather difficult on the Pd catalyst and acetate ions are

the main product of the EOR. They also found that the dissociative adsorption of

ethanol proceeds rather quickly and the rate-determining step is the removal of the

adsorbed ethoxy by the adsorbed hydroxyl.

As nanowire arrays have attracted more interest due to their excellently physical

and chemical properties, highly ordered Pd nanowire arrays, prepared by a

template-electrodeposition method, were investigated as catalysts for ethanol oxi-

dation in alkaline media [75]. The activity of Pd nanowire arrays for ethanol

oxidation was not only higher than that of Pd film but also higher than that of a

commercial Pt–Ru/C. This nanowire array structure has high electrochemical active

surface and permits liquid alcohol to diffuse into the catalyst layer easily, resulting

in the reduction of liquid sealing effect.

To improve the electrocatalytic activity of platinum and palladium, the ethanol

oxidation on different metal adatom-modified, alloyed, and oxide-promoted Pt- and

Pd-based electrocatalysts has been investigated in alkaline media. Firstly, El-Shafei

et al. [76] studied the electrocatalytic effect of some metal adatoms (Pb, Tl, Cd) on

ethanol oxidation at a Pt electrode in alkaline medium. All three metal adatoms,

particularly Pb and Tl, improved the EOR activity of Pt. More recently, Pt–Ni

nanoparticles, deposited on carbon nanofiber (CNF) network by an electrochemical

deposition method at various cycle numbers such as 40, 60, and 80, have been

tested as catalysts for ethanol oxidation in alkaline medium [77]. The Pt–Ni

alloying nature and Ni to Pt atomic ratio increased with increasing of cycle number.

The performance of PtNi80/CNF for the ethanol electrooxidation was better than

that of the pure Pt40/CNF, PtNi40/CNF, and PtNi60/CNF.

The electrocatalytic activities of a wide range of intermetallic bulk compounds

for ethanol oxidation in alkaline media have been investigated by Matsumoto [78],

and the results have been compared to those of pure polycrystalline Pt and Pd

electrodes. Among all of the examined bulk electrodes, the PtPb, PtBi, and PtBi2
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intermetallic compounds appeared to be the most promising electrocatalysts. PtPb

had the lowest onset potential for EtOH oxidation, which was 20–30 mV less than

that of pure Pt and Pd. The current densities of PtPb were at least seventeen times

larger than those of pure Pt and Pd. Tusi et al. [79] observed a high EOR activity of

Pt–Bi/C electrocatalysts in alkaline medium. The cyclic voltammograms (CV) of

Pt/C and Pt–Bi/C electrocatalysts in alkaline medium are shown in Fig. 5.3. The CV

of Pt–Bi/C electrocatalysts showed that the hydrogen adsorption region was greatly

reduced compared to the Pt/C electrocatalyst. The electrooxidation of ethanol

(Fig. 5.3, inset) started at around �0.55 V for all electrocatalysts, and the current

values in the potential range of �0.5 to 0.2 V increase rapidly with the increase of

Bi content in the samples.

Gold/platinum (Au/Pt) bimetallic nanodendrites were successfully synthesized

through seeded growth method using preformed Au nanodendrites as seeds and

ascorbic acid as reductant and tested for ethanol oxidation in alkaline media [80].

The peak current density of ethanol electrooxidation on the Au3Pt1 nanodendrites-

modified glassy carbon electrode (Au3Pt1 electrode) was about 16, 12.5, and 4.5

times higher than those on the polycrystalline Pt electrode, polycrystalline Au

electrode, and Au nanodendrites-modified glassy carbon electrode (Au dendrites

electrode), respectively. In the same way than for methanol oxidation, ternary PtPdAu

catalysts showed high activity for ethanol oxidation in alkaline media [81, 82].

Addition of Pd and Au into Pt matrix drastically reduces the charge transfer resistance

and promotes the electrocatalytic activity towards the ethanol oxidation.

Fig. 5.3 Cyclic voltammograms (CV) of Pt/C and Pt–Bi/C electrocatalysts in 1.0 mol L�1 KOH

with a sweep rate of 10 mV s�1. (Inset) CVs in 1.0 mol L�1 KOH containing 1.0 mol L�1 of

ethanol. Reproduced from ref. [79]
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Bimetallic Pd–M (M ¼ Ru, Au, Sn, and Cu) catalysts [83–85] have been tested

for ethanol oxidation in alkaline media. Chen et al. [83] found that the catalytic

activity of Pd–Ru is considerably higher than that of Pd towards the oxidation of

methanol, ethanol, and ethylene glycol. The activity sequence of Pd–Ru towards the

alcohol oxidation was ethanol > ethylene glycol > methanol, and Pd–Ru with 1:1

atomic ratio exhibited the highest activity. They also compared the activities of

Pd–Ru and Pt–Ru catalysts for alcohol oxidations in alkaline media. For the oxida-

tion of methanol and ethylene glycol, the activity of Pd–Ru was lower than that of

Pt–Ru. For ethanol oxidation, instead, the activity of Pd–Ru was higher than that of

Pt–Ru. At potentials ranging from 0.3 to 0.4 V, the mass specific activity of Pd–Ru

was almost four times that on Pt–Ru. He et al. [84] prepared Pd4Au/C and Pd2.5Sn/C

catalysts and compared their EOR activity with that of a commercial Pt/C. The

results indicated that although Pt/C showed better kinetics for ethanol oxidation, as

manifested by the more negative onset potential and larger instantaneous current

density, Pd4Au/C and Pd2.5Sn/C were more tolerant to poisoning. Among the

catalysts investigated, Pd4Au/C displayed the best EOR activity in alkaline media.

Jou et al. [85] compared the EOR activity in an alkaline solution of a Pd–Cu-coated

ITO electrode (Pd:Cu 90:10) with that of a Pd-coated ITO electrode. The onset

potential for ethanol oxidation on the Pd–Cu-coated electrode was 150 mV more

negative than that observed on the Pd-coated electrode. The results indicated that the

Pd–Cu alloy electrode has higher EOR activity and better capability against poison-

ing than Pd.

Du et al. [86] investigated the EOR activity in alkaline media of PdSn catalysts.

Among various PdSn catalysts, Pd86Sn14/C catalysts showed much enhanced cur-

rent densities in cyclic voltammetric and chronoamperometric measurements,

compared to commercial Pd/C. Density functional theory calculations indicated

that PdSn alloy structures would result in lower reaction energies for the dehydro-

genation of ethanol, compared to the pure Pd crystal. Various Pd–Tb/C

electrocatalysts with different Pd/Tb ratios were synthesized and tested for ethanol

oxidation in alkaline media [87]. It was found that Pd–Tb/C catalysts have higher

activity and durability for ethanol oxidation than Pd/C. This may be attributed to the

promotion effect of Tb on OH� adsorption. The highest performance was observed

for 10 % Pd–2 % Tb/C in terms of the highest activity, stability, and lowest

activation energy for ethanol oxidation.

PdAg alloys containing different amounts of Ag (8, 21, and 34 at.%) were

prepared in order to evaluate their catalytic activity towards the ethanol oxidation

[88]. It was found that alloying Pd with Ag leads to an increase of the EOR kinetics,

relative to Pd. Among the alloys under study, the 21 at.% Ag content alloy presents

the highest catalytic activity for the EOR.

The effect of addition of various oxides to carbon-supported Pt and Pd catalysts

on ethanol oxidation in alkaline media was investigated [89–96]. The addition of

oxides such as CeO2 [89, 92, 94, 95], ZrO2 [90], MgO [91], Co3O4 [92, 95], Mn3O4

[92, 95], NiO [92–95], and In2O3 [96] remarkably improved the EOR activities of

Pt/C and, in particular, Pd/C and moved the onset potentials towards lower values.

The effect of the content of oxide in Pt/C and Pd/C catalysts on the EOR activity is
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shown in Fig. 5.4 from ref. [93]. The electrocatalysts with the weight ratio of Pt or

Pd to CeO2 of 2:1 and Pt or Pd to NiO of 6:1 showed the highest electrochemical

catalytic activity for ethanol oxidation. According to Xu et al. [91], it is possible

that oxide functions as Ru does in Pt-oxide and Pd-oxide catalysts because OHad

species could easily form on the surface of oxide. The formation of OHad species at

lower potential can transform CO-like poisoning species on the surface of noble

metal to CO2 or other products. In particular, among various oxide-promoted Pd

catalysts, Pd–NiO showed the highest EOR activity, with the lowest onset potential

and the highest peak current density [92].

Spontaneous deposition of noble metals onto less-noble metal particles or metal

surfaces is an alternative method to electroless and electrodeposition techniques for

manufacturing electroactive materials [97]. Recently, it was discovered that Raney

nickel materials can be successfully employed as supports for noble metal catalysts

to give effective anodes in aqueous ammonia electrolyzers [98]. On these bases,

Bambagioni et al. [99] prepared Pd-based catalysts by the spontaneous deposition of

Pd on Ni–Zn and Ni–Zn–P alloys supported on carbon. An advantage of Ni–Zn

materials as substrates for spontaneous deposition procedures is just the presence of

Zn, which is more electropositive than Ni and therefore prone to undergo

transmetallation with PdII or PdIV. The analytical and spectroscopic data showed

that the surface of Pd–(Ni–Zn)/C and Pd–(Ni–Zn–P)/C contains very small

(0.5–1 nm), highly dispersed, and crystalline palladium clusters as well as single

palladium sites, likely stabilized by interaction with oxygen atoms from Ni–O

Fig. 5.4 Effect of the content of oxide in Pt/C and Pd/C catalysts for ethanol electrooxidation in

1.0 M KOH solution containing 1.0 M ethanol with a sweep rate of 50 mV s�1, Pt or Pd loading:

0.3 mg cm�2. Reproduced from ref. [94]
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moieties. The ethanol oxidation reaction on Pd–(Ni–Zn)/C and Pd–(Ni–Zn–P)/C was

compared with that of a conventional carbon-supported Pd. The results obtained in

the half cell indicated that the EOR activity of Pd–(Ni–Zn)/C and Pd–(Ni–Zn–P)/C

is only slightly superior to that of Pd/C, but the chronopotentiometric tests showed

lower overpotentials on Pd–(Ni–Zn)/C and Pd–(Ni–Zn–P)/C electrodes.

A new group of Ru–Ni and Ru–Ni–Co catalysts for ethanol oxidation in alkaline

media was investigated by Kim and Park [100, 101]. The electrooxidation of

ethanol on thermally prepared ruthenium oxide in alkaline solution was firstly

investigated by Hsieh et al. [102]. The redox couple of ruthenate (Ru(VI)) and

perruthenate (Ru(VII)) on the RuO2 electrode surface was observed during the

oxidation of ethanol. As previously reported, a redox couple of nickel, i.e., nickel

hydroxide (Ni(OH)2) and nickel oxyhydroxide (NiOOH), was shown to be involved

in the oxidation of alcohols at nickel electrodes in alkaline media [44]. On this

basis, the RuO2 system on the Ni support is expected to possess high

electrocatalytic activity during oxidation of organic compounds. As reported by

Kim and Park [100], the RuO2–Ni electrode showed higher activity for ethanol

oxidation in 1 M NaOH than the Ni electrode. The net anodic peak current densities

for ethanol oxidation at the RuO2–Ni electrode were 6.3 and 1.7 times larger

than those observed at the Ni electrode, in 0.1 and 0.5 M ethanol, respectively.

A synergistic effect between Ru and Ni oxides was proposed.

Electrochemical deposition is the most common method of making nickel

hydroxide electrodes. Commonly, nickel hydroxide is precipitated from a solution

of nickel nitrate and sodium nitrate dissolved in an ethanol–water mixture. The

sodium nitrate provides excess nitrate to enhance the precipitation, and the presence

of the ethanol changes the surface-tension characteristics of the precipitation

process, improving adhesion of precipitate to the current collector [103]. For this

reason, in a next work, Kim and Park [101] used the sodium nitrate to prepare the

base nickel electrode and Ni electrodes with Ru and Co as additives. CVs of these

electrodes in alkaline media are shown in Fig. 5.5. The nickel electrodes containing

Ru and/or Co showed higher EOR activity than Ni alone. The ethanol oxidation

onset potentials shifted to more negative values, and the current densities were

higher than pure Ni. The Ni–Co–Ru electrode, with an anodic peak potential more

negative than that of nickel by about 70 mV and an anodic current density of about

1.4 times higher than that of Ni electrode, showed the best electrochemical

characteristics. Addition of cobalt lowers the oxidation potential, while ruthenium

increases the current density for the anodic process and shifts the oxygen evolution

potential to a more negative value. When both ruthenium and cobalt are used as

additives, the redox potential shifts to an even more negative value than that for Ni

with Co and Na. XANES data for the Ni and Co K-edges of these composite

electrodes revealed that both Ni and Co are in the Ni3+–Ni4+ and Co3+–Co4+

mixed states, respectively, depending on applied potentials.

An Italian company, Acta, has recently reported good activity for the EOR, with

complete oxidation to CO2 or carbonate, on anodes consisting of small

nanoparticles or clusters of Ni–Fe–Co alloys in a matrix of hydrazine-based poly-

mer, with the trade name HYPERMEC™ [20].

102 E. Antolini and J. Perez



5.2.3 Catalysts for Ethylene Glycol Oxidation in Alkaline Media

Ethylene glycol (EG) is of particular importance as an energy carrier for fuel cells

because of its high-energy densities, ease of transport, favorable storage, low vapor

pressure, nontoxic nature, and ready availability. Starting from the middle of 1970s,

the anodic oxidation of ethylene glycol in alkaline media has been extensively

investigated both from an electrocatalytic point of view and for its possible use in

fuel cells. The overall oxidation reaction, which needs up to ten electrons per

molecule when the final state of oxidation (i.e., CO2) is reached, proceeds through
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Fig. 5.5 CVs of various electrodes electrochemically prepared (a) α-phase and (b) β-phase nickel
electrodes in 1.0 M KOH at a scan rate of 5 mV s�1. Reprinted from ref. [101]
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several consecutive and parallel steps, involving different reaction intermediates.

Platinum is commonly used as catalyst for EG oxidation, also if gold presents

higher current densities than Pt [104]. Chang et al. [105] studied the

electrooxidation pathways of ethylene glycol in alkaline aqueous solution on gold

and platinum. The electrooxidation on gold featured the successive formation of

partially oxidized C2 solution species en route to oxalate and carbonate production.

The latter species was produced predominantly via the formation of the dialdehyde

glyoxal. In contrast, ethylene glycol electrooxidation on platinum exhibited mark-

edly different kinetics and product distributions to those for the partially oxidized

C2 species, inferring that at least carbonate production from ethylene glycol

occurred largely through sequences of chemisorbed, rather than solution-phase,

intermediates. Hahn et al. [106] investigated the adsorption of ethylene glycol at a

platinum electrode in aqueous medium. The adsorption appeared to be dissociative

at any pH. However, striking changes occurred in the composition of the adsorbed

layer when the pH varied from acid to alkaline solutions. Linearly bonded CO was

dominant at pH ~1, whereas almost equal amounts of bridge-bonded and linearly

bonded CO species were found at pH ~13. Christensen and Hamnett [107]

investigated the electrooxidation of ethylene glycol at Pt electrodes in acidic and

basic solutions by in situ FTIR spectroscopy. In acid, the main products were

glycolic acid and CO2, and the reaction is shown to proceed through a relatively

small number of reactive sites. These active sites were poisoned at intermediate

potentials, and the poisoning species were identified as terminally bonded CO. In

alkali, the main products are glycolate, oxalate, and CO3
2�. Production of glycolate

and carbonate appeared to take place via the same intermediate, but oxalate was

apparently produced by further oxidation of desorbed glycolate. Poisoning also

took place in alkali medium.

Matsuoka et al. [108] investigated the electrochemical oxidation of ethylene

glycol at 400 and 500 mV on platinum in alkaline solution. By analyzing the

oxidation products, they concluded that there were two paths for ethylene glycol

oxidation: poisoning and non-poisoning paths. The poisoning path led to the

production of C1 compounds and the non-poisoning path gave oxalate. Most of

the C–C bond cleavage in ethylene glycol could not take place below 400 mV,

which would prevent CO poisoning of platinum. On the other hand, the C–C bond

of ethylene glycol was cleaved in ethylene glycol oxidation at 500 mV, which led to

CO poisoning.

The electrocatalytic activity of platinum for the ethylene glycol oxidation

reaction (EGOR) can be improved using binary systems obtained either by alloying

platinum with different metals or by modifying a platinum surface by foreign metal

adatoms. Kohlmuller [109] observed that the intermetallic compound Pt3Pb

exhibited an activity approximately ten times higher than pure platinum in the

anodic oxidation of ethylene glycol to oxalic acid in 6 M KOH. Dalbay and

Kadirgan [110] investigated the electrocatalytic oxidation of ethylene glycol on

Pt, Pd, and Pt–Pd alloy electrodes of different compositions in alkaline solution.

The exchange current density of Pt–Pd alloys went through a maximum at about

20 at.% Pd, greater than those for pure metals, so indicating a synergistic effect.
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This effect was ascribed to a decrease of strongly bound residue of ethylene glycol.

Kadirgan et al. [111] investigated seven different foreign metal adatoms (Bi, Cd,

Cu, Pb, Re, Ru, T1) as activity modifiers of a platinum electrode for the EGOR in

alkaline medium. All these metal adatoms increased the electrocatalytic activity of

the Pt electrode for the optimum foreign metal concentrations in solution. This

enhanced activity, which can reach very high values, close to diffusion-limited

current densities with the best foreign metals (Pb and Bi), was explained through

the bifunctional theory of electrocatalysis. Conversely, in acid medium the presence

of the same adatoms does not enhance the electrocatalytic activity of Pt. El-Shafei

et al. [112] studied the electrochemical oxidation of ethylene glycol on Pt, Pd, and

Au electrodes in alkaline medium in the absence and in the presence of metal

adatoms. For pure-metal electrodes, the maximum current density was obtained at

the Au electrode. However, in the presence of metal adatoms, enhancement of

catalytic activity changed its order to Pt > Au > Pd. The three different electrodes

showed maximum catalytic activity when modified with Pb adatoms. More

recently, Demarconnay et al. [113] observed that the addition of Bi to platinum

leads to decrease the onset potential of EG electrooxidation of about 70 mV and to

achieve higher current densities. The ternary catalyst Pt–Pd–Bi/C does not change

the onset potential of EG oxidation, but leads to increase the current densities

compared to Pt–Bi/C. They found that the addition of foreign atoms to platinum

led to decrease the ability of the catalyst to break the C–C bond, likely due to

dilution of surface platinum atoms. But, in the same time, catalyst containing Pd

and Bi seems to activate the oxidation of EG to oxalate compared to pure platinum.

They proposed that Bi mainly favors the adsorption of OH species but also affects

the product distribution by changing the composition of chemisorbed species,

whereas Pd only limits the poisoning of Pt sites by changing the composition of

chemisorbed species. Recently, the electrocatalytic activities of Pt/C, Pt–Ru/C, and

Pt–Ni/C for the oxidation of ethylene glycol in a basic solution have been evaluated

by CV and quasi-steady-state polarization [114]. Based on the results of Tafel

slopes from quasi-steady-state polarization, the catalytic activities for ethylene

glycol oxidation are in the order of Pt–Ru/C > Pt–Ni/C > Pt/C. The analysis of

intermediate products for ethylene glycol oxidation by higher performance liquid

chromatography (HPLC) demonstrates that the degree of ethylene glycol oxidation

is dependent on catalysts. Pt–Ru/C shows the highest current densities for ethylene

glycol oxidation but shows lower fuel utilization. On the other hand, Pt–Ni/C shows

higher ability to cleavage C–C bonds but is suffered from catalyst poisoning. To

improve the tolerance for catalyst poisoning, we construct a novel Pt–Ni–SnO2/C

catalyst, compare its catalytic activities, and evaluate the intermediates.

Pt–Ni–SnO2/C shows superior catalytic activities for ethylene glycol oxidation,

resulting in the highest degree of complete electrooxidation of ethylene glycol to

CO2. Electrocatalytic activities of the resultant Pt–Ni–SnO2/C were studied by CV

and Tafel plots as shown in Fig. 5.6. Pt–Ni–SnO2/C showed superior catalytic

activities for ethylene glycol oxidation than Pt–Ni/C and Pt/C. Therefore, it is

confirmed that the addition of SnO2 nanoparticles is effective to improve the

tolerance for catalyst poisoning of Pt–Ni/C. The HPLC analysis for intermediates
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for ethylene glycol oxidation shows that the amount of formate production

decreased and the degree of complete oxidation increased by Pt–Ni–SnO2/C.

However, SnO2 nanoparticles did not reduce the formation of glycolate. These

results indicate that the addition of SnO2 nanoparticles had a specific effect of

improving the tolerance for catalyst poisoning.

Fig. 5.6 (a) Cyclic

voltammograms and (b) Tafel

plots of Pt/C, Pt–Ni/C, and

Pt–Ni–SnO2/C catalysts in an

aqueous solution of

1 mol dm�3 KOH and

1 mol dm�3 ethylene glycol.

Reproduced from refs.

[94, 114]

106 E. Antolini and J. Perez



It was demonstrated that gold is a very good catalyst for the electrochemical

oxidation of aldehydes and alcohols in alkaline solutions [104]. However, the

potentials at which the maximum current densities occur are too positive for

practical applications in fuel cells. These difficulties may be overcome using

gold–platinum alloys, as reported by Beden et al. [115]. They carried out the

oxidation of ethylene glycol on a Pt–Au electrode (48.4 at.% Au surface composi-

tion) by CV. During the positive sweep, the EG oxidation occurs in two main peaks:

the first one at 0.76 V/RHE, in the same potential range as that for EG oxidation on

pure Pt, and the second one at 1.18 V/RHE, corresponding to oxidation on pure Au.

However, the current densities obtained with Pt–Au alloy electrodes were much

higher than those on pure metals, particularly in the Pt region of the alloy, since the

current density for this alloy was about eight times greater. The catalytic activity of

the Au region of the alloy was also enhanced but only by a factor of two. This high

activity was ascribed to synergistic effects between Pt and Au. They also observed

that underpotential deposition of Pb adatoms on a Pt–Au alloy electrode greatly

enhances the EGOR activity in alkaline medium of this alloy. The synergistic effect

between Pt and Au was observed also by El-Shafei et al. [116]. They studied the

EGOR at Pt, Au, and Pt–Au alloy deposited electrochemically on a glassy carbon

(GC) substrate. Pt–Au/GC showed higher activity compared with that of Pt/GC and

Au/GC. The current density obtained on Pt–Au/GC electrodes in the Pt region was

much higher than that on the Pt/GC electrode, resulting in a catalytic factor of about

5 at the optimum alloy composition (40 at.% Pt). More recently, Jin et al. [117]

investigated the EGOR on platinum–gold catalysts by CV. They observed the

presence of a large oxidation peak in the potential range of pure platinum and a

second small peak in the potential range of pure gold. Given that similar peak

current densities have been reported for Pt and Au electrodes [118] and that the

Pt–Au nanoparticles were prepared with a 1:1 atomic ratio, a synergistic effect of

Au presence on the Pt activity, but not of Pt presence on Au activity for EG

oxidation, can be inferred. Gold has higher electronegativity than platinum, so the

interaction between platinum and gold in the Pt–Au nanoparticles may change the

distribution of electrons in platinum, making the adsorption of ethylene glycol and

hydroxyl on platinum easier. Summarizing, both Au and Pt are good

electrocatalysts for EG oxidation, but in Pt–Au alloys, gold overall acts as promoter

of the EGOR on Pt.

Kadirgan et al. [119] investigated the electrochemical oxidation of ethylene

glycol on gold and adatom-modified gold electrodes in alkaline medium. As in

the case of Pt, the influence of different metal adatoms (Bi, Cd, Cu, Pb, Re, Ru, Tl)

on the catalytic properties of Au electrodes was considered. In contrast to the case

in acid medium, the spectroscopic results showed clearly that almost no C–C bond

scission occurs during adsorption in alkaline medium. Depending on the potential

of electrolysis, the major products of the reaction were found to be glycolate alone

or a mixture of glycolate, oxalate, carbonate, and formate. Compared to Au alone,

only the Au–Bi and Au–Pb electrodes appeared to be relatively interesting. These

systems shifted the polarization curves towards more negative potentials, reducing

the overvoltage by about 100 mV but without changing the magnitude of the current

5 Anode Catalysts for Alkaline Direct Alcohol Fuel Cells and Characteristics. . . 107



density. Recently, Matsuoka et al. [120] deposited ultrafine gold on α-Fe2O3/Pt/C

electrodes. Compared to Pt/C catalyst for ethylene glycol oxidation, the Au/α-
Fe2O3/Pt/C electrode showed higher catalytic activity for the oxidation of ethylene

glycol in alkaline solution in the potential range lower than 500 mV.

5.3 Tests in ADAFC

5.3.1 General Overview

As previously reported, the reaction kinetics and catalytic activities of the anodic

oxidation of alcohols and the cathodic reduction of O2 in alkaline media are

significantly higher than those in acidic media. With the recent development of

polymeric membranes presenting a good anionic conductivity, the feasibility of

using anion-exchange membranes on fuel cells with alcohol as the fuel was

investigated. Several tests on ADAFCs using an alkaline anion-exchange mem-

brane as the electrolyte have been reported [8, 17, 19, 113, 121–139]. The results

suggest the potential application of anion-exchange membranes in direct alcohol

fuel cells. The first tests on ADAFCs with AAEM were carried out by Ogumi et al.

[130] and Yu and Scott [17, 131]. Ogumi et al. [130] investigated ADAFCs formed

by Pt/C as anode and cathode catalysts and a commercial ammonium-type anion-

exchange membrane (AHA) by Tokuyama Co. The fuel supplied was 1 Mmethanol

or EG in 1 M KOH at 50 �C. Cell voltages were around 100 mV higher for EG

compared to methanol. Yu and Scott [17] carried out fuel cell tests using the

conventional hot-pressed MEAs with carbon-supported Pt catalysts and a commer-

cial quaternized cross-linked fluorinated polymer membrane (Morgane®-ADP,

Solvay). Using 2 M methanol in 1 M NaOH as the fuel at 60 �C and a Pt loading

of 2.1 mg cm�2, a maximum power density (MPD) of 11 mW cm�2 was attained.

NaOH was added in the fuel stream because, as reported by Prabhuram and

Manoharan [140], the MOR performance increases on going from a highly acidic

range to a highly alkaline range. The same authors compared ADAFCs with

platinized Ti mesh or Pt/C as the anode material, Pt/C as the cathode material,

and the Morgane®-ADP membrane at 60 �C in 2 M CH3OH and 1 M NaOH and a

similar Pt loading [131]. The cell with the platinized Ti mesh anode showed a

higher MPD than that of the cell with Pt/C.

Matsuoka et al. [8] tested ADAFCs formed by Pt–Ru/C as anode catalyst, Pt/C

or Ag/C as cathode catalyst, and the AHA membrane by Tokuyama Co. The cells

operated at 50 �C and were fuelled with four polyhydric alcohols and methanol for

comparison. These alcohols (1 M) were dissolved in 1 M KOH aqueous solution.

The maximum power densities were in the order of ethylene glycol > glycerol >
methanol > erythritol > xylitol. The direct ethylene glycol fuel cell showed the

highest power density. Alkaline direct alcohol fuel cells using silver as a cathode

catalyst showed good performance; however, the open-circuit voltage of a cell with
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a silver catalyst was ca. 150 mV lower than that of a cell with a platinum catalyst

under the same conditions. The performance of alkaline direct ethylene glycol fuel

cells using Ag/C was improved by increasing the concentration of ethylene glycol.

The performance of a cell with 3 or 5 M ethylene glycol solution was comparable to

that of a cell using Pt/C catalyst in the large current density region (>40 mA cm�2).

Couteanceau et al. [19] tested alkaline direct alcohol fuel cells, fuelled with

methanol (ADMFCs) and ethylene glycol (ADEGFC), using Pt/C 40 % as anode

and cathode catalyst and the Morgane®-ADP membrane. They demonstrated the

necessity to add sodium hydroxide to methanol and EG aqueous solutions in order

to obtain significant performance. 4 M of NaOH added seems to be an optimum

value, and a maximum of 18 mW cm�2 was observed at room temperature. In the

case of the ADEGFC, with a concentration of 2 M ethylene glycol and 4 M sodium

hydroxide, a maximum of 19 mW cm�2 of power density was obtained at 20 �C, a
value very close to that observed for methanol. In addition to the previous works,

further papers addressed to the use of ethylene glycol as the fuel in ADAFCs [113,

121, 122]. Different anode and cathode catalysts were tested. The best results were

obtained using a ternary Pt–Pb–Pd/C catalyst as anode material [113] and a binary

Pt–Pb/C catalyst as cathode material [121].

In all the previous works, commercial quaternized membranes were used as

solid electrolyte in ADAFCs. In the following part of this paragraph, tests on

ADAFCs prepared using homemade AAEMs are reported. Varcoe and Slade

[125] prepared ADMFCs using a homemade quaternized ETFE-based membrane

and Pt–Ru and Pt black as anode and cathode materials, respectively. Moreover,

unlike from the previous ADAFC tests, aqueous methanol without MOH added was

used as the fuel. Peak power densities of 1.5 mW cm�2 at 50 �C increasing to

8.5 mW cm�2 at 80 �C (with additional reactant pressurization) were obtained.

According to the authors, these results represent the highest peak power

performances obtained with metal cation-free quaternary ammonium-

functionalized alkaline MEAs and demonstrate that the presence of M+OH� in an

aqueous methanol fuel is not needed to obtain a functioning ADMFC. Yang et al.

[126] tested an ADMFC composed of MnO2/BP2000 as the cathode catalyst, Pt–Ru

black as the anode catalyst, and an alkaline cross-linked non-quaternized PVA/SSA

membrane. The MPD of the ADMFC goes from 2.38 mW cm�2 at 30 �C to

4.13 mW cm�2 at 60 �C and 1 atm in 2 M KOH + 2 M CH3OH solution. The

ADMFC with the same catalysts but a hybrid membrane obtained by adding

ceramic fillers such as TiO2 and HAP to PVA, better performed than the cell with

PVA only. The MPD of the ADMFC increased from 2.38 to 9.25 mW cm�2 using

PVA/TiO2 [127], to 11.48 mW cm�2 using PVA/HAP [128]. Regarding the

ADAFC with the PVA/TiO2 hybrid membrane fuelled with different alcohols, the

MPDs were also in the order of methanol > ethanol > 2-propanol. It has to be

remarked, however, that Pt–Ru is the best catalyst for the MOR in alkaline media,

while the best catalyst for the EOR is Pd. This should explain the better perfor-

mance of ADMFC than that of ADEFC. Summarizing, these ADAFCs consisting of

a low-cost air cathode electrode (MnO2 is a non-precious metal catalyst), a Ti-based

Pt–Ru anode electrode, and a PVA-based solid polymer membrane (PVA is a cheap
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non-perfluorosulfonated polymer membrane, as compared to the expensive Nafion®

membrane) can be considered a low-cost system, with respect to the acidic DAFC.

Hou et al. prepared ADAFCs with Pt–Ru/C as the anode catalyst, Pt/C as the

cathode catalyst, and KOH-doped PBI as the anion-exchange membrane, then these

cells were tested at 90 �C using a KOH + ethanol [123] or methanol [124] solution.

The PBI/KOH membrane exhibited excellent endurance both in basic solution and

at higher temperature. The maximum power densities of ADEFC and ADMFC

were about 61 and 31 mW cm�2, respectively. The much lower performance of

ADMFC than that of ADEFC under the same conditions should be attributed to the

presence of CO2, formed by complete methanol oxidation in the ADMFC, which

reacts with KOH, causing carbonation of the membrane and collapsing electrode

pores. Conversely, ethanol tends to be oxidized incompletely, because most of the

C–C bonds cleavage in ethanol molecule cannot take place, minimizing the nega-

tive effect of carbonation.

The performances of ADAFCs with different catalysts and membranes are

reported in Table 5.1.

5.3.2 Comparison Between Alkaline and Acid Direct
Alcohol Fuel Cells

In some papers the performance of alkaline fuel cells with anion-exchange

membranes has been compared with that of acid fuel cells with proton-exchange

membranes. Varcoe et al. [129] tested three ADAFCs formed by Pt–Ru as anode

catalyst, Pt black as cathode catalyst, by two AAEM, an ETFE-based radiation-

grafted AAEM (AAEM-E), and a thicker commercial cross-linked quaternary

ammonium-type AAEM (AAEM-C), and, for comparison, by a Nafion®-115 mem-

brane. All the types of cells were fuelled with aqueous solutions of methanol,

ethanol, and ethylene glycol. Poorer power densities of alkaline DAFCs were

observed with respect to the performances of the acid DAFCs and were due overall

to the absence in OH� in the fuel stream. The power performance substantially

decreased with the Nafion®-containing cells when replacing methanol with ethanol

and ethylene glycol. Conversely, the AAEM-based cells exhibited no such decrease

in peak power densities: higher MPDs were observed with the C2 alcohols on

testing of the thicker AAEM. Fujwara et al. compared the performance of a direct

ethanol fuel cell with a Pt–Ru anode and a Pt cathode using an anion-exchange

membrane (AAEM, Tokuyama Co.) with a direct ethanol fuel cell with the same

catalysts and a cation-exchange membrane (CEM, Nafion®-117). The cell voltage

and power density versus current density of AEM- and CEM-type DEFCs are

shown in Fig. 5.7. The maximum power density of the cell significantly increased

from 6 to 58 mW cm�2 at room temperature and atmospheric pressure when the

electrolyte membrane was changed from CEM to AAEM. The anode and cathode

polarization curves showed a decrease in the anode potential and an increase in the
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Table 5.1 Performance, as maximum power density (MPD), of some Pt-containing ADAFCs

with different catalysts and AAEMs. Only temperature is reported in operating conditions, but it

has to be remarked that MPD depends also on other parameters such as catalyst loading, gas flow,

and pressure

Fuel Anode Cathode Electrolyte

Temperature

(�C)
MPD

(mW cm�2) Ref.

Methanol + KOH Pt/C Pt/C AHA

Tokuyama

50 5.5 [130]

9.2EG + KOH

Methanol + NaOH Pt/C Pt/C Morgane®-

ADP,

Solvay

60 6.8 [17]

Methanol + NaOH Pt/Ti Pt/C Morgane®-

ADP,

Solvay

60 7.8 [131]

Methanol + KOH Pt–Ru/C Pt/C AHA

Tokuyama

50 6.2 [8]

9.5Pt/C

Ag/C 8.1EG + KOH (1 M)

EG + KOH (3 M)

Methanol + NaOH Pt/C Pt/C Morgane®-

ADP,

Solvay

20 18 [19]

19EG + NaOH

EG + NaOH Pt/C Pt/C Morgane®-

ADP,

Solvay

20 19 [113]

22

28PtPb/C

PtPbPd/C

EG + NaOH Pt/C Pt/C Morgane®-

ADP,

Solvay

20 19 [121]

23.5PtPb/C

EG + KOH Pt–Ru/C Pt/C A-006,

Tokuyama

80 25 [122]

20

18Ag/C

LaSrMnO/

C

Methanol Pt–Ru Pt black QAETFE 50 1.5 [125]

80 8.5

Methanol + KOH Pt–Ru

black

MnO2/C PVA/SSA 30 2.38 [126]

60 4.13

Methanol + KOH Pt–Ru

black

MnO2/C PVA/TiO2 25 9.25 [127]

8.0Ethanol + KOH

Methanol + KOH Pt–Ru

black

MnO2/C PVA/HAP 25 11.48 [128]

Ethanol + KOH Pt–Ru/C Pt/C PBI/KOH 75 49.20 [123]

90 60.95

Methanol + KOH Pt–Ru/C Pt/C PBI/KOH 90 31 [124]

Methanol Pt–Ru Pt black AAEM-C 50 1.17 [129]

1.71

1.57Ethanol

EG

Ethanol + KOH Pt–Ru Pt black AAEM,

Tokuyama

20 58 [132]

Methanol + KOH Pt–Ru/C Pt/C AAEM,

Tokuyama

20 6.8 [133]
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cathode potential for the cell with AAEM compared to the cell with CEM. Kim

et al. [133] compared the performance of direct methanol fuel cells using alkaline

and acid-exchange membranes. In both the cells, the anode was Pt–Ru/C and the

cathode Pt/C. The cell with AAEM exhibited a higher open-circuit voltage and

superior cell performance than those in cell using Nafion®-117. In 1 M methanol

solution, the MPD of the cell with AAEM was 6.8 mW cm�2, while that of the cell

with Nafion®-117 was 5.2 mW cm�2. In addition, by using homemade Pd–Sn/C

catalyst as a cathode catalyst on ADMFC, the membrane electrode assembly

(MEA) using Pd–Sn/C catalyst as cathode showed a higher performance than the

usual commercially available Pt/C catalyst in high methanol concentration.

5.3.3 Pt-Free ADAFCs

Considering the high cost and the limited availability of platinum, the development

of Pt-free fuel cells is necessary. Very recently, tests were carried out on Pt-free

ADAFCs [134–139], in particular on cells with Pd-based catalysts as anode

materials and ethanol as the fuel, being Pd the best catalyst for ethanol oxidation.

These ADAFCs presented high performance, and particularly, Bianchini et al. [134]

reported exceptionally high values of power density (55 mW cm�2 at 20 �C
and 170 mW cm�2 at 80 �C) for the ADEFC formed by a Tokuyama A-006

anion-exchange membrane, Pd–(Ni–Zn)/C as anode catalyst and Fe–Co as cathode

Fig. 5.7 Cell voltage and power density versus current density plots of DEFCs using an AEM and

1 M ethanol + 0.5 M KOH solution (�) or a CEM and 1 M ethanol aqueous solution (○), as an

electrolyte membrane and a fuel, respectively, at room temperature and atmospheric pressure.

Anode: 3 mg cm�2 Pt–Ru black, cathode: 3 mg cm�2 Pt black, and cathode gas: humidified O2.

Reproduced from ref. [132]
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catalyst. Ethanol oxidation occurs by the selective conversion of ethanol into

potassium acetate with negligible formation of CO3
2�, avoiding in this way catalyst

poisoning or membrane carbonation. For comparative purposes, electrodes coated

with Pd/C were successfully used to selectively oxidize ethanol to acetic acid in

alkaline media in both half cells and ADEFC, yet neither the power output

(28 mW cm�2 at 20 �C and 120 mW cm�2 at 80 �C) nor the electrochemical

stability was comparable to those exhibited by the Pd–(Ni–Zn)/C electrode. This

finding suggests that the Ni–Zn alloy exerts a beneficial action on the activity of the

Pd sites. Also,Modestov et al. [135] attained a power density of about 100mWcm�2

at 80 �C with an ADEFC formed by Ru-V/C as anode catalyst, Co-TMPP as

cathode catalyst, and a KOH/PBI membrane. The performance of this ADEFC

single cell was remarkably higher than that of the ADEFC, employing the same

KOH/PBI membrane and Pt-based electrodes (61 mW cm�2 at 90 �C) [123].

Finally, it has to be promptly pointed out that the corresponding acid DEFCs,

with more expensive Pt-based catalysts, exhibit MPD values lower than

100 mW cm�2. Very recently, Shen et al. [136] tested an ADEFC formed by a

Tokuyama A201 anion-exchange membrane, Pd/C or Pd2Ni3/C, synthesized by

simultaneous Pd and Ni reduction using NaBH4, as anode catalyst, and non-

platinum HYPERMEC™ catalyst by Acta, as cathode catalyst. The measurements

were made by feeding 1.0 M ethanol/1.0 M KOH and 3.0 M ethanol/5.0 M KOH to

the fuel cell at 60 �C. In both conditions, the ADEFC with a Pd2Ni3/C anode better

performed than that with Pd/C in terms of both open-circuit voltage (OCV) and

power density. By feeding 3.0 M ethanol mixed with 5.0 M KOH, the cell with the

Pd2Ni3/C catalyst as an anode, the OCV was 0.89 V and the peak power density was

90 mW cm�2, while in the case of Pd/C, the OCV was 0.79 V and the peak power

density was 67 mW cm�2.

The performances of some platinum-free ADAFCs are reported in Table 5.2.

5.3.4 Presence of OH� in the Fuel Stream

As previously reported, generally MOH (M ¼ K, Na) was added in the fuel stream

because the activity for alcohol oxidation on different catalysts increases on going

from an acidic range to an alkaline range. Beden et al. [21] studied the MOR on a

platinum electrode in 10�3, 10�2, 10�1, 0.5, and 1 M NaOH solutions with different

concentrations of methanol (10�3, 10�2, 10�1, and 1 M CH3OH). They observed an

increase in the MOR activity as the hydroxyl ion concentration in solution is

increased for a given methanol concentration, and a decrease in the MOR activity

once the hydroxyl/methanol concentration ratio is greater than unity. Analogously,

Prabhuram and Manoharan [140] investigated the MOR activity on platinum

electrodes in electrolytes containing different concentrations of alkali (1, 6, and

11 M KOH) and methanol (1, 6, and 11 M CH3OH). They reported that methanol

oxidation on Pt electrodes increases only up to 6 M KOH solution. At higher
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concentrations, the activity declines. Also, they observed that the MOR perfor-

mance depends on the methanol concentration of a given pH solution. The 6 M

KOH/6 M CH3OH mixture yields the highest MOR performance. It appears that

CHO species do not become bonded on the platinum electrodes in the equimolar

mixture 6 M KOH/6 M CH3OH. They concluded that by choosing the proper ratio

of OH� ions and CH3OH, it is possible to remove completely the intermediate

organic species and/or poisonous species that retard the MOR rate on the electrode

surface. Yu et al. [141] found that the activity of methanol oxidation on Pt/Ti in

aqueous alkaline systems increased with pH or OH species coverage on the

electrode surface. A reaction order of close to 0.5 was obtained for both NaOH

and CH3OH/NaOH solutions indicating that adsorption of methanol and OH� on

the platinized electrode follows Termkin isotherm. In the high potential region, a

poisoning effect was observed at CH3OH/OH
� concentration ratio greater than 1,

which could have arisen from an excess of methanol at the electrode surface and/or

depletion of OH� at the electrode surface. The onset potential for methanol oxida-

tion varied with the concentration of NaOH, shifting cathodic with increasing

NaOH concentration from 0.1 to 2 M, at a fixed 2 M CH3OH solution. All the

mentioned studies were performed in a half cell. However, in an ADMFC, i.e., in

the presence of an anion-exchange membrane, the effect of OH� and hydroxyl/

methanol concentrations can be different. According to Coutanceau et al. [19],

taking into account that the anionic membrane used in ADMFC is an ionic

conductor needing a constant concentration of OH� to maintain its conductivity,

the amount of added sodium hydroxide is a critical point. If it is not sufficient, some

hydroxyl species would be taken from the membrane to form carbonate and the

conductivity of the membrane will drop rapidly. However, if the concentration of

OH� is too high, it becomes difficult to stabilize working conditions of the

ADMFC, and the observed performances decrease rapidly with time. To investigate

an effect of ion conductivity on cell performance, Kim et al. [133] investigated the

behavior of an ADMFC operating with various KOH concentrations in anode fuel.

Figure 5.8 from ref. [133] shows the polarization curves of an ADMFC operating

with 2 M CH3OH and various KOH concentrations. The current density at a cell

voltage of 0.1 V increased from 39 to 65 mA cm�2 as KOH concentration solution

increases from 1 to 3 M. Moreover, the MPD in 3 M KOH was about two times

larger than that in 1 M KOH, from 5.9 to 11.5 mW cm�2. In the same way, Li et al.

[139], to study the influence of the electrolyte on ADEFC performance, tested 1.0

and 5.0 M ethanol aqueous solutions with various KOH concentrations. From

polarization curves for different KOH concentrations ranging from 1.0 to 11.0 M

at a fixed ethanol concentration of 1.0 M, they observed that the voltage increases

with increasing KOH concentration in the low current density region (lower than

150 mA cm�2). This suggests that in the low current density region, the concentra-

tion of OH� ion is the predominant factor that determines the anode potential. This

result was further confirmed by the increase of the OCV with increasing KOH

concentration. It has to be pointed out that the increase in KOH concentration is

limited by its solubility in ethanol solutions. With an ethanol concentration of

1.0 M, the KOH concentration cannot be higher than 13.0 M. Unlike the results
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obtained in the low current density region, in the high current density region, when

the KOH concentration is increased above 5.0 M, the voltage falls. Similar results

were obtained by increasing the ethanol concentration to 5.0 M. Regarding the

ADEGFCs, also if MOH is commonly added in the fuel stream, analogous detailed

investigations are not present in literature.

On the other hand, Varcoe et al. [142] asserted that the addition of MOH into the

fuel stream is not desirable for two principal reasons: (1) The MOH constitutes a

further chemical component reducing the energy density of the fuel and making this

fuel supply highly caustic. (2) The presence of M+ in the system will lead to the

formation of precipitates of carbonate/bicarbonate on reaction of the OH�with CO2.

5.3.5 Effect of the Polymer Binder in the Catalyst Layer

In preparing the electrodes for low-temperature fuel cells that use membrane

electrolytes, a polymer binder is essential to bind discrete catalyst particles to

form a porous catalyst layer that simultaneously facilitates the transfer of ions,

electrons, and reactants/products. Firstly, polytetrafluoroethylene (PTFE) was used
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Fig. 5.8 Polarization curves

of MEA with anion-exchange

membrane (Tokuyama Co.)

(anode: Pt–Ru/C,

1.8 mg cm�2, anionic

ionomer: 28 %; cathode: Pt/C,

2.0 mg cm�2, anionic

ionomer: 27 %) in 2 M

CH3OH containing various

concentration of KOH (1 M

(� and ○), 2 M (▀ and □),

and 3 M (~ and ~)).

Reproduced from ref. [133]
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as the binder in the catalyst layer of PEMFCs, but PTFE does not conduct protons.

The substitution of PTFE with Nafion®, which is a perfluorosulfonic acid polymer

with high proton conductivity, was a decisive pathway in the development of the

low-temperature fuel cell technology [143]. In acidic fuel cells, Nafion® has proved

to be the best binder for both the anode and cathode catalyst layers. Regarding the

ADAFCs, PTFE or Nafion® was added to the catalyst layer to serve as a binder

[17–19]. Although both PTFE and Nafion® can bind catalyst particles so as to form

a catalyst layer, they cannot conduct hydroxide ions. Hence, these two polymer

materials are not a good choice as the binder for preparing MEAs for ADAFCs.

Recently, an anion-conducting ionomer, named A3, has been developed by

Tokuyama as a binder for ADAFCs, and the effect of the presence of A3 in the

catalyst layer on cell performance has been investigated [133, 136, 144]. Kim et al.

prepared MEAs with various contents of A3 in the anode catalyst layer to evaluate

the effect of the ion conductivity of the catalyst layer. The MPD of ADMFCs

fuelled with 1 M CH3OH containing 1 M KOH increased with increasing ionomer

content in the anode catalyst layer (in the range 10–35 wt%). In the same way,

Bunazawa and Yamazaki [144] investigated the influence of A3 content in the

anode and cathode catalyst layers of ADMFCs. The ionomer contents of MEAs

were 30, 39.2, 45.4, and 51.7 wt% both for the anode and the cathode. The MEA

with 45.4 wt% of ionomer content showed the highest performance when both non-

alkaline (CH3OH (1 M)) and alkaline (CH3OH (1 M) + NaOH (0.5 M)) fuels were

used. Comparing to the MEA with 45.4 wt% of ionomer, the MEA with 39.2 wt%

of ionomer showed higher OCV, but the I–V curve was sharp. This indicates that the

OH� transfer of this MEA was low because of the low ionomer content. On the

other hand, MEAs with 51.7 and 56.3 wt% of ionomer showed higher activation

polarization because the ionomer content was at a surplus and the reactant supply

was impeded. Unlike the results previously reported [133, 144], Li et al. [136]

observed that in the presence of KOH in the fuel, the ADEFC performance

decreased with increasing A3 content in the catalyst layer from 0 to 30 wt% over

the whole current density region, including the activation, ohmic, and

concentration-controlled regions. The maximum current density was 65 mA cm�2

with 30 wt% A3, whereas it was 138 mA cm�2 without ionomer in the anode

catalyst layer. According to the authors, as film-like structures are likely formed

when A3 is incorporated into the catalyst layer, the active sites may be covered by

A3 films, leading to a decrease in the active surface area. The A3 films also increase

the transport resistance of hydroxide ions, electrons, and fuel in the catalyst layer.

When the anode was fed with 3 M ethanol solution without added KOH, the cell

performance varied with ionomer content, and the best performance was achieved

with 10 wt% of ionomer. The use of the A3 ionomer could extend the active surface

area of the anode catalyst layer as it can conduct hydroxide ions, which is beneficial

to anode performance. On the other hand, excessive A3 ionomer in the anode

catalyst layer hinders the transfer of ethanol and electrons to catalytic sites and

thus lowers the anode performance.
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5.3.6 Duration Tests

Long-term durability ofMEAs is always a question for any fuel cell and in particular

in the case of the ADAFCs, where one of the major causes of the degrading

performance is the precipitation of large solid metal carbonate crystals, formed by

the interaction of hydroxide ions with carbon dioxide, either in the air stream or

formed as part of fuel oxidation in the electrolyte-filled pores of the electrode.

However, few tests on durability have been carried out on ADAFCs. Moreover, it

is important to remark that these studies were performed without MOH presence in

the system [9, 19] or without CO2 formation by alcohol oxidation [134], i.e., in the

absence of carbonation. Varcoe et al. [9] carried out a 233 h durability test on an

ADMFC, formed by an alkaline cross-linked quaternized poly(vinylbenzyl)-based

membrane and by Pt–Ru and Pt blacks as anode and cathode catalysts, respectively,

and fuelled with a 2 M CH3OH aqueous solution. As can be seen in Fig. 5.9, the cell

voltage stabilized to a very low degradation rate of 95 � 10 μV h�1 (with no

associated increase in cell area resistance). After this 233 h test, the methanol/O2

performance was reevaluated, and the MPD increased from 0.9 to 1.1 mW cm�2,

indicating that performance was recoverable. The ion-exchange capacity of the

membrane after the 233 h test had reduced by less than 5 %. In contrast,

the performance of a KOH electrolyte AFC (6 mol dm�3) degraded rapidly over

the course of 70 h at 60 �C and 94 h at 30 �C, due to carbonate precipitation at the

anode, when fuelled with methanol. According to the authors, the above

observations demonstrate that elimination ofMn+ cations in such systemsminimizes

performance losses due to carbonation, thereby allowing alcohols to be used in

AFCs.

Fig. 5.9 Medium-term test with an AAEM-MEA (4 mg cm�2 Pt–Ru anode and 4 mg cm�2 Pt

black cathode both with the alkaline interface). Test conditions: 50 �C, 0.1 A discharge, cathode:

2 dm3 min�1 air (RH ¼ 100 %), anode: methanol (2 M, 2 cm3 min�1), no back pressures.

Reprinted from ref. [9]
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In the same way, Scott et al. [17] tested the stability of an ADMFC, formed by a

Morgane®-ADP hydroxide ion-conducting membrane, and Pt–Ru/C and Pt/C as

catalysts, and fuelled with an aqueous solution of CH3OH. The cell was tested for

12 days at a fixed current density (20 mA cm�2) at 60 �C without any significant

loss in performance. Bianchini et al. [134] performed a galvanostatic experiment at

60 �C on an ADEFC formed by a Tokuyama A-006 anion-exchange membrane,

Pd–(Ni–Zn)/C and Fe–Co as anode and cathode catalysts, respectively, and fuelled

with a 2 M KOH solution of ethanol. After a conditioning time of 1 h at the OCV of

0.75 V, the cell was held to a constant current density of 20 mA cm�2 for 217 h

showing a modest 15 % decay of the cell voltage. The high stability of this ADEFC

has to be ascribed to negligible formation of carbonate, as detected by NMR, which

is consistent with the selective acetate formation (no C–C bond cleavage) on the

anode side and negligible atmospheric CO2 uptake on the cathode side.

5.4 Conclusions

The use of alkali electrolytes not only leads to better polarization characteristics

of alcohol oxidation on platinum compared to acid media but also opens up the

possibility of using non-noble, less expensive metal catalysts for the process.

Platinum has the highest catalytic activity for the methanol oxidation reaction of

any of the pure metals in alkaline media. To increase the MOR activity of Pt,

Pt-based binary and ternary catalysts, such as Pt–Ru, PtAu, and PtPdAu, have

been investigated, showing enhanced catalytic activity than pure Pt. Among

different metals, nickel has been the most investigated Pt-alternative anode

catalyst for methanol oxidation in alkaline media. In addition to the pure nickel

electrode, different nickel-based electrodes, like nickel alloy and nickel complex-

modified carbon electrodes, have been tested for methanol oxidation in alkaline

media. Conversely to ethanol oxidation in acid media, in alkaline media the EOR

activity of Pd is remarkably higher than that of Pt. Among pure metals, palladium

is the more active catalyst for the ethanol oxidation in alkaline media. To improve

the electrocatalytic activity of platinum and palladium, the ethanol oxidation on

different metal adatom-modified, alloyed, and oxide-promoted Pt- and Pd-based

electrocatalysts has been investigated in alkaline media. Moreover, a new group

of Ru–Ni and Ru–Ni–Co catalysts for ethanol oxidation in alkaline media has

been investigated with encouraging results. Platinum is commonly used as cata-

lyst for ethylene glycol oxidation, also if gold presents higher current densities

than Pt. The electrocatalytic activity of platinum for ethylene glycol oxidation can

be improved using binary systems obtained either by alloying platinum with

different metals or by modifying a platinum surface by foreign metal adatoms.

The comparison of the performance of ADAFCs, formed by the same catalysts

and membrane but fuelled with different fuels, to establish a ranking of fuels is

hazardous, considering that the activity for alcohol oxidation depends on the anode
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catalyst. The correct comparison should be carried out using the best catalyst for

each fuel, and not the same catalyst for all the fuels compared. Regarding the

comparison of methanol with ethanol, unlike acidic direct alcohol fuel cells, where

DMFC performance � DEFC performance, in alkaline media ADEFC perfor-

mance � ADMFC performance (notwithstanding the use of Pt-based anode

catalysts, being Pd the best catalyst for the EOR in alkaline media) [123, 124,

127, 129]. Indeed, using Pd as anode catalyst ADEFC performance � ADMFC

performance [137]. Regarding ADAFCs with Pt-based anode catalysts, fuelled with

methanol and ethylene glycol, the performance of ADEGFCs was higher than that

of ADMFCs [8, 19, 129, 130]. Summarizing, in direct alcohol fuel cells, the choice

of the liquid fuels at the anode can be expanded to include alcohols other than

methanol.

On the basis of the performances of various types of ADAFCs, the most

relevant observation is the mandatory presence of OH ions in the fuel stream.

Up to date, in the absence of OH� in the alcohol solution, the cell performance is

very poor and far from a possible industrial application. The addition of MOH

into alcohol supply, however, is not desirable for different reasons, such as

corrosion, electrode weeping, mechanic electrode destruction by carbonate

crystals, and catalyst decomposition [145]. Therefore, in addition to short-time

tests, durability tests on ADAFCs fuelled with alcohol + MOH in the presence of

CO2 have to be carried out, to find a MOH content, resulting in a good compro-

mise between the positive effect on cell performance and the negative effect on

the durability.

Generally, the presence of an anionic binder in the catalyst layer improves the

cell performance, and the optimum ionomer content goes through a maximum.

However, as film-like structures are likely to form when the ionomer is

incorporated into the catalyst layer, the active sites may be covered by ionomer

films, leading to a decrease in the active surface area and, as a consequence, in the

cell performance.

In conclusion, all of these observations indicate that there is still much room to

improve ADAFC performance by developing novel materials and, on the other

hand, by optimizing the operational conditions of the fuel cell. Future work

should look into a wider range of potential low-cost materials and composites

with novel structures and properties, presenting catalytic activity comparable to

that of noble metals. The development of new catalyst systems is more likely in

alkaline media because of the wide range of options for the materials support and

catalyst, as compared to acidic media which offer more limited materials choice.

Moreover, efforts have to be addressed to meet the durability targets required for

commercial application. More work is needed to optimize the operational fuel cell

conditions, by achieving suitable chemical (OH� concentration, hydroxyl/alcohol

ratio in the fuel stream) and physical (temperature, pressure, flow rate)

parameters.
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Chapter 6

Palladium-Based Nanocatalysts for Alcohol

Electrooxidation in Alkaline Media

Remegia Mmalewane Modibedi, Kenneth Ikechukwu Ozoemena,

and Mkhulu Kenny Mathe

Abstract Direct alcohol alkaline fuel cells (DAAFCs) are potential power sources

for a variety of portable applications as they provide unique advantages over

hydrogen-based fuel cell devices. Alcohols (such as methanol, ethanol, ethylene

glycol, and glycerol) have high volumetric energy density and are easier to store and

transport than hydrogen. Palladium-based nanocatalysts have continued to receive

much research attention because of their cost advantages, relative abundance, and

unique properties in the electrocatalytic oxidation of alcohols in alkaline media

compared to platinum catalysts. Recent efforts have focused on the discovery of

palladium-based electrocatalysts with little or no platinum for oxygen reduction

reaction (ORR). This chapter is an overview of the recent developments in the

employment of palladium-based nanocatalysts, containing little or no platinum,

for the electrooxidation of alcohols in alkaline media.

6.1 Introduction

The research and development of nanostructured electrode materials for improved

performance of the direct alcohol fuel cells (DAFCs) in alkaline electrolytes has

continued to grow. Palladium-based nanocatalysts, in particular, have continued to

receive much research attention because of their unique properties in alcohol

electrooxidation in alkaline media compared to their platinum-based counterparts [1].
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Palladium is more abundant in nature and sells at half the current market price of

platinum. Unlike Pt, the Pd-based electrocatalysts are more active towards the

oxidation of a plethora of substrates in alkaline media. The high activity of Pd in

alkaline media is advantageous considering that non-noble metals are sufficiently

stable in alkaline for electrochemical applications. Importantly, it is believed that the

integration of Pd with non-noble metals (as bimetallic or ternary catalysts) can

remarkably reduce the cost of the membrane electrode assemblies (MEAs) and

boost the widespread application or commercialization of DAFCs [1]. Palladium

has proved to be a better catalyst for alcohol electrooxidation in alkaline electrolytes

than Pt [2]. Palladium activity towards the electrooxidation of low-molecular weight

alcohols can be enhanced by the presence of a second or third metal, either alloyed or

in the oxide form [3].

As elegantly articulated in a recent review by Bianchini and Shen [1], alkaline

media provide unique characteristics for efficient alcohol electrooxidation,

including the following (1) the ability to use noble and non-noble metal catalysts;

(2) enhanced electrochemical kinetics, at low anodic overpotential; (3) reduced

alcohol crossover from the anode to the cathode via electroosmotic drag of hydrated

hydroxyl ions; (4) enhanced water management since water is formed at the anode

side where aqueous solution already exists, while electroosmotic drag removes

water from the cathode preventing waterflooding; (5) reduced risks of corrosion of

electrode materials, including catalysts and carbon supports; and (6) reduced risk of

adsorption of spectator ions on the MEA that might limit electrocatalysis. More-

over, in the alkaline environment, CO poisoning effect is very weak and it is

possible to use cheaper catalyst than Pt [4, 5].

Much effort has been made to enhance the performance of Pd–M (where M ¼
second metal) for alcohol electrooxidation. These efforts were persuaded by the

bifunctional mechanism and the electronic/ligand effect, which can be explained by

either the electron density, electronegativity, density functional theory, or d-band

theory [6–17]. For example, according to the bifunctional theory of electrocatalysis,

the oxidation of a primary alcohol to CO2 and R–COOH (or CO3
2� and R–COO� in

alkaline medium) needs the activation of water under OH adsorbed species at the

surface to bring the extra oxygen atom and to complete the oxidation reaction,

according to the following chemical reactions (in alkaline medium):

RCH2OH ! RCH2OHð Þads (6.1)

RCH2OHð Þads þ 3OH� ! RCOads þ 3H2Oþ 3e� (6.2)

OH� ! OH�
ads þ e� (6.3)

RCOads þ OH�
ads ! R�COOH (6.4)

RCOOHþ OH� ! RCOO� þ H2O (6.5)
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Equations (6.1) and (6.2) describe the dissociative adsorption of alcohol on the

catalyst surface. Equation (6.4) represents the rate-determining step, meaning that

the degree of alcohol oxidation is dependent on the coverage of the RCOads and

OHads on the surface of the catalyst.

In this chapter, the authors review some developments in the application of

Pd-based nanostructures for the electrocatalytic oxidation of alcohols in alkaline

media. Special focus is given to the role of such nanostructures (mono-, bi-, or

ternary metallic catalysts) and/or their supporting platforms in lowering the anodic

overpotential (onset potential), enhancing the catalytic current density, and

improving the stability or lifetime of the catalysts.

6.2 Current Research Trends on Pd-Based Nanoelectrocatalysts

for Alcohol Electrooxidation in Alkaline Media

Figure 6.1 presents an insight into the publication trends in the last decade

(2002–2011) on the electrooxidation of two major alcohols (methanol and ethanol)

in alkaline media at Pd-based nanocatalyst platforms. The nanocatalysts comprised

monometallic (Pd alone), bimetallic (Pd–M, where M ¼ metal or metal oxide), and

ternary (Pd–M1M2, where M1 and M2 represent different metals or metal oxides)

catalysts. Since 2002, there has been a steady publication growth in this research

field. The increased research trend may be related to three factors (1) the need to

protect the environment from the emission of greenhouse gases emanating from the

burning of fossil fuels, (2) high crude oil prices, and (3) the promise of nanoscience

and nanotechnology. The last decade has witnessed a steady and unpredictable high

crude oil prices, exacerbated by the Asian economic growth, weak US dollar, Iraq

war, world economic recession, the Arab uprising termed the Arab spring, and
global economic sanction on Iran. Without doubt, these factors have encouraged

investments in the R&D for advanced renewable energy technologies. For example,

the USA introduced the Energy Policy Act of 2005 to encourage investment in

renewable technologies [18]. In a similar vein, an Advanced Energy Initiative

(AEI) related to climate change was introduced in 2006 by the USA to accelerate

renewable energy and technologies [19]. Nanostructured materials exhibit unique

(and sometime incredible) physicochemical properties compared to their bulk

material counterparts, hence the increased global R&D investments. South Africa,

for example, through its Department of Science and Technology (DST) and

National Research Foundation (NRF), has continued to make huge financial R&D

investments in nanotechnology fields through programs such as the Emerging
Research Areas (ERAs), National Nanotechnology Equipment Programs
(NNEPs), and National Nanotechnology Flagship Projects (NNFPs).
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6.2.1 Methanol Electrooxidation

Pd activity towards the electrooxidation of methanol is lower than that of Pt in

alkaline media. Research activities aiming at improving the activity of Pd for the

oxidation of methanol are increasing [20, 21], including Pd-based binary alloyed

catalysts. Table 6.1 is a summary of notable reports in the last decade on the Pd

nanocatalysts, synthetic strategies, support platforms, and the electrochemical

performance (in terms of the onset potential and catalytic current density). For

the readers’ ease of reference, the major findings in each of the study are

highlighted in Table 6.1. Generally, the ratio of the current height of the forward

anodic peak to the backward (reverse) peak (If/Ib) indicates the tolerance of the

catalyst to CO poisoning; the higher the ratio, the better the tolerance to CO

poisoning, while the lower the ratio, the more likely that the catalyst is poisoned.

Several reports reviewed in this chapter used this current ratio as one of the

measures of the electrocatalytic performance of the Pd-based nanocatalysts. Most

of the recent reports on methanol electrooxidation in alkaline media are based on

monodispersed and bimetallic Pd nanocatalysts [22–41, 43]. A bimetallic

nanocatalyst worth mentioning is the Pd–NiO reported by Wang et al. [33]. The

presence of the NiO was found to enhance the anti-poison ability of Pd–NiO/C

catalyst. The anti-poison ability was ascribed to the three factors (1) the presence of

the NiOOH that increases the activity of composite catalyst for methanol oxidation,

(2) the catalytic role of NiO for methanol dehydration, and (3) the promotion of

large amount of active species PdO (low oxidation state) for methanol oxidation.

0

10

20

30

40

50

60

02-'03 04-'05 06-'07 08-'09 10-'11

P
ub

lic
at

io
n 

gr
ow

th
 (

%
)

Year

Alcohol electro-oxidation at Pd-based 
nanocatalysts in alkaline media

Methanol Ethanol

Fig. 6.1 Graphical representation of the publication growth (% growth ¼ number of publications

per 2-year period divided by the total number of publications in the last decade, multiplied by 100)

from 2002 until 2011 (raw data obtained from the ACS SciFinder Scholar(R) search engine)

132 R.M. Modibedi et al.



T
a
b
le

6
.1

R
ep
re
se
n
ta
ti
v
e
P
d
-b
as
ed

n
an
o
ca
ta
ly
st
s
fo
r
m
et
h
an
o
l
el
ec
tr
o
o
x
id
at
io
n
in

al
k
al
in
e
m
ed
ia

C
at
al
y
st

S
y
n
th
es
is
m
et
h
o
d

S
u
p
p
o
rt

O
n
se
t
p
o
te
n
ti
al

(E
s)

M
ai
n
h
ig
h
li
g
h
t

P
d
[2
2
]

S
el
f-
as
se
m
b
ly

p
lu
s
h
y
d
ra
zi
n
e

re
d
u
ct
io
n

S
-H

C
N
F

�0
.5
6
V
(v
s.
S
C
E
),

sa
m
e
as

fo
r
v
u
lc
an

S
am

e
E
s,
b
u
t
cu
rr
en
t
d
en
si
ty

is
h
ig
h
er

th
an

at
th
e

v
u
lc
an

P
d
[2
3
]

U
H
V

d
ep
o
si
ti
o
n

W
C

0
.6

V
v
s.
N
H
E

S
am

e
E
s,
b
u
t
I f
/I
b
ra
ti
o
s
w
er
e
1
.7
8
an
d
3
.1
8
fo
r

th
e
P
d
/W

C
an
d
P
d
fo
il
s,
re
sp
ec
ti
v
el
y
.S

te
ad
y
-

st
at
e
o
x
id
at
io
n
cu
rr
en
t
sh
o
w
s
h
ig
h
er

C
O

to
le
ra
n
ce

o
n
P
d
/W

C
th
an

o
n
P
d
fo
il
s

P
d
[2
4
]

M
ic
ro
w
av
e-
as
si
st
ed

p
o
ly
o
l

P
H
C
S
s

�0
.3

V
(v
s.
H
g
/H
g
O
)

T
h
e
P
d
/P
H
C
S
g
av
e
h
ig
h
er

cu
rr
en
t
d
en
si
ty

an
d

sl
ig
h
t
n
eg
at
iv
e
sh
if
t
o
f
th
e
E
s
co
m
p
ar
ed

w
it
h

P
d
/C

at
th
e
sa
m
e
P
d
lo
ad
in
g
s

P
d
[2
5
]

M
ic
ro
w
av
e-
as
si
st
ed

p
o
ly
o
l

G
ra
p
h
en
e

�0
.5
8
V
(v
s.
H
g
/H
g
O
)

S
am

e
E
s
fo
r
al
l
su
p
p
o
rt
s,
b
u
t
g
ra
p
h
en
e
su
p
p
o
rt

g
av
e
b
et
te
r
cu
rr
en
t
d
en
si
ty

th
an

M
W
C
N
T

an
d
o
th
er

n
an
o
ca
rb
o
n
su
p
p
o
rt
s

P
d
–
N
i
(P
d
4
0
N
i 6
0
)

[2
6
]

D
ea
ll
o
y
in
g
a
te
rn
ar
y
A
l 7
5
P
d
1
0
N
i 1
5

al
lo
y
u
n
d
er

fr
ee

co
rr
o
si
o
n

co
n
d
it
io
n
s

V
u
lc
an

�0
.4

V
(v
s.
H
g
/H
g
O
)

B
et
te
r
E
s
an
d
cu
rr
en
t
d
en
si
ty

th
an

n
an
o
p
o
ro
u
s

P
d
/v
u
lc
an
.
T
h
is
is
su
p
p
o
rt
ed

b
y
th
e
h
ig
h

I f
/I
b
ra
ti
o
o
f
th
e
P
d
4
0
N
i 6
0
,
in
d
ic
at
in
g
a

b
et
te
r
p
o
is
o
n
in
g
to
le
ra
n
ce

P
d
[2
7
]

E
le
ct
ro
le
ss

p
la
ti
n
g

T
i
el
ec
tr
o
d
e

~
�0

.5
0
V
(v
s.
S
C
E
)

S
am

e
E
s
w
it
h
fl
at

P
d
el
ec
tr
o
d
e,
b
u
t
cu
rr
en
t

d
en
si
ty

is
ab
o
u
t
3
ti
m
es

h
ig
h
er

th
an

th
at

o
f
th
e
P
d
el
ec
tr
o
d
e

P
d
[2
8
]

P
o
ly
o
l/
N
aB

H
4
re
d
u
ct
io
n

M
n
O
2
-

M
W
C
N
T

~
�0

.5
0
V
(v
s.
S
C
E
)

S
am

e
E
s
b
u
t
d
if
fe
re
n
t
cu
rr
en
t
d
en
si
ti
es
.

I f
/I
b
ra
ti
o
o
f
P
d
–
M
n
O
2
/M

W
C
N
T
s
ca
ta
ly
st

is
1
8
.3
,
h
ig
h
er

th
an

th
at

o
f
P
d
/M

W
C
N
T
s

(I
f/
I b

¼
4
.6
)
an
d
P
d
/v
u
lc
an

(I
f/
I b

¼
3
.8
)

H
o
ll
o
w

P
d

n
an
o
sp
h
er
es

(H
P
N
s)
[2
9
]

G
al
v
an
ic

re
p
la
ce
m
en
t
re
ac
ti
o
n

P
D
D
A
-

M
W
C
N
T
s

~
�0

.5
0
V
(v
s.
A
g
/A
g
C
l)

B
et
te
r
E
s
an
d
cu
rr
en
t
d
en
si
ty

th
an

P
d

n
an
o
p
ar
ti
cl
es
.
C
u
rr
en
t
d
en
si
ty

is
~
2
.5
�

h
ig
h
er

P
d
[3
0
]

C
h
em

ic
al

re
d
u
ct
io
n
w
it
h
N
aB

H
4

A
P
Z
-

M
W
C
N
T
s

~
�0

.5
0
V
(v
s.
S
C
E
)

S
am

e
E
s
w
it
h
ac
id
-f
u
n
ct
io
n
al
iz
ed

M
W
C
N
T
s
an
d

v
u
lc
an

ca
rb
o
n
su
p
p
o
rt
s
b
u
t
b
et
te
r
C
D
.
T
h
e

I f
/I
b
ra
ti
o
o
f
th
e
P
d
/A
P
Z
-M

W
C
N
T
s
(2
.1
3
)

(c
o
n
ti
n
u
ed
)

6 Palladium-Based Nanocatalysts for Alcohol Electrooxidation in Alkaline Media 133



T
a
b
le

6
.1

(c
o
n
ti
n
u
ed
)

C
at
al
y
st

S
y
n
th
es
is
m
et
h
o
d

S
u
p
p
o
rt

O
n
se
t
p
o
te
n
ti
al

(E
s)

M
ai
n
h
ig
h
li
g
h
t

h
ig
h
er

th
an

P
d
/A
O
-M

W
C
N
T
s
(1
.7
6
)
an
d

P
d
/C

(1
.1
5
)
ca
ta
ly
st
s,
sh
o
w
in
g
b
et
te
r
ca
ta
ly
st

to
le
ra
n
ce

o
f
th
e
A
P
Z
-M

W
C
N
T
s’

su
p
p
o
rt

P
d
[3
1
]

M
ic
ro
w
av
e-
as
si
st
ed

p
o
ly
o
l

H
P
C

~
�0

.4
0
V
(v
s.
H
g
/H
g
O
)

P
d
/H
P
C
b
et
te
r
E
s
an
d
cu
rr
en
t
d
en
si
ty

co
m
p
ar
ed

to
P
d
/C
.
C
u
rr
en
t
d
en
si
ty

is
ab
o
u
t
th
re
e
ti
m
es

th
at

o
f
th
e
P
d
/C

N
an
o
p
o
ro
u
s

p
al
la
d
iu
m

(N
P
P
d
)
[3
2
]

D
ea
ll
o
y
in
g
o
f
an

A
l–
P
d
al
lo
y

in
an

al
k
al
in
e
so
lu
ti
o
n

C
ar
b
o
n

p
o
w
d
er

~
�0

.4
5
V
(v
s.
H
g
/H
g
O
)

N
P
P
d
ex
h
ib
it
s
h
ig
h
ac
ti
v
it
y
to
w
ar
d
s
m
et
h
an
o
l

P
d
–
N
iO

[3
3
,
3
4
]

C
o
-r
ed
u
ct
io
n
an
d
an
n
ea
li
n
g

in
ai
r

V
u
lc
an

C
~
�0

.5
0
V
(v
s.
S
C
E
)

N
iO

en
h
an
ce
s
th
e
an
ti
-p
o
is
o
n
ab
il
it
y
o
f
P
d
–
N
iO
/C

ca
ta
ly
st
.
T
h
e
an
ti
-p
o
is
o
n
ab
il
it
y
o
f
P
d
–
N
iO
/C

ca
ta
ly
st
ca
n
b
e
en
h
an
ce
d
b
y
th
re
e
w
ay
s
(1
)
th
e

N
iO
O
H
o
n
th
e
su
rf
ac
e
o
f
ca
ta
ly
st
im

p
ro
v
es

th
e

ac
ti
v
it
y
o
f
co
m
p
o
si
te
ca
ta
ly
st
fo
r
m
et
h
an
o
l

o
x
id
at
io
n
,
(2
)
th
e
ca
ta
ly
ti
c
ro
le
o
f
N
iO

fo
r

m
et
h
an
o
l
d
eh
y
d
ra
ti
o
n
,
an
d
(3
)
th
e
p
ro
m
o
ti
o
n

o
f
la
rg
e
am

o
u
n
t
ac
ti
v
e
sp
ec
ie
s
P
d
O
(l
o
w

o
x
id
at
io
n
st
at
e)

fo
r
m
et
h
an
o
l
o
x
id
at
io
n

P
d
[3
5
]

R
ed
u
ct
io
n
u
si
n
g
N
aB

H
4

S
-M

W
C
N
T
s

�0
.4
5
V
v
s.
S
C
E

L
o
w
er
E
s
an
d
h
ig
h
er
cu
rr
en
t
d
en
si
ty

co
m
p
ar
ed

to

o
th
er

ty
p
es

o
f
M
W
C
N
T
s.
S
-M

W
C
N
T
s/
P
d

ca
ta
ly
st
h
as

th
e
h
ig
h
es
t
I f
/I
b
,
in
d
ic
at
in
g
th
e

b
es
t
C
O

re
si
st
an
ce

P
d
–
S
n
[3
6
]

M
ic
ro
w
av
e-
as
si
st
ed

p
o
ly
o
l

G
N
S

T
h
e
E
s
o
f
th
e
P
d
–
S
n
/G
N
S
w
as

m
o
re

n
eg
at
iv
e
th
an

P
d
/G
N
S

C
at
al
y
ti
c
ac
ti
v
it
y
an
d
C
O
p
o
is
o
n
in
g
to
le
ra
n
ce

o
f

1
8
%

P
d
–
2
%

S
n
/G
N
S
at
�0

.1
0
V
w
er
e
7
9
%

an
d
4
0
%
,
re
sp
ec
ti
v
el
y
,
th
an

P
d
/G
N
S

P
d
–
C
o
[3
7
]

R
ed
u
ct
io
n
u
si
n
g
N
aB

H
4

C
ar
b
o
n
b
la
ck
/

C
N
T
s

P
d
/C

an
d
P
d
–
C
o
(8
:1
)/
C
h
av
e

sa
m
e
o
n
se
t
p
o
te
n
ti
al

P
d
–
C
o
(8
:1
)/
C
h
ig
h
cu
rr
en
t
d
en
si
ty
an
d
to
le
ra
n
ce

to
C
O

p
o
is
o
n
in
g
o
n
P
d
/C
.
H
ig
h
er

I f
/I
b
w
as

o
b
ta
in
ed

o
n
P
d
–
C
o
(8
:1
)/
C
N
T
th
an

P
d
–
C
o

(8
:1
)/
C

134 R.M. Modibedi et al.



P
d
–
A
g
[3
8
]

R
ed
u
ct
io
n
u
si
n
g
N
aB

H
4

C
�0

.5
9
V
v
s.
H
g
/H
g
O

P
d
–
A
g
(1
:1
)/
C
d
is
p
la
y
s
b
et
te
r
ca
ta
ly
ti
c
ac
ti
v
it
y

an
d
im

p
ro
v
ed

to
le
ra
n
ce

to
C
O
p
o
is
o
n
in
g
th
an

o
th
er

P
d
:A
g
ra
ti
o
an
d
P
d
/C

P
d
–
N
i
[3
9
]

R
ed
u
ct
io
n
u
si
n
g
fo
rm

ic
ac
id

V
u
lc
an

C
�0

.6
1
V
v
s.
A
g
/A
g
C
l

P
d
–
N
i/
C
h
av
e
h
ig
h
er

ca
ta
ly
ti
c
ac
ti
v
it
y
an
d

to
le
ra
n
ce

to
C
O
p
o
is
o
n
in
g
th
an

P
d
/C

P
d
–
P
t
[4
0
]

E
le
ct
ro
d
ep
o
si
ti
o
n

T
i
fo
il

�0
.5
3
V
v
s.
S
C
E

P
d
0
.8
P
t 0
.2
/T
i
ex
h
ib
it
s
h
ig
h
er

el
ec
tr
o
ca
ta
ly
ti
c

ac
ti
v
it
y
an
d
b
et
te
r
to
le
ra
n
ce

to
p
o
is
o
n
in
g

th
an

o
th
er

P
d
:P
t
m
o
la
r
ra
ti
o
s:
P
d
/C

an
d
P
t/
C

P
d
–
A
u
[4
1
]

U
lt
ra
so
n
ic

sy
n
th
es
is
in

et
h
y
le
n
e

g
ly
co
l

V
u
lc
an

C
0
.6
3
0
V
v
s.
R
H
E

P
d
/C

an
d
P
d
–
A
u
/C

sh
o
w
ed

m
o
re

p
o
si
ti
v
e
o
n
se
t

p
o
te
n
ti
al

an
d
lo
w
er

cu
rr
en
t
d
en
si
ti
es

th
an

P
t/
C
.
T
h
es
e
ca
ta
ly
st
s
ar
e
n
o
t
su
it
ab
le

fo
r

m
et
h
an
o
l
o
x
id
at
io
n
re
ac
ti
o
n

P
d
–
R
u
[2
1
]

Im
p
re
g
n
at
io
n
an
d
re
d
u
ct
io
n
u
n
d
er

H
2
at
m
o
sp
h
er
e

V
u
lc
an

C
P
d
–
R
u
/C

sh
o
w
ed

a
n
eg
at
iv
e

sh
if
t
o
f
~
0
.1
5
V
v
s.
R
H
E

th
an

P
d
/C

1
:1

at
o
m
ic
ra
ti
o
P
d
–
R
u
/C

w
as

h
ig
h
er

th
an

th
at
o
f

P
d
,
ev
id
en
ce
d
b
y
a
n
eg
at
iv
e
sh
if
t
o
f
0
.1
5
V
in

th
e
o
n
se
t
p
o
te
n
ti
al

N
i–
P
d
[4
2
]

E
le
ct
ro
d
ep
o
si
ti
o
n

T
i
su
b
st
ra
te

A
d
d
it
io
n
o
f
P
d
o
n
N
i/
T
i

im
p
ro
v
ed

th
e
o
n
se
t
p
o
te
n
ti
al

S
li
g
h
t
d
ec
re
as
e
in

th
e
o
n
se
t
p
o
te
n
ti
al
fr
o
m

3
3
8
to

3
3
2
m
V
v
s.
S
C
E
w
it
h
in
cr
ea
se

in
P
d
co
n
te
n
t

fr
o
m

4
.5
to

1
0
.8
at
.%

.
B
u
t
in
cr
ea
se

in
cu
rr
en
t

d
en
si
ty

w
it
h
th
e
in
cr
ea
se

in
P
d
co
n
te
n
t
w
as

o
b
se
rv
ed

U
H
V
U
lt
ra
h
ig
h
v
ac
u
u
m
,
M
W
C
N
T
s
m
u
lt
iw
al
le
d
ca
rb
o
n
n
an
o
tu
b
es
,
S-
H
C
N
F
h
el
ic
al

ca
rb
o
n
n
an
o
fi
b
er
s
fu
n
ct
io
n
al
iz
ed

w
it
h
b
en
zy
l
m
er
ca
p
ta
n
,
W
C
tu
n
g
st
en

ca
rb
id
e,

P
H
C
S
s
p
o
ro
u
s
h
o
ll
o
w

ca
rb
o
n

sp
h
er
es
,
H
P
C

h
o
n
ey
co
m
b
-l
ik
e
p
o
ro
u
s
ca
rb
o
n
,
P
D
D
A
-M

W
C
N
T
s
P
o
ly
d
ia
ll
y
ld
im

et
h
y
la
m
m
o
n
iu
m
-f
u
n
ct
io
n
al
iz
ed

M
W
C
N
T
s,
A
P
Z
-M

W
C
N
T
s
2
-a
m
in
o
p
h
en
o
x
az
in
-3
-o
n
e-
fu
n
ct
io
n
al
iz
ed

M
W
C
N
T
s,
S-
M
W
C
N
T
s
su
lf
o
n
at
ed

M
W
C
N
T
s,
G
N
S
g
ra
p
h
en
e
n
an
o
sh
ee
ts

6 Palladium-Based Nanocatalysts for Alcohol Electrooxidation in Alkaline Media 135



6.2.1.1 Synthetic Methods and Support Materials

In heterogeneous catalysis, the synthetic strategies are intricately linked to the

physicochemical properties of the catalysts. The synthetic method is important in

tuning the morphology, particle size, and composition of the catalysts, the degree of

alloying, and the electrocatalytic performance. Also, from the various reports, it is

evident that the difference between the electrocatalytic performance of one

Pd-based nanocatalyst and the other lies mainly in their morphology, particle

size, and structure, which are dictated mainly by the synthetic strategy adopted

and supporting platform employed by the researchers. Thus, Pd nanocatalysts are

reported in various names such as nanoparticles, nanoporous, nanocrystalline,
Raney-like nanoporous, and nanospheres. The various methods that have been

used to synthesize monodispersed Pd nanocatalysts include self-assembly

technique assisted by chemical reduction using hydrazine as the reductant [22],

ultrahigh vacuum deposition [23], microwave-assisted polyol strategies [24, 25,

31], galvanic replacement reaction [29], polyol synthesis using borohydride as the

reductant [28], and dealloying [26]. As would be expected, the different

morphologies and structures and supporting platforms (carbon, nanocarbons)

yield different electrocatalytic performances in terms of the onset potential

(Es/V), catalytic current densities ( j/A cm�2), and stability or catalyst lifetime.

For the bimetallic alloyed catalysts, several methods have also been reported.

For example, Chen et al. prepared 20 % Pd–Ru/C catalyst using the impregnation

method and a reduction under H2 atmosphere [21]. Pd–Ag/C catalyst with different

Ag loadings was obtained by the borohydride reduction method. The modification

of Pd with inexpensive metals such as Ag, aimed at improving its reactivity, is

based on the d-band theory, which was reported firstly by Norskov and coworkers

[7, 10]. The d-band theory as interpreted by Wang et al. [38] on Pd–Ag/C reactivity

towards alcohol oxidation states that “when metals with small lattice constants are

overlaid or alloyed on metals with larger lattice constants, the d-band center shifts

up and vice versa, which subsequently affects the reaction rate. If the d-band center

is shifted up, the adsorption ability of the adsorbate onto the metals becomes

stronger and may help to improve the electrooxidation of alcohol on the surface

of the metals.” The 1:1 Pd–Ag/C catalyst showed better activity than Pd/C for

methanol oxidation in alkaline medium. The better performance of Pd–Ag/C was

associated with the removal of adsorbed CO by the second metal, thus freeing the

active Pd for further oxidation of methanol. The ability of the Pd–Ag/C catalyst to

eliminate the adsorbed CO and other poisoning intermediates was explained by the

bifunctional mechanism. This effect was confirmed by performing CO stripping

studies via chronoamperometry. The onset potential of CO oxidation on the Pd–Ag

(1:1)/C catalyst was more negative than that on the Pd/C catalyst. Pd–Au (1:1)/C

catalysts was synthesized using of ultrasonic method with citric acid as the surfac-

tant and varying solvents [41]. A well-dispersed Pd–Au having small and uniform

particle size was obtained when ethylene glycol was used as a solvent. However,

Pd–Au (1:1)/C showed lower activity towards methanol oxidation and higher
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activity towards oxygen reduction reaction (ORR). Pd–Ni/C catalyst synthesized by

Liu et al. through the chemical reduction method using formic acid as the reducing

agent showed more negative onset potential and higher current density than Pd/C

catalyst for methanol electrooxidation. On the other hand, the activity of Pd–Ni/C

towards methanol oxidation in alkaline medium was found to be lower than that of

Pt/C [39]. Carbon black- and carbon nanotube-supported Pd–Co catalysts with

different amounts of cobalt were prepared using the sodium borohydride chemical

reduction method [37]. Pd–Co (8:1) produced higher electrocatalytic activity

towards methanol oxidation in alkaline medium and improved the resistance to

CO poisoning. Pd–Co (8:1) supported on carbon nanotubes showed higher current

density than the catalyst supported on carbon black. The enhanced activity was

described by a bifunctional mechanism. However, the supported Pd–Co catalyst is

preferred for use in the oxygen reduction reaction than the alcohol oxidation.

Support materials play an important role on the activity of catalysts and on

lowering the amount of metals required in developing catalysts. For example, Hu

et al. [22] recently reported the synthesis of S-HCNF-supported Pd nanocatalyst

(Pd-S-HCNFs, Fig. 6.2) and compared its activity with Pd/C and found that both

support materials gave the same onset potential but the current density at S-HCNF

was about 2.3 times higher than that at the commercial carbon.

Shen et al. [24] compared PHCS and carbon as support for Pd nanocatalyst and

found that PHCS gave higher (~3 times) current density than carbon. Singh et al.

[25] compared graphene and MWCNTs as support for Pd nanocatalyst and found

that both support materials gave the same onset potential but the current density at

graphene was higher than that at the MWCNTs. CNTs have been studied

Fig. 6.2 Preparation procedure for Pd-S-HCNFs [22]
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extensively as a support material owing to their high aspect ratio and high specific

surface area and are known to improve the catalyst utilization and electrochemical

activity in fuel cells. An interesting development is the chemical modification of

MWCNTs with MnO2 [28], polydiallyldimethylammonium chloride (PDDA)

(Fig. 6.3) [29], and 2-aminophenoxazin-3-one (APZ) (Fig. 6.4) [30], all of which

exhibited higher current density than the unmodified MWCNTs or commercial

carbon supports.

Graphene is an sp2 hybridized two-dimensional monolayer carbon sheets and

has low cost as well as high specific surface area than other carbon support

Fig. 6.3 Schematic illustration of assembling HPNs onto the surface of CNTs [29]

Fig. 6.4 Chronoamperometry collected for 1,400 s at�0.2 V for the Pd/APZ-MWCNTs, Pd/AO-

MWCNTs, and Pd/C catalysts’ modified electrodes in 0.5 MNaOH þ 1.0 M CH3OH solution [30]
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materials. Pd–Ag (1:1) was also supported on carbon nanotubes (CNTs) by Wang

et al. [38] for the oxidation of methanol. The onset potential for the oxidation of

methanol on Pd–Ag (1:1)/C and Pd–Ag (1:1)/CNTs was the same, but higher

current density was obtained for the CNTs supported catalyst.

This signifies good properties such as high specific area, big pore volume, and

better Pd–Ag dispersion. Ti-based substrates are of interest in fuel cells due to its

high chemical stability and conductivity. Lu et al. [40] electrodeposited PdxPt1 � x

(x ¼ 0–1) nanocatalysts on Ti foil and determined its activity towards the

electrooxidation of alcohols. The results showed that the electrocatalytic activity

and stability of nanocatalysts was influenced by the atomic ratios of Pd and Pt.

Pd0.8Pt0.2/Ti showed better catalytic activity and stability for the electrooxidation of

alcohols in alkaline medium, thus, indicating improved kinetics due to synergistic

effect by the interaction between Pd and Pt for the electrooxidation of methanol.

Also, recently, graphene was used as a support material for Pd–Sn catalyst for the

electrooxidation of methanol in alkaline electrolyte. Microwave-assisted polyol

reduction method was utilized to synthesise Pd/GNS and Pd–Sn/GNS catalysts.

18 % Pd–2 % Sn/GNS electrode was more efficient and more tolerant to poisoning

than 20 % Pd/GNS due to the alloying effect of Sn [36].

6.2.2 Ethanol Electrooxidation

The alcohol oxidation process happens to be more problematic as the number of

carbon atoms in the alcohol increases. The overall kinetics of alcohol oxidation

becomes sluggish, owing to the formation of various intermediates which get

strongly adsorbed on the catalyst surface and to the breaking of the C–C bond.

Unlike methanol, ethanol oxidation in alkaline media is found to be better on Pd

than on Pt [44]. However, research in developing Pd-based binary and ternary alloy

catalysts that are active, stable, and low cost as well as to understand the mechanism

of alcohol oxidation in alkaline electrolytes still continues. Table 6.2 presents a

summary of representative reports in the last decade on the Pd nanocatalysts,

synthetic strategies, support platforms, and the electrochemical performance

(in terms of the onset potential and catalytic current density). For the readers’

ease of reference, the major findings in each of the study are highlighted in the

Table 6.2. Unlike the methanol electrooxidation, most studies on ethanol

electrooxidation in alkaline employ bimetallic or ternary catalysts to achieve the

bifunctional mechanism required for the more difficult ethanol oxidation process

[22, 24–26, 29, 32, 45–76].

6.2.2.1 Synthetic Methods and Support Materials

Like the methanol electrooxidation, the activity of Pd for ethanol electrooxidation

can be affected by the synthesis method, support material, and the dilution of Pd

with another metal or metal oxide. This influence is the indication of a synergetic
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effect of the additive or support with Pd on ethanol electrooxidation in alkaline

electrolytes. Pd–Ru (1:1)/C was found to have higher activity towards ethanol

electrooxidation in alkaline media than Pd/C, with the mass specific activity of

almost four times that on Pt–Ru [21].

Pd–Pb/C catalysts with different amounts of Pb were prepared using NaBH4

chemical reduction method in the presence of sodium citrate. Pd–Pb (4:1)/C

showed better activity towards ethanol electrooxidation in alkaline electrolyte

than Pd/C catalyst. The Arrhenius equation was used to calculate the activation

energy, which showed a smaller value, thus implying a faster charge transfer

process. The enhanced activity of Pd–Pb/C was explained by a bifunctional mech-

anism and the d-band theory [56]. Pd4–Au/C and Pd2.5–Sn/C catalysts prepared by

He et al. [72] showed lower activity for ethanol electrooxidation in alkaline

electrolyte than commercial Pt/C but were more tolerant to poisoning.

Pd2.5–Sn/C prepared by Modibedi et al. [51] through the chemical reduction

method using a mixture of NaBH4 þ ethylene glycol as a reducing agent (Fig. 6.5)

displayed better electrocatalytic activity for ethanol oxidation and stability towards

poisoning than the E-TEK Inc. Pt–Ru/C catalyst. It was observed that not all the Sn

was alloyed with Pd and a small amount existed as SnO2 on the surface of the

catalyst. The changes in the lattice parameters or constants were noted as having an

effect on the electrocatalytic activity of the catalysts. Pd–Sn/C catalysts were also

synthesized via the polyol reduction method by Du et al. [67]. They obtained a

homogeneous alloy formation of Pd and Sn with Sn on the surface being slightly

oxidized. DFT calculations were employed together with the electrochemical

characterization to understand the electrooxidation of ethanol in alkaline medium

on Pd–Sn/C catalysts. Pd–Sn/C with 14 atomic % Sn showed improved current

density than the JM Pd/C catalyst.

Tian et al. [53] obtained PdSn via electrochemical deposition from an ionic

liquid onto a graphite electrode. Pd–Sn exhibited enhanced performance compared

to Pd alone. However, when Sn content is more than 25 atom %, the catalytic

Pd

Carbon

Carbon

Carbon

Carbon
Pd + Ru-Sn/C

Pd-Ru-Sn/C
(co-reduction)
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+
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Fig. 6.5 Schematic representation of the preparation routes of Pd–Ru–Sn/C nanocatalyst [51]
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efficiency drops due to the presence of new Pd–Sn intermetallic phases in the

deposited film. Gao et al. [50] reported the use of a core–shell-structured

Ru@PtPd/C, obtained via hydrothermal method, for the electrooxidation of ethanol

in alkaline solution. Yi et al. [48] used hydrothermal strategy to obtain Pd–Ru

deposited on Ti and proved that Pd87Ru13/Ti exhibits high electroactivity towards

ethanol oxidation. Xu et al. [73] developed a series of Pd–Au/C alloy using

dimethylformamide co-reduction method under an ultrasonic process. The atomic

ratio of Pd to Au was varied from 7:1 to 3:1 and 1:1. Pd3Au/C showed increased

catalytic stability while maintaining the comparable activity than Pd/C catalyst.

Au was selected as the promising second metal to form Pd–Au/C alloy because it is

the most electronegative metal, which resulted in the electron-withdrawing effect to

the neighboring Pd atoms, thus, suggesting that the electronic effect mechanism

for ethanol electrooxidation on Pd–Au/C catalyst will be favored. A different

form of alloyed Pd–Au/C known as Pd-decorated Au/C (Pd@Au/C) was prepared

with successive procedures, in which Au seeds were first synthesized and then Pd

was electrodeposited on the surface of Au through the under-potential deposition

method. This method has the advantage of minimizing the Pd loading since Pd does

not form new nuclei Au. Pd@Au/C showed enhanced anti-poison capability for

adsorbed species and stability towards ethanol electrooxidation in alkaline media

than Pd/C due to the electronic interaction between the Au and Pd [59]. Nguyen

et al. [57] synthesized Pd–Ag/C by the NaBH4 reduction method using citrate

as the complexing agent and stabilizer. Pd–Ag/C displayed an excellent activity,

enhanced CO tolerance, and better stability than Pt/C and Pd/C catalysts, which was

explained by the d-band theory. The sequential electroless deposition method was

employed to prepare Pd–Ag alloys on stainless steel disc. The ethanol oxidation

performance in alkaline medium was higher on Pd–Ag alloy with 21 at. % Ag than

on Pd. This Ag content showed improved tolerance towards poisoning by the

adsorbed intermediates. The enhanced performance was described by the bifunc-

tional mechanism [74]. Liu et al. [47] employed co-reduction process to prepare

Pd–Ag supported on reduced graphene oxide. Ji et al. [52] prepared Pg–Ag/C by

dealloying Mg60Ag32Pd8 precursor and found that the nanoporous Ag80Pd20 alloy

exhibited superior catalytic activity towards ethanol compared to the nanoporous

Pd electrode. Shen et al. [75] followed the same procedure as Nguyen [57] to

prepare Pd–Ir/C catalysts. Their results showed that Ir addition improved the

ethanol oxidation kinetics on Pd in alkaline electrolyte. The enhanced catalyst

activity after Ir addition on Pd was attributed to the bifunctional mechanism. In

continuing with their earlier work on Pd–Ir/C, Shen et al. [68] recently reported a

ternary Pd–Ir–Ni nanocatalyst which they showed could increase the peak power

density by more than 122 % compared with the monometallic Pd nanocatalyst,

69 % compared bimetallic Pd–Ir nanocatalyst, and 44 % as compared with the

bimetallic Pd–Ni nanocatalyst.

Pd–Ni/C was synthesized by Shen et al. [76] through the NaBH4 reduction

method, and the Ni content was optimized since the high content of Ni will lower

146 R.M. Modibedi et al.



the electronic conductivity due to the presence of Ni oxide or hydroxide on the

surface, thus resulting in a decrease in activity of the Pd–Ni/C catalyst. The highest

activity for ethanol electrooxidation in alkaline electrolyte and stability was

obtained on Pd2Ni3/C catalyst. The enhanced activity was attributed to the various

oxidation states of Ni found around Pd. Maiyalagan et al. [55] synthesized Pd–Ni

using NaBH4 reduction method supported on carbon nanofibres (CNFs).

CNF-supported Pd catalysts were more active towards ethanol electrooxidation in

alkaline medium than Pd/C catalyst. The onset potential on Pd3Ni/CNF was

200 mV more negative, and a threefold increase in current density was obtained

as compared to Pd/C having the same Pd loading. Pd40Ni60 nanocrystalline alloy

catalyst, which was produced by dealloying Al75Pd10Ni15 alloy, showed an increase

in ethanol electrooxidation in alkaline medium than on nanoporous Pd [26].

PdxNiy/C catalysts were prepared using a solution phase-based nanocapsule

method. This method was chosen based on its ability to control diameter and size

distribution of Pd–Ni/C particles as well as to assist in producing contacts between

Pd and Ni on the surface of the catalyst. Pd4Ni5/C onset potential for ethanol

electrooxidation was 180 mV more negative than that of Pd/C, and high current

density was obtained [64]. Pd–Bi/C was synthesized by Neto et al. [65], varying the

atomic ratios of Pd:Bi via the NaBH4 reduction method. Pd–Bi/C (95:05)

electrocatalyst showed higher activity towards ethanol oxidation in alkaline

electrolyte than Pd/C described by the effective removal of intermediates by the

OH adsorbed species.

Recently, we [63] synthesized various sulfonated multiwalled carbon nanotube

(SF-MWCNT)-supported Pd–M (M¼Ni and Sn) using microwave-assisted polyol

synthesis (Fig. 6.6) and compared their activity towards ethanol electrooxidation.

We showed that the bimetallic catalyst (i.e., obtained by simple ultrasonication of

the metallic mixtures) gave enhanced electrocatalysis towards alcohol than the

alloy counterparts (i.e., obtained by co-reduction of the metals).

X-ray photoelectron spectroscopy was used to prove that Pd–M alloy was

obtained using the simple ultrasonication mixing (Fig. 6.7). The Pd 3d5/2 (alloy)

peak gives four contributions which relate to the chemical states: 335.6 � 0.1 eV

(PdSn), 336.4 � 0.1 eV (PdxOy), 337.9 � 0.1 (PdxOy), and 338.7 � 0.1 eV

(PdSO4). Interestingly, the Pd 3d5/2 (mix) peak gives similar contributions at

335.3 � 0.1 eV (PdSn), 336.4 � 0.1 eV (PdxOy), and 337.9 � 0.1 eV (PdxOy).

Clearly, the surface chemistry of the PdSnAlloy and PdSnMix is similar. The same

trend of peak evolutions and chemical compounds is observed for both Pd–Ni

(alloy) and Pd–Ni (mix). The Pd 3d5/2 peak of our SF-MWCNT-PdNimix

(335.3 eV) was comparable to the binding energy value (335.4 eV) for Pd–Ni

alloy, confirming that ultrasonic-mixing technique formed an alloy.

The ternary catalyst systems are developed in order to illustrate the concept

synergy towards the oxidation of alcohols having more than one carbon. Dutta et al.

[66] synthesized Pt–Pd–Au/C catalyst using the borohydride reduction method, and
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the onset potential was more negative on Pt30Pd38Au32/C than on Pt–Pd/C and

Pt–Au/C binary systems. The addition of Pd and Au into the Pt matrix increased the

catalyst’s efficiency for ethanol electrooxidation and reduced the rate of catalyst

poisoning and in addition lowered the loading of Pt in the ternary catalyst.

Modibedi et al. [51] showed that the activity of a ternary Pd–Ru–Sn/C catalyst

Fig. 6.6 Synthesis route of SF-MWCNT-M (M ¼ Pd, Ni, or Sn) nanocomposites using

microwave-assisted strategy [63]
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towards ethanol oxidation was slightly lower than that of the binary Pd–Sn/C

alloyed catalyst but higher than Pd/C and Pt–Ru/C catalysts. PdxPt1 � x (x ¼ 0–1)

nanocatalysts on Ti foil prepared by Lu et al. [40] were also tested for ethanol

electrooxidation in alkaline medium. The best performance was found when the

ratio of Pd to Pt was from 0.5:0.5 to 0.8:0.2 towards ethanol oxidation.

6.2.3 Propanol Electrooxidation

There are few reports on the electrooxidation of 1-propanol and 2-propanol on

Pd-based catalysts in alkaline electrolytes. This suggests that more research work

on these alcohols is needed because 2-propanol is less toxic than methanol and its

electrochemical oxidation is of great interest due to its particular molecular struc-

ture. PdxPt1 � x (x ¼ 0–1) nanocatalysts on Ti foil were prepared by Lu et al. [40]

using electrochemical methods, and they determined its activity towards the

electrooxidation of 2-propanol. Pd0.8Pt0.2/Ti showed better catalytic activity and

stability for the electrooxidation of 2-propanol in alkaline medium based on

the bifunctional mechanism. Pd–Au/C catalyst was synthesized by chemical

reduction method using NaBH4 as the reducing agent. Pd–Au (4:1)/C showed
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higher electrocatalytic activity and improved stability for the electrooxidation

of 2-propanol in alkaline medium than Pd/C and E-TEK Pt/C electrocatalysts.

The promoting mechanism of Au in Pd–Au/C electrocatalyst towards the oxidation

of 2-propanol was not clear to the authors [77]. Pd–Au/PPP was prepared by the

electrodeposition of Pd–Au nanoparticles on poly(p-phenylene) (PPP) films. PPP

films were used as the support material owing to the good electrochemical activity

and good thermal stability. Adding Au to Pd-based catalyst improved the activity of

the catalyst towards isopropanol oxidation. Pd–Au/PPP not only showed higher

catalytic activity; it also had better poisoning resistance than Pd–Au deposited on

bare glassy carbon electrode [78].

6.2.4 Polyhydric Alcohol Electrooxidation

The benefits of using polyhydric alcohols such as ethylene glycol and glycerol as

alternative fuel sources in fuel cells are that these alcohols have low toxicity, are

safe to handle, have high specific energy, and are highly soluble in water. EG is

considered as the most viable alternative to methanol for FC development which

has been investigated in acidic media using Pt-based nanocatalysts [79–81]. How-

ever, research in electrooxidation of ethylene glycol and glycerol in alkaline media

remains hugely limited. Table 6.3 shows some of the representative works with

Pd-based nanocatalysts in alkaline media.

As we did for ethanol [63], we also studied the electrooxidation of ethylene

glycol using S-MWCNT-PdSnmix and S-MWCNT-PdNimix and demonstrated that

the Pd-based bimetallic nanocatalysts are more efficient catalysts than the

monodispersed Pd nanocatalyst (results shown in Fig. 6.8 and summarized in

Table 6.4).

6.3 Conclusions and Future Perspectives

Pd-based nanoelectrocatalysts exhibit superior performance towards alcohol

electrooxidation in alkaline media compared to the state-of-the-art Pt/C. They

give promise as likely replacement to Pt-based catalysts in alkaline media. How-

ever, more research is still needed to optimize the plethora of work reported so far

in this field. Such future research activities may want to optimize the dilution levels

of the Pd with metals or metal oxides for large-scale production and the employ-

ment of more conductive and cheap carbon supports. Graphene, known for its high

conductivity compared to carbon nanotubes or carbon black, is a promising candi-

date as supporting platform, especially considering that it is now being produced in

large commercial quantities.
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Chapter 7

Fundamental Studies on the Electrocatalytic

Properties of Metal Macrocyclics and Other

Complexes for the Electroreduction of O2

Justus Masa, Kenneth I. Ozoemena, Wolfgang Schuhmann, and José H. Zagal

Abstract The high prospects of exploiting the oxygen reduction reaction (ORR) for

lucrative technologies, for example, in the fuel cells industry, chlor-alkali electroly-

sis, and metal-air batteries, to name but a few, have prompted enormous research

interest in the search for cost-effective and abundant catalysts for the electrocatalytic

reduction of oxygen. This chapter describes and discusses the electrocatalysis of

oxygen reduction by metallomacrocyclic complexes and the prospect of their poten-

tial to be used in fuel cells. Since the main interest of most researchers in this field is

to design catalysts which can achieve facile reduction of O2 at a high thermodynamic

efficiency, this chapter aims to bring to light the research frontiers uncovering

important milestones towards the synthesis and design of promising metalloma-

crocyclic catalysts which can accomplish the four-electron reduction of O2 at low

overpotential and to draw attention to the fundamental requirements for synthesis of

improved catalysts. Particular attention has been paid to discussion of the common

properties which cut across these complexes and how they may be aptly manipulated

for tailored catalyst synthesis. Therefore, besides discussion of the progress attained

with regard to synthesis and design of catalysts with high selectivity towards the four-

electron reduction of O2, a major part of this chapter highlights quantitative

structure–activity relationships (QSAR) which govern the activity and stability of

these complexes, which when well understood, refined, and carefully implemented
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Ruhr-Universität Bochum, Universitätsstr 150, D-44780 Bochum, Germany

K.I. Ozoemena

Energy and Process Unit, Materials Science and Manufacturing, Council for Scientific and

Industrial Research (CSIR), Pretoria 0001, South Africa

Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa

J.H. Zagal (*)

Departamento de Quı́mica de los Materiales, Facultad de Quı́mica y Biologı́a, Universidad

de Santiago de Chile, Casilla 40, Correo 33, Santiago 1100773, Chile

e-mail: jose.zagal@usach.cl

M. Shao (ed.), Electrocatalysis in Fuel Cells, Lecture Notes in Energy 9,

DOI 10.1007/978-1-4471-4911-8_7, # Springer-Verlag London 2013

157

mailto:jose.zagal@usach.cl


should lead to rational design of better catalysts. A brief discussion about

nonmacrocyclic copper (I) complexes, particularly Cu(I) phenanthrolines, and those

with a laccase-like structure which exhibit promising activity for ORR has been

included in a separate section at the end.

7.1 Introduction

Providing adequate, clean, and sustainable energy, from the source of exploitation

through eventual disposal, is one of the grand challenges of the twenty-first century.

Electrochemical energy storage and conversion systems offer some of the most

appealing possibilities for providing clean energy. Of the electrochemical energy

systems, fuel cells [1] and metal-air batteries [2] have particularly attracted great

research interest. The oxygen reduction reaction (ORR) is one of the key reactions

in both of these systems, and Pt is the premium cathode catalyst for the reaction [3].

There is also a growing interest of the importance of ORR in chlor-alkali electroly-

sis due to its energy saving benefits [4]. Owing to the scarcity of Pt, intensive

research has been undertaken aimed at improving both its mass- and area-specific

activities through its alloying with less expensive metals and through developments

in the synthesis of nanoparticles [5–7]. However, with the awareness that even the

most ingenious improvements in catalyst synthesis cannot dispel the issue of Pt

scarcity and the potential escalation of its cost upon increased demand, it is a

prudent endeavor to explore alternative inexpensive catalysts. Metallomacrocyclic

complexes, particularly metalloporphyrins (MPs) and metallophthalocyanines

(MPcs), have been widely investigated for ORR since the 1960s [8]. However,

due to lack of systematic methodologies for prediction of metallomacrocyclic

complexes with satisfactory activity and stability, their performances with regard

to both activity and stability generally trail those of catalysts derived from Pt. Of the

metallomacrocyclic complexes that have been investigated for ORR, the N4

metallomacrocyclic complexes, specifically MPs and MPcs, generally exhibit bet-

ter activity compared to N2O2 (Pfeiffer complexes), O4, N2S2, and S4 macrocyclic

chelate complexes [9, 10]. These materials are particularly interesting because of

their lower costs compared to noble metals, and their high tolerance to methanol

crossover, for the case of methanol fuel cell applications. They are also interesting

because they provide models where active centers can be identified, and their

catalytic activity can be modulated by changing the structure of the macrocyclic

ligand [11]. Several factors influence the activity and stability of metalloma-

crocyclic complexes for ORR. For a given macrocyclic ligand, ORR will vary

with the type of central metal ion [12–15]. Conversely, for a given metal ion, ORR

will vary with the nature of substituents on the macrocyclic ligand [16–19], due to

the electronic density changes they induce on the metal ion. In addition to these

inherent limitations, the ORR activity and stability of a given metallomacrocyclic

complex are highly dependent on the pH of the electrolyte. This effect is more

pronounced in acidic electrolytes than in alkaline ones [20]. The other factors which
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influence the activity and stability of a given metallomacrocyclic complex include

its solubility in a given electrolyte, the method of its immobilization on the

electrode, the operating conditions, and whether the ORR is measured with the

metallomacrocyclic complex in solution or adsorbed on an electrode [21]. The most

commonly used methods for immobilization of metallomacrocyclic complexes on

an electrode include dip coating, drop dry, spin coating, electropolymerization,

grafting, self-assembled layer(s), sublimation, and spraying. As such, the ORR

performance of a given metallomacrocyclic complex may also vary depending on

the method of immobilization used. For example, it has been reported in some

literature that the potential of the M(III)/M(II) redox couple and oxygen reduction

are shifted to more positive values for films formed by electropolymerization

compared to films formed by dip coating or drop coating. Therefore, because of

the inevitable variations in experimental procedures and conditions from one

laboratory to another, it is difficult to make cross-laboratory comparisons of results

reported in literature. To avoid delving into this complexity, qualitative and quan-

titative structure–activity relationships (QSAR) which govern the activity and

stability of metallomacrocyclic complexes have been highlighted, which when

well understood, refined, and carefully implemented should form a basis for

rational design of improved metallomacrocyclic catalysts for oxygen reduction.

MPs and MPcs show very similar physical and chemical properties and they are

structurally related to biological catalysts like cytochrome c and hemoglobin. The

basic difference between their structures is shown (Fig. 7.1). As it will be discussed

in details later, the properties of these complexes are very dependent on the type of

central metal (M) and on the nature of substituents on the ligand. It is important to

remark that the choice of substituents for the macrocyclic ligands is inexhaustible

which leaves plenty of room for tailoring their properties. For example, the

properties of metalloporphyrins may be varied widely by means of substitution

groups at the β and meso-positions of the ring (Fig. 7.1a). Furthermore, the concepts

of supramolecular chemistry and molecular self-assembly offer additional

possibilities to vary the properties of metallomacrocyclic [22–24].

Fig. 7.1 Basic structure of a metalloporphyrin (a) and a metallophthalocyanine (b)
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Figure 7.2 presents an overview of the intensity of research in the use of MPs and

MPcs as electrocatalysts for ORR during the last 4 decades (1982–2011). The graph

is interesting as it clearly depicts that intensity of research in ORR follows the

trends in global oil prices and world events: increasing as oil prices increase and

decreasing as oil prices reduce (see “Oil Price History and Analysis” at http://www.

wtrg.com/prices.htm). The 1981/1982 period recorded one of the peak oil prices in

history. The increased research interest in ORR using MPs and MPcs in the

1982–1986 period may be related to two major events that led to high oil prices:

the Iran/Iraq war and the imposition of price controls by the United States on her

domestically produced oil, resulting in the US consumers paying more for imports

than domestic production.

The increased research activity in the 1987–1991 period is associated with the

spike in oil prices in 1990 due to low production and the uncertainty relating to

invasion of Kuwait by Iraqi and the ensuing Gulf war. Crude oil prices were low

over the 1992–1996 period (about US$ 20 per barrel). The 1997–2001 period was

the period of the Asian financial crisis that led OPEC to increase oil production

quota by 10 %. In fact, this period recorded one of the lowest oil prices in history

(about US$ 18 per barrel in 1998). It is not surprising that the intensity of research

in ORR for fuel cells and metal-air batteries was at its lowest during this period.

Since 2002 to date, research in ORR has continued to increase. This is mostly due to

the high oil prices as a result of the Asian economic growth, weak US dollar, Iraq

war, world economic recession, and the Arab uprising termed the “Arab spring,”

and the increased awareness that the current energy sources cannot fulfill future

energy demands. The increased global awareness about the detrimental effects of

using fossil energies to the environment and the fact that fossil energy reserves are

finite have also in part contributed to the increased intensity of research in ORR for

fuel cells.
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Apart from high oil prices, the world has increasingly become concerned

about the need for environmental protection by minimizing the emission of

greenhouse gases emanating from the burning of coal and oil. To address these

environmental concerns, most countries of the world are now investing in

Research and Development (R&D) for advancement of renewable energy

technologies, which may further explain the recent increased research activities

in ORR (2002–2011). For example, the USA introduced the Energy Policy Act

of 2005 to encourage investment in renewable technologies (http://www.gpo.

gov/fdsys/pkg/PLAW-109publ58/pdf/PLAW-109publ58.pdf). In a similar vein,

an Advanced Energy Initiative (AEI) related to climate change was introduced in

2006 by the USA to accelerate renewable energy and technologies and reduce

greenhouse gas emissions. The AEI provided for a 22 % increase in funding for

clean-energy technology research in clean coal technology, nuclear power, and

renewable solar and wind energies [25].

7.1.1 Reaction Pathways for the Reduction of Molecular Oxygen

The electrochemical reduction of oxygen in aqueous solutions is a complex

multielectron reaction that occurs via two main pathways: one involving the

transfer of two electrons to give peroxide and the so-called direct four-electron

pathway to give water. The latter involves the rupture of the O–O bond. The nature

of the electrode strongly influences the preferred pathway. Most electrode materials

catalyze the reaction via two electrons to give peroxide. The several possible

pathways are summarized in Table 7.1.

In strongly alkaline solutions or in organic solvents, O2 is reduced via the

transfer of a single electron to give a superoxide ion:O2 þ e�! O2
� (E� ¼ �0.33 V

vs. NHE). The maximum free energy or the highest oxidant capacity of O2 is

obtained when this molecule reacts on the cathode of a fuel cell via four-electrons.

So there is a need for catalysts that promote the four-electron reduction pathway.

Most common electrode materials only promote the two-electron pathway, which

releases almost one-half the free energy compared to that of the four-electron

pathway. This is due in part to the relatively high dissociation energy of the O–O

bond (118 kcal/mol). The four-electron reduction of O2 to give water involves the

rupture of the O–O bond and can involve the interaction of O2 with one site (single

site) or with two active sites simultaneously (dual site) on the electrode surface

(Fig. 7.3).

Upon these possible interactions, the energy of the O–O bond decreases, favor-

ing its rupture since electrons accepted by the O2 molecule will occupy antibonding

π* orbitals. On platinum, O2 reduction occurs almost entirely via four-electrons

[26]. It is likely that on this metal O2 interacts via the “bridge cis” conformation,

involving two metal active sites (see Fig. 7.3) since the Pt–Pt separation in certain

crystallographic orientations is optimal for this type of interaction. It is then crucial
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to develop low-cost catalysts that decrease the overpotential of the reduction of O2

and that can also promote the four-electron reduction.

7.1.2 Evaluation of Catalysts for ORR

It is desirable to evaluate potential catalysts for fuel cell reactions in fuel cell

prototypes under the real conditions of application. The standard approach involves

profiling the voltage and power output as a function of the current drawn by a load

during operation of a fuel cell. A schematic representation of the typical features of

the voltage/power–current graphs is shown in Fig. 7.4. Fuel cells generally exhibit a

Table 7.1 Possible pathways for the oxygen reduction in aqueous media

Mode of

interaction

ORR pathways

Acidic medium Basic medium

Bridge (or)

trans
O2 þ 2e� þ 2Hþ ! 2OHads O2 þ 2e� þ 2H2O! 2OHads þ 2OH�

2OHads þ 2Hþ þ 2e� ! 2H2O 2OHads þ 2e� ! 2OH�

Overall direct reaction Overall direct reaction

O2 þ 4Hþ þ 4e� ! 2H2O O2 þ 2H2Oþ 4e� ! 4OH�

Eo ¼ 1:23 VNHE Eo ¼ 0:401 VNHE

End-on O2 þ e� þ Hþ ! HO2;ads O2 þ H2Oþ e� ! HO2;ads þ OH�

HO2;ads þ e� þ Hþ ! H2O HO2;ads þ e� ! HO�2
Overall indirect reaction Overall indirect reaction

O2 þ 2e� þ 2Hþ ! H2O2

Eo ¼ 0:682 VNHE

O2 þ H2Oþ 2e� ! HO�2 þ OH�

Eo ¼ �0:076 VNHE

with H2O2 þ 2Hþ þ 2e� ! 2H2O

Eo ¼ 1:77 VNHE

with HO�2 þ H2Oþ 2e� ! 3OH�

Eo ¼ 0:88 VNHE

Fig. 7.3 Different spatial configurations for molecular oxygen when it interacts with metal sites
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substantial drop in voltage from the theoretically expected maximum voltage, even

at their open circuit potential. When a load is applied to the cell, the cell voltage

drops further as more and more current is drawn from it. For intermediate current

densities, the voltage drops linearly as the current drawn from it is increased as

shown in Fig. 7.4. As the current drawn from the cell is increased further up to some

point, mass-transport limitation of either reactants, products, or both ensues and a

drastic decline in the cell voltage is observed.

The effective voltage E of a fuel cell at a given current density, taking into

account the various voltage loses, is given by E ¼ Eeq � ηORR � ηIR � ηdiff , where
Eeq is the theoretical thermodynamic voltage, ηORR is the activation overpotential

due to slow electrode reactions, ηIR is the overpotential due to ohmic resistances in

the cell, and ηdiff is the overpotential due to slow diffusion of reactants, products, or

both. For hydrogen fuel cells, the voltage losses due to electrooxidation of H2 at the

anode are insignificant compared to the voltage losses due to ORR. Therefore, when

comparing different catalysts for a given fuel cell configuration, the best catalyst or

pair of catalysts for the anodic and cathodic reactions should be the one(s) which

exhibit(s) minimum loss in cell voltage at a given current density. Said otherwise, the

best catalyst should be the one which operates at the highest efficiency (η), η being

defined as the ratio of the operating voltage (E) to the theoretical thermodynamic

voltage (Eeq): η(%) ¼ (E/Eeq) � 100. In addition to the efficiency criterion, long-

term operation of a fuel cell is an equally important requirement. A desirable catalyst

should therefore be characterized with a high efficiency and also exhibit minimal

loss in activity over long-term use.

However, the costs for installation of a fuel cell prototype are fairly high, and the

devise is fairly expensive to operate. Additionally, long-term stability tests are

particularly time consuming, which would make preliminary evaluation of catalysts

using a fuel cell prototype unnecessarily costly, both resource-wise and time-wise.

Preliminary evaluation of catalysts for fuel cells therefore often involves indepen-

dent investigation of their half-cell reactions. A brief description of the methods

that are most commonly used to investigate catalysts for the oxygen half-cell

reaction follows in the next section.

Fig. 7.4 Schematic

representation of the typical

voltage/power–current curves

during operation of a fuel cell
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7.1.3 Determination of the Selectivity of O2 Electroreduction

Ordinarily, the selectivity of ORR is determined by means of rotating disk electrode

(RDE) or rotating ring-disk electrode (RRDE) voltammetry. The RDE is designed

to boost the diffusion of an electroanalyte in conditions where an electrochemical

reaction is limited by diffusion of the analyte to the electrode. In RRDE, a ring

(often platinum) surrounds the disk electrode with an insulating material (usually

Teflon) between them (Fig. 7.5).

During rotation of the electrode, the electrolyte is tangentially drawn to the disk

electrode and radially swept away from it under controlled hydrodynamic

conditions. Levich showed that the diffusion limited current (id) measured at a

smooth disk electrode under controlled rotation is related to the angular velocity

speed of rotation of the electrode according to Eq. (7.1) [27]:

id ¼ 0:62nFAD
2=3
0 ω1=2υ�1=6C0 (7.1)

where n is the number of electrons exchanged per molecule,F is the Faraday constant,

A is the surface area of the electrode, D0 is the diffusion coefficient of the

electroanalyte, ω is the angular velocity of the electrode, υ is the kinematic viscosity

of the electrolyte, andC0 is the bulk concentration of the electroanalyte. For a reaction

which is essentially under diffusion limitation, a graph of id against ω1/2 yields a

straight with a slope ¼ 0.62nFAD0
2/3C0υ

–1/6 from which nmay be determined. Note

that the coefficient 0.62 is used when ω is expressed in rad s–1, while 0.21 is used

whenω is expressed in revolution per minute (i.e., 0.62 � (2π/60)1/2 ¼ 0.21) [28]. A

more commonly used approach employs a modification form of Eq. (7.1), called the

Levich-Koutecky analysis [Eq. (7.2)], for reactions which are under mixed kinetic

Fig. 7.5 Schematic representation of the RDE and RRDE (left panel) and of the possible reactions
that take at the RRDE during ORR (right panel)
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and diffusion control, where i is the measured current, ik is the kinetic current defined
by Eq. (7.3), and id is the term in Eq. (7.1):

1

i
¼ 1

ik
þ 1

id
or

1

i
¼ 1

ik
þ 1

B
ffiffiffiffi

ω
p (7.2)

ik ¼ knAFC0 (7.3)

From Eq. (7.2), a graph of the inverse of the measured current at a given

potential i–1 against ω–1/2 gives a straight line with a slope of B–1 from which n
can be determined and ik

–1 as the intercept on the i–1 axis [27].
The RRDE is designed in such a way that under the hydrodynamic conditions, an

electroactive species generated at the disk may be detected at the ring electrode. The

species generated at the disk electrode must therefore be sufficiently long-lived to be

able to traverse the radius of the disk electrode and be detected at the ring. For the case

of the ORR, the ring electrode is always poised at a potential where any H2O2

generated at the disk is oxidized at the ring. The fraction of H2O2 generated during

ORR is calculated from Eq. (7.4), while the number of electrons transferred (n) is
obtained from Eq. (7.5):

XH2O2 ¼ 2IR=N

ID þ IR=N
(7.4)

n ¼ 4iO2
iH2O2=N þ iO2

(7.5)

where N is the collection efficiency of the ring electrode, IR is the ring current, ID is

the disk current, while iO2 is the electrocatalytic oxygen reduction current at the

disk, and iH2O2 is the corresponding ring current due to H2O2 oxidation at a specific

potential. The value of N is normally supplied by the manufacturer but it is

advisable to verify it as often as possible using a suitable redox pair [29].

RDE and RRDE are very convenient voltammetric methods for studying the

mechanism and kinetics of ORR and are by far the most widely used methods.

However, it is important to bear in mind that the underlying mathematical

formulations of these methods are theorized for smooth electrode surfaces under

laminar flow hydrodynamics. There are many examples in recent literature where

RDE and RRDE have been used to study catalyst films for which turbulent flow

hydrodynamics is quite obvious. The collection efficiency of RRDE for microscopi-

cally disordered films, for example, very porous materials and irregularly built-up

films (as may be the case for catalysts modified with nanocarbons such as carbon

nanotubes and graphenes), is likely to be determined erroneously due to sporadic

hydrodynamics. Therefore, the quality of a given catalyst film has a great influence on

the correctness of results obtained from RDE and RRDE. It is generally

recommended that catalyst films for RDE and RRDE studies should be as thin as
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possible [29]. Thick filmsmay lead to increased mass-transport resistance through the

catalyst layer and incomplete utilization of the catalyst which certainly lead to

incorrect interpretation of results. These factors have to be considered critically

when performing and interpreting RDE and RRDE measurements. A depiction of

the possible processes that occur during the electroreduction of oxygen at RRDE

electrodes is schematically shown in Fig. 7.4 to draw attention to some possible

sources of error in treatment and interpretation of RRDE results. If O2 is reduced by

the transfer of two electrons to form H2O2, at least four competing reactions may

follow and these include a competition between further electroreduction of H2O2 and

its disproportionation on the disk, and if the H2O2 makes it to the ring, a competition

between its electrochemical detection and disproportionation takes place since H2O2

is known to disproportionate on Pt surfaces. Therefore, the amount H2O2 detected at

the ring is likely to be much lower than the amount actually produced because of the

competing reactions. The magnitude of the error encountered in the determination of

n and H2O2 using RRDE is likely to be even larger the less smooth the catalyst film is.

However, in the absence of a more reliable method for studying the mechanism and

kinetics of ORR, RDE, and RRDE voltammetries continue to be useful and handy. In

the face of these drawbacks, several groups have proposed the use of scanning

electrochemical microscopy (SECM) to study the selectivity of electrocatalysis of

ORR [30–34].

7.2 From Model Structures to Active N4-Metallomacrocyclic

Catalysts

There is a vast amount of scientific literature about ORR catalysis by metalloma-

crocyclic. As mentioned earlier in the introduction, a variety of factors influence

the ORR activity of these complexes, including the method used for immobiliza-

tion of the complex, the pH of the electrolyte, and the conditions and quality of the

experiments among others. As such, there is some ambiguity concerning the ORR

selectivity of some complexes. In the next Sects. 2.1–2.4, a discussion of ORR

catalysis by N4-metallomacroyclic complexes is given with special emphasis

placed upon those complexes and their design aspects which facilitate the four-

electron reduction of oxygen. Nature achieves facile reduction of O2 to water at

very high turnover frequencies in the terminal respiration chain by cytochrome

c oxidases (CcO) at their heme (Fe a3)/Cu (CuB) bimetallic active site (Fig. 7.6a).

This makes CcO interesting model systems to emulate, in what should be appro-

priately termed as bioinspired catalyst design. The next section gives a brief

insight of the electrocatalysis of oxygen reduction by CcO and the progress

attained in the biomimetic design of artificial heme/Cu-like catalysts for oxygen

reduction.
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7.2.1 Oxygen Reduction by Cytochrome c Oxidases

Natural cytochrome c oxidases (CcO) catalyze the reduction of oxygen at their

heme a3/CuB (Fig. 7.6a) bimetallic site directly to water without the release of

superoxide or peroxide. The Fe–Cu distance in CcO varies in the range of

~4.9–5.3 Å [36], depending on the redox states of the metal ions and ligation

thereof, depending on the protein environment.

Recent work by Collman and Ghosh [35] has provided additional evidence that

the active site in CcO is comprised of a heme a3 of an iron porphyrin and Cu (CuB)

coordinating three histidine groups with one of the histidine groups bound to a

posttranslationally modified tyrosine residue (Fig. 7.6b). It is reported that the

primary role of the redox centers is to rapidly provide the four electrons needed to

reduce oxygen directly to water without the release of toxic superoxide or peroxide

species.

The first step of the reduction process involves adsorption of oxygen at the

reduced FeII/CuI center to form an FeIII–O2
– superoxide adduct with subsequent

formation of an intermediate comprised of oxidized CuII, an FeIV¼O ferryl radical,

and a peripheral phenoxide radical (Fig. 7.7). The oxidized intermediate is then

reduced directly to water by simultaneous transfer of four electrons [35].

Tremendous effort has been devoted to synthesize artificial catalysts which can

achieve reduction of oxygen directly to water by mimicking the active site of CcO

[35]. A key motivation of this endeavor has also been to use the CcO synthetic

analogs as biomimetic models to probe the structure and function of CcO in the

respiration chain. After an enduring effort spanning about three decades, successful

synthesis of a functional heme/Cu analog with the ability to reduce oxygen directly

to water at physiological conditions without generation of toxic peroxide and

superoxide species was reported [35–39]. It is generally believed that natural

enzymes exhibit unique flexibility, with the ability to sustain long range open-to-

closed conformational changes, which is necessary for binding and catalyzing the

Fig. 7.6 Active structure of cytochrome c oxidase (a) and of a synthetic analog of cytochrome

c oxidase (b) [35]
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reaction of small molecules [40]. Synthetic mimics of the heme/Cu active site in

CcO must therefore be faultlessly designed with such conformational flexibility as

to facilitate adsorption of oxygen, retention of partially reduced oxide species

(PROS) intermediates until final products are formed, and release of the products.

Artificial analogs of the heme/Cu sites in CcO have tended to be rather rigid, devoid

of this conformational flexibility. A number of factors which complicate replication

of the heme/Cu site of the CcO system in biomimetic design of functional heme/Cu

analogs for oxygen reduction have been discussed [39]. Functional analogs of CcO

incorporating dissimilar metal centers other than a heme/Cu active site have also

been reported [41]. The success achieved in synthesizing functional CcO analogs

and in the elucidation of their mechanism for oxygen reduction not only is useful for

understanding the role of CcO in the terminal respiration chain but also gives new

impetus to the design of effective molecular catalysts for four-electron reduction of

oxygen.

7.2.2 Oxygen Reduction by Bimetallic Cofacial Porphyrins

Cofacial metalloporphyrins refers to a molecular arrangement whereby the metal ions

of two independent planar metalloporphyrins exist face-to-face with each other. This

molecular configuration may arise by spontaneous molecular arrangement, for exam-

ple, due to π–π stacking, or by employing special synthetic schemes [42]. Dicobalt

cofacial diporphyrins hinged on amide bridges were the earliest bimetallic

diporphyrins with close semblance to the heme/Cu system that achieved four-electron

reduction of oxygen to water in acidic electrolytes at remarkably low overpotentials

[43]. Minor alterations in the dicobalt diporphyrin structures are reported to drasti-

cally poison the potency of the catalysts or cause them to revert to two-electron

oxygen reduction catalysts [44]. Selection of the right anchoring system for the two

individual cobalt porphyrin units to achieve just the right interplanar conformational

separation between them is one critical factor in designing dicobalt cofacial

diporphyrins with the ability to reduce oxygen to water. The first successful bridging

system for two dicobalt diporphyrins was reported by Collman et al. [42, 43] and

comprised of two diametrically positioned four-atom amide chains. The potential at

Fig. 7.7 A simplified mechanism leading to formation of the oxidized intermediate in the course

of oxygen reduction at the active site of a functional heme/Cu analog of CcO [35]
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which oxygen reduction commences in these complexes is substantially more posi-

tive than the standard potential of the O2/H2O2 couple (E ¼ 0.68 V vs. SHE) which

thermodynamically precludes production of hydrogen peroxide by any mechanism.

Table 7.2 shows examples of dimetal cofacial porphyrins which achieve the four-

electron reduction of O2 to water at substantially low overpotentials.

If one or both cobalt atoms were replaced by other metal atoms, hydrogen peroxide

was formed either as the main product or as an intermediate. Chang et al. [40] found

that dicobalt diporphyrins anchored on dibenzofuran (DBD) and xanthene (DPX),

Fig. 7.8A, exhibited remarkable conformational flexibility, and in both cases, the

complexes were able to reduce oxygen directly to water despite having large

differences (~4 Å) in the interplanar separation of their metal centers. Two other

anchoring systems, anthracene and bisphenylene, have also been successfully used to

Table 7.2 Dicobalt cofacial porphyrins with a high selectivity for direct four-electron reduction

of oxygen

Electrocatalyst Medium E1/2 (V) vs. NHE n References

Co2FTF4 0.5 TFA 0.71 3.9 [43]

Co2DPB 0.5 TFA 0.70 3.7 [45]

Co2DPA – 0.67 3.7 [45]

Co2DPD 0.5 M HClO4 ca. 0.57 4 [40]

Co2DPX 0.5 M HClO4 ca. 0.58 4 [40]

[Ir(OEP)]2DDAB 0.5 M H2SO4 0.80 4 [46]

[Ir(OEP)]2 0.1 TFA 0.57 4 [47]

DDAB didodecyldimethylammonium bromide, TFA trifluoroacetic acid
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Fig. 7.8 (A) Examples of dicobalt cofacial bisporphyrins: DPX diporphyrin xanthene (a); DPD
diporphyrin dibenzofuran (b); DPXM diporphyrin xanthene methoxyaryl (c); DPDM diporphyrin

dibenzofuran methoxyaryl (d). (B) Rotating ring-disk voltammograms of O2 reduction at pyrolytic

graphite disks modified with (a), (b), (c), and (d) [48]
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design four-electron oxygen reduction “pillared” cobalt (II) cofacial diporphyrins,

Fig. 7.8A [45, 49]. The flexibility of the dicobalt cofacial porphyrins anchored on

DPD andDPXwas attributed to the ability of these hinge-like frameworks (or pillared

platforms) to considerably open their bite “the Pac-Man effect” as illustrated in

Fig. 7.9 in accommodating exogenous ligands.

The effect of the type of anchoring system and porphyrin structure on the ORR

activity of dicobalt cofacial diporphyrins can be observed in Fig. 7.8A. The ORR

activity is drastically affected by the introduction of 2,6 dimethoxyphenyl groups to

the meso-position of the porphyrin ring as can be seen by the increased anodic

current registered at the ring. It is however not definitively clear whether it is the

electronic changes or steric effects which lead to this sharp drop in activity. Some

quantitative results showing the effect of the type of anchoring system on the ORR

activity of dicobalt cofacial porphyrins have been reported in the review by Collman

et al. [50].

The two cobalt centers in dicobalt cofacial diporphyrins have been reported to

act in concert in order to achieve four-electron reduction of oxygen [51, 52]. One of

the sites reportedly functions as a Lewis acid to stabilize the intermediate(s) in the

cavity, ensuring that it does not dissociate before completion of the reaction [53].

To corroborate the dual-site postulate and specificity of the reaction site, a parallel

type of mechanism involving both the two- and four-electron reduction was

observed when one of the Co(III) centers in Co2FTF4 was replaced by Al(III)

[53]. A simplified scheme of the proposed mechanism of oxygen by dicobalt

cofacial porphyrins is shown in Fig. 7.10 [48].

Electrocatalysis of O2 reduction using bimetallic cofacial diporphyrins bearing

dissimilar metal ions has been investigated by some groups. Using anthracene as

the bridging system, Ni et al. [54] investigated the influence of the nature of the

metal centers including Co–Co, Co–Cu, Co–Fe, Fe–Fe, and Fe–H2 on the

electrocatalysis of ORR by cofacial dimeric porphyrins. The cofacial dimeric

porphyrin was found to reduce oxygen to hydrogen product as the final product.

The other complexes, namely, Co–Fe, Fe–Fe, and Fe–H2, were reported to catalyze

the reduction of O2 by a parallel mechanism involving both the two-electron and the

four-electron reduction pathways. The researchers reported that for those catalysts

which reduced O2 to water, H2O2 was not formed as an intermediate.

Fig. 7.9 Illustration of the flexibility of dicobalt cofacial porphyrins with a dibenzofuran bridging

system showing the “Pac-Man effect.” White ¼ hydrogen, gray ¼ carbon, red ¼ oxygen,

blue ¼ nitrogen, and crimson ¼ Co
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A major drawback associated with dicobalt cofacial diporphyrins is their drastic

decline in activity when adsorbed on other electrode surfaces other than edge-plane

graphite (EPG). The catalysts have been reported to revert to two-electron reduction

catalysts when adsorbed on other electrode surfaces other than EPG [50]. This has

led to the conclusion that axial ligation of surface oxygen groups on EPG to the

cobalt ion bears a significant contribution to the ORR activity of these complexes

[50]. A second disadvantage is that these complexes are active in limited potential

and pH windows outside of which they become readily deactivated. In a particular

study which investigated the influence of site availability of these complexes for

oxygen adsorption and for axial ligation on their activity for oxygen reduction, that

is, whether the sites were located inside or on the outside of the cavity, it was found

that four-electron reduction of oxygen was only possible when the sites inside the

cavity were both available for interaction with oxygen. As with monomeric mono-

nuclear porphyrins, dicobalt cofacial diporphyrins also gradually lose their activity

upon repetitive potential cycling for a few cycles. Pretreatment of the active

catalysts with hydrogen peroxide was found to rapidly deactivate them indicating

that the mechanism of their deactivation involves chemical attack by peroxide and

superoxide species. Despite all these existing drawbacks, the success achieved thus

far should stimulate enthusiasm for synthesis of molecular heme/Cu or heme/Cu-

like analogs of CcO and dinuclear cofacial porphyrin which can function under the

Fig. 7.10 Proposed mechanism for oxygen reduction at an active site of a dicobalt cofacial

diporphyrin (adopted from [48])
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conditions desirable for technological applications. As proposed way back in the

original work by Collman et al. [43] it should be possible to modulate the ORR

activity of the dicobalt cofacial porphyrins by judicious modification of the por-

phyrin ring and possibly by exploration of other bridging groups.

7.2.3 ORR by Simple N4-Metallomacrocyclic Complexes

There is a large amount of literature available about the pathways for oxygen

reduction by N4-metallomacrocyclic complexes, with the reported results conflicting

in some cases, which complicates a balanced review of the work. Additionally, the

activity and stability of N4-metallomacrocyclic complexes are affected by a variety of

factors as spelt out in the introduction. This makes it difficult to make reliable cross-

laboratory comparisons. However, by and large, the number of simple N4-metalloma-

crocyclic complexes that can achieve the reduction of oxygen exclusively to water

without generation of substantial amounts of hydrogen peroxide is generally very

limited. Much of the attention in this section is devoted to research frontiers in view

of promising simple N4-macrocyclic catalysts that can achieve four-electron reduc-

tion of oxygen as this is the primary desire of many researchers in the field. To

simplify our task, bearing in mind that thorough coverage of all the important works

reported over the last four decades by various authors cannot be achieved faultlessly,

emphasis of the discussion was placed more on specific structural properties or

special catalyst preparation procedures that achieve four-electron reduction of oxy-

gen either (a) in a direct four-electron reduction process, or (b) in a series process via

hydrogen peroxide as an intermediate with its further electrochemical reduction to

water or dismutation to water and oxygen, or (c) in a parallel type mechanism

involving both (a) and (b). Unique cases involving sophisticated modifications, or

otherwise, bymeans of which oxygen is reduced by the transfer of four electrons have

also been included in as far as we could access the concerned literature. The rationale

for discussing the electrocatalysis of oxygen reduction by these complexes in slight

detail was to draw attention to their important properties which furnish them with the

unique ability to facilitate the four-electron reduction of oxygen.

7.2.4 Direct Four-Electron Reduction of O2 by Simple
Monomeric N4-Macrocycles

It has been shown in several studies that the ORR activity of metallomacrocyclic

complexes is very dependent on the pH of the electrolyte. Therefore, a given

metallomacrocyclic complex may catalyze the reduction of oxygen via the four-

electron reduction in a specific pH window, outside of which, it may only afford to

it via the two-electron pathway. This is particularly true for Fe and Co porphyrins
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and phthalocyanines. Fe phthalocyanines generally reduce oxygen via the four-

electron pathway under alkaline conditions, whereas the two-electron transfer

pathway is predominant under acidic conditions. This is quite the oppositee for

Co phthalocyanines which show a higher selectivity towards the four electron

trasfer pathway in acidic electrolytes wheras they are essentially two-electron

reduction catalysts under alkaline conditions. This subject will be discussed in

details in Chap. 3. Most simple monomeric, monometallic N4-metallomacrocyclic

complexes can only achieve the reduction of oxygen to hydrogen peroxide by the

transfer of two electrons. A few metallo N4-macrocyclic complexes can however

catalyze the reduction of oxygen in a direct four-electron transfer process and they

constitute the subject of discussion in this section.

Many iridium porphyrins, specifically Ir(OEP)R, R ¼ H, alkyl or aryl derivatives,

and Ir(OEP)I and Ir(OEP)OOH, catalyze the direct four-electron reduction of oxygen

at substantially low overpotentials [55]. With the exception of Ir(OEP)H, the rest of

the complexes require preconditioning at specific potentials to be activated, the

required conditioning potential varying depending on the nature of substituent groups.

According to studies by Collman et al. [47] Ir(OEP)R complexes specifically

required conditioning at high positive potentials (>0.8 V vs. NHE), while Ir(OEP)I

and Ir(OEP)OOH required conditioning at negative potentials (<�0.2 V vs. NHE)

to be activated. As can be seen in Fig. 7.11a, Ir(OEP)H has been reported to exhibit

the best activity similar to or better than that observed for dicobalt cofacial
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Fig. 7.11 (a) Rotating ring-disk voltammograms of iridium chelates irreversibly adsorbed on

pyrolytic graphite (Cp) in 0.5 M H2SO4 at a rotation of 16 rps and scan rate of 10 mV s–1 [56]

(reproduced with permission of Elsevier); (b) rotating ring-disk voltammograms of a Pt (ring) and
graphite (disk) coated with DDAB and [Ir(OEP)]2 (1.3 � 10–9 mol cm–2) upper panel (A) and
lower panel (B) Pt ring (uncoated)-Pt disk in 0.5 M H2SO4 saturated with air. The Pt rings were

maintained at 1.0 V in both cases [46]
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porphyrins [47, 55]. It was reported in a study by Shi et al. [46] that the presence of

a cationic surfactant (DDAB) improved both the activity and stability of Ir(OEP)H

and also widened its active potential window, Fig. 7.11b.

The dimeric form of Ir(OEP), [Ir(OEP)]2, also catalyzes the direct four-electron

reduction of oxygen, but unlike its monomer, it does not require any conditioning. As

shown in Fig. 7.11a, the iridium chelate complexes become severely but reversibly

deactivated at low potentials [56]. Their activity is not however affected by pH as

dramatically as the dicobalt cofacial diporphyrin complexes. As with the case for

Co2FTF catalysts, it has been reported that when the Ir(OEP)R catalysts are adsorbed

on other electrode surfaces other than EPG, their activity declines to two-electron

reduction catalysts. Quite surprisingly, the main product of oxygen reduction was

reported to be hydrogen peroxide after pyrolysis of Vulcan supported IrOEP and

IrTPP. This is a rather peculiar case since the activity of most N4-metalloporphyrins

increases upon their pyrolysis. It has also been reported that the Ir complexes are

unstable in air, losing all their activity after a fewmonths. The four-electron reduction

of oxygen by iridium porphyrins has been attributed to a single site which facilitates

the adsorption of oxygen on Ir(II)in a side-on configuration, with scission of the O–O

bond being a likely step in the mechanism.

Unfortunately, Ir is one of the rarest and most expensive metals which would

render its use very costly. Nonetheless, the complex should serve as a suitable model,

such that theoretical and experimental knowledge gained from its study may serve to

tailor the synthesis of improved catalysts. Table 7.3 lists some metallomacrocyclic

complexes which accomplish the reduction of oxygen via the four-electron transfer

pathway in acidic electrolytes.

The other monomeric mononuclear porphyrins which mediate the four-electron

reduction of oxygen are cobalt porphyrin (CoP) and cobalt meso-tetramethyl

porphyrin (CoTMeP), with CoP exhibiting a higher activity than CoTMeP [57].

The unexpectedly high activity of CoP has been attributed to its likely spontaneous

dimerization to produce a more catalytically active species. The synthesis of CoP or

its free base (porphine) is quite challenging specifically regarding the attainable

yield and purity, which makes it overly expensive for a nonprecious metal catalyst.

Another drawback is that the catalyst is highly susceptible to oxidative degradation

Table 7.3 Metallomacrocyclic complexes with high activity and significantly low overpotentials

for oxygen in acidic electrolytes

Electrocatalyst Medium E1/2 (V) vs. NHE (n) References

Ir(OEP)H 0.1 M TFA 0.72/0.8 3.9 [55]

IrTPP 0.1 M TFA 0.48 NR [47, 56]

Ir(OEP)R, R¼OOH, Ph 0.1 M TFA 0.54 NR [47]

CoP 1 M HClO4 0.75 3.8 [57]

CoTMeP 1 M HClO4 0.64 3.3 [57]

[CoP(PyRu(NH3)5)4] 0.5 M HClO4 0.47 NR [52]

[CoP(PhCNRu(NH3)5)4] 0.5 M HClO4 0.58 NR [52]

[CoP(py-CH3)4(Os(NH3)5)~2] 0.5 M HClO4 0.59 NR [52]

NR not reported, n number of electrons transferred
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which severely affects its merit. In a later study which compared the ORR activity

of several meso-tetraalkyl cobalt porphyrins by the same group, activity was found

to follow the order CoP > CoTmeP > CoTBuP > CoTPrP > CoTEtP > CoPeP

[16]. This led to the conclusion that the rate of adsorption of oxygen decreased as

the bulkiness of the alkyl substituents increased. At the moment, there is no

foreseeable strategy for improving the stability of CoP. Nevertheless, understand-

ing its properties which furnish it with this exceptional activity deserves to be

investigated in detail.

7.2.5 Specially Modified N4-Metallomacrocyclic Complexes

Some studies have shown that certain modification procedures can be used to

transform two-electron reduction metalloN4-macrocyclic complexes into hybrid

materials with the capability to reduce oxygen to water, either via the direct four-

electron transfer pathway or in the series two-electron transfer pathway. Carbon

nanomaterials, carbon nanotubes in particular [58–65], have been reported to signifi-

cantly increase the catalytic oxygen reduction current, with a substantial reduction of

the overpotential for ORR reported in some cases, as shown by the examples in

Table 7.4.

Ozoemena’s group has recently reported that MOCPcPt (where M ¼ Fe, Ru)

(Fig. 7.12a) supported onmultiwalled carbon nanotubes afford the reduction of O2 in

a direct four-electron transfer process in 0.1 M NaOH [60, 61, 67]. There was no

significant difference between the ORR activity at the FeOCPcPt and RuOCPcPt

except that the latter gave a slightly higher kinetic rate constant (~3.6 � 10–2 cm s–1)

than the former (~2.8 � 10–2 cm s–1).

The other material design strategies that have been reported to yield four-electron

reduction metalloN4-macrocyclic complexes include the use of supramolecular

assembly [68, 69], by exploiting the electrostatic interaction between oppositely

charged ions as in the work of D’Souza et al. [70] and Liu et al. [71]. D’Souza et al.

reported that a 98% selectivity ofO2 reduction towater was achievedwhen a dimeric

porphyrin formed by electrostatic coupling of [meso-tetrakis(N-methylpyridyl)

porphyrinato]cobalt tetrachloride ([Co(TMPyP)]4+ Cl4
–) with tetrasodium [meso-

tetrakis(4-sulfonatophenyl)porphyrinato]cobalt ([(Na+)4Co(TPPS)]
4–) was used as a

catalyst for ORR (Fig. 7.12b) [70]. In a related study, Liu et al. reported the

formation of a supramolecular complex [CoTBPyP][SiW12O40] by the electrostatic

interaction of meso-tetrakis(4-N-benzylpyridyl)porphyrinatocobalt (CoTBPyP)

and a polyoxometalate anion, silicotungstate (SiW12O40)
4–, which was capable of

reducing O2 to water. The application of supramolecular porphyrins for oxygen

reduction has been reviewed by Araki and Toma [72].

The multinulear complexes reported by Shi and Anson are another interesting

example of specially designed metalloN4-macrocyclic complexes with exceptional

activity for ORR. Cobalt (tetrakis(4-pyridyl)porphyrin), with four [Ru(NH3)5]
2+ and

([(NH3)5Os]
n+ (n) 2, 3) groups around the porphyrin periphery, generally termed as
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“multinuclear catalysts” reduce oxygen nearly exclusively to water [52, 73–76]. As

shown in Fig. 7.13b, the evident increase in the diffusion-limited current for oxygen

reduction at the disk and the large decrease in the anodic current at the platinum ring

clearly confirm that modification of CoP(py)4 with [Ru(NH3)5]
2+ converts it from a

predominantly two-electron O2 reduction catalyst to a nearly exclusively four-

electron reduction catalyst with minimal generation of hydrogen peroxide.

The proposed mechanism for oxygen reduction by the multinuclear ORR

catalysts is outlined in Fig. 7.14 for tetraruthenated [CoP(pyRu(NH3)5)4]
8+ but is

also applicable to osmiumated porphyrins.

The mechanism has been proposed to involve π-backdonation from Ru(II) or Os

(II) to the oxygen adsorbed porphyrin adduct Co(II)–O2, where the cobalt porphyrin

is the site for oxygen reduction while Ru and Os serve as cocatalysts which affect

Table 7.4 Comparative onset potentials and current densities for MPc and MPc-CNT hybrid

catalysts

MPc/CNT

catalyst

Onset potential/V
(vs. Ag|AgCl

sat. KCl)

Ep/V (vs. Ag|AgCl

sat. KCl)

Current

density

(mA cm–2) References

NanoFePc �0.2 �0.18 �0.6 [66]

NanoFePc-MWCNT �0.05 �0.15 �1.7
FeOBSPc �0.2 �0.22 �0.5 [65]

FeOBSPc-MWCNT 0.0 �0.15 �1.4
PtFeOCPc �0.1 �0.30 �0.6 [61]

PtFeOCPc-MWCNT 0.0 �0.10 �1.2
The current densities were measured at the stated peak potential (Ep/V Ag/AgCl, sat. KCl)

a b

Fig. 7.12 (a) Structure ofmetallo-tetrakis-(diaquaplatinum)octacarboxyphthalocyanine (MOCPcPt,

where M ¼ Fe, Ru) and (b) structure of Co(TPPS) and Co(TMPyP)

176 J. Masa et al.



26 µA

A B

DISK

DISK

45 µA

E, V vs SCE 

10 µA
RING RING

2.8 µA

+0.4

a

b

+0.2 0 -0.2+0.4 +0.2 0 -0.2

Fig. 7.13 (a) Reaction for conversion of CoP(py)4 to [CoIIP(pyRuII(NH3)5)
4]8+ (adopted from

[52]). (b) RRDE voltammograms of (A) CoP(py)4, (B) [Co
IIP(pyRuII(NH3)5)4]

8+ (reproduced from

[74])

Fig. 7.14 Proposed mechanism for O2 reduction by [CoP(pyRu(NH3)5)4]
8+ and other related

multinuclear complexes (reproduced from [52])
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the relative rates of two competing pathways for oxygen. The first step in the

mechanism (1) involves generation of Co(II) porphyrin with subsequent adsorption

of oxygen on the active-site Co(II) in the next reaction (2). The next reaction

(3) generates the backbonding Ru(II) which drives the reduction of oxygen by

four electrons as shown in reaction (4) and finally, regeneration of the Co(II)–O2 in

reaction (5). It has been proposed that the electronic effects produced by the

backdonation of the Ru(II) and Os(II) complexes on Co(II)–O2 might be achieved

by other suitable electron-donating nonmetallic functional groups attached to the

porphyrin ring. It was however observed that differences in catalytic activity of

multinuclear complexes were correlated to the relative backbonding strengths of the

coordinated metal complexes but not on their relative reducing strengths.

Anson et al. postulated that their multinuclear catalysts described above may

actually be supramolecular porphyrins with a structure similar to that shown in

Fig. 7.15.

Most cobalt porphyrins can only reduce oxygen to hydrogen peroxide with no

further reduction or dismutation of the peroxide [77]. Some recent studies have

proposed a hybrid multifunctional catalyst incorporating a metallomacrocyclic

Fig. 7.15 Proposed structure of the supramolecular structure formed by complexation of meso-
tetrakis((4-pyridyl)porphyrinato)cobalt (CoP(py)4) with [Ru(NH3)3(H2O)3]

2+ on a graphite electrode
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complex and Prussian blue (PB) or horseradish peroxidase (HRP) so that the hydro-

gen peroxide generated by the metallomacrocycle can be reduced further by the PB/

HRP to water. For example, reduction of O2 to H2O was achieved by designing a

multicomponent-multifunctional catalyst incorporating carbon nanotubes (CNTs),

CoPIX, and PB. The CNTs provide a high surface area matrix for dispersion of the

catalysts [78].

According to a study by Forshey et al. [79] electrodeposited iron meso-tetrakis
(N-methyl-4-pyridyl)porphyrin and electropolymerized meso-tetrakis(2-thienyl)
porphyrinato]cobalt(II) (pCoTTP) accomplsih the reduction of O2 to water. The

ability of pCoTTP to reduce O2 directly to water was attributed to a conducting

network of CoTTP nodal points where multiple layers are arranged in such a way

that they form suitable Co–Co bifacial binding clefts for O2, thus allowing four-

electron reduction of oxygen to water. A study by Elbaz et al. [80] has reported

that Co(III) meso-tetra(o-aminophenyl)porphyrin (Co(III)TAPP) and Co(III)

(p-sulfonatedphenyl)porphyrin (Co(III)TPPS) incorporated into aerogel carbon

(AEG) electrodes by adsorption or electropolymerization achieved four electrons

of oxygen.

7.3 Fundamental Studies of O2 Electroreduction by

N4-Metallomacrocyclic Complexes

The preceding section focused mostly on qualitative description of the dependence

of ORR activity on the structure of N4-metallomacrocyclic complexes and some

special modification procedures which can be used to improve activity. In this

section, much of the discussion will focus on quantitative decription of the

parameters which influence the ORR activity of N4-metallomacrocyclic complexes.

Specifically, the dependence of activity on the properties of the central metal ion

will be dicussed in relation to the driving force of the reaction. In addition to this,

the molecular orbital theory and the concept of intermolecular are used to describe

the interaction between oxygen the central metal ion in N4-macrocyclic complexes

and how this interaction influences the ORR activity of the complex.

7.3.1 Effect of the Central Metal on the ORR Activity of
N4-Macrocylic Complexes

The electroreduction of oxygen by N4-macrocylic complexes reaction is very sensi-

tive to the nature of the metal center in the complex. For Fe and Mn phthalocyanines,

at low overpotentials a four-electron reduction is observed with rupture of the O–O

bond [14, 81–83], without the formation of peroxide. In contrast Co, Ni, and Cu

phthalocyanines promote the reduction of O2 only via two electrons to give peroxide
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[14] as the main product of the reaction. Polymerized Co tetraaminophthalocyanines

promote the four-electron [84, 85] reduction, whereas polymerized Fe tetraami-

nophthalocyanines only promote the two-electron reduction [86] in contrast to their

monomeric counterparts. The net catalytic activity of metal macrocyclics is linked to

the redox potential of M(III)/(II) of the complexes, the more positive the redox

potential, the higher the activity. This trend is the opposite to what is expected from

a simple redox catalysis mechanism, which is generally observed for the reduction of

O2 catalyzed by immobilized enzymes. The metal-N4 chelates need to be supported

on a conducting support, like carbon or graphitic materials. Long-term stability is a

problem with N4 chelates. Heat treatment in an inert atmosphere increases both the

stability and catalytic activity [87–92].

Even though a few studies have been carried out using the complexes in solution

[93], most studies have been performed with the metal chelates confined on an

electrode surface, generally graphite or carbon supports, since this is closer to the

situation in a fuel cell, where catalysts are absent in the electrolyte. Since the support

can act as an axial ligand, the properties of the complexes in solution or on the

adsorbed state could be different. So most studies discussed here have been carried

out with the complexes immobilized on graphite or carbon supports. Smooth

electrodes have been used to study mechanistic aspects of the reaction.

7.3.1.1 Interaction of O2 with Active Sites and the Redox Mechanism

The one-electron reduction of O2 to give superoxide is an outer-sphere reaction and

does not involve the interaction of the molecule with an active site on the electrode

surface. The electron transfer process probably occurs at the outer Helmholtz plane.

This process is observed in nonaqueous media or in strongly alkaline aqueous

solutions and is not relevant to fuel cell development since little free energy is

liberated in the process. In contrast, ORR occurring via the transfer of more than

one electron (two or four) is an inner-sphere reaction, involving the interaction of

the molecule and or intermediates with active sites present on the electrode surface.

Since we are interested in discussing the electrocatalytic reduction of O2, we will

focus our attention on the inner-sphere reduction processes.

O2 interacts with the N4 catalysts usually binding to the d orbitals of the central

metal in the macrocyclic structure. The energy of the interaction will depend on the

energy and the electronic density located on those orbitals. Figure 7.16 illustrates

some different possible interactions (end-on and side-on) of the orbitals of the oxygen

molecule with the orbitals of the metal in the M–N4 molecule for end-on and side-on

interactions, respectively.

For end-on M–O2 complexes (see Figs. 7.16 and 7.17), the most important

interaction for both σ and π bondings occurs with the π* antibonding orbitals of

the O2. The σ interaction is primarily between the metal 3dz2 and the in-plane

antibonding πgs orbital on the O2, where the superscript “s” refers to whether or not

the orbital is symmetric (or antisymmetric) in relation to the MO2 plane. This

interaction involves a transfer electron density from the metal to the O2 molecule.
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The π interaction is primarily between the metal 3dyz and the 1πga (π antibonding

antisymmetric orbital) on the O2 and can be viewed as a backbonding interaction. In

both of these interactions, the πus and πua (bonding π orbitals symmetric and

antisymmetric, respectively) play a lesser role in the composition of the bonding

orbitals [95]. In the case of the side-on interaction, a 3dz2 orbital of the metal

interacts with the 1πsu bonding orbital (backbonding interaction) and a 3 dxz with a

Fig. 7.16 End-on and side-

on interactions of frontier

orbitals of O2 with the frontier

orbitals of a metal site

(reproduced from [94])

Fig. 7.17 Qualitative

molecular orbital diagram for

the end-on M(O2)PL

dioxygen adduct. M ¼ Fe,

Co; P ¼ porphyrin; L ¼ NH3

or imidazole (reprinted with

permission from American

Chemical Society [95])
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1πgs antibonding orbital of oxygen as shown in Figs. 7.16 and 7.18. Figure 7.19

illustrates the optimized structural configurations for the O2 adsorbed on FePc and

CoPc molecules according to calculations by Wang et al. [96].

The predominating interactions will weaken the O–O bond and increase the O–O

distance. The metal in the complex should be in the M(II) state, so, for example, in

alkaline solution a step will require the reduction of M(III):

MðIIIÞ � OHþ e! MðIIÞ þ OH� (7.6)

An adduct will be formed according to

MðIIÞ þ O2
! MðIIIÞ � O2

� or MðIIÞ � O2 (7.7)

This adduct must be short-lived. Otherwise it will hinder further O2 molecules

from interacting with the active site. The adduct will undergo reduction as follows:

MðIIIÞ � O2
� þ e�! MðIIÞ þ intermediates (7.8)

where M(II) is the active site. The last reaction shows the process in alkaline media

and could involve M(II)–O2 instead of M(III)–O2
– especially when Co is the metal

center. In acid media the process will involve a proton. The scheme above is

applicable to Mn and Fe complexes. In the case of Co complexes, Co(III) is

probably not formed upon its interaction with the oxygen molecule since the Co

(III)/Co(II) formal potential is much more positive than the M(III)/(II) formal

potentials (M ¼ Mn, Fe). However, step 2 is still important since the catalytically

active site is Co(II) [82, 97]. Density functional theory calculations [96] have

Fig. 7.18 Qualitative

molecular orbital diagram for

a side-on Mn(O2)PL

dioxygen adduct (reprinted

with permission from [95])
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shown that that with CoPcs only end-on interaction is possible, whereas for FePc

both end-on and side-on interactions are plausible. As it will be discussed further,

only Mn and Fe phthalocyanines promote the four-electron reduction of O2 and this

can be attributed to a side-on interaction of O2, particularly for Fe complexes.

Since the interaction of the oxygen with the active site involves a partial

oxidation of the metal in the complex or at least a decrease of electron density in

the metal upon interacting with O2, it is interesting to compare the catalytic activity

of metallomacrocyclic with their M(III)/(II) formal potential. Since the formal

potentials are sensitive to the pH of the electrolyte, it should be measured in the

same media in which the catalytic activity is examined [14, 20, 98]. Further, they

should also be measured with the complex adsorbed on the electrode and not in

solution phase. When comparing phthalocyanines, the Co and Fe derivatives show

the highest activity for the reduction of O2 but they behave differently. As pointed

out above, Co complexes exhibit Co(III)/(II) transition that is far more positive than

the onset potential for the reduction of O2, whereas for Fe complexes the onset

potential for the catalytic reduction of O2 is very close to the Fe(III)/(II) transition

[14, 82, 97, 99]. For both types of complexes, there is in situ spectroscopic evidence

Fig. 7.19 Optimized structural configurations for the O2 adsorbed on FePc and CoPc molecules.

The upper portion shows two end-on configurations. The lower portion of the figure shows two

side-on configurations. The central yellow sphere depicts the metal Fe or Co atom, the central two
red spheres represent the adsorbed O2 molecule, blue spheres represent N atoms, gray spheres
represent C atoms, and light white spheres represent H atoms [96]
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for the reversible transition involving the M(III)/(II) couples [97, 100, 101]. For

example, for Fe phthalocyanine adsorbed on ordinary pyrolytic graphite, Scherson

et al. used Fe K-edge XANES (X-ray Absorption Near Edge Structure) recorded in

situ in 0.5 M H2SO4 to prove the evidence for the redox transition of Fe(III)/(II)

involving a metal-based orbital.

Many authors have discussed that a correlation should exist between the formal

potential of the catalysts and its activity for ORR and it is yet not clear what sort of

correlation should be expected. Reduction of O2 should be observed at the potential

of reduction of the M(III)O2
– adduct and not at the potential of the M(III)/(II)

couple if adduct formation takes place before the transfer of an electron from the

electrode. The latter should only be observed if the reaction were outer sphere,

where O2 would only collide with the redox center without the formation of a bond.

In the special case of iron phthalocyanines and other macrocyclics, O2 reduction

usually starts at potentials very close to the Fe(III)/(II) couple [82, 102, 103]. In

contrast, for cobalt macrocyclics reduction of O2 begins at potentials much more

negative than those corresponding to the Co(III)/(II) couple [14]. Several authors

have reported correlations between activity (measured as potential at constant

current) and the M(III)/(II) formal potential and volcano-shaped curves have been

obtained [14, 15, 104, 105].

This could indicate that the redox potential needs to be located in an appropriate

window to achieve maximum activity. In other words, a M(III)/(II) formal potential

that is too negative (easily oxidable metal center) or a M(III)/(II) formal potential

that is too positive (metal center that is more difficult to oxidize) does not favor the

catalysis. However, more recent studies [94, 106–109] have shown that when

comparing families of metallophthalocyanines, linear correlations are obtained

when plotting log k or log I (rate constant or current at fixed potential) vs. the

M(III)/(II) formal potential, as illustrated in Fig. 7.20. First-order rate constants

were calculated as k ¼ I/nAFc, where I is the current at a given potential, n is the

total number of electrons transferred which is 2 for the peroxide pathway and 4 for

the reduction to H2O, A is the area in cm2, F is the Faraday constant, and c is the

oxygen concentration in moles per cm3. One linear correlation is obtained for Cr,

Mn, and Fe complexes and these metals have configurations d4(Cr), d5(Mn), and

d6(Fe). Another linear correlation is obtained for Co complexes, which have a

configuration d7. An interesting feature in the data of Fig. 7.20 is that the lines are

parallel with a slope close to +0.15 V/decade. It is possible that the straight lines

in Fig. 7.20 are part of an incomplete volcano correlation. If so, the slope 0.15

V/decade might have a physical meaning as discussed for the oxidation of thiols

[110]. The data in Fig. 7.20 strongly suggest that more positive redox potentials will

increase the catalytic activity, and it is good that no volcano correlation is obtained

because there seems to be room for improving the catalytic activity of

phthalocyanines or other macrocyclics. The M(III)/(II) redox potential of some

macrocyclics can be shifted in the positive direction with heat treatment, and this

could increase the catalytic activity. For example, when iron tetraphenylporphyrin

[92], FeTPP, is heat treated, the Fe(III)/(II) redox transition is shifted from 0.2 V vs.

RHE for fresh FeTPP to 0.4 V for FeTPP heat treated at 700 �C. Intermediate redox
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potentials are obtained for heat treatments at intermediate temperatures [92], and

the catalytic activity increases with heat treatment, showing that a more positive

redox potential of the catalyst favors the O2 reduction reaction rate.

In a recent study [111], it has been discussed that the changes in the formal

potential of the catalyst could explain the high catalytic activity of ORR that has

been obtained by heat treatment of metallomacrocyclics and other starting materials.

For example, when comparing data obtained with heat-treated catalysts prepared by

very different techniques and starting materials, not necessarily involving metalloma-

crocyclic complexes [112], a correlation of log i (as currents normalized per mass of

catalysts) vs. the formal potential of the catalyst gives what could be considered a

linear correlation (see Fig. 7.21).

The scatter of the data could be attributed to differences in the porosity of the

electrode prepared and also to differences in the number of active sites per unit of

surface area. But in spite of this, a clear trend in the figure shows that more positive

formal potentials seem to favor the catalytic activity of the different materials.

Since the structures of the different catalysts used in the correlation of Fig. 7.21 are

not known, no chemical formulas can be given and the numbers correspond exactly

to those given in the original paper. More discussion on heat-treated materials will

be given on other chapters of this book.

The increase in activity as the M(III)/(II) redox potential of the catalysts is more

positive is in contrast to what was previously found in volcano correlations where a

maximum activity is observed for intermediate redox potentials not only for the

reduction of O2 but for other reactions such as the oxidation of thiols or of hydrazine

[99]. When studying a series of unsubstituted and substituted Mn phthalocyanines,
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Nyokong and Sehlotho [109] have also found that the catalytic activity of these

complexes increases as the Mn(III)/(II) becomes more positive (see Fig. 7.22) with

a slope of 0.24 V/decade. It is very likely that the data in Figs. 7.20, 7.21, and 7.22

are part of an incomplete volcano and this is very important because it means that

hypothetically that catalysts with higher activities could be prepared by shifting the

formal potential to more positive values.

A possible explanation for the results in Figs. 7.20 and 7.22 (activity decreases as

the driving force of the catalyst increases) is that the electronic coupling between the

donor (MPc) and the acceptor (O2) decreases as the electron-donating capacity of the
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Manganese phthalocyanine (MnPc, 1), manganese tetraaminophthalocyanine (MnTAPc, 2), man-

ganese tetrapentoxy pyrrole phthalocyanine (MnTPePyrPc, 3), manganese tetra phenoxy pyrrole

phthalocyanine (MnTPPyrPc, 4), manganese tetra mercaptopyrimidine phthalocyanine

(MnTMPyPc, 5), and manganese tetra ethoxy thiophene phthalocyanine (MnTETPc, 6) [109]

Fig. 7.21 Plot of log iM
(in Ag–1) at E ¼ 0.8 V vs. the

formal potential of the

catalyst for ORR [111, 112]
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substituents increases, due to a shift in the energy of the frontier orbitals of the

metallophthalocyanine [113–115]. The shift in the energy of the frontier orbital

with substituents on cobalt phthalocyanines has been calculated by Schlettwein

[113] and Cárdenas-Jirón [114–116] using PM3 and ZINDO/S semiempirical theo-

retical calculations. There are several approaches to estimate the electronic coupling

matrix elements between the donor and the acceptor in electron transfer reactions.

One of them considers the energy difference between the LUMO (lowest unoccupied

molecular orbital) of the electron acceptor and the HOMO (highest occupied molec-

ular orbital) of the electron donor [117] but this requires to know the distance that

separates the donor from the acceptor. This is not simple for an inner-sphere reaction

where the M� � �O2 distance could vary from complex to complex. To avoid this

difficulty, another reactivity index can be used to explain the data in Fig. 7.20 and

this is the concept of molecular hardness which is a commonly used criterion of

reactivity in organic reactions as proposed by Pearson [118, 119]. The hardness η of a
single molecule is approximately one-half the energy gap of the HOMO–LUMO, so

the larger the gap, the greater the hardness, the more stable the molecule (the harder

the molecule, the less its reactivity). The opposite corresponds to a molecule with a

narrow HOMO–LUMO gap (soft molecule) situation that will correspond to a very

reactive molecule. Now for a donor–acceptor pair, it is more convenient to use the

concept of donor–acceptor hardness ηDA which is one-half the difference between the

energy of the LUMO of the acceptor (O2 molecule) and the energy of the HOMO of

the donor (metal complex):

ηDA ¼
1

2
ðεLUMOacceptor � εHOMOdonorÞ (7.9)

The donor–acceptor intermolecular hardness can also be described as one-half

the difference between the ionization potential of the donor and the electron affinity

of the acceptor:

ηDA ¼ �
1

2
ðεacceptor � εdonorÞ (7.10)

For a gas phase reaction involving the transfer of a single electron, this will be

equivalent to the Gibbs free energy of the process ΔG∘. For the special case of Co

phthalocyanine in its ground state, the HOMO is occupied with a single electron

(doublet state) so it corresponds to a single occupied molecular orbital (SOMO).

The same is valid for molecular oxygen, which in its ground state has two unpaired

electrons in two degenerate π* antibonding orbitals. In this case, the formation of an

adduct CoPc-O2 involves the interaction of two SOMOs and ηDA is given by

ηDA ¼
1

2
ðεSOMOacceptor � εSOMOdonorÞ (7.11)

Figure 7.23 illustrates the calculated energy levels of the SOMOs of the different

cobalt phthalocyanines with respect to the SOMO of oxygen using PM3.
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Electron-withdrawing substituents (sulfonate, fluoro) on the phthalocyanine ring

stabilize the SOMO and the opposite is true for electron-donating groups (methoxy

and neopentoxy). So electron-withdrawing groups, even though they decrease the

electron density on the cobalt (more positive redox potential), also decrease the gap

between the energy of the SOMO of the phthalocyanine and the energy of the

SOMO of oxygen. The bottom of Fig. 7.23 shows that log k for O2 reduction

increases as the chemical hardness of the system decreases or as the softness of the

system increases (more reactivity). The trend in reactivity is exactly the same as

that illustrated in Fig. 7.20. It can be concluded then that hardness could be used as a

criterion for reactivity of these systems when comparing complexes that bear the

same structure and could explain why, for example, perfluorinated phthalocyanine,

which has the most positive redox potential (the most oxidant), is the best catalyst

for O2 reduction in alkaline media in the series of cobalt phthalocyanines examined.

Quantum theories of elementary heterogeneous electron transfer (ET) reactions

in polar media have been extended to reactions which proceed through active

intermediate electronic surface band states or bands. On the basis of this theoretical

framework, Ulstrup [120] has interpreted experimental data obtained for O2 reduc-

tion catalyzed by metal phthalocyanines.

When comparing activities of complexes by plotting constant potential vs. redox

potential of the catalyst, linear correlations are also obtained (see Fig. 7.24) and this

was predicted theoretically by the work of Ulstrup [120]. The slope of the lines in
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Fig. 7.24 is less than one, which was also predicted by Ulstrup and is attributed to

the excitation of intramolecular modes of relatively low frequencies in the cathodic

range. The data shown in Fig. 7.24 is essentially similar to that shown in Fig. 7.20

but the comparison was made at constant current. So essentially, the graph of

Fig. 7.20 is a plot of driving force vs. driving force. This carries the assumption

that the M(III)/(II) redox potential provides a measure of the driving force of the

catalysts. Since catalysts produced by heat treatment, using MN4 metal

macrocyclics as the starting materials, or other ingredients like metal salts and

nitrogen-containing compounds show very high activities and stabilities, especially

in acidic media, it is interesting to compare activity parameters such as those in

Fig. 7.20, that is, potential at constant current vs. the formal potential of the catalyst

for this type of catalysts.

A correlation of this sort is illustrated in Fig. 7.25 [111] and includes catalysts

reported by several groups in a joint article [112]. It is interesting to note that in spite

of the scatter of the data, it seems that a linear correlation does exist, similar to that

illustrated in Fig. 7.20. The slope is 1.2, which is not too far from unity as predicted

by Ulstrup. If one compares the data in Fig. 7.21 with that in Fig. 7.25, the scatter of

the data in Fig. 7.20 is much lower than that in Fig. 7.25 because it was obtained with

graphite electrodes modified with monolayers of MN4 macrocyclics. So the amount

of active sites per unit of real area is very similar for all cases, which might not be

true for the data in Fig. 7.25, in spite of the normalization of the current for the mass

of catalysts per unit of geometric area. However, a trend is observed and again

suggests that more positive formal potentials of the catalyst seem to favor the ORR

catalytic process. Finally, it is important to point out that the formal potential plotted

in Fig. 7.25 does not necessarily involve the M(III)/(II) but might involve metal-free

redox functionalities generated after heat treatment as discussed in [112].

Not all metals of the first transition series exhibit the M(III)/(II) processes, so if

one compares macrocyclics of different metals, it is convenient to use another

parameter, for example, the number of d electrons in the metal as shown in
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Fig. 7.26. In this figure, since different Tafel slopes are obtained for the different

catalysts, it is not simple to compare activities as current at constant potential. So

instead, as a criterion of activity, potential at constant currents is used.

Figure 7.26 clearly shows that Fe derivatives exhibit the highest activity, followed

byMn and Co and also illustrates a common observation in catalysis that metals with

nearly half-filled d-energy levels exhibit the highest activity. So a redox type of

mechanism does not operate for metals that do not exhibit the M(III)/(II) transition in

the potential window examined for O2 reduction. This is the case for Ni, Cu, and Zn

phthalocyanines. It is important to point out that in order to have catalytic activity, the

frontier orbital of the MN4 needs to have some d character as illustrated in Fig. 7.16.

The catalysts with higher activity included in Fig. 7.24 (Cr, Mn, Fe, Co) have frontier

orbitals with d character, whereas in Ni and Cu phthalocyanines, the frontier orbitals

have more ligand character [121]. This is illustrated in Fig. 7.27 [108] that compares

the frontier orbitals of CoPc and CuPc. CoPc shows a well-defined dz2 orbital

sticking out of the plane of the phthalocyanine, whereas CuPc does not and shows

low activity for O2 reduction.

There is experimental evidence to support this using tunneling electron micros-

copy. It has been shown a strong d orbital dependence on the images of metal

phthalocyanines (see Fig. 7.28).

Unlike copper phthalocyanine where the metal appears as a hole in the molecular

image, cobalt phthalocyanine shows the highest point in the molecular image [122].

The benzene regions of CoPc and CuPc show the same height. So, essentially the

Fig. 7.25 Plot of log E (at constant current) vs. the formal potential of catalysts obtained by heat

treatment for the reduction of oxygen in 0.05 M H2SO4 at 25
�C (reproduced by permission of the

Electrochemical Soc [111], data from [112]). The labeling of catalysts is the same as that used in

the original reference [112]
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data using images generated using electron tunneling microscopy is in agreement

with the images generated by theoretical calculations.

Even though most authors agree that the M(II) state is the active site for O2

reduction [15, 20, 65–67, 70, 72, 88, 89, 97–99, 102, 105, 123, 124] for FePc (iron

phthalocyanine) and FeNPc (iron naphthalocyanine) [125–127], it has been proposed
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that Fe(I) could also play a role in the electrocatalytic process. This was based on

electroreflectance experiments that indicated that Fe(I) interacts with O2 whereas Fe

(II) does not. However, many authors have shown experimental evidence that O2

reduction commences at potentials much more positive than those corresponding to

the Fe(II)/(I) couple [14, 82, 97, 99]. On the contrary, the reduction currents are

observed at potentials close to the potential of the Fe(III)/(II) couple, so it seems

unlikely that Fe(I) could be the active site. Worse, as shown from rotating ring-disk

experiments, Fe(I) only favors the two-electron reduction in contrast to Fe(II)

[82, 88].

The catalytic activity can also depend on the amount of metal complex present on

the electrode surface. In general, the amount of catalyst present on the surface is

evaluated from cyclic voltammograms, measuring the electrical charge under revers-

ible peaks. This carries the assumption that all adsorbed catalyst gives an electro-

chemical signal. This might not necessarily be true and there could be a fraction of

complexes present on the surface that are electrochemically silent. It is assumed that

the “electroactive” adsorbed species are also active for the reduction of O2.

It has been found that the O2 reduction currents are directly proportional to the

amount of catalyst present [21, 128], when the catalysts is adsorbed on the electrode

surface indicating that the reaction is first order in the surface concentration of

catalyst. This is not true for cases where the catalyst is incorporated to the surface

by vapor deposition or when the catalyst is deposited from solutions and the solvent

is completely evaporated [21]. An explanation for these different observations is

that when the catalyst is deposited by vapor deposition or from complete evapora-

tion of solutions, multilayers are formed, and the metal active centers are not all

completely accessible to the O2 molecule. Another example of this type of behavior

is the case for polymerized multilayers of cobalt tetraaminophthalocyanines, where

it has been demonstrated that only the outermost layer is active for the reduction of

O2 [84, 85]. Scherson et al. [129] have reported that when (FeTMPP)2O is deposited

on a porous support, only 30 % of the amount deposited is found to be electro-

chemically active. Anson et al. [130] have found that for the case of CoPc(CN)16
and CoPcF16 that were deposited from solutions where the solvent was completely

evaporated, again it was found that only 30 % of the amount deposited was

electrochemically active. It was concluded that only those molecules that directly

exposed to the electrolyte and to the incoming O2 molecules and at the same time

are in electric contact to the electrode are active for the reduction of O2. These

results are not surprising since when multilayers are deposited, not all are necessar-

ily in electrical contact with the electrode, which is not the case for adsorbed layers,

where molecules are probably lying flat on the electrode surface, interacting with

the π system of the graphitic planes. Van der Putten et al. [131] have observed

catalytic activity with vacuum-deposited layers in spite of the fact that these layers

are electrochemically silent. As pointed out before when multilayers of metal

phthalocyanines are deposited on an electrode surface, only the outermost layer is

active for the reduction of O2 [131] and this is also true for other electrochemical

reactions. This shows that multilayers of phthalocyanines or polymerized
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multilayers of phthalocyanines are rather compact and the inner layers are not

accessible to O2 molecules [85].

7.3.1.2 N4-Metallomacrocyclic Catalysts for One-Electron Reduction of O2

An electrode surface that has no active sites should only promote the outer-sphere

one-electron reduction of dioxygen. An example of such surface is a defect-free

electrode surface that exposes the basal plane of graphite [124]. On the basal plane,

all carbon atoms are fully coordinated so they cannot bind an oncomingmolecule like

O2. On electrodes modified with adsorbed catalysts, to the best of our knowledge,

there is only one report that shows evidence for the one-electron reduction of O2 in

alkaline media. A reversible one-electron reduction of O2 to produce the stable

superoxide ion was observed in an aqueous solution of 1 M NaOH. This

electroreduction of O2 was catalyzed by Cobalt(II) 1,2,3,4, 8,9,10,11, 15,16,17,

18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine (abbreviated as CoIIPcF16)

adsorbed on a graphite electrode [132]. What is curious is that CoIIPcF16 is the most

active catalyst for the two-electron reduction of O2 in the correlations shown in

Figs. 7.17, 7.19, and 7.20, so it is very surprising that it can promote the one-electron

reduction of O2. The OH� concentration has a very strong effect on the reduction

process. Higher OH� concentrations could stabilize the superoxide ion [124] but 1 M
NaOH might not be concentrated enough to achieve this purpose so it could be

interetsing to check this experiments by using electron paramagnetic resonance

(EPR) techniques to detect any superoxide formation.

7.3.1.3 N4-Metallomacrocyclic Catalysts for Two- and Four-Electron

Reduction of O2

Most mononuclear Co macrocyclics catalyze the reduction of dioxygen via two

electrons to give peroxide [28, 82, 97, 99, 123]. The activity of Fe phthalocyanines

in general is higher than those of Co phthalocyanines and the opposite is true for

porphyrins, which reveals the importance of the nature of the ligand in determining

the catalytic activity [96]. The opposite is true for heat-treated materials [133].

Cobalt complexes are more stable than iron complexes and this trend is maintained

after heat treatment [72, 105]. However, iron complexes tend to promote the four-

electron reduction of dioxygen and this will be discussed further on.

Lamy et al. [134] and van der Putten et al. [135] conducted spectroscopic

investigations of polymer-modified electrodes containing CoTSPc using UV–visible

differential reflectance spectroscopy and were able to identify Co(III)/Co(II) transi-

tion when varying the electrode potential. They used electron spin resonance on the

Ppy (polypyrrole) and Ppy-CoTSPc electrodes in deoxygenated and oxygen-saturated

solutions. It was shown that the Co(III)TSPc species is effective in the

electroreduction of oxygen and that this species is more stable in oxygen-saturated

medium than in deoxygenated medium because of its stabilization under the
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following form: Co(III)–O2. In the case of Ppy-CoTSPc film, the polypyrrole matrix

undergoes strong interactions with oxygen species and, most likely, with hydrogen

peroxide.

Phosphoric acid is one of the electrolytes used in fuel cells although very few

studies have focused attention on the activity of metallomacrocyclic complexes in

this electrolyte. Vasudevan and Phougat [136] investigated the electrocatalytic

activity of cobalt phthalocyanine monomers and polymers with imido and carbox-

ylic group ends. The complexes were mixed with carbon powder and polyethylene

powder. The activity of the monomeric compounds was found to be higher than that

of polymeric compounds.

However, in recent work, Ponce et al. [137] have shown that when Fe phthalo-

cyanine is anchored on gold via self-assembled axial ligands, the electrocatalytic

activity for ORR increases (see Fig. 7.29). The increase in activity seems to be

associated to the electron-withdrawing effect of the axial ligand. This will shift the

Fe(III)/(II) formal potential in the positive direction which favors the catalysis as

shown in Fig. 7.24.

When the catalytic activity of graphite modified with mixtures of different

proportions of FeTSPc and CoTSPc was tested for ORR, it was found that the

catalysts acted independently, that is, the amount of peroxide generated was directly

proportional to the fraction of CoTSPc present on the electrode surface. FeTSPc did

not promote the decomposition or reduction of peroxide generated on sites occupied

by CoTSPc. However, the possibility for the Fe centers to form hydrogen peroxide

Fig. 7.29 Illustration of the catalytic action of FePc bound to gold via a self-assembled monolayer

of axial ligand bound to Au [137]

194 J. Masa et al.



and promote its decomposition cannot be ruled out completely since Fe(II) sites are

known for their catalase activity [138]. Indeed for some metal complexes van Veen

et al. have found that their catalytic activity for peroxide decomposition is directly

proportional to its activity for O2 reduction [139].

Again, as observed with FeTSPc and FePc [77, 87, 140, 141], a prewave is

observed for the reduction currents and corresponding to the direct four-electron

reduction. In contrast to FeTSPc or FePc, production of peroxide was attributed to

reduction of the ligand and not reduction of the metal (Fe(I) formation). For this

particular catalyst, it was suggested that dioxygen can bind to the Fe center and to a

highly electronegative nitrogen in the ring, which will avoid the desorption of

peroxide before it is reduced. This dual-site mechanism would aid charge injection

via backbonding from the macrocycle into antibonding orbitals of O2 or bound

peroxide causing the destabilization and further rupture of the O–O bond [142]. At

more negative potentials at which reduction of the ligand takes place, this mecha-

nism becomes inoperative, the O2 molecule only binds to the Fe center, and

peroxide can desorb into the solution. In a study involving heat-treated FeTPP

[143] and deposited by thick layers on glassy carbon, it was found that the amount

of hydrogen peroxide decomposed, compared to the amount of oxygen and hydro-

gen peroxide reduced, was so small that chemical decompositions were ruled out.

Van den Brink et al. [141] when using vacuum-deposited layers of FePc have

found that when examining the catalytic activity of these layers, the first reduction

wave scan was very different from subsequent scans, indicating that some reorga-

nization of the deposited layers took place since this phenomenon is not observed

on adsorbed layers of FePc. The effect of irreversible changes of FePc when treated

under potential load with oxygen is only observed using vacuum-deposited

multilayers [125]. Léger et al. pointed out that the structure of FePc films influences

their electrocatalytic activity.

XRD studies have shown that non-heat-treated FePc is under the α-phase whereas
heat-treated FePc is under the β-phase. Surprisingly, the α-phase shows higher

activity than the β-phase (see Fig. 7.30). These authors have also shown using

electrochemical quartz crystal microbalance (EQCM) that α-phase FePc probably

forms μ-oxo dimers at potentials higher than 700 mV vs. RHE. These μ-oxo dimmers

are reduced at the same potential than the monomer of α-phase FePc [142].
Theoretical studies performed by Anderson and Sidik [144] using spin-

unrestricted hybrid gradient-corrected density functional calculations have predicted

that Fe(II) is the active site for four-electron reduction of oxygen by iron in the N4Fe

systems employed in the calculation, and it may be suggested that the same should be

expected for heat-treated iron macrocyclics. The calculations have shown that Fe(II)

is favored over Fe(III) because H2O bonds strongly to the Fe(III) site, preventing O2

adsorption and water does not bond strongly to Fe(II). On a first step, –OOH bonds

more strongly to Fe(II) than to Fe(III), which results in a calculated more reversible

potential for its formation over Fe(II). Calculations show that subsequent reduction

steps have very reversible potentials over both centers (Fe(II) or Fe(III)). Calculations

also show a hydrogen bonding interaction between –(OHOH) bonded to Fe(II) and to

a nitrogen lone-pair orbital in the N4 chelate. This interaction prevents peroxide from
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desorbing as a two-electron reduction product. So essentially these studies show that

adsorbed hydrogen peroxide in an intermediate formed from N4Fe–OOH on Fe(II)

sites and can be released into the solution at more negative potentials as found

experimentally [14, 28].

Most catalysts investigated usually have Fe and Co as metal centers. However,

complexes of other metals have also been studied. For example, CrTSPc and

MnTSPc exhibit catalytic activity for ORR [14] and they somehow resemble the

behavior of Fe complexes, especially MnTSPc, in the sense that it shows a prewave

where O2 reduction proceeds entirely via four electrons to give water. Peroxide is

produced at higher polarizations. The lower activity of Cr and Mn phthalocyanines

compared to Fe phthalocyanines can be attributed to their low redox potential, that

is, they are easily oxidized [82, 105]. The activity of most macrocyclic metal

complexes increases after heat treatment [145]. However, the opposite is observed

for manganese complexes probably because the metal is lost from the N4 structure.

So, most work dealing with heat-treated materials has focused on Fe and Co

macrocycles. Complexes of Mo can only be used in alkaline solution since they

are not stable in acid media. MoNPc is less activity than FeNPc as reported by

Magner [146].

Very few authors have studied the effect of temperature [147] on the catalytic

activity of phthalocyanines. Baker et al. [147] carried out experiments at different

temeperatures in an acidic electrolyte to simulate the environment of an operating

PEM fuel cell. They conducted experiments in the temperature range of 20–80 �C
and using unsubstituted and substituted Fe phthalocyanines. The surface electro-

chemical responses of the FePc species were characterized with respect to their

surface concentrations and adsorbed surface orientations. Depending on the type of

substituent, the adsorption mode could be flat, edge-on, as a dimer, or as an

agglomerate, suggesting that the substituent has a strong effect on the FePc species’

adsorption mode. Substitution also has a significant effect on stability. With respect

to their electrocatalytic activity, both temperature, substitution, and possibly mode

of adsorption can significantly affect the ORR mechanism. For example, the overall

electron transfer number observed can change from 1 to 3 depending on the type of
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substituent and the reaction temperature. Further research is required to determine

if this change in n reflects a change in the ORR pathway and/or a decrease in the

stability of the adsorbed ORR intermediates. Based on the various approaches

found in the literature and the current understanding, a mechanism for the FePc

species catalyzed ORR was suggested as follows:

FeIIIPcþ e�! FeIIPc (i)

FeIIPcþ O2
! O2 � FeIIPc (ii)

O2 � FeIIPcþ e� þ Hþ ! HO2 � FeIIIPc½ � ðr:d:sÞ (iii)

HO2 � FeIIIPc½ � ! HO2�� þ FeIIIPc ðhydroperoxyl radical formationÞ (iv)

HO2 � FeIIIPc½ � þ e� þ 1Hþ ! H2O2 þ FeIIIPc ðH2O2 formationÞ (v)

HO2 � FeIIIPc½ � þ 3e� þ 3Hþ ! 2H2Oþ FeIIIPc ðH2O formationÞ (vi)

It is worth mentioning that Wilkinson et al. [148] have also conducted studies at

different temperatures using Fe fluoroporphyrin and reported some kinetic

parameters such as activation energies. They found that the results were essentially

similar to those found with FePc.

7.4 Oxygen Reduction Catalyzed by Nonmacrocyclic

Cu Complexes

Copper (I) complexes exhibit catalytic activity for the four-electron (4-e) reduction

of O2 to water. Natural occurring enzymes like Cu-containing fungal laccase reduce

O2 directly to water very efficiently at very positive potentials, not far from the

thermodynamic standard potential of the O2/H2O couple. These enzymes involve a

trinuclear Cu active site [149–153]. For this reason some authors have investigated

the catalytic activity of Cu(I) complexes for ORR, in particular Cu phenanthrolines

confined on graphite or glassy carbon surfaces [154–169], with the aim of achieving

the total reduction of O2 via the transfer of four-electrons.

For example, copper(I) 1,10-phenanthroline, Cu(phenP), reduces O2 almost

entirely via the transfer of four electrons and four protons to give water [156,

157, 170]. This is quite interesting since, similarly to what is observed with Fe

phthalocyanines [99, 171], the four-electron reduction of O2 is promoted by single-

site catalysts. The O2 molecule cannot interact simultaneously with two Cu active

sites. If this were the case, the order of the reaction in surface concentration would

equal to two. Anson et al. [156, 157, 170] checked this and found that the reaction is

first order in Cu coverage, suggesting of a mononuclear Cu site as the active
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catalyst. As mentioned above, Cu-containing fungal laccase enzymes promote the

reduction of molecular oxygen directly to water at a trinuclear Cu active site at very

low overpotentials [149, 150]. Using specially designed laccase-modified

electrodes, Heller et al. [172–174] have measured current densities of 5 mA/cm2

at overpotentials (vs. the O2/H2O couple) as low as �0.070 V at pH 5. As discussed

by Chidsey et al. [168], this current density corresponds to a turnover rate of 2.1 O2

reduced per laccase s–1, or 0.7 O2 per Cu s–1. In comparison, as pointed out by

Chidsey et al. [168], Pt nanoparticle catalysts reduce O2 with rates of 2.5 O2 per

active surface Pt s–1 or 0.25 O2 per total Pt s
–1, at an overpotential of �0.350 V

[168, 175]. This normalization allows the comparison of atom efficiency of the

catalysts regardless of catalyst loading [166]. With this evidence it is possible to

design and prepare Cu complexes that can mimic enzymatic systems using mono-

nuclear Cu complexes.

Anson et al. found that 1,10-phenanthroline (phen) complexes of Cu, adsorbed

on the edge-plane orientation of graphite, catalyze the four-electron reduction of O2

to H2O [156–159, 170]. They proposed a mechanism for the electrocatalytic four-

electron reduction of O2. Using complexes having three different phen ligands

(phen, 2,9-Me2-phen, 5-Cl-phen), they found that reduction of O2 occurs at

potentials negative to the formal Cu (II/I) redox potential of the respective complex

strongly suggesting that the active species is the Cu(I) complex [158]. They

conducted their studies in the presence of buffers containing acetate, phosphate,

and borate. However, the mechanism proposed did not involve the coordination of

these anions to the Cu center, even though these anions can affect the potentials and

electrocatalytic activity of similar complexes [174]. Chidsey et al. [168] conducted

a systematic study of the catalytic activity of several Cuphen complexes for ORR in

the presence of acetate. They found that the reduction of Cu(II) on the adsorbed

complexes occurs with the concerted dissociation of an acetate ion as [phenCu(II)

AcO–]ad + e– > [phenCu(I)]ad + AcO– and that this can happen with any

coordinating anion. They found that catalytic currents are observed at potentials

very close to the Cu(II)/(I) formal potential of the adsorbed Cu phen complex. This

is illustrated in Fig. 7.31. They found that the presence of the anion is crucial in the

stability of the catalyst since irreversible degradation of the catalyst is observed if

an O2 reduction experiment is conducted in the absence of acetic acid. The effect of

the E∘0, the Cu(II)/(I) formal of the catalyst on the ORR activity was studied by

investigating some complexes with electron-withdrawing groups located on the

phenanthroline ligand as illustrated in Fig. 7.31. As expected, these groups,

according to their electron-withdrawing power, shift the Cu(II)/(I) formal potential

to more positive values, as seen by the shift of the reversible waves (dotted lines) in

Fig. 7.31 assigned to the Cu(II)/(I) transition.

The shift to more positive potential of the Cu(II)/(I) formal potential has a

positive effect in the catalytic activity of the complexes since the ORR waves

(solid lines) also shift in the same direction, that is, to lower ORR overpotentials.

Figure 7.32 illustrates the effect of the formal potential on the catalytic currents.

The currents were measured at the formal potential of each catalyst, not at a

constant potential, and they are normalized for the amount of catalyst present on
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Fig. 7.31 Cyclic voltammograms of edge-plane graphite modified with adsorbed Cu complexes

of (a) phen, (b) 3,8-(CO2Et)2-4,7-Cl2-phen, (c) 2,9-Me2-phen, and (d) 2,9-Me2-5-NO2-phen, in

N2-purged (dotted lines) and air-saturated (continuous lines) solutions of 0.1 M NaClO4, 0.020 M

NaAcO, 0.02 M AcOH, pH 4.8 at 0.1 V s–1 as reported by Chidsey et al. [168]

Fig. 7.32 Normalized kinetic currents for Cu complexes adsorbed on the edge-plane of graphite,

measured at E∘0 (circles) and at �0.150 V vs. NHE (squares) plotted vs. E∘0 for each Cu complex.

The dotted line is the expected behavior for the kinetic current measured at E1/2. All data measured

in 0.020 M NaAcO and 0.020 M AcOH pH 4.8, 0.1 M NaClO4 except 2,9-Me2-phen measured in

0.020 M NaAcO and 0.072 M AcOH pH 4.2, 0.1 M NaClO4
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the surface (the amount of catalyst is proportional to the electrical charge under the

reversible peaks, dashed lines, in Fig. 7.31). It could be interesting to compare the

currents at constant electrode potential vs. the formal potentials since it would be

likely that a similar correlation to that shown in Fig. 7.20 illustrated for ORR on

metallophthalocyanines vs. the M(III)/(II) formal potential, judging from the data in

Fig. 7.31.

Chidsey et al. [169] have also studied the catalytic activity of a Cu(I) complex of

3-ethynyl-phenanthroline covalently attached to an azide-modified glassy carbon

electrode. This catalyst promotes the four-electron reduction of O2 at pH 4.8 (acetate

buffer). In contrast to what is observed by Anson et al. [156–158, 170] using Cu

phenanthroline, Chidsey et al. found a second-order dependence of the rates on

Cu coverage at moderate overpotentials. This suggests that O2 interacts with two

Cu centers simultaneously, forming a bridge structure, as illustrated in Fig. 7.33.

Copper(I) complexes confined on electrode surfaces are promising catalyst for

the four-electron ORR and seem to require the presence of coordinating anions like

acetate to stabilize the adsorbed. This is a much less explored field of nonprecious

metal catalysts compared to MN4 macrocyclics for ORR and might be interesting to

mimic laccase-like structures as this particular enzyme catalyzes the reduction of

O2 at very low overpotentials [151].

7.5 Conclusions

It can be concluded that in spite of the rather large amount of work published in the

literature, there are still many questions that remain unsolved about the

electrocatalytic reduction of O2 mediated by N4-metallomacrocyclics confined on

electrode surfaces. Improving the activity of these complexes beyond the present

state-of-the-art catalysts will require development of rigorous qualitative and quanti-

tative structure–activity relationships (QSAR) [176] for judicious tailoring of activity.

Some useful trends do exist. For example, it is now well established that Fe and Co

macrocyclic complexes are by far the best catalysts for oxygen reduction even though

some studies have demonstrated that cofacial Ir complexes are also very active. These

complexes are characterized by exhibiting a reversible redox transition involving the

M(III)/(II) couple. Some authors have found volcano-shaped correlations between

activity (measured as current at constant potential or potential at constant current) vs.

Fig. 7.33 Binding of dioxygen to two proximal Cu centers of 3-ethynyl-phenanthroline cova-

lently attached to an azide-modified glassy carbon electrode according to Chidsey et al. [169]
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M(III)/(II) formal potential of the catalyst suggesting that an optimalM(III)/(II) redox

potential does exist for maximum activity. However, other authors have found only

linear correlations between activity and M(III)/(II) redox potential, which indicates

that the more positive the redox potential, the higher the activity. In the latter

correlations, the activity decreases with increasing the driving force of the catalyst.

This finding is important since a priori one would expect that the more negative theM

(III)/(II) formal potential, the higher the activity, since this could favor the partial

reduction of O2 upon interacting with the metal center, that is, M(III)-O2-. It is also

possible that the linear correlations found are part of an incomplete volcano. How-

ever, in these correlations it was found that Cr, Mn, Fe, and Co complexes, which

exhibit a M(III)/(II) transition, give rise to two separated correlations or families of

compounds. This is a reflection of the fact that the reductionwave for O2 reduction on,

for example, Mn and Fe complexes starts at a potential very close to the M(III)/(II)

formal potential of the catalyst. In contrast, for Co macrocyclics, the reduction wave

starts at potentials far more negative than the Co(III)/(II) formal potentials. The

proximity of the O2 reduction wave to the M(III)/(II) for some complexes is also

reflected in the observation that a direct four-electron reduction process operates, as

observed for Fe and Mn complexes. For most monomeric or monolayers of Co

complexes, the onset for O2 reduction is far removed from the Co(III)/(II) transition

and only the peroxide pathway is observed.

Biomimetic catalyst design schemes have been very successful in tailoring the

properties of catalysts, for example, as demonstrated for functional heme/Cu

analogs and bimetallic cofacial diporphyrins. The knowledge gained thus far

provides a promising leeway for the design of efficient N4-metallomacrocyclic

based catalysts for four-electron reduction of oxygen.

Despite Ir- and Ru-based N4-metallomacrocyclic complexes reporting some of

the best activities in acidic and alkaline media, respectively, being rare metals, their

advantageous superiority would be offset by their high cost. Nonetheless, these

complexes should serve as appropriate models, such that theoretical and experi-

mental knowledge gained from studying them may serve to tailor the synthesis of

improved catalysts. Particularly, the energetic aspects that furnish some monomeric

complexes the unique ability to reduce oxygen directly to water as opposed to other

monomeric complexes warrant detailed investigation.

The relative backdonating power of metal ions attached to the pendant groups of

the multinuclear oxygen reduction catalysts discussed in this work is the funda-

mental parameter for modulating the ORR activity of these complexes. It is

therefore possible that the electronic effects introduced due to π backdonation by

Ru(II) and Os(II) may also be fulfilled by other groups. This rationale constitutes

the prospect for modulation of the ORR activity of these complexes.

The stability of metalloporphyrins and metallophthalocyanines alike is far from

satisfactory for any practical application. Whereas there is irrefutable evidence for

improved activity upon heat treatment of the N4-metallomacrocyclic complexes, the

loss of their structural merit is obvious. The fact that the performance of nonprecious

metal catalysts synthesized by heat treatment of inexpensive nitrogen, carbon, and

metal precursors rivals that of heat-treated N4-metallomacrocyclic complexes, which
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are relatively more expensive, renders the latter to be noncompetitive precursors

[177]. On the other hand, improving the stability and activity of N4-metalloma-

crocyclic complexes while conserving their molecular integrity is a difficult task,

and indeed very little progress has been reported in line with this.

New material design approaches including exploitation of the synergetic benefits

reported for some catalyst supports, for example, carbon nanotubes, graphene,

nitrogen-doped carbons, and titanium oxide [178, 179] and other conductive

mesoporous materials with high surface areas, among others, might help to solve

some of the current challenges. The multicomponent and multifunctional approach

[78, 180, 181], where the individual components of a composite catalyst perform

specific reactions to ensure complete reduction of oxygen, is worthwhile engendering.

Finally, it is worth mentioning that one of the advantages of MN4 macrocyclics

over Pt catalysts is their tolerance to methanol crossover [14], which is a serious

problem in methanol-air fuel cells [83]. For example, Léger et al. have shown that

FePc is highly tolerant to methanol [182]. The same is true for CoPc [183]. When

methanol crossover from the anode through the electrolytic membrane to the

cathode occurs, electroreduction of dioxygen and electrooxidation of methanol

occur simultaneously, which is detrimental to the overall performance of the fuel

cell since the fuel efficiency decreases and so does the power output. In general

MN4 macrocyclics are poor catalysts for the oxidation of methanol so this reaction

should not occur and this would avoid the problems mentioned above.

Cu(I) complexes that somehow mimic natural-occuring laccase represent an

interesting class of catalysts since they catalyze the four-electron reduction of O2

directly to water at rather low overpotentials at pH 4.8 but they lack long-term

stability. However, it might be possible to solve this problem in the future.
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Chapter 8

Heat-Treated Non-precious-Metal-Based

Catalysts for Oxygen Reduction

Lior Elbaz, Gang Wu, and Piotr Zelenay

Abstract Non-precious metal catalysts have shown good activity towards oxygen

reduction reaction, both in basic and acidic media. The use of NPMCs in fuel cells

and metal–air batteries has been hampered by two main issues: the synthesis com-

plexity, translating into a high fabrication cost, and by relatively low stability when

compared to platinum-based catalysts, especially in acidic media. In order to over-

come these issues, a new class of non-precious metal oxygen reduction catalysts was

developed that involves heat treatment as a key step in the NPMC synthesis. This

chapter provides a review of the progress in research on heat-treated non-precious

metal catalysts of oxygen reduction since the early 1970s until today. The focus of

this chapter is on the activity and morphology of the state-of-the-art heat-treated ORR

catalysts and trends in the development of more active and durable materials.

8.1 Introduction

Since the discovery of their ability to catalyze the oxygen reduction reaction (ORR) [1]

and up until today, there has been a continuous growth in the interest in macrocyclic

compounds as reviewed in the Chap. 7 of this book. Researchers in various fields, from

biology to physics and chemistry, have investigated the ORRmechanism and modified

the macrocyclic structures to achieve better catalytic performance [2].While very good

catalytic activity was demonstrated under certain conditions [3, 4], mainly at room

temperature and in neutral environment, the lack of stability under harsher acidic

conditions and at elevated temperatures have made non-precious metal catalysts

(NPMCs) for oxygen reduction less attractive for prominent technologies, such as

fuel cells, in particular for the polymer electrolyte fuel cells (PEFCs) operating under

acidic conditions (pH < 1) and at an average temperature of 80 �C.
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In the case of macrocyclic compounds, such as porphyrins and phthalocyanines,

it was concluded that the catalytic ORR sites are the transition metal themselves [5].

It was shown by Jahnke et al. that there is a clear dependence between the type of

the metal center and the catalytic activity [1]. The stability of catalysts in this group

depends on their ability to maintain their macrocyclic character. That character can

be compromised in a reaction with a hydrogen peroxide, an intermediate product of

ORR in acidic environment, which is capable of oxidizing and splitting the macro-

cyclic structure [6]. The stability of this family of catalysts also depends on their

ability to resist the dissociation of the transition metal. Metals tend to easily

dissociate in their reduced form, resulting in an inactive, protonated, metal-free

macrocycle [7]. On top of these inherent stability issues, metalloporphyrins and

metallo-phthalocyanines, especially the analogous biomimetic ones [8], are con-

sidered to be extremely hard to make because of a high number of the synthesis

steps required. This translates into high manufacturing cost, outweighing the benefit

of the low initial materials cost.

Over time, many variations of macrocyclic compounds were introduced in order

to enhance catalytic activity and stability [9]. One of the more prominent paths

taken in the design of such catalysts was based on heat-treating porphyrins and

phthalocyanines. The work on heat-treated macrocyclic compounds started in the

early 1970s by Jahnke et al. [10] and was followed by the work of Bagotzky [11]

and by Wiesner and Fuhrmann [12, 13]. All three groups sought to activate

phthalocyanines and porphyrins for oxygen reduction and showed improvements

in both the activity and durability of catalysts following the heat treatment. Since

then, the work on heat-treated non-precious-metal-based ORR catalysts has

progressed in parallel to the research on non-heat-treated metallo-macrocyclic

compounds and other transition metal complexes. While the heat treatment of

these complexes was shown to increase the activity and stability of catalysts, it

also resulted in a loss of their original structure [14] and formation of materials with

new, usually poorly defined morphology, the nature of which typically depends on

the heat-treatment temperature [15], gas atmosphere [16], and the type of carbon

support used [17]. Those significant changes raised fundamental questions regard-

ing the final catalyst structure and the nature of the active site, the two key

parameters for the design of future catalysts.

In their extensive work, Jahnke et al. used different chelates to coordinate Co,

Mn, Fe, Cu, and Ni. They showed that the most durable ORR catalysts involve

Co–N4 complexes [10]. In order to find inexpensive alternatives to the macrocyclic

compounds, various research groups studied the synthesis routes for heat-treated

transition metal complexes using less complex ligands, such as polyacrylonitrile

[18], tetraazaannulene [19], and phenanthroline [20]. A significant breakthrough was

made in the early 2000s by Dodelet et al. who were able to increase the activity

of Fe–N–C compounds using two heat-treatment steps at different temperatures

and in different gases [21]. While this new category of NPMCs showed ORR

activity comparable to that of Pt-based catalysts, it lacked the durability of Pt [22],

which became the main challenge for non-precious metal catalysts for oxygen

reduction.
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8.2 Heat-Treated Macrocyclic Compounds

Heat treatment of macrocyclic compounds was shown to dramatically increase their

ORR catalytic properties. The important factors in the heat treatment of catalysts

will be discussed in this section together with their effect on the ORR catalysis.

Also discussed will be the catalyst structure. The majority of research in this field

has focused on the macrocyclic complexes of transition metals, heat-treated in the

presence of various carbons. That class of ORR catalysts will be addressed below.

8.2.1 Heat Treatment

8.2.1.1 Conditions

Throughout the years, the heat-treatment conditions for macrocyclic compounds

were one of the most extensively studied parameters of NPMC synthesis. It was

argued that the right selection of heat-treatment conditions could lead to significant

improvements to both the activity and durability of resulting materials. In their first

publication on heat-treated transition metal complexes, Jahnke et al. concluded that

of the studied ligands (N2, N4, O2, O4, S2, and S4), N4-ligand containing precursors,

e.g., porphyrins and phthalocyanines, are most efficient in inducing the ORR

activity [10]. Jahnke et al., as well as other authors, continued that research focusing

predominantly on the optimization of heat-treatment conditions for macrocyclic

compounds. The most important conditions included the following:

1. Temperature

2. Gas atmosphere

3. Duration

The temperature range used to heat-treat the precursors was at first relatively

wide, from 300 to 1,000 �C. Wiesener et al. studied the effect of heat-treatment

temperature on the ORR current density at catalysts derived from N4 macrocycles at

a potential of 0.70 V (vs. RHE) in 2.25MH2SO4 (Fig. 8.1) [23]. They found that the

optimum temperature for heat-treating cobalt tetraazaannulene (CoTAA) on

activated carbons P33 and P33p was around 650 �C.
From that and other published work, it can be concluded that the optimum heat-

treatment temperature (from 600 to 800 �C for macrocyclic compounds) and heat-

treatment duration are highly dependent on the structure of the precursor and the

nature of the transition metal. It can also be concluded that iron-based catalysts

require higher temperature to achieve their maximum performance compared to

cobalt-based catalysts with the same ligand.

The optimum heat-treatment temperatures to reach best ORR durability and

optimum activity of NPMCs were found not to be the same, especially under acidic

conditions. Maximum durability tends to be reached following heat treatment at

temperatures by up to 300 �C higher than the temperatures yielding catalysts with

the highest activity [23].
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The effect of the gaseous atmosphere was studied by Tarasevich and Radyuskina

who concluded that under N2, Ar, and He in the temperature range of 500–1,000 �C
for different dwell times between 0.3 and 5.0 h, the activity and durability of the

studied metalloporphyrins and metallo-phthalocyanines were similar [25]. This was

a case for disagreement between different groups who observed dependence

between the activity of heat-treated catalysts and the gas used during the heat

treatment. For example, Dhar et al. showed the difference in the catalytic activity

of heat-treated CoTAA under vacuum, N2, Ar, and N [26]. They concluded that the

most active ORR catalyst was obtained under vacuum with the following decrease

in activity: vacuum > N2 > Ar > N (Fig. 8.2). Dodelet and his collaborators [27]

showed that an iron tetra(methoxyphenyl) porphyrin is the most stable, but the least

active when heat-treated in Ar, and that it becomes very active and loses its stability

when treated in ammonia, an effect attributed to the concurrent increase in the

microporous surface area, as well as the N and Fe surface content. The authors

raised important questions about the catalyst design and optimum heat-treatment

conditions for maximum stability and activity.

It can be concluded that the importance of the gas used during the synthesis is

highly dependent on the type of precursor and carbon support employed in the heat

treatment.

8.2.1.2 Precursors

One of the most important factors affecting the activity of non-heat-treated transi-

tion metal macrocyclic complexes is their structure, more specifically, the ligand,

the substituents, and the metal center [28]. The role of those factors closely ties to

the mechanism by which the complexes are activated and bind oxygen.

Although metallo-macrocycles are generally unlikely to maintain their original

structure after the heat treatment [29], that original structure before the treatment is

important as it often affects final distribution of atoms in the catalysts and its
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interaction with the carbon support. Van Veen et al. [30] studied 15 different

porphyrins and phthalocyanines containing various metal centers and metal-free

macrocycles (Fig. 8.3). Other nitrogen precursors, such as phthalocyanine/phenolic

resin [31], aminoantipyrine [32], and corrole [33], have been explored in the

NPMCs synthesis, showing improved activity and durability for the ORR. From

those studies, it appears that heat-treating selected macrocycles improve their ORR

catalytic activity and that substituent-dependent ORR activity trends are identical

before and after the treatment regardless of the metal center. In general, the

governing factors that apply to non-heat-treated transition metal macrocycles

discussed in the previous chapter also apply to the heat-treated macrocyclic

precursors in this chapter.

8.2.1.3 Metal Center

The ORR performance of NPMCs strongly depends on the transition metal used. In

their extensive research, which included 9 metallo-phthalocyanines and 24 metal

chelates, Beck et al. demonstrated very strong dependence of the ORR activity

on the metal center [34]. The authors concluded that the activity of transition

metal complexes decreases in the following order: Fe > Co > Ni > Cu ffi Mn.

In general, a consensus has by now been reached in the non-precious metal research

community that iron and cobalt yield the most ORR-active catalysts among transition-

metal-based macrocyclic compounds. Alt et al. explained that dependence using

the molecular orbital (MO) theory [35]. They found that the dz
2 orbital of the metal

ion is most likely to bind the oxygen molecule and that an empty dz
2 orbital favors

the partial electron transition from the metal to the antibonding π* orbitals of the

oxygen during the formation of a chelate–oxygen complex. Thus, the emptier the
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dz
2 orbital is, the more active is the transition metal complex in the ORR. The latter

conclusion supports findings of the aforementioned study by Beck et al. Similar

trends and explanation appear to hold true for heat-treated transition metal

complexes [29].
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8.2.2 Structure of Heat-Treated Macrocyclic ORR Catalysts

Although factors governing the synthesis of active and durable heat-treated

NPMCs have been well documented in the scientific literature, the final catalyst

structure is still not entirely understood, mainly due to the fact that most catalysts

are synthesized in the presence of different carbon supports.

The presence of carbon makes it difficult to obtain a clear picture of the

molecular structure of heat-treated macrocyclic compounds, even when the most

sophisticated techniques are used. Van Veen et al. studied the structure of heat-

treated transition metal macrocycles on carbon supports by a wide range of

techniques, including Fourier transform infrared (FTIR), electron spin resonance

spectroscopy (ESR), Mössbauer spectroscopy, X-ray photoelectron spectroscopy

(XPS), extended X-ray absorption fine structure spectroscopy (EXAFS), X-ray

diffraction (XRD), transmission electron microscopy (TEM), differential thermal

analysis (DTA), thermogravimetric analysis (TGA), and mass spectroscopy [36,

37]. They found that the heat treatment leads to the formation of isolated metal sites

in an axially symmetric environment, presumably created by the thermally

modified ligand. These results led to a conclusion that thermal treatment does not

cause the formation of catalytically active metallic particles. The results of that

study also provided support for Fuhrhop’s observation of a surface complex

originating in a reaction between radicals formed at the metal complex and the

carbon support [38]. Van Veen et al. postulated that during the decomposition of

complexes in this family of compounds in the temperature range of 300–1,000 �C,
the first part of the complex to react with the carbon surface are the ligand

substituents, followed by the reaction of the rest of the macrocycle with the carbon

support at higher temperatures (with the inner ring of the macrocycle postulated to

retain some of its original structure). This leads to the formation of a range of

surface complexes responsible for a continuous increase in stability with increasing

temperature of the heat treatment.

Vallejos-Burgos et al. studied the structure and activity of a free-base phthalocya-

nine, Cu phthalocyanine, and Co phthalocyanine after heat-treating the compounds at

different temperatures [39]. The structural changes that occurred during the heat

treatment are summarized in Fig. 8.4. It is clear from that study that the structural

evolution of the macrocycle and carbon support associated with a loss of nitrogen or

changes in the microporosity of the support depend on the metal center.

A summary of the interesting research by Wiesener et al. on the loss of nitrogen

at different heat-treatment temperatures is given in Table 8.1 [13, 24]. The authors

observed a gradual decrease in the nitrogen mass in the catalysts with an increase in

the heat-treatment temperature, from 3.05 wt% in the original sample to 1.05 wt%

after the short-time heat treatment at 1,000 �C. The loss of nitrogen at 1,000 �C
correlates well with a significant decrease in the ORR activity of the catalyst.

Many hypothetical structures of the heat-treated macrocyclic compounds have

been proposed in the electrocatalysis literature to date. Most of those structures

involve the formation of a covalent bond between the macrocycle and the carbon
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support [40]. In some cases it was shown that a portion of the macrocycle is

imbedded in the support (Fig. 8.5) [41].

The real structure, or structures, of heat-treated ORR catalysts is yet to be

revealed. The catalyst makeup is likely to strongly depend on the precursors used,

with the structure of catalysts derived from different macrocycle compounds

differing from one another due to such factors as the type of a macrocycle,

substituent, carbon support, and the metal center. This is an intriguing subject of

future research that promises to produce non-precious metal ORR catalysts with

much improved activity and performance durability.
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FCC metallic Cu

FCC metallic Co

Low N 2 adsorption

Presence of small micropores

Constant loss of N

Very low N contentMajor loss of N
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Fig. 8.4 A schematic representation of main structural changes occurring during the heat treat-

ment of various phthalocyanine samples (reproduced from Fuel [39])

Table 8.1 Nitrogen content of heat-treated Co(II) dibenzotetraazaannulene on active carbon P33 [24]

Heat-treatment temperature (�C) Heat-treatment time (h) Nitrogen mass (%)

None – 3.05

400 5 2.9

450 5 2.5

500 5 2.4

560 5 2.2

630 5 2.2

700 5 2.1

1,000 Short term 1.05
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8.3 Heat-Treated Non-macrocyclic Catalysts for ORR

In spite of a very significant progress achieved with heat-treated macrocyclic

compounds as ORR catalysts since the early 1970s, the activity and durability of

that family of catalysts are still insufficient for replacing platinum at the fuel cell

cathode and in other applications. Furthermore, the complex structure of macrocy-

clic compounds makes their synthesis expensive and potentially noncompetitive

with precious-metal-based catalysts also from the materials cost point of view. For

those reasons, much effort has been invested by the electrocatalysis research

community in recent years into finding less expensive and catalytically more active

non-precious metal ORR catalysts that would not rely on macrocylic compounds as

either catalysts or catalyst precursors. In the past decade, there has been a signifi-

cant improvement both in the activity and of non-macrocyclic catalysts, expected to

be manufactured at a fraction of the cost of their macrocyclic counterparts. In this

section, we review the precursors, synthesis routes, and applications of this rela-

tively new family of catalysts.

8.3.1 Precursors

Heat-treated transition metal–nitrogen–carbon (M–N–C) NPMCs can be divided

into three main groups: (1) catalysts obtained from transition-metal-based

macrocycles (discussed above); (2) catalysts derived from metal salts and gaseous

nitrogen precursors, such as NH3; and (3) catalysts synthesized from inorganic

metal salts and simple nitrogen-containing molecules [42]. In this section, we will

focus on NPMCs from group 3. This group of catalysts has received much attention

since 2006, evidenced by a high number of published papers (Fig. 8.6).

Even though the heat treatment of virtually any mixture of nitrogen, metal, and

carbon species can yield a material with some ORR activity, the selection of

precursors, supports, and synthesis conditions plays a major role in obtaining

materials with high activity and long-term durability required of practical catalysts

[43, 44].

Fig. 8.5 Proposed model

structure of the active site and

ORR catalysis mechanism

after a heat treatment of Fe

tetramethoxyphenylporphyrin

(FeTMPP) on a Black Pearls®

support at 900 �C in Ar

(reprinted with permission

from the Journal of Physical
Chemistry B [41])
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8.3.1.1 Nitrogen Precursors

According to previous research on nitrogen-doped carbons heat-treated at

temperatures above 700 �C [45, 46], nitrogen atoms can replace atoms in the carbon

lattice. It has been generally recognized that nitrogen-doped sites in graphitic

carbon layers can act as reactive centers and enhance the ORR due to favorable

morphology modification and high electron density induced by the nitrogen. The

catalytic properties of doped N–C structures in M–N–C catalysts were found to be

tunable through varying the catalyst synthesis conditions [43, 47]. In particular,

nitrogen precursors used in the synthesis were found to be crucial to the formation

of catalyst nanostructures. In this part, we divide nitrogen precursors into three

different groups: (1) C�N-based nonaromatic precursors, (2) C-N-based nonaro-

matic amine precursors, and (3) aromatic precursors.

C�N-Based Nonaromatic Precursors

Acetonitrile and cyanamide are the most common nitrogen precursors containing

C�N bonds in the catalyst synthesis (Fig. 8.7).

Matter et al. heat-treated at 900 �C acetonitrile together with iron acetate salts

supported on Vulcan [46]. The most active catalysts, containing significantly higher

amount of the pyridinic nitrogen (as determined by XPS) were formed when Fe was

added to the support before the heat treatment. The current-potential ORR polari-

zation plots, obtained using 2 % Fe on Vulcan and heat-treated for 2 h at 900 �C, are
shown in Fig. 8.8. Although the measured ORR activity is not as promising in this

Fig. 8.6 Published papers

associated with group 3

NPMCs from 2006 to 2011

Fig. 8.7 Molecular structure

of (a) acetonitrile and (b)

cyanamide
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case as in some other cases [42], the results highlight the importance of in situ

formed carbon nanostructures for the ORR active site formation. Different carbon

nanostructures, such as tubes, fibers and onion-like carbon, were observed in the

catalysts obtained via the decomposition of acetonitrile. The nanostructures were

found to be rich in pyridinic nitrogen and exposed plane edges. As shown in

Fig. 8.8, onion-like structures and tubes (especially longer ones) have mostly

basal planes exposed, whereas carbon fibers with stacked platelets or cups have

significant plane edge exposure. The enhanced catalytic activity of such structures

is assumed to be associated with the increased plane-edge exposure in carbon

nanostructures, marked by the pyridinic nitrogen.

Cyanamide (CM) was firstly explored at Los Alamos as a precursor of M–N–C

oxygen reduction catalysts [48]. The most active catalyst, obtained following a heat

treatment at 1,050 �C, showed very high activity relative to previously reported

NPMCs, with an open circuit voltage (OCV) value of 1.0 V and a current density of

105 mA cm�2 at 0.80 V (iR-corrected) in H2/O2 fuel cell testing (Fig. 8.9). The

reason for choosing cyanamide as a nitrogen precursor was that the compound had

been known to act as precursor for graphitic C3N4 structures following high-

temperature treatment [49]. Although the original motivation for the use of cyana-

mide was to increase the nitrogen content in the graphitized carbon structure, this

was not the outcome. Instead, cyanamide was found to aid in the incorporation of

sulfur from the iron-sulfate precursor into the carbon. It was also found that the

decomposition of sulfate and evolution of SO2 are greatly depressed in the presence

of cyanamide. This was an indication that the interaction between cyanamide and

sulfate (or sulfate-derived species) can stabilize sulfur in the sample, likely through

Fig. 8.8 (a) ORR activity of Fe catalyst derived from acetonitrile and (b) schematic diagrams of

common carbon nanostructures demonstrating plane orientation relative to the central axis and

resulting edge plane exposure (reprinted from ref. [46] with permission from Elsevier)
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the formation of C–S bonds. To further determine whether sulfur enhances the ORR

activity of the CM-based catalyst, samples were prepared using Fe(II) acetate as the

iron source instead of iron sulfate, thus avoiding any sulfur presence. The current

density measured with these catalysts at high fuel cell voltages (> 0.8 V) was found

to be about half of the value measured with the catalyst prepared using the iron-

sulfate precursor (Fig. 8.9b). This difference indicates that sulfur may be responsi-

ble for the improved ORR activity of CM-based catalysts.
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Fig. 8.9 (a) Fuel cell polarization plots recorded with CM–FeSO4–KB ORR catalysts obtained at

different heat-treatment temperatures; (b) fuel cell polarization plots comparison with

CM–FeSO4–Ketjenblack heat-treated at 1,050 �C and CM–FeAc–KB heat-treated at 1,000 �C.
Nafion®117 membrane; anode: 30 psig H2, 0.25 mgPt cm

�2 (catalyzed cloth GDL, E-TEK);

cathode: 30 psig O2, non-precious catalyst loading 4.0 mg cm�2; 100 % RH anode and cathode

humidification; 300/500 standard mL per minute anode/cathode flow rates for H2 and O2, respec-

tively; MEA surface area 5 cm2 (reprinted from ref. [48] with permission from Elsevier)
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C–N-Based Nonaromatic Amine Precursors

Diamines have been one of the most efficient nitrogen precursors used in the NPMC

synthesis to date due to their ability to coordinate transition metals and form

complexes with four nitrogens (MN4) [50]. The structures of ethylenediamine

(EDA) and hexamethylenediamine (HDA) are shown in Fig. 8.10.

EDA has been used as a nitrogen precursor in the catalyst synthesis ever since it

was first introduced by a University of South Carolina research group [50, 51].

Cobalt species were chelated by EDA, giving rise to CoN4 structures, simpler than

the traditional macrocyclic compounds. While the resulting Co–EDA catalyst

exhibited improved activity compared to previous reports, it still suffered from

poor four-electron selectivity [42]. It was found that a nitric-acid treatment and the

resulting formation of quinone-like groups on the carbon surface were key to

increasing the dispersion of the Co–EDA complex on supports by creating adsorp-

tion sites for the amine [51]. The CoFe–N chelate was then deposited on metal-free

carbon-composite support leading to a catalyst with improved ORR activity and

durability (Fig. 8.11) [50]. The carbon composite catalyst showed an onset potential

for oxygen reduction as high as 0.87 V vs. RHE in H2SO4 solution and an H2O2

yield of less than 1 %. Current densities as high as 0.27 A cm�2 at 0.6 V and

2.3 A cm�2 at 0.2 V were demonstrated in fuel cell testing using a catalyst loading

of 6.0 mg cm�2. No significant performance decrease was observed for 480 h of

continuous fuel cell operation. According to XPS analysis, all metal species were

removed from the surface by chemical treatment in 0.5 M H2SO4. It was proposed

that transition metals facilitate the incorporation of pyridinic and graphitic nitrogen

groups into the carbon matrix during the pyrolysis, leading to the formation of

catalytically active ORR sites [50].

It was found that precursors containing long hydrocarbon-chain amines resulted

in higher ORR activity than short-chain precursors [45, 53]. Similarly to EDA,

HDA is capable of coordinating transition metals, such as Co and Fe, to form an

interlinked macromolecule. A variation in the Co-to-Fe ratio in the synthesis of the

HDA-derived CoFe binary catalysts results in markedly different ORR activity and

four-electron selectivity (Fig. 8.12). A binary CoFe(1:3)–N–C catalyst, synthesized

with a Co-to-Fe ratio of 1:3, was found to have the most positive onset and half-

wave potentials and a low hydrogen peroxide yields (2–3 %). In fuel cell testing, the

binary CoFe catalyst performed noticeably better than an Fe-based catalyst, espe-

cially at fuel cell voltages lower than 0.80 V. Under these experimental conditions,

the best performing catalyst was found to generate a current density of 0.05 A cm�2

at 0.8 V and power density as high as 0.42 W cm�2 [52].

Fig. 8.10 Molecular

structures of (a)

ethylenediamine and (b)

hexamethylenediamine
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Aromatic Precursors

It has long been believed that nitrogen–carbon precursors can undergo a metal-

assisted graphitization during heat treatment [46]. Due to structural similarities

between aromatic molecules and graphite, aromatic precursors of nitrogen have
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recently attracted much attention in the synthesis of NPMCs. Three aromatic

precursors, nitroaniline [54], melamine [55], and polyaniline [56, 57], are shown

in Fig. 8.13.

Researchers at 3M developed NPMCs by heat-treating polynitroaniline obtained

via a metal-assisted polymerization of 4-nitroaniline [54]. A possible structure of the

polymer derived from nitroaniline is depicted in Fig. 8.13a. The repeating unit in

the polymer is quinoxaline, containing pyrazinic rather than pyridinic nitrogen [58].

The results showed that the polymerization of nitroaniline in the presence of certain

anhydrous metal salts, followed by a thermal treatment, could create an NPMC with

high ORR activity [54]. The nitroaniline-derived catalyst has an ORR onset potential

as high as 0.94 V vs. RHE. The ORR activity is maintained throughout a broad linear

Tafel region that extends over two orders of magnitude in current density, with a
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slope of 70 mV dec�1 (Fig. 8.14). The volumetric activity of the nitroaniline-derived

catalyst is 19 A cm�3 at a fuel cell voltage of 0.8 V. Compared to macrocyclic

compounds, the use of nitroaniline is a cost-effective method, amenable to scale-up.

However, relatively high toxicity of nitroaniline is a drawback from the point of

view of a large-scale synthesis of the catalyst.

Melamine, a trimer of cyanamide, with a 1,3,5-triazine skeleton containing

66 wt% of nitrogen, was first employed as a nitrogen precursor in NPMC synthesis

by a Michigan State University group as a means of enhancing the content of doped

nitrogen [55]. In a typical approach, solid melamine was ground with Ketjenblack

600JD carbon, containing adsorbed Fe(II) acetate, before it was heat-treated at

800 �C in nitrogen atmosphere. At the final stage of the synthesis, the catalyst was

treated in 0.5 M sulfuric acid. The melamine-derived catalyst was found to have

superior ORR activity to catalysts derived from other nitrogen precursors, such as

bipyridine, pyrazine, and purine (Fig. 8.15) [55].

Fig. 8.13 Molecular structures for (a) polynitroaniline, (b) melamine, and (c) polyaniline

Fig. 8.14 Polarization curves of a 4-nitroaniline precursor-based catalyst. The straight-line slope

is 70 mV dec�1, measured at 80 �C with saturated hydrogen at the anode (180 sccm, 300 kPa

backpressure) and oxygen at the cathode (335 sccm, 430 kPa backpressure) (reprinted from ref.

[54] with permission from Elsevier). Pt reference catalyst data obtained from GM [59]
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The volumetric current density measured with the melamine-based catalyst was

12.4 A cm�3 at 0.8 V. The high ORR activity of the melamine-derived NPMC was

attributed to a threefold increase in the bulk nitrogen content. It is worth noting that a

33 % increase in the BET surface area was observed for the melamine-derived

catalyst relative to the bipyridine-derived catalyst, suggesting that higher surface

area might have contributed to the improved ORR activity. A 50 % increase in

nitrogen retention was also observed for melamine-based catalysts, compared to a

bipyridine-derived catalyst. However, the direct attribution of enhanced ORR activ-

ity of the melamine-based catalyst to the total nitrogen content should be done with

care in the context of findings by other authors that ORR activity is not necessarily

dependent on the amount of nitrogen content in the catalyst, but rather how nitrogen

is incorporated into the carbon [43, 48]. A 100-h performance durability test was

performed with the melamine-based catalyst at a fuel cell voltage of 0.5 V using pure

H2 and O2. The performance loss was less than 10 %, a respectable result by the

standards of most NPMCs [55].

Recently, polyaniline (PANI), an inexpensive and nontoxic aromatic polymer,

was selected as a precursor of nitrogen and carbon in the NPMC synthesis at Los

Alamos [56, 57]. Because of the similarity between the structures of PANI and

graphite, the heat treatment of PANI was thought to facilitate the incorporation of

Fig. 8.15 Oxygen reduction

plots at a thin-film RDE with

NPMCs derived from various

nitrogen precursors:

(a) steady-state polarization

plots, (b) iR- and mass-

transfer corrected Tafel plots

(reprinted from ref. [60] with

permission from the

Electrochemical Society)
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nitrogen-containing active sites into the partially graphitized carbon matrix in the

presence of iron and/or cobalt. Furthermore, the use of such a polymer as a nitrogen

precursor promised a more uniform distribution of nitrogen sites on the catalyst

surface and possible increase in the active-site density. Heat-treated PANI-derived

formulations appear to combine high ORR activity with high durability. The most

active materials in the group were shown to catalyze the ORR at potentials within

~60 mV of those obtained with state-of-the-art carbon-supported Pt catalysts

(Fig. 8.16) [57].

8.3.1.2 Transition Metal Precursors

While some metal-free nitrogen-doped carbon materials are at least to some degree

capable of catalyzing the ORR on their own [61], an addition of transition metal(s)

appears necessary for achieving high catalytic activity and improved durability of

heat-treated NPMCs [62, 63]. The influence of different transition metal ions on

Fig. 8.16 Bottom: H2–O2 fuel cell polarization plots recorded with ~4 mg cm�2 of a

PANI–FeCo–C catalyst in the cathode. Performance of an H2–air fuel cell with a Pt cathode

(0.2 mgPt cm
�2) is shown for comparison. Top: Long-term performance stability test of the

PANI–FeCo–C catalyst in a H2–air fuel cell at a constant fuel cell voltage of 0.40 V. Anode and

cathode gas pressure 2.8 bar; anode loading 0.25 mgPt cm
�2; cell temperature 80 �C (reprinted

from ref. [57] with permission from AAAS)
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ORR activity of catalysts prepared using heat treatment of polyacrylonitrile was

studied in both acid and alkaline solutions [64]. The results indicate that the nature

of metallic center in the precursor plays a critical role in the ORR catalysis and can

be tied to activity increase after the heat treatment. By now, there is strong

experimental evidence that iron and cobalt lead to the formation of the active

centers with the highest activity towards the catalysis of ORR regardless of the

solution pH (Fig. 8.17). In acidic media, Fe-containing catalysts generally have

more positive onset potential than Co catalysts, which suggests a higher intrinsic

activity. The Fe-containing catalysts also exhibit the highest four-electron selectiv-

ity among the catalysts based on transition metals [64]. In alkaline media, Fe- and

Co-based electrocatalysts often show similar activity [64].

While both Fe and Co are generally more efficient in forming active ORR sites

than other non-precious metals [63], it is worth noting that the nature of the sites
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may be different for the two metals. The active sites generated in the presence of Co

appear to have the onset ORR potential similar to that observed in metal-free

nitrogen-doped carbon (N–C) catalysts, abundant in CNx groups (pyridinic, quater-

nary nitrogens) [50]. There is strong evidence that, unlike Co-derived species,

Fe directly participates in the ORR, likely via the formation of Fe–Nx type sites.

Such sites have generally higher ORR activity than the metal-free sites formed in

Co-based catalysts [43, 65, 66]. As follows from ex situ EXAFS studies of the

coordination environment of transition metals in PANI-derived catalysts

(Fig. 8.18a), the chemical environment of Fe and Co in such Fe- and Co-based

catalysts is quite different. Fe–O/N coordination structures are dominant in Fe-

based catalysts (signals from O and N in the local environment of the metal cannot

be distinguished in EXAFS), while only small fractions of Co is bound to O/N.

In the case of EDA-derived Co catalysts (Fig. 8.18b), the EXAFS of not heat-

treated sample shows the presence of one major peak around the R values of ca.

1.2 Å. That peak can be assigned the Co–N interactions. The Co–N peak weakens

and the Co–Co peak becomes more apparent with an increase in the heat-treatment

temperature. The CoNx chelate complexes decompose at high heat-treatment

temperatures, 800 �C and higher, which results in the formation of metallic Co

species. As a consequence, the Co–N structure is no longer dominant in both heat-

treated PANI- and EDA-derived Co catalysts.

Electrochemical kinetic analysis yields different Tafel slope values for Co–N–C

(~59 mV dec�1) and Fe–N–C (~87 mV dec�1) catalysts [52, 57], attesting to

different ORR mechanism in the case of the two metals. Based on the Tafel slope

analysis for the ORR on Pt catalysts by Coutanceau et al. [67], the diffusion of

adsorbed oxygen intermediates during the ORR is a likely the rate-determining step
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on the Co–N–C catalyst. More complicated ORR mechanism on Fe–N–C catalysts

is possible, involving both intermediate migration and charge transfer in the rate-

determining step [68].

Regardless of the nitrogen precursor used, Fe–N–C catalysts have higher content of

quaternary nitrogen compared to Co–N–C catalysts, indicating that nitrogen atoms

favor doping at the interior rather than at the edges of the graphene layers in Fe-based

catalysts [43, 52]. Generally, the ratio of pyridinic and quaternary nitrogens is

expected to reach a steady state during the heat treatment of carbon-containing

nitrogen groups [45]. The addition of Fe seems to facilitate the formation of quaternary

nitrogen. The differences in the chemical and physical state of the active ORR sites are

likely responsible for the lower ORR activity of the Co-based catalysts than Fe-based

catalysts in acid media. The disparity in the ORR activity of PANI-derived Co- and

Fe-based catalysts in the RDE testing is shown in Fig. 8.19.

Although the intrinsic activity of Co-based catalysts is lower than that of Fe-based

catalysts, the use of Co usually leads to more graphitic nanostructures [43, 52],

enhancing the electronic conductivity and corrosion resistance. In order to simulta-

neously take advantage of the apparent high ORR activity of the Fe-based catalysts

and better stability of Co-based materials, binary CoFe catalysts were synthesized at

Los Alamos. Enhanced activity and durability were indeed demonstrated with

EDA–CoFe–C [50], HDA–CoFe–C [52], and PANI–FeCo–C [57] catalysts.

8.3.2 Synthesis Conditions

8.3.2.1 Heat Treatment

The active ORR sites in M–N–C catalysts are believed to be formed during the heat-

treatment step, with the resulting activity being strongly dependent on the treatment

temperature [42]. The optimum heat-treatment temperature depends on the nitrogen

Fig. 8.19 Steady-state ORR polarization plots recorded at an RDE with PANI-derived Co- and

Fe-based ORR catalysts in 0.5 M H2SO4 at 25
�C and at a rotation rate of 900 rpm (reproduced

from ref. [43] by permission of The Royal Society of Chemistry)
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and transition metal precursors used [22, 42]. It typically falls in the 800–1,100 �C
range, sufficient for nitrogen doping into the (partially) graphitized carbon struc-

ture. Higher heat-treatment temperatures result in a significant decrease in the

number of nitrogen functionalities and reduction in the surface area. For example,

the ORR activity of PANI-derived Fe–N–C catalysts has been found to gradually

increase with the heat-treatment temperature in the 400–900 �C temperature range

and decrease at higher temperatures. The type of carbon nanostructures and catalyst

morphology formed during heat treatment at different temperatures may be the

factors determining the catalyst performance.

As shown in Fig. 8.20 for PANI-derived Fe–N–C catalysts, the characteristic

PANI nanofibers gradually disappear as the heat-treatment temperature increases to

400 �C and the spherical particles begin to form at 600 �C [43]. A higher degree of

graphitization is observed at 900 �C, resulting in the formation of graphitic shells

often covering sulfide-rich particles (cf. TEM images in Fig. 8.18). Following heat

treatment at even higher temperatures, the catalyst morphology becomes highly

nonuniform, the particles agglomerate reaching sizes much larger than those in the

carbon black originally used in the synthesis, and the surface area significantly

decreases. These changes in the carbon structure and morphology, together with

their impact on the catalyst ORR performance, point to the importance of the metal-

catalyzed transformation of the precursors into new carbon forms in NPMCs.

The effect of heat-treatment temperature on the ORR activity and selectivity

of M–N–C catalysts was studied with physical characterization techniques [43].

A correlation between the ORR performance and the BET surface area of a

Fig. 8.20 SEM images of PANI–Fe–C catalyst in their final form (after the second heat treatment

[43]) as a function of the heat-treatment temperature. Scale bar for all SEM images is 500 nm;

scale bar for the HR–TEM inset in the “Before pyrolysis” image is 20 nm; scale bar in the “900 �C”
image is 5 nm (reproduced from ref. [43] by permission of The Royal Society of Chemistry)
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PANI–Fe–C catalyst is shown in Fig. 8.21. The surface area increases from

~40 m2 g�1 for the catalyst heat-treated at 400 �C to ~300 m2 g�1 for the catalyst

treated at 900 �C, before dropping to ~60 m2 g�1 for the catalyst heat-treated at

1,000 �C [43].

Also dependent on the heat-treatment temperature are the content and relative

ratios of different nitrogen functionalities in M–N–C catalysts. An increase in the

heat-treatment temperature from 600 to 1,000 �C leads to a decrease in the total

nitrogen content but without a significant change in the ORR activity [43]. Those

changes are accompanied by an increase in the ratio of quaternary to pyridinic

nitrogen [43, 60], suggesting that the ORR activity may not be dependent on the

total amount of incorporated nitrogen but on how nitrogen is incorporated into

doped nitrogen–carbon hybrid nanostructures. A similar trend was found for

Co-based catalysts and TiO2-supported Fe catalysts [60, 69]. Although pyridinic

nitrogen has been often linked to the oxygen reduction activity of NPMC catalysts

[46], the quaternary nitrogen content and C–Nx structure distribution, reflected by

the ratio of the quaternary to pyridinic nitrogen, appear to play an important role,

too [66]. In some cases, an increase in the heat-treatment temperature leads to a

decrease in the total nitrogen content and increase in ORR activity. Presently, there

is no clear correlation between the absolute content of quaternary or pyridinic

nitrogen and the associated active-site density [43].

8.3.2.2 Post-treatment

While ORR active sites are formed during the first heat treatment of NPMC

precursors [42], the post-treatment, including the acid leach and the second heat

treatment in neutral gas atmosphere (N2), was shown to be important for the final

performance of non-precious metal catalysts [43]. The acid leach results in much
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higher ORR activity, thanks to the removal of unstable and unreactive phases from

the porous catalyst, which likely leads to an exposure of additional active sites [56].

In the case of a PANI-derived catalyst in Fig. 8.22, the acid leach does not affect the

onset ORR potential, indicating no change to the active site. The second heat

treatment (after the acid leach) results in further ORR performance improvement.

Once again, the onset ORR potential does not change. This implies that neither the

acid leach nor the second heat treatment influence the type of active sites present in

the catalyst.

It is worth noting that the second heat treatment at 900 �C results in a decrease in

the BET surface area (390 vs. 315 m2 g�1) [43], implying that an increase in the

active-site density during the second heat treatment likely offsets the surface area

loss. Catalysts with much enhanced ORR activity after the second heat treatment

were also demonstrated by Koslowski et al. [70]. The use of reactive gases,

especially NH3, during the second heat treatment was required to generate very

significant ORR activity, as previously shown by Fournier et al. [71].

8.3.3 Structure–Property Correlation

M–N–C catalysts are obtained by simultaneously heat-treating precursors of nitrogen,

carbon, and transition metal(s) at 700–1,000 �C. The activity and durability of these
catalysts greatly depend on the selection of precursors and synthesis chemistry and

correlate quite well with the catalyst nanostructure. Although no rational design of

active and durable M–N–C catalysts based on a rigorous description of the ORR

active site can yet be proposed, some guiding information for the synthesis of future

NPMCs is available. It first and foremost stems from the understanding of the effect

of nitrogen doping and in situ graphitization of carbonaceous materials in the

catalysts.

Various types of nitrogen functionalities, in particular pyridinic and quaternary

nitrogen, can be viewed as an n-type dopant of carbon in M–N–C catalysts that can

assist in the formation of nanostructures and donate electrons to the carbon [46].
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The N–C groups likely behave as one kind of ORR active sites. At the same time, as

already stated above, the ORR activity is not governed by the total amount of

nitrogen imbedded into the carbon but depends more on how the nitrogen is

incorporated into the nitrogen–carbon hybrid nanostructures [43]. The nature of

N–C groups in M–N–C catalysts can be controlled by tuning the synthesis

conditions, usually aimed at maximizing catalytic activity [43]. Regardless of the

nitrogen precursor used, XPS data indicate a higher content of the quaternary

nitrogen in Fe–N–C catalysts than in Co–N–C catalysts. This indicates that, in the

presence of Fe, nitrogen atoms are likely to be also incorporated in the interior

rather than at the edges of the graphene layer.

Apart from possibly participating in the active site, the transition metal in M–N–C

catalysts appears to be linked to the formation of new carbon structures by catalyzing

graphitization of nitrogen–carbon precursors [46]. The highly graphitic carbon

nanostructures may serve as a matrix for the ORR-active nitrogen and/or metal

moieties. NPMC research to date suggests that the presence of graphitized carbon

phase in some ORR catalysts may play a role in enhancing their stability. Also, the

formation of different carbon nanostructures strongly depends on the type of nitrogen

precursor, transition metal, heat-treatment temperature, and support used in the

catalysts synthesis [43, 52, 60, 72], which can all be correlated to the catalyst

performance. Compared to catalysts obtained from other nitrogen precursors, in situ

formed nitrogen-doped graphene sheets are particularly abundant in the PANI–Co–C

catalyst [57], the effect that may be responsible for an enhanced catalytic activity of

the catalyst. Graphene-sheet structures were found not to be as common in Co-based

catalysts synthesized using other nitrogen–carbon precursors, such as EDA [50],

HDA [52], and cyanamide [48]. The morphology of the HDA–Co–C catalyst is

dominated by carbon nanostructures different from graphene sheets, e.g., onion-like

carbon nanoshells, which are not particularly ORR active. Well-defined graphitized

carbon shells surrounding metal-rich particles were also observed in catalysts derived

from Fe(III) tetramethoxyphenyl porphyrin chloride (FeTMPP-Cl), at a relatively

high heat-treatment temperature of 1,000 �C. The graphite-shell formation was

correlated to an increase in the open cell potential of the catalysts in oxygen-saturated

solutions [73]. The significant morphological differences between Fe- and Co-based

catalysts possibly attest to the strong effect of the transition metal precursor selection

on carbon/nitrogen structures during the heat treatment. It seems that Co is a more

effective catalyst of the carbonization process at high temperatures, leading to highly

graphitic carbon structures [43]. Although Co appears to facilitate the formation of

graphitized carbon structures, potentially helping the catalyst performance, the

Co-based catalysts are generally less ORR-active in acid media than the Fe-based

ones. This is probably due to the difference in the nature of the ORR active sites

formed in the presence of different transition metals. Binary-metal catalysts, involv-

ing both Co and Fe, seem to benefit from the unique Co-induced graphene-rich

morphology and highly active sites, created in the presence and/or participation of

Fe. That unique combination of the two functions has led to catalysts with high ORR

activity and, at the same time, improved stability [42].
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Carbon nanostructures ex situ introduced into the NPMC may also play a role in

improving catalytic activity and durability. Very recently, a highly active and

durable NPMC was prepared based on nanotube–graphene (NT–G) complexes

treated in NH3 at 900
�C [74]. The abundance of edges and defect sites was claimed

to be responsible for the high ORR activity. The high degree of graphitization of

carbon nanotubes, the exfoliation of the outer walls, and the presence of graphene

flakes in NT–G could impart high oxidative corrosion resistance of the catalytic

sites. The NT–G catalyst showed a significant loss in activity on exposure to

cyanide anions, suggesting that high ORR activity stems from iron-containing

catalytic sites. Aberration-corrected scanning transmission electron microscopy

(STEM) and electron energy loss spectrum (EELS) mapping techniques on the

atomic scale revealed the presence of iron atoms on the edges of graphene sheets in

close proximity to nitrogen species [74].

8.3.4 Beyond Standard PEFC Cathodes

8.3.4.1 Alkaline Fuel Cells

Alkaline fuel cells present several potential advantages over their acidic counterparts,

dominating low-temperature fuel cell applications today. Main advantages include

performance improvements and cost reduction, both associated with the use of

NPMCs.

Thanks to the �59 mV change in the potential per every pH unit, the operation

potential of an ORR catalyst is expected to be by ca. �0.83 V lower in a 1.0 M

solution of a strong base than in 1.0 M solution of a strong acid. Such a potential

shift impacts the double-layer structure and the electric field at the electrode–

electrolyte interface, altering the adsorption strength of neutral species [76].

Decreased anionic adsorption in alkaline media is expected to help the kinetics of

electrocatalytic reactions, including the ORR [77]. While improvements in the

electrocatalysis can be significant, the better materials stability afforded by the

use of alkaline electrolytes is even more important. In particular, a wide variety of

NPMCs have shown comparable corrosion resistance in alkaline media to that of

precious metals, which makes them particularly suitable for alkaline fuel cells [76].

The presence of nitrogen-doped graphitic carbon has been considered necessary

for an efficient multi-electron transfer in the ORR catalysis in alkaline media [78]. An

EDA-derived binary CoFe catalyst, heat-treated at 900 �C and acid-leached in 0.5 M

H2SO4 at 80 �C, was successfully demonstrated in an anion exchange membrane

fuel cell (AEMFC) at the University of South Carolina, using an A201 membrane

(Tokuyama Corporation, Japan), composed of a hydrocarbon main chain and quater-

nary ammonium groups as ion-exchange sites [75]. In a fuel cell test, the OCVs

were found to be 0.97 and 1.04 V for the EDA–CoFe–C and Pt/C catalysts, respec-

tively. The corresponding maximum power densities were measured at 177 and

196 mW cm�2 (Fig. 8.23) [75]. At high potentials, the performance of EDA–CoFe–C

was slightly lower than that of Pt/C. At intermediate potentials, both catalysts showed
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very similar activity. The lower performance of EDA–CoFe–C at low potentials may

be attributed to high mass transfer and/or ionic resistance in the cathode, caused by a

high catalyst loading and considerable thickness of the electrode.

The ORR performance of three different PANI-derived catalysts in an alkaline

electrolyte is shown in Fig. 8.24 [79]. The best performing catalyst, PANI–Co–C,

containing a large number of Co9S8 particles surrounded by nitrogen-doped

graphene sheets, shows the activity and performance stability superior to that of a

Pt/C reference catalyst. Oxygen is effectively reduced at that catalyst to OH� in a

four-electron reaction mechanism.

8.3.4.2 Methanol Tolerance

Methanol (MeOH) crossover from the anode to the cathode in the direct methanol

fuel cell (DMFC) is responsible for significant depolarization of the Pt cathode

catalyst. Compared to Pt-based catalysts, NPMCs are poor oxidation catalysts, of

methanol oxidation in particular, which makes them highly methanol-tolerant. As

shown in Fig. 8.25, the ORR activity of a PANI–Fe–C catalyst in a sulfuric acid

solution is virtually independent of the methanol content, up to 5.0 M in MeOH

concentration. A significant performance loss is only observed in 17 M MeOH

solution (~1:1 water-to-methanol molar ratio), a solution that can no longer be

considered aqueous. The changes to oxygen solubility and diffusivity, as well as to

the double-layer dielectric environment, are all likely to impact the ORR mechanism

and kinetics, which may not be associated with the electrochemical oxidation of

methanol at the catalyst surface. Based on the ORR polarization plots recorded at
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Fig. 8.23 Performance of an H2–O2 AEMFC with EDA–CoFe–C and Pt/C cathodes at 50 �C.
Cathode catalyst loadings: 4 mg cm�2 for EDA–CoFe–C and 0.4 mgPt cm

�2 for Pt/C. Anode and

cathode gases humidified at 50 �C. Gas flow rates: 200 mL min�1 (H2) and 400 mL min�1 (O2).

The A201 membrane thickness 28 μm; ion-exchange capacity 1.8 mmol g�1; conductivity

42 mS cm�1 (reprinted from ref. [75] with permission from Elsevier)
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lower methanol concentrations, the PANI–Fe–C catalyst should be viewed as a

potential methanol-tolerant replacement for Pt at the DMFC cathode.

High methanol tolerance of an NPMC was also demonstrated with a heat-treated

CoTMPP catalyst [80].

8.3.4.3 Anion Tolerance

A high-temperature (HT) PEFC operating with phosphoric-acid-doped polybenzi-

midazole (PBI) membrane has several potential advantages over the low-

temperature PEFCs utilizing either perfluorosulfonic acid or hydrocarbon

membranes. The advantages include faster ORR kinetics at elevated temperatures

(150–200 �C), improved CO tolerance, and an ease of the water and heat manage-

ment [81]. However, the ORR activity of the state-of-the-art Pt catalysts is signifi-

cantly reduced in HT-PEFCs due to severe poisoning of the catalyst by

chemisorbed phosphate ions (H2PO4
� and HPO4

2�).
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Unlike Pt and Pt alloys, NPMCs do not suffer from the specific adsorption of

anions. As shown in Fig. 8.26a, the ORR performance of a PANI–Fe–C catalyst in

the kinetic range of the steady-state RDE polarization curves is virtually indepen-

dent of the solution concentration of H3PO4. In the case of a Pt/C catalyst

(Fig. 8.26b), a continuous ORR activity loss is observed with an increase in

H3PO4 concentration due to the chemisorption of phosphate ions. Thanks to their

resistance to anions (true also of (bi)sulfate in sulfuric acid solutions), NPMCs

represent an attractive alternative to Pt-based catalysts at the HT-PEFC cathode.

8.4 Conclusions

Heat-treated non-precious metal catalysts, synthesized from earth-abundant

elements, are capable of catalyzing the ORR and efficiently generating electricity

from fuels via a direct electrochemical conversion. Carbon–nitrogen precursors,

supports, and in situ formed graphitized carbon play an important role in the

catalyst performance.

Fig. 8.26 Steady-state ORR

polarization plots recorded

with (a) PANI–Fe(30 wt

%)–KJ and (b) Pt/C catalyst

in 0.5 M H2SO4 electrolyte at

25 �C as a function of

concentrations of H3PO4.

RDE rotation rate: 900 rpm
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Advanced catalyst synthesis is likely to focus in the future on (a) novel nitrogen

precursors, (b) optimization of the content of transition metal(s) (Fe, Co, and

possibly other metals), (c) precursor ratios, (d) functionalization of the catalyst

surface (e.g., by NH3, CO2, and N2 treatment), (e) fine-tuning of the heat-treatment

conditions (temperature, heating rate, treatment duration, gas atmosphere), and

(f) the effect of post-treatment (acid leach, additional heat treatments, etc.). The

interaction between the metal and precursors of carbon and nitrogen during the heat

treatment will likely be controlled more precisely in the future. The knowledge

gained will be used to formulate chemical and morphological requirements for

catalysts.

The major challenge of non-precious metal electrocatalysis of oxygen reduction

reaction continues to be the lack of knowledge of the active catalytic sites and

reaction mechanisms. The difficulties in the identification of the active sites are

augmented by the virtual absence of effective NPMC characterization tools for

direct probing of the surface of heat-treated catalysts. Further progress in the

development of NPMCs will likely depend on the ability to characterize and

understand the source(s) of the activity of the catalysts that have been already

developed and are under development today.
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Chapter 9

Recent Development of Non-precious Metal

Catalysts

Drew Higgins and Zhongwei Chen

Abstract The development of high-performance non-precious metal catalysts

(NPMC) for use at the cathode of polymer electrolyte membrane fuel cells will

provide immense economic advantages over the current platinum-based catalyst

technologies, perpetuating the sustainable widespread commercialization of these

devices. It is imperative to develop NPMC that can effectively combine excellent

oxygen reduction activities, high catalyst utilization, and long-term operational

durability. This chapter focuses on recent advances made in the past 3–4 years

and research trends in this field, with a particular focus on pyrolyzed carbon-

supported nitrogen-coordinated transition metal (Fe and/or Co) complexes which

have high potential of replacing conventional platinum-based catalysts.

9.1 Introduction

Depleting fossil fuel reserves and steadily increasing environmental awareness has

resulted in the demand for sustainable, environmentally benign energy technologies

being at an all-time high. Polymer electrolyte membrane fuel cells (PEMFCs) can

efficiently convert chemical to electrical energy with high efficiency and minimal

emissions, with immense market opportunity available for these technologies in

transportation and backup power supply applications. However, in order to main-

tain a competitive market presence among emerging energy storage and conversion

technologies and to ensure a sustainable long-term commercialization, the overall

system costs must be significantly reduced. At the current state of technology,

the electrocatalyst layers consisting of platinum nanoparticles supported on high
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surface area carbons (Pt/C) account for almost half of the entire fuel cell system

costs [1]. Despite recent advances in platinum catalyst activity and utilization

providing a short-term solution, these improvements can be expected to be offset

by the steadily increasing price of platinum materials due to the volatile precious

metal market and uneven global distribution. Taking these factors into conside-

ration, Pt/C is not a viable long-term electrocatalyst option for an affordable,

sustainable PEMFC market.

Despite being utilized as both cathode and anode catalyst, a dramatically higher

platinum loading is required at the cathode in order to facilitate the inherently

sluggish oxygen reduction reaction (ORR). Due to the relatively much higher cost

of the cathode catalyst layer, a majority of research and development efforts have

been directed at replacing Pt/C at the cathode with inexpensive, non-precious metal

catalysts (NPMCs). Significant advances have been realized for the utilization of

NPMCs in alkaline fuel cells [2–5]; however, the pressing challenge involves

the development of NPMCs for utilization in PEMFCs operating under acidic

conditions. Several different research approaches have been taken including (1)

conductive polymer composites [6, 7], (2) transition metal chalcogenides [8–10],

and (3) transition metal oxides, carbides, and nitrides [11], all of which have

achieved variable amounts of success. To date, however, the most promising

approach has been the development of carbon-supported transition metal-nitrogen

complexes prepared by high-temperature pyrolysis techniques, which will be the

focus of this chapter.

With cost reductions inherent with the use of NPMCs in comparison with Pt/C,

the primary considerations are ORR activity, catalyst utilization, and operational

stability. Increasing the loading of NPMC at the PEMFC cathode would not provide

an economic burden, and by extension, due to the relatively thicker NPMC layers

utilized in comparison to Pt/C, ORR activity is generally evaluated on a volumetric

basis (A cm�3). By 2017, the United States Department of Energy has set NPMC

performance targets of 300 A cm�3 at 0.8 V (iR-corrected) and minimal perfor-

mance loss occurring after 5,000 h of MEA operation [12]. In order to realize

these goals and perpetuate the NPMC research and development efforts, practical

improvements are required for (1) volumetric activity, dependent on the active site

density and turnover frequency; (2) NPMC utilization, related to the mass transport

and reactant access throughout the bulk of the catalyst layer; and (3) NPMC

stability under potentiodynamic and acidic operating conditions encountered at

the PEMFC cathode. This chapter does not provide a comprehensive overview on

the entire field of NPMC research, and for this, readers are referred to several in-

depth review papers published recently [13–15]. The primary focus herein will be

on pyrolyzed carbon-supported transition metal-nitrogen complexes, with the tran-

sition metal comprising iron and/or cobalt. Significant research efforts and techno-

logical advancements have been made toward this class of NPMC development,

and the recent progress and research trends over the past 3–4 years will form the

basis of this chapter.
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9.2 Non-precious Metal Catalyst Volumetric Activity

With the cost of NPMCs paling in comparison with platinum-based catalysts, the

use of significantly higher catalyst loadings is economically feasible. With these

higher catalyst loadings, the catalyst layers will be up to ten times thicker than

conventional Pt/C catalyst layer thickness [16], and thus, ORR activity metrics are

generally evaluated on a volumetric basis at a cell potential of 0.8 V [12]. Under

complete ORR kinetic control (no mass transfer limitations), NPMC volumetric

activity can be considered a product of the active site density and the average ORR

kinetics occurring on a single active site. The active site density is simply the

number of sites available to facilitate the ORR per unit volume of NPMC (a product

of the catalyst layer thickness and electrode surface area). The NPMC synthesis

techniques utilized will have a direct impact on active site densities which depend

on active site size, dispersion, and catalyst morphologies. The average single site

kinetic activity is commonly referred to as the turnover frequency, or put simply,

the number of electrons transferred per site, per unit time. Turnover frequency is

site specific, depending on the exact nature and surrounding environment of the

active site structures present in the NPMC. Overall, efforts to increase the volumet-

ric activity of NPMC materials have primarily focused on improving active site

densities using unique synthesis and processing strategies. This approach has

garnered dramatic NPMC activity improvements over recent years that has

perpetuated this class of catalyst from a fundamental research and development

phase to the point where it can be considered extremely promising for application in

future generation PEMFC systems [17]. Fundamental progress has also been made

toward identification of the specific active site structures present in NPMC, along

with understanding on the impact of catalyst structural and electronic properties on

ORR turnover frequencies. This allows for guided efforts directed at tailoring the

physical properties of NPMCs in an attempt to modulate and improve their volu-

metric activities. Progress made on this front over the past several years will be

discussed in this section along with potential strategies proposed for moving

forward.

9.2.1 Active Site Densities

The pioneering work of Jasinski [18] demonstrating the potential of using metal-

nitrogen macrocyclic compounds to facilitate the ORR in alkaline conditions

initiated a field of NPMC research that has realized significant progress and

fundamental progress over the past several decades. Supporting these bulky

macrocycle complexes on high surface area carbons could bestow promising

ORR activity in acidic electrolytes; however, poor stability was the ultimate
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downfall of this strategy [19]. It was later discovered that a heat treatment

(400–1,000 �C) under inert atmospheres could overcome these stability limitations

while also markedly increasing the ORR activity of the macrocycle complexes due

to enhanced interactions with the carbon support and thermally modified ligand

structures [20, 21]. Apart from the thermal modifications of the active site

structures, heat treatments could cause migration of active sites [22]. Based on

this model, random, well-dispersed active site structures will aid in active site

density improvements, mitigating aggregation and carbon support pore blockages

which are pertinent concerns when using bulky macrocycle precursor complexes.

Using synthesis techniques capable of establishing NPMCs with high surface areas

and well-dispersed active sites in a monolayer configuration would undoubtedly

serve to increase the overall active site density of these materials. On this front, it

was later established that the use of bulky and expensive macrocycle complexes

was unnecessary and that pyrolysis of simple nitrogen, transition metal, and carbon-

containing species could produce NPMCs with promising ORR activity and stabil-

ity [23]. Not only did this technique present an economical advantage allowing the

use of simplistic, inexpensive precursor materials but also enabled researchers to

have increased capabilities and flexibility for the design and fabrication of NPMC

with high active site densities owing to the small size of the precursor materials,

coupled with high catalyst surface areas. These preliminary investigations formed

the foundation for recent progress made toward the improvement of M-Nx/C active

site densities, coupled with fundamental investigations in order to further aid in the

design and development of these materials.

Based on years of research, Dodelet’s group at the INRS developed a unique

strategy for NPMC synthesis by mixing a carbon support with iron-containing

precursor and then subjecting the materials to a heat treatment in ammonia as the

source of nitrogen [24–26]. These researchers determined that the ORR activity of

this class of NPMC was influenced by the formation of micropores occurring during

ammonia treatment, resulting from ammonia etching of the carbonaceous materials

with a preference for the disordered carbon phase. They observed at a weight loss of

approximately 35 % [24] ORR activity was optimized, owing to the maximum

number of active sites formed, hosted in the micropores of the carbon support in a

configuration similar to Fig. 9.1. Clearly, there is a marked benefit of having a

higher number of micropores with uniform dispersion throughout the entirety of the

NPMC catalyst particles in order to increase and maximize the active site density

for this class of catalyst.

Advancing on these fundamentally significant findings, Dodelet’s research team

opted to use a pore filler method using highly microporous Black Pearls 2000 (BP)

carbon support as the starting substrate for NPMC synthesis [28]. The pores of the

BP support were filled by ball milling with organic 1,10-phenanthroline and iron

acetate as the source of nitrogen and iron, respectively. This pore-filled composite

was then subjected to pyrolysis in argon at 900 �C, inducing carbonization of the

organic complexes to a disordered carbon phase, most likely accompanied by the

formation of the proposed micropore-hosted active site structures entrapped within
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this phase. A second heat treatment in ammonia was then employed, where

preferential etching of this disordered carbon phase occurred along with simulta-

neous nitrogen doping. Figure 9.2 provides a schematic illustration of the process

occurring during active site formation. This catalyst was found to possess unprece-

dented NPMC activity, approaching that of platinum catalyst at near open circuit

potential and providing a volumetric activity of 99 A cm�3 at an iR-corrected cell

voltage of 0.8 V, approaching the DOE’s 2010 target of 130 A cm�3 (article

published in 2009). Clearly, capitalizing on the inherent high microporosity of BP

carbon supported allowed the development of NPMC with a large active site

densities and dispersion.

Zelenay’s group at the Los Alamos National Laboratory utilized a different

approach to the development of highly active NPMC [29]. Aniline precursor was

used and polymerized in the presence of transition metal species (Fe and/or Co) and

a high surface area graphitic Ketjenblack support (alternatively they also used an

ethylenediamine/Co impregnated carbon support). The authors claimed that the

structural similarities between polyaniline (PANI) and the graphitic carbon support

(Fig. 9.3) could enhance the interaction between the two species and effectively

facilitate the formation of active site structures on the support surface during high-

temperature heat treatment (between 400 and 1,000 �C) in an inert environment.

Moreover, enhanced active site densities could be obtained due to the high nitrogen

content of PANI which is a prerequisite for ORR active site formation. The ordered

structure of PANI further ensures the uniform distribution of nitrogen throughout

the catalyst precursors and can allow for improved active site dispersion throughout

the entire NPMC surface area. Following heat treatment, these catalysts were acid

leached in 0.5 M H2SO4 at 80
�C for 8 h, followed by another heat treatment under

inert environment. This posttreatment procedure is utilized in order to leach surface

inactive species, such as metal and/or metal oxide nanoparticles that can block ORR

active moieties. Similar posttreatment acid leaching and pyrolysis techniques have

been deemed effective for improving the performance of NPMCs [30, 31], indica-

tive of the importance of increasing active site exposure. By half-cell ORR kinetic

Fig. 9.1 Schematic

illustration of the micropore-

hosted active site structure

present in ammonia-treated

NPMCs prepared by the

Dodelet group, consisting of

an Fe ion bridged between

two adjacent nitrogen-doped

graphitic crystallites

(reprinted from [27], with

permission from Elsevier)
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Fig. 9.2 Schematic

illustration of the micropore

filling technique and active

site formation during NPMC

synthesis. (a) Two adjacent

graphitic crystallites hosting a

slit micropore in the BP

carbon support, (b) cross

section view of the empty

micropore, (c) micropore

after being filled with 1,10-

phenanthroline and iron

acetate precursors, and (d)

active site formation and

nitrogen-doped graphitic

carbon deposition after

subsequent heat treatments

in argon and ammonia

(from [28] with permission

from AAAS)
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investigations of the best reported PANI-based materials [29], a half-wave potential

only ca. 59 mV below a commercial Pt/C catalyst-coated electrode with a Pt

loading of 60 μg cm�2 was achieved. Moreover, through MEA testing, a maximum

MEA power density of 0.55 W cm�2 was obtained, coupled with promising

operational stability demonstrated through half-cell and MEA degradation

protocols. In this study, appropriate selection of precursor materials and careful

control and optimization of the fabrication techniques resulted in a high density of

active site formation. This provides substantial progress in the field of NPMC

developments and indicates the promise of investigating different combinations

of precursor materials in order to facilitate the formation of a large number of active

sites with good dispersion, along with techniques (i.e., acid washing and subsequent

heat treatment) to increase their exposure.

Li et al. [32] recognized that carbon nanotube (CNT)-based catalysts tradition-

ally had very limited ORR activity under the acidic conditions of PEMFCs,

attributed to the low surface areas and formation density of active sites on the

H
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N
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nitrogen functionalities possibly
coordinated by metallic species
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encapsulated in graphite
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dFe
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N
N

N

Fig. 9.3 Schematic illustration of the fabrication of highly active PANI-based NPMCs. (a) Mixing

carbon support particles with aniline monomer and transition metal precursors, (b) polymerization of

aniline with ammonium persulfate, (c) heat treatment in nitrogen, and (d) acid leaching and second

heat treatment (from [29] with permission from AAAS)
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planar graphitic walls of CNTs. To overcome this inherent limitation, they exposed

CNTs to an oxidative treatment using KMnO4 and H2SO4 in a process similar to the

Hummer’s method for the preparation of graphene oxide. The result was partially

unzipped outer walls of the intact CNTs (Fig. 9.4) with an abundance of defect and

edge plane sites that could successfully facilitate active site formation. Upon

treatment at 900 �C under a 10 % NH3 in Ar environment for 30 min, this developed

catalyst was found to provide excellent ORR activity evaluated by half-cell testing

in 0.1 M HClO4, demonstrating an onset and half-wave potential ca. 100 mV lower

than that of commercial 20 wt. % Pt/C. Although fuel cell performance was not

evaluated, this work opens up an interesting pathway to the generation of a high

density of surface active sites due to the generation of defective graphene sheets

attached to the CNTs, which by atomic scale imaging were found to host active site

species consisting of nitrogen and Fe remaining in the form of impurities from CNT

growth. These results can be linked to numerous other reports that have highlighted

the importance of edge plane sites and surface defects for hosting ORR active site

structures [33–35]. This illustrates the positive impact of generating NPMCs that

have a high degree of edge plane exposure, with different strategies investigated

over recent years with variable amounts of success. For example, Choi et al. [35]

found that simultaneously doping NPMCs with phosphorus dramatically increased

the amount of graphitic buckling and edge exposure in the nanostructured carbon,

owing to the larger atomic size of phosphorus and its preferential sp3 bonding

configuration. This technique was found to result in ORR activity enhancements

of over 100 %, evaluated in terms of mass-based current densities at 0.6 V versus

RHE through half-cell investigations using 1 M HClO4 electrolyte. Structural

modifications of this nature, using techniques such as heteroatomic doping and

Fig. 9.4 Aberration-

corrected transmission

electron microscopy image of

partially unzipped outer walls

of CNTs forming

graphene–CNT complex

catalyst with a high degree of

edge exposure (reprinted with

permission from Macmillan

Publishers Ltd [32], copyright

2012)
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oxidative treatment techniques or by employing unique synthesis procedures, offer

the potential to improve active site densities and NPMC performance, and their

further investigation using a broad range of catalyst materials would be beneficial.

Clearly, there are several effective strategies that can be employed in order to

increase the concentration of exposed ORR active site structures on the surface of

synthesized NPMCs. These strategies provide beneficial activity enhancements

toward the ORR and provide increased understanding for researchers regarding

the specific parameters governing NPMC performance. Modification to these

techniques, along with the development of unique catalyst synthesis approaches,

will provide further understanding of the factors governing active site formation,

density, and catalyst morphologies. Further investigations of alternative synthesis

strategies will provide guidance to researchers and serve to perpetuate this field of

NPMC research and development.

9.2.2 Average Active Site Turnover Frequency

With recent developments toward improving active site densities previously

highlighted and discussed, it is imperative to consider the concept of active site

turnover frequencies and the progress made on this front. Each specific active site

structure, present in different amounts, will have a certain turnover frequency

(dependent on potential) associated with it. Developing strategies to effectively

modulate the turnover frequency of the ORR active sites or increase the preferential

formation of active site structures with high turnover frequencies will allow

researchers the capability to further improve the activity and performance of

NPMC to practical levels approaching or even potentially 1 day surpassing com-

mercial platinum-based catalysts. The physicochemical properties of the NPMC,

along with the exact structure and identity of the active sites, will have a significant

impact on the turnover frequency. Despite significant debate in the scientific

community on the exact nature of the active site structures associated with

NPMCs [15], progress made in recent years toward understanding the overall

impact of catalyst properties and fabrication techniques in order to deliberately

modulate the turnover frequencies will be discussed in this section.

Primarily, the uncertainty with heat-treated NPMCs lies in elucidation of the

exact identity of the sites responsible for ORR activity. Several authors claim that

transition metal centers are not the locale for ORR activity and that performance is

governed by catalytically active nitrogen–carbon species [31, 33, 36–39]. Of these

species, graphitic nitrogen, pyridinic nitrogen, or edge plane exposure sites arising

due to nitrogen incorporation have been claimed to provide the most activity out of

available species. While they may provide catalytic activity in varying amounts,

there are no detailed reports available that elucidate the differences in ORR

turnover frequencies for each of these species. Detailed studies of this nature will

aid in the development of improved NPMCs, where it will be possible to develop
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unique synthesis strategies that allow for the preferential formation of only the most

active nitrogen–carbon moieties with optimal structural configurations.

Conversely, numerous authors claim that metal-centered structures comprise the

locale for catalytic activity [28, 40–44], such as in the case of non-pyrolyzed

transition metal macrocycles. For these cases, the impact of the metal type, redox

behavior, electronic properties, and ligand effects will be influential toward the

inherent ORR activity or turnover frequency of each active site structure. During

high-temperature heat treatments, it is extremely difficult to predict, control, and

probe the atomic reconfigurations occurring, so several researchers have turned to

studies on non-pyrolyzed macrocycle NPMCs for fundamental insight into the

factors governing catalytic activity. The drastically varying ORR activity of

macrocycle complexes consisting of different transition metal species (i.e., Fe,

Co, Cu, Ni) highlights the impact of metal type, with Fe- and/or Co-based catalysts

providing the highest turnover frequencies among several transition metal

macrocycles investigated [45] and providing reasonable explanation for their

almost exclusive use in NPMC studies over recent years. The nature of the

environment surrounding the active site metal center will also have a direct impact

on catalytic turnover frequencies, elucidated by the difference in activity observed

between various macrocycle structures (i.e., phthalocyanine of porphyrin). Further-

more, substituent groups are capable of tailoring the physicochemical properties of

the metal-centered active site structures. For example, Baker et al. [46] investigated

several substituted iron phthalocyanine structures (Fig. 9.5) and suggested that the

presence of substituent groups could influence the electron density of the active

metal centers, ultimately governing their turnover frequencies. While studies of this

nature (non-pyrolyzed) provide a good foundation for the design and development

of future generation NPMC, reliable techniques of transferring over the concepts to

pyrolyzed NPMC are necessary.

Recently, investigations have shifted to focus on how the physicochemical

properties and surrounding environments of the metal-centered active site

structures in NPMCs can positively impact ORR turnover frequencies. Using

carbon black-supported Fe macrocycles as a starting point, Kramm et al. [42]

utilized X-ray photoelectron spectroscopy coupled with Mossbauer spectroscopy

to probe the electronic properties of coordinated Fe-nitrogen active site structures

remaining after high-temperature pyrolysis. The authors observed that increasing

pyrolysis temperatures would lead to an increase in the electron density of the metal

ion center, ultimately leading to improved ORR kinetics observed for these

samples. These results can be linked to the fundamental investigations on non-

pyrolyzed NPMCs, whereby heat treatment at different temperatures will enhance

interactions between the macrocycle complex and the carbon support, modifying

the active site surrounding environment and tuning the ligand–metal center

interactions. This can potentially exert electron-donating behavior to the Fe ion

centers and improve the overall turnover frequency of each individual active site

structure. This investigation provides fundamental significance because it exclu-

sively demonstrated the possibility of modulating the turnover frequencies of

metal-centered active sites in pyrolyzed NPMCs by tuning the specific electronic
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and structural properties of the surrounding environments. Zagal et al. [47]

provided a similar report on a series of non-pyrolyzed and pyrolyzed NPMCs that

associated differences in the catalytic activity to variations in the redox potential of

the metal centers. Using different precursor materials, synthesis techniques, and

pyrolysis temperatures can lead to these variations, and developing effective

strategies to deliberately control the electrochemical properties of the metal centers

should be a focus of future investigations.

Fundamental active site investigations using Mossbauer spectroscopy was

recently applied to the class of NPMCs prepared by impregnation of a carbon

support with iron acetate, followed by heat treatment in ammonia [48]. Five

different Fe species were observed in the developed catalysts, three of which

consisting of the Fe–N4 moieties traditionally believed by these researchers to be

the locale of ORR activity. In this work, the impact of the active site surrounding

environment and ligand contributions was exclusively elucidated, with only two of

these Fe–N4 species deemed active toward the ORR, albeit possessing drastically

Fig. 9.5 Molecular structure of (a) iron phthalocyanine and (b–d) iron phthalocyanine with

various substituent groups (reprinted from [46], with permission from Elsevier)
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varying magnitudes of activity. The structure the authors concluded as most active

for the ORR is illustrated in Fig. 9.6, surprisingly comprising a fifth coordinating

nitrogen, along with the presence of a basic nitrogen group in close proximity to the

active metal center. The turnover frequency of this specific active site structure was

calculated to be 11.4 electrons transferred per site every second, at a half-cell

electrode potential of 0.8 V versus RHE. They further proposed a mechanism for

the formation of various Fe species in this class of ammonia-treated catalyst that

can aid further investigations toward the development of NPMC, where deliberate

control strategies can be applied in order to preferentially form active site structures

with optimal surrounding environments and improved turnover frequencies.

While it is undoubtedly difficult to predict and control the structural, electronic,

and compositional changes occurring during high-temperature treatment of NPMC,

emerging strategies can offer the potential to modulate active site turnover

frequencies in NPMC based on deliberate control of the synthesis techniques and

catalyst precursors. Drawing on the fundamental insight and progress discussed in

this section, researchers are provided the opportunity to expand these investigations

in order to provide further insight into the exact factors governing NPMC turnover

frequencies and establish reliable optimization techniques.

9.3 Non-precious Metal Catalyst Utilization

Recent and extremely promising advances in NPMC development have rendered

materials with activities approaching ORR activity levels that are practical for

application in PEMFC systems. Using NPMCs with extremely low cost in compar-

ison to platinum-based catalysts allows for the economic viability of using signifi-

cantly higher catalyst loadings. However, when using catalyst layers of ca. 100 μm,

almost ten times thicker than state-of-the-art Pt/C-based electrodes, mass transport

hindrance and poor catalyst utilization present a pertinent technical challenge for

fuel cells requiring higher operating current and power densities. Important

considerations include the transport of ORR-related species throughout both the

entirety of the catalyst layer and the individual NPMC catalyst particles, in order to

Fig. 9.6 (Left) Side view, (middle) top view, and (right) molecular orbitals of the five nitrogen-

coordinated Fe-centered sites providing the highest turnover frequency for this class of ammonia-

treated NPMC [48] (reproduced by permission of the PCCP Owner Societies)
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provide utilization of all active site structures. Reactant access (oxygen and

protons) and H2O product removal must simultaneously be facilitated in order to

provide power density outputs practical for many modern applications. The impor-

tance of porosity (micro, meso, and macro), and impact of ionomer content and

distribution, has been elucidated for carbon-supported platinum-based catalyst

layers [49, 50]; however, owing to the just recent emergence of NPMCs with

practical activity for PEMFC application, studies of this nature for thicker NPMC

catalyst layers are nonexistent. Despite the necessity for such studies, NPMC

morphologies must be designed appropriately in order to facilitate adequate mass

transport and improve upon traditionally limited maximum power densities of

NPMC cathodes reported in the literature. This can be accomplished by developing

unique catalyst fabrication strategies to control catalyst particle porosity and

surface properties, along with the development and investigation of improved

catalyst layer architectures.

In a recent study published by Dodelet et al. [44], these authors opted to use

PEMFC performance at a voltage of 0.6 V as a practical gauge for NPMC cathode

performance, combining the effects of fuel cell efficiency (activity) and power

density (catalyst layer utilization). Recognizing that even the best NPMCs reported

in the literature obtained power densities of only one-third to half of those reported

for state-of-the-art platinum catalysts [29, 30, 51–53], these researchers recognized

the need to adapt these catalyst technologies in order to obtain power densities

practical for commercialization. With the importance of microporosity formation

for ORR activity highlighted in their previous work [25, 28], strategies were

investigated in order to couple high NPMC microporosity with the introduction

of a large number of meso- and macropores into the catalyst structures to properly

facilitate mass transport processes during fuel cell operation. In order to accomplish

this, they used a microporous Zn(II) zeolitic metal-organic framework impregnated

by ball milling with 1,10-phenanthroline and iron acetate precursors [44]. This

composite was subjected to an initial high-temperature (1,050 �C) pyrolysis in

argon, followed by a 15-min heat treatment in ammonia at 950 �C. This technique
was not only able to accomplish a high density of micropore-hosted active site

structures but was also capable of facilitating effective mass transport throughout

the bulk of the NPMC layer (ca. 90–120 μm thickness). This enhanced reactant

access and product removal was attributed to high mesopore content, consisting of

interconnected alveolar-like nanostructures with ca. 50-nm-diameter pores clearly

observable from SEM topological imaging. For comparison, NPMC was fabricated

using the same technique, albeit with Black Pearls 2000 carbon support in place

of the metal-organic framework similar to their previously reported highest

performing catalyst [28]. The NPMC developed using the metal-organic framework

was found to result in significantly improved MEA polarization curves (Fig. 9.7)

and a peak power density of 0.91 W cm�2, performance approaching that of state-

of-the-art platinum catalyst, and over double the performance of the Black Pearls

2000-based catalyst. This effectively elucidated the importance of using catalyst

synthesis techniques that can couple high active site densities with improved meso-

and macroporosity in order to facilitate the transport of ORR active species.
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Several other templating techniques have been utilized in order to render NPMC

materials with high porosity to aid in mass transfer and active site exposure. Silica

is a commonly used template that can be impregnated by carbon, nitrogen, and iron

precursors, followed by a high-temperature pyrolysis in order to induce active site

formation [31, 53–57]. This technique is promising as it allows deliberate control of

the resultant catalyst morphology based on the morphology of the silica template

utilized; however, it often relies upon complex synthesis techniques and requires

the removal of silica with HF or other etchants, leading to obvious health and safety

considerations. Many of the silica template NPMC studies, however, did not

investigate the impact of morphology on MEA performance or demonstrated

performance well below the results reported by Dodelet et al. [44]. Other interesting

approaches to prepare high surface area NMPCs with a large degree of porosity are

by using soft-template techniques [58] or by the inclusion of transition metal

oxalate precursor as a structure-forming agent [59]. For the latter, the impact of

increased mesoporous surface areas on the ORR overpotential was demonstrated

(Fig. 9.8); however, MEA testing was not reported.

Fig. 9.7 (a) MEA

polarization and (b) power

density curves for (squares)
state-of-the-art Pt/C catalyst,

(stars) NPMC based on

metal-organic framework,

and (circles) NPMC based on

Black Pearls 2000 carbon

support (reprinted with

permission from Macmillan

Publishers Ltd [44], copyright

2011)
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Clearly, there is a gap in understanding on the impact of pore sizes, size

distributions, and pore structure/interconnectivity on the practical performance of

these thicker NPMC electrodes. Scientists have the capability to tailor pore sizes

and structures based on the use of templating or other techniques; however, this

must be accomplished without sacrificing catalyst active site densities. Further-

more, at the current state of NPMC technology, scientists are provided minimal

guidance regarding optimal pore sizes and size distributions for effective mass

transport facilitation. The ionomer content of the electrode and distribution will

have an impact on the porosity, catalyst particle aggregate structure, and mass

transport characteristics of the catalyst layer which is well documented for Pt/C

catalysts [49, 50, 60, 61]. Furthering the fundamental understanding on how these

factors can impact fuel cell performance and power density output for thicker

NPMC catalyst layers will aid in the design and development of future generation

catalyst technologies that can effectively couple high active site densities with

exemplary mass transport considerations. The optimization of the catalyst layer

(consisting of NPMC and ionomer) architectures and compositions offers the

potential to further improve upon the progress made recently in this field research.

Detailed experimental investigations coupled with computational transport studies

can perpetuate the development of NPMC catalyst layers with increased utilization

and performance over the practical operating range of PEMFCs.
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Fig. 9.8 Half-cell investigated ORR overpotential at a current density of 0.5 mA cm�2 plotted

versus mesopore surface areas of catalyst synthesized from different transition metal oxalate

structure-forming agents (reprinted from [59], with permission from Elsevier)
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9.4 Non-precious Metal Catalyst Stability

At the current state of NPMC development, catalyst and electrode instabilities are

now considered the most pertinent technical challenges facing their practical appli-

cation in PEMFC cathodes. Heat treatment of ORR active transition metal

macrocycles was initially found to dramatically improve the stability of these

materials, attributed primarily to thermal modification of the ligand and surrounding

environments in which the most reactive components react and are no longer

susceptible to degradation during ORR. The impact of the active metal center

surrounding environment was illustrated recently by Li et al. [62], demonstrating

that attaching diphenylphenthioether electron-donating groups to iron phthalocya-

nine could significantly alleviate the instability of iron phthalocyanine in acidic

environments. This enhanced stability was attributed to the electron-donating

behavior of the substituent groups that could significantly reduce the lifetime of

highly oxidizing species that can deactivate the catalyst structures. Despite funda-

mental studies of this nature, when dealing with pyrolyzed NPMC materials, there

is a large amount of uncertainty surrounding the exact nature of performance

instability. The most prevalent hypothesis will be discussed in this section, along

with progress in this field made in recent years.

The ORR can proceed either by an overall four-electron reduction mechanism to

form water or by a two-electron mechanism forming hydrogen peroxide (H2O2)

species. Apart from reducing the efficiency of the fuel cell, H2O2 can act as an

oxidizing agent or highly reactive radical species, either of which can be responsi-

ble for catalyst deactivation or decomposition. Furthermore, upon release from the

catalyst layer, these species can cause instability issues with the polymer electrolyte

membrane or other fuel cell components due to their highly oxidizing nature [63].

Designing catalysts with a higher selectivity would be necessary to alleviate these

issues or by inclusion of a material that can facilitate the further reduction or

decomposition of peroxide species. Olson et al. [43] recently proposed that this

could be accomplished in the case of pyrolyzed Co-based catalysts, with Co-

nitrogen-coordinated sites being responsible for the initial two-electron reduction

of oxygen to H2O2, and Co/Co-oxide particle species responsible for the further

reduction of H2O2 to water products. This could offer a potential explanation for the

improved stabilities of Fe-based NPMC upon addition of Co species [29, 64, 65].

Interestingly, however, while some researchers illustrated marked NPMC perfor-

mance loss upon H2O2 exposure [65, 66], others demonstrated a negligible impact

of these species [67]. This provides indication that the impact of H2O2 species on

NPMC stability is material dependent, and there must be other underlying factors

influencing catalyst stability.

Increasing the degree of graphitization in NPMCs has been positively linked to

improvements in operational stability [65, 68]. This could be due to the enhanced

resistance to corrosion of highly coordinated graphitic structures or to the reduced

number of structural defects that are hydrophilic in nature, leading to active site and

catalyst layer flooding over longer periods of fuel cell operation. Researchers from
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the Los Alamos National Laboratory [29, 65] reported that by using polyaniline

precursors with an aromatic structure could enhance the precursor-graphitic carbon

support interactions, allowing for the formation of well-ordered carbon structures

following pyrolysis that can provide stability enhancements. Negligible perfor-

mance loss of their polyaniline-based NPMC after 700 h of operation at a constant

fuel cell voltage of 0.4 V was reported. It is also possible to improve NPMC

stability using highly graphitized support materials such as carbon nanotubes

[65, 69, 70] or graphene materials [71, 72]. Further investigation of similar, highly

graphitized support materials along with elucidation of the specific factors

influencing their stability (i.e., functional groups, hydrophilicity/hydrophobicity,

and degree of defects) will provide beneficial insight for further NPMC stability

improvements. The exact nature of the surface species and active site structures will

also have a significant impact on catalyst stability and specific degradation

mechanisms. For example, Popov’s group attributes ORR activity to the presence

of nitrogen–carbon functional groups, with pyridinic nitrogen providing high cata-

lytic performance. The authors propose that ORR activity losses of NPMC arise due

to protonation of the pyridinic sites upon exposure to acid, forming catalytically

inactive pyridinic-H+ sites [31, 53] as depicted in Fig. 9.9.

Some of the most active NPMCs reported to date have been prepared by thermal

treatment of catalyst precursors with ammonia [28, 44, 58]; however, it has been

demonstrated that even using small amounts of ammonia during catalyst synthesis

will result in significant stability loss [73]. This raises the question as to what the

sources of these instabilities are in order to develop mitigation strategies to improve

the operational durability of this class of NPMC to levels practical for fuel cell

integration. Herranz et al. [74] recently reported that for this class of catalyst,

surface nitrogen species in proximity but not part of the active site structures are

the source of the loss of catalytic activity during fuel cell operation. Based on acid

washing of their developed NPMC (0.1 M H2SO4 for 24 h), the authors observed

that ORR activity would be significantly reduced. This was followed by a reheat

treatment in argon (>300 �C) where a significant portion of catalyst activity would

be recovered. The authors claimed that the performance loss following acid wash-

ing was due to protonation of the aforementioned surface nitrogen species, followed

by anion binding as depicted schematically in Fig. 9.10. The former would not

negatively impact ORR turnover frequencies of the active site structures; however,

once anion binding occurred, the majority of ORR activity would be lost. In an

Fig. 9.9 Schematic

illustration of the ORR active

pyridinic species protonation

occurring in acidic

environments such as those

encountered during PEMFC

operation (reprinted from

[53], with permission from

Elsevier)
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aqueous acidic solution such as that utilized in the reported investigation, the rate of

anion binding is very rapid, whereas in a PEMFC, the rate of anion supply from the

polymer electrolyte or ionomer species is much slower, albeit prevalent over longer

periods of operation. While the authors observed that a significant portion of the

ORR activity could be recovered by thermal or hydroxide chemical treatment, the

pertinent issue is how to prevent this occurrence during PEMFC operation where

these treatments would not be practical. Modifications to the polymer electrolyte

membrane or catalyst layer ionomer may provide improvements to the NPMC

stability. Other options include modifying or functionalizing the NPMC surface

in order to prevent anion penetration and loss of activity.

The majority of NPMC stability investigations either involve repeated half-cell

electrode cycling, or operating MEA setups at low operating voltages or current

densities. These durability testing protocols can provide indication of NPMC stabil-

ity; however, they do not adequately simulate the potentiodynamic conditions of the

cathode during practical PEMFC operation, especially in the case of transportation

applications. Furthermore, the impact of operating conditions, including reactant

feed humidity, flow rates, backpressure, and operation temperature, will all have an

impact on NPMC performance and durability, albeit with currently unknown

magnitudes of impact. With NPMC activity and performance approaching levels

for practical integration in fuel cell technologies, improvements to the operational

stability are a necessity and must be demonstrated by testing protocols established

specifically for NPMCs. Development and application of these testing protocols

should be a primary focus of future investigations, along with detailed diagnostic

studies in order to determine the primary mechanistic pathways of NPMC perfor-

mance degradation during PEMFC operation. This will provide valuable insight to

researchers in order to improve the stability of NPMC technologies to practical

levels.

Fig. 9.10 Schematic depicting (left) metal-centered active site structure in proximity to a surface

nitrogen species, (center) protonation of the surface nitrogen species with the active site having a

high turnover frequency, and (right) anion binding to protonated surface nitrogen species dramati-

cally reducing active site turnover frequency (reprinted with permission from [74], copyright 2011

American Chemical Society)
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9.5 Conclusions

The development of NPMC that can combine high ORR activity, mass transport

capabilities, and operational stability will provide the necessary breakthrough

for the widespread commercialization of cost-effective PEMFC technologies,

alleviating the current economic hindrance of platinum-based catalyst technologies.

Steady progress has been made over the past several decades on the development of

practical NPMC technologies, and the most pertinent technological advances made

over the past 3–4 years are outlined in this chapter.

Scientists have successfully developed NPMC with high activity using innova-

tive fabrication techniques that can combine excellent ORR active site densities and

turnover frequencies. Further improvements are required in order to ensure high

utilization of the relatively thick (ca. 100 μm) NPMC-based catalyst layers in order

to provide high-power output at increased current densities. Mass transport

limitations are the primary factor governing catalyst utilization and can be

improved by incorporating a high degree of meso- and macroporosity into current

NPMC technologies. In order to provide further improvements and optimization of

mass transport considerations, fundamental investigations are required in order to

elucidate the exact impact of pore sizes and distribution, along with the impact of

ionomer content and distribution throughout the catalyst layer.

Currently, the primary limiting factor facing the successful deployment of

NPMCs for PEMFC applications is the poor operational stability of these materials.

Reliable degradation testing protocols must be developed and detailed diagnostic

investigations carried out in order to identify and understand the degradation

mechanisms occurring in this class of catalyst materials. This will allow the appro-

priate design and implementation of degradation mitigation strategies for the devel-

opment of NPMCs that can combine activity, performance, and long-term stability,

providing immense economic advantages to current PEMFC markets.
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Chapter 10

The Controversial Role of the Metal in Fe- or

Co-Based Electrocatalysts for the Oxygen

Reduction Reaction in Acid Medium

Jean-Pol Dodelet

Abstract Despite decades of research on Fe (or Co)-based electrocatalysts for the

oxygen reduction reaction (ORR) in acidic medium, such as that in PEM fuel cells,

the role of the metal is still one that raises a great deal of controversy. Consequently,

the nature of the catalytic site in these non-noble metal ORR catalysts is still a topic of

debate. One camp within the scientific community believes that the metal is an

integral and electrochemically active part of the catalytic site, while the other believes

that the metal is merely a chemical catalyst for the formation of special oxygen-

reducing N-doped carbon structures. After presenting the case for the importance of

non-noble catalysts at the cathode of PEM fuel cells, we introduce the three models of

active sites that were advocated during the 1980s by van Veen, Yeager, andWiesener

and discuss how they have evolved, especially that of Yeager. Wiesener’s model is

analyzed in detail through the work of several research groups that have been staunch

supporters. The oxygen reduction mechanism on Fe-based and N-doped carbon

catalytic sites is also reviewed. It is concluded that all the active sites proposed by

van Veen, Yeager, and Wiesener in the 1980s, while different, are in fact simulta-

neously present in Fe (or Co)-based catalysts active for ORR in acidic medium,

except that their activity and relative population in these catalysts are different,

depending on the choice of the metal precursor, nitrogen precursor, structural

properties of the carbon support, and the synthesis procedure.

10.1 Introduction

It is a well-known fact that fossil fuels like coal, oil, and gas are the energy sources

that account for about 90 % of all the energy consumed by the developed world.

With a global consumption of 85 million barrels per day (1 barrel ¼ 160 L), oil is
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the energy source of choice for transportation [1]. This sector represents more than

one third of today’s total energy consumption per capita [2]. Despite a projected

increase of oil consumption in the next few decades, known oil reserves are not

overly abundant and may represent only about 40 years’ worth of energy at the

present consumption rate. The projected life of natural gas reserves is of about

60 years, while it is about 250 years for coal [3]. In the not-so-distant future, we will

therefore likely need an alternative energy source to fossil fuels. The latter may be

more valuable and important as a source of carbon in the petrochemical, chemical,

and pharmaceutical industries for future generations.

Among the possible sustainable replacements for fossil fuels are two key

prospects: methanol and hydrogen. A methanol-based society, like the one

advocated by G. Olah, would use the half-cycle of the oxidation of methanol to

CO2 to produce energy and the other half-cycle to return CO2 back to methanol in a

sustainable way [4]. Similarly, a hydrogen-based society would oxidize H2 to H2O

to produce energy and reduce H2O back to H2 in a sustainable way. The advantage

of using H2 as a fuel is that, unlike methanol, it is easily oxidizable electrochemi-

cally by O2 (Air), even at the low temperatures (around 80 �C) in polymer H2/O2

(Air) electrolyte membrane (PEM) fuel cells. The latter are very efficient electrical

power generators that are especially well adapted for transportation applications,

but also for smaller portable applications. Using (compressed) pure H2 as a fuel,

PEM fuel cells would only produce H2O as a reaction product. Then, in an

electrolyzer, water can be efficiently split back into H2 and O2 using stationary

renewable electrical energy sources like solar, wind, and hydroelectricity.

In order to generate acceptable power levels, however, low-temperature PEM fuel

cells need catalyzed electrodes. Thus far, the electrocatalysts used in PEM fuel cells

have been exclusively Pt based. However, Pt is an industrial metal, mainly mined in

South Africa (with about 75 % of the world production) and Russia (about 15 % of

the world production). Today, 50 � 10 % of Pt production of the 200,000 kg/year is

used as chemical catalyst in catalytic converters for internal combustion engine

vehicles. A mere glance at Fig. 10.1 immediately emphasizes the link between the

cost of Pt, that of crude oil, and the health of the economy. In other words, one cannot
hope for a strong economy and for Pt price to stay low at the same time.

Since Pt is a scarce and expensive metal, in 2002, the US Department of Energy

(DOE) set targets for the maximum quantity of Pt to be used in H2/O2 (Air) PEM

fuel cells. Initially, the 2015 target was set to 0.2 g Pt/kWe (with kWe for the rated

electric power) for total anode and cathode Pt content combined. However, due to

the considerable rise in Pt price, a new target—0.125 g Pt/kWe—was recently set

for 2017 [5]. At around $1,700–1,800 per Pt Troy ounce (31.1 g), 0.125 g Pt/kWe

would represent a Pt raw material cost of around $7 Pt/kWe. Meanwhile, the DOE

also sets the cost target for the entire membrane electrode assembly to $9/kWe!

There is, therefore, a strong case for replacing Pt with a lower cost non-noble metal-

based electrocatalyst (or a metal-free electrocatalyst).

In the acid medium of PEM fuel cells (around pH 1), the oxidation of H2 on Pt is

a much easier electrochemical reaction than the oxygen reduction reaction (ORR)

on Pt. The latter reaction is notoriously slow. Consequently, about 5–10 times more
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Pt is needed at the cathode of PEM fuel cells than at their anode [6]. Therefore, a

much greater cost reduction can be achieved by replacing Pt with a lower cost non-

noble metal-based catalyst at the cathode of PEM fuel cells.

It is not possible to simply replace Pt with a non-noble metal as these metals (in

their metallic state) will quickly corrode at the cathode of a PEM fuel cell. Oxides

also have a strong tendency to dissolve in such an acidic environment. Some oxides,

however, are acid resistant, but despite important advances recently reported in

performing ORR in acid medium on these catalysts, they are still insufficiently

active to replace Pt in fuel cells [7]. A detailed review on this topic can be found in

Chap. 13. Promising contenders for the substitution of Pt-based catalysts for the

cathode are Fe (or Co)-based electrocatalysts since they were recently reported to

exhibit relatively high activity, stability, and high power in the potential range

useful for transport and portable applications of PEM fuel cells [8–10].

The DOE has also set targets for non-platinum group metal (non-PGM)

electrocatalysts. These targets are, of course, different from the DOE targets set

for Pt-based catalysts because the nature of their catalytic sites is different from

those of Pt nanoparticles or Pt layers on a carbon or inorganic support. Pt-based

electrocatalysts are evaluated for their mass and specific activities at 900 mV iR-

free in PEM fuel cells under operating conditions defined in ref. [6]. The 2015 target

set by the DOE for non-PGM-based electrocatalysts for the cathode of H2/O2 (Air)

PEM fuel cells was first set at a volumetric activity of 300 A/cm3 measured at

800 mViR-free and has remained so for the 2017 target [5]. The fuel cell operating

conditions are the same as for Pt-based electrocatalysts. Today (2012), the highest

volumetric activity reported was 230 A/cm3, achieved with a Fe-based
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electrocatalyst [10]. This is already quite close to and within grasp of the 2017 DOE

target value of 300 A/cm3 for non-PGM catalysts. Note that it should be better now,

that non-PGM catalysts have non-negligible volumetric activities at 900 mViR-free,

to set their DOE target at that potential rather than at 800 mViR-free in order to avoid

extended extrapolations to obtain their kinetic activity free of mass transport

limitations.

It may seem unusual to measure and compare the catalytic activity in terms of

the volume of the electrode (A/cm3), but contrary to Pt-based catalysts, which have

a much higher raw material cost and are generally used with high Pt loadings on a

conductive support in electrodes having a thickness lower than 10 μm, the lower-

cost non-noble metal electrocatalysts may be used in much thicker cathodes (up to

about 100 μm thick) before being subject to significant mass transport limitations.

In an electrode using a non-noble metal electrocatalyst for ORR, the kinetically

controlled current per unit of volume is given by Eq. (10.1):

Current ðEÞ ¼ SD� TOFðEÞ � e� (10.1)

where Current (E), in A/cm3, is a function of the applied potential E; SD is the

number of catalytic sites/cm3; TOF (E), in electron per site and per second, is the

average turnover frequency of the catalytic site(s) and is also a function of E; and
e� is the charge of the electron in Coulombs. To increase the current per unit of

volume at a specific potential, one needs to increase either (1) SD, (2) TOF (E), or
(3) both SD and TOF (E). The turnover frequency for ORR of a catalytic site is an

intrinsic property of this site. It is probably difficult to change it, let alone to

increase it. It is much easier to increase the number of catalytic sites by modifying

the synthesis of the catalyst. In order to do so, it is useful to have at least a basic

understanding about the nature of the various catalytic site(s) at work in the

catalyst.

Despite decades of research, the nature of the catalytic sites in non-noble metal

ORR catalysts is still a topic of healthy debate and is the subject of this chapter.

There are indeed two very different schools of thought regarding the nature of these

catalytic sites: the metal in the non-noble metal electrocatalyst is either an active

participant in the ORR or it is not. In the remainder of this chapter, a brief history of

the various structures of the catalytic sites proposed in the early days will be

presented. This will be followed by the contribution of our group and others to

elucidate what we believe is the nature of the catalytic site(s) in these catalysts and

why we (and others) believe that the metal is at the heart of the catalytic sites for

ORR in these most active catalysts. This will be followed by a presentation of the

arguments of the other schools of thought, which advocate that the metal is not

electrocatalytically active, but instead only serves as a chemical catalyst for

producing special carbon structures, which are the actual active site for ORR.

The chapter continues with a discussion about these differing views regarding the

nature of the catalytic site(s) and the mechanism for ORR on these catalytic sites to

end up with concluding remarks.
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10.2 The First Three Models of Catalytic Sites for ORR

Me–N4 macrocyclic complexes (with N4-macrocycles being, for instance,

tetraazaannulene [TAA], tetramethoxyphenyl-porphyrin [TMPP], phthalocyanine

[Pc]), and Me ¼ Co or Fe were the first to be used as precursors of the catalytic

sites. In particular, unsupported Co–N4 chelates (CoTAA, CoTMPP, and CoPc) or

Co–N4 chelates adsorbed on a carbon support were used in the 1970s as ORR

electrocatalysts [11]. However, both unsupported and carbon-supported Co–N4

chelate electrocatalysts underwent a rapid decline in the activity. An important

discovery in these early years was that catalyst stability as well as activity toward

ORR could be improved by subjecting Co–N4 chelate/carbon samples to thermal

treatment in an inert gas like N2 or Ar [12].

The question then was the following: what happens to the Me–N4 catalytic site

of the chelate after the heat treatment? This topic was strongly debated in the early

days and is still not completely understood today. Essentially, three models of the

catalytic site for ORR were presented, one each by van Veen, Yeager, and

Wiesener, and their respective collaborators.

• For van Veen, the thermal treatment at temperatures at which catalytic activity is

maximum (500–600 �C) does not lead to the complete destruction of the

macrocycles, but rather to a ligand modification which keeps the Me–N4 moiety

intact (see Fig. 10.2) [13, 14].

• Yeager and coworkers, who were mainly working at higher pyrolysis

temperatures (800–850 �C), disagreed. They proposed that the decomposition

of Me–N4 macrocycles starts at about 400–500 �C. At 800 �C, most of the metal

becomes a mixture of oxides and metal, the latter spontaneously oxidizing when

exposed to air at room temperature. Upon contact with an electrolyte solution,

oxide species undergo dissolution. Metallic ions subsequently adsorb or coordi-

nate to thermally formed sites on the carbon surface, most likely involving one

or more nitrogen atoms bound to the carbon surface, but of a type different from

the macrocycle-derived Me–N4 centers proposed by van Veen and coworkers.

The resulting structure, C–Nx–Me, was believed to be the true catalytic site for

oxygen reduction [15–17].

• A third model was proposed by Wiesener. In his view, the Co or Fe ions of the

adsorbed N4 chelates promoted the decomposition of the chelate upon thermal

heat treatment followed by the formation, at high temperature, of CNx, a special

form of carbon, bearing nitrogen atoms that would be the true catalyst [18, 19].

In this scenario, the metal is believed to be only an intermediate and has no role

in the electroreduction of oxygen.

In 1989, Yeager and coworkers reported the preparation and characterization of

a novel catalyst active for oxygen reduction in acid medium that was made from the

heat treatment at 800 �C of polyacrylonitrile (PAN) and a CoII or FeII salt dissolved

in dimethylformamide and impregnated on a carbon support [20]. This novel

preparation procedure allowed for the generalization of the ingredients necessary
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to obtain an ORR electrocatalyst in acid medium: (1) a Co or Fe precursor, (2) a

nitrogen precursor, and (3) a carbon support for the adsorption or impregnation of

the metal and nitrogen precursors. The resulting material had to be pyrolyzed at

relatively high temperature, which, according to Yeager, was necessary to incorpo-

rate nitrogen functionalities onto the carbon support and to reduce the metal ions.

The previous procedure using Me–N4 chelates was only a coincidental case in

which the nitrogen and metal precursors were present in the same molecule, the

N4-metal chelate. The possibility to use two separate precursors, one for the metal

and the other for nitrogen, offered much more flexibility in the preparation of

the catalysts and led to the use of much cheaper molecular precursors than the

Me–N4 chelates. According to Yeager [20], the active site resulting from the

novel procedure was the same as that previously proposed for the catalysts made

from Me–N4 chelates. Once again, the catalytic site was C–Nx–Me and was self-

assembled when in contact with the electrolyte which dissolved the metal particles

generated during pyrolysis. Here, however, as PAN was used, the nitrile nitrogen of

PAN was converted to pyridinic nitrogen during the heat treatment and were

believed to provide binding sites for the transition metal ions.

In the years following 1989, many groups including ours prepared catalysts for

ORR using various Me–N4 chelates as well as new nitrogen and metal precursors.

The overall work reported during these years is reviewed in ref. [21]. One work in

particular stands out. It is a work by van Veen and collaborators [22], who used

several pyrrole derivatives, as nitrogen precursors, which were loaded onto Vulcan

and Norit BRX with Co acetate, as the metal precursor. The Co loading was 1.5 wt%

for Vulcan and 4.5 wt% Co for Norit. The heat-treatment temperature was 700 �C
in inert atmosphere. The best catalyst was obtained for a Co:N ratio of 1:10 with

2,5-dimethylpyrrole adsorbed on Vulcan. This catalyst was found to be equivalent

to that obtained with CoTMPP loaded at 7 wt% chelate (0.6 wt% Co) on Vulcan and

also heat treated at 700 �C. After EXAFS analysis of their catalysts, van Veen and

coworkers concluded that a Co–N4 complex identical to that obtained with

CoTMPP was, once again, the active catalytic site in their two catalysts. They

also realized that the nitrogen precursor (2,5-dimethylpyrrole) had a structure that

closely resembled one of the four metal-ligating groups in the proposed catalytic

site (Fig. 10.2).

Fig. 10.2 Reaction steps of porphyrin with the carbon support during heat treatment (according to

Fig. 9 in ref. [13]; reproduced with permission of the American Chemical Society)
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It is clear that, as far as the catalytic site is concerned, both Yeager and van Veen

maintained their early positions. They did share a common point, however, which

was that a metallic Fe or Co ion was at the heart of their proposed respective

catalytic sites: Me–N4 bound to carbon for van Veen and C–Nx–Me for Yeager.

While van Veen and Yeager’s models for ORR catalytic sites were popular in the

1990s, the third model, proposed by Wiesener, had very few supporters during this

same period. The most important work, invoking a metal-less catalytic site based on

nitrogen, oxygen, and carbon atoms and on various oxidation states of the nitrogen

atom, was that of Savy and coworkers [23]. Their catalyst was obtained by

adsorbing CoTAA on Norit SX Ultra at a loading of 2.3 wt% Co and then heat

treated up to 900 �C in inert atmosphere. Because no more Co was detectable by

XPS after longevity testing in 0.5 M H2SO4 solution, while the catalyst was still

active, they concluded that the catalytic site had to be metal-less. A sequence of

reactions for the reduction of oxygen on a metal-less catalytic site is given in their

paper. This is, however, a rare case where Savy invoked a metal-less catalytic site,

because in most of his other work, he mainly agreed with the model proposed by

van Veen. Wiesener’s CNx model of the catalytic site for ORR would, however,

gain some interest after 2000 and rally many vocal supporters, as will be discussed

later.

Using high non-noble metal loadings on carbon supports (following the example

of Pt/C catalysts highly loaded in Pt) was characteristic of non-noble metal catalyst

research in the 1990s, including for work done by our group (see ref. [21] for

details). However, doing so resulted in high levels of inactive material being formed

in the non-noble metal catalysts. The latter predominated the characterization of

these catalysts and prevented any conclusions from being drawn about the identity

or nature of the catalytic site(s). By the end of the 1990s, our group radically

modified the procedure for synthesizing non-noble catalysts for ORR by using very

low loadings (either as Fe or Co acetate or as Co- or ClFeTMPP) and replacing

CH3–CN, used as nitrogen precursor, with NH3 gas during pyrolysis (in a mixture

with H2 and Ar). We also used a synthetic carbon precursor, pyrolyzed perylene

tetracarboxylic dianhydride (PTCDA) (see insert in Fig. 10.3), to create our own

metal-free carbon supports. PTCDA (a dye) loses its carboxylic moiety upon heat

treatment above 520 �C, a temperature at which PTCDA begins to polymerize into

carbon fibers [25]. The reasons for using a carbon precursor like PTCDA were

twofold. The first was that it was possible to fully purify the as-delivered PTCDA of

most of its metallic impurities [26]. The second reason was that pyrolyzed PTCDA

gave a carbon support with little background signal in ToF-SIMS, a surface

analytical technique that we used to obtain important information about the cata-

lytic site.

Figure 10.3 shows that, when iron acetate is used as the Fe precursor, the

catalytic activity increases very quickly with Fe loading between 0 and

2,500 ppm and then levels off at loadings of 5,000 ppm (0.5 wt%) Fe and higher.

Larger Fe loadings (up to about 2 wt%) could be reached before a leveling off of the

catalytic activity when the Fe precursor was chloro-iron tetramethoxy phenyl

porphyrin (ClFeTMPP). However, the maximum activity reached with ClFeTMPP
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and iron acetate as iron precursors was the same [24]. All catalysts in Fig. 10.3 were

prepared via the impregnation of the Fe precursor on PTCDA. The resulting

material was then pyrolyzed at 900 �C in H2:Ar:NH3. The difference between

iron acetate and porphyrin precursors was interpreted in terms of a better interaction

of the PTCDA with the Fe-porphyrin than with iron acetate, leading to a better

dispersion of the iron ions on the carbon precursor. Given that similar activity

results were obtained from catalysts made with iron acetate and the iron porphyrin,

we mostly concentrated our efforts on the iron acetate as iron precursor in the

preparation of these catalysts. Unless otherwise specified, all the results from our

group that are described throughout the remainder of this chapter were obtained

with iron acetate as the iron precursor.

The XPS spectra of the catalysts prepared with iron acetate were quite instruc-

tive [27]. Narrow-scan spectra of Fe 2p3/2 and 2p1/2 revealed that Fe was always

found in the ionic form for all Fe loadings, but that a reduced form of Fe (either Fe0

or an iron carbide) was also detected above 8,100 ppm (0.81 wt%) Fe, in agreement

with the leveling off of the catalytic activity observed in Fig. 10.3. Narrow-scan

spectra of N1s of the same catalysts revealed that only the low-binding energy peak

mainly assigned to pyridinic nitrogen [28, 29] (see Fig. 10.4 for the meaning of

pyridinic nitrogen) was shifting toward higher binding energies for higher Fe

loadings. A saturation of this effect at 0.3 eV appeared above 4,660 ppm Fe,

again in agreement with the leveling off of the catalytic activity observed in

Fig. 10.3. This shift has been interpreted in terms of a preferential interaction of
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Fe ion with pyridinic nitrogen atoms in the catalytic site. These nitrogen atoms are

located at the edge of a graphene layer and contribute one electron to the π orbitals

of the layer. Pyridinic nitrogen atoms also have an orbital in the plane of the

graphene layer containing two nonbonding electrons, which are available to coor-

dinate a metal ion such as iron.

ToF-SIMS experiments performed on similar catalysts also prepared with iron

acetate revealed (1) that the catalytic site contained at least two pyridinic nitrogen

atoms and (2) that these nitrogen atoms were in a 1,10-phenanthroline-type struc-

ture like the one reproduced in Fig. 10.4 and proposed by our group in 2002 as part

of the catalytic site in these catalysts [30]. This conclusion was reached because one

ion—FeN2C4
+—came to the fore out of all ions detected by ToF-SIMS when the

catalysts were prepared at various temperatures. The change in the relative intensity

(abundance) of the latter is compared in Fig. 10.5 [24] with the evolution of the

catalytic activity for the same Fe-based catalysts vs. the pyrolysis temperature. The

coincidence of the two patterns indicated that FeN2C4
+ is the ToF-SIMS signature

of the main catalytic site found in such catalysts. We refer to this site as FeN2/C.

The full coordination of the catalytic site proposed in Fig. 10.4 was unknown at that

time. More about the coordination will be revealed later.

Besides FeN2C4
+, other ions of the type FeNxCy

+ were also detected in the ToF-

SIMS spectra of the catalysts prepared with iron acetate as Fe precursor (see

Fig. 10.6). They were of much lower relative abundance than FeN2C4
+ and could

be divided into four families, each one having a different number of nitrogen atoms

(from 1 to 4) bound to various numbers of carbon atoms. For instance, another

ion—FeN4C8
+—was of relatively high abundance (up to 8 % at 500 �C, compared

with the abundance of about 80 % for FeN2C4
+ at 800 �C). It was assigned to a Fe

ion coordinated to four nitrogen atoms, each nitrogen atom being itself bound to

two carbon atoms (see Fig. 10.6). This ion is typical of the fragmentation of

Fig. 10.4 Proposed moiety of the catalytic site referred to as FeN2/C consisting of two pyridinic N

atoms in a 1,10-phenanthroline-type structure coordinating a Fe2+ ion [30]. The complete structure

of this site was still undetermined in 2002; also shown are the various types of nitrogen atoms in a

typical graphene plane
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Fig. 10.5 Comparison of the catalyst activity for ORR in O2 saturated H2SO4 solution at pH 1 (top
panel) and the relative intensity of FeN2C4

+ (bottom panel) vs. pyrolysis temperature for catalysts

obtained by adsorbing iron acetate (0.2 wt% Fe) on pre-pyrolyzed PTCDA followed by heat

treatment in inert atmosphere at various temperatures, ranging from 400 to 1,000 �C. Pre-
pyrolyzed PTCDA is obtained by heat-treating PTCDA at 900 �C in H2:Ar:NH3 (1:1:2) (according

to Fig. 8 in ref. [24]; reproduced with permission of the American Chemical Society)

Fig. 10.6 Relative intensity for all FeNxCy
+ ions of the FeN2Cy

+ family (open circles), FeN1Cy
+

family (dark squares), FeN3Cy
+ family (dark triangles), and FeN4Cy

+ family (dark circles) as a
function of the pyrolysis temperature for catalysts analyzed by ToF-SIMS. The catalysts were

obtained by adsorbing iron acetate (0.2 wt% Fe) on pre-pyrolyzed PTCDA and heat-treating in

inert atmosphere at various temperatures ranging from 400 to 1,000 �C. Pre-pyrolyzed PTCDA

was obtained by heat-treating PTCDA at 900 �C in H2:Ar:NH3 (1:1:2) (according to Fig. 4 in ref.

[30]: reproduced with permission of the American Chemical Society). FeN2Cy
+, which is mainly

composed of FeN2C4
+, is the signature for the proposed FeN2/C structure for the major catalytic

site in these catalysts. FeN4Cy
+, which is mainly composed of FeN4C8

+, and FeN1Cy
+ and

FeN3Cy
+, which are fragments of ionic products of FeN4Cy

+, are all the signatures of the proposed

FeN4/C structure for the minor catalytic site in these catalysts
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ClFeTMPP+ and is characteristic of the Fe–N4 moiety of the porphyrins [30]. It was,
however, found in catalysts prepared with iron acetate! As FeN4C8

+ is also

reminiscent of the structure of the catalytic site proposed by van Veen and

collaborators, which is illustrated in Fig. 10.2, the typical catalytic site referred to

as FeN4/C.

In a refined analysis of the ToF-SIMS spectra of catalysts prepared with iron

acetate as the Fe precursor, it was assumed that all the ions having the same number

of N atoms, originated from the same catalytic site(s). Figure 10.6 shows the

relative intensity of each family of ions vs. the pyrolysis temperature. From

Fig. 10.6, we observe two different behaviors. On the one hand, the family of

ions of the type FeN2Cy
+ increases in relative abundance with the pyrolysis

temperature, then goes through a maximum at 800–900 �C, and decreases at

1,000 �C. On the other hand, the relative intensity of the three other families of

ions behaves similarly, but with a maximum abundance at a low pyrolysis temper-

ature. From this behavior, one may conclude that the ions belonging to the N1, N3,

and N4 families have the same origin: FeN4/C (N1 and N3 ions would all originate

from the fragmentation of N4 containing ions). On the other hand, the origin of the

ions of the N2 family is FeN2/C, whose structure is presented in Fig. 10.4. Both
FeN4/C and FeN2/C were therefore found simultaneously, but in various
proportions based on the pyrolysis temperature, in catalysts obtained with iron
acetate as the Fe precursor.

The simultaneous presence of the same two FeN2/C and FeN4/C catalytic sites

was also observed when ToF-SIMS experiments were performed on catalysts made

with an Fe-porphyrin (ClFeTMPP) with the same Fe loading as that of iron acetate

(0.2 wt% Fe, nominal) and prepared under the same experimental conditions as

those used for the catalysts made with iron acetate. In this case, however, the

relative intensity of ions from the FeN4/C sites was always greater than that of

the ions released by the FeN2/C sites. Four families of N-containing ions were again

found, with the N2 family behaving differently from the N1, N3, and N4 families of

ions. Two types of catalytic sites emerged once again from this analysis. As a
general conclusion from these experiments, it appears that irrespective of the iron
or nitrogen precursor used to obtain a catalyst for ORR, the resulting catalyst
material always contains two types of catalytic sites referred to as Fe–N2/C and
Fe–N4/C, the relative proportions of which depend on the pyrolysis temperature
and the particular iron and nitrogen precursors used.

FeN4/C corresponds to the catalytic site proposed by van Veen. One may

wonder, however, if FeN2/C corresponds to the catalytic site (C–Nx–Me) proposed

by Yeager. The answer to this question is no! Remember that, according to Yeager,

C–Nx–Me is not obtained during pyrolysis, but after contact of the pyrolyzed

material with the acid electrolyte in which iron oxides and iron metal produced

during pyrolysis are dissolved and re-coordinated to C–Nx functionalities of the

carbon to produce C–Nx–Me sites for ORR. A recent experiment confirmed,

however, that C–Nx–Fe is only the precursor of the FeN2/C catalytic site [31]. In

this experiment, when a commercial N234 carbon black was first pyrolyzed in NH3

at 950 �C, its N content increased from 0 to 2.2 at.%. When this N-enriched carbon
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was then impregnated with 0.2 wt% Fe (as iron acetate), a very poor catalyst for

ORR was obtained. This is illustrated by the half-shaded star in Fig. 10.7. A second

pyrolysis step in pure NH3 of this Fe-impregnated material, performed again at

950 �C, resulted in a sharp increase in its catalytic activity even after a second

pyrolysis lasting only 1 min (black squares in Fig. 10.7). If the second pyrolysis was

instead performed in Ar at the same temperature (black circles in Fig. 10.7), it took

at least 40 min to reach the same activity as that reached with a pyrolysis in NH3.

These experiments revealed the importance of the second heat-treatment step (and

the nature of the gas used during the second pyrolysis) for producing catalytic sites

under these conditions. In other words, the C–Nx–Me structure proposed as a

catalytic site by Yeager and collaborators was only the precursor of the actual

catalytic site as C–Nx–Me needed to be thermally activated at high temperature to

become the actual catalytic site referred to as FeN2/C.

10.3 Influence of the Carbon Support

In the previous section, we learned that two catalytic sites, referred to as FeN4/C

and FeN2/C, were simultaneously produced when pyrolyzing a carbon support

on which 0.2 wt% (nominal) Fe was loaded as iron acetate. We also learned that
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Fig. 10.7 Catalytic activity in O2 saturated H2SO4 solution at pH 1 vs. pyrolysis time for N234

pristine carbon black that was first etched in NH3 at 950
�C and then impregnated with 0.2 wt% Fe

(as iron acetate) (half-shaded star). A second pyrolysis of this material performed at 950 �C in pure

NH3 (black squares) or in Ar (black circles) resulted in a sharp increase in the catalytic activity

(according to Fig. 5 in ref. [31]; reproduced with permission of the American Chemical Society)
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FeN4/C is the catalytic site proposed by van Veen, while the C–Nx–Me structure

proposed by Yeager is the precursor of FeN2/C catalytic sites. The nitrogen atoms

chelating the iron ion in FeN4/C are of pyrrolic character, while they are of

pyridinic character in FeN2/C. FeN4/C is also a fully coordinated catalytic site,

while FeN2/C is only the moiety of a more complex catalytic site for ORR. From

these conclusions, it became clear that N-bearing functionalities on the carbon

support are crucial because they are needed for ligating the iron ion of the catalytic

site to the carbon support. Consequently, it seemed logical that increasing the

number of N-bearing functionalities (either pyrrolic for FeN4/C or pyridinic for

FeN2/C) on the carbon support would lead to more catalytic sites on this support. It

was therefore of paramount importance to determine if N-bearing functionalities

were the only factor or if other characteristics of carbon blacks were also important

to maximize the ORR catalytic activity obtained with these carbon supports.

Starting in 2000 or so, few studies focused on the role of the carbon support and

its influence on the activity of the electrocatalysts. In 2002, Bron and his colleagues

compared the activity of catalysts made by the adsorption of Fe-phenanthroline on

three different supports: Vulcan (254 m2/g), Printex (900 m2/g), and Black Pearls

(1,500 m2/g) [32]. The Fe loading was 1.14 wt% for the three carbon supports, and

all catalysts were obtained after pyrolysis at 900 �C in Ar. They found a difference

of about one order of magnitude in the current densities measured at the same

potentials for these catalysts on different carbon supports, with the catalyst on

Black Pearls having the highest activity for ORR. This difference was attributed

to the larger specific surface area of Black Pearls compared with that of Vulcan,

which allowed for a larger density of catalytic sites. Our group also performed

several studies on catalysts made with various carbon supports. In the first study

[33] published in 2003, we used (1) six commercial carbons (Printex XE-2, Norit

SX Ultra, Ketjenblack EC-600JD, acetylene black, Vulcan XC-72R, and Black

Pearls 2000), (2) three developmental carbons (HS 300 from Lonza, RC1, and RC2

from Sid Richardson Carbon Corporation; RC1 was enriched in nitrogen, while

RC2 was not), (3) the same nine previous supports pre-pyrolyzed at 900 �C in an

atmosphere containing NH3 to increase their N content, and (4) a synthetic carbon

made by pyrolyzing perylene tetracarboxylic dianhydride at 900 �C in an atmo-

sphere containing NH3. The same Fe precursor, iron acetate, with a nominal loading

of 0.2 wt% Fe, was impregnated on all these carbon supports, and the resulting

materials were heat treated at 900 �C in an atmosphere containing NH3. The

variation of activity measured in RDE or in fuel cell for these catalysts, all

performed under the same experimental conditions, except for the carbon support,

was significant. On the one hand, no correlation between the specific surface area

and catalytic activity was found. On the other hand, there was a definite correlation

between the catalytic activity and their surface nitrogen concentration measured

by XPS.

In order to understand why different carbon supports had varying abilities in

gaining N-bearing functionalities during pyrolysis in NH3, further studies were

conducted on various commercially available furnace blacks as carbon supports.

These materials were made of aggregates of sphere-like particles having a diameter
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varying between 23 and 375 nm with their ASTM grade. References to the

properties of furnace blacks (which are used primarily in the rubber/tire industry)

may be found in a book by Kinoshita [34] or by Donnet et al. [35].

The main reaction which occurs when a carbon support is pyrolyzed in NH3 at

temperatures between 850 and 1,400 �C is the gasification of carbon by ammonia

gas as given by Eq. (10.2) [36–38]:

Cþ NH3 ! HCNþ H2 (10.2)

In order to better understand the consequences of carbon gasification by reaction

(10.2), this reaction was modeled for furnace carbon black particles [39, 40]. The

premises of the model were that the particles of a pristine furnace black are

composed of two solid phases: (1) an ordered phase containing graphitic crystallites

and (2) a disordered phase resulting from the fast and out-of-equilibrium production

of carbon black from oil feedstock. The assumed initial microstructure of a particle

is represented in Fig. 10.8a where the gray area represents disordered carbon and

the black rectangles graphitic crystallites. Before reacting with ammonia, the

furnace black spherical particles have very little or no micro- or mesopores and

their total surface area is about that of the combined exterior surface area of the

carbon spheres. The model computed, as a function of the reaction time with NH3,

how much mass of the graphitic and disordered carbon phase was left at various

depths inside the particle. The model parameters were estimated from experimental

data of the chosen specific carbon black as (1) the evolution, during heat treatment

with NH3, of its specific surface area (available by BET measurements) and weight

loss percentage; (2) the average initial diameter of the pristine carbon black

particles (available by HRTEM or BET of pristine carbon black); and (3) the initial

in-plane size of the graphitic crystallites of the pristine carbon black (available by

Raman spectroscopy or Rietveld refinement of the XRD diffractogram).

One of the important findings of the modeled gasification was that the disordered

carbon in the particular carbon black studied reacts (or gasifies) about ten times

faster with NH3 than the graphitic crystallites in the same carbon black. This leads

to the creation of pores in the pristine nonporous spherical carbon black particles

via the fast progressive gasification of disordered carbon by reaction with NH3,

while the graphitic crystallites in the same particle are etched much more slowly.

Furthermore, the reaction of NH3 with the disordered carbon content of these

supports leaves nitrogen-bearing functionalities at the surface of the resulting

carbon.

An estimate of the disordered carbon content in a pristine carbon may be

obtained from its Raman spectrum. An example of the Raman spectrum of pristine

carbon black of grade N120 is given in Fig. 10.8b [41]. This spectrum has been

deconvoluted into five components [42]. The component of interest for disordered

carbon content is peak D (the “defect band”). In polycrystalline carbonaceous

materials consisting of a large number of small graphitic crystallites, like in pristine

carbon black, it has been suggested that carbon atoms at the edge of a graphene

layer are considered as the most probable origin of the D band [43]. Graphene
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layers in formation in a disordered carbon phase are therefore strong contributors to

the D peak. It was found that WD, the full width at half maximum of the D band,

measured experimentally in Raman, is a very good parameter to estimate the

relative amount of disordered carbon phase in a carbon black [40]. Figure 10.8c

shows the linear correlation found between the maximum nitrogen content in the

catalysts vs.WD for the various pristine carbon blacks used to obtain these catalysts.

The larger is WD (or the relative amount of disorder carbon phase in a specific

carbon black), the larger is the nitrogen content measured at the surface of the

catalyst prepared with this specific carbon black. Here, each carbon black was first

loaded with 0.2 wt% of Fe as iron acetate then pyrolyzed in NH3 at 950
�C until an

optimal weight loss corresponding to a maximum activity, as shown in Fig. 10.9a

(right Y axis), was reached for each carbon black [41]. This optimum weight loss is

reached when the thickness of the porous layer etched by NH3 in the pristine

Fig. 10.8 (a) Schematic representation of the initial nonporous pristine carbon particle with its

structure partitioned into m shells. Disordered phases (gray zone) and graphitic crystallites (black
rectangles, not drawn to scale) (according to Fig. 1A in ref. [39]; reproduced with permission of

the American Chemical Society). (b) Raman spectrum of the pristine carbon black N120 showing

the deconvolution into five bands: P, D, Am, G, and D2 (according to Fig. 2A in ref. [41];

reproduced with permission of Elsevier). (c) N content, determined by XPS at the surface of the

catalysts made with various pristine carbon blacks of Nxxx grade, vs. the width at half maximum

WD of the Raman D peak. (d) Maximum catalytic activity for each series of catalysts based on

carbon blacks of Nxxx grade vs. the N content determined by XPS at the surface of the catalysts
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Fig. 10.9 (a-right axis) ORR activity in O2 saturated H2SO4 solution at pH 1 of catalysts made in

pure NH3 at 950
�C (filled circles) vs. the percentage weight loss by the catalyst during the heat

treatment. All catalysts were made by impregnation of 0.2 wt% Fe as iron acetate (according to

Fig. S5B in the supplementary information of [44]; reproduced with permission of The American

Chemical Society). (a-left axis) Surface area of three types of pores and total specific area vs.

weight loss percentage of carbon during the heat treatment in NH3 at 950
�C. Total surface area

(open squares), surface area of micropores (width � 2 nm; open circles), mesopores (up
triangles), macropores (down triangles) (according to Fig. 5 in ref. [44]; reproduced with permis-

sion of The American Chemical Society). (b) Catalytic activity for O2 reduction in O2-saturated

H2SO4 solution at pH 1 against microporous surface area of the catalysts of a, right axis (according

to Fig. 6 in ref. [44]; reproduced with permission of The American Chemical society). The insert in
b is a schematic representation of a slit-shaped micropore between two graphitic crystallites

having La and Lc dimensions
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spherical carbon particle of Fig. 10.8a is maximum [39]. Further etching will lead to

a decrease of the spherical particle diameter and a decrease of the catalytic activity

for ORR. Figure 10.8d shows the correlation between the maximum catalytic

activity obtained with specific pristine carbon blacks and the nitrogen content

measured at the surface of these catalysts. It indicates that the catalytic activity

first increases rapidly when the nitrogen content is small, but the effect saturates

when the nitrogen content at the surface of the catalyst reaches about 2 at.%.

Besides the reaction of NH3 with the disordered content of a carbon black

leaving nitrogen-bearing functionalities at the surface of the etched carbon, there

is another important consequence of the reaction of NH3 with carbon. As disordered

carbon is mainly gasified, leaving behind a more crystalline structure of the carbon

black, the occurrence of porosities in the carbon black follows the reaction front.

Therefore, the total surface area of the carbon black greatly increases with the loss

of carbon mass resulting from reaction (10.2). This is illustrated in Fig. 10.9a (left Y
axis). The new porosities may be categorized as micropores (�2 nm), mesopores

(between 2 and 50 nm), and macropores (�50 nm). Figure 10.9a (left Y axis) also

shows the change in the surface areas assigned to the micropores, mesopores, and

macropores versus the weight loss percentage. By comparing the trend of the

catalytic activity in Fig. 10.9a (right Y axes) with the trends for the surface area

of the various pore sizes, we can see that there is a direct correlation between the

catalytic activity and the micropore surface area of the catalyst. This is illustrated

more clearly in Fig. 10.9b. From Fig. 10.9b, and other results obtained with

catalysts made with a wide range of commercial pristine carbons [41], we
concluded that the most active catalytic sites that were previously referred to as
FeN2/C are hosted in the micropores of the carbon support. These micropores were

etched in the pristine nonporous carbon blacks by their reaction with NH3. For the

catalyst presented in Fig. 10.9a, we also found that, at maximum catalytic activity,

the nitrogen content of the catalyst was around 4 at.%, a value within the saturation

region of Fig. 10.8d. In other words, the N content in this case was not a limiting

factor to the catalytic activity. The latter was only limited by the availability of

micropores for hosting the catalytic sites. A schematic structure of a slit-shaped

micropore usually found in carbon blacks [45] is illustrated in the insert of

Fig. 10.9b. This interstice between two graphitic crystallites was previously filled

with disordered carbon. These graphitic crystallites consist of a few graphene layers

characterized by La, the in-plane dimension of the graphene layers (between 2 and

3.5 nm), and a Lc, the height of the graphene stack (between 1 and 1.8 nm) for

carbon black particles with diameters between 23 and 375 nm, respectively [41].

Following the discovery of the two important factors (the N and micropore

contents) that govern the activity of catalysts made by the impregnation of a carbon

black with 0.2 wt% Fe as iron acetate and its pyrolysis in NH3 at high temperature,

in 2008, we proposed a structure that would replace FeN2/C, the incomplete

catalytic site structure depicted in Fig. 10.4 that was previously introduced as a

possible part of the most active type of catalytic site.

This new structure was referred to as FeN2 + 2/C and is depicted in Fig. 10.10.

The label FeN2 + 2/C was chosen to distinguish this catalytic site from the van Veen
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type of site—FeN4/C (Fig. 10.2)—that was shown to be simultaneously present

with FeN2/C (now FeN2 + 2/C) in Fe/N/C catalysts [30]. Here, however, the four

nitrogen atoms chelating the iron ion in FeN2 + 2/C are of pyridinic character, while

they are of pyrrolic character in the van Veen type FeN4/C site. The depicted

structure of FeN2 + 2/C is based on several experimental findings, namely, (1) the

previously found importance of pyridinic (and even phenanthrolic) nitrogen atoms

in FeN2/C [27, 30], (2) the fact that these FeN2 + 2/C catalytic sites are hosted in

micropores [44] which are slit shaped in carbon black [45] and that the width of the

slit-shaped micropore hosting the catalytic site are between 1 and 2 nm wide [46],

and (3) most EXAFS and Mössbauer experiments performed so far on Fe/N/C (and

Co/N/C catalysts) always concluded that the metal ion of the catalytic sites was

surrounded by four nitrogen atoms [22, 32, 47–50].

10.4 The Revival of the Wiesener Model

10.4.1 Stevenson and His Collaborators

In 2004, Maldonado and Stevenson published a paper about the electrocatalytic

behavior of carbon nanofibers (CNFs) toward oxygen reduction obtained via the

pyrolysis of ironII phthalocyanine [51]. They suggested that the disorder in the

graphitic fibers, i.e., the presence of exposed edge phase defects, and the nitrogen

functionalities were important factors influencing the adsorption of reactive

intermediates generated during the reduction of oxygen. The enhancement of the

ORR electrocatalysis on these materials was attributed to all of these factors. Their

Fig. 10.10 FeN2 + 2/C is a

possible structure of the major

catalytic sites in Fe/N/C

catalysts. This structure is

derived from the previous

partial FeN2/C structure

illustrated in Fig. 10.4

(according to Fig. 15 in ref.

[41]; reproduced with

permission of Elsevier)
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carbon nanofibers were obtained at 1,000 �C in a reducing atmosphere (Ar–H2) on a

Ni mesh. The growth of the CNFs was catalyzed by a diffusion-controlled mecha-

nism where iron particles that were left over from the pyrolysis of the phthalocya-

nine served as nucleation sites for the carbon fibers. Iron nanoparticles still present

with the CNF were indeed observed by TEM and were predominantly encapsulated

within graphitic envelopes. TEM also revealed that the nanofibers had a bamboo-

like structure resulting from the substitution of N atoms into the graphene structure

of the nanofibers. The possibility of N substitution in the CNFs was attributed to the

formation of pentagonal-like defects, which were most likely responsible for the

compartmentalized morphology of the carbon nanostructure. About 1 at.% of

nitrogen atoms was detected by XPS as pyridinic, pyrrolic, and quaternary nitrogen

at the surface of these catalysts, while the amount of Fe at the surface of CNFs was

measured at about 0.1 at.% by the same analysis technique. From Raman spectros-

copy of the N-doped CNFs, it was also deduced that significant edge plane sites

were present in the catalyst.

All electrochemical measurements in the latter work were performed at pH 7,

showing that oxygen reduction on N-containing carbon nanofibers was shifted by

about 0.25 V toward more positive potentials compared with a glassy carbon

electrode immersed in the same 1 mM O2-saturated solution of 1 M KNO3. The

number of electrons transferred during ORR was determined to be 2. Maldonado

and Stevenson concluded that it appeared highly unlikely that O2 reduction at their

N-doped CNFs proceeded via a Fe-redox mediation-type mechanism typical for

most intact iron macrocycle supported on a carbon electrode. They believed that the

increased catalytic activity and more positive O2 reduction potential observed for

their N-doped CNF electrode was predominantly the result of enhanced adsorption

at nitrogen functional groups that accelerated ORR by a 2e process and improved

the decomposition of peroxide. They also speculated that Fe predominantly acted to

promote and stabilize nitrogen incorporation into the graphene sheets of CNFs

rather than of being at the heart of the catalytic sites for oxygen reduction.

This paper was followed by another in 2005 [52] where the N-doped CNFs were

prepared by a chemical vapor deposition at 800 �C using ferrocene and pyridine this

time. Undoped CNFs were also prepared similarly with ferrocene and xylene. The

residual bulk iron percentages for N-doped CNFs were obtained by TGA. It was

9 � 1 wt% Fe for N-doped CNFs and 7 � 1 wt% Fe for the undoped fibers. XPS

surface analysis of the same fibers gave 1.1 and 1.2 at.% Fe, respectively, which

corresponds to about 4.5 wt% Fe. The electrochemical properties of the two types

of fibers were measured at pH 7 (1 M KNO3) and at pH 14 (1 M KOH), see

Fig. 10.11a, b, respectively. From these figures, one may conclude that N-doped

CNFs are better catalysts for ORR than the undoped ones. However, the potential

difference between the two nanostructures decreases as the pH increases! Again, in

this paper, they concluded that the activity of N-doped carbon nanofibers toward

oxygen reduction and hydroperoxide decomposition is a direct result of nitrogen

doping and is not related to the residual iron content. They added that they saw no

evidence for the presence of iron-chelated surface sites (like FeN2/C or FeN4/C),

but if these sites were indeed present on the surface of the N-doped CNFs, they
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should be easily poisoned by the presence of CO due to the strong irreversible

binding of CO to the active iron site. Furthermore, nitrogen incorporation produced

activated carbons with increased stability toward the fiber oxidation.

In an accompanying paper [53], the same N-doped carbon nanofibers were

grown with ferrocene and pyridine, but this time, NH3 was added in addition to

pyridine in order to increase their N content from 4 at.%, when no NH3 was added,

up to 12 at.% with addition of NH3. At the same time, the residual Fe content

increased from 9 wt% to about 20 wt%! Typically, most of the iron particles were

encapsulated with layers of graphene. While both the amount of pyridinic and

pyrrolic/graphitic nitrogen atoms increased with the Fe content, the pyridinic N

peak showed a twofold greater increase in abundance compared to the pyrrolic/

graphitic peaks. Raman spectra also indicated that the ratio of the D/G bands of

CNFs also increased with an increase of the total N content in the fiber, suggesting

an increase of the edge plane density with the N content as well. The prevalence of

pyridinic functionalities in N-doped CNFs confers an alkaline character to these

fibers with a pHpzc (pKa) of 9.3 for 4 at.% nitrogen in N-doped carbon nanofibers.

These nitrogen atoms, located on the edge of graphitic planes, exhibit an extra lone

pair of electrons which increase the electron density and electron-donating charac-

ter of graphitic edge planes. It is reasonable to expect that these edge planes, which

are commonly known to be reactive sites, will show an increased reactivity for ORR

due to the electron density generated from the incorporation of nitrogen in

pyridinic-like coordination. The reducing capability of these materials was indeed

verified by iodimetric titration.

In subsequent years, Stevenson’s group continued the investigation of N-doped

CNFs and carbon nanotubes (CNT) grown from ferrocene and pyridine [54, 55].

From these experiments, they concluded that O2 reduction at neutral pH was not

catalyzed by surface-bound FeII/III species. In their last paper [56], they used the

Fig. 10.11 (a) Voltammetric responses for the oxygen reduction reaction of a non-doped

carbon nanofiber electrode (dashed line) and a N-doped carbon nanofiber electrode (solid line)
immersed in an O2 saturated 1 M KNO3 solution (according to Fig. 6 in ref. [52]; reproduced with

permission of the American Chemical Society). (b) Same as in (a), except the electrolyte used

is an O2-saturated 1 M KOH solution (according to Fig. 10.7 in ref. [53]; reproduced with

permission of Elsevier)
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electroreducing properties of N-doped CNTs to reduce O2 at near neutral pH (pH

6.4) and generate hydroperoxide anions (HO2
�) that may further react with toxic

CN� anions and oxidize them into OCN� nontoxic anionic species.

It is worth noting, after a thorough review of the publications by Stevenson and

his collaborators, that they have always used N-doped carbon nanostructures as

ORR electrocatalysts in neutral or in alkaline solutions, where the oxygen reduction

reaction is facilitated and achievable even with carbon alone. The fundamental

kinetic advantage in the alkaline medium arises primarily from the improved

stabilization of the peroxide intermediates on the catalyst surface [57]. It is our

opinion that it is not in studying non-noble electrocatalysts in alkaline or even in

neutral media that it is possible to resolve the long-debated question about the

controversial role of Fe (or Co) in the active site for ORR. The specific role of Fe

(if any) can only be confirmed (or infirmed) from studies conducted in relatively

strong acid medium, in which carbon is largely inactive for ORR [58]. This point is

illustrated in Fig. 10.11 which demonstrates the decreased influence of nitrogen

doping on the ORR activity for carbon nanofibers when measured at pH 14 vs. pH 7.

On the contrary, when comparing the ORR activity of one metal-free, two Fe-based

catalysts, and a Pt/C catalyst in pH 13 and pH 1, as illustrated in Fig. 10.12A (pH

13) and Fig. 10.12B (pH 1), the catalytic activities behave differently. In these

figures, the curves labeled “d” are for an N-doped Black Pearls catalyst containing

0 wt% Fe (or a Fe content below the detection limit of 50 ppm for Fe in Neutron

Activation Analysis), while curves “b” and “a” are for two Fe-based catalysts

obtained with a nominal Fe loading of 0.2 wt% [41, 44] and 1 wt% [8], respectively.

Curve “c” is for a 46 wt% Pt/C catalyst [60]. The blue arrows in Fig. 10.12A, B is an

indication of the onset potential (Vonset) of the catalysts, which will be defined in the

next section. It is clear from Fig. 10.12A (at pH 13) that Vonset is 0.85 V vs. RHE for

curve “d,” which represents the metal-free N-doped Black Pearls, is practically the

same as the Vonset of 0.87 V vs. RHE for curve “b,” which represents the least active

Fe/N/C catalyst in the same figure. On the other hand, in Fig. 10.12B (at pH 1),

Vonset is 0.63 V vs. RHE for curve “d” (metal-free N-doped Black Pearls), while it is

0.83 V vs. RHE for the least active Fe/N/C catalyst. Here we have a difference of

0.20 V between the two Vonset values. With a Tafel slope of about 0.10 V per decade

at pH 1(at 0.8 V vs. RHE) for the metal-free N-doped black Pearls [61], a factor of

about 100.20/0.10 (or 100) is therefore expected at the same potential, between the

mass activity (in A/g catalyst) of metal-free N-doped Black Pearls and that of the

least active Fe/N/C catalyst in this acid medium!

10.4.2 Ozkan and Her Collaborators

The view that the role of Fe is merely a chemical catalyst for the formation of ORR-

active CNx structures, first proposed by Wiesener and collaborators in 1986 [18],

and again by Stevenson and collaborators in 2004, from their experiments on

carbon nanostructures in neutral and alkaline media, was also held by Ozkan and
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collaborators in 2006 [62], but this time for ORR experiments in the acid medium

(0.5 M H2SO4). Their first publication [62] has since been followed by many others

who have arrived at the same conclusion: that the role of Fe is limited to catalyzing

the growth of ORR-active CNx structures. To properly assess and compare reported

ORR activity for catalysts measured in so many different conditions in many

publications, we will require a tool or convention. This can be done by defining a

consistent way to read the Vonset for ORR of all these catalysts, as most researchers

working in acid medium report at least the initial part of the ORR cyclic

voltammogram (CV) starting at OCV and measured with a rotating disk electrode.
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Fig. 10.12 (A) Disk currents at 1,600 rpm and 10 mV/s from RRDE measurements in O2-

saturated KOH solution at pH 13 for the ball-milled Fe/N/C catalyst (curve a), the Fe/N/C catalyst

made by impregnation (curve b), 46 wt% Pt/C (curve c), and heat-treated Black Pearls (curve d).

Fe/N/C and Black Pearls were all heat treated in pure NH3 at 950
�C during the synthesis of the

catalysts. Black arrows indicate the scan direction. Blue arrows pointing toward the axis of

potentials give the Vonset values (vs. RHE) for each catalyst (see also Fig. 10.13 for Vonset

definition). Vonset are 0.85 V for curve d, 0.87 V for curve b, 0.93 V for curve a, and 0.97 V for

curve c (according to Fig. 3b in ref. [60]; reproduced with permission of Elsevier). (B) Same as (A)

except that RRDE measurements are performed in O2 saturated HClO4 solution at pH 1. The

values of Vonset vs. RHE for each catalyst are given by the blue arrows pointing to the axis of

potentials. They are 0.63 V for curve d, 0.83 V for curve b, 0.90 V for curve a, and 1.03 V for

curve c (according to Fig. 1b in ref. [60]; reproduced with permission of Elsevier)
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Figure 10.13 shows how these Vonset values will be read on the reported CVs.

Here straight lines (arrows) are drawn tangent to the inflection point (when possi-

ble) of the CV curves and extrapolated to zero disk current. For the purpose of this

chapter, Vonset shall therefore be defined as the potential at the arrow point. It will be

expressed vs. RHE in order to compare experiments performed by different

researchers in O2-saturated solutions of different acid concentrations [from 1 M

to 0.005 M H2SO4 (or HClO4)]. Vonset is not a perfect indicator of catalytic activity,

but it is the only one which allows for a fair and meaningful comparison of the

reported cyclic voltammograms of electrodes loaded with various catalyst loadings,

as well as being recorded at various rotations and scan rates.

Figure 10.13 was obtained by combining the CV curves measured at pH 1 that

were published in 2004 by our group [59] for the ORR on three as-received carbon

supports (Vulcan_as rec; Ketjen Black_as-rec; Black Pearls_as-rec, open symbols
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Fig. 10.13 (a) Disk currents at 200 rpm and 10 mV/s from RRDE measurements in O2 saturated

H2SO4 solution at pH 1 for as-received Ketjen Black, Vulcan, and Black Pearls. Vonset values are

obtained from a line tangent to the inflection point of the CV curve (when possible) and

extrapolated to zero disk current. It is the potential at the tip of the arrow. Vonset (vs. RHE) is

0.16 V for Ketjen Black, 0.23 V for Vulcan, and 0.34 V for Black Pearls (according to Figs. 1A,

2A, and 3A in ref. [59]; reproduced with permission of Elsevier). (b) Same as (a) except that all

carbon blacks were heat treated at 900 �C in NH3:H2:Ar (2:1:2; in vol.). Vonset (vs. RHE) is 0.50 V

for Vulcan_NH3, 0.54 V for Ketjen Black_NH3, and 0.63 V for Black Pearls_NH3 (according to

Figs. 1B, 2B, and 3B in ref. [59]; reproduced with permission of Elsevier)
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in Fig. 10.13a) and the same carbon supports after a heat treatment at 900 �C in Ar:

H2:NH3 (Vulcan_NH3; Ketjen Black NH3; Black Pearls_NH3, gray symbols in

Fig. 10.13b). The latter are all metal-free and N-doped carbons (Vulcan_NH3:

1.1 at.% N; Ketjen Black NH3: 0.8 at.% N; Black Pearls_NH3: 0.6 at.% N) [33].

The conversion from the potential vs. SCE reference electrode (0.24 V vs NHE) to

vs RHE was done by adding 0.30 V at pH 1. So, for instance, Vonset ¼ �0.07 V vs.

SCE for Vulcan_as-rec became 0.23 V vs. RHE and Vonset ¼ 0.20 V vs. SCE of

Vulcan_NH3 became 0.50 V vs. RHE. All Vonset values vs. RHE of Fig. 10.13a, b

are given in their respective captions. Vonset values were extrapolated similarly for

both Fig. 10.12A, B. They are also given in their respective captions. Figure 10.13b

shows that our group was already well aware of the beneficial role of N doping of

metal-free carbon supports in 2004, but we were most interested in the much higher

activities that could be achieved in the acid medium (pH 1) by adding a Fe (or Co)

precursor to the synthesis of Fe-based catalysts for ORR as illustrated in

Fig. 10.12B. Contrary to Wiesener and followers, we attributed this enhancement

of activity to the presence of Fe-containing catalytic sites. Let us now go back to the

catalysts obtained by Ozkan and collaborators.

The catalysts synthesized by Ozkan and her collaborators [62–77] were carbon

nanostructures like multiwalled carbon nanotubes or carbon nanofibers with a

herringbone structure, stacked platelets, or stacked cups. Onion-type carbon

nanostructures were also obtained. They were always prepared by impregnating a

metal acetate (usually iron or nickel acetate) onto an oxide support (alumina, silica,

magnesia) or onVulcan. The nominal metal loading on the support was always 2 wt%.

This catalyst precursor was then pyrolyzed at 900 �C in acetonitrile (CH3–CN)

vapors. Then the oxide support was removed by its dissolution in KOH, HF, or HCl,

depending on the nature of the support. Finally, the resulting material was washed

in HCl to remove the exposed metal and to obtain the CNx catalyst. The latter were

labeled: CNx-Fe/Vulcan or CNx-Fe/Al2O3, or CNx-Ni/MgO to identify each type

of catalyst based on of their synthesis procedure. Metal-free CNx catalysts were

also prepared. In that case, the catalyst precursor contained no metal. All other steps

of the above-described procedure remained the same. All these catalysts had a large

distribution of N-doped nanostructures. For instance, CNx-Fe/Al2O3 was composed

of 57 % stacked cups, 3 % fibers, and 40 % multiwalled carbon nanotubes, while

CNx-Ni/Al2O3 was composed of 6 % stacked cups, 17 % fibers, 17 % multiwalled

carbon nanotubes, and 60 % broken multiwalled carbon nanotubes [65, 71].

The carbon nanostructures were characterized using several techniques: BET

(for the determination of their surface area), thermogravimetry and differential

scanning calorimetry (to determine their stability toward oxidation), X-ray diffrac-

tion (to detect metallic and carbon phases), X-ray photoelectron spectroscopy (to

obtain their surface nitrogen content), and transmission electronic microscopy (to

identify the carbon nanostructures and observe the presence of remaining metal

particles). All catalysts were also evaluated for their activity toward ORR in 0.5 M

H2SO4 solutions at 1,000 rpm. Inks prepared by mixing the catalysts with Nafion

were then deposited on the surface of a glassy carbon electrode for RDE charac-

terization. Typical electrochemical results for ORR are shown in Fig. 10.14a, b.
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The three curves in Fig. 10.14a [71] are those of the oxygen reduction reaction on as-

received Vulcan (Vonset ¼ 0.14 V vs. RHE), CNx-Ni/Al2O3 (Vonset ¼ 0.56 V vs.

RHE), and CNx-Fe/Al2O3 (Vonset ¼ 0.72 V vs. RHE). The four curves in Fig. 10.14b

[75] are those of the oxygen reduction reaction on as-received Vulcan (Vonset ¼ 0.16

V vs. RHE), metal-free CNx/MgO (Vonset ¼ 0.53 V vs. RHE), CNx-Fe/Vulcan

(Vonset ¼ 0.60 V vs. RHE), and CNx-Fe/MgO (Vonset ¼ 0.63 V vs. RHE).

In all their reports, Ozkan and collaborators found that N-doped carbon

nanostructures made with Ni were always less active than those made with Fe.

Their explanation of this behavior was that, depending on the metal and the support

Fig. 10.14 (a) Disk currents at 1,000 rpm from cyclic voltammetry experiments in O2-saturated

0.5 M H2SO4 solution for as-received Vulcan (Vonset ¼ 0.14 V vs. RHE), HF-washed CNx grown

on Ni/Al2O3 (Vonset ¼ 0.56 V vs. RHE), and HF-washed CNx grown on Fe/Al2O3 (Vonset ¼ 0.72 V

vs. RHE) (according to Fig. 1 in ref. [71]; reproduced with the permission of Springer). (b) Disk

currents at 1,000 rpm and 10 mV/s from cyclic voltammetry experiments in O2 saturated 0.5 M

H2SO4 solution for as-received Vulcan (Vonset ¼ 0.16 V vs. RHE), HCl-washed metal-free CNx

grown on MgO (Vonset ¼ 0.53 V vs. RHE), CNx grown on Fe/Vulcan (Vonset ¼ 0.60 V vs. RHE),

and HCl-washed CNx grown on Fe/MgO (Vonset ¼ 0.63 V vs. RHE) (according to Fig. 2b of [75];

reproduced with permission of Springer)
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used, carbon nanostructures were found to vary significantly developing into

different nano-geometries. Depending on the obtained geometry, the exposed

graphitic crystal planes and the nitrogen functional groups on the surface also

varied significantly. A correlation was found between the edge plane exposure of
the graphitic crystallites, the pyridinic nitrogen content of the catalysts, and the
ORR activity. As CNx structures grown on Fe-containing supports were

characterized by high amounts of edge plane exposure and high pyridinic nitrogen

content, these CNx structures tended to be the most active ones for ORR. Their

mean Vonset value (when all results for Fe-containing catalysts published by Ozkan

and collaborators are averaged) is 0.67 V vs. RHE. This is followed by CNx grown

on metal-free supports, which are characterized by a mean value of their Vonset of

0.61 V vs. RHE. Next are the CNx structures grown on Ni-containing supports with

a mean Vonset value of 0.52 V vs. RHE. While the mean value of Vonset for all

catalysts grown on Fe-containing support is 0.67 V vs. RHE, individual reports vary

from a low Vonset ¼ 0.55 V [76] to a high Vonset ¼ 0.77 V vs. RHE [65]. There is

less variation in the Vonset (but also fewer samples) for the catalysts obtained

without metal (from 0.53 [75] to 0.67 vs. RHE [65]) for a mean value of 0.61 V

vs. RHE. The same is also true for the catalysts grown on Ni supports (from 0.46

[65] to 0.56 vs. RHE [71]) for a mean value of 0.52 V vs. RHE. The lowest, average,

and highest Vonset values from the paper by Ozkan and collaborators are illustrated

in Fig. 10.15. The same figure also shows Vonset values obtained from the

publications of other groups.

It should be noted that in Fig. 10.15, the metal-free CNx nanostructures grown

by Ozkan and collaborators by pyrolyzing CH3–CN at 900 �C on Al2O3 and those

obtained by Dodelet and collaborators by pyrolyzing carbon blacks in NH3 at

900 �C have practically the same Vonset, despite the large difference in their total

nitrogen content (5.2 at.% N for metal-free CNx/Al2O3 and between 0.6 and 1.1 at.

% N [33] for all the metal-free catalysts of Fig. 10.13b). As a matter of fact, the

N-doped Black Pearls in Figs. 10.13b and 10.12B are also both characterized by the

same Vonset: 0.63 V vs. RHE, despite the large difference in their total N contents.

Indeed, the N-doped Black Pearls in Fig. 10.13b has a total N content of 0.6 at.%,

while it is about 4 at.% for the N-doped Black Pearls in Fig. 10.12B [44]. The

difference arises from the procedure used for their preparation: a pyrolysis step at

900 �C in a mixture of Ar:H2:NH3 for the former, while it was a pyrolysis step at

900 �C in pure NH3 for the latter. Furthermore, the percentage of their total N

content that was pyridinic was always around 30 %, a value often obtained by

Ozkan and collaborators. No improvement of the catalytic activity for ORR was

therefore observed by our group when the total N content (or its pyridinic fraction)

was increased from 0.6 to 4 at.% N (or from 0.2 to 1.3 at.% pyridinic N) for

N-doped Black Pearls.

While the improvement of the catalytic activity observed by Ozkan and

collaborators when their CNx nanostructures were grown on Fe-impregnated

supports was interpreted in terms of an increased formation of graphitic edges

stabilized by pyridinic nitrogen atoms (and perhaps also by graphitic nitrogen

atoms), an alternative explanation to their ORR activity improvement may be the
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contribution of a few catalytic sites involving a Fe ion active for the ORR. For

Ozkan and collaborators, the numerous metal particles observed by TEM in their

materials only served to catalyze the formation of this special carbon and its

stabilization by N doping, with N contents up to 9.3 at.% [70]. They used a similar

argument for the lower catalytic activity of CNx nanostructures grown on Ni-

impregnated supports. In this case, according to them, much less catalytic edges

were formed and were also stabilized by a lower number of N atoms (down to 4.1 at.%)

[71]. Our alternative explanation for this behavior would be that, even if sites

involving Ni ions were obtained, all materials made with Ni as metal precursor

have always been found to be inactive toward ORR [26] and these catalysts should

therefore show an activity similar to that of metal-free CNx.

Besides doping their carbon nanostructures with nitrogen, Ozkan and

collaborators also tried to increase their nitrogen doping of the graphitic edges in

their catalysts with additional phosphorous atoms [72, 74] or with additional sulfur

Fig. 10.15 Frame A—lowest, average (symbol), and highest Vonset values (vs. RHE) reported by

various groups for the oxygen reduction reaction in acid medium. The N-doped catalysts were

either metal-free (open circles), grown on Ni/support (black triangle), Fe/support (black circles),
or Co/support (black circles). Frame B—summary of the lowest, average (symbol), and highest

Vonset values (vs. RHE) reported for various groups for the oxygen reduction reaction in acid

medium. Here, the open square represents the overall average of the open symbols in Frame A,

while the black square represents the overall average of the black circles in Frame A. The gray
diamond is the average value reported by various groups for all as-received carbon black supports
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atoms [70]. CNx-Fe/MgO catalysts doped with a P/Fe ¼ 1 ratio were prepared by

pyrolysis at 900 �C in CH3–CN vapors. Both catalysts did not show much differ-

ence in their Vonset (0.65 V without P and 0.67 V vs. RHE with P/Fe ¼ 1). Here, P

was introduced by adding triphenylphosphine to acetonitrile vapors in the reactor.

The same conclusion was reached when Swas added as thiophene to acetonitrile. In
this case, Vonset increased from 0.65 V vs. RHE for S ¼ 0–0.68 V vs. RHE for 8.9 %

thiophene in acetonitrile. Attempts to poison any Fe/N/C sites still present in

purified CNx-Fe/MgO using a subsequent heat-treatment step at 350 �C in a

mixture of 1,050 ppm H2S in H2 were unsuccessful [77]. As Fe/N/C sites were

expected by Ozkan and her collaborators to be poisoned in these conditions, they

concluded that no residual iron that might be catalytic for ORR was accessible for

ORR in their material. This poisoning presumption of Fe/N/C by H2S has not,

however, been verified with known structures, like unpyrolyzed iron phthalocya-

nine or porphyrins that contain a catalytic iron ion indeed able to reduce oxygen in

acid medium. A similar poisoning presumption of Fe/N/C was made for CO to

demonstrate that there was no iron active for ORR in these catalytic sites [52], until

it was shown that CO, in fact, does not poison Fe sites in iron phthalocyanine [78].

Instead of H2S “poisoning” of their CNx catalysts, Ozkan and collaborators actually

reported an improvement of their ORR catalytic after heat-treating their catalyst in

the gas mixture containing H2S and H2! The Vonset of the latter increased from

0.64 V vs. RHE before H2S heat treatment to 0.72 V vs. RHE after heat-treating

CNx-Fe/MgO with H2S in H2. A similar improvement was also found by heat-

treating CNx-Fe/MgO in 5.7 % H2 in N2. They suggested that the catalyst improve-

ment was the result of its heat treatment in a reducing atmosphere. This may be so,

but still does not explain why heat-treating a catalyst in a reducing atmosphere

improves its activity for ORR. Further studies are necessary to rationalize this

interesting observation.

10.4.3 Popov and His Collaborators

The view that the role of Fe (or Co) is limited to merely acting as chemical catalyst

for the formation of active CNx structures for ORR in the acid medium is also

shared by Popov and his collaborators. After a first publication in 2007 [79] about

carbon-based metal-free catalysts that offered no details about their synthesis

procedure, they published, in 2008, an interesting paper about the modification of

carbon by Te as catalysts for ORR [80]. This catalyst was obtained by mixing

Ketjenblack with telluric acid (H2TeO4) and then reducing the oxidized tellurium to

Te with hydrazine. The resulting material was finally pyrolyzed in Ar to obtain

Te/C. They showed by XRD that no Te particles existed above 600 �C and, by XPS,

that above 600 �C Te formed C–Te species with catalytic activity toward ORR. The

best activity was obtained after a pyrolysis at 1,000 �C. The Vonset of this metal-free

catalyst was 0.67 V vs. RHE. It was measured by RRDE at 900 rpm in 0.5 M

H2SO4. The same catalyst produced only 0.6 % H2O2 at 0.6 V vs. RHE.
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After this publication on Te/C, Popov and collaborators focused on producing

N-doped carbons for ORR in the acid medium. In a 2008 publication [81], they

reported the synthesis of several metal-free catalysts using the following procedure:

Ketjenblack was first treated in HCl to remove metallic impurities before being

oxidized in HNO3. The oxidized carbon black was then used as a support for several

resins obtained by the polymerization of formaldehyde with (1) melamine, (2) urea,

(3) thiourea, or (4) selenourea. The oxidized carbon covered with each of the

polymerized resins was then pyrolyzed in N2 at various temperatures to obtain

catalysts for ORR. The best catalyst was obtained with selenourea pyrolyzed at

800 �C (SeUF/C-800). Its Vonset in 0.5 M H2SO4 (900 rpm) was 0.65–0.70 V vs.

RHE, while a Vonset of 0.69 V vs. RHE was obtained for the catalyst made with urea

(UF/C-800; only composed of C and N). Vonset was 0.22 V vs. RHE for unoxidized

Ketjenblack. UF/C-800 showed only carbon diffraction peaks in XRD. The total N

content of that catalyst was determined by XPS to be 2.2 wt% (~8.8 at.% N) with

pyridinic, pyrrolic, and quaternary (graphitic) types of nitrogen atoms. In another

publication [82], more details about the same catalyst were revealed. Here, the

Vonset of UF/C-800 was 0.67 V vs. RHE, with a %H2O2 of 3 % released at 0.5 V vs.

RHE. The catalyst had a surface area of 321 m2/g. The Fe and Co contents of UF/C-

800 were 0.4 and 0.3 ppm, respectively. As there was no Fe or Co in that catalyst,

the origin of the measured activity was definitively attributed to pyridinic and
quaternary nitrogen atoms substituting for C in the CNx structure. The strong
Lewis basicity of carbon doped with pyridinic and quaternary nitrogen atoms
facilitated the reductive adsorption reaction of O2 without the irreversible forma-
tion of oxygen functionalities.

The next publication [83] represents a turning point in the publications of

Popov’s group because this time they added Co and/or Fe to their synthesis

procedure in order to improve the activity of CNx catalysts, while at the same

time denying any direct metal participation toward ORR for these catalysts. In this

paper, carbon metal-free catalysts were first prepared according to the procedure

described previously [82], except for the pyrolysis temperature which was now

900 �C instead of 800 �C. Vonset values of 0.28 V vs. RHE were obtained for

Ketjenblack, 0.36 V vs. RHE for oxidized Ketjenblack, and 0.74 V vs. RHE for UF/

C-900. A Ketjenblack treated with NH3 (preparation procedure not reported) with a

Vonset of 0.53 V vs. RHE was also synthesized. A peroxide yield of 3 % measured at

0.5 V vs. RHE was reported for UF/C-900. Carbon composite catalysts were also

prepared. In the latter case, UF/C-900 was used as a carbon support on which a

mixture of Co nitrate and Fe sulfate complexed with ethylene diamine was

impregnated. The resulting material was pyrolyzed at 900 �C in Ar. Then it was

washed with H2SO4 to remove excess metal. The best catalysts obtained with an

equal amount of Co and Fe (labeled Co–Fe on metal-free/C-900) was characterized

in 0.5 M H2SO4. Its Vonset was 0.79 V vs. RHE, while the metal-free/C-900 catalyst

had a Vonset of 0.70 V vs. RHE. Co-Fe metal on metal-free/C-900 and metal-free/

C-900 catalysts yielded 0.9 and 1.2 % H2O2 at 0.5 V vs. RHE, respectively.

These catalysts were characterized by the following techniques: (1) EXAFS on

unleached Co metal-free/C-900 (no Co–N bonds were detected at temperatures
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�800 �C); (2) TEM and XRD on leached Co–Fe on metal-free/C-900 (Co, Fe, and

CoxFey phases were detected as well as Fe3C, but the metal-containing phases were

covered with graphitic layers); (3) ICP-MS and XPS on leached Co-Fe on metal-

free/C-900 (9.6 wt% Co and 1.4 wt% Fe were measured by ICP-MS in the bulk of

the catalyst, but no metal was detected by XPS at its surface); and (4) the N content

of the leached Co–Fe on metal-free/C-900 was measured by XPS and found to be

1.9 wt% N (~7.6 at.% N). Only pyridinic and quaternary N1s peaks appeared in the

XPS spectrum. From these observations, they concluded that:

1. Despite of their presence at several wt% in the leached Co–Fe on metal-free/C,
neither Co nor Fe metal was involved in the active catalytic sites for ORR

2. The only catalytic species were pyridinic and quaternary nitrogen atoms. A
similar publication [84] reached the same conclusions but also mentioned that, in

fuel cell, catalysts predominated by pyridinic-type nitrogen atoms showed

higher activity, but lower stability than catalysts predominated by quaternary

nitrogen atoms, which showed lower activity but higher stability

The next publication [85] which is the most detailed one, offers all the necessary

information to discuss Popov and collaborators’ position concerning the origin of

the catalytic activity of these catalysts prepared with relatively high Co and/or Fe

contents. In ref. [85], only Fe was used and the following catalysts were synthesized

and characterized electrochemically for ORR in 0.5 M H2SO4 (see Fig. 10.16a), as

well as by XPS for their N content:

1. Silica was first impregnated with acrylonitrile (AN) and then polymerized as

PAN and pyrolyzed in Ar at 900 �C. The resulting material was washed in NaOH

to remove SiO2 leaving CNx-900 as metal-free catalyst. The Vonset of CNx-900

was 0.47 vs. RHE with a total N content of 6.88 at.%, broken down as 1.85 at.%

pyridinic, 2.06 at.% graphitic, 1.69 at.% pyrrolic, and 1.28 at.% N+–O�.
2. CNx was also impregnated with 1.2 wt% Fe as ironII acetate and then pyrolyzed

at 1,000 �C. The Vonset of 1.2 wt% Fe-CNx-1000 was 0.80 V vs. RHE with a total

N content of 3.51 at.%, broken down as 0.96 at.% pyridinic, 1.49 at.% graphitic,

and 1.06 at.% N+–O�.
3. A sample similar to (2) but with 0 wt% Fe was also prepared for comparison. The

Vonset of 0 wt% Fe-CNx-1000 was 0.54 V vs. RHE with a total N content of

3.64 at.%, broken down as 0.78 at.% pyridinic, 1.52 at.% quadratic, and 1.34 at.

% N+–O�.
4. Sample (2) was then leached (L) to remove excess metal. The Vonset of 1.2 wt%

Fe-CNx-1000L was 0.74 V vs. RHE, while its total N content was 3.44 at.%,

broken down as 0.84 pyridinic, 1.97 quadratic, and 0.63 N+–O�.
5. Sample (4) was then reheat treated (H) at 1,000 �C. The Vonset of 1.2 wt%Fe-

CNx-1000LH was 0.80 V vs. RHE with a total N content of 3.47 at.%, broken

down as 0.68 at.% pyridinic, 2.26 quadratic, and 0.53 N+–O�.

Figure 10.16a shows the ORR behavior of these five samples. Here again, based

on the data presented previously [83, 84], Popov and collaborators concluded that

“it seems reasonable to suggest that pyridinic N and quadratic N may be the active
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Fig. 10.16 (a) Disk currents at 900 rpm and 5 mV/s from cyclic voltammetry experiments in O2-

saturated 0.5 M H2SO4 solution for: (1) a metal-free CNx grown on SiO2 at 900
�C (Vonset ¼ 0.47

V vs. RHE); (2) 1.2 Fe-CNx-Ar-1000 obtained by the impregnation of 1.2 wt% Fe as ironII acetate

on CNx and then pyrolyzed at 1,000 �C in Ar (Vonset ¼ 0.80 V vs. RHE); (3) CNx-Ar-1000

obtained by the pyrolysis of CNx at 1,000 �C in Ar (Vonset ¼ 0.54 V vs. RHE); (4) 1.2 Fe-CNx-Ar-

1000L is sample (2) leached in H2SO4 (Vonset ¼ 0.74 V vs. RHE); and (5) 1.2 Fe-CNx-Ar-1000LH

is sample (4) reheat treated at 1,000 �C in Ar (Vonset ¼ 0.80 V vs. RHE) (according to Fig. 6 in ref.

[85]; reproduced with the permission of Elsevier). (b) Mass activity, for the reduction of oxygen in

an O2-saturated H2SO4 solution at pH 1 on Fe/N/C and Co/N/C catalysts, vs. the metal content of

the catalysts. Fe/N/C and Co/N/C were obtained by impregnation of either ironII or cobaltII

acetates onto a nonporous carbon black followed by the pyrolysis of these materials at 950 �C in

pure NH3 (according to Fig. 3 in ref. [86]; reproduced with the permission of Elsevier)
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sites for ORR.” On this basis, one would therefore expect that a sample with the

highest content of pyridinic and quadratic atoms would also be the sample with the

highest catalytic activity. This is not what is observed in Fig. 10.16a! Indeed, with

its highest content of 1.85 at.% of pyridinic and 2.06 at.% of quadratic nitrogen

atoms for a total content of 3.91 at.% N active for ORR, CNx-900 is the sample

with the lowest activity. Furthermore, its apparent number of electron transfer

during ORR was only 2, while a sample like 1.2 wt% Fe-CNx-1000, which was

the best performing catalyst in Fig. 10.16a, was characterized by a lower content of

0.96 at.% of pyridinic and 1.49 at.% of quadratic nitrogen atoms for a total content

of 2.45 at.% N active for ORR. Its apparent number of electron transfer during

ORR was 4! Even if we compare samples 3 and 2, prepared at the same pyrolysis

temperature of 1,000 �C, but with 0 and 1.2 wt% Fe, respectively, sample 3 was

characterized by a content of 0.78 at.% of pyridinic and 1.52 at.% of quadratic

nitrogen atoms for a total N content of 2.30 at.% active for ORR, while sample

2 was characterized by a content of 0.96 at.% of pyridinic and 1.49 at.% of

quadratic nitrogen atoms for a total content of 2.45 N active for ORR. These two

values of total ORR-active N content only differ by 0.15 at.%, while their Vonset

differs by 0.80�0.54 ¼ 0.26 V as seen in Fig. 10.16a! Furthermore, sample 3 with

0 at.% Fe reduces O2 with an apparent number of transferred electrons close to 2,

while it is 4 for sample 2!

According to Popov and collaborators, “encapsulated Fe species in carbon
substrate may exert some electron effect on N-modified active sites and facilitate
ORR, but they are not active sites!” An alternative explanation would be that some

Fe–Nx species are also generated upon pyrolysis of 1.2 wt% Fe-CNx-1000 and

those Fe–Nx species are greatly increasing the activity toward ORR for these

catalysts. Indeed, we show in Fig. 10.16b [86] that even small Fe loadings were

enough to obtain a definite effect on the ORR activity of catalysts made by

impregnation of ironII acetate onto a nonporous carbon black, followed by pyrolysis

at 950 �C. The catalytic mass activity increases linearly with the Fe content from

0.005 to 0.10 wt%, where it reaches about 50 % of its maximum activity. The ORR

activity of the catalysts presented in Fig. 10.16b are very similar to that presented in

Fig. 10.12B, curve “b,” which is characterized by a Vonset of 0.83 V vs. RHE, a

value close to that attributed to 1.2 wt% Fe-CNx-1000 (0.80 V vs. RHE) in

Fig. 10.16a. Because the actual content of 0.1 wt% Fe (measured by NAA) in

Fig. 10.16b is only 8 % of the nominal Fe loading of 1.2 wt% Fe-CNx-1000

(Fig. 10.16a), any physical characterization of 1.2 wt% Fe-CNx-1000 will be

predominated by the high content of Fe not involved in Fe–Nx bonds. It is also

important to remember that 0.1 wt% Fe is only 0.025 at.% Fe, a level that is not

easily detectable by most XPS spectrometers. An average value of Vonset for metal-

free catalysts and metal-containing catalysts from all the publications of Popov and

collaborators is shown in Fig. 10.15, where it is compared with average Vonset

values obtained by other groups.

From the following publications [84–87] and from the recent minireview [88]

published in 2011, we also learn that the catalysts rich in pyridinic nitrogen
displayed higher activity but lower stability. This was attributed to the protonation
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of the basic pyridinic N. According to Popov and collaborators, the protonated
pyridinium species (NH+) is no longer active because the interaction of NH+ with
O2 would be prevented in such a case. The protonation of all the pyridinic nitrogen
atoms was followed by recording the N1s XPS spectrum before and after stability

experiments of the catalysts in 0.5 M H2SO4. Before protonation, the XPS spectrum

displayed three components: pyridinic, quadratic, and N+–O�, while after stability
experiments, only one peak was visible. This lone peak was attributed to the

simultaneous presence of NH+ and quadratic N, which are both characterized by

similar binding energies. Quadratic nitrogen atoms are not affected by their contact

with an acid solution. It is for this reason that their catalytic behavior is quite stable

[87–89].

10.4.4 The Japanese Consortium

A Japanese consortium following Wiesener’s view on CNx catalytic sites is also

worthy of discussion. It started with a 2006 publication by Ozaki and collaborators

who reported on the synthesis of metal-free catalysts for ORR in acid medium [90].

The catalysts were prepared by mixing a furan resin with various phthalocyanines

(H2Pc, Li2Pc, MgPc) as nitrogen precursors and then pyrolyzing the resulting

material at 1,000 �C in N2. The respective N/C loadings were 0.04, 0.05, and

0.04 for H2Pc, Li2Pc, and MgPc with a Vonset in 1 M H2SO4 of 0.23, 0.33, and

0.23 V vs. RHE, respectively. All catalysts were amorphous carbons and the
enhancement of ORR activity vs. that of the pyrolyzed furan resin alone (Vonset¼
0.15 V vs. RHE) was attributed to the introduction of edge-site nitrogen atoms on
the surface of these amorphous carbons. In a second publication [91], the catalysts

were prepared by pyrolyzing at 1,000 �C a mixture of polyfurfuryl alcohol and

melamine. Two catalysts with different N dopings were obtained by varying the

melamine content in the mixture. Their respective N/C loading was 0.011 and

0.032, and their Vonset in 0.5 M H2SO4 were 0.26 V vs. RHE for the lowest N

loading and 0.30 V vs. RHE for the highest one. The catalytic activity was
attributed to the presence of N atoms at the edge of graphene planes obtained

after pyrolyzing the precursors of carbon and nitrogen. Later on, in collaboration

with other authors, they compared the catalysts synthesized with melamine in the

previous publication with catalysts obtained by other synthesis procedures, in

particular that of a nitrogen-doped carbon black reacted with NH3 for which they

reported a N doping of 1.3 at.% and a Vonset of 0.33 V vs. RHE [92]. A series of

N-containing rod polymers—polyimides (PI), polyamides (PA), and polyazoles

(AZ)—were also prepared as nitrogen and carbon precursors. Catalysts were

obtained from these materials after their carbonization at 900 �C in N2 [93]. Their

ORR properties were evaluated in 0.5 M H2SO4 and Vonset ¼ 0.48 V vs. RHE was

measured for carbonized PI, while it was 0.52 and 0.62 V vs. RHE for carbonized

PA and AZ, respectively. Relatively high N contents were measured by XPS in

these catalysts (4.83 and 5.31 at.% N for catalysts obtained with PA and AZ).
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The XPS spectra were deconvoluted in several components and the catalytic
activity was attributed to the presence of pyridinic and graphitic types of nitrogen
atoms in the carbonized materials. For all of the studied materials, the graphitic

nitrogen content was always higher than the pyridinic nitrogen one.

In parallel with these syntheses of metal-free catalysts, the Japanese consortium

also prepared catalysts using either cobalt- or iron-containing precursors in their

syntheses but denied the existence of metal-containing ORR catalytic sites in these

catalysts. For instance, in 2009 [94], a Co complex (Co-[poly(4-vinylpyridine)])

was first loaded on Ketjenblack and pyrolyzed in N2 at 1,000 �C. The resulting

material was acid washed to remove excess Co species. The same procedure was

repeated with Ketjenblack alone for comparison. The Vonset of the carbonized Co

complex on Ketjenblack was measured in 0.5 M H2SO4 at 0.70 V vs. RHE, a

potential much higher than for Ketjenblack alone (Vonset ¼ 0.26 V vs. RHE). As no

Co was detected by XPS in the catalyst made with the Co complex, the drastic
improvement in ORR activity for that catalyst vs. the ORR activity of Ketjenblack

alone was explained in terms of nitrogen doping of the catalyst made with the Co
complex. Similar catalysts were also prepared, but this time without carbon support,

using either cobalt phthalocyanine (CoPc) or iron phthalocyanine (FePc) mixed

with N-containing polymers or with phenolic resins that were carbonized at various

temperatures, and then eventually washed with acids to remove the metal in excess.

In a first publication [92], the mixture of CoPc and N-containing polymer were

pyrolyzed at 900 �C. Again, the XPS of that catalyst did not show any Co 2p signal

after acid washing and its Vonset in 0.5 M H2SO4 was 0.60 V vs. RHE. Despite its
relatively low N content (0.8 at.%), its catalytic activity was mostly attributed to the
presence in this material of graphitic nitrogen atoms. It is important to note that

0.1 at.% metal is usually considered to be the detection limit for Co (or Fe) by XPS

and that the detection of Co (or Fe) contents below this limit is not trivial and

requires at least a very large number of scans to ascertain the presence (or absence)

of the metal. It will be seen later in this section that even cobalt contents

below 0.1 at.% Co (or ~0.4 wt% Co in these carbon-based catalysts) may

indeed be responsible for an important ORR activity that can be attributed to

Co–Nx active sites.

In 2010 [95], Ozaki and collaborators mixed a furan resin with iron, cobalt, or

nickel acetylacetonates and carbonized the mixture in N2 at 600 to 1,000 �C. The
resulting material was ball milled and then acid washed to remove excess metal.

The best catalyst was obtained with the Co complex carbonized at 800 �C. Its Vonset

in 0.5 M H2SO4 was 0.62 V vs. RHE. The catalyst had a specific surface area of

211 m2/g and its N/C ratio was 0.035. Its ORR activity was explained by the
formation of carbon nanoshells, but also by N doping of the catalyst carbonaceous
material.

In two following publications [96, 97], a catalyst similar to that previously

described in ref. [92] and obtained by the carbonization at 1,000 �C of a mixture

of CoPc and phenolic resin followed by acid washing was studied in greater detail.

Its nominal Co content was 3 wt%. The Vonset of the latter, measured in 0.5 M

H2SO4, was 0.68 V vs. RHE. Its N content was 0.37 at.%. The latter was determined
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by hard X-ray photoemission spectroscopy (HXPES), a surface analytic technique

probing the first 10 nm of an analyzed material. Washing the catalyst with HCl did

not change its Vonset or its nitrogen content, which remained the same at 0.68 V vs.

RHE and 0.37 at.% N, respectively, but somewhat decreased the Co detected by

HXPES from 0.05 at.% in the as-synthesized catalyst to 0.03 at.% after acid

washing. Also, the surface area of the as-synthesized catalyst, which was 287 m2/g,

decreased to 242 m2/g after HCl washing. Most of the cobalt in these two catalysts

formed clusters surrounded with a carbon shell structure made of an average

number of eight graphene layers producing Co-containing nanostructures.

XANES and EXAFS spectra at the Co edge indicated that, in both catalysts, Co

was mainly in the metallic state with only a small amount of oxidized cobalt. The

detection of a small amount of oxidized cobalt by XANES and EXAFS

spectroscopies, both able to probe several micrometers, and the detection of the

same oxidized cobalt by HXPES, characterized by a depth probed of about 10 nm,

inferred that this oxidized cobalt was at the surface of the catalyst or accessible to

HXPES in cobalt nanostructures encapsulated with only one or two graphitic layers.

The Co 2p HXPES spectra of the as-synthesized and acid-washed catalysts are

presented in Fig. 10.17. According to the authors, it is likely that such a low

oxidized cobalt content (0.05 at.% detected by HXPES in the as-synthesized

Fig. 10.17 Co 2p HXPES spectra of as-grown (open circles) and acid-washed (filled circles)
CoPc-PhRs1000 catalysts. As-grown CoPc-PhRs1000 was obtained by the carbonization at

1,000 �C of a mixture of CoPc and phenolic resin. The intensities are normalized to the total

photon flux to enable comparison of Co contents between the as-grown and the acid-washed

samples. Dashed lines are guides. As reference, Co 2p HXPES spectra of Co metal (black squares)
and CoPc (open squares) are also shown. The arrow denotes oxidized Co components on the

surface of the Co metal (according to Fig. 4 in ref. [97]; reproduced with the permission of

Elsevier)
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catalyst and 0.03 at.% after acid washing) cannot be responsible for the ORR
activity of these catalysts. The latter was mainly attributed to carbon atoms that
are the first neighbors of a quadratic nitrogen atom at the zigzag edge of graphene
planes. These first carbon neighbors at favorable –C–N–C– sites had a density of

0.29 at.% in both catalysts. A theoretical study [98] of these sites concluded that

their number may be increased by controlling the degree of hydrogenation of edge

carbons by introducing some H2 gas in the reactor during the carbonization process.

According to the authors, the presence of CoPc during the synthesis of these

N-doped carbons will only catalyze the formation of the favored –C–N–C– sites,

but neither metallic nor oxidized Co played any role in the ORR properties of these

materials because their concentration, as detected by HXPES, was extremely low.

This conclusion seems to rule out the eventual presence of Co–Nx ORR-active

sites in these catalysts. However, it can be seen in Fig. 10.16b [86] that oxidized Co

contents in the 0.03–0.05 at.% range (and even below) may indeed exhibit a clear

ORR activity in Co/N/C catalysts. When this Co content, expressed in at.%, is

translated into Co wt%, it becomes 0.12–0.20 wt% Co. In Fig. 10.16b, it is shown

that a maximum ORR mass activity of 0.40 A/g was measured at 0.8 V vs. RHE for

Co/N/C catalysts containing 1 wt% Co (measured by neutron activation analysis).

At 0.20 wt% Co, the mass activity was 0.16 A/g and it was 0.12 A/g at 0.12 wt% Co.

This is 40 and 30 % of the maximum measured mass activity, respectively, and is

not at all negligible. As a matter of fact, Co–Nx sites are detected in the HXPES

spectrum of the as-synthesized catalyst presented in Fig. 10.17. Indeed, there is an

obvious peak at 781–782 eV (see the vertical dashed line) that is at the same binding

energy as that of oxidized cobalt in CoPc (bottom curve in Fig. 10.17). This peak is

less obvious in the acid-washed catalyst, but is still there because, otherwise, a dip

would be observed in the spectrum at the same binding energy as that shown by the

curve for Co metal in Fig. 10.17. In conclusion, even if a fraction of all the Co atoms

detected in Fig. 10.17 in these catalysts were in oxidized form, metal-containing

Co–Nx sites, which are active for ORR, may actually contribute to part of their

ORR activity!

The same remark also holds true for the following two publications. The same

authors also used FePc (instead of CoPc) to improve the ORR activity of their

catalysts [99, 100]. Here, Fe was loaded at 3 wt% as FePc with the phenolic resin

and pyrolyzed at various temperatures, the best one being 600 �C. This material had

a large number of metal-containing particles detected by TEM and a graphitic

nanoshell morphology similar to that detected with CoPc. The metal-containing

particles were mainly Fe3C (cementite) as concluded from XRD measurements.

There was less than 0.5 at.% Fe in the catalyst. A comparison was made with

materials produced with H2Pc instead of FePc. A large difference was observed in

their Vonset, measured in 0.5 M H2SO4: 0.70 V vs. RHE for the catalyst made with

FePc, but only 0.46 V vs. RHE for the material made with H2Pc. Specific surface

area and N contents were also measured. They were 400–500 m2/g and 3.7 wt% N

for the catalyst made with FePc, while 500–600 m2/g and 2 wt% N were measured

for the catalyst made with H2Pc. Pyridine and quaternary nitrogen atoms were the

major nitrogen species in both catalysts. In the same publication [99], the authors
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also describe a model explaining the differences between both catalysts during

carbonization: the decomposition of the phenolic resin in the mixture begins at

200–450 �C, while that of H2Pc and FePc starts around 400–600
�C. H2Pc and FePc

decompose in phthalonitrile, but less phthalonitrile is lost, and more nitrogen atoms

remain in the resulting carbonized material when FePc is present. The presence of

iron enhances the growth of nanoshell structures and the N doping of the resulting

graphitic material. It was assumed that quaternary nitrogen atoms increase the
occurrence of zigzag edge graphene and edge exposure, therefore improving the
ORR activity. It is also worth noting that the same catalyst and several catalysts,

derived from the pyrolysis at 600 �C in N2 of the mixture of FePc with phenolic

resins and then further activated in NH3 at 800 and 1,000 �C, resulted in catalysts

that showed very good performance and/or stability when tested in fuel cells [100].

Finally, the same Japanese consortium also reported the synthesis and charac-

terization of carbon nitride made without iron, as catalysts for ORR in acid

medium (0.5 M H2SO4). In a seminal work [101], the synthesis of C3N4 was

performed at 220 �C from the reaction of sodium azide with cyanuric chloride

ð3NaN3 þ C3N3Cl3 ! g-C3N4 þ NaClþ 4N2Þ, where g-C3N4 is the planar phase

of the nitride made up of condensed tri-s-triazine (melem) subunits. This material

had a nitrogen content of 23 at.%. It was not pyrolyzed at higher temperature, but

mixed with Vulcan to increase the electrical conductivity of the mixture. Its Vonset

was 0.30 V vs. RHE, while the Vonset of Vulcan alone was 0.13 V vs. RHE. In a

second and more detailed publication [102], the same synthesis procedure was used,

but this time, carbon black was added in the reaction chamber as a high surface area

catalyst support. Furthermore, the resulting g-C3N4 was pyrolyzed at 1,000
�C. The

resulting material had a nitrogen content of 1.8 at.%. Its XPS spectrum was

deconvoluted into 55 % pyridinic, 40 % graphitic, and 5 % amine nitrogen atoms.

Vonset measured in 0.5 M H2SO4 was 0.76 V vs. RHE, as shown in Fig. 10.18a,

with an apparent number of electrons of n ¼ 3.55 transferred during ORR. The
authors suggested that quaternary nitrogen atoms are responsible for the oxygen
reduction in this carbon nitride catalyst via a 4e� process.

Curiously, some iron contaminated this otherwise “metal-free” g-C3N4 catalyst.

This contamination was traced to the stainless steel high-pressure reactor used for

the synthesis of the material. In order to produce g-C3N4 free of iron contamination,

the synthesis was again performed, but this time without carbon black support and

in a Teflon melting pot, using the same experimental conditions as the ones

described previously. The Vonset measured for this true iron-free catalyst (and

according to the procedure described in Fig. 10.13) is 0.65 V vs. RHE (see

Fig. 10.18b), and the apparent number of electrons transferred during ORR was

now 3.4. This again illustrates the obvious influence that even small amounts of iron

impurity may have on the Vonset of these catalysts active for ORR in acid medium.

The mean values of metal-free catalysts prepared by the Japanese consortium

with and without Co- or Fe-containing precursors are reported in Fig. 10.15.
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10.4.5 Other Authors

Besides the work of Ozkan and Popov’s groups and the work of the Japanese

consortium, other authors also defended the same view as Wiesener: that of a

CNx catalytic site for ORR. Their results will now be summarized. It should be

stressed that among these authors, some have made a particular effort to avoid any

metal trace in the synthesis of their catalysts in order to determine the true ORR

activity of the nitrogen-doped carbon materials. Their results will be presented first,

followed by the results of authors using either Fe- or Co-containing molecules in

the synthesis of their N-doped carbon catalysts.

10.4.5.1 ORR Catalysts Made Without Any Fe or Co

In 2009 [103] and 2010 [104], Takasu and his collaborators used carbonized silk to

perform ORR in acid medium (0.5 M H2SO4). The catalysts were derived from a

Bombix mori silk fibroin containing 18 different amino acids. The silk was first

carbonized at 500 �C in N2 and then ball milled and heat treated in N2 at various

temperatures between 500 and 1,500 �C. The resulting materials were finally steam

activated at 850 �C. The best results were obtained for a heat treatment of the

carbonized silk at 900 �C in N2. This catalyst had a surface area of 588 m
2/g and an

N content of 6 at.% with 29 % of pyridinic and 59 % of graphitic nitrogen atoms. Its

Vonset was 0.69 V vs. RHE [103] or 0.73 V vs. RHE [104]. By comparison, the Vonset

for Vulcan was 0.20 V vs. RHE. The catalyst was also characterized, for potentials

Fig. 10.18 Disk currents at 1,500 rpm and 0.1 V/s from cyclic voltammetry experiments in

O2-saturated 0.5 M H2SO4 solution for the following: (a) Carbon nitride (g-C3N4) supported

on carbon black, synthesized in a stainless steel high-pressure reactor and pyrolyzed at various

temperatures. The best catalyst is obtained at 1,000 �C with a Vonset ¼ 0.76 V vs. RHE.

(b) Fe-free unsupported carbon nitride (g-C3N4) synthesized in a Teflon melting pot and pyrolyzed

at 1,000 �C. Vonset ¼ 0.65 V vs. RHE (according to Fig. 6 in ref. [102] for (a) and Fig. 8 in the same

reference for (b); reproduced with permission of The Electrochemical Society)
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below 0.5 V vs. RHE, of an apparent number of electron transfer of n ¼ 3.5 which

could be pushed up to n ¼ 3.9 by adding ZrO2 in the catalytic layer. Its ORR
activity was mostly attributed to quadratic N doping. This was the only type of

nitrogen atom left in the N1s XPS spectrum of the catalyst obtained after a heat

treatment at 1,200 �C, while some pyridinic nitrogen atoms were also detected in

the catalyst heat treated at 900 �C. A single MEA fuel cell was performed with the

best catalyst. It yielded a maximum of 150 mW cm2 at 80 �C in H2/O2 (0.2 MPa at

both electrodes).

In 2012, the group of Rao and Ishikawa produced vertically aligned carbon

nanotubes (with and without N doping) without metal impurities by coating various

polymers with different nitrogen contents in the pores of an alumina membrane

[105]. This was followed by the carbonization at 900 �C of the material and by a

KOH treatment to remove alumina. The nitrogen-free polymer was poly

(phenylacetylene). In 0.5 M H2SO4, it was characterized by a Vonset of 0.23 V vs.

RHE. The four other polymers, from poly(4-vinylpyridine) to poly(p-pyridazine-
3,6-diyl) had an increasing N content that yielded Vonset values of 0.36 V vs. RHE

(N ¼ 4.3 at.%), 0.47 V vs. RHE (N ¼ 5.6 at.%), 0.56 V vs. RHE (N ¼ 8.4 at.%)

and 0.60 V vs. RHE (N ¼ 10.7 at.%). The increase of ORR activity was closely
correlated with the total content of pyridinic and quadratic nitrogen in the catalysts
(Npyr + Nquad ¼ 3.9, 5.3, 8.0, 10 at.%, respectively).

In 2010, Liming Dai and his collaborators also synthesized, on a Si substrate and

from SiO2 nanoparticles catalyst, absolutely metal-free carbon nanotubes by chem-

ical vapor deposition at 900 �C from a mixture of CH4 and H2 [106]. The tubes were

doped by adding NH3 in the gas mixture. The nanotubes were then transferred onto

a glassy carbon electrode in order to test their ORR activity in 0.5 M H2SO4. A

Vonset of 0.53 V vs. RHE was measured for the tubes containing 3.6 at.% N. In this

case, there was no graphitic nitrogen atom in the total nitrogen content, as only

pyridinic (83 %) and pyrrolic (17 %) nitrogen atoms were detected by XPS in that

material. The same year [107], metal-free N-doped carbons were also produced by

impregnation of a mesoporous silica template (SBA-15) with pyrrole, which was

then polymerized. The resulting material was heat treated at 800 �C. After removal

of the silica template by KOH, the ORR activity of the metal-free catalyst was

measured in 0.5 M H2SO4. Its Vonset was 0.35 V vs. RHE. Its total surface area was

544 m2/g and a N/C ratio of 0.12 was measured, with 36 % pyridinic and 25 %

graphitic nitrogen atoms.

The following results obtained by Sheng Dai and his collaborators deserve a

special mention as these authors obtained the highest activity reported so far with

truly N-doped metal-free carbon materials [108]. These catalysts were obtained by

heat-treating at high temperature (950–1,050 �C) and with NH3 a 2D hexagonal-

ordered mesoporous carbon having a total surface area of 658 m2/g before its

reaction with NH3. When the latter material was measured in 0.05 M H2SO4 for

its ORR activity, a Vonset of 0.34 V vs. RHE was obtained. The Vonset jumped to

0.72, 0.76, and 0.77 V vs. RHE after a heat treatment in NH3 at 950, 1,000, and

1,050 �C, respectively. This is illustrated in Fig. 10.19.
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The heat treatment greatly increased the total surface area of the three N-doped

catalysts which reached 1,681, 2,121, and 1,923 m2/g, respectively, with a total N

content of 6.0, 3.6, and 4.6 at.%, respectively. Their Fe content was also measured

(by inductively coupled plasma spectrometry) and found to be below 100 ppm. The

only particularity of these catalysts is their very high specific surface area which for

the best catalyst (the one obtained at 1,050 �C) was nearly 2,000 m2/g. On the other

hand, their total nitrogen content is not particularly high at 4.6 at.% N for the best

catalyst with 46.9 and 10.0 % of pyridinic and graphitic nitrogen atoms, respec-

tively. It is possible here that both the nitrogen content and the particular textured
properties of the very high specific surface area of these materials are acting
together to drastically improve the ORR activity of these materials. A comparative

study of various carbon electrodes has previously shown that carbon substrates with

a large number of edge plane sites have higher activity toward ORR [58]. In 0.1 M

H2SO4, there is indeed a difference of 0.34 V for ORR on basal plane pyrolytic

graphite and edge plane pyrolytic graphite substrates. When the Vonset values of all

N-doped metal-free carbon catalyst of this section are considered, an average Vonset

of 0.62 V vs. RHE is obtained with a minimum and maximum Vonset of 0.35 and

0.78 V vs. RHE. This is plotted as OTHER in Fig. 10.15. This average Vonset value

of 0.62 V vs. RHE is however significantly boosted by the high Vonset from the last

series of catalysts reported by Sheng Dai and collaborators.

10.4.5.2 ORR Catalysts Made with Fe or Co

Similarly to Ozkan, Popov, and the Japanese consortium, other authors also

obtained their ORR catalysts using Fe- or Co-containing precursors to improve

their catalytic activity without attributing at least part of this activity to Fe–Nx or

Co–Nx catalytic sites. In 2009 [109], Muhler and collaborators grew N-containing

Fig. 10.19 Disk currents at

1,600 rpm and 10 mV/s from

cyclic voltammetry

experiments in O2-saturated

0.05 M H2SO4 solution of an

N-doped metal-free carbon

catalyst heat treated in NH3

between 950 and 1,050 �C.
The best catalyst is obtained

at 1,050 �C. It has a Vonset of

0.77 V vs. RHE (according to

Fig. 2 in ref. [108];

reproduced with permission

of The American Chemical

Society)
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carbon nanotubes from acetonitrile over Co metal used as catalyst on a silica

support. Two growth temperatures were used: 550 and 750 �C. The N-containing

carbon nanotubes (N-CNT) were refluxed in KOH to remove the silica support and

HCl to dissolve the metal in excess. The Co surface content, measured by XPS after

sample purification, was 0.4 at.% for N-CNT550 and 0.2 at.% for N-CNT750. Some

of this cobalt was fully covered by a carbon layer. Oxidized cobalt was also seen in

the XPS spectrum of N-CNT550 and N-CNT750. The nitrogen content, also

measured by XPS, was 6.3 at.% in N-CNT550 and was broken down as 43 %

pyridinic and 28 % graphitic nitrogen atoms, while a nitrogen content of 7.5 at.%

broken down as 20 % pyridinic and 46 % graphitic nitrogen atoms was found for

N-CNT750. The ORR activity of these catalysts was measured in 0.5 M H2SO4 at

900 rpm. N-CNT550 was found to be more active, with a Vonset of 0.70 V vs. RHE,

than N-CNT750 with a Vonset of 0.55 V vs. RHE. The higher activity of N-CNT550
was explained in terms of a higher edge plane exposure and a higher pyridinic
content for the catalyst grown at lower temperature. The apparent number of

electrons transferred during ORR was also n ¼ 3.92 for N-CNT550, but only

n ¼ 2.48 for N-CNT750.

In 2010, Liming Dai and collaborators [110] grew on a silica/Si support,

vertically aligned N-doped carbon nanotubes (N-CNT) at 850 �C and from a

mixture of Ar, H2, and NH3 in the presence of iron phthalocyanine (FePc). The

N-CNTs were removed from the SiO2/Si support and measured on a glassy carbon

electrode. The Vonset determined at pH 3 for this catalyst was 0.86 V vs. RHE. Its

total N content was 4 at.%. This experiment was anterior to the one reported by this

group and already commented in Sect. 10.4.5.1 [106]. In the latter experiment,

similar N-doped carbon nanotubes were grown without FePc. The N content of that

catalyst was 3.6 at.% and its Vonset was only 0.53 V vs. RHE. The comparison

between the two types of vertically grown N-doped carbon nanotubes clearly

illustrates the important role played by FePc in the sharp rise in ORR activity

when Fe-containing compounds are present in the reactor during the growth of the

N-doped nanotubes!

In 2011, Woo and collaborators prepared ORR catalysts from the pyrolysis at

700, 800, and 900 �C of a mixture of iron oxide supported on Vulcan and

dicyandiamide (C2H4N4; a dimer of cyanamide) [111]. TEM of the catalysts

revealed that at 700 �C metal particles were encapsulated with a carbon layer,

while they were mostly in carbon tubes at 900 �C. The total N content was 2.2, 3.5,

and 6.6 at.% for the catalysts heat treated at 700, 800, and 900 �C, respectively. This
N content was broken down as 54 % pyridinic and 0 % graphitic nitrogen atoms at

700 �C, while it was 61.4 % pyridinic and 10.7 % graphitic at 900 �C. The Fe

content was also measured in these catalysts and also for Fe2O3/C, the catalyst iron

precursor. It was 1.7, 1.4, and 0.5 at.% after heat treatments at 700, 800, and 900 �C,
while it was 1.8 at.% Fe for FeO3/C. The Vonset, measured in 1 M HClO4 at

2,000 rpm, was 0.78, 0.73 and 0.78 V vs. RHE for the three catalysts made at

700, 800, and 900 �C, respectively, but Fe2O3/C had a negligible catalytic activity

for ORR. Since the Fe content in Fe2O3/C and in the catalyst heat treated at 700 �C
were about the same (1.8 vs. 1.7 at.% Fe), but the activity increased dramatically
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after the heat treatment of Fe2O3/C mixed with dicyandiamide, it was concluded
that (1) Fe-containing catalytic sites were not involved in this catalyst and (2) that
the catalytic activity was the result of N doping (especially by pyridinic nitrogen
atoms) of the carbon material.

In 2011, Sun and collaborators also prepared N-doped carbon nanotubes by the

CVD at 950 �C of a mixture of Ar and CH4 on a ferrocene and melamine catalyst

[112]. The N content in these N-CNT materials was varied from 0 to 7.7 at.%, while

the Fe content was always between 0.3 � 0.1 at.% in the same materials. The ORR

activity of the N-CNT doped with 7.7 at.% was measured in 0.5 M H2SO4 at

900 rpm. Its Vonset was 0.51 V vs. RHE.

The same year, Kim and collaborators [113] published results about catalysts

made on three carbon supports: Ketjenblack (an amorphous carbon), platelet carbon

nanofibers (P-CNF with many edges of graphene planes appearing at the surface of

the support), and carbon nanotubes (CNT without edges along the surface of the

tube). Urea and formaldehyde were first polymerized on these three carbon

supports. This was followed by the impregnation on the polymerized material of

a complex made by the reaction of cobalt nitrate with ethylene diamine. Finally, the

three materials were pyrolyzed at 800 �C and then washed in acid to remove excess

cobalt. The total N content increased from 0.7 wt% for the catalyst made on the

CNT support, to 1.5 wt% for the catalyst made on Ketjenblack, and finally to 3.8 wt%

for the catalyst obtained on the platelet carbon nanofibers. Their surface areas were

450, 906, and 45 m2/g, respectively. The Vonset of the catalysts followed their N

content with 0.53, 0.66, and 0.74 V vs. RHE. The ORR activity was attributed to the
nitrogen content, the type of nitrogen (mostly pyridinic), and to the number of edges
available on the carbon support. There was no mention of a possible role of Co–Nx

sites in these catalysts, and the remaining Co content was not determined. These

catalysts were also measured in fuel cell at 75 �C, with 2 atm. H2/2 atm. O2. The

best catalyst provided a power density of 0.320 W/cm2 at 0.35 V. This is a power

density typical of many catalysts containing Co or Fe precursors.

In a following publication [114], the same group polymerized pyrrole around

carbon nanofibers and then impregnated this material with the complex made from

cobalt nitrate and ethylene diamine before pyrolyzing the resulting material at

800 �C in Ar to obtain a catalyst for ORR. The final material was washed in acid

to remove the metal in excess. The total N content of the catalyst was 4.5 wt%

broken down as 49 % pyridinic, 22 % pyrrolic, and 30 % quadratic nitrogen atoms.

The Co particles in the catalyst were protected from dissolution by a carbon layer

formed during the heat treatment. The Co content of the leached catalyst was 2.7 wt%.

Only fuel cell measurements at 75 �C, 2 atm. H2/2 atm. O2 were made with this

catalyst, which yielded a maximum power density of 0.34 W/cm2 at 0.3 V, similar

again to what was already obtained with the previous catalyst. Despite the possible

contribution of Co–Nx sites to the activity, these authors attribute the ORR activity
of their catalyst to pyridinic and quadratic nitrogen atoms, even suggesting a
possible synergetic effect on increasing the N content and therefore the activity of
the catalyst to the simultaneous presence of polypyrrole and ethylenediamine.
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The last publication examined in this section will again give us the opportunity

to illustrate that minute amounts of metal content (either Fe or Co) in N-doped

carbons are capable of having a significant effect on their ORR activity in acid

medium. In this publication by Zhang and collaborators [115], a nitrogen-doped

carbon xerogel was made from a mixture of resorcinol formaldehyde and cobalt

nitrate, where cobalt nitrate was considered an N-doping catalyst. The material was

pyrolyzed at 800 �C in NH3, which was considered as the nitrogen source. The

resulting material was leached in H2SO4 to remove all soluble species and yielded

the catalyst labeled N-CX. When the activity of N-CX was measured for ORR in

0.5 M H2SO4 at 1,600 rpm, a Vonset of 0.77 V vs. RHE was obtained. This is shown

in Fig. 10.20. In these conditions, the catalyst reduced O2 with an apparent number

n ¼ 3.5–3.7 of electrons. In fuel cell at 80 �C, 0.2 MPa H2/0.2 MPa O2, it yielded a

maximum power density of 0.36 W/cm2 at 0.35 V, a value similar to the two

previous catalysts measured in fuel cell in this section. Curiously, the total N

content is not reported, but a XPS spectrum at the N1s edge is shown and

deconvoluted into pyridinic, quaternary, and oxidized nitrogen atoms with the

quaternary peak predominating the spectrum. The ORR activity of this catalyst is
substantially attributed to quaternary nitrogen atoms, which are doped in the
carbon aerogel. The same quaternary nitrogen atoms also play an important role
in the stability of the catalyst. This is also shown in Fig. 10.20 for N-CX after

Fig. 10.20 Disk currents at 1,600 rpm and 5 mV/s from cyclic voltammetry experiments in O2-

saturated 0.5 M H2SO4 solution of an acid leached nitrogen-doped xerogel (N-CX) made from a

mixture of resorcinol formaldehyde and cobalt nitrate. The material was pyrolyzed at 800 �C in

NH3. The disk current for the same catalyst is also shown after accelerating aging tests (AAT).

Vonset for N-CX before AAT is 0.77 V vs. RHE. It is 0.75 V vs. RHE after AAT (according to

Fig. 7a in ref. [115]; reproduced with permission of The Royal Society of Chemistry)
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accelerated aging test (AAT) based on a continuous cycling of the potential for

1,000 cycles at room temperature from 0 to 1.2 V vs. RHE. The Co content in this

catalyst is quite low and was measured at 0.07 wt%. This metal content is consid-

ered by the authors to be too low to have any effect on the catalyst activity.

However, as it is shown in Fig. 10.16b, a Co content of 0.07 wt% may be

responsible for 20 % of the maximum mass activity obtained with a catalyst

made by the impregnation of 1 wt% of cobalt acetate on nonporous carbon black,

followed by the pyrolysis of this material in NH3 at 950
�C. A value of 20 % of the

maximum mass activity is obviously not negligible and Co–Nx catalytic sites may

be contributing to the ORR activity of this catalyst. The average value of Vonset for

all the catalysts produced in the presence of Fe- or Co-containing molecules in this

section is plotted as OTHERS in Fig. 10.15.

10.5 Discussion

A summary of the ORR activity, in terms of Vonset in strong acid medium, is

presented graphically in Fig. 10.15 for all catalysts prepared by the various research

groups and discussed in this chapter. Figure 10.13 demonstrates how these Vonset

values were extrapolated from the various cyclic voltammograms reported in the

literature. Figure 10.15 Frame A shows a cluster of the average Vonset values (open

circles) attributed to the catalysts based on N-doped carbon produced by various

research groups. These catalysts were produced without any strategic metals, like

Fe or Co, either in the precursor molecules used in their synthesis, or as chemical

catalysts to generate their carbon nanostructures. Also shown in Frame A is a

cluster of the average Vonset values attributed to the catalysts produced by various

research groups with strategic metals (Fe or Co), either in the precursor molecules

used in their synthesis (dark circles) or as chemical catalysts to generate their

carbon nanostructures (dark circles for Fe or Co and dark triangle for Ni). Each

symbol includes a vertical line whose limits represent the highest and lowest

individual Vonset values reported for each group.

In Fig. 10.15a, the cluster of the average Vonset values represented by the open

circles is discernibly lower than the cluster of the average Vonset values represented

by dark circles. We may further simplify the presentation of the activity results for

all these catalysts by calculating overall average values for each of these clusters.

The overall average Vonset value for all N-doped carbon catalysts prepared without

strategic metal (Fe or Co) represented by open circles in Frame A is presented as an

open square in Fig. 10.15b and has a value of 0.56 V vs. RHE. The overall average

Vonset value for the N-doped carbon catalysts prepared with strategic metal (Fe or

Co) is presented as a dark square in Fig. 10.15b and has a value of 0.74 V vs. RHE.

Each overall average Vonset in Frame B includes a vertical line whose limits

represent the highest and lowest individual Vonset values reported for each cluster,

respectively. In addition, Fig. 10.15b also includes the overall average, minimum,

and maximum Vonset values for ORR of all carbon blacks (Vulcan, Ketjenblack,
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Black Pearls, etc.) having RDE data in the publications reviewed in this chapter.

The latter is presented as a gray diamond with a value of 0.20 V vs. RHE.

From Fig. 10.15b, we see a large potential difference (0.36 V) between the

overall average onset potential of oxygen reduction on carbon (gray diamond) and

on N-doped carbon obtained without any strategic metal (Fe or Co). According to

the authors cited in this chapter, doping carbon with two types of nitrogen atoms

(pyridinic and quadratic [also referred to as graphitic]) is an important factor for

increasing the ORR catalytic activity. The presence of graphene plane edges in the

catalyst is another important factor because carbon atoms at graphene plane edges

are believed to have a better interaction with O2 than carbon atoms located in

graphene basal planes. Since pyridinic-type nitrogen atoms are located on the edge

of graphitic planes (see Fig. 10.4), it is difficult to attribute with certainty the

observed positive effect on the catalytic activity for N-doped carbons to either the

nitrogen atoms or to the graphene edges. The only case encountered in this chapter

where graphene edges were the dominant factor in increasing the ORR activity was

that of the catalyst presented in Fig. 10.19, for which a specific surface area of about

2,000 m2/g was measured. This very high surface area likely implied that O2 had

access to a large number of graphene edges, while the total N content of the same

catalyst was relatively low (4.6 at.%) compared to other N-doped catalysts

discussed in this chapter. Furthermore, the iron content of the latter catalyst was

only 100 ppm. Consequently, this catalyst is among the best examples of an N-

doped carbon obtained without any strategic metal. The likely origin of its high

ORR activity (Vonset ¼ 0.77 V vs. RHE) is therefore related to its large number of

graphene edges available for O2 interaction and its reduction.

From the observation of Figs. 10.15a, b, one may also conclude that there is

practically no difference between the average Vonset value of 0.52 V vs. RHE for the

reduction of O2 on N-doped carbon catalysts produced with Ni (dark triangle in

Fig. 10.15a) and that of the overall average Vonset value of 0.56 V vs. RHE of

N-doped catalysts prepared without strategic metal. Since Ni is a strategic metal

capable of chemically catalyzing the growth of carbon nanostructures, as shown by

Ozkan and collaborators [65, 66, 68, 71], these authors have explained that the

carbon nanostructures produced with Ni were mainly devoid of graphene plane

edges. Therefore, these N-doped carbon materials were poorly interacting with O2.

Our interpretation of the same results was based on the possible occurrence of

Ni–Nx sites that were previously found to have some, but very low, ORR activity

[26, 116]. According to our alternative explanation, these N-doped carbon

nanostructures would therefore have an ORR activity similar to that of N-doped

carbon catalysts made without any strategic metal like Fe or Co.

A third conclusion that may be deduced from Fig. 10.15b is that there is a

difference of 0.18 V between the overall average Vonset for the N-doped carbons

catalysts prepared with Fe or Co in their synthesis (dark square) and the N-doped

carbons obtained without either Fe or Co (open square). The latter may not seem

large, but in fact means that a N-doped carbon made with a strategic metal will be

able to generate (at about 0.8 V vs. RHE) 100.18/0.10 ¼ 63 times more current

density per unit mass compared to a N-doped catalyst made without a strategic
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metal. This calculation is based on a Tafel slope of 100 mV/decade (0.10 V/decade)

at the same potential [61]. An experimental ratio of ORR activity at 0.8 V vs. RHE

of about 60 was found between the mass activity (in A/g of catalyst) measured by

RDE in H2SO4 at pH 1 for a Fe/N/C catalyst containing 0.27 wt% Fe (similar to that

shown in Fig. 10.12B curve “b”) and a N-containing (but Fe-free) carbon prepared

by pyrolysis in NH3 (see Fig. S7 in ref. [117]).

The reason for this factor of about 60 in ORR activity between the two types of

N-doped carbon catalysts, i.e., N-doped carbons made with strategic metals like Fe

or Co and those made without any strategic metal, is what divides the scientific

community. One camp believes the presence of Fe–Nx or Co–Nx catalytic sites

explains the drastic improvement while the other defends the hypothesis that a

larger number of N atoms (pyridinic or graphitic) or a larger number of graphene

edges catalyzed by Fe or Co is what explains the difference.

We have shown several examples in this chapter where residual strategic metals

contents �0.2 wt% (Fe or Co) in N-doped catalysts, considered negligible by some

researchers, can in fact result in non-negligible catalytic activity for ORR in acid

medium, given that this activity increases quickly with the Fe or Co content in

N-doped catalysts (see Figs. 10.3 and 10.16b). We also believe that the existence of

Fe–Nx sites in Fe/N/C catalysts have now been proven with little or no doubt by

ToF-SIMS, Mössbauer spectroscopy, STEM imaging and EELS analysis, and by

some carefully performed poisoning experiments. These four types of proofs are

now discussed.

10.5.1 ToF-SIMS

In Figs. 10.3 and 10.16b, the increase in catalytic activity with metal content in the

Fe/N/C catalysts was attributed to the presence of Fe–Nx (or Co–Nx) catalytic sites

capable of interacting with oxygen and reducing it to water. This assertion was

based on the detection by ToF-SIMS in these Fe/N/C catalysts of several FeNxCy
+

ions (see Fig. 10.6) ejected from the top molecular surface layer of the probed

catalyst. A strong correlation was found (see Fig. 10.5) between the relative

intensity of the FeN2C4
+ type ions detected by ToF-SIMS and the ORR catalytic

activity for Fe/N/C catalysts prepared at various heat-treatment temperatures. This

finding led us to propose the involvement of a FeN2/C catalytic site (see Fig. 10.4)

as the most active site in these Fe/N/C catalysts, while also acknowledging that this

proposed moiety was only part of the complete molecular site.

10.5.2 Mössbauer Spectroscopy

The second proof of the presence of Fe–Nx catalytic sites and their involvement in

ORR in Fe/N/C catalysts comes from recent experiments performed by Mössbauer
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spectroscopy on these catalysts. The latter were obtained by adsorbing increasing

amounts of iron acetate on a nonporous carbon black and heat-treating these

materials in NH3 at 950 �C [117]. The change in the catalytic activity with the

iron loading is presented in Fig. 10.21a. Figure 10.22 shows that several Fe-

containing species were detected by Mössbauer spectroscopy in each of these

catalysts. Three broad doublets, D1, D2, and D3, as well as two narrow doublets

(D4 and D5) were found in all catalysts. Based on their Mössbauer parameters, D1,

D2, and D3 have been assigned to three different FeN4-like species whose possible

structures are illustrated in Fig. 10.23. D4 and D5 have both been attributed to iron

nitride nanoparticles. The latter are also seen by high-resolution TEM. A last Fe

species characterized by a broad singlet in the Mössbauer spectrum only appears

when the actual Fe content in the catalyst reaches at least 0.27 wt% (see Fig. 10.22).

This singlet has been assigned to incomplete FeN4-like sites that are irreversibly

Fig. 10.21 ORR activity and the relative composition of each Fe species vs. the bulk iron content.

Also shown are the Energy Schemes of D1, D2, and D3, as well as the filling of the molecular

orbitals for the ironII ion in the structure proposed for each site according to its proposed spin state:

low in D1, intermediate in D2, and high in D3 [118] (according to Fig. 4 in ref. [117] for the left
frame and to Fig. 2 in ref. [117] for the right frame; reproduced with permission of The Royal

Society of Chemistry)
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lost when the Fe/N/C catalyst becomes in contact with an acidic solution of H2SO4

at pH 1.

Among the four different Fe species left after acid washing, only D1 and D3

have been found to be active for the ORR, the most active one being D3 as shown

by the similarity between the ORR activity of the catalysts illustrated in Fig. 10.21a, d.

Here, Fig. 10.21d represents the changes in the amount of iron ions (in wt%)

assigned to D3 species vs. the total iron content in the Fe/N/C in the original

catalyst (before acid washing). Although D2 in Fig. 10.21c shows the same trend

as D3, it is not ORR active because the 3dz2 orbital of its ironII ion (the orbital

interacting with O2 [119]) is already filled. This is illustrated in D2’s Energy

Scheme in Fig. 10.21. On the other hand, the 3dz2 orbitals of the ironII ion in D3,

with a population of only one electron, and that of the ironII ion in D1 with no

electron, may both interact with O2 and therefore result in active sites for the

reduction of oxygen. The similarity between Fig. 10.21c for D2 and Fig. 10.21d

for D3 indicates that the two FeN4-like species are structurally related as shown in

Fig. 10.23. Indeed, both D2 and D3 represent FeN4-like sites hosted in carbon

micropores. The difference between D2 and D3 is that, according to the Mössbauer

parameters of D3, a fifth coordinating nitrogen was postulated below the FeN4

plane pulling the Fe ion toward it. This modifies the sequence of the ironII ion

energy levels [118] as shown in Fig. 10.21 and changes the spin of the FeN4-like

Fig. 10.22 Deconvoluted Mössbauer spectra of the Fe/N/C catalysts. The iron content of the

original catalyst is specified in each frame (according to Fig. 1 in ref. [117]; reproduced with

permission of The Royal Society of Chemistry)
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site assigned to D3. The ironII in the site proposed for D3 is in a high spin state

(S ¼ 2), while it is in medium spin state (S ¼ 1) for D2 and in low spin state for D1.

These spin states affect the Mössbauer parameters of the FeN4-like doublets

assigned to these sites as it is detailed in the literature [120–127].

Fig. 10.23 Top and side views of the proposed structures of the FeN4/C catalytic site in heat-

treated, macrocycle-based catalysts assigned to Mössbauer doublet D1, the FeN2+2-like micro-

pore-hosted site found in the catalyst prepared with iron acetate and heat treated in ammonia

assigned to doublet D2, and the N-FeN2+2-like composite site, where N-FeN2+2 is assigned to

doublet D3. In all side views, graphene planes are drawn as lines. For D2, the distance between the
two nitrogen atoms belonging to the graphene planes above and below the FeN2+2-plane is similar

to that in crystalline iron phthalocyanine, thus similarly influencing the lattice contribution to the

quadrupole splitting. For D3, the ironII ion in N-FeN2+2 is coordinated by five pyridinic nitrogen

atoms, one of them belonging to a plane located vertically below the N4-plane. This axial nitrogen

coordination moves the ironII ion out of the N4-plane towards the fifth coordinating nitrogen atom.

D3 may exists as N-FeN2+2/C or as a composite site N-FeN2+2 . . . Nprot/C, where Nprot is a

protonable pyridinic nitrogen atom appearing at the edge of the upper plane in the side view of D3

[128]. Nprot is too far from N-FeN2+2 to have an influence on the Mössbauer spectrum of D3, but it

is close enough to drastically improve the turnover frequency of the proposed composite site N-

FeN2+2 . . . Nprot/C. According to Fig. 2 in ref. [117]; reproduced with permission of The Royal

Society of Chemistry

10 The Controversial Role of the Metal in Fe- or Co-Based Electrocatalysts. . . 319



From Fig. 10.23, the catalytic site illustrated in Fig. 10.2 has a D1 Mössbauer

signature, while both D2 and D3 signatures represent sites whose incomplete

structure was initially proposed as FeN2/C (Fig. 10.4), and later completed as

FeN2 + 2/C (Fig. 10.10) and is now present either as an ORR inactive site, having

the D2 signature, or as an ORR-active site (N–FeN2 + 2/C) having the D3 signature.

Moreover, we have shown [128] that if there is a basic (pyridinic) nitrogen in the

vicinity of an N–FeN2 + 2/C active site which is protonable, it may possibly act as a

relay for quickly transferring protons to the iron ion of the N–FeN2 + 2/C catalytic

site during ORR. The synergy between N–FeN2 + 2/C and the neighboring

protonated pyridinic nitrogen drastically increases the turnover frequency of what

is now the composite site: N–FeN2 + 2� � �NH+/C. A value of 11.4 electrons per site

per second has been measured for the turnover frequency of N–FeN2 + 2� � �NH+/C

[117]. This is only 2.2 times lower than the turnover frequency measured for Pt [6].

The high turnover frequency of N–FeN2 + 2� � �NH+/C is drastically reduced when

the protonated NH+ in the composite site is neutralized by an anion. This was

found to be the main mechanism affecting the ORR activity of the composite

N–FeN2 + 2� � �NH+/C site in H2SO4 solution. The same phenomenon also occurs

in fuel cell, where the neutralization of N–FeN2 + 2� � �NH+/C involves the sulfonate

group (SO3
�) of the proton-conducting ionomer. This neutralization has been

identified as the main problem leading to an apparent instability of these catalysts

in fuel cells. “Apparent” is used to emphasize the fact that, in this neutralization

reaction, the structure of the active site does not change, but the site is simply

deactivated. Here, it should be noted that our interpretation of the apparent

instability of these catalysts in fuel cells is at odds with that proposed by Popov

and collaborators [88] as in their case, it is claimed that the protonation of the

pyridinic nitrogen atoms of their N-doped catalysts leads to a decay of activity,

while in our case, it is when N–FeN2 + 2� � �NH+/C is in its protonated form that the

catalytic site is the most active.

Thus, to summarize the results obtained by Mössbauer spectroscopy, it is clear

from the similarity between the changes in ORR activity of these Fe/N/C catalysts

illustrated in Fig. 10.21a and the changes in the amount of N–FeN2 + 2� � �NH+/C

highly active sites illustrated in Fig. 10.21d in the same catalysts that Fe–Nx

catalytic sites are indeed active toward ORR in these Fe/N/C catalysts.

10.5.3 STEM Imaging and EELS Analysis

In a recent publication [129], Hongjie Dai and his collaborators reported the

preparation of few-walled carbon nanotubes, with a high percentage of double-

walled nanotubes and a small percentage of triple-walled nanotubes, grown from

MgO-supported iron seeds by chemical vapor deposition. The outer walls of these

few-walled carbon nanotubes were then partially opened by controlled oxidation,

producing disordered graphene layers still partially attached to what was left of the

carbon nanotube. When this material was subjected to a pyrolysis step in NH3 at

900 �C, N functionalities were generated at the defect sites in the tube and in the
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disordered graphene layers, and this, in conjunction with “iron impurities” left over

from the nanotube growing process, produced Fe–Nx-type centers that were active

for the oxygen reduction reaction in basic and acid solution. This catalyst was

labeled NT-G (or NT-NG in the supplementary information).

Scanning transmission electron microscopy (STEM) imaging and simultaneous

elemental analysis by electron energy loss spectroscopy (EELS) supplemented by

annular dark field (ADF) imaging were performed on these catalysts. They

indicated that Fe and N species were important to the high ORR electrocatalytic

activity observed for NT-G and that this catalyst falls within the category of metal-

nitrogen catalysts since its activity for ORR decreased when the “impurity” Fe

content was lowered from 1 wt% to 0.1 wt%! Fig. 10.24 presents an example of

bright field STEM images and their corresponding elemental analysis for a catalyst

showing individual Fe and N atoms in close proximity as they should be in Fe–Nx

catalytic sites. Note that each square in the elemental mapping represents a surface

area of about 2 Å � 2 Å.

10.5.4 Poisoning Experiments

The most conclusive evidence to demonstrate the presence of Fe–Nx active sites for

ORR in Fe/N/C catalysts would be to show the possibility of poisoning these sites

with a strong ligand to the iron ion of Fe–Nx in contact with an O2 saturated

electrolytic solution. In such a case, the poisoning ligand would prevent access of

the site to O2 and hence suppress its subsequent reduction. CO would seem to be a

good poison candidate since it is well known to poison hemoglobin in neutral pH.

However, it has been shown that CO does not poison Fe-based catalysts in acid

Fig. 10.24 Distribution of Fe and N atoms in the NT-G ORR catalyst. (a) Bright field STEM and

(b) corresponding ADF images of NT-G. The area indicated by a white square in (b) is further

characterized by (c) ADF intensity mapping, (d) N EELS mapping, (e) Fe EELS mapping, and (f)

overlaid Fe and N EELS maps. The ADF and EELS maps were recorded simultaneously

(according to Fig. S8 in ref. [129]; reproduced with permission of Nature)
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medium [78] (or even in neutral or basic media [unpublished results]). CO does not

poison the oxygen reduction reaction on unpyrolyzed iron phthalocyanine (FePc)

adsorbed on carbon in which the FeN4 moiety is known to have ORR activity [119].

Recent experiments by Gewirth and collaborators [130] have shown that the

oxygen reduction activity of carbon-supported FePc or pyrolyzed (800 �C) carbon-
supported FePc remain practically unaffected in pH 6 phosphate buffer containing

NaF, KSCN, or ethane thiol (C2H5 SH). Only KCN is able to strongly decrease the

oxygen reduction activity of the same catalysts in O2 saturated 0.1 M NaOH

solution. Potassium cyanide is known to form very strong complexes with iron

and poison the ORR at iron centers [131–133]. These results are consistent with

those originally obtained by Yeager and collaborators on an unpyrolyzed FePc

derivative showing a poisoning effect with cyanide in basic medium [131]. Rinsing

cyanide-poisoned FePc and pyrolyzed FePc electrodes with water resulted in

almost complete recovery of the ORR activity in fresh electrolyte without cyanide.

This indicates that cyanide ions compete with O2 for access to the iron ion in the

active site, but do not permanently bind to this site or alter it. Therefore, these

results demonstrate that the active sites in these materials are Fe-centered both

before and after pyrolysis. Similar poisoning experiments cannot, of course, be

performed in an acidic medium, but if Fe–Nx active sites exist in basic medium,

there is a strong presumption that they should also exist in acid medium.

10.6 Mechanism of O2 Reduction

10.6.1 O2 Reduction on Fe–Nx Active Sites

Given the fact that iron exists in several oxidation states and is the main transition

metal found in many oxidoreductases (enzymes responsible for electron exchange

in biological reactions) [134], including in the Fe-porphyrin-containing catalytic

site of cytochrome c oxidase, the enzyme responsible for the oxygen reduction in

the mammalian respiratory electron transfer chain embedded in the mitochondrial

membrane [135], it is relatively easy to understand why iron in Fe/N/C catalysts

should also be at the heart of the active sites that reduce O2 to H2O or O2 to H2O2 in

acidic medium. A plausible mechanism for the electrochemical reduction of O2 on

Fe/N/C catalysts may be similar to the one proposed by Boulatov for the catalyzed

reduction of O2 on porphyrins [135]. This mechanism is illustrated in Fig. 10.25. In

this figure, the solid lines on either side of the iron ion represent the porphyrin plane

(that we will also refer to as L4 in this chapter, as it was also used in the theoretical

work by Anderson and Sidik on the reduction of oxygen on L4Fe catalysts [136];

see below) with its four N atoms coordinating the iron ion. It is also proposed, in our

case, that the fifth coordinating atom represented by X under the iron ion in L4Fe in

Fig. 10.25 is a basic pyridinic nitrogen atom, as illustrated for D3 in Fig. 10.23.
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The oxygen reduction reaction starts when the iron ion is in the ferrous state (the

L4Fe
II state indicated by a solid circle in Fig. 10.25). According to the calculations

of Anderson and Sidik for oxygen reduction on iron-coordinated N4-chelates [136],

L4Fe
II is most probably hydrated as L4Fe

II–OH2. The same calculations show that

O2, in acid solution, is capable of displacing H2O from L4Fe
II–OH2 to form the

ferric hydroperoxo species according to Eq. (10.3):

L4Fe
II�OH2 þ O2 þ Hþ þ e� ! L4Fe

III�O�OHþ H2O (10.3)

L4Fe
III–O–OH, which is indicated by a dashed circle in Fig. 10.25, is a branching

point, where one option (left arrow) is that the reduction reaction may release H2O

and form an oxoferryl cation radical, then an oxoferryl species, then a ferric species,

and finally back to the original ferrous species, ready to repeat the cycle. The

following equations are involved in this long turnover cycle:

L4Fe
III�O�OHþ Hþ þ e� ! L4Fe

IV¼Oþ H2O (10.4)

L4Fe
IV¼Oþ Hþ þ e� ! L4Fe

III�OH (10.5)

Fig. 10.25 A plausible mechanism for electrochemical reduction of O2 catalyzed by Fe-porphyrins

(according to Fig. 12 in ref. [135]; reproduced with the permission of Springer Science + Business

Media)
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L4Fe
III�OHþ Hþ þ e� ! L4Fe

II�OH2 (10.6)

On the other hand (right arrow), L4Fe
III–O–OH in Fig. 10.25 may release H2O2

and returning to the starting point, according to

L4Fe
III�O�OHþ Hþ þ e� ! L4Fe

II þ H2O2 (10.7)

L4Fe
II þ H2O ! L4Fe

II�OH2 (10.8)

Following the left arrow option therefore leads to the reduction of O2 to H2O

with the transfer of 4e� and 4H+. It requires, however, going through the highly

oxidized state of FeIV in the catalytic site. On the other hand, following the right

arrow leads to the reduction of O2 to H2O2 with the transfer of 2e
� and 2H+. For van

Veen and his collaborators [137], the ability for the transition metal center to

stabilize L4Fe
IV¼O gives these catalysts the possibility, at high applied potential,

to reduce oxygen to water by a direct 4e� reaction. According to them, it may

explain why, for most Co–N4 chelates, no direct water formation was observed,

other than the apparent formation caused by H2O2 decomposition. Anderson and

Sidik [136] did not agree with the obliged passage of the Fe-centered site through

L4Fe
IV¼O, but instead suggested the replacement of Eqs. (10.3)–(10.6) with

Eqs. (10.9)–(10.12):

L4Fe
II�OH2 þ O2 þ Hþ þ e� ! L4Fe

III�O�OHþ H2O (10.9)

L4Fe
III�O�OHþ Hþ þ e� ! L4Fe

IIðOH�OHÞ (10.10)

L4Fe
IIðOH�OHÞ þ Hþ þ e� ! L4Fe

III�OHþ H2O (10.11)

L4Fe
III�OHþ Hþ þ e� ! L4Fe

II�OH2 (10.12)

Here, Eq. (10.9) is the same as Eq. (10.3), ending with the ferric hydroperoxo

species as indicated by the dashed circle in Fig. 10.25. Equations (10.10–10.12)

describe a reduction reaction path which does not appear on Fig. 10.25, where

L4Fe
II (OH–OH) represents H2O2 bound to the L4Fe

II catalytic site. According to

our experimental results on the oxygen reduction properties in acid medium of

Fe/N/C catalysts [116], we have shown that those obtained after high-temperature

pyrolysis in NH3 of ironII acetate adsorbed on nonporous carbon black were

practically unable to reduce H2O2 electrochemically in H2SO4 solution at pH 1.

Therefore, we do not believe that the catalytic sites in Fe/N/C would follow the

oxygen reducing path described by Eqs. (10.9)–(10.12), but rather a path described

by Eqs. (10.3)–(10.6), which is also illustrated by the turnover along the left arrow

in Fig. 10.25. Essentially, the same conclusions about the oxygen reduction path

were reached by Chlistunoff for a pyrolyzed Fe/PANI catalyst (where PANI ¼
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polyaniline), with the exception that he also claimed that his results indicated that a

relatively strong interaction between O2 and a ferric site may be possible, adding

another starting point for ORR, besides the already known ferrous site indicated by

a solid circle in Fig. 10.25 [138].

Although there are some disagreements between various groups about the exact

reaction path during ORR, all groups agree on the fact that the first electron transfer

(Eqs. 10.3 or 10.9) is the rate-limiting step in the O2 reduction reaction in acidic

medium [136, 137, 139]. As such, the first reduction step of O2 on L4Fe
II site is

responsible for the observed Tafel slopes of about 60 mV/decade (at 25 �C) or about
70 mV/decade (at 80 �C) which are usually observed for O2 reduction on Pt (see for

instance Table 3.4 in ref. [21] and also the slope of 61 mV/decade determined over a

current range of nearly three decades in Fig. 3 of [8]).

10.6.2 O2 Reduction on N-Doped Carbons

While it may be relatively easy to understand the interaction between O2 (a diradical

in its fundamental state) and the 3dz2 orbital of the L4Fe
II catalytic site (see the

Energy Scheme in Fig. 10.21), it is not so easy to understand the interaction

mechanism and reaction path followed during the reduction reaction of O2 on

N-doped carbons in acid medium. Several calculations were performed by various

groups to determine the precise origin of the reduction capabilities and the oxygen

reduction mechanism on these N-based catalysts. They will now be reviewed.

In their first quantum calculations of the ORR properties of N-doped graphite

[140], Anderson and his collaborators found that carbon radical sites were formed

adjacent to substitutional N in graphite and were active for O2 electroreduction to

H2O2 via an adsorbed OOH intermediate. They also found that substitutional N

atoms that were at a distance from graphite sheet edges (graphitic N of type N3 in

Fig. 10.4) led to more ORR activity than those closer to the edge (graphitic N of

type N2 in Fig. 10.4). In a subsequent publication [141], they focused on the

properties of pyridinic nitrogen atoms at the graphite edge and found that, at

potentials greater than 0.3 V (when N atoms were not hydrogenated), they were

not active toward ORR because their OOH bonds were too weak. At potentials

below 0.3 V, the hydrogenation of these pyridinic N made them radical centers.

Because the latter bonded too strongly to OOH, they were not active either.

Later, in studying the properties of two pyridinic N atoms substituting for

adjacent edge CH groups (–N–C–N–) [142], Anderson and his colleagues discov-

ered that, at potentials below 1.70 V, one of these N atoms would be in NH form and

that the adsorption of possible oxygen intermediates on these edge pyridinic

nitrogen atoms would be blocked after an initial reduction leading to O bonded to

one N and H bonded to the other one (–NO–C–NH–). However, this edge structure,

with its unpaired electron, can bond OOH to the carbon bridging the pyridinic N

atoms, with a bond strength that led to a two-electron reduction to H2O2. This

overall reaction took place according to the following equations:
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O2 þ ð�NO�C�NH�Þ þ Hþ þ e� ! ð�NO�C½OOH	�NH�Þ at U0 ¼ 0:73 V

(10.13)

ð�NO�C½OOH	�NH�ÞþHþ þ e� ! ð�NO�C�NH�ÞþH2O2 at U
0 ¼ 0:66 V

(10.14)

If two carbon atoms in a graphene layer were each substituted with a nitrogen

atom, the latter would be of the pyridinic type because their substitution for the

carbon on the graphene edge is energetically favorable. However, it is more likely

to find these pyridinic N atoms far apart from each other because the (–N–C–N–)

configuration is not energetically favorable [143]. The latter (–N–C–N–) configu-

ration described by Anderson and his colleagues is therefore unlikely and leaves us

once again with pyridinic-type nitrogen without ORR activity. However, Ikeda and

his colleagues [144] confirmed that graphitic N of type 2 in Fig. 10.4 are capable of

reducing oxygen as long as they are on a zigzag edge of the graphene plane. If the

analogous (–C–N–C–) configuration is realized in an armchair edge, O2 adsorption

does not give rise to stable structures.

Thus far, all N-doped carbons appear to only be able to reduce oxygen on

graphitic-type nitrogen atoms, and this reduction only leads to the production of

H2O2. However, experimentally, it is known that metal-free N-doped carbons are

capable of reducing O2 to water with an apparent transfer of 4e�, as reported by

various research groups covered in this chapter. It is also clear from Fig. 3 in ref.

[116], for instance, that similar limiting current densities are reached at the same

rotation rate (from 100 to 1,600 rpm) for ORR on a metal-free N-doped carbon, a

Fe/N/C or a Pt/C electrocatalyst.

The first report of the reduction of oxygen to water on a graphene layer doped

with nitrogen of the pyridinic type was published in 2011 [145]. Here the N-

containing graphene sheet is modeled as C45NH20 as shown in Fig. 10.26a. Each

atom is numbered and a spin density (upper number) and atomic charge (lower

number) were calculated for each atom. All carbon or nitrogen atoms on the edge

are terminated by hydrogen atoms. The ORR process was simulated beginning with

a first electron transfer. In acidic environment, O2 can adsorb H+ to form H+–O–O

[146] and this intermediate can be reduced at the electrode according to Eq. (10.15):

Hþ�O�Oþ e� ! H�O�O (10.15)

In the next step, OOH adsorbs on a carbon near the pyridinic N atom on the

graphene sheet. The adsorbed OOH species is represented as *OOH. There are two

possible reaction paths described as follows:

Reaction path 1


OOHþ Hþ þ e�!
OH ðadsorbed 1Þþ
OH ðadsorbed 2Þ (10.16)

326 J.-P. Dodelet




OH ðadsorbed 1Þ þ Hþ þ e� ! H2O (10.17)


OH ðadsorbed 2Þ þ Hþ þ e� ! H2O (10.18)

Reaction path 2


OOHþ Hþ þ e� ! 
Oþ H2O (10.19)


Oþ Hþ þ e� !
OH (10.20)


OHþ Hþ þ e� ! H2O (10.21)

Energetically, it was found that reaction path 1 was more favorable than reaction

path 2.

Fig. 10.26 (a) Charge distribution and spin density distribution on the N-graphene with pyridine

structure (C45NH20). Each atom is identified by a number. The fractions next to each atom

represents the spin density value (numerator) and charge density value (denominator); (b) Spin
density distribution on the electron density isovalue plane; the most negative values are in red, the
most positive in blue. Spin and charge density values for C37 are (0.235/0.084), N (0.144/�0.690),

and C9 (0.194/0.150) (according to Fig. 4 in ref. [145]; reprinted with permission of The American

Chemical Society)
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The above reaction does not happen on graphene; only on N-doped graphene.

One of the reasons is that HOMO-LUMO gap decreases by a factor of two

compared to pure graphene (2.7 eV), after nitrogen atom substitution. Hence, the

chemical reactivity of N-doped graphene is significantly improved because

the electrons are more easily excited from valence band to conduction band when

the band gap is smaller. The other reason is that nitrogen doping introduces an

unpaired electron which causes spin and charge densities to appear in the N-doped

graphene model as shown in Fig. 10.26a. Figure 10.26b illustrates the change in

spin density introduced on individual atoms in the graphene layer. As spin densities

are the largest on C37 and C9, these atoms predominantly bond OOH as *OOH in

the equations of reaction path 1. Therefore, the occurrence of a large spin density on

these carbon atoms transforms them into catalytic sites for ORR.

Another recent work [147] proposes an interesting mechanism for a 4e� reduc-

tion of O2 on N-doped graphite of type 2 along the zigzag edge (see Fig. 10.4). This

mechanism is illustrated in Fig. 10.27. A notable feature in this mechanism is state

III with *OOH on the catalytic site. In this state, due to the higher strength of the

C–O vs. the O–O bond, *OOH is easily dissociated into *O and OH�. The

remaining *O becoming a carbonyl group, cleaves the C–N bond in step 3a to

form a stable CHO group and the broken-bonded nitrogen atom becomes pyridinic

in IV. According to Jung and his colleagues [147], this new type of active site that

Fig. 10.27 Proposed mechanism for a 4e� reduction of O2 on a graphitic nitrogen of type N2

along the zigzag edge (see Fig. 10.4) (according to Fig. 3 in ref. [147]; reproduced with permission

of The Royal Society of Chemistry)
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switches between pyridinic and graphitic types of nitrogen atoms may reconcile the

experimental controversy as to whether the pyridinic, graphitic, or both types of

nitrogen atoms are the ORR-active sites for N-doped graphene materials.

10.7 Conclusions

Despite decades of research on Fe- or Co-based electrocatalysts for the oxygen

reduction reaction (ORR) in acidic medium, such as that in PEM fuel cells, the role

of the metal is still one that raises a great deal of controversy. Consequently, the

nature of the catalytic site in these non-noble metal ORR catalysts is still a topic of

debate. One camp within the scientific community believes that the metal is an

integral and electrochemically active part of the catalytic site, while the other

believes that the metal is merely a chemical catalyst for the formation of special

oxygen-reducing N-doped carbon structures.

From this work, we conclude that the three models for the nature of the active

ORR sites in non-noble metal catalysts, proposed and advocated by van Veen,

Yeager, and Wiesener during the 1980s, all have merit because there appears to be

more than a single type of active ORR site in Fe/N/C (or Co/N/C) catalysts in acidic

medium. Indeed, FeN4/C active sites, proposed by van Veen and having a D1

Mössbauer signature, are present in Fe/N/C catalysts. Other sites, referred to as

N–FeN2 + 2/C, having a D3 Mössbauer signature, are also present in the same

catalysts. The latter is derived from C–Nx–Me, the model proposed by Yeager for

the catalytic site, in which the transition metal ion M (Fe or Co) bonds to the carbon

support by coordination through pyridinic nitrogen substituting for carbon in the

support.

Our group has shown that C–Nx–Fe is only the precursor of the true catalytic site,

which is formed after a high-temperature pyrolysis step. We initially referred to this

catalytic site as FeN2/C. Complementary experiments relating to the influence of

the carbon support on the activity of Fe/N/C catalysts led us to conclude that (1)

FeN2/C, whose structure was obviously incomplete, was in fact FeN2 + 2/C and (2)

this site is hosted in the slit-shaped micropores of the carbon support. Our most

recent Mössbauer experiments revealed yet more details about the exact structure.

It appears that FeN2 + 2/C may exist either with or without an axial coordination of

the iron ion in the site to a supplementary pyridinic-type nitrogen atom located

below the FeN2 + 2/C site. This supplementary coordination pulls the iron ion out of

its FeN2 + 2 coordination plane and changes its FeII spin from S ¼ 1 to S ¼ 2,

modifying the relative energy level of the 3d orbitals of FeII and the electronic

population of its 3dz2 orbital, which binds to O2 in the first step of the oxygen

reduction reaction. N–FeN2 + 2/C with its S ¼ 2 spin is ORR active, while

FeN2 + 2/C with its S ¼ 1 spin is inactive. Finally, it is also very likely that the

CNx sites proposed by Wiesener are also present in Fe/N/C catalysts since their

total nitrogen content always significantly outnumbers the active-site-related Fe ion

content.
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In Fe/N/C catalysts obtained from iron acetate as the iron precursor, we

have shown that (1) the catalytic activity follows the relative concentration of

N–FeN2 + 2/C-type catalytic sites, as measured by Mössbauer spectroscopy and

neutron activation analysis of the Fe content, and (2) the catalytic activity also

follows of the relative intensity of the FeN2C4
+ ions as measured by ToF-SIMS

experiments. From these two observations, and the fact that (3) individual iron

atoms can be detected in these catalysts surrounded by nitrogen atoms and (4) the

Fe-containing site can be poisoned by KCN in alkaline medium, it was deduced that

iron is indeed active in these sites and that among the three types of catalytic sites

present in these catalysts (N–FeN2 + 2/C, FeN4/C, and CNx), N–FeN2 + 2/C are the

most active (when they are coupled with a neighboring protonated nitrogen atom).

Iron-based active sites are also acid resistant.

ToF-SIMS results obtained for catalysts made with ClFeTMPP as the iron

precursor in similarly made catalysts show that FeN4/C is the major type of

catalytic site present. However, the two other active sites are also present in these

catalysts, N–FeN2 + 2/C being here in smaller proportion. The opposite is true when

the iron precursor is iron acetate.

As far as CNx sites are concerned, they may indeed be the only type of site in the

catalyst when the latter is obtained from a nitrogen precursor and carbon support

only, i.e., without involving any strategic metal like Fe or Co in the synthesis

procedure. The ORR mass activity of these CNx catalysts is about 50–100 times

lower, at 0.8 V vs. RHE in the kinetic region of the ORR current-potential curve,

than that of catalysts produced in the presence of a strategic metal like Fe or Co.

When at least one of these metals is present during the synthesis, it appears highly

probable that the supplementary activity imparted to these catalysts may well be

explained by the presence of some Fe–Nx (or Co–Nx) active sites, given that even

very small contents of Fe (or Co), i.e., well below 0.1 wt% (1,000 ppm), in the

catalysts precursor may significantly increase the catalytic activity. Such small

strategic metal contents are often considered negligible by many researcher groups

who use several wt% Fe (and/or Co) in their synthesis but deny any active role of

the metal in the ORR properties of these catalysts.

Finally, it is relatively easy to understand how iron ions may be involved in

every step of the oxygen reduction reaction in acidic medium because its 3dz2

orbital is able to accept one electron of the oxygen diradical molecule. On the other

hand, it is not so easy to understand, without performing quantum calculations, how

O2 interacts with N-doped carbon. According to the sequence of reactions

published in the literature about the activity of CNx catalytic sites, it appears that

doping carbon with nitrogen atoms by substitution for carbon in a graphene layer

modifies the electronic charge and the spin of each neighboring carbon atom,

enabling some of these carbon atoms to interact with O2. However, it is still not

completely clear what type of nitrogen atom substitution, i.e., pyridinic or graphitic

type, in graphene layers results in the best CNx-based catalysts for ORR.
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Chapter 11

Theoretical Study of Oxygen Reduction Reaction

Catalysts: From Pt to Non-precious Metal

Catalysts

Xin Chen, Dingguo Xia, Zheng Shi, and Jiujun Zhang

Abstract Fuel cells are regarded as one of the most promising candidates for

stationary and mobile power generation due to their high energy yield and low

environmental impact of hydrogen oxidation. The oxygen reduction reaction

(ORR) at cathode is a very complex process and plays a crucial role during

operation of the PEM fuel cells. However, its mechanism and the nature of

intermediates involved remain vague. This chapter focuses on the recent theoretical

modeling studies of ORR catalysts for PEMFC. Recent theoretical investigations on

oxygen reduction electrocatalysts, such as Pt-based catalysts, non-Pt metal catalysts

(Pd, Ir, CuCl), and non-precious metal catalysts (transitional metal macrocyclic

complexes, conductive polymer materials, and carbon-based materials), are

reviewed. The oxygen reduction mechanisms catalyzed by these catalysts are

discussed based on the results.
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11.1 Introduction

Fuel cells are electrochemical devices that directly convert the chemical energy of a

fuel into electrical energy by electrochemical reactions. Since their invention in

the middle of the nineteenth century, fuel cells have been identified as the most

promising energy conversion technology and have been successfully used in many

specific areas, including space exploration. Fuel cells offer many advantages such as

high efficiency and reliability, minimum impact to environment, unique operating

characteristics, and so on.

There exist a variety of fuel cells. For practical reasons, fuel cells are classified

by the type of electrolyte employed. The following names and abbreviations are

frequently used in publications: alkaline fuel cells (AFC), molten carbonate fuel

cells (MCFC), phosphoric acid fuel cells (PAFC), solid oxide fuel cells (SOFC),

and proton exchange membrane fuel cells (PEMFC). Among different types of fuel

cells under development today, the PEMFC, also called polymer electrolyte mem-

brane fuel cells (PEFC), is considered as a potential future power source due to its

unique characteristics [1–3]. The PEMFC consists of an anode where hydrogen

oxidation takes place, a cathode where oxygen reduction occurs, and an electrolyte

membrane that permits the transfer of protons from anode to cathode. PEMFC

operates at low temperature that allows rapid start-up. Furthermore, with the

absence of corrosive cell constituents, the use of the exotic materials required in

other fuel cell types is not required [4].

Although PEMFC has many advantages compared with other kinds of fuel cells,

there are several barriers challenging PEMFC’s commercialization. These barriers

are performance, cost, and durability. PEMFCs are sensitive to poisoning by trace

levels of contaminants including CO, sulfur species, and ammonia. The high

overpotential from oxygen reduction at cathode contributes significantly to perfor-

mance losses [5]. Under PEMFC’s operating environment, platinum can react with

water and oxygen forming a surface oxide layer that inhibits the catalysis of the

oxygen reduction reaction (ORR) especially at high potential [6, 7]. Thus develop-

ment of more efficient ORR electrocatalysts and reducing their cost are the major

focuses for advancing PEMFC technology.

ORR is a very complex process. It involves multi-electrons, various inter-

mediates, and many possible pathways [8–10]. Different experimental characteri-

zation methods have been employed to study the ORR mechanism, such as

ultraviolet photoemission spectroscopy (UPS) [11], X-ray photoemission spectros-

copy (XPS) [12, 13], electron energy loss spectroscopy (EELS) [14], near-edge

X-ray absorption spectroscopy (NEXAFS), and Auger spectroscopy (AES) [15, 16].

Despite all these studies, the nature of intermediates involved in the reduction steps

remains vague. First-principle theoretical modeling is a good tool complementing

state-of-the-art experimental techniques [17]. It provides important insights regard-

ing electronic structure, geometries of reaction intermediates, and adsorption

energies at metal/gas or metal/liquid interfaces. Theoretical modeling is becoming

an indispensible tool in electrochemical study [18].
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This chapter focuses on the theoretical modeling studies of ORR catalysts for

PEMFC. Theoretical methods, such as density functional theory (DFT) and ab initio

molecular dynamics (AIMD) simulation, are presented. Current understanding of

ORR mechanism in acidic medium is briefly discussed. Recent theoretical

investigations on oxygen reduction electrocatalysts, such as Pt-based catalysts,

non-Pt metal catalysts (Pd, Ir, CuCl), and non-precious metal catalysts (transitional

metal macrocyclic complexes, conductive polymer materials, and carbon-based

materials), are reviewed. The oxygen reduction mechanisms catalyzed by these

catalysts are discussed based on the results.

11.2 Computational Methods

11.2.1 Density Functional Theory Methods

DFT has become increasingly the method of choice for the solution of large

systems, not only because of its sufficiently high accuracy but also of its computa-

tional simplicity. DFT reduces the calculation of system of many interacting

particles to the solution of single-particle Hartree-type equations. Figure 11.1

shows the usage of DFT method from the year of 1980, as compared with the

application of Hartree–Fock method.

In DFT, a many-electron (N) system is considered as a fictitious system of N
noninteracting electrons which is described by a single determinant wave function

with N “orbitals” φi. The electron density of this fictitious state can be obtained

exactly by solving a set of one-electron Schrödinger equations (Kohn–Sham

orbital) [19]. The Kohn–Sham self-consistent equation can be described as
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Fig. 11.1 Number of

publications that employ DFT

each year (from 1980 to

September 23, 2011) based on

search from Web of Science

database (http://apps.

webofknowledge.com) using

“density,” “functional,” and

“theory” as the keywords.

This is compared with a

similar search for keywords

“Hartree” and “Fock,” using

Web of Science database
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� 1

2
r2 þ VeffðrÞ

� �

φi ¼ εiφi (11.1)

The effective external potential, Veff(r), is described as

VeffðrÞ ¼ VðrÞ þ
ð

ρðr0Þ
r � r0j jdr

0 þ VXCðrÞ (11.2)

where V(r) is the external potential,
Ð ρðr0Þ
jr�r0 jdr

0 is Hartree potential, and VXC(r) is the

exchange–correlation potential. The ground-state energy is given by

E ¼
X

N

i

εi � 1

2

ð ð

ρðrÞρðr0Þ
jr � r0j drdr

0 þ EXC½ρ� �
ð

VXCðrÞρðrÞdr (11.3)

In spite of the appearance of simplicity, the Kohn–Sham equation is in principle

“exact” provided that the exact exchange–correlation energy EXC is used. In other

words, the only error in Eq. (11.3) is due to the approximate nature of EXC.

Since the exact exchange–correlation term is unknown, several different schemes

have been developed to obtain approximation of the EXC. There are several types of

approximate functionals such as local density approximation (LDA) and generalized

gradient approximation (GGA) [20]. The LDA is very successful for many systems

of interest, especially those with uniform electronic density distributions such as

those in bulk metals, but LDA fails in systems where weak molecular bonds exist

[21]. To account for the inhomogeneity of the electron density, a nonlocal correla-

tion is often added to the exchange energy; this is the so-called generalized gradient

approximation (GGA). There are several exchange–correlation functionals such as

P86 [22], PW91 [23, 24], BPW91 [25], LYP [26], BLYP [20, 26], B3LYP [25–27],

and PBE [28]. In general, as the exchange–correlation functional contains both

exchange and Coulomb correlation terms, the DFT methods provide better results

than that of a single determinant Hartree–Fock (HF) methods which do not have

Coulomb correlation term [5].

The selection of functional directly controls the accuracy of the DFT methods.

A study of ORR by hybrid density functional (HDFT) method and MP2 method

has been reported by Albu et al. [29, 30]. They evaluated a large number of

HDFT methods toward calculation of potential-dependent activation energies for

uncatalyzed and Pt-catalyzed oxygen reduction and hydroperoxyl oxidation

reactions. In the HDFT methods, the one-parameter hybrid Fock–Kohn–Sham

operator is written as

F ¼ FH þ X

100

� �

FHFE þ 1� X

100

� �� �

ðFSE þ FGCEÞ þ FC (11.4)
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where FH is the Hartree operator (i.e., the non-exchange part of the Hartree–Fock

operator), FHFE is the Hartree–Fock (HF) exchange operator, X is the fraction of

Hartree–Fock exchange, FSE is the Dirac–Slater local density functional for

exchange, FGCE is the gradient correction for the exchange functional, and FC is

the total correlation functional including both local and gradient-corrected parts.

Table 11.1 lists results obtained from MP2/6-31G(d,p) and various HDFT

methods for uncatalyzed ORR. Table 11.2 contains results obtained with MP2/6-

31G(d,p) and a subset of HDFT methods for Pt-catalyzed ORRs. In the tables,

HDFT methods are named by the gradient-correlated exchanged functional used,

followed by 1 (indicating a one-parameter method), followed by the correlation

functional used, and finally by the value of X separated by a dash. For example,

mPW1B95-50 represents a one-parameter hybrid DFT method based on the

modified Perdew–Wang (mPW) gradient-corrected exchange functional [31] and

B95 gradient-corrected correlation functional [32], and with a Hartree–Fock

exchange contribution of 50 % (X ¼ 50).

The results indicate that the inclusion of diffuse functions for oxygen by using

the 6-31+G(d,p) basis set is unnecessary and gives inferior results. The HDFT

methods with low HF exchange contributions show typically larger errors in

comparison with the results obtained with the MP2 method. These errors are a

consequence of a systematic underestimation of the transition-state energy for

oxygen reduction to hydroperoxyl and hence its reverse hydroperoxyl oxidation

reaction. Among the 25 HDFT methods investigated, the best results were obtained

using the HDFT method based on Becke’s exchange functional, B95 correlation

functional, and a Hartree–Fock exchange contribution of 50 % in conjunction with

the 6-31G(d,p) basis set [B1B95-50/6-31G(d,p)]. Results with similar accuracy

were obtained using the HDFT method based on Becke’s exchange functional,

PW91 correlation functional, and a Hartree–Fock exchange contribution of 50 % in

conjunction with the 6-31G(d,p) basis set [B1PW91-50/6-31G(d,p)]. Both of these

methods also give very accurate gas-phase bond energies for the oxygenated

species. Based on the calculated results, these two methods are recommended for

study of electrochemical ORR.

11.2.2 Ab Initio Molecular Dynamics Method

Recently, ab initio or the first-principle molecular dynamics (AIMD), which is based

on Car and Parrinello’s technique [33], has become a valuable method for study

condensed matter structure and dynamics, in particular liquids, surfaces, and

clusters. The basic idea underlying AIMD method is to compute the forces acting

on the nuclei from electronic structure that are calculated “on the fly” as the

molecular dynamics trajectory is generated [34]. In this way, the electronic variables

are not integrated out beforehand, but are considered as active degrees of freedom.

Thus, the Car and Parrinello (CP) algorithm overcomes limitations of standard

empirical-potential approaches employed in classical molecular dynamics and
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provides direct information about the electronic structure. Figure 11.2 depictures the

number of publications related to AIMD method.

The CP method makes use of the following classical Lagrangian

LCP ¼
X

i

1

2
μi hψ ijψ ii þ

1

2

X

I

MI R
2
I

:

�Eðψ0; ~RÞ þ constraints (11.5)

to generate trajectories for the nuclear and electronic degrees of freedom via the

coupled set of equations of motion:

MI
€RIðtÞ ¼ � @

@RI
hψ0jHjψ0i þ

@

@RI
constraintsf g (11.6)
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AIMD

Car and Parrinello  PRL 1985

Fig. 11.2 Publication and citation analysis. Squares: number of publications with usage of AIMD

each year from 1991 to September 28, 2011, which is based on Web of Science database (http://

apps.webofknowledge.com) using “ab initio” and “molecular dynamics” (or synonym such as

“first-principle MD” and “Car–Parrinello simulations”) as the keywords. Diamonds: number of

publications which cite the 1985 paper by Car and Parrinello [33]

Table 11.2 Electrochemical potentials and activation energies (eV) for Pt–O2 + H3O
+ + e� !

Pt–OOH + H2O reaction and the average relative error to the MP2/6-31G(d,p) results [29]

HDFT method ðUÞEred
a ¼ 0 Eoxi

a

� �

Ured ¼ 0 ðUÞEoxi
a ¼ 0 Ered

a

� �

Uoxi ¼ 0 Error

MP2/6-31G(d,p)a 0.382 1.330 2.681 0.969 0.00

B3PW91/6-31G(d,p) 0.929 0.529 2.280 0.822 0.70

BH&HLYP/6-31G(d,p) 0.493 0.846 2.651 1.312 0.42

MPW1K/6-31G(d,p) 0.633 0.762 2.651 1.256 0.45

mPW1PW91-60/6-31G(d,p) 0.470 0.904 2.709 1.335 0.40

B1B95-50/6-31G(d,p) 0.451 0.877 2.636 1.307 0.40

mPW1B95-50/6-31G(d,p) 0.475 0.862 2.661 1.324 0.42

The electrochemical potentials are in V, and the activation energies are in eV
aThe basis set used for platinum is LANL2DZ
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μi €ψ iðtÞ ¼ � @

@ψ�
i

hψ0jHjψ0i þ
@

@ψ�
i

constraintsf g (11.7)

where jψ0i ¼ det ψ if g is the total wave function; MI and RI are atom I’s nuclear
mass and position, respectively; μi are the “fictitious electron masses” or inertia

parameters assigned to the orbital degrees of freedom; and E is the energy func-

tional of the system. For a given nuclear geometry, the ground-state electronic wave

function can be obtained by standard techniques such as steepest descent or other

higher order methods:

_ψ iðtÞ ¼ � 1

2

δE

δψ
þ
X

j

ΛijψðtÞ ¼ � 1

2
Hψ iðtÞ þ

X

j

ΛijψðtÞ (11.8)

whereΛij are Lagrange multipliers which impose orthonormality constraints on the

electronic orbitals. Thus, once the ground-state wave function has been determined,

the dynamical behavior of a system can be studied at a given time; the force acting

on the nuclei is given by Eq. (11.6). In the dynamical simulation, both the electronic

and nuclear (ionic) degrees of freedom can propagate concurrently [35].

Compared to ordinary quantum chemical approaches, the AIMD free-energy

calculations have significant advantage as entropic effects and anharmonicity are

explicitly included in the calculation. In contrast, a normal static DFT procedure

requires that the vibrational entropy be added via harmonic frequency calculations

and the computational demands may be quite substantial for large molecular

systems. Furthermore, the harmonic approximation may not even be valid in

situations where weak interactions are dominant.

11.3 ORR in Acidic Medium

The ORR is a multi-electron reaction that includes a number of elementary

reactions. Yeager proposed two pathways for the ORR in acidic medium [36]:

(1) a “direct” four-electron pathway where O2 is reduced directly to water without

involvement of hydrogen peroxide (H2O2), O2 + 4H+ + 4e� ! 2H2O and (2) a

“series” pathway in which O2 is reduced to H2O2, O2 + 2H+ + 2e� ! H2O2,

followed by its further reduction to H2O, H2O2 + 2H+ + 2e� ! 2H2O. Adzic

et al. proposed a parallel pathway, with the direct and series mechanisms occur

simultaneously, with the direct pathway as the dominant one [37].

For transition metal catalysts, two-electron reduction was reported for less active

metals such as Au and Hg. For the most active catalyst, Pt and Pt-based alloys, four-

electron reduction steps are generally believed. However, the detailed mechanism

and reduction pathways are not clear and much debate remains. Even for the first

electron transfer step, different views still exist [38–40]. Examples of plausible first

steps include the following: (1) splitting of the O–O bond upon oxygen adsorption

on two Pt sites (S) in a bridge configuration, O2 + 2S ! O* + O*; (2) formation of
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the superoxide anion, O2 + 2S + e� ! O2
�; and (3) simultaneous electron and

proton transfer, O2 + 2S + (H+ + e�) ! OOH.

O2 reduction pathways were affected to a great extent by the O2 adsorption

modes on catalyst surfaces. There are three adsorption models for molecular

oxygen adsorption (Fig. 11.3):

1. O2 interacts with a single substrate atom (Griffith model) [41] forming a bond

between its σ-orbitals and the empty dz2 orbitals of the metal surface atom and by

forming a σ-backbond from the partially filled dxy or dyz metal orbitals to the

antibonding π* orbitals of O2.

2. End-on adsorption through a single σ-type bond (Pauling model), in which the

σ-orbital of O2 donates electron to the dz2 orbital on the metal.

3. Bridge model, with O2 bonds with two sites, which was proposed by Yeager [42]

principally for the reaction on platinum group metals.

In order to study the oxygen reduction mechanism, it is crucial to know the nature

and coverage of adsorbed reaction intermediates. However, there is no simple

adequate spectroscopic method for identifying adsorbed intermediates. Computa-

tional studies can provide insights regarding intermediates, their geometries, and

energies. Anderson and Albu [30] carried out ab initio studies of reversible

potentials and activation energies for uncatalyzed oxygen reduction to water and

the reverse oxidation reaction. The electrode was modeled by a noninteracting

electron-donor molecule with a chosen ionization potential (IP). When the reactant

reached a point on the reaction path where its electron affinity (EA) matched the

donor’s IP, an electron transfer was assumed occurring, and the donor’s IP or

reactant’s EA was identified with the electrode potential. To locate transition state,

potential surface scan is deployed [43]. Once the transition state is located, the

energy difference between the transition-state structure and reactants energy is taken

as the activation energy. They calculated the activation energy of the following one-

electron transfer steps:

O2ðgÞ þ HþðaqÞ þ e�ðUÞ ! HO2
�ðaqÞ (11.9)

HO2
�ðaqÞ þ HþðaqÞ þ e�ðUÞ ! H2O2ðaqÞ (11.10)

H2O2ðaqÞ þ HþðaqÞ þ e�ðUÞ ! HO�ðgÞ þ H2OðaqÞ (11.11)

HO�ðgÞ þ HþðaqÞ þ e�ðUÞ ! H2OðaqÞ (11.12)

O O

M

O

O

M

O O

M M

Griffith Pauling Bridge

Fig. 11.3 Models of O2

adsorption on electrode

surfaces
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The MP2/6-31G** method is used. The H+(aq) was modeled with H3O
+(H2O)2

cluster. The electron transfer was assumed to occur when the electron affinity of the

reaction complex equaled the ionization potential, IP, of the electrode.

They studied activation energies for the four-electron transfer steps at potentials

range between 0 and 2 V (vs. standard hydrogen electrode, SHE). The results

showed that as the electrode potential increases, the activation barriers increase as

well. The third electron and proton transfer step (Eq. 11.11), i.e., the H2O2 reduc-

tion, has the highest activation energy. Over the potential range they considered,

activation energies for the reduction reactions decrease in the sequence: third step

(Eq. 11.11) > first step (Eq. 11.9) > second step (Eq. 11.10) > fourth step

(Eq. 11.12). From the calculation results, it is evident that an efficient four-electron

reduction catalyst must not liberate hydrogen peroxide and it must activate the first

and third reduction steps without deactivating the other two steps. Complete

dissociation of HOOH on the electrode surface should lead to good activity,

based on the low activation energy calculated for HO• reduction.

In a subsequent study, Anderson and Albu [44] employed a similar method to

study the catalytic effect of Pt on ORR. A single Pt atom is used to model the

system. They calculated activation energies of the following four reduction steps:

Pt� O2 þ HþðaqÞ þ e�ðUÞ ! Pt� OOH (11.13)

Pt� OOHþ HþðaqÞ þ e�ðUÞ ! Pt� OHOH (11.14)

Pt� OHOHþ HþðaqÞ þ e�ðUÞ ! Pt� OHþ H2O (11.15)

Pt� OH þ HþðaqÞ þ e�ðUÞ ! Pt� OH2 (11.16)

It is evident that the Pt atom has a significant catalytic effect on the most difficult

step of the ORR, i.e., H2O2 ! HO• + H2O. Activation energies drop about 1 eV

over the 0–2 V potential range studied. Activation energies for the other reduction

steps are also substantially reduced. The activation energies for HO• reduction to

H2O increase when HO• is bonded to the Pt atom and bonding to Pt decreases the

activation energies for OOH• reduction to H2O2. In all cases, the activation energies

are predicted to increase with increasing potential (Fig. 11.4).

Sidik and Anderson further studied the O2 electroreduction when bonded to Pt

dual sites [45]. A Pt dimmer, Pt2, with the bulk distance of 2.775 Å, was used to

provide one- and twofold bonding sites for coordinating O2, O, OOH, and OH. The

results suggest that the O2 on dual sites does not dissociate before the first electron

transfer and the product for this step, OOH, easily dissociates with a small 0.06 eV

activation barrier to form O and OH. The first electron transfer step has the highest

activation barrier (0.60 eV at 1.23 V), which is close to the experimental value, and

is predicted to be the rate-determining step.
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Li and Balbuena [46] used DFT method with B3PW91 functional, LANL2DZ

effective core pseudopotentials for Pt, and 6-311G(d) basis set for O and H to study

the first electron transfer step:

Pt5 � O2 þ HþðaqÞ þ e� ! Pt5 � OOH (11.17)

The solvent influence on the reaction is considered with H3O
+(H2O)2 ion cluster

model. It is found that the electron transfer process takes place gradually as the

hydronium ion gets close to the adsorbed oxygen. The activation energies show a

strong dependence on the Oads� � �H� � �Owater distance between the adsorbed oxygen

and the proton water. The proton transfer reaction is not involved in the rate-

determining step if the Oads···H···Owater distance is smaller than a certain threshold,

which depends on the degree of proton solvation. Negatively charging the cluster/

adsorbate complex causes a sharp decrease in the activation barrier.

Jinnouchi and Okazaki [47] performed AIMD studies of the first electron

transfer reaction with one oxygen molecule, 1 hydronium ion, 9 water molecules,

and 12 Pt atoms at 350 K. They proposed that the first reaction step would be rapid

oxygen adsorption on the catalyst induced from the strong attractive force between

the oxygen molecule and the platinum surface. The adsorbed water molecules and

the hydronium ion hydrated the adsorbed oxygen atoms, and proton transfer

through the constructed hydrogen bonds frequently occurred. When the conforma-

tion of these species satisfied certain conditions, the oxygen dissociation with the

proton transfer reaction was induced, and three OH were generated on the platinum

surface. The authors suggested that the generation of ordered cluster structure that

0.0 0.4 0.8 1.2 1.6 2.0
0.0

0.5

1.0

1.5

2.0

HOO
O2H2O2 H2O2

HOO

E
a(

eV
)

U(V)

HO+HO2

HO H2O

Fig. 11.4 Activation energy for the four steps of oxygen reduction to water as a function of

electrode potential, U. Heavy lines connect points with species undergoing reduction bonded to a

Pt atom.Dotted lines connect points with no bonding to the Pt. The same key applies to both sets of

curves [44]
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provides the effective path for ions and water molecules is the most important

guiding principle for designing high ion conductive electrolytes.

11.4 ORR Catalyzed by Metal Catalysts

11.4.1 Platinum

Platinum has long been known as the best electrocatalyst for oxygen reduction in

acidic medium [48]. The first step of catalyzing oxygen reduction involves chemi-

sorption of oxygen molecule on the electrocatalyst surface. The adsorbate’s structure,

bonding type, and energy are key elements in understanding the effects of adsorption

on the reaction kinetics. Theoretical studies of chemisorption of oxygen molecule can

provide information about the nature of bonding at the surface, bond strength,

geometry, and site preferences of adsorbates. Furthermore, theoretical calculations

have advantage that the study can be performed for situations not realizable experi-

mentally and can eliminate concerns about the effects of contaminants or other

unknown variables.

Li and Balbuena [49] performed DFT calculation to study the interactions of

oxygen with platinum clusters. They firstly calculated the ground-state structures of

Ptn clusters (n ¼ 4–6). The results indicated that the structures for Ptn clusters are

nonplanar and most of them exhibit Jahn–Teller distortions. For atomic oxygen, a

bridge-site adsorption is found as the most stable structure for Pt3O. The adsorption

energy for atomic oxygen shows a strong dependence on the metal cluster size and

geometry. The bridge site is found to be the most favorable site for the adsorption of

O2 on Ptn. In the dimer complexes Pt2O2, they found that the electron transferred

from the Pt’s s orbitals to the oxygen p orbitals, whereas in PtnO2 (n > 2), the

electron transferred from the Pt’s d and p orbitals. The potential energy surface for

the adsorption of oxygen shows a double well feature. The first potential energy

minimum occurs at adsorption distances relatively far from the metal cluster. As the

molecule gets closer to the cluster, the second minimum, which is more stable than

the first one, appears corresponding to adsorbed state. A bond-order conservation

approximation analysis illustrates that the dissociation activation energies depend

on the Pt cluster size. The activation energies are reduced as the cluster’s ionization

potential (IP) decreases, which facilitates the charge transfer to the adsorbate.

A similar effect on dissociation is observed upon application of an electric field

along the direction of increase of the dipole moment of the adsorbate–cluster

complex.

Similarly, Wang et al. [50] used B3LYP functional to study the adsorption and

decomposition of the radical OOH and H2O2 on Pt clusters (Pt3, Pt4, Pt6, and Pt10).

The potential energy surface for the complete reduction of oxygen in acidic

medium has been calculated (Fig. 11.5). They found that the OOH radical has a

very strong adsorption on Pt clusters. Both thermodynamics and kinetics indicate
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that OOH readily decomposes into O and OH before a second electron transfer

takes place. Thus, although a one-end adsorbed hydrogen peroxide H2O2, arising

from the reduction of adsorbed OOH, has been located on Pt3 and Pt10, a favorable

pathway for the second electron transfer should occur on the coadsorbed O and OH

species, suggesting that O2 reduction on a Pt surface may proceed via a parallel
pathway: the direct (no H2O2 generated as intermediate) and series (H2O2

generated) occurring simultaneously, with the direct as the dominant step.

As discussed above, the oxygen adsorption and reduction processes are often

simulated either on small Pt clusters or flat surfaces. However, both experimental

measurements [51, 52] and computational calculations [53, 54] indicate that

nanosized electrocatalysts show a considerably different catalytic activity from

extended flat surfaces. These investigations would suggest that effects observed

with particle size reduction go well beyond the increase in surface area and involve

fundamental physical and chemical changes in the reaction steps. Han and his

coworkers [55] studied explicitly Pt nanoparticles with 1 and 2 nm sizes and

compared their chemical adsorption properties to those of an extended flat Pt

(111) surface. As atomic oxygen (O) and hydroxyl group (OH) are two species of

considerable importance [56], they focused on effect of particle size and Pt coordi-

nation on the chemisorption energies of O and OH.

Fig. 11.5 Potential energy surface profile for the oxygen reduction reaction at the standard

hydrogen electrode potential scale: the proton was modeled by two shells of water molecules,

H+OH2(H2O)3(H2O)6, and the data in parentheses are Gibbs free energies [50]
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Based on their calculations, the chemisorption energies of O and OH on the Pt

(111) surface vary considerably from on that of 1 and 2 nm particles. With only sites

near the center of the (111) facet on the 2 nm particle display similar adsorption

energies to that of the Pt(111) bulk surface. While they find that on the bulk surface

the fcc site is the most stable adsorption site, in agreement with previous work

[57–59], oxygen adsorption is strongest at bridge sites on the edges of the 2 and

1 nm particles. For both particles, the maximal adsorption energy is larger than on

the bulk surface. Depending on the location of sites, the adsorption energies at the

fcc and hcp sites of the nanoparticles can be larger or small than that of the bulk

surface value, with adsorption getting stronger as the site location getting closer to

the edge of the surface.

While, in general, the adsorption energy on the 1 nm particle on equivalent sites

is higher than on the 2 nm particle, this trend is reversed for the fcc (111) site. This

peculiarity is attributed to the significant curvature on the surface of 1 nm particle in

order to reduce the total surface area of the particle. This causes the distance

between nearest neighbor Pt atoms to be longer on the surface of the 1 nm particle

(2.85 Å) than on the 2 nm particle (2.7 Å). This bond elongation prevents the

effective interaction between oxygen and the three Pt atoms defining the site.

The effect of particle size on adsorption energy and catalytic activity is complex.

It depends on the precise role that the adsorbed species play in the catalytic process

and on the change in adsorption of other relevant species. Watanabe et al. [60]

argued that particle size has no effect on the rate of the ORR; however, the mean

particle spacing on the support is the more relevant variable though his findings

have been disputed by Giordanoa et al. [61] and Takasu et al. [62]. Similarly, Yano

et al. [63] studied the ORR catalytic activity and the ratio of peroxide (H2O2)

formation on Pt particles with 1.6, 2.6, and 4.8 nm in diameter. By NMR analysis of
195Pt located at surfaces of the Pt nanoparticles, they found that the electronic

structure of Pt does not change with particle size, from which they concluded that

the ORR activity does not change with Pt particle size. Mayrhofer et al. [64], on the

other hand, argued that the rate of the ORR decreases with decreasing in particle

size as stronger OH adsorption blocks oxygen adsorption sites. Based on the

analysis above, the authors concluded that there might be no general relationship

between the particle size and the catalytic activity. Nevertheless, clever engineering

of nanostructure of catalyst materials to optimize the adsorption strength and

increase number of adsorption sites for the intermediate species involved could,

in principle, be used to fabricate better electrocatalysts. Certainly such an approach

would require a better understanding of reaction mechanism and effect of nano-

structure on adsorption of various intermediate species.

11.4.2 Platinum-Based Metal Catalysts

The polarization in a PEMFC comes mainly from the slow cathodic ORR. Reduc-

ing the Pt loading (particularly in the cathode catalyst layer) without compromising
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fuel cell performance is a strategy to meet the cost reduction requirements for

PEMFC commercialization [65, 66]. In other words, the design of novel catalysts

requires not only reducing the amount of Pt used but also enhancing catalytic

activity and stability [67]. Several approaches have been developed to address

reduction of Pt loading, including (1) improving nanostructures to increase the

surface-to-volume ratio of catalyst materials [68]; (2) using an alloying technique to

incorporate non-precious metals into the nanostructures; and (3) texturing

nanostructures, e.g., replacing the core atoms in Pt nanoparticles with a non-

precious metal, resulting in a Pt-skin [69, 70] or Pt monolayer catalysts [71–73].

Several Pt-based bimetallic systems have been reported showing good ORR

activity. For instance, alloying Pt with transition metals such as Co [74, 75], Ni

[76–78], Fe [79], Mn [79], Cr [80–82], and V [83] is highlighted as a promising

approach toward improving ORR electrocatalysis in acidic solutions. A number of

explanations have been proposed for the observed improvement in activity by the

addition of a less noble metal to Pt [84]. These include the lower oxidation state of

the Pt which can suppress Pt oxide formation, a shortening of Pt–Pt interatomic

distance and therefore a more favorable adsorption of O2 (geometric effect),

an increased 5d-orbital vacancies (electronic effect), and formation of a thin Pt

skin on the surface of the alloy [85] which has unusual electronic properties. Using

the conventional Pt/C catalyst as the baseline, the ORR activities of PtM alloys

(M ¼ Ni, V, Co, and Fe) follow the order: Pt/C < PtNi/C < PtV/C < PtCo/C <
PtFe/C [86–88].

Wang et al. [89] carried out first-principle DFT calculations to investigate how a

subsurface transition metal M (M ¼ Ni, Co, or Fe) affects the energetics and

mechanisms of ORR on the outermost mono-surface layer of Pt/M(111). With the

calculation, they illustrated that the subsurface Ni, Co, and Fe could downshift the

d-band center of the Pt surface and thus weaken the binding of chemical species to

the Pt/M(111) surface. Moreover, the subsurface Ni, Co, and Fe could modify the

heat of reaction and activation energy of various elementary reactions of ORR. The

results revealed that, due to the influence of the subsurface Ni, Co, or Fe, ORR

would adopt a hydrogen peroxide dissociation pathway. The activation energy for

the rate-determining O2 protonation reaction is 0.15, 0.17, and 0.16 eV on Pt/Ni

(111), Pt/Co(111), and Pt/Fe(111), respectively. In contrast, the activation energy

for the same reaction on a pure Pt(111) surface is 0.79 eV. The theoretical study

explained why the subsurface Ni, Co, and Fe could lead to multifold enhancement

in catalytic activity of ORR on the Pt/M(111) catalysts.

Xu et al. [57] performed self-consistent periodic DFT calculations

(GGA–PW91) to study the adsorption of O and O2 and the dissociation of O2 on

the (111) facets of ordered Pt3Co and Pt3Fe alloys and on monolayer Pt skins

covering these two alloys. They also investigated explicitly the strain effect by a

2 % compression of Pt(111). They discovered that the Co atoms on the Pt3Co(111)

surface allow O2 to dissociate more easily than on Pt(111) [the lowest activation

energy on Pt3Co(111) is 0.24 eV/O2, compared to 0.77 eV/O2 on Pt(111)] and also

bind O and O2 more strongly (�4.29 eV/O vs. �3.88 eV/O, �0.92 eV/O2 vs.

�0.62 eV/O2). While for monolayer Pt-skin catalysts, the authors showed that
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although these catalysts are less reactive than pure Pt for O2 dissociation, they are

more active toward the ORR because they are less poisoned by O and facilitate the

activation of O and O-containing intermediates in bond-making elementary reac-

tion steps in the ORR.

The authors also revealed that there is a linear relationship between atomic

oxygen binding energy and the oxygen dissociation barrier of the transition metals

and alloys (Fig. 11.6). The more strongly a material binds atomic oxygen, the more

effective it will be in dissociating molecular oxygen. So instead of conducting a

complicated and expensive transition-state study, a more affordable atomic binding

study can be used to screen and design better oxygen reduction catalysts.

Mavrikakis et al. [90] performed spin-polarized DFT calculations to study the

ORR catalytic activity of platinum monolayers supported on close-packed transi-

tion metal surfaces [(Au(111), Pt(111), Pd(111), and Ir(111)]. To estimate the

relative activity of these catalysts at two different cell potentials (1.23 and

0.80 V), both the free-energy changes and activation energy barriers for elementary

reactions are calculated. They observed that OH removal is the rate-limiting step for

ORR at the potential of 1.23 V. At a cell potential of 0.80 V, the proton/electron

transfer steps become easier, and Pt*/Pd shows the highest activity among the

surfaces examined, even higher than that of pure Pt(111). The activity of the

other two surfaces, namely, Pt*/Au and Pt*/Ir, is lower due to the difficulty in

OH removal and in O–O bond scission, respectively. Their findings provide addi-

tional insights into the ORR mechanism for these supported platinum monolayer

surfaces.

Fig. 11.6 Binding energies of the transition states of O2 dissociation (E
TS
b ) vs. binding energies of

the atomic final states with respect to gas-phase O2 (EFS
b ) on the (111) facets of several fcc

transition metals and alloys [57]
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11.4.3 Other Metal Catalysts

Palladium-alloy materials have been recently introduced as a promising ORR

cathode electrocatalyst for replacing Pt [91–98]. Pd alloys are considerably less

expensive than Pt. Besides, experimental studies indicate that they have high

methanol tolerance for direct methanol fuel cells (DMFCs) in which the methanol

crossover to the cathode significantly decreases the cell’s efficiency [99, 100].

Shao et al. [101] measured the ORR activity of Pd monolayers supported on Ru

(0001), Rh(111), Ir(111), Pt(111), and Au(111) using the rotating disk electrode

technique and correlated the findings with the d-band center of Pd calculated from

DFT method. They observed the activity of Pd monolayers supported on Ru(0001),

Rh(111), Ir(111), Pt(111), and Au(111) increased in the following order: Pd/Ru

(0001) < Pd/Ir(111) < Pd/Rh(111) < Pd/Au(111) < Pd/Pt(111). A volcano-type

dependence of activity on the energy of the d-band center of Pd monolayers was

found, with Pd/Pt(111) at the top of the curve. They also synthesized a Pd2Co/C

alloy, and the results showed that the non-Pt alloy’s ORR activity is comparable to

that of commercial Pt-based catalysts. The kinetics of the ORR catalyzed by this

electrocatalyst predominantly involves a four-electron reduction with the first

electron transfer being the rate-determining step. The downshift of the d-band
center of the Pd “skin,” which constitutes the alloy surface due to the strong surface

segregation of Pd at elevated temperatures, contributed to its high ORR activity.

Additionally, the catalyst showed very high methanol tolerance, retaining very high

catalytic activity for the ORR at high concentrations of methanol.

Very recently, Erikat et al. [102] used periodic self-consistent DFT calculations

to study the adsorption and the reaction barrier for the dissociation of O2 on Ir(100)

surface. Dissociative adsorption is found to be energetically more favorable than

molecular adsorption. Among all the cases studied, parallel approaches (Prl1 and

Prl2) on a hollow site, with the same adsorption energy of �3.93 eV, are found to

be the most energetically preferred sites of adsorptions. Hybridization between

p-O2 and d-metal orbitals is responsible for the dissociative adsorption. By using

the nudge elastic band method (NEB), they found that the dissociation occurs

immediately and very early along the dissociation path with a small activation

barrier (0.26 eV).

Through DFT slab calculations, the adsorption and dissociation of O2 on CuCl

(111) surface have been systematically studied by Zhang et al. [103]. Different

modes of atomic O and molecular O2 adsorption on CuCl(111) surface and possible

dissociation pathways are examined; vibrational frequency and Mulliken charge are

also calculated. Their results showed that the favorable adsorption occurs at hollow

site for O atom and molecular O2 lying flatly on the surface with one O atom on top

of Cu atom is the most stable adsorption configuration. The O–O stretching

vibrational frequencies are significantly red-shifted, and the charges are transferred

from CuCl to oxygen. Upon O2 adsorption, adsorbed species on CuCl(111) surface

exhibit the characteristic of the superoxo (O2
�), which contributes to improving the

catalytic activity of CuCl. Meanwhile, O2 dissociation into atomic O could also

occur; however, it needs to overcome a very large activation barrier.
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11.5 Non-precious Metal Catalysts

At the current technology stage, Pt-based electrocatalysts are the most practical

materials in terms of both activity and stability, although their performance is still

insufficient and needs further improvement. The major drawback of these Pt-based

catalysts is the limited availability and high cost, contributing to the excessive

production costs of fuel cell systems.

The search for inexpensive, high-performance electrocatalysts has taken two

different approaches. The first approach is to reduce catalyst usage through increas-

ing Pt utilization in the catalyst layers. This can be achieved by alloying Pt with

inexpensive metals (Co, Fe, etc.) and/or by utilizing unique support materials for

thin-layer Pt nanoparticle deposition. In the last two decades, the required Pt loading

has been reduced significantly to approximately 0.4 mg cm�2 [104]. Unfortunately,

the increasing of Pt price during the same time has totally offset the Pt loading

reduction, rendering the efforts toward Pt loading reduction ineffective. Therefore,

this approach may not be a viable solution for cost reduction of PEMFC. The other

approach is to develop non-precious metal-based electrocatalysts. Although the

performance of the non-precious metal catalysts (carbon-supported Fe– and/or

Co–N catalysts) is still inferior to Pt-based catalysts in terms of both activity and

stability, in the last few years, significant progress has beenmade in the development

of non-precious metal catalysts making it one of the most active and promising

research areas [105].

Non-precious metal catalyst research covers a broad range of materials. The most

promising catalysts investigated thus far are carbon-supported M–Nx/C materials

(M ¼ Co, Fe, Ni, Mn, etc.) formed by pyrolysis of a variety of metal, nitrogen, and

carbon precursor materials [106]. Other non-preciousmetal electrocatalyst materials

investigated include non-pyrolyzed transition metal macrocycles [107–122], con-

ductive polymer-based complexes (pyrolyzed and non-pyrolyzed) [123–140], tran-

sition metal chalcogenides [141–148], metal oxide/carbide/nitride materials

[149–166], as well as carbon-based materials [167–179]. The advances of these

types of materials can be found in Chaps. 7–10 and 12–15 of this book.

To meet the need of PEMFC, increasing volumetric density of non-precious

metal catalysts is required; however, without knowledge of active-site structure, it

is very challenging to increase the active-site density. There are many challenges in

determining the active-site structures. There is lack of adequate material characteri-

zation techniques. The active sites may be scarce. Furthermore, different active sites

may contribute to the catalytic activity of the materials [180]. There are different

reviews regarding the nature of active sites. One school believes that metal is at the

active sites, while the other believes that metal merely catalyzes the formation of

active sites from carbon, nitrogen, and perhaps oxygen atoms [181–184]. Some

researchers believe that the ORR activity is originated from the formation of

graphitic nitrogen and/or pyridinic nitrogen functional groups. This claim has

been supported in the literature with ORR activity of metal-free N/C catalyst

materials [185, 186]. This further demonstrates the convoluted understanding
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regarding the exact nature of the catalytically active moieties with respect to ORR.

First-principle modeling is a valuable tool in exploring active-site structures and

providing insights into the reaction mechanism.

11.5.1 Transition Metal Macrocycle Catalysts

Transition metal macrocycle compounds have been employed as ORR catalysts

since the first study by Jasinski in 1964 [187]. The activity of these complexes has

been found to be directly related to the metal ion center and encompassing ligand

structure [105]. Simple cobalt-based complexes (i.e., cobalt phthalocyanines or

cobalt porphyrins) have catalytic activity toward the reduction of oxygen by a

two-electron process to produce H2O2, whereas a four-electron reduction process

forming H2O is commonly observed for Fe-based complexes. Although the activity

of unpyrolyzed transition metal macrocycle catalysts is inferior to its pyrolyzed

counterpart, the major benefit of studying non-pyrolyzed macrocyclic catalyst is for

fundamental understanding, as the active sites of these catalysts are well known,

which allows a direct link between the catalyst structure and its ORR activity. Thus,

theoretical studies have been conducted to understand the relationship between

the transition metal macrocyclic complex structures and their electrocatalytic

properties.

Sun et al. [188] performed DFT calculation to study the electrochemical reduction

mechanism of oxygen on four metal macrocyclic complexes, iron phthalocyanines

(FePc), iron porphyrin (FeP), cobalt phthalocyanine (CoPc), and cobalt porphyrin

(CoP). Based on their calculation results, for the four metal macrocyclic complexes,

O2 will not directly be cleaved without the cooperation of hydrogen. In the reduction

process, with FePc or FeP as catalyst, O2 is reduced to H2O (4e� transfer) without

the formation of intermediate H2O2, while on CoPc or CoP, O2 is reduced to H2O2

(2e� transfer). The authors attributed the four-electron reduction capability of Fe

complexes to their high-lying HOMO of these complexes (see Fig. 11.7), which

make the electron donation to oxygen easier; as a result, more electron are transferred

to O–O antibonding orbital, and O–O bond is readily broke.

Shi and Zhang [189] carried out DFT calculations to study the dioxygen-binding

abilities on the following iron and cobalt systems: CoPc (cobalt phthalocyanine),

CoF16Pc (cobalt hexadecafluorophthalocyanine), CoMeOPc (cobalt octamethox-

yphthalocyanine), CoTSPc (cobalt tetrasulfophthalocyanine), CoTNPPc (cobalt

tetraneopentoxyphthalocyanine), CoP (cobalt porphyrin), CoTPP (cobalt tetraphe-

nylporphyrin), CoTPFPP (cobalt tetrakis(pentafluorophenyl)porphyrin), FePc,

FeF16Pc, FeMeOPc, FeTSPc, FeTPyPz (iron-2,3-pyridinoporphyrazine) FeP,

FeTPP, and FeTPFPP. The ionization potential of the above metal macrocyclic

complexes was also calculated.

Their calculations demonstrated that dioxygen-binding abilities of the transition

metal macrocyclic complexes are determined by central metal, ligand, and sub-

stituents. For cobalt phthalocyanine systems, electron-donating substituents increase
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its dioxygen-binding ability, and electron-withdrawing substituents decrease the

dioxygen-binding ability of the systems. In general, the transition metal macrocyclic

systems’ ORR catalytic activity is related to its ionization potential and dioxygen-

binding ability. Higher ionization potential and larger dioxygen-binding energy are

associated with better catalytic activity. For porphyrin systems, cobalt derivatives

have higher ionization potential and higher reactivity. For phthalocyanine systems,

iron derivatives have good ionization potential and large oxygen-binding energy.

Similarly, Li et al. [190] investigated the interaction between dioxygen and

various iron macrocyclic complexes (Fig. 11.8) by means of first-principle

calculations. Their results indicated that the macrocyclic ligands without aromatic-

ity were better electron-donor ligands, facilitating the backbonding from iron to O2

Fig. 11.7 Energy levels of MPc and MP (M ¼ Fe, Co, α ¼ spin-down orbital, β ¼ spin-up

orbital) [188]
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and activated O2 more significantly. Furthermore, the activation of O2 was closely

related to the energy of the HOMO of iron macrocyclic complexes. The smaller the

energy gap between the HOMO of iron macrocyclic complexes and the LUMO of

dioxygen, the more reactive the adsorbed O2 became, with a longer O–O bond

distance and a shorter Fe–O bond length. Based on their study, the authors proposed

that FeTMTAA is a potential catalyst in oxidation reactions using O2 as oxidant.

FeAcacen, FeSalen1, and FeSalen2 are also promising catalysts for oxidation

RFe-N = 2.006 (2.066)

FePor

RFe-N = 1.937 (1.920)

FePz

RFe-N = 1.957 (1.958)

FePc

Rre-N = 1.928 (1.952)

FeTAA
Rre-N = 1.937 (2.013)

FeTMTAA

RFe-N = 1.923 (2.104)

RFe-O = 1.917 (1.962)
FeAcacen

RFe-N = 1.928 (2.138)

RFe-O = 1.896 (1.925)
FeSalen1

RFe-N = 1.938 (2.139)

FeSalen2
RFe-O = 1.894 (1.925)

Fig. 11.8 The structures for the deoxy-systems (FeX) under study. The maroon balls are iron

atoms, the blue balls are nitrogen atoms, the red balls are oxygen atoms, the green-black balls
are carbon atoms, and the turquoise balls are hydrogen atoms. RFe–N is the distance (Å) between

the Fe and the coordinated nitrogen atom, and RFe–O is the distance between the Fe and the

coordinated oxygen atom. Data out of the parentheses are for the triplets, in the parentheses for

the quintets [190]
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reactions. Furthermore, by modifying the structure of iron macrocyclic complexes

through substituent groups and axial ligand, the ORR catalytic efficiency could be

tuned.

11.5.2 Conductive Polymer-Based Complex Catalysts

Conductive polymers such as polypyrrole (PPy), polyaniline (PAni), and

polythiophen (PTh) have been the subject of much research owing to their wide

applications in biosensors, electrochemistry, and electrocatalysis [191, 192].

Recently, conductive polymers have been also investigated as ORR electrocatalysis

in three different ways: (1) utilizing conductive polymers as ORR electrocatalysts

on their own, (2) incorporating non-precious metal complexes into the conductive

polymer matrix, and (3) employing conductive polymers as a nitrogen/carbon

precursor material for pyrolyzed M–Nx/C catalysts [105].

Shi et al. [193] employed DFT and experimental characterization to investigate

active-site structures of unpyrolyzed cobalt–polypyrrole (Co–PPy) composites.

They specifically examined four types of the active-site structures and studied the

stability of each structure. They also examined oxygen adsorption on these

structures with both end-on and side-on configurations and calculated the redox

potential of each structure (Fig. 11.9). The theoretical simulations indicated that

various active-site structures could contribute to the ORR activity of non-heat-

treated Co–PPy catalysts and both Co(III) and Co(II) could play the role of an active

center. The active site’s oxygen binding strength (end-on or side-on) dictates its

dominant reaction pathway (2e� or 4e�). With calculated redox potential of each

active site and its oxygen binding strength, each active site’s contribution to 2e� or

4e� pathway at a defined potential can be deduced. Base on their results, the studied

active sites contributed more to 2e� pathway at low potential (0.3 V vs. RHE) than

that at high potential (0.6 V vs. RHE), which is consistent with experimental

Fig. 11.9 Optimized

structures of four proposed

active sites [193]. Blue: Co,
dark blue: N, gray: C,
white: H, red: O
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observed change of hydrogen peroxide formation at different potentials. The

calculations illustrated that more than one type of active sites contribute to the

ORR activity observed with untreated cobalt–polypyrrole catalysts. Type A

structures give similar potential dependence hydroperoxide formation trend as that

observed from experiment. They postulated that for untreated Co–PPy composites,

the presence of the type A structures is likely.

Another insight provided by their study is that the side-on oxygen adsorption

requires more space than the end-on adsorption configuration. This may be one of

the reasons why cobalt porphyrin and phthalocyanine systems cannot form stable

side-on adducts which generally lead to 4e� transfer products. The destruction of

the ordered structure of such a macrocyclic catalyst during the heat treatment is

likely to increase the number of sites that facilitate the side-on oxygen adsorption,

and this leads to an increase in the number of electrons transferred in the ORR.

Similarly, the interaction between the oxygen molecule and Co–(n)pyrrole
model clusters (n ¼ 4, 6) was recently studied by Dipojono et al. [194, 195]. The

stable adsorption site of the O2 molecule on Co–(4)pyrrole is found to be in a

side-on configuration, while for the case of Co–(6)pyrrole cluster, the O2 molecule

is slightly deviated from the side-on configuration. The O–O bonds of the

O2/Co–(4)pyrrole and the O2/Co–(6)pyrrole systems have elongated by 11.84 and

9.86 %, respectively. The elongation mechanism of O2 on Co–(n)pyrrole is induced
by the interaction between the cobalt d-orbitals and the O2 antibonding π* orbital,

which results in a charge transfer from the cobalt atom toward the O2 molecule. In

Co–(4)pyrrole, the elongation of the O2 bond is larger than that of Co–(6)pyrrole

since a complete side-on configuration has more symmetric overlapping between

the cobalt d-orbitals and the O2 antibonding orbital. Furthermore, the dissociation

energy is affected by the amount of the charge transferred from Co–(n)pyrrole
clusters to the O2 molecule in the transition state.

11.5.3 Carbon-Based Materials

Carbon-based materials with large surface area such as carbon nanotubes,

nanofibers, and graphene have recently received attention as potential metal-free

catalyst materials for ORR [167–179]. In particular, nitrogen (N)-doped carbon

materials have been shown to yield high ORR activity with four-electron transfer

mechanism [167, 169]. Matter et al. [173] reported that the N-doped carbon

nanofibers have high ORR catalytic activity and the N-doped nanotubes and

graphene [170] were also recently reported to have high activity for ORR in the

absence of transition metal atoms. The pyridinic N site (nitrogen atoms with lone

pair electrons) has been generally considered as catalytic active site for ORR due to

delocalizing of π electrons to pyridinic N, and existence of a large amount of

pyridinic nitrogen is usually observed with highly active carbon materials [169,

170, 172]. On the contrary, a recent experiment suggested that the graphitic N

(nitrogen bonded to three sp2 carbon atoms) was the key for ORR activity rather
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than pyridinic N [196]. It is, in fact, difficult to distinguish the edge vs. pyridinic N

experimentally [197], as graphitic N at edge can become a pyridinic N.

In order to elucidate the active sites for N-doped graphene materials, Jung et al.

[198] performed the spin-polarized DFT calculations of graphene nanoribbon

edges. They observed that the nitrogen doping increases the activity of graphene

edges by enhancing the first electron transfer and giving dominate four-electron

reduction products, which are the two most important aspects for improving ORR

selectivity and performance. The outermost graphitic nitrogen site among others

yields the lowest barrier for the rate-limiting first electron transfer as well as the

highest selectivity toward the four-electron reduction pathway and hence is pro-

posed to be the primary active site. Furthermore, the proposed catalytic cycle

(Fig. 11.10) involves a ring opening of the cyclic C–N bond at the edge of graphene

which converts the graphitic N to pyridinic N. This interconversion of graphitic to

pyridinic N may reconcile the controversy regarding pyridinic or graphitic nitrogen

as the ORR active sites for N-doped graphene materials.

Functionalized graphitic materials with late transition metals were recently

studied by Rossmeisl et al. [199]. They showed that graphitic materials with active

sites composed of four nitrogen atoms and transition metal atoms belonging to

groups 7–9 in the periodic table are active toward ORR. Spin analyses suggested

that the oxidation state of those elements in the active sites is, in general, +2.

Moreover, their results showed that transition metals do not have intrinsic catalytic

Fig. 11.10 The proposed ORR catalytic cycle [198]

362 X. Chen et al.



activities, since their adsorption behavior can be severely altered by changes in the

local geometry of the active site, the chemical nature of the nearest neighbors, and

the oxidation states. Furthermore, the catalytic performance of ORR can be

improved by stabilizing the adsorption of OOH with respect to that of OH, which

can be achieved by carefully engineering the active sites.

Yu et al. [200] performed periodic DFT calculations to study the ORR catalyzed

by N-graphene. The study took the solvent, surface adsorbates, and surface cover-

age into consideration. They observed that it is essential to include water effect in

constructing a reliable free-energy reaction profile, especially for O2 adsorption

which is significantly enhanced by the polarization of O2 in the presence of water

due to hydrogen bond formation. Without water, O2 cannot be adsorbed on the

N-graphene surface. The formation of OOH� is found to be energetically unfavored

compared with the dissociation reaction OOH(ads) ! O(ads) + OH�. The result

suggests that O2 is mainly reduced via a “4e� reduction” pathway on N-doped

graphene. The rate-determining step is the removal of O(ads) from the N-graphene

surface. Thus, they suggested that a catalyst with a high efficiency in O(ads)

removing should have a high activity.

11.6 Conclusions

Past few years or so have witnessed a big increase of theoretical modeling studies in

electrocatalyst materials. These studies are enabled by better computational algo-

rithms and fast computational facilities and fueled by the demand of environmental

friendly and sustainable energy resources. Theoretical modeling complementing

experimental study has shed light on detailed surface phenomena, formation of

intermediates, and the activation energies related to elementary reaction steps and

provided better understanding of ORR mechanisms. Methodologies that employ

structure activity relationship such as adsorption energy, activation energies, and

d-band centers have shown encourage results in identifying better electrocatalysts.

They are invaluable tools to screen for better electrocatalysts. On the other hand, due

to its limitation with simple model and small-sized systems, first-principle methods

have difficulty in providing quantitative numbers for detailed reaction steps. The

major issue with theoretical study of ORR in PEMFC is how to model the interface

effectively. Better models and methodologies need to be developed to study electro-

chemical systems.More theoretical studies are needed to provide better understanding

of ORR and to help design novel electrocatalysts.
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Chapter 12

Metal-Free Electrocatalysts for Oxygen

Reduction

Sheng Zhang, Kuanping Gong, and Liming Dai

Abstract Polymer electrolyte membrane (PEM) fuel cells are attracting much

attention as promising clean alternative power sources to conventional power

sources, including internal combustion engines and secondary batteries. Electro-

catalysts for the oxygen reduction reaction (ORR) are a key component of PEM fuel

cells, which convert chemical energy directly into electricity by coupling the ORR

with the oxidation of fuel molecules at the other electrode via the diffusion of ions

through the membrane. Although Pt-based ORR catalysts are given high priority in

formulating electrodes for PEM fuel cells, they still suffer from multiple competi-

tive disadvantages, including their high cost, susceptibility to CO gas poisoning,

and fuel crossover effect. Due to their unique electrical and thermal properties,

wide availability, environmental acceptability, corrosion resistance, and large

surface area, certain carbon nanomaterials have recently been studied as metal-

free ORR electrocatalysts to circumvent those issues associated with the Pt catalyst.

Much effort has been devoted to developing metal-free ORR catalysts for fuel cells,

which led to great advances in both fundamental and applied research. In this

chapter, we present an overview on recent progresses in the development of

metal-free ORR electrocatalysts for fuel cells.
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12.1 Introduction

Polymer electrolyte membrane (PEM) fuel cells start up fast and operate at a low

temperature (<100 �C) and are being developed as a clean electrical energy device

for powering vehicles and other stationary and portable applications [1–5]. Instead

of burning fuel to create heat, fuel cells convert chemical energy directly into

electricity through an electrochemical process involving the anode, cathode, and

electrolyte [6]. At anode, hydrogen is oxidized into its constituent electrons and

protons. While the protons diffuse through the separate membrane toward the

cathode, the electrons flow out of the anode to provide electrical power. Electrons

and protons both end up at the cathode to combine with reduced oxygen to form

water [7]. The oxygen reduction reaction (ORR) at the cathode can proceed either

through a four-electron process to directly combine oxygen with electrons and

protons into water as the end product or a less efficient two-step, two-electron

pathway involving the formation of hydrogen peroxide ions as an intermediate.

Compared to the anodic hydrogen oxidation reaction (HOR), the cathodic ORR

suffers more from potential drop because of its relatively sluggish kinetics, so

dictating the output of a PEM fuel cell. Platinum nanoparticles have long been

regarded as the best catalyst for the ORR, though the Pt-based electrode suffers

from its susceptibility to time-dependent drift. Moreover, the scarcity and high cost

of platinum pose one of the major concerns that have precluded fuel cells from

commercial applications [8]. Therefore, it is highly desirable to develop low-cost,

high-performance ORR catalysts.

In order to reduce Pt usage, nanostructured alloys comprising Pt and a transition metal

were constructed and explored as an alternative to the all-Pt ORR electrocatalyst [9].

Although the required Pt loading has been reduced by replacing it with inexpensive

metals, either partially or entirely [10], the significantly increasing Pt price during the past

decade has largely offset this effort [11]. In addition, the ORR catalysts of this kind often

have very poor durability because the second metal is susceptible to de-alloying under

practical conditions, viz., a longstanding problem that can paralyze a fuel cell stack by

dysfunctioning the ion exchange membrane. Another alternative approach to non-

precious metal electrocatalysts is based on the active center MNx (M ¼ Fe, Co, Ni;

N ¼ nitrogen; X ¼ 2, 4) that was built in conductive carbon nanostructures [3, 4, 12].

However, constructed cathode electrodes and/or whole fuel cells, even with the best

optimized surface state of the ORR catalysts of this kind, performed less efficiently than

its Pt-based counterparts so far. The recent progress of non-preciousmetal electrocatalysts

can be found in Chaps. 7–11 of this book.

Recently, the research on exploring the use of carbon nanomaterials as metal-

free catalysts has been one of the major subjects for the fuel cell research. Owing to

their wide availability, environmental acceptability, corrosion resistance, and

unique surface and bulk properties, carbon nanomaterials are ideal candidates for

metal-free ORR catalysts. In this context, we have demonstrated that vertically

aligned nitrogen-doped carbon nanotube (VA-NCNTs) array exhibited three times

higher ORR electrocatalytic activity and better long-term operation durability
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without the CO-poisoning effect, compared with commercial platinum-based

catalyst, in alkaline fuel cells [5]. In parallel, a large array of stratagems have

been developed to create heteroatom-doped carbon nanomaterials that are free from

metals yet perform well in ORR, promising in devising future fuel cells. This

chapter is aimed to provide an overview on the recent advances in formulating

metal-free ORR electrocatalysts, with emphasis on correlating their structural and

chemical properties to the ORR performance.

12.2 State-of-the-Art Metal-Free ORR Catalysts

12.2.1 Carbon Nanotubes

Carbon materials with ordered graphitic structure are expected to expedite the

electron transfer rate and exhibit high electrochemical stability, which are very

important for improving both catalytic activity and durability of fuel cell

electrocatalysts [13–16]. In particular, nitrogen-doped carbon nanotubes [17–21]

have been reported to exhibit excellent ORR electrocatalytic activity. Stevenson

et al. [22] demonstrated that N-doped carbon nanofiber prepared by a floating

catalyst CVD of ferrocene in either xylene or pyridine exhibited electrocatalytic

activities for ORR via a two-step, two-electron pathway with an over 100 times

increase in catalytic activity for H2O2 decomposition in both neutral and alkaline

conditions. A strong correlation between the ORR peak potential positions and

nitrogen doping contents was established [23]: ORR peaks shift about +30 mV

per 1 at. % nitrogen incorporated.

More recently, Gong et al. [5] have found for the first time that vertically aligned

nitrogen-doped carbon nanotubes (VA-NCNTs, as shown in Fig. 12.1a, b) could act

as extremely efficient metal-free ORR electrocatalysts. Our quantum mechanical

calculations [5] indicated that carbon atoms adjacent to nitrogen dopants in the

VA-NCNTs possess a substantially high positive charge density to balance the

strong electron affinity of the nitrogen atom (Fig. 12.1c). The nitrogen-induced

charge transfer could change the chemisorption mode of O2 from the usual end-on

adsorption (Pauling model) at the conventional CNT surface to a side-on adsorption

(Yeager model) at the NCNT surface (Fig. 12.1d). The parallel diatomic adsorption

could effectively weaken the O–O bonding, which facilitated the oxygen reduction

process at the NCNT cathode. Meanwhile, doping CNTs with nitrogen heteroatoms

could also efficiently create the metal-free active sites for electrochemical reduction

of O2. Experimentally, the metal-free VA-NCNTs were demonstrated to catalyze a

four-electron ORR process with a lower overpotential, higher electrocatalytic

activity (Fig. 12.1e), weaker crossover effect, and better long-term operation

stability compared with commercially available Pt/C catalysts.

Later, Star et al. [24] compared the ORR activity of nitrogen-doped carbon

nanotube cups (NCNCs) to that of commercial Pt-decorated multiwalled carbon
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nanotubes (Pt/CNTs). These NCNCs were composed of individual nanocups

stacked together to form long nanofiber with a nitrogen content of 2–7 wt. % and

diameters in the range of 12–40 nm. It was found that NCNCs and Pt/CNTs had

similar ORR peak shapes, intensities, and positions, indicating that NCNCs have a

comparable ORR electrocatalytic activity to that of Pt/CNTs in alkaline medium.

As the CVD growth processes for the VA-NCNTs and NCNCs involve metal

catalysts (e.g., Fe, Ni), considerable care has been taken during the electrode prepara-

tion to completely remove the catalyst residue. Even thoughVA-NCNT electrode was

purified by electrochemical oxidation in a phosphate buffer solution, possible effects

of metal contaminates on the observed superb ORR performance could still be a

matter of controversy unless nitrogen-doped carbon nanomaterials with excellent

ORR electrocatalytic activities can be produced by a metal-free preparation proce-

dure. To address this issue, Yu et al. [25] developed a simple, but very effective,

plasma-etching approach to metal-free growth of undoped and nitrogen-doped single-

walled carbon nanotubes (CNTs). In contrast to undoped CNTs, the metal-free

nitrogen-containing CNTs thus synthesized were demonstrated to show high

electrocatalytic activity and long-term stability toward ORR in an acidic medium.

Fig. 12.1 Typical SEM image (a) of as-synthesized vertically aligned nitrogen-doped carbon

nanotubes (VA-NCNTs) prepared by pyrolysis of iron phthalocyanine on a quartz substrate (scale
bars, 2 μm); digital photograph (b) of the transferred VA-NCNTs array; calculated charge density

distribution (c) for the NCNTs; schematic representations (d) of possible modes of oxygen

adsorption at the CCNTs (top) and NCNTs (bottom); steady-state voltammograms (e) for oxygen

reduction in air-saturated 0.1 M KOH at the Pt–C (curve 1), VA-CCNT (curve 2), and VA-NCNT

(curve 3) electrodes (reproduced with permission [5])
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Using a metal-free nanocasting approach, Liu et al. [26] have also reported a

superior ORR electrocatalytic performance to platinum for nitrogen-doped ordered

mesoporous graphitic arrays (NOMGAs, Fig. 12.2). Due to the metal-free prepara-

tion procedure, the reported electrocatalytic activity can be exclusively attributed to

the incorporation of nitrogen in NOMGAs. Metal-free N-doped MWCNTs or

ordered mesoporous carbons (OMCs) have also been prepared through carboniza-

tion of a MWCNT-supported polyaniline (PANI) coating [21] or via NH3 activation

to show high ORR activities in acidic medium [27].

Since doped nitrogen plays an essential role in forming the active sites for

oxygen reduction catalysts, it is necessary to understand the influence of nitrogen

Fig. 12.2 (a) Preparation of NOMGAs as metal-free catalysts for the ORR. (b) RDE

voltammograms of the series of PDI-NOGMAs and Pt–C supported on GC electrodes at a rotation

rate of 1,600 rpm. (c) Electrochemical activity given as the kinetic-limiting current density (JK) at
0.35 V for the PDI-NOGMAs supported on GC electrodes in comparison with that of a commercial

Pt–C electrode (reproduced with permission [26])
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content and its chemical nature on the ORR activity. Chen et al. [28] produced

NCNTs with varying nitrogen contents through a single-step CVD process and

found that NCNTs with higher nitrogen content and more defects exhibited better

ORR performance in acidic medium. Kundu et al. [29] prepared NCNTs via

pyrolysis of acetonitrile at different temperatures in the presence of cobalt catalysts.

The NCNTs synthesized at 550 �C exhibited a higher amount of pyridinic groups

and a higher ORR electrocatalytic activity than its counterpart prepared at 750 �C.
However, recent studies suggest that more graphitic nitrogen atoms rather than the

pyridinic ones are important for the ORR. Therefore, the exact catalytic role for

each of the nitrogen forms in nanocarbon ORR catalysts is still controversial. It is a

challenge to determine the exact locations of nitrogen atoms in the carbon

materials, chemical nature of the catalytic sites, and electrochemical kinetics of

the N-doped carbon materials.

In addition to nitrogen doping, boron doping and phosphorus doping can also

facilitate the oxygen reduction process on the CNT surface. In this regard, Hu et al.

[30] used benzene, triphenylborane (TPB), and ferrocene as precursors and catalyst

to synthesize the B-doped carbon nanotubes (BCNTs) with a tunable boron content

of 0–2.24 at. % by using different TPB concentrations. The ORR onset and peak

potentials shifted positively, and the current density increased noticeably with

increasing boron content, indicating a strong dependence of the ORR performance

on boron content. Theoretical calculations indicated that boron doping enhanced

the O2 chemisorption on BCNTs. The electrocatalytic ability of BCNTs for ORR

stemmed from the electron accumulation in the vacant 2pz orbital of boron dopant

from the π* electrons of the conjugated system; thereafter, the electron transfer

readily occurred to the chemisorbed O2 molecules with boron as a bridge. The

transferred charge weakens the O–O bonds and facilitates the ORR on BCNTs.

Peng et al. [31] synthesized the phosphorus-doped carbon nanotubes by the

thermolysis of carbon nanotubes. The phosphorus doping significantly improved

the electrocatalytic activity of carbon nanotubes for the ORR in alkaline media.

Carbon nanotubes doped with small amounts of phosphorus exhibited higher

electrocatalytic activity and stability than the Pt/C catalyst.

12.2.2 Graphene

Graphene, a one-atom thick sheet of sp2-bonded carbon, has attracted considerable

interests since its discovery in 2004 [32–36]. Of particular interest, the CVDgrowth of

N-graphene nanosheets in the presence of ammonia has recently been demonstrated to

show a super ORR performance similar to that of VA-NCNTs with the same nitrogen

content in alkaline medium. Qu et al. [37] preparedN-graphene films (Fig. 12.3) using

a nitrogen-containing reaction gas mixture and a Ni-coated SiO2/Si substrate. The

resultant N-graphene film could be readily etched off from the substrate by dissolving

Ni catalyst layer in an aqueous solution of HCl, allowing the freestanding N-graphene

sheets to be transferred onto substrates suitable for electrochemical investigation.
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It was flexible and transparent, consisting of only single or a few layers of graphene

nanosheets. More importantly, this N-graphene was demonstrated to act as a metal-

free electrode with a much better electrocatalytic activity, long-term operation

stability, and tolerance to crossover effect than platinum for oxygen reduction via a

four-electron pathway in alkaline fuel cells. In addition, Shao et al. [38] also

synthesized nitrogen-doped graphene (N-graphene) by exposing graphene to nitrogen

plasma. It was found that N-graphene exhibited higherORR activity than Pt/Cwithout

the methanol crossover effect, which indicated the possibility of replacing expensive

Pt with low-cost N-graphene. On the other hand, Baek et al. [39] have recently

developed a scalable synthetic method for producing high-quality N-graphene films

via solution processingof edge-selectively functionalized graphite (EFG), followedby

thermal treatment. Typically, EFG was prepared from the reaction between

4-aminobenzoic acid and the “pristine” graphite (P-graphite) to afford 4-amino-

benzoyl functionalized graphite. The resultant EFG was readily dispersible in

N-methyl-2-pyrrolidone (NMP). The 4-aminobenzoyl moieties (4-H2N-Ph-CO-) at
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Fig. 12.3 Digital photo image (a) of a transparent N-graphene film floating on water after removal

of the nickel layer by dissolving in an aqueous acid solution; atomic force microscopic image

(b) of the N-graphene film; linear sweep voltammetry (c) curves for the ORR in air-saturated 0.1 M

KOH at the graphene electrode (red line), Pt–C electrode (green line), and N-graphene electrode

(blue line). Electrode rotating rate, 1,000 rpm. Scan rate, 0.01 V s�1; current density vs. time

chronoamperometric responses (d) obtained at the Pt–C (circle line) and N-graphene (square line)
electrodes at 0.4 V in air-saturated 0.1 M KOH. The arrow indicates the addition of 2 % (w/w)

methanol into the air-saturated electrochemical cell (reproduced with permission [37])
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the edges of EFG could act as the in situ feedstock of carbon and nitrogen sources for

simultaneous “C welding” and “N doping.” Solution casting of EFG and subsequent

heat treatment led to the formation of large-area N-graphene film, which was

demonstrated to be efficient metal-free catalysts for ORR in fuel cells.

In addition to nitrogen-doped graphene, sulfur-, iodine-, and phosphorus-doped

graphene can also be used as efficient metal-free oxygen reduction electrocatalysts.

Yang et al. [40] synthesized sulfur-doped graphene by directly annealing graphene

oxide (GO) and benzyl disulfide (BDS) in argon. The sulfur-doped graphene

(S-graphene) exhibited excellent ORR catalytic activity, long-term stability, and

high methanol tolerance in alkaline medium. Graphene doped with another element

of a similar electronegativity as carbon (e.g., selenium; electronegativity, 2.55)

showed also a similarly high ORR catalytic activity as S-graphene. Given that

sulfur has a close electronegativity to carbon and that the C–S bonds are predomi-

nately at the edge or the defect sites, the change of atomic charge distribution for the

S-graphene is relatively small with respect to N (B or P)-doped carbon materials.

As such, the charge transfer alone cannot explain the observed high ORR

electrocatalytic activities for S-/Se-graphene. Nevertheless, the density functional

theory (DFT) calculation performed by Zhang et al. [41] indicated that the spin

density also plays an important role in determining the ORR catalytic activity, in

addition to the charge transfer. Therefore, the spin density was considered to be the

dominant factor to regulate the observed ORR activity in the S-/Se-graphene.

Yao et al. [42] prepared iodine-doped graphene by annealing graphene oxide

and iodine in argon, which exhibited better catalytic activity and long-term stability

than a commercial Pt/C catalyst. Phosphorus-doped graphite of a high ORR

electrocatalytic activity, long-term stability, and excellent tolerance to crossover

effect of methanol in an alkaline medium has also been prepared by pyrolysis of

toluene and triphenylphosphine (TPP) [43].

12.2.3 Carbon Nitride

Carbon nitride, a class of carbonaceous material with a very high nitrogen content,

is promising for developing metal-free catalyst for ORR. Indeed, Lyth et al. [44]

found that carbon nitride materials exhibited a higher ORR catalytic activity in

acidic media than their N-free counterparts, though their current density for oxygen

reduction was still low. Through uniform incorporation of carbon nitride into a

mesoporous carbon to enhance the electron transfer efficiency of carbon nitride,

Zheng et al. [45] prepared metal-free carbon nitride@carbon composites that

showed a significantly improved oxygen reduction current density for a four-

electron ORR process (Fig. 12.4).

Owing to its excellent electrical properties, the 2D graphene sheets are ideal

support for carbon nitride. In this context, Feng et al. [46] synthesized graphene-

based carbon nitride (G-CN) nanosheets using graphene-based mesoporous silica

nanosheets (GM-silica) as a template and ethylenediamine and carbon tetrachloride
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as CN precursors. The resultant G-CN nanosheets possessed a high nitrogen

content, thin thickness, high surface area, and large aspect ratio. Superior to those

for pure CN sheets without graphene, the G-CN nanosheets exhibited an excellent

ORR electrocatalytic performance, including a high electrocatalytic activity, long-

term durability, and high selectivity. Sun et al. [47] also immobilized carbon nitride

onto graphene sheets to form carbon nitride/graphene composites in a liquid-phase

solution. The composite exhibited an enhanced electrocatalytic activity for ORR

and CO tolerance comparable to that of 23 wt. % Pt nanoparticles supported on

graphene sheets. These authors attributed the observed high ORR activity of the

carbon–nitrogen system to the high electron affinity of nitrogen atoms, which

induced a high positive charge density on the adjoining carbon atoms. Theoretical

calculations showed that the barrier to oxygen reduction on a carbon atom can be

reduced in the presence of an adjacent nitrogen atom. The porosity of the catalytic

layer in fuel cells is also critical for maximizing the accessibility of catalysts to

proton exchange ionomers, enhancing the transport of reactants, thereby mitigating

diffusion polarization. So, a well-defined porous structure would offer a straight-

forward pathway for transporting reactants and products, respectively, to and out of
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electrocatalysts in O2-saturated 0.1 M KOH solution; LSV (d) of various electrocatalysts on

RDE at 1,500 rpm in O2-saturated 0.1 M KOH solution (reproduced with permission [45])
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the catalytic center. Recently, Liang et al. [48] prepared macroporous carbon

nitride/C with three-dimensionally ordered interconnected structures using silica

microspheres as hard templates. The catalytic activity of carbon nitride/C for ORR

was evaluated by comparing with commercial Pt/C. It was found that the carbon

nitride/C with ordered pores of about 150 nm showed the highest ORR perfor-

mance, which was comparable to Pt/C in both the limit current and the commencing

potential. This carbon nitride/C also exhibited a high tolerance against fuel cross-

over and excellent durability.

12.3 Oxygen Reduction Mechanism on Metal-Free Catalysts

Recent research results carried out in many laboratories have confirmed that the

doping-induced charge transfer plays a key role in the new metal-free catalytic

materials for fuel cell and many other applications [6]. As mentioned above, quantum

mechanical calculations performed by Gong et al. [5] have indicated that N doping of

CNTs could induce a relatively high positive charge density onto adjacent carbon

atoms to weaken the O–O bonding by changing the chemisorption mode of O2

(Fig. 12.1c), leading to an efficient four-electron ORR process. On this basis, Yang

et al. [30] recently extended the doping atoms to include boron with a lower

electronegativity than that of carbon and found that the doping-induced charge

redistribution, regardless whether the dopants had a higher (as N) or lower (as B)

electronegativity than that of carbon, could create charged sites (C+ or B+) favorable

for O2 adsorption to facilitate the ORR process. This work suggested further

exploration of the metal-free electrocatalysts based on carbon nanotubes doped by

atoms (other than N and B) with electronegativities different from that of carbon

atom. By extension, Wang et al. [49, 50] have successfully prepared vertically

aligned BCN (VA-BCN) nanotubes and BCN graphene containing both nitrogen

and boron heteroatoms. Due to a synergetic effect arising from the co-doping of

carbon nanotubes with boron and nitrogen, the resultant VA-BCN nanotubes and

BCN graphene exhibited higher electrocatalytic activity for ORR in alkaline media

than VA-CNTs and graphene doped with either boron or nitrogen only. The observed

superior ORR performance with a good methanol and CO tolerance and excellent

durability for the VA-BCN nanotube and BCN graphene electrode than the

commercial Pt/C electrode opens up avenues for the development of novel efficient

metal-free ORR catalysts by co-doping carbon nanotubes with more than one hetero-

atom of electronegativities different from that of carbon atom.

In addition to the intramolecular charge transfer that imparts ORR electro-

catalytic activities to heteroatom-doped carbon nanotubes, graphene, and graphite

described above, Wang et al. [51, 52] have recently demonstrated that certain

polyelectrolyte (e.g., poly(diallyldimethylammonium chloride) PDDA) adsorbed

pure carbon CNTs or graphene (Fig. 12.5) could also act as metal-free

electrocatalysts for ORR through the intermolecular charge transfer from the

all-carbon CNTs or graphene to the adsorbed PDDA. It is notable that the PDDA
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adsorbed vertically aligned CNT electrode possesses remarkable electrocatalytic

properties for ORR, comparable to that of commercially available Pt/C electrode.

These results clearly indicate that the important role of intermolecular charge

transfer to ORR can be applied to carbon nanomaterials in general for the develop-

ment of various other metal-free efficient ORR catalysts for fuel cell applications,

even new catalytic materials for applications beyond fuel cells. However, further

study on the catalytic mechanism and kinetics is still needed in order to design and

develop polyelectrolyte adsorbed carbon-based catalysts with a desirable activity

and durability.

Apart from the aforementioned charge transfer, electron spin is also an important

factor influencing oxygen reduction process on metal-free electrocatalysts. Xia et al.

[41] concluded that dopant-induced redistribution of spin density and charge density

on the graphene strongly affect the formation of the intermediate molecules in ORR,

including OOH, or O2 adsorption, O–O bond break, and water formation. Anderson

et al. [53] have also demonstrated that the adsorption bond strengths of adsorbate

radicals, H and OOH, exhibit a correlation with the spin density. So, spin density

may be regarded as a factor determining positional selectivity of radical adsorption,

while charge density determines the attractive force between charged atoms.

12.4 Conclusions

In summary, platinum has been considered as the state-of-the-art catalyst for

oxygen reduction in fuel cells. However, its high cost is a barrier to larger-scale

production of fuel cells for commercial applications. Doped carbon nanomaterials

have been demonstrated to be promising metal-free ORR catalysts to overcome

these challenges. Heteroatom doping of carbon nanomaterials to induce the

intramolecular charge transfer has been shown to be a promising approach to the

a b
CNT

e-

O2 O

O

Cl

N
n

H
3C

CH
3

C
ur

re
nt

 D
en

si
ty

 / 
m

A
 c

m
- 2

– 0.8

– 4

–3

–2

–1

0

– 0.6 – 0.4 – 0.2 0.0

PDDA-CNT
PDDA-ACNT

E / V vs. SCE

Pt/C

H2

H-

Fig. 12.5 (a) Illustration of charge transfer process and oxygen reduction reaction on PDDA-

CNT; (b) LSV curves of ORR in an O2-saturated 0.1 M KOH solution at a scan rate of 10 mV s�1.

The rotation rate is 1,600 rpm (reproduced with permission [51])

12 Metal-Free Electrocatalysts for Oxygen Reduction 385



development of metal-free, carbon-based catalysts with even higher electrocatalytic

activity and better long-term operation stability than that of commercially available

platinum-based electrodes for oxygen reduction in fuel cells. Furthermore, inter-

molecular charge transfer and electron spin density have also been demonstrated to

have an effect on the ORR activities of carbon nanomaterials. These findings

suggest considerable room for cost-effective preparation of efficient metal-free

catalysts for oxygen reduction in fuel cells and even new catalytic materials for

applications beyond fuel cells.
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Chapter 13

Metal Oxide-Based Compounds as

Electrocatalysts for Oxygen Reduction Reaction

Ken-ichiro Ota and Akimitsu Ishihara

Abstract The cathode catalysts for polymer electrolyte fuel cells should have high

stability as well as excellent catalytic activity for oxygen reduction reaction (ORR).

Group 4 and 5 metal oxide-based compounds have been evaluated as a cathode

from the viewpoint of their high catalytic activity and high stability. Although

group 4 and 5 metal oxides have high stability even in acidic and oxidative

atmosphere, they are almost insulator and have poor ORR activity because they

have large bandgaps. It is necessary to modify the surface of the oxides to improve

the ORR activity. We have tried the surface modification methods of oxides

into four methods: (1) formation of complex oxide layer containing active sites,

(2) substitutional doping of nitrogen, (3) creation of oxygen defects without using

carbon and nitrogen, and (4) partial oxidation of compounds which include carbon

and nitrogen. These modifications were effective to improve the ORR activity of

the oxides. The solubility of the oxide-based catalysts in 0.1 M H2SO4 at 30�C
under atmospheric condition was mostly smaller than that of platinum black,

indicating that the oxide-based catalysts had sufficient stability compared to the

platinum. The onset potential of various oxide-based cathodes for the ORR in 0.1 M

H2SO4 at 30
�C achieved over 0.97 V vs. a reversible hydrogen electrode. This high

onset potential suggests that the quality of the active sites of the oxide-based

catalysts is mostly equivalent to that of platinum.
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13.1 Introduction

Polymer electrolyte fuel cells (PEFCs) are expected as power sources for residential

and transport applications due to their high theoretical efficiency of energy conversion,

high power density, and low operating temperature. However, PEFCs have some

serious problems to be solved before wide commercialization. In particular, a large

overpotential of oxygen reduction reaction (ORR) must be reduced in order to obtain

high energy efficiency. Although Pt is generally used as a cathode catalyst in the

present PEFCs, its catalytic activity for the ORR is insufficient to obtain a high

efficiency [1, 2]. Main issues regarding the Pt usage are its high cost and limited

resources. Considering an application to fuel cell vehicles, the natural resource of Pt

is insufficient. Therefore, many attempts, such as a higher dispersion of Pt particles

and/or an alloying with transition metals, have been made to reduce the Pt usage.

However, because the dissolution of Pt particles became a great barrier for long-time

operation in recent years, a drastic reduction of the Pt utilization seemed to be difficult.

The development of a stable non-platinum catalyst is strongly required [3, 4].

Many studies have been performed to develop non-platinum cathode catalysts

for low-temperature fuel cells. Figure 13.1 shows that the trend of number of the

research papers deal with the non-platinum cathode catalysts from 1964. Platinum

group metals such as Ir, Ru, Pd, Os, and Rh were excluded from the total. However,

chalcogenides included some precious metals, that is, RuMoSe, MoRhS, and so on,

as reviewed in Chap. 14. Organometallic complexes [5–8] and chalcogenides

[9–13] were popular candidates for an alternative Pt catalyst. Nitrogen-doped

carbon catalysts were included in organometallic complexes. In particular, the

number of papers about organometallic complexes drastically increased after

2008. Chapters 7–12 reviewed the recent development of organometallic

complexes as oxygen reduction catalysts. Approximately 100 papers about organo-

metallic complexes were published in 2011. One thousand and fifty-six papers that
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Papers of 1056 dealed with non-Pt catalysts were found from 1964 to 2011. The

amount of papers which treated organometallic complexes was 69 % and that of

chalcogenides is 12 %. However, we think that these catalysts have neither enough

electrocatalytic activity for the ORR nor long-term stability.

We believe that high stability is an essential requirement for a cathode of PEFCs

because the cathode catalysts are exposed to an acidic and oxidative atmosphere, that

is, a strong corrosive environment. Transition metal nitrides and carbonitrides are

used as anticorrosion and coating materials [14–16]. For PEFCs, titanium nitrides and

chromium nitrides have been tried to apply to the coating materials of metallic

bipolar plates [17, 18]. In addition, some researchers have studied transition metal

carbonitrides and nitrides as non-precious cathodes [19–21]. However, the transition

metal nitrides and carbonitrides are essentially unstable because oxides are

thermochemically stable under O2 atmosphere. Oxide-based compounds might be

superior candidates of platinum substitute from the viewpoint of their stability. In

particular, group 4 and 5 metal oxides, which are well known as valve metals, are

expected to have high stability even in acid electrolyte. Although group 4 and 5 metal

oxides had high stability in acid electrolyte, these oxides were almost insulators. It is

difficult to apply the insulators to electrocatalysts, because electrocatalysts must have

a sufficient electrical conductivity. In addition, oxygen molecules hardly adsorb on a

surface of the perfect oxides. Therefore, group 4 and 5 metal oxides were necessary to

be modified to have a definite catalytic activity for the ORR.

On the other hand, because it is not very long since we have started our study on

non-precious metal oxide-based cathode, the systematic methodology and strategy

of the catalyst design have not been established yet. We have paid attention mostly

to the method of the surface modification of the oxides. We classified the surface

modifications, which were performed individually, into four: (1) formation of

complex oxide layer containing active sites, (2) substitutional doping of nitrogen,

(3) creation of oxygen defects without using carbon and nitrogen, and (4) partial

oxidation of compounds including carbon and nitrogen.

In this chapter, first we summarized the investigations about nitrides and

carbonitrides as cathode catalysts. Second, the stability of nitrides, carbonitrides,

and oxides in acid electrolyte was discussed and introduced the applicability of

oxides to support of platinum particles. Then, the necessity of modifications of oxides

was described. As mentioned above, the modifications of oxides were classified into

four ways, and development of oxide-based cathodes was summarized.

13.2 Transition Metal Nitrides and Carbonitrides

as Cathode Catalysts

Azuma et al. have studied the electrochemical properties of transition metal nitrides

prepared by a reactive radio-frequency sputtering method such as ZrN [22], NbN

[23], CoN [24], TiN, and VN [23]. Electrochemical reduction of oxygen was
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carried out on amorphous cobalt-nitride thin film electrode prepared by the reactive

RF sputtering [24]. However, their results were obtained in a neutral solution, not in

an acid. Deng et al. showed thin films of amorphous Co–C–N mixture which were

co-sputtered in vacuum had good catalyst properties for oxygen reduction in

alkaline solution [25, 26].

Yang and coworkers have regularly investigated the applicability of transition

metal carbonitrides as cathodes of PEFCs [19, 27, 28]. Their investigations were

derived from the research of transition metal complexes [29]. Fe–C–N and Co–C–N

thin films prepared by sputtering with metal and carbon target under N2 were

mainly investigated because Fe and Co were thought to act as active sites in

macrocyclic complexes. These films were subsequently annealed at higher temper-

ature. Figure 13.2 shows the dependence of onset potential of the Fe–C–N and

Co–C–N for the ORR on the nitrogen content of the films. Co–C–N in this figure

showed a nanoscale mixture of N-containing graphitic carbon and β-Co.
Temperatures in the figure exhibit annealing temperature. In both Fe–C–N and

Co–C–N, a sharp increase in the onset potential up to 0.81 V vs. reversible

hydrogen electrode (RHE) was observed in 0.1 M HClO4 at room temperature

when N content was increased from 0 to 3 atom%. Although N played an important

role in the ORR activity, the ORR activity saturated above N content of 3 atom%.

The stability of the Fe–C–N films was examined by the acid exposure test.

Although Fe dissolved out of Fe–C–N, the activity remained after the acid expo-

sure. Therefore, the dissolved Fe might come from Fe3C, which did not participate

in the ORR activity.

We have examined Cr–C–N and Ta–C–N prepared by the reactive sputtering

with heat treatment during the film formation [20, 30]. We found that the Cr–C–N

and Ta–C–N with a heat treatment had high stability and the heat treatment during

the film formation was effective to enhance the ORR activity. In both cases, the

ORR activity increased with the increasing crystallinity of the films. The maximum

onset potentials of Cr–C–N and Ta–C–N in 0.1 M H2SO4 at 30
�C were 0.72 and

0.73 V vs. RHE, respectively. In case of Cr–C–N, both C and N were essential to

have an ORR activity. A long-term stability was not examined for these materials.

Zhong et al. prepared molybdenum nitride (Mo2N) nanoparticles supported on

carbon powder. They exhibited the onset potential for ORR of ca. 0.7 V vs. standard
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hydrogen electrode (SHE) in 0.5 M H2SO4 at room temperature. A single cell test

using the Mo2N/C cathode was performed, and no remarkable deterioration in

performance was observed throughout the cell test of 60 h [21]. Xia et al. prepared

MoN/C prepared by heat-treating carbon-supported molybdenum tetraphenyl-

porphyrin in a flow of NH3 [31]. Results of X-ray diffraction (XRD), X-ray

photoelectron spectroscopy (XPS), transmission electron microscope (TEM), and

energy dispersive X-ray spectroscopy (EDX) showed that the catalytic activity

would be attributed to the hexagonal MoN phase with an average particle size of

approximately 4 nm. The ORR onset potential was about 0.58 V vs. SHE in 0.5 M

H2SO4 at room temperature.

Domen et al. successfully demonstrated the direct synthesis of titanium nitride

nanoparticles (nano-TiN) on a carbon support using a composite of mesoporous

graphitic-C3N4 as a rigid template and carbon nanotube [32]. Cyanamide, few-

walled carbon nanotubes (FWCNTs), and colloidal nano-silica were mixed, and the

mixture was heated at 823 K under flowing N2. The heat-treated mixture was

immersed in 4 M NH4HF2 to remove the colloidal silica to prepare the composite

of mesoporous graphitic-C3N4 and FWCNTs. Then, the composite was mixed with

TiCl4 and anhydrous ethanol. And the mixture was heated under flowing N2 at

1,073 K to obtain the composite of TiN nanoparticles and FWCNTs. Figure 13.3a, b

Fig. 13.3 (a, b) Transmission electron micrographs of a composite of nano-TiN/FWCNT with a

TiN/FWCNT weight ratio of 50:1 and (c) 2.5:1 (reproduced from [32])
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shows the transmission electron micrographs of a composite of nano-TiN/FWCNT

with a TiN/FWCNT weight ratio of 50:1 and (c) 2.5:1. The nano-TiN/FWCNT

composite with a TiN/FWCNT ratio of 50:1 contains nano-TiN particles of 6 nm in

diameter, and FWCNTs were composed of about five walls, 6–10 nm in diameter.

The particle size of nano-TiN reflected the original pore size of the mpg-C3N4

template (ca. 12 nm). This confirms that it is possible to synthesize nano-TiN

particles with a uniform size distribution using the regular confinement of mpg-

C3N4 pores. The nano-TiN/FWCNT composites showed a high ORR activity with

an onset potential of about 0.85 V vs. RHE. This result showed that nano-TiN

nanoparticles served as active centers for the ORR. However, nano-TiN itself

showed a small ORR current, which can be attributed to the low electrical conduc-

tivity between nano-TiN particles. The presence of FWCNTs was essential to

achieve an excellent electrocatalytic performance in this synthetic method.

13.3 Stability of Oxides in Acid Electrolyte

Although transition metal carbonitrides have been studied for alternative materials

of platinum, these compounds were thermochemically unstable in acid electrolyte

under O2. Table 13.1 shows the standard Gibbs energies of oxidation reactions of

group 4 and 5 metal carbides and nitrides [33]. Due to a large decrease in the

standard Gibbs energy, transition metal oxides were theoretically more stable than

carbonitrides and nitrides [34–36]. Since these transition metal oxides have high

theoretical stability, these oxides have been tried to apply to a new high oxidation-

resistant support of platinum particles. In the present PEFCs, carbon-supported Pt

or Pt-alloy electrocatalysts are widely used. Carbon supports such as carbon blacks

have a relatively high electronic conductivity, a chemical stability in an acidic

medium, and a high surface area which is suitable for dispersing nanosized catalyst

particles. However, recent investigations have revealed that degradation of the

electrocatalysts including carbon supports under the cathode condition led to loss

of cell performance during a long-time operation [37]. The carbon corrosion due to

oxidation under the cathode condition causes a serious degradation of the

electrocatalysts. Metal oxides such as Ti4O7 [38], indium tin oxide (ITO) [39],

tantalum oxide [40], tungsten oxide [41], SnO2 [42], and silica nanoparticle [43]

Table 13.1 Standard Gibbs

energy of oxidation reaction

of group 4 and 5 metal

carbides and nitrides

(0.1 MPa, 298.15 K)

Reaction ΔG� (kJ mol�1)

TiC(s) þ O2(g) ¼ TiO2(s) þ CO2(g) �1,103

ZrC(s) þ O2(g) ¼ ZrO2(s) þ CO2(g) �1,241

2NbC(s) þ 9/2O2(g) ¼ Nb2O5 þ 2CO2(g) �2,281

2TaC(s) þ 9/2O2(g) ¼ Ta2O5(s) þ 2CO2(g) �2,414

TiN(s) þ O2(g) ¼ TiO2(s) þ 1/2 N2(g) �580

ZrN(s) þ O2(g) ¼ ZrO2(s) þ 1/2O2(g) �703

2NbN(s) þ 5/2O2(g) ¼ Nb2O5(s) þ N2(g) �1,354

2TaN(s) þ 5/2O2(g) ¼ Ta2O5(s) þ N2(g) �1,458
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were proposed as high oxidation-resistant supports. For example, a high-potential

holding test (1 h holding at 1.0–1.5 V vs. anode) demonstrated that the Pt/Ti4O7

catalyst was quite stable against high potential up to 1.5 V [38]. However, few

reports have been tried the direct application of these oxides to catalysts.

Oxides of group 4 and 5 elements which are well known as valve metals are

highly stable even in an acid media. Although the oxides of group 4 elements such

as titanium, zirconium, and hafnium are thermochemically unstable in acid electro-

lyte [44], they are sufficiently stable kinetically. Figure 13.4 shows the band

structure of group 4 and 5 oxides [45]. Since these perfect oxides have wide

bandgap as shown in Fig. 13.4, they are almost insulators. Even if they have

sufficient stability in acid electrolyte, the materials without ORR activity cannot

be applied to a cathode catalyst. The rate of a redox reaction depends on the product

of the density of state of electrons in the electrode and that of electrons in the

reductant and oxidant particles near Fermi level [46]. For example, because the

upper energy level of the valence band in Ta2O5 is far from the Fermi level of

Ta2O5, ca. 0 V vs. SHE [47], the ORR might hardly proceed on Ta2O5. The density

of state of electrons in the Ta2O5 is necessary to be changed. An addition of other

elements and/or an introduction of some surface defects affects the density of state

of electrons. In this review, the way of changing the electronic structure of oxides

was classified into the following four: (1) formation of complex oxide layer

containing active sites, (2) substitutional doping of nitrogen, (3) creation of oxygen

defects without using carbon and nitrogen, and (4) partial oxidation of compounds

including carbon and nitrogen. Almost all the researches on oxide-based cathodes

would be classified into these four ways.

13.4 Non-precious Metal Oxide-Based Cathode Catalysts

13.4.1 Stability of Group 4 and 5 Metal Oxide-Based Catalysts

Before the discussion on the catalytic activity for the ORR, the stability of the

oxide-based catalysts should be considered. Table 13.2 shows the solubility of

oxide-based catalysts prepared by various methods in 0.1 M H2SO4 at 30�C
under atmospheric condition [48–50]. The solubility of the platinum black powder
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under the same condition was also included for comparison [51]. The solubility of

the oxide-based catalysts was smaller than that of platinum black. Therefore, these

oxide-based catalysts were chemically stable in acid electrolyte under atmospheric

condition. In addition, cyclic voltammograms of these compounds in 0.1 M H2SO4

in inert atmosphere under the potential range of PEFC operation reached steady

state immediately, and the anodic charge was corresponded to the cathodic one

[48–50]. These results show that there is no significant one-sided reaction in this

potential range. In addition, no specific oxidation or reduction current peak was

observed in the CVs. Group 4 and 5 metal oxide-based compounds would have a

sufficient electrochemical stability as well as chemical stability in an acidic media.

13.4.2 Formation of Complex Oxide Layer Containing
Active Sites

Tungsten carbide and molybdenum carbide have the platinum-like electronic struc-

ture [52] and exhibit platinum-like behavior for hydrogen chemisorption and

isomerization of 2, 2-dimethypropane [53]. For this reason, the tungsten carbide

and molybdenum carbide have been studied for a fuel cell anode [54–56]. The

electrochemical behaviors of transition metal carbides (tungsten carbide and its

alloys [57, 58], tantalum carbide [58, 59], titanium carbide [58, 60], and molybde-

num carbide [59]) have been reported. These results showed that tungsten and other

carbides were unstable at the high-potential region in an acid solution. There might

be limited applications of tungsten and other carbides to oxygen reduction catalysts

in an acid solution [61, 62].

In recent years, tungsten carbide was reported as a Pt support for PEFC cathode

[63, 64]. Nie et al. prepared Pt on a tungsten carbide nanocrystalline support

(Pt-WC/C) by the direct reduction of a platinum salt precursor combined with

intermittent microwave heating [64]. The Pt-WC/C catalyst showed the onset

potential for the ORR of 1.05 V vs. SHE, which was over 150 mV more positive

compared to that of a commercial Pt/C. Zhu and coworkers also synthesized

tungsten carbide-modified mesoporous carbon with uniform dispersion of Pt

nanoparticles [63]. Both an enhanced thermal stability and a good electrochemical

stability were observed. It might be necessary to pay attention to the stability of

these materials. More details can be found in Chap. 24.

Table 13.2 Solubility of oxide-based catalysts prepared by various methods in 0.1 mol dm�3

H2SO4 at 30
�C under atmospheric condition

Catalysts Preparation method Solubility (μmol dm�3)

TaOxNy (powder) Nitridation of Ta2O5 with NH3 0.33

TaOxNy (thin film) Reactive sputtering 0.20

ZrOxNy (thin film) Reactive sputtering 0.041

TiO2�x (plate) Heat treatment 0.36 (50�C)
Pt black (powder) Thermal decomposition 0.56
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We examined the effect of addition of tantalum to tungsten carbide using thin

films prepared by sputtering [65, 66]. Figure 13.5 shows cyclic voltammograms of

pure tungsten carbide and tungsten carbide with tantalum addition on a polymer

electrolyte under N2 or O2 atmosphere. The pure WC catalyst showed a significant

anodic current above 0.5 V vs. DHE (dynamic hydrogen electrode). The tungsten in

the WC was oxidized to tungsten oxide (WO3) with the evolution of CO2. The

anodic current was responsible for the formation of WO3 and CO2. However, the

tantalum addition to tungsten carbide catalyst showed no large anodic current up to

1.0 V vs. DHE. Tungsten and tantalum formed complex hydroxide films, which had

high corrosion resistance [67]. The surface of the film was covered by complex

hydroxide film. Figure 13.6 shows the slow scan voltammograms for a tantalum-

added tungsten carbide and pure tungsten carbide catalysts with a scan rate of

5 mV s�1 in N2 and O2 atmosphere at 30�C. Pure WC showed the anodic current

even under N2, suggesting that WC corroded at high-potential region. On the other

hand, the WC with Ta addition was stable, and the onset potential for the ORR was

observed at about 0.8 V vs. DHE. XPS suggested that the surface of the WC with Ta

addition was mainly consisted of complex hydroxide and there existed WC near the

surface. Because the thin hydroxide film of W and Ta was formed on WC, the

catalytic activity was remained and the stability increased.

Burstein and coworkers reported the electrocatalytic properties of a unique

combination of nickel, tantalum, and carbon prepared by DC magnetron sputtering

[68]. Amorphous films of mean composition Ni0.33Ta0.41C0.26 showed low
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corrosion rate due to the rapid formation of passive film, which mainly consisted of

Ta-oxide. Fortunately, this passive film might be an electron conductor, because the

ORR proceeded fluently in 1.5 M H2SO4, suggesting that the electron transfer

reaction occurred through the passive film. They suggested that any nickel present

in the surface must be trapped within the oxide matrix and electrocatalytic nature of

the surface was provided by the nickel component. Dahn et al. also investigated

sputtered Ta–Ni–C for the ORR activity [69]. Heat treatment after the film forma-

tion was effective to enhance the ORR activity. They also suggested that the Ni

component played an important role in the electrocatalytic activity of Ta–Ni–C

system. However, the onset potential of their best catalysts (Ta0.26Ni0.73C0.01 and

Ta0.01Ni0.16C0.83) was about 0.45 V vs. RHE. They concluded that Ta–Ni–C ternary

system prepared by the DC magnetron sputtering method was not a good system for

the ORR catalyst. It seemed that the carbon was also important although Burstein

and Dahn did not emphasize the effect of the carbon. In addition, long-term

durability should be investigated.

13.4.3 Substitutional Doping of Nitrogen

In order to obtain a narrower bandgap of these oxides, the substitutional doping of N

might be effective since its p states contribute to the bandgap narrowing by mixing

with O 2p states [70]. The density functional theory calculations show that the

valence band is composed mainly of the anion 2p orbitals hybridized with metal d
states. In case of TaON, the upper energy level of the valence band is dominated by

N 2p states [71].

We have reported that tantalum oxynitride (TaO0.92N1.05) powder had some

catalytic activity for the ORR [72]. Ta3N5 and TaO0.92N1.05 were prepared by

heating Ta2O5 powder in alumina tube reactor under a flow of ammonia gas at

1,123 K for several hours. Figure 13.7a, b shows the potential–current curves of

Ta3N5 and TaO0.92N1.05 under N2 or O2 in 0.1 M H2SO4 at a scan rate of 5 mV s�1.

Ta3N5 had poor catalytic activity for the ORR because the ORR current was

observed below 0.4 V vs. RHE. On the other hand, the ORR current with

TaO0.92N1.05 started to flow at 0.8 V vs. RHE. This result indicated that

TaO0.92N1.05 had definite catalytic activity for the ORR. TaON had been studied

for use as visible light-driven photocatalysts [73]. But no trial had been performed

to apply to new catalysts for the ORR. We have started the development of the

oxide-based catalysts from this research.

Domen et al. evaluated highly dispersed niobium compounds synthesized by

a polymerized complex method, followed by nitridation under flowing ammonia

[74, 75]. They revealed that the onset potential for the ORR depended on the

crystallinity of the powders and Nb5+ content on the surface. An addition of barium

suppressed the formation of Nb4+ on the surface, resulting in a higher density

of the highest oxidation state of Nb5+. Therefore, the addition of barium was

effective to increase the ORR activity. The onset potential of Ba–Nb–O–N achieved
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0.77 V vs. SHE in 0.1 mol dm�3 H2SO4 at room temperature [74]. The effect of

the addition of zirconium was also investigated to enhance the ORR activity [76].

The Ba–Nb–Zr–O–N/CB showed higher ORR activity with the ORR onset

potential of ca. 0.93 V. The ORR proceeded primarily via a four-electron transfer

reaction to water, and the maximum proportion of the hydrogen peroxide formation

was less than 12 %. The incorporation of Ba and Nb into Zr4+ matrix may have

affected the surface structure and/or state of the catalyst, possibly causing the

high ORR activity.

They also investigated the effect of the introduction of nitrogen on the ORR

activity using vacuum method [77]. Figure 13.8 shows the ORR voltammogram in

0.1 M H2SO4 at 303 K for Nb–O/CB and Nb–O–N/CB prepared by arc plasma

method. Both Nb–O/CB and Nb–O–N/CB catalysts exhibited ORR activity, with

onset potentials for the ORR of 0.78 and 0.86 V vs. RHE, respectively. In addition,

the apparent current density was drastically improved by the introduction of

nitrogen. XPS measurements suggested that the surface of niobium on the

Nb–O–N/CB catalysts was mainly perfectly oxidized (Nb5+ species). However,

they estimated that the nitrogen incorporation into the oxide matrix might form new

active sites for oxygen adsorption and reduction, such as oxygen defects and/or

reduced sites.

Zirconium compounds prepared by reactive sputtering under Ar + O2 + N2

atmosphere also had some catalytic activity for the ORR in acid electrolyte

[49, 78]. We investigated the effect of the gaseous atmosphere during the sputtering

on the ORR activity [78]. The thin film XRD and Rutherford backscattering
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spectrometry (RBS) showed that the ZrOxNy with the highest catalytic activity for

the ORR contained a Zr2ON2 crystalline structure. The onset potential for the ORR

had a maximum of 0.8 V vs. RHE in 0.1 M H2SO4 at 30
�C.

These results indicate that group 4 and 5 metal oxynitrides such as TaON,

Nb–O–N, and Zr2ON2 have some catalytic activity for the ORR. Because these

pure oxynitrides have wide bandgap, it is predicted that pure oxynitrides might have

poor catalytic activity. In case of ZrOxNy, the ionization potential of the zirconium

compounds with a high ORR activity (5.06 eV) was lower than that of pure

oxynitrides (>5.6 eV). TaON prepared by reactive sputtering showed the same

behavior [79]. These results indicate that the surface of the films might have some

defects which create the donor levels close to the edge level of the conduction band,

that is, close to the Fermi level. The electrons in the donor level due to the surface

defects probably participate in the ORR. Therefore, not only substitutional doping

of N but also creating surface defects was required to enhance the catalytic activity

for the ORR. Recently, we also showed that the addition of carbon to TaON was

effective to increase the ORR current [80]. The role of surface defects, nitrogen, and

carbon in the ORR is necessary to investigate in relation to the active sites of the

oxynitrides.

Liu et al. prepared carbon-supported zirconium oxynitride (ZrOxNy/C) by

ammonolysis of carbon-supported zirconia (ZrO2/C) at 950�C [81]. The onset

potential of the ZrOxNy/C for the ORR was 0.7 V vs. RHE, and the four-electron

pathway for the ORR was achieved on the surface of the ZrOxNy/C. The maximum

power density of the single cell using the ZrOxNy/C as a cathode at 80�C was

50 mW cm�2, which was much lower than that of a single cell using commercial

Pt/C as a cathode. The enhancement of the catalytic activity is required to obtain

a superior single cell performance.

Chisaka et al. synthesized carbon-supported hafnium oxynitrides (HfOxNy-C) by

heating carbon-supported hafnium oxide under NH3 gas [82]. They revealed that

Fig. 13.8 ORR

voltammograms in 0.1 M

H2SO4 for (a) Nb–O/CB and

(b) Nb–O–N/CB (10,000

pulses). Sweep rate

�5 mV s�1 (reproduced from

[77])
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the ORR activity of the HfOxNy-C catalysts depended on the crystallinity of the

Hf2ON2. Figure 13.9 shows the onset potential of the ORR vs. full width at half-

maximum curves of the HfOxNy-C catalysts. The onset potential of the ORR

increased with the increasing crystallinity of the Hf2ON2 phase in the HfOxNy

particles. Catalysts prepared via an impregnation method using hydrolysis of

hafnium tetrachloride in the dispersion, consisting of nitric acid-refluxed C powders

and water, showed (a) the most uniform and smallest HfOxNy particle sizes, in the

order of a few nanometers, (b) the highest crystallinity, and (c) the highest ORR

current and activity levels.

13.4.4 Creation of Oxygen Defects Without Using Carbon
and Nitrogen

Adsorption of oxygen molecules on the surface was required as the first step to

proceed the ORR. Many researches reveal that the presence of surface defect sites is

required to adsorb the oxygen molecules on the surface of the oxides such as TiO2

(110) [83], ZnO [84], NiO (100) [85], CexZr(1�x)O2 [86], V2O5 [87], and MoO3 [88].

Zirconium oxide (ZrO2), having the highest oxidation state, had a wide bandgap

of 4.6 eV, and the upper energy level of the valence band is 3.0 V vs. SHE [45]. In

case of stabilized zirconia, the Fermi level was ca. �0.1 V vs. SHE [89], and the

Fermi level of the ZrO2 probably had almost the same value. The ORR hardly

proceeds on the ZrO2 theoretically, just like the Ta2O5. An introduction of some

surface defects might be necessary to make the adsorption sites of oxygen

molecules.

Fig. 13.9 Onset potential vs.

full width at half-maximum

(EO—fwhm) curves of

HfOxNy-C catalysts

(reproduced from [82])
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We revealed that ZrO2�x prepared by sputtering with ZrO2 target under Ar

atmosphere had a clear catalytic activity for the ORR [90–91]. The oxygen

reduction current of the sputtered ZrO2�x was observed below 0.9 V vs. RHE in

0.1 mol dm�3 H2SO4 at 30�C. Other metal oxides such as Co3O4�x, TiO2�x,

SnO2�x, and Nb2O5�x prepared by sputtering also showed ORR activity to some

extent. The oxygen reduction activity of the metal oxides was the following order:

ZrO2�x > Co3O4�x > TiO2�x > SnO2�x > Nb2O5�x. In addition, these oxides

were inactive for methanol oxidation. Figure 13.10 shows the potential–current

curves of ZrO2�x and TiO2�x in 0.1 M H2SO4 under O2 with or without 0.1 M

methanol [91]. The presence of methanol did not affect the ORR activity of the

oxides. Therefore, these oxides could be a possible candidate substituting the

platinum cathode for direct methanol fuel cells.

Okamoto reported the first-principles molecular dynamics simulation of O2

reduction on ZrO2 (1 1 1) surface [92]. Density functional calculations suggested

that the surface of ZrO2 was poisoned by OH, which formed through three paths:

dissociative adsorption of H2O, H termination of O atom in ZrO2 by a proton, and

O2 reduction intermediate. The OH poison indicated the ZrO2 (1 1 1) surface was

inactive for the ORR. However, as the author claimed in the chapter, defects such as

O vacancies on the surface may participate in ORR and contribute to a sustainable

catalytic cycle. A simulation based on this reaction model might be necessary.

Titanium oxide prepared by the heat treatment of titanium sheets under nitrogen

gas including a trace of oxygen had also some catalytic activity for the ORR [50]. It

was found that the catalytic activity for ORR on the Ti oxide catalysts increased

with the increase of the specific crystalline structure, such as the TiO2 (rutile) (1 1 0)

plane. XPS spectra suggested that the surface of the heat-treated titanium sheets

was closed to TiO2.

An important finding from these studies is that the surface of the oxides with

high ORR activity was almost completely oxidized although these oxides were

expected to have the defects on the surface. Namely, a metal element should have

highest oxidation state to get a high ORR activity [50, 93]. Oxides composed of low

oxidation state such as NbO and NbO2 had lower catalytic activity for the ORR

[93], and these oxides were unstable in acidic and oxidative atmosphere. It may be

important to form the defects as the oxygen adsorption sites on a surface while the

metal is basically maintained by the highest oxidation state.
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Takasu et al. examined RuO2/Ti, IrO2/Ti, and IrM (M: Ru, Mo, W, V)Ox/Ti

binary oxide electrodes prepared by using a dip-coating method on a Ti substrate

[94–96]. Ir0.6V0.4O2/Ti prepared at 450�C had maximum onset potential for the

ORR of 0.86–0.90 V vs. RHE. The valency of the iridium ion at the onset potential

of ORR was estimated to be 3.78, suggesting that there existed some oxygen

vacancies on the surface. They also prepared iridium oxide nanoparticles by the

Adams fusion method and concluded that IrO2, but neither metallic Ir nor the

hydrated IrO2, behaved as an active catalyst for the ORR.

They also prepared non-precious metal oxide catalysts such as titanium oxide,

zirconium oxide, tantalum oxide, and some of the corresponding binary oxides

using a Ti plate substrate prepared by the dip-coated method at a temperature

between 400 and 500�C [97]. Figure 13.11 shows the ORR current curves of the

(a) TiOx/Ti, (b) Ti0.7Zr0.3Ox/Ti, (c) Ti0.3Ta0.7Ox/Ti, (d) ZrOx/Ti, and (e) TaOx/Ti

prepared by dip-coating method at 450�C. The ORR activity was presented as

mass–current density. Although the TiOx/Ti electrode gave the highest mass activ-

ity among these oxide-coated electrodes, the catalytic activity depended on the

surface area of the oxides. Table 13.3 presented the electrochemical characteristics

of various oxide-coated electrodes. As presented in Table 13.3, the addition of TiOx

to ZrOx resulted in an increase in pseudocapacitance, while its addition to TaOx

resulted in a slight decrease in capacitance. The pseudocapacitance of the oxides

probably had linear relation with the surface area. A current density for the ORR at

0.7 V vs. RHE divided by the pseudocapacitance of the electrodes, jSA,0.7, could be
regarded as the surface-specific activity. An evident increase in both jSA,0.7 and

EORR by the formation of binary oxide was observed at theTi0.7Zr0.3Ox/Ti electrode.

In addition, they prepared tantalum oxide powder containing no nitrogen or carbon

by dip-coating method. The tantalum oxide powder (TaOx) was prepared from the

dip-coating solution of the butanolic solution of TaCl5 with heat treatment at 450�C
in air. According to XPS measurement, the Ta4f7/2 peak from this powder sample

appeared at 26.0 eV, suggesting that the valency of the tantalum ions of this oxide

Fig. 13.11 ORR current

curves of the TiOx/Ti, ZrOx/

Ti, TaOx/Ti, Ti–Zr–O/Ti, and

Ti–Ta–O/Ti binary electrodes

prepared by dip-coating

method at 450�C. The ORR
current curves were drawn by

deducting the

voltammograms in the

deaerated HClO4 solution

from those of the O2-saturated

solution. Electrode: (a) TiOx/

Ti, (b) Ti0.7Zr0.3Ox/Ti, (c)

Ti0.3Ta0.7Ox/Ti, (d) ZrOx/Ti,

and (e) TaOx/Ti (reproduced

from [97])
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was lower than that of Ta5+ (26.5 eV). Figure 13.12 shows the hydrodynamic

voltammogram of the (TaOx particles; 95 mass% + carbon black; 5 mass%) elec-

trode rotated at 2,000 rpm with the RDE equipment. The TaOx powder provided

Table 13.3 Electrochemical characteristics of various oxide-coated electrodes

Electrode

EORR vs.

RHE(V)

Cpc μF cm�2

(geometric)

jgeo,0.7 μA cm�2

(geometric)

jSA,0.7 mA F�1

(oxide)

jm,0.7 mA g�1

(oxide)

TiOx/Ti 0.91 478 3.9 8.2 24

ZrOx/Ti 0.81 274 2.0 7.3 11

TaOx/Ti 0.82 284 1.8 6.3 10

Ti0.7Zr0.3Ox/

Ti

0.86 287 3.6 12.5 21

Ti0.5Zr0.5Ox/

Ti

0.85 297 1.7 5.7 10

Ti0.3Zr0.7Ox/

Ti

0.76 373 1.0 2.7 5.6

Ti0.7Ta0.3Ox/

Ti

0.90 415 2.1 5.1 12

Ti0.5Ta0.5Ox/

Ti

0.81 196 2.3 11.7 13

Ti0.3Ta0.7Ox/

Ti

0.84 279 2.7 9.7 17

EORR, onset potential for the ORR at the cathodic potential sweep; Cpc, pseudocapacitance; jgeo,0.7,
current density for the ORR at 0.7 V vs. RHE per geometric surface area of the electrodes; jSA,0.7,
current density for the ORR at 0.7 V vs. RHE divided by the pseudocapacitance of the electrodes;

jm,0.7, current density of the oxide-coated electrodes for the ORR at 0.7 V vs. RHE per mass of the

oxide loaded on each Ti substrates
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Fig. 13.12 Hydrodynamic voltammograms of the (TaOx particles + carbon black) electrode

rotated at 2,000 rpm with the RDE equipment. Electrode: TaOx (95 mass%) mixed with carbon

black (Vulcan XC-72R; 5 mass%). TaOx powder was prepared by calcination of the dried dip-

coating solution at 450�C for 30 min. Loading amount of TaOx on the GC (glassy carbon) surface

of the working electrode of the RDE, 1 mg cm�2. 0.1 M HClO4, 30
�C, 5mV s�1, 2,000 rpm

(reproduced from [97])
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high ORR current density; the ORR onset potential and the ORR mass activity at

0.7 V vs. RHE were 0.90 V and 12 mA g�1 at 30�C, respectively. These oxides

catalysts were prepared at lower temperature such as 400–500�C; therefore, the
crystallite size was small and probably contained a large number of lattice defects

of oxide ion. A detailed examination on the characteristics of these oxides is

necessary to clarify the active site and its stability.

13.4.5 Partial Oxidation of Compounds Including Carbon
and Nitrogen

The surface oxidation state would be changed by the control of a partial oxidation

of non-oxides. We used carbonitrides of group 4 and 5 elements as starting

materials for a partial oxidation [99–104]. We have mainly investigated partially

oxidized tantalum carbonitride [98, 101–103]. Tantalum carbonitride consists of

TaC and TaN. Both TaC and TaN have the same crystalline structure (rock-salt

type) and form a complete solid solution to compose TaCxNy. TaC and TaN have a

high electrical conductivity at room temperature: TaC 4 � 104 S cm�1 and TaN

4–7 � 103 S m�1. The band structure of TaC is characterized by overlapping C 2p
and Ta 5d bands. The Fermi level lies slightly above the minimum of the density of

states of the band, indicating that TaC shows metallic behavior. In the case of TaN,

the band structure is fundamentally similar to that of TaC. Therefore, the electronic

structure of TaCxNy changes consecutively with the substitution of C atoms for N

atoms. A partial oxidation, that is, the substitution for O atoms, brings an increase in

ionic components among the chemical bonding, because the energy difference

between the Ta 5d and O 2p orbitals is higher than that between Ta 5d and C or

N 2p. The electronic state might be controlled by the control of the degree of the

oxidation. This partial oxidation method might produce the oxygen defects, which

formed the release point of C and/or N, and/or remaining C or N on the surface.

Although it is not clear to get high catalytic activity for the ORR, this method was

found to be very powerful to prepare powder catalysts with a high ORR activity.

TaC0.58N0.42 was heat treated under a trace amount of oxygen gas at 1,000�C.
The XRD patterns of the heat-treated specimens showed both Ta2O5 and TaCxNy

peaks. In order to quantify the degree of oxidation of the TaC0.58N0.42, the peak

intensity at 2θ ¼ 35� of TaCxNy (1 0 0), which was expressed as I (TaCxNy), and the

peak intensity at 2θ ¼ 28.3� of Ta2O5 orthorhombic (1 11 0), which was expressed

as I (Ta2O5), were utilized to calculate the ratio, I (Ta2O5)/[I (TaCxNy) + I
(Ta2O5)]. The ratio was designated as the degree of oxidation of the TaCxNy and

is expressed as DOO (degree of oxidation). Figure 13.13 shows the cross-sectional

TEM images of the (a) TaCxNy (DOO ¼ 0), (b) DOO ¼ 0.55, (c) DOO ¼ 0.98,

and (d) commercial Ta2O5 (DOO ¼ 1) [101]. The partially oxidized TaC0.58N0.42

powders had a porous structure at the inner part and a fine crystal structure at the

outer layer. It was noted that the mixture of the carbon black such as Ketjenblack as
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a current collector was required to obtain a sufficient electrical conductivity

because the surface of the partially oxidized specimens considerably oxidized and

had poor electrical conductivity. Figure 13.14 shows the relationship between the

DOO and the onset potential for the ORR (EORR) in 0.1 MH2SO4 at 30
�C [102]. All

partially oxidized powders were mixed with 7 wt% of Ketjenblack EC300J. The

EORR abruptly increased with the increasing DOO up to 0.2. The EORR had high

value over 0.85 V vs. RHE above the DOO of 0.3. The maximum of the EORR is

approximately 0.9 V vs. RHE. The starting material (DOO ¼ 0) and the completely

oxidized Ta2O5 (DOO ¼ 1) had a poor catalytic activity. This result indicated that

the active surface immediately formed by a slight partial oxidation and the active

surface did not change even the partial oxidation proceeded. An XPS analysis

revealed that the surface with a high ORR activity was identified mostly as Ta2O5.

Imai et al. analyzed the local structure of the surface Ta-oxide phase of

TaCxNy/Ta2O5 core-shell particles that have a high oxygen reduction activity by

Fig. 13.13 Cross-sectional TEM images of (a) TaC0.58N0.42 (DOO ¼ 0), (b) DOO ¼ 0.55,

(c) DOO ¼ 0.98, and (d) commercial Ta2O5 (DOO ¼ 1) (reproduced from [101])
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using surface-sensitive conversion-electron-yield X-ray absorption spectroscopy

(CEY-XAS), suppressing the contribution from the TaCxNy cores [103]. The active

Ta–CNO particles were synthesized by slightly oxidizing the TaCxNy (approxi-

mately 1,000 nm) under a low oxygen pressure of 10�5 Pa at 1,273 K, which results

in a core-shell structure consisting of a TaCxNy core and a Ta2O5 shell. Figure 13.15

shows the XAS spectra for TaCxNy/Ta2O5 particles: (a) CEY-XAS XANES spectra,

(b) XANES spectra taken in transmission mode, (c) Fourier transforms of Ta L3

EXAFS (CEY mode), and (d) Fourier transforms of Ta L3 EXAFS (transmission

mode). The FT amplitude for CEY-XAS for below DOO ¼ 0.15 is rather small due

to the presence of the Ta–C or Ta–N bonds, while in the DOO range from 0.15 to

0.96, the radial structure functions have a Ta2O5-like characteristic with a peak near

1.6 Å corresponding to the Ta–O bonds. However, the maximum amplitude is

slightly smaller than those of DOO ¼ 1 (stoichiometric Ta2O5). These results

indicate that, below DOO ¼ 0.15, the TaCxNy phase remains within ~30 nm

(probing depth) below the surface, and thus, the CEY-XAS spectra includes a

contribution from the TaCxNy cores. Above DOO ¼ 0.15, however, the surface

oxide phase grows to a thickness that is larger than the probing depth, and

Fig. 13.15 XAS spectra for TaCN/Ta2O5 particles. (a) CEY-XAS XANES spectra. (b) XANES

spectra taken in transmission mode. (c) Fourier transforms of Ta L3 EXAFS (CEY mode).

(d) Fourier transforms of Ta L3 EXAFS (transmission mode). The FT amplitude for CEY-XAS

for below DOO ¼ 0.15 is rather small due to the presence of the Ta–C or Ta–N bonds, while in the

DOO range from 0.15 to 0.96, the radial structure functions have a Ta2O5-like characteristic with a

peak near 1.6 Å corresponding to the Ta–O bonds. However, the maximum amplitude is slightly

smaller than those of DOO ¼ 1 (stoichiometric Ta2O5) (reproduced from [103])
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consequently, CEY-XAS can selectively detect the surface information with the

exclusion of any contribution from the cores. Since both the XANES spectra and

the radial structure functions (thus, the structural and electronic properties) are

identical in the intermediate ORR range (0.15 < DOO < 0.96) regardless of DOO,

the electronic and structural differences between such intermediate DOOs (from

0.15 to 0.96) and DOO ¼ 1 might be responsible for the emergence of the ORR

activity. Table 13.4 shows coordination numbers and bond lengths for Ta–O first

shells. The fitting of the radial structure function for DOO ¼ 0.96 was carried out

and reasonably completed by reducing the coordination number for the shortest

Ta–O bonds (1.912 Å) from 2.8 to 2.4 with the other parameters left unchanged.

This suggests that oxygen vacancies are introduced at an O site at a Ta–O length of

approximately 1.912 Å, causing slight lattice expansions (a slight shift in radial

structure functions). CEY-XAS analysis revealed that the ORR active Ta-oxide

contains oxygen-vacancy sites, most likely at the in-plane threefold sites, providing

both oxygen adsorption sites and electron conduction paths. It is interesting that

nearly insulating materials, which are usually considered unsuitable for

electrocatalysts, could work if they have defects on their surfaces.

The partially oxidized ZrCxNy also had superior catalytic activity for the ORR

[104]. The onset potential of the appropriate oxidized ZrCxNy reached 0.97 V vs.

RHE in 0.1 M H2SO4 at 30�C. In particular, resource of zirconium oxide,

51 � 103 kton, is three orders of magnitude greater than that of platinum,

39 kton. Therefore, zirconium oxides might be a good candidate for the non-

precious metal cathode of PEFCs, considering both its stability and amount of

resources.

We have developed the oxide-based non-Pt cathode catalysts [20, 30, 48–50, 65,

66, 72, 78–80, 90, 91, 99–104]. Figure 13.16 shows the annual trend of the onset

potential for the ORR of the oxide-based non-Pt cathode catalysts prepared by the

Yokohama National University research group. The onset potential increased year

by year.

Four modification methods were effective to give the catalytic activity. How-

ever, the most important information, that is, the active sites of the catalysts, has

not been clarified yet. In order to obtain the oxide-based non-precious cathodes

with the same or superior performance as platinum, it is necessary to both

enhance the quality of the active sites and increase the quantity of the active

sites. Because the oxide-based catalysts had a high stability in acid electrolyte,

Table 13.4 Coordination

numbers and bond lengths for

Ta–O first shells of partially

oxidized TaC0.52N0.48 and

commercial Ta2O5

R N (DOO ¼ 1) N (DOO ¼ 0.96)

1.912 2.8 2.4

1.923 0.5 0.5

1.944 1.0 1.0

1.976 0.5 0.5

2.008 0.5 0.5

2.359 1.0 1.0
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they might be promising substitutes for platinum. More fundamental research is

necessary in order to understand the origin of the catalytic activity for the ORR.

13.5 Conclusions

In this chapter we have summarized development of non-precious metal oxide-

based cathode for polymer electrolyte fuel cell. Among non-precious metal oxides,

group 4 and 5 metal oxides have a high stability even in acid electrolyte. However,

group 4 and 5 metal oxides have a large bandgap and are almost insulators.

Therefore, it is necessary to modify the surface of the oxides. We classified the

surface modification methods, which had been performed individually, into four

methods: (1) formation of complex oxide layer containing active sites, (2) substitu-

tional doping of nitrogen, (3) creation of oxygen defects without using carbon and

nitrogen, and (4) partial oxidation of compounds including carbon and nitrogen.

These modifications were effective to improve the catalytic activity to the oxides

with a high stability. The solubility of the group 4 and 5 metal oxide-based catalysts

in 0.1 mol dm�3 at 30�C under atmospheric condition was mostly smaller than that

of platinum black. This means that our catalysts might be more stable than platinum

in acid media. The onset potential of various oxide-based cathodes for the ORR in

0.1 M H2SO4 at 30
�C achieved approximately 0.97 V vs. RHE. It is expected that

the onset potential increases over 1.0 V by the optimization of the modification.

However, the active sites of those catalysts have not been elucidated yet. More

fundamental research is necessary in order to understand the origin of the catalytic

activity for the ORR and to develop new strategies to get both the quality and

quantity of active sites. Because group 4 and 5 metal oxide-based catalysts had a
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high stability in an acid electrolyte and the ORR activity was enhanced by a surface

modification, they might be promising substitutes of platinum for PEFC cathode.
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Chapter 14

Transition Metal Chalcogenides for Oxygen

Reduction

Nicolas Alonso-Vante

Abstract Transition metal chalcogenide materials represent nowadays a new

family of alternative materials for the cathode oxygen reduction reaction (ORR).

During the last decade, the efforts have been concentrated in developing this kind of

materials due to their capacity to remain selective and tolerant in the presence of

small organics in acid as well as in alkaline media. This is a good advantage

regarding their potential use in low power systems working in mixed reactant

conditions. Recent efforts have focused on the discovery and/or modification of

sensitive catalytic centers. This chapter adds new challenges for the development of

such “sophisticated” materials that become popular in recent years, giving a pano-

rama of the state of the art particularly of nanodivided materials.

14.1 Introduction

In the quest of novel materials to be synthesized for the oxygen reduction reaction

(ORR), the family of transition metal chalcogenides, first introduced some years

ago, represents nowadays a non-negligible activity in groups working on electro-

chemical energy conversion systems worldwide, as judged by the number of

publications shown in Fig. 14.1. The figure clearly shows an important and signifi-

cant linear evolution in three decades. The catalysts used in the studies depicted in

this histogram contain precious and non-precious metal centers partially embedded

in/or bonded to chalcogen atoms forming metastable or thermodynamically stable

phases. However, the trend analyzed by the author recently [1] clearly shows that

materials based on a precious metal such as platinum constitute the hot topic. In a

similar plot, studies using platinum-based materials show in fact an exponential

increase for the same period of time. This is not the case of chalcogenide materials,
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since we observe a gap at the end of the 1980s. Pioneering work was undertaken

by Baresel et al. in the 1970s [2] using materials based on cobalt–sulfur and

cobalt–nickel–sulfur in a massive form. Nonetheless, the starting point of this line

of research can be considered to be the use of a new kind of cluster material, the

so-called Chevrel phase [3]. Its basic structure is given by T6X8, where T is a

transition metal, e.g., essentially Mo, although rhenium has also been identified to

form part of a cluster in a semiconductor compound, Re6X8Br2 [4], and X a

chalcogen: S, Se, or Te. The basic cluster structure, Mo6Se8, already showed that

the electronic modification of the Mo by selenium in the cluster unit favored the

ORR kinetics, in acid medium as compared to pure Mo, which can be considered as

a huge cluster. The ORR overpotential in acid medium of the Mo6Se8 cluster was

very important, ca. 0.9 V [5, 6]. Thereafter, it was found that this electrochemical

parameter was also a function of the nature of the embedding chalcogen and the

number of valence electrons in the cluster going from 20 to 24 e� per cluster unit,

stressing again the concept of electronic atom modification of the catalytic active

site—ligand effect. In other words, the more the ORR overpotential losses reduce to

form water, the higher the number of delocalized electrons within the cluster. We

can thus consider that Chevrel phase in the specific case of a pseudo-ternary

compound, Mo4Ru2Se8 [5–7], where the cluster contains 24 electrons [6]

constitutes a nice model that bridges the gap between electronic modification of

the catalytic center and the design of novel materials using chalcogen atoms to

enhance essentially the ORR activity and selectivity in presence of organics.

As aforementioned (see, e.g., [5–9]), the Chevrel phase cluster compounds paved,

on one hand, the way to tailor a new chemical route of synthesis in mild conditions

using nonaqueous organic solvents [10–13] as well as in aqueous medium [14], and

on the other hand, it provided the necessary ingredients to understand the electronic

interaction between the chalcogen and the catalytic metal site [15–18]. Since some

recent reviews on the topic of chalcogenides have been done by the author in the last

10 years [6, 8, 9, 19, 20], the present chapter will provide an overview of recent

Fig. 14.1 Number of

publications devoted to the

oxygen reduction on

chalcogenides between 1961

and present date (April 10,

2012) based on SciFinder

database using oxygen

reduction as the keyword
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advances on chalcogenides materials, essentially in the nanodivided form (2–5 nm)

devoted to the oxygen reduction reaction in acid and in alkaline medium, giving

account, nevertheless, of some conceptions that induced the process of physical–

chemical concepts which allowed the development of these materials.

14.2 ORR Catalyzed by Transition Metal Chalcogenides

14.2.1 d-Metal-Centered Pathway for ORR

It is believed that the catalytic activity on transition metal chalcogenides takes place

through the interaction of the molecular oxygen with the transition metal d-states.

The bands are filled with valence electrons of the atoms up to the Fermi level as

shown for Mo4Ru2Se8 cluster compounds (Fig. 14.2) [21].

It was identified via in situ electrochemical-EXAFS measurements and analysis

that the catalytic center inMo4Ru2Se8 was centered at ruthenium atoms [22]. Indeed,

the density of states at the Fermi level is higher on ruthenium than on molybdenum

clusters: Mo6Se8 [23]. Therefore, it was reasonable to imagine that the electron

transfer between the cluster, serving as electron reservoir, and adsorbed O2 is

favored to form water via a four-electron charge transfer process. The other idea

which was brought up was the fact that during the charge transfer process a change in

the cluster volume, ca. 15 %, takes place favoring the bond breaking of the adsorbed

oxygen molecule. The interfacial dynamics with the applied electrode potential such

as the change of bond distances during the charge transfer exist [22], and it was later

further confirmed using nanodivided chalcogenides materials [17, 24, 25].
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Fig. 14.2 (a) Schematics showing the broad sp-band and the narrow d-bands filled up to the Fermi

level, EF. (b) The valence band distribution of electrons near the Fermi level of the Mo4Ru2Se8
cluster shows the coupling of the sp-bands (Se) with the d-bands (Mo, Ru). An octahedral mixed-

metal cluster is shown in the inset (figure adapted from ref. [21])
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14.2.2 Materials Design

Based on the knowledge acquired via the Chevrel phase clusters as electron

reservoirs, the carbonyl chemical route was developed to design a transition metal

chalcogenide. The natural choice was the selection of ruthenium as the metal center

and selenium as a chalcogen [10, 26]. After the first synthesis, it took a decade to

understand that the novel chalcogenide nanoobject was essentially a metallic core

center whose surface was coordinated by a fraction of a monolayer of selenium

atoms [27]. The departure from a heterocomplex cluster compound [12] to the

nanoparticle is schematized in Fig. 14.3. This synthesis route paved the way to

other possibilities of synthesis of these Ru–Se chalcogenides using friendly solvents

such as water and less complex chemical precursors such as metallic salts’ reduction

and thereafter selenization [14, 28] or simply by the modification of ruthenium black

nanoparticles [29, 30].

From a theoretical point of view, the understanding of chalcogenide

nanoparticles, particularly that of RuxSey, whose stoichiometry, from the solvent

synthesis, always led to x � 2 and Se � 1, requires (semi-) infinitely extended

surfaces and a thermodynamic equilibrium. This length and time scale allowed

obtaining some interesting information about the particle environmental conditions

using DFT calculations [31]. Indeed, under the condition μRuSe2 > μRu þ 2μSe, the
formation of RuSe2 (pyrite structure) is not favorable, and it can be assumed that all

Se atoms will be at or near the surface of the Ru core. This corresponds to the area in

whichΔμRu < 0 (Fig. 14.4). The pyrite structure also favors, under this condition, a

Se-rich surface, as shown by the horizontal lines in Fig. 14.4.

Therefore, we can conclude that RuxSey is a nanostructure that contains Ru hcp
core clusters whose surface is coordinated to selenium atoms. This statement was

later assessed by other workers using various synthetic chemical routes [32–35]. We

recall that this kind of surface structure presents a promising activity to enhance the

ORR process rate, the tolerance, e.g., for methanol, and to obtain a small fraction of

hydrogen peroxide via the four-electron charge transfer to water. The understanding

of selenium surface coverage is necessary to get an insight into the energy of the

1)  140°C (DCB-solvent)

2)  220°C (He or N2 phase)

(i) (ii) (iii)

co

co

cococo

co

Fig. 14.3 Steps (i) to (iii) leading to the Ru–Se cluster-like nanoparticles by the pyrolysis of

Ru4Se2(CO)3(CO)8 in either an organic medium containing 1,2 dichlorobenzene (DCB) or in gas

phase in presence of helium or nitrogen. The possible structural change during pyrolysis is

schematized by step (ii) in order to obtain a ruthenium core in step (iii)
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ORR on such nanoobjects, since it is known that the reactivity of transition metal

surfaces can be modulated by changes of the local density of electronic states. The

strength of covalent O–M bonds is determined by the hybridization of the occupied

and non-occupied oxygen and metal states. This depends on the density of d-states at
the Fermi level. The density of states (DOS) at the Fermi level decreases (shift of the

band center position [36]), indicating the weakening of the oxygen–metal bond or

other species, such as selenium, as calculated by Stolbov [37] (Fig. 14.5, cf.

Fig. 14.2). Another ingredient that induces a surface chemistry of the chalcogen

atoms coordinating to ruthenium atoms is the charge transfer of Ru to Se that causes

a reduction of the binding energies of O and OH species, in other words chemically

stabilized against oxidation. The outcome is that selenium becomes metallic [15].

14.2.3 ORR Trend on Transition Metal Chalcogenides

The reduction of molecular oxygen in acid medium, O2 þ 4ðHþ þ e�Þ ! H2O,

proceeds only if this molecule adsorbs on the active catalyst surface � � O2ads. The

fate of this process is further described in terms of intermediate generation, as

depicted by the series of reactions (14.2)–(14.5):

� þO2 ! �� O2ads (14.1)

� �O2ads þ ðHþ þ e�Þ ! � � OOHads (14.2)

� �OOHads þ ðHþ þ e�Þ ! � � Oads þ H2O (14.3)

� �Oads þ ðHþ þ e�Þ ! � � OHads (14.4)

� �OHads þ ðHþ þ e�Þ ! � þ H2O (14.5)
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Fig. 14.4 Surface-free

energy diagram (γ) of RuSe2
versus the chemical energy

(μ) of Ru, involving low-

index surfaces (conf.1 to

conf.5). The darker region
is the existence of RuxSey
cluster-like nanoparticles,

given by ΔμRu < 0 (figure

adapted from ref. [31])
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For the ORR activity of chalcogenide-modified surfaces, it was identified that in

reaction (Eq. 14.5) the transfer of (Hþ þ e�) to adsorbed OH is the rate-determining

step, and thus the calculated energy ΔEOH/H2O was used as descriptor for

electrocatalytic activity. This is the basis of a recent theoretical work by Tritsaris

et al. [38] in rationalizing the electrocatalytic trend of chalcogenide materials

(Fig. 14.6). In addition to Ru, other metal centers such as Rh, Ir, Pd, and Co with

Se have been synthesized and studied for the ORR [30, 39–48]. The reason for such

surface “modification” is to enhance the selectivity of the metal center which

otherwise is poisoned by the presence of small organics, such as carbon monoxide,

methanol, ethanol, or formic acid. Sulfur has also been reported to modify platinum

[49], rhodium [50], and Ru [51, 52]. The rationalization of all the chalcogenide

materials up to date synthesized and investigated for the ORR process deserves

some analysis.

This figure illustrates, in the first place, that the chalcogens (Se or S) modifying

metal center surfaces, on the left side of the volcano diagram, produce an increase

in the ORR activity, and the trend is clearly addressed towards the activity of

the best catalysts, Pt. On the other hand, and for the same chalcogen coverage, the

interaction of the chalcogen seems to depend on the nature of the transition surface

atoms, cf. cobalt. This observation deserves further theoretical investigation on
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Fig. 14.5 Calculated density

of states for Ru (0001) and for

a top layer of RuxSey (x ¼ 1;

y ¼ 1/3), where selenium

interacts onto Ru (0001)

surface. Selenium is a

semiconductor (Eg ¼ 1.74 eV).

The selenium atoms interacting

with the metal center atoms

surface becomes metallic [15]

(figure adapted from ref. [37])
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Fig. 14.6 The ORR activity

on Ru, Rh, and Co modified

by selenium and sulfur

(square symbols). Pure metals

are indicated in circles. The
Pt represents here the one-

metal center of the highest

ORR activity. The figure was

adapted from ref. [38] to show

the trend of the overpotential

at similar chalcogen coverage

on transition metal centers

422 N. Alonso-Vante



non-precious metals centers; the volcano plot must be extended to other recently

developed chalcogenide materials for the same ORR process, such as Pt. In this

connection, we notice that a “negative” effect appears on palladium, as seen on the

right part of the volcano diagram. This is also expected for the platinum center.

Prior to these theoretical studies, the ruthenium cluster surface modification by

chalcogens was done using Se, S, and Te via the carbonyl chemical process in

xylene solvent [24].

The electrochemical ORR was performed under constant stirring conditions in

sulfuric acid, and data are contrasted in the Tafel plots in Fig. 14.7 on samples

deposited in thin layers. It is clearly observed that within the chalcogen series RuxSey
is the most catalytically active compound for oxygen reduction followed by RuxTey
and RuxSy which is the least active. This observation is in agreement with the

theoretical results shown in Fig. 14.6. It is noteworthy to mention that the Ru/X

ratio is ca. one for RuxSey and RuxSy and 20 for RuxTey, meaning that this latter

catalyst is essentially a metallic ruthenium cluster coordinated to a small fraction of

Te atoms. Summing up, the effect of binding chalcogen clearly shows a link between

the reactivity of the nanoparticulate catalyst and its electronic structure [53]. This

effect is even more evident when tailoring the surface chemical state of

nanoparticulate oxide precursors of ruthenium. The example is illustrated in

Fig. 14.8, which undoubtedly encompasses the electronic effect induced by adsorbates

onto or on the catalytic center.

Indeed, the oxidized state of ruthenium nanoparticles, curve (a), deposited onto a

composite of oxide (TiO2)-carbon shows a scanty activity. This latter is enhanced

by reducing the oxide species (RuxOy), but the kinetics is still limited (curve b),

since the same metal center as prepared onto carbon solely shows a significant shift

of the half-wave potential towards the positive potential. This experimental

evidence shows the reducing effect of ruthenium nanoparticles, which are prone

to be easily oxidized when deposited onto the oxides sites of the oxide–carbon

composite. This latter sample, when reduced, shows a slight improvement

j /
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Fig. 14.7 ORR-Tafel plots

on RuxXy electrocatalysts in

0.5 M H2SO4. (a) RuxSy,

(b) RuxTey, and (c) RuxSey
(figure adapted from ref. [24])
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(curve d), testifying of the reducing character of the carbon substrate. Now the role

of the selenium becomes evident when comparing curve (e) with (d). The potential

shift in the half-wave potential between curves (d) and (e) recalls the electronic

change induced by coordinating selenium to ruthenium surface atoms, assessing the

activity ORR trend (cf. Fig. 14.6). The phenomenon interesting to stress is the fact

that the oxide environment given by the presence of TiO2 can shift the half-wave

potential further to positive values, curve (f). Such a phenomenon has been named a

strong metal�support interaction (SMSI) [54]. Unfortunately, the limitation here is

the electrochemical oxidation of selenium at potentials higher than 0.9 V/RHE.

This phenomenon makes these electrocatalysts, compared to platinum centers,

show a further ORR overpotential of �100 mV (Fig. 14.9). Besides the beneficial

effect of the chalcogenide coordinating atoms, the nature of the metal center, i.e.,

Co and Ru, also plays a role in the kinetics enhancement.

Indeed, metallic cobalt atoms show a corrosion potential of �0.277 V/SHE

(Co! Co2þ þ 2e�) [55]. This negative potential and chemical instability vis-à-vis

Fig. 14.8 Oxygen reduction

(ORR) curves at 900 rpm on

(a) 15 wt % Ru/5 wt % TiO2/C

(as prepared), (b) 15 wt %

Ru/5 wt % TiO2/C (reduced

form), (c) 15 wt % Ru/C (as

prepared), (d) 15 wt % Ru/C

(reduced form), (e) 15 wt %

RuxSey/C, and (f) 15 wt %

RuxSey/5 wt % TiO2/C in

oxygen-saturated 0.5 M

H2SO4 at 25
�C. Scan rate of

5 mV s�1

Fig. 14.9 ORR

current–potential curves

obtained on RDE in

O2-saturated 0.5 M H2SO4

solution at 2,500 rpm.

(a) CoSe2/C (20 wt %;

44 μg cm�2), (b) RuxSey/C
(20 wt %; 56 μg cm�2),
and (c) Pt/C (10 wt %;

56 μg cm�2). Scan rate

5 mV s�1
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platinum confers an intrinsic limitation of non-precious metal centers as such to

replace precious metal centers. However, recent studies on cobalt diselenide

(CoSe2) in orthorhombic and cubic phase (pyrite structure) nanoparticles supported

onto carbon [44, 56, 57] showed a remarkable ORR activity and selectivity in acid

medium. One typical response is depicted in Fig. 14.9a. Unlike ruthenium,

rhodium, platinum, or palladium, cobalt atoms react chemically with selenium to

form stable phases: orthorhombic and cubic. The cubic phase showed the highest

activity in acid medium [46, 57]. We may outline that the trend on selenides of Co

and Ru follows the theoretical calculation depicted in Fig. 14.6.

With respect to the stability and the concomitant increase of the activity of metal

centers via the ligand effect modification of such centers, various strategies have

been devised; namely, one of them is the substrate effect, which is an important

issue on the ORR activity and the durability of catalysts for fuel cells [58–61]

(cf. Fig. 14.8, curve f). Within this line of research, various groups [62–64]

modified carbon-supported Ru–Se catalysts using WO3 and observed the enhance-

ment of the catalytic activity towards the ORR because WO3 can accelerate the

decomposition of hydrogen peroxide. Moreover, the ORR multi-electron charge

transfer path leading to water formation still remains uncertain. In spite of the fact

that two possible mechanisms are proposed: the indirect (via the hydrogen peroxide

formation) and the direct one (water formation). However, as discussed by the

author in 2010 [65], the ORR actually proceeds via the indirect pathway. An

analysis of various systems using nanoparticles supported or arranged in arrays

led to the conclusion that the pathway depends on the density and size of the

catalytic nanoparticles. The hydrogen production obtained by the rotating ring-

disk electrode (RRDE) on various catalysts (chalcogenide or not) as a function of

loading confirms this expectation (see Fig. 14.10). It is interesting to recall that, up

to date, no spectroscopic method has been developed for an in situ identification of

ORR intermediates, Eqs. (14.2)–(14.4). This is one of the main reasons that reaction

schemes, based on general kinetics and thermodynamics, have been derived from

indirect experimental findings obtained in a majority of the cases with the RDE

(Koutecky–Levich analysis) and/or RRDE techniques [66–69]. An analysis of the

mol percentage of hydrogen peroxide production via the RRDE technique of

various systems is contrasted in Fig. 14.10. This figure shows that the increase of

the mass of catalyst per unit surface leads to an increase in the molecular oxygen

reduction current with a concomitant decrease in hydrogen peroxide production

according to the reaction (Eq. 14.6):

H2O2 þ 2Hþ þ 2e� ! 2H2O (14.6)

From ring IR and disk ID currents’ data at a defined electrode potential, the mol %

of hydrogen peroxide can be calculated by Eq. (14.7), where N is the collection

efficiency.

mol%H2O2 ¼ 200� IR=N

ID þ IR=N
(14.7)
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The data depicted in Fig. 14.10 summarize the RRDE results of ORR generated

in acid medium on 20 wt % catalyst loading of RuxSey [70], o-CoSe2 [45], and

Fe–C–N [71] and in alkaline medium for c-CoSe2 [56]. It seems clear that keeping

the same catalyst/carbon ratio makes the layer thickness through consequent depo-

sition of catalyst thicker. We have to assume that an increase in the number of

catalytic sites (or mass surface density) is necessary to produce the higher reaction

rate equation (14.6). The amount of hydrogen peroxide production levels off below

10 mol % for the chalcogenide materials either in acid or in alkaline media. This

corresponds to a mass loading between 30 and 40 μg cm�2. Within the non-precious

metal centers, like CoSe2, Fe–C–N requires a mass loading at least ten times larger

than the former one to produce the same amount of hydrogen peroxide (see inset in

Fig. 14.10). A similar trend, although with a factor of 5 less for the production of

hydrogen peroxide, as compared to chalcogenides, was found from analyzing the

literature data of platinum material and summarized in ref. [65]. This variation of

the catalytic site density in the release rate of H2O2 into the electrolyte has to be

taken into account for practical systems, since mass-transport limitations are related

to electrode thickness [72].

14.3 The ORR in Alkaline Medium

Materials that are not stable in acid medium have been tested in alkaline media. As

examples we can cite the metal macrocycles [73, 74] and transition metal oxides,

such as perovskite [75, 76] and spinels [77–79]. This family of materials pertains

to inexpensive alternatives, but the remaining stability issues make this kind of

objects less appropriate for practical purposes. As exposed above, alternative and

Fig. 14.10 Calculated mol %

of H2O2 as a function of the

specific mass loading at the

same ratio of catalyst to

carbon at a defined electrode

potential. For the ruthenium–

selenide system, the data

( filled circles) were extracted
from ref. [70], for o-CoSe2/C

(filled squares) from ref. [45],

for c-CoSe2/C ( half-filled
squares) from ref. [56], and

data shown in the inset for
Fe–C–N ( filled triangles)
from ref. [71]
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promising ORR cathodes together with fuel crossover tolerance (see Sect. 14.3.3)

are the transition metal chalcogenide materials.

14.3.1 The Ruthenium Chalcogenide: RuxSey

Most studies reported on ruthenium chalcogenides containing Se, S, and Te relate,

so far, to the acid medium. It is, however, interesting to compare some features from

the cyclic voltammetry results generated in acid as well as in alkaline media for the

metal core as well as the selenium coordinated to the metallic core (Fig. 14.11).

The electrochemical signature in acid medium of ruthenium nanoparticles

supported onto carbon shown in Fig. 14.11a resembles that of ruthenium’s well-

defined surface (0001) [80]. Indeed, surface oxide formation starts at ca. 0.2 V/RHE.

The cathodic scan shows a broad peak between 0.2 and 0.4 V attributed to the surface

oxide reduction. The irreversibility of this peak is enhanced when a more positive

anodic potential is explored. In the alkaline counterpart (pH 13) (Fig. 14.11c), this

material clearly shows a well-resolved hydrogen desorption peak centered at 0.1 V.

Here, one can observe the interaction of OH� species with the ruthenium surface

atoms in the region of 0.3 V/RHE. The reverse scan also reveals the reduction of the

ruthenium oxide species centered at ca. 0.4 V. Hence, the signature of Ru

nanoparticles looks similar in both media. However, comparison of parts (a) and
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Fig. 14.11 Cyclic voltammetries in deoxygenated electrolytes at 25 �C. Left (acid): with variable
anodic limits for Ru/C (a) and RuSe0.15/C (b), scan rate 5 mV s�1 in 0.1 M H2SO4. Catalyst

loading (30 μg) was deposited on Au support. Right (alkaline): Ru/C (c) and RuSe0.6/C (d), scan

rate 20 mV s�1in 0.1 M NaOH. Catalyst loading (51 μg cm�2) was deposited on glassy carbon

support. Results in alkaline solutions were adapted from ref. [18]
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(c) with (b), and (d) of Fig. 14.11 shows that modifications of the surface of

ruthenium nanoparticles with selenium atoms outcome in drastic changes in the

CVs shape in an acid as well as in an alkaline medium. These changes are the

following: (1) the double layer shrinks indicating the decrease of the interfacial

capacitance, (2) the peaks attributed to OH adsorption/desorption disappear, (3) the

anodic peak attributed to the buildup of the Ru surface oxide disappears, and (4) the

cathodic peak attributed to the oxide reduction diminishes and shifts to more positive

potentials. One can also notice that the anodic limit to avoid coordinated selenium

oxidation in acid is about 0.9 V, whereas in alkaline medium this limit seems to be

reduced to 0.8 V/RHE. This limit is shifted to a more positive potential by a heat

treatment at 500 �C, under argon as reported by Ramaswamy et al. [18]. Nonetheless,

the CVs changes observed in both acid and alkaline media for Ru–Se obviously

confirm again the surface electronic modification of ruthenium surface atoms

discussed in Sect. 14.2.2.

Some differences in the ORR activity in alkaline medium, compared to the acid

one, exist. This behavior is contrasted in Fig. 14.12. Even though the figure

compares results generated on quite similar electrocatalysts of two laboratories,

one can clearly deduce that the ORR kinetics is more facile in alkaline than in acid

medium. The features are a shift towards the positive potential, of ca. 50 mV, and

the hydrogen peroxide production (upper panel of Fig. 14.12) showing two waves.

The wave centered at 0.72 V/RHE is absent in the acid medium [11]. In spite of the

amount of generated hydrogen peroxide in alkaline medium, the authors [18]

conclude that the number of electrons transferred is higher than 3.6. Up to now

the analysis as to the effect of the catalyst mass loading has not been made so far in

this alkaline medium for Ru–Se materials, cf. Fig. 14.10. This leaves open the

question if an indirect reaction via HO2
� species to water formation is possible.

This depends on the number of the catalyst site density. It is very well known that

the alkaline medium facilitates the ORR reaction almost on any electronic

conducting material. The reason for this phenomenon must be related to the way

the active species interact with the catalytic surface, i.e., putting into play the inner-

versus outer-sphere reaction. Certainly, in alkaline media, hydroxyl species adsorb

specifically mediating an outer-sphere electron charge transfer to solvated molecu-

lar oxygen in order to form the superoxide radical anion, Eq. (14.8), with a release

of hydrogen peroxide, Eq. (14.9), as detected by the RRDE technique (cf.

Fig. 14.12).

� �OHads þ O2 þ 2e� ! � � HO�2ads (14.8)

� �HO�2ads ! HO�2;aq (14.9)

The reduction of the overpotential in alkaline on chalcogenide ruthenium metal

centers is certainly the result of the generation of HO2
� species, via the outer-sphere

reaction mechanism, phenomenon that also occurs on oxide-covered surfaces. This

is apparently the rational of the kinetics facility in alkaline media in comparison to

the acid medium.
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14.3.2 Non-precious Metal Chalcogenide: CoSe2

Our group reviewed the preparation methods of non-precious transition metal

(NPTM) chalcogenides based on, e.g., Ni, Co, W, and Fe metal centers [19].

Ruthenium pertains to the platinum group metals (PGM), i.e., high cost and low

abundance. Chalcogenide with NPTM can be generated in such a way as to generate

smaller particles with a reasonably good particle size distribution in mild

conditions. At difference with metal core coordinated chalcogen atoms, such as

RuxSey or RhxSy, NPTM tends to form stable structural phases, e.g., for Co and S:

CoS2, Co3S4, and Co9S8. We have developed via the carbonyl method cobalt

diselenide CoSe2 [44, 46, 57]. This material can indeed be obtained in orthorhombic

and cubic phase. The phase structure conversion from orthorhombic to cubic

phase takes place after a heat treatment of 400 �C. The cubic (pyrite) phase showed
higher ORR activity than the orthorhombic one in acid medium. With a defined

catalyst mass loading and structure, the ORR activity was also investigated in

alkaline medium, as depicted in Fig. 14.13. One can also clearly deduce that the

ORR kinetics is more facile in alkaline than in acid medium. A shift towards the

positive potential of ca. 50 mV at j ¼ 0 mA cm�2 is obtained.
The data represented in Fig. 14.13 show the ORR activity corresponding to an

identical number of catalytic sites. As testified by the RRDE results and

summarized in Fig. 14.10, the amount of hydrogen peroxide decreases in both

media. The number of electrons transferred approaches four. Moreover, since the

kinetics in alkaline medium is again facile on the cobalt center of CoSe2, we must
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arrive at the conclusion that a similar mechanism is taking place as that on RuxSey
material. In other words, whatever the electrolyte medium is, the path for water

formation follows a two þ two electrons reaction pathway; therefore, reaction

(Eq. 14.10) must work in parallel to reaction (Eq. 14.9).

� �HO�2ads þ H2Oþ 2e� ! � þ 3OH� (14.10)

The difference between acid and alkaline media is apparently dictated by the

inner- versus outer-sphere reaction mechanism for the rate-determining step and

therefore influencing the ORR kinetics. In view of the present results on Ru and Co

chalcogenides, the advantage that offers using alkaline media seems significant, but

it requires materials stability. A test of stability using c-CoSe2 shows a promising

expectation [56].

14.3.3 Tolerance to Small Organics

The operation in a “less-clean” environment requires anode or cathode materials

with the capacity of being selective to the reaction and tolerant in presence of other

species. For example, for a cathode, the conditions are subjected to the presence of

gases other than oxygen in the atmosphere, i.e., CO, CO2, NOx or SOx, and O3

species [81–83]. On the other hand, when the need to use other fuels than hydrogen

is necessary, liquid fuels such as methanol, ethanol, and formic acid seem to be

good alternatives, though they possess a reasonable energy density, more easily

handled, transported, and stored [84–93]. Among PMG, Pt–M alloy catalysts show

higher tolerance to the crossover effect of methanol [94], but these non-platinum

3dmetals (M) in the alloy compositions have less stability under fuel cell operating

Fig. 14.13 ORR on

c-CoSe2/C in oxygen-saturated

alkaline electrolyte and in

sulfuric acid at 5 mV s�1.
Catalyst loading (20 wt %;

44 μg cm�2) was deposited on
glassy carbon disks. Both sets

of data were generated at

2,500 rpm
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conditions [95]. On the other hand, S- and Se-modified Pt–metal nanoparticles

[49, 96] also display significant improvement of tolerance to methanol and less

reduction of ORR activity. However, chalcogenide-modified non-platinum

catalysts, RuxSey [5, 30, 97] and CoSe2 [45, 56, 98], have “complete” tolerance to

methanol although these catalysts have a lower ORR activity.

14.4 Concluding Remarks

The intent of this chapter is to give readers a flavor of research into the ORR

performed during three decades on transition metal chalcogenide materials. Although

not discussed in this chapter, it is likely that the ORR arena is nowadays dominated

by the platinum-based catalysts. But the issue of stability and activity as well as

tolerance requirements for large-scale fuel cell application is still a matter that

requires efforts of materials scientists, and therefore, it remains still a challenging

aspect in ORR electrocatalysis.

The activity towards the ORR on chalcogenides compared with the performance

of platinum-based materials has still a long way to go since they still present lower

activity, although their tolerance to organics is rather impressive. Novel routes of

synthesis have been developed that allow a deeper insight into the understanding

of the generated materials as well as their reactivity and/or selectivity in presence of

small organics. Nonetheless, the various contributions of laboratories all over the

world translate efforts in the search of non-precious metal centers that are labile to

the corrosion process, but whose centers can be stabilized. One approach to obtain

such stabilization was demonstrated herein using chalcogen atoms.
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Chapter 15

Non-Pt Cathode Electrocatalysts for

Anion-Exchange-Membrane Fuel Cells

Rongrong Chen, Junsong Guo, and Andrew Hsu

Abstract This chapter provides an overview of the recent advancement in the

development of non-Pt electrocatalysts for oxygen reduction reactions (ORRs) in

alkaline media; catalyst materials discussed include carbon-supported transition

metals (Pt/C, Pd/C, Ag/C), transition-metal macrocycles (M–N–C), and multifunc-

tionalmaterials (e.g.,metallic alloys, metallicMnO2,macrocycle-treatedmetals). The

important factors affecting ORR kinetics are identified through combined theoretical

simulations and experimental measurements. The inconsistencies between the ORR

activities observed in fuel cell tests and those observed in rotating disk electrodes, as

reported by several research groups, were analyzed in details, and plausible theoretical

explanations were proposed. Several promising bifunctional catalysts and their

potentials as replacements for Pt in anion-exchange-membrane fuel cell (AEMFC)

applications are discussed. For the AEMFC technology to mature as a low-cost high-

performance energy device, further improvement of the performance and durability of

the catalysts is essential; we believe that the necessary improvements can be achieved

through intelligent design of multifunctional catalysts.

15.1 Introduction

Fuel cells as clean and efficient energy devices convert chemical energy in a fuel

directly into electricity via electrochemical reactions. Several types of fuel cells,

such as phosphoric acid (PAFC), proton exchange membrane (PEMFC), molten

carbonate (MCFC), solid oxide (SOFC), and alkaline fuel cells (AFCs), have been
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developed for various applications and achieved energy efficiencies from 25 to

60 %, depending on the types of fuel cell [1, 2]. During the last three decades,

PEMFC has attracted the most attention due to features such as high power density,

no electrolyte leakage, and suitability for vehicular applications; however, current

PEMFC still faces major challenges for commercialization due to the need of

expensive Pt-based catalysts in a highly oxidative acidic environment.

AFCs that use liquid electrolytes have been well developed from 1960s to 1980s,

and were successfully applied in space programs. They are the best performing of

all known fuel cell types operable below 150 �C owing to their facile kinetics at the

cathode and anode [1–3]. Compared to the harsher acidic environment, AFCs not

only offer advantages in cathode and anode kinetics but also improved material

stability. Many less expensive non-Pt electrocatalysts, such as Pd, Ag, and Ni, have

been successfully applied in AFCs [4–8]. However, the fundamental difficulty with

the AFCs is that the aqueous KOH electrolyte reacts with CO2 from the air to form

carbonate species that lower the AFC performance and reduce the lifetime of the

cell through the formation of carbonate precipitates on the electrodes.

Anion-exchange-membrane fuel cells (AEMFCs) are a relatively recent develop-

ment. This type of fuel cells not only inherits advantages of the AFCs but also

overcomes the problems associated with carbonate precipitates in AFCs by using

polymeric electrolytes that do not contain mobile alkaline cations [9–24]. Addition-

ally, there are more flexible fuel choices for AEMFCs since alcohol (methanol,

ethanol, or ethylene glycol) oxidation rates are significantly faster in an alkaline

media than in an acid media [8, 25, 26]. The working principle of an AEMFC using

hydrogen as the anode fuel is shown in Fig. 15.1 and described in the following

equations:

Anode : H2 þ 4OH� ! 4H2Oþ 4e�; E0;a ¼ 0:83 V versus SHE; (15.1)

Cathode : O2 þ 2H2Oþ 4e� ! 4OH�; E0;c ¼ 0:40 V versus SHE; (15.2)

Overall : 2H2 þ O2 ! 2H2O; E0;cell ¼ 1:23 V versus SHE: (15.3)

Although recent developments in OH�-conducting ionomers and anion-exchange

membranes have resulted in significant improvements in the performance of

AEMFCs [9–23], their performances are still considerably lower than the PEMFCs.

While improving performance and stability of anion-exchange polymeric electrolytes

is a top priority in AEMFC development, reducing the polarizations of oxygen

electrodes and hydrogen or alcohol electrodes in alkaline media are also the major

challenges that need to be addressed, especially when non-Pt catalysts are used.

Extensive research related to electrocatalysis of oxygen reduction reactions

(ORRs) and hydrogen or methanol or ethanol oxidation reactions (HORs, MORs,

or EORs) in alkaline media have been conducted worldwide in the last five decades.

Spendelow and Wieckowski have provided an in-depth review of electrocatalysis

for O2 reduction on Pt-group and Ag metal and alloys, for methanol oxidation on
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Pt-based anode catalysts, and for ethanol oxidation on Ni–Fe–Co alloy electrodes in

alkaline media [8]. Antolini and Gonzalez gave a comprehensive overview of

catalysts and membranes for alkaline direct alcohol fuel cells (ADAFCs) [26].

Recent progresses of ADAFCs can also be found in Chaps. 5 and 6 of this book.

In this chapter, we intend to focus on the application aspects of various non-Pt

electrocatalysts for ORRs in AEMFCs. ORR activity on various cathode catalysts,

including carbon-supported transition metals (Pt/C, Pd/C, Ag/C), transition-metal

macrocycles (M–N–C), metal oxides (MnO2/C), and multifunctional materials

(e.g., metallic alloys, metallic MnO2, macrocycle-treated metals), in both liquid

electrolytes and AEMFCs is presented. Fundamental issues related to the design of

low-cost, high-performance electrocatalysts for AEMFCs are discussed.

15.2 ORR on Carbon-Supported Pure Metallic Nanocatalysts

Electrochemical reduction of O2 is a multielectron reaction that has two main

possible pathways: one involving the transfer of two electrons (2e�) to produce

H2O2 and the other, a direct four-electron (4e�) pathway to produce water. In

alkaline media, the 2e� pathway can be written [27] as:

O2 þ H2Oþ 2e� ! HO2
� þ OH�; E0 ¼ �0:065 V versus SHE; (15.4)

And the direct 4e� pathway can be written as:

O2 þ 2H2Oþ 4e� ! 4OH�; E0 ¼ 0:40 V versus SHE: (15.5)

To achieve the maximum energy capacity, it is desirable to select catalysts that

reduce O2 with minimal overpotentials via the 4e� pathway.

Cyclic voltammetry (CV), rotating disk electrode (RDE), and rotating ring-disk

electrode (RRDE) in a traditional tri-electrode cell are often employed in the study

of the ORR kinetics and mechanisms on various catalysts in liquid electrolytes

[27, 28]. As shown in Fig. 15.2, a tri-electrode cell contains a working electrode

(WE), a reference electrode (RE), and a counter electrode (CE). The CE has much

OH-

H2O

O2 /Air

+ H2O

e-

Anode
AEM

Cathode

H2+OH-

e-

Fig. 15.1 Schematic

illustration of a H2/O2

AEMFC
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larger surface area than the WE and is placed a few centimeters apart from the WE.

The WE is either a disk electrode or a disk electrode surrounded by a ring electrode.

The WE potentials are controlled against the RE by a potentiostat or bipotentiostat,

while the electric current between the WE and CE is recorded as a function of the

varying potential. For the O2 reduction reaction in alkaline solutions, the currents

flow from the CE to the WE. Since all three electrodes (WE, RE, and CE) are often

immersed in the same electrolyte solution, the potential of the CE can be more

positive than the potential of a WE during the O2 reduction reaction. By contrast,

the cathode in an AEMFC is less than 10–50 μm apart from the anode depending on

the thickness of anion-exchange membrane. The potential of the cathode is always

more positive than that of the anode, which could result in a strong positive

electrical field for the anion adsorption at the cathode, especially at the high cell

voltages. Therefore, in order to successfully develop electrocatalysts for practical

fuel cell applications, it is essential to study the catalysts not just in aqueous

electrolytes using tri-electrode cells but also in practical fuel cell test environments.

In this section, we review progress made in the study of the carbon-supported

various pure metallic nanocatalysts, both in terms of experimental observations and

theoretical studies, as an effort to provide current understanding of ORR in alkaline

media. Particularly, as have been observed and pointed out by many researchers,

ORR catalytic activities observed in traditional experimental setups such as RDE

and RRDE may not be consistent with those observed in fuel cell testing. To

explore this difference and provide a better understanding, we summarize RDE

and RRDE studies and the fuel cell results on ORR separately in Sects. 2.1 and 2.2.

Theoretical and fundamental studies aimed at explaining and bridging the

differences between RDE and fuel cell results are provided in Sect. 2.3.

Fig. 15.2 (a) The simplest

experimental setup for

performing electrochemical

experiments. (b) A schematic

representation of a three-

electrode potentiostat
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15.2.1 ORR Activity Obtained with RDE or RRDE
in Alkaline Solutions

The ORR activities on various metallic catalysts have been widely studied by RDE

or RRDE in alkaline media [28–48], as briefly summarized here. Several precious

metals and their alloys are known to promote the 4e�ORR pathway. The kinetics of

ORR on the surfaces of nanoparticles of various metals dispersed on high-surface

area carbon determined by the RDE technique in 0.1 M NaOH solutions are shown

in Fig. 15.3 [29]. Among the tested metallic catalysts, Pd/C seems to be the most

promising alternative to Pt/C. Detailed comparisons of the ORR activity of Pd/C

and Pt/C catalysts in alkaline solutions revealed that the activation energy for the

ORR on Pd/C was slightly lower than that on Pt/C (39 vs. 48 kJ mol�1 at an

overpotential of 300 mV) [30]. The 4e� pathway was dominant on both the Pt/C

and the Pd/C catalysts. As shown in Fig. 15.4, ORR was more favorable on a clean

Pd surface than on a clean Pt surface; however, Pd was more easily oxidized at fuel

cell cathode working potentials (Fig. 15.5). One of the merits of the Pd/C catalyst is

that it is less sensitive to ethanol presented in the electrolyte as compared to the Pt/C

[30]. To use the Pd, a realistic fuel cell cathode catalyst in the alkaline media, the

problem of Pd oxidization at fuel cell cathode working potentials needs to be resolved.

Fig. 15.3 Polarization curves obtained using a rotating disk electrode for O2 reduction on

different carbon dispersed metal nanoparticles in a 0.1 M NaOH solution. Rotation rate

1,600 rpm; sweep rate 5 mV s�1 [29]
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Another potential replacement of Pt/C as an ORR cathode catalyst is Ag/C,

which has a reasonably high ORR activity and lower cost (~1/60 of the cost of Pt

and 1/20 of that of Pd). The ORRs on Ag/C catalysts can proceed mainly via the 4e�

pathway [8, 26, 29, 31–38] but generally have 50–100 mV larger overpotentials

than those observed on the Pt catalysts. It was reported [36] that on 20 weight

percent (wt.%) of Ag/C with 174 nm mean Ag particle size, ORR via the 4e�

pathway was observed, while the finer catalysts with 4.1 nm mean particles size

appeared to facilitate the 2e� pathway. Lima [32] reported a 2.3-electron ORR

reaction on 20 wt.% Ag/C with relatively large 47.7 nm silver particle size, while

the result of Demarconnay et al. showed a 3.6-electron ORR reaction on 20 wt.%

Ag/C with a particle size close to 15 nm [33]. Countanceau et al. [34] investigated

the influence of metal loading on Ag/C catalyst activity in a half-cell and found that

the optimum loading of silver was around 20 wt.%.

Recently, we studied ORR activities on Ag/C catalysts with four different metal

loadings but similar particle sizes (~15 nm) [37]. As shown in Fig. 15.6, the ORRs on

Ag/C catalysts were found to proceed mainly through a 4e� pathway. Ag/C catalytic

activities for the ORRs greatly depended on the formation of a surface monolayer of

Ag2O films, which was a key parameter to correlate ORR activities on the Ag/C

catalysts. By increasing Ag loading onto the carbon supports, the formation of Ag2O

films increased linearly, and the ORR onset potential shifted positively about 62 mV

with Ag loading increasing from 10 to 60 wt.%, as the Ag loading increased to 0.02,

0.04, 0.08, and 0.12 mg cm�2, respectively. Silicate was identified as a poisoning

species that greatly inhibits the ORR activity on Ag/C catalysts, while carbonate was

not demonstrated to be a poisonous species for ORRs on Ag/C catalysts.

Singh and Buttry compared ORR on silver nanoparticles (Ag-NPs) and polycrys-

talline silver electrodes in 0.1 M NaOH solution using CV and RDE methods [38].

An exchange electron number between 3 and 4 was reported, depending on the

electrode potentials and the morphology of the Ag catalysts. A higher n-value under
some conditions was observed for the Ag-NPs than for bare Ag polycrystalline.

Based on the observations of the presence of a substantial 2e� pathway at more

negative potentials for the bulk Ag and Ag NP surfaces, it was argued that OHads

may exist at relatively high-surface coverage over a wide potential range on the bulk

Ag and Ag NP surfaces, in contrast to the behavior proposed for the single crystal

surfaces [35].

In summary, the RDE results indicate that ORR kinetics obtained on Pd/C and

Ag/C catalysts were comparable to that on Pt/C, with reactions primarily through a

4e� ORR pathway but with 50–100 mV larger overpotentials. However, Pd

oxidization at fuel cell cathode working potentials can be a hindrance for its

practical application in AEMFCs. Balancing cost, performance, and durability,

Ag/C catalysts have been identified by several research groups as the preferred

cathode catalysts to replace Pt/C for AEMFC applications. The performance of

Ag/C catalysts as compared with Pt/C catalysts in AEMFCs is presented here.
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15.2.2 ORR Activity Observed in AEMFCs

The performance of H2/O2 AEMFCs on commercial Pt/C, Au/C, and Ag/C

cathodes was first reported by Varcoe and his coworkers [39, 40]. Figure 15.7a

shows the steady-state cell voltage (Vcell) versus current density (i) plots for the

AEM-MEAs containing three different metal/C (Pt/C, Au/C, and Ag/C) cathodes.

Pt/C was found to outperform the Ag/C and Au/C catalysts, with a peak power

density of 62 mW cm�2 at a current density of 140 mA cm�2 [40]. The performance

of the catalysts decreased in order of Pt/C > Au/C > Ag/C. The iR-corrected Vcell

in Fig. 15.7b shows that the three MEAs had similar overpotential trends within the

Fig. 15.6 RRDE measurements of oxygen reduction reactions on four Ag/C catalysts with

different metal loadings, Vulcan XC-72, and 20 wt.% Pt/C (BASF) with a rotation rate of 2,500 rpm

in oxygen-purged 0.1 M NaOH. Collection efficiency N ¼ 0.23; ring potential Er ¼ 0.3 V versus

Hg/HgO; scan rate 20 mV s�1 [37]
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Fig. 15.7 (a) Fuel cell performance at 50 �C, anode: 0.5 mg cm�2 Pt prefabricated carbon cloth

electrode; cathode: 0.5 mg cm�2 transition-metal carbon paper electrode. With ( filled circle) Pt/C;
( filled triangle) Au/C and ( filled square) Ag/C. The open symbols represent the Vcell versus i plot,
and the filled symbols represent the Pcell versus i plot. (b) iR-corrected Vcell and area resistance

plots against log i for ( filled circle) Pt/C, ( filled triangle) Au/C, and ( filled square) Ag/C

measured using EIS during fuel cell test with H2/O2 at 50 �C. Filled symbol represents iR-

corrected Vcell, and open symbols represent area resistance data [40]
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ohmic and mass-transport regions, but the electrokinetic influence showed substan-

tial initial losses, especially for the Ag/C and Au/C catalysts. Area resistances of the

three catalysts varied substantially and in the order expected from the power

densities, decreasing in the order Ag/C > Au/C > Pt/C. It was not clear to the

original authors at the time of their research why much larger overpotentials were

observed in AEMFCs than those in RDE measurements. Lu et al. reported the

performance of a H2/O2 AEMFC using an OH� conductive polymer membrane, a

Ni-catalyzed anode, and an Ag-catalyzed cathode [41]. The operating temperature

was 60 �C; the Ni loading in anode was 5 mg cm�2, whereas the Ag loading in

cathode was 1 mg cm�2. Anode and cathode gases were humidified at 60 �C, and
the back pressure of gases was ~20 psi at both sides of the cell. A peak power

density of 50 mW cm�2 at a current density of 100 mA cm�2 was achieved.

Based on the ORR activity observed on Ag/Cwith various metal loadings in 0.1M

NaOH solution (Fig. 15.6), we selected 40 wt.% Ag/C as the cathode catalysts for

making AEM-MEAs and tested in H2/O2 AMEFCs [32]. Figure 15.8 shows the

polarization and power curves of AEM-MEAs containing three different cathode

catalysts, including Pt/C (50 wt.%), Ag/C (40 wt.%), and XC-72 carbon. Both

cathode and anode catalyst loadings were maintained at 2.5 mg cm�2, which resulted

in a Pt loading of 1.25 mg cm�2 and an Ag loading of 1.00 mg cm�2. Commercially

available anion-exchange membranes (Tokuyama A901) and ionomers (Tokuyama

A4) were used for preparing the MEAs. Compared with what was reported in the

literatures [40, 41], significantly improved performances were obtained with the

AEM-MEAs using catalysts prepared in our lab and the commercial membranes
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and ionomers. Even carbon catalysts in the AEM-MEAs displayed reasonable ORR

activity. Similar to earlier reported results [40, 41], substantial initial cell voltage

losses (>150 mV) were observed on C and Ag/C cathode catalysts as compared with

the Pt/C catalysts. For the Ag/C MEA, there were two distinct discharge regions

observed in its polarization curve. When the cell voltage was above 0.590 V, the cell

voltages fell sharply with increasing discharge currents. But after the cell voltage

dropping to below 0.530 V, the cell voltages fell much slowly with increasing

discharge current. A peak power density of 356 mW cm�2 at a current density of

855 mA cm�2 was demonstrated on Ag/C catalysts, while a peak power density of

402 mW cm�2 was achieved on the Pt/C cathode catalysts. The combination of rather

high ORR activity and low price makes the Ag/C catalyst an attractive alternative to

replace Pt/C as the cathode catalyst for AEMFC applications. Fundamental

understandings of limiting factors of ORR kinetics on Ag/C surfaces would help

further improving ORR activities on Ag-based catalysts in alkaline media.

15.2.3 Fundamental Aspects of ORRs on Ag/C
Versus Pt/C Catalysts

In the previous two sections, we discussed the experimental observations of ORRs

on various carbon-supported metallic nanoparticle catalysts through RDE, RRDE,

and fuel cell testing. This section provides a summary of some fundamental studies

that aim at a better understanding of the RDE and AEMFC observations, which may

then lead to the design of better catalysts for AEMFCs.

By using density functional theory (DFT) calculations, Nørskov and others

investigated the electrochemically stable surface structures as a function of pH

for Pt(111), Ag(111), and Ni(111)[43]. According to the DFT calculation results,

Pourbaix diagrams for a Pt(111) and Ag(111) were constructed [43], which showed

that Ag dissolution is a much larger problem in acidic than in alkaline electrolytes.

At pH ¼ 0, dissolution of Ag is spontaneous at potentials above 0.80 V, so ORR on

this surface is not likely. But Ag becomes more stable relative to RHE as pH

increased. The pH-dependent stability offers an explanation for the success of using

Ag in AFCs or AEMFCs as an ORR catalyst, but not in PEMFCs.

According to the DFT calculation and RDE measurement results [29], it has

been proposed that among the various pure metallic electrocatalysts, Pt provides the

highest ORR activity due to its optimum oxygen adsorption strength (neither too

weak nor too strong), while oxygen adsorption on Ag is relatively weak that the

O–O bond cannot be broken as efficiently as on Pt. It has been recognized that

the optimal ORR catalyst should exhibit a balance between O–O bond-breaking

and the electroreduction of the oxygenated intermediates. One of the key

differences for the ORR in an AEMFC and a PEMFC is the ORR products: OH�

species are produced at the cathodes of the AEMFC, but water is formed at the

cathode of the PEMFC. Removing water from the cathode to prevent cathode

flooding is one of the major technical challenges in developing PEMFCs.
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Similarly, removing OH� species efficiently from the catalyst surface is essential

for AEMFC to prevent the active sites of the catalysts being blocked by the OH�

species, which could hinder O2 adsorption.

At the cathode operation potentials of an AEMFC, the metallic electrode surfaces

(such as Pt, Au, Pd, or Ag) tend to be covered by bonded OH� groups due to the

electrode potentials for the ORR are often more positive than the potential of zero

charge (pzc) of the metallic electrodes. The OH� binding on the cathode catalysts is

likely one of the major factors causing large cell voltage losses in AEMFCs as

comparing with the polarization curves observed with the PEMFC under similar

test conditions. Additionally, the presence of the hydrated cation layer was postulated

by Strmcnik et al. [44] who reported that the ORR reactivity on Pt(111) electrodes

was dependent on the particular cation present in the electrolyte solution. They

proposed a model in which hydrated alkali metal cations form a non-covalent

bond with adsorbed OHad species on the surface and thus influence the ORR

electrocatalytic reactivity. The influence of non-covalent interactions on the electro-

chemical interface of a metallic electrode in an alkaline electrolyte depended on the

nature of the metal and the cation. For example, the impact of the cation on the ORR

on Au electrodes was negligible, but the ORR activity on Pt electrodes was signifi-

cantly affected by the type of the cations in the electrolyte solution [44, 45].

Lucas et al. studied the structure of the electrochemical double layer at the

interface between a Ag(111) electrode and 0.1 M KOH electrolyte using in situ

surface X-ray scattering (SXS) and proposed an interface structure, at the nega-

tively charged and positively charged surface, as shown in Fig. 15.9. At negative

potential (E ¼ �1.0 V vs. SCE), the presence of an hydrated K+ cation layer at a

distance of 4.1 � 0.3 Å from the Ag surface was detected, and at a more positive

potential (E ¼ �0.2 V), the presence of OHad stabilized the hydrated K+ cations

through a non-covalent interaction forming a compact double-layer structure in

which the Ag–K+ distance was reduced to 3.6 � 0.2 Å, which (the compact double

layer) hindered the O2 adsorption for ORR. Since the strong electric field favorable

for OH� adsorption on the cathode presents in AEMFCs, especially at high cell

voltages [42], we believe that the OHads on the catalyst surface as a function of the

electrode potential could play important roles in determining the ORR activity.

The OH� binding effects on ORR on Ag(hkl) surfaces were studied by Markovic

et al. [46, 47]. Similar to that on Pt surfaces, the rate-determining step (rds) for the

Fig. 15.9 A schematic illustration of the interface structure at the negatively charged (left) and
positively charged (right) surface. The layer separations obtained from the crystal truncation rod

(CTR) measurements are indicated [46]
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ORR on Ag single crystal surfaces was assumed to be the first charge-transfer step

[47] and described as:

O2;ad þ e�!�O2;ad
�; (15.6)

The rate of the ORR on an Ag surface can be expressed as [46]

i ¼ nFkCO2 1� θadð Þx expðð�βFEÞ=RTÞ expðð�γrθ
ad
Þ=RT: (15.7)

where n is the number of electrons; k is the chemical rate constant; CO2 is the

concentration of O2 in the alkaline media; θ is the degree of the total surface

coverage by all adsorbed species; x is either 1 or 2, depending on the sites of

requirements of the adsorbates; β and γ are the symmetry factors; r is the parameter

for the rate of change of the free energy of the adsorption of the reacting

intermediates with the surface coverage by the adsorbed species; and E is the

applied potential. In either a 0.1 M NaOH solution or under the AEMFC test

conditions, the OHad species can be considered as the dominating adsorbates on

the Ag surface that determine the value of θad.
The OH adsorption isotherm on various Ag (hkl) surfaces as a function of the

electrode potential was reported by Blizanac et al. [47], as shown in Fig. 15.10. It is

seen that the OH coverage (θOH) was quite low at a cell voltage of about 0.1 V versus

RHE and increasedwith increasing electrode potentials (0.2–0.4V vs. RHE). Then, a

θOH plateau was observed at potentials of 0.4–0.7 V versus RHE, and a new steep

increase in θOH was observed when the electrode potential was higher than 0.7 V

Fig. 15.10 (a) CV curves in

Ar-purged 0.1 M KOH on Ag

(hkl) surfaces. All CVs were

obtained at room temperature

with a sweep rate of

50 mV s�1. (b) Fractional

charge per atom, obtained by

integrating the anodic sweep

direction of CV (from a) after

accounting for the different

surface atom density of

different Ag(hkl)

orientations. (c) Fractional

charge per atom expressed on

the rational potential scale

(RPS) [47]
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versus RHE. This OH adsorption isotherm as a function of the electrode potentials

can explain why there were two distinct discharge regions in the polarization curves

observed on the Ag/C MEAs in the H2/O2 AEMFCs (Fig. 15.8). When the cell

voltage was above 0.55 V, the cell voltages on the Ag/C MEA fell sharply with the

increasing discharge current. But when the cell voltages fall below 0.5 V, the

electrode polarizations with increasing discharge current seem to become less.

Referring to the OH adsorption isotherms [47], the OH coverage on the Ag catalyst

surfaces at the cell voltages above 0.7 V in H2/O2 AEMFCs could be rather high

(30–50 %), which would lead to lower ORR kinetic currents on the Ag/C catalysts

according to Eq. (15.7). Corresponding to the θOH plateau in Fig. 15.10, a cell voltage
plateau (0.60–0.50 V) was observed in the steady-state polarization curves on the

Ag/C MEA in the H2/O2 AEMFC performed at 50 �C. When the cell voltages

continued to fall to 0.1 V, the θOH on Ag/C electrode continued to drop, causing

the discharge current to increase substantially; these observations also agree well

with the prediction of OH adsorption on Ag(111) surface by DFT calculations [43].

Therefore, one can conclude that when the cell voltages fall below 0.5 V, the ORR

kinetics on the Ag/C MEAs were significantly improved due to the reduction in OH

coverage (θOH) on the Ag surface at the lower cell voltages. To further improve the

performance of Ag/C catalysts in AEMFCs, it is essential to reduce the θOH on the

Ag surface in AEMFCs, especially at the high cell voltages. Macrocyclic molecules

can be used to modify Ag/C electrodes [42, 48] and have been demonstrated by

the present authors to reduce OH� coverage on Ag/C surfaces in AEMFCs; the

results for macrocycle-modified Ag/C electrodes will be presented in the last section

of this chapter.

15.3 ORR on Carbon-Supported Transition-Metal

Macrocycles (M/N4/C)

Inspired by biological catalysts such as myoglobin and hemoglobin, many M–N4-

macrocycles have been investigated extensively as promising catalysts for the ORR

in alkaline and acid media for several decades; such macrocycles include transition-

metal porphyrins (MPs) and phthalocyanines (MPcs), and nitrogen-coordinated

iron or cobalt in a carbon matrix (Fe/N/C or Co/N/C) [27, 49–88]. It has been

established that (1) the type of the central metal atom is the determining factor on

catalytic activity; (2) the majority of mononuclear Co-macrocycles catalyze the

ORR via a 2e� pathway to produce peroxide (H2O2), while iron complexes tend to

promote the 4e� pathway to form water; (3) the polymeric or heat-treated M–N4 or

M–N2 forms could lead to better chemical and thermal stabilities, higher electronic

conductivities, and higher O2 activities than their monomeric species; and (4) the

pH values of electrolytes can affect the activity and stability of the catalysts.

A breakthrough in the synthesis of Fe/N/C or Co/N/C catalysts was achieved by

Yeager et al. who reported that the MPc or MP macrocycles can be replaced by the

catalyst materials derived from separate metal (Co(II) and Fe(II) containing salts)
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and nitrogen (polyacrylonitrile) [62]. Following this approach, several synthesis

methods to prepare various pyrolysis Fe/N/C or Co/N/C catalysts have been

reported [64–78]. Recently, Lefèvre et al. reported their best Fe–N–C catalysts

could match the initial performance of state-of-the-art Pt/C catalysts in PEMFCs,

but were less stable [75–79]. Zelenay et al. reported non-precious metal catalysts

derived from polyaniline, iron, and cobalt having ORR at potentials within ~60 mV

of that delivered by state-of-the-art Pt/C, remarkable performance stability (700 h at

a fuel cell voltage of 0.4 V), and excellent four-electron ORR activity (hydrogen

peroxide yield <1.0 %) [80]. Recent advances of these types of catalysts in an

acidic medium can be found in Chaps. 7–11 of this book.

A collaborative work from five different laboratories was reported [75] that

non-noble-metal catalysts (NNMCs) prepared by various synthesis methods,

including wet impregnation, planetary ball milling, a foaming agent technique,

or a templating method, were investigated for the catalysis of ORRs in an acidic

medium. All catalyst precursors were heat-treated at 700–1,050 �C in an inert or

reactive atmosphere. These catalysts were tested with an identical set of electro-

chemical characterizations, including RDE and PEMFC tests and voltammetry

under N2. The RDE and PEMFC test results are shown in Figs. 15.11 and 15.12,

respectively. Although different synthesis methods were used, the observed ORR

activity on these NNMC catalysts was 150–200 mV below that of Pt/C. The most

interesting results from this work are shown in Fig. 15.13, in which the ORR

mass activity of the NNMCs was found to be higher in the fuel cell than in RDE,

up to a multiplication factor >20 for the samples M786 and DAL900C. It was

also found that Pt-based catalysts did not show such an effect. To explain this

difference by RDE and PEMFC tests with various NNMCs, the authors suggested

new comprehensive studies of the effect of the temperature on the mass activity

of NNMC and the optimization of the catalyst ink with respect to the Nafion

ionomer and catalyst ratio for a correct measurement of the mass activity both in

a RDE and a fuel cell.

Mukerjee et al. [81] studied Fe/N/C catalysts prepared by an impregnation

method then heat-treated at 950 �C under a flow of NH3 for the ORR activity in

acid media. They found that N-protonation and anion-binding effects on the Fe/N/C

catalyst resulted in ORR activity decay. The bound anions could be removed

thermally or chemically, which restored the activity of the acid-resistant FeN4

sites. They proposed that protonation of basic N-groups occurs immediately in

RDE or fully humidified PEMFC environment but that anion binding is delayed in

PEMFC due to restricted mobility of the sulfonate groups, which was considered to

explain the difference of ORR activity on the Fe/N/C catalysts by RDE and PEMFC

measurements. By analyzing the electrical fields presented in a RDE and a PEMFC,

we recognize that unlike in an AEMFC, the potentials on the counter electrodes in

acidic solutions are more positive than the RDE to provide the currents for the ORR

at the RDE, while the potentials at the cathode of a PEMFC are always more positive

than the potentials at the anode. The electrical field in the RDE could cause the N-

protonation on the Fe/N/C catalyst occurred more favorably than that in PEMFCs.

Depending on the nature of the M/N/C catalysts, the strength of N-protonation and
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Fig. 15.11 (A) Polarization

curves in RDE at 1,500 rpm.

O2-saturated electrolyte of pH

1 at 20 �C. NNMC loading

of 800 μg cm�2 except

UK63–65 (460 μg cm�2) and

CoTMPP700 (306 μg cm�2).

Curve a: Pt/C, 302 μg of Pt

cm�2 (355 μg of C cm�2).

Curve b: NNMC target for

year 2010 for a loading of

460 μg cm�2. Other curve

labels are 1 (UK63),

2 (UK65), 3 (FC 280),

4 (M786), 5 (DAL900C),

6 (CoTMPP700),

7 (GAdFeCu), 8 (DAL900A),

and 9 (CHb200900). (B) Tafel

plots (E vs. log I) in RDE.

Same conditions as those in

part A. Curve a: 46 % Pt/C.

Curve b: NNMC target by US

DOE for year 2010 [75]

Fig. 15.12 Tafel plots of the various NNMC cathodes in a PEMFC. NNMC loading 1 mg cm�2.

Naf/Cat ¼ 2. Curve a: 46 % Pt/C; 0.33 mg of Pt cm�2; Naf/Cat ¼ 2. Curve b: estimated target

activity for NNMC for year 2010 [75]

452 R. Chen et al.



anion-binding effects on the catalysts can be different, which would reflect in the

variations of ORR mass activities of the NNMCs observed in the fuel cell and in

RDE, respectively.

Olson and his coworkers studied the ORR on a family of electrocatalysts derived

from a Co-containing precursor and a polypyrrole/C composite material (PPy/C) in

alkaline media [82]. Based on structural evaluations and electrochemical studies, it

was revealed that pyrolysis leads to the formation of a composite catalyst material,

featuring Co nanoparticles coated with Co oxides and Co2+ species associated with

N–C moieties that originate from the polypyrrole structures. Based on the structure-

to-property correlations, they proposed a dual-site mechanism: O2 is initially

reduced at a Co2+-containing N–C type site in a 2e� process to form HO2
�; then,

the HO2
� species can undergo either further electrochemical reduction to form

OH� species or chemical disprotonation to form OH� species and molecular O2 at

the decorating CoxOy/Co surface nanoparticle phase. The importance of developing

bifunctional catalyst materials for the ORR in alkaline media is recognized as

essential for their potential applications in AEMFC systems; these types of studies

are also reported by several groups [42, 48, 83, 84] and will be discussed in more

details in the last section.

Since extensive research has been carried out in the last five decades to under-

stand ORR mechanisms on various N4-macrocyclic metal complexes with and

without heat treatment in both acid and alkaline solutions, here we will not repeat

what has been reviewed by other experts in the field but only focus on the applica-

tion aspects of carbon-supported N4-macrocyclic metal complexes (M–N4/C) in

alkaline conditions and for AEMFCs. Here, the ORR activity on M–N4/C catalysts

Fig. 15.13 ORR mass activity normalized by mass capacitance: effect of a switch from the RDE

system (20 �C) to the PEMFC system (80 �C) [75]
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measured in RDE and AEMFCs is presented and compared. Key fundamental

aspects of the ORR activity and stability of M–N4/C catalysts for practical

AEMFC applications are discussed.

15.3.1 ORR Activity Obtained by RDE or RRDE

The RDE or RRDE in an electrochemical cell (Fig. 15.2) is widely used to study

ORR kinetics on M–N4/C complexes in electrolyte solutions. Co and Fe

macrocycles have been studied extensively as catalysts for oxygen reduction

[27, 49–93]. Co-phthalocyanine (CoPc) and Co-tetrasufonated phthalocyanine

(CoTsPc) adsorbed on carbon surfaces have been found to catalyze 2e reduction

of O2 to form H2O2 in both alkaline and acid solutions, while Fe-phthalocyanine

(FePc) and Fe-tetrasufonated phthalocyanine (FeTsPc) catalyze the overall 4e

reduction in alkaline solutions [83–86]. In an acid solution, certain face-to-face

Co-porphyrins, which can form a dioxygen bridge between two Co-centers on

graphite surface, have been shown to catalyze 4e reduction [58–60].

The central metal atoms in phthalocyanines have dominant influences on the

ORR catalytic activities of the MPc molecules. Kazarinov et al. [89] reported that

regardless of pH, the ORR activity of MPcs varies in the order: Fe(II, III) > Co(II),

Mn(II) � Ni(II) > Cu(II) > hydrogen. Shukla et al. [90] also found a similar trend in

the order of electrocatalytic activity with the exception of MnPc, i.e., FePc > CoPc ~

CoTPP > NiPc ⋙ MnPc where TPP is tetraphenylporphyrin. Guo et al. tested the

ORR activity on XC-72 carbon and various MPc/C (M ¼ Mn, Fe, Co, and Ni)

catalysts on a RRDE in O2-saturated 0.1 M NaOH solutions with the identical experi-

mental setup and test procedures. The RRDE polarization curves for O2 reduction on

these catalysts at a rotation rate of 2,500 rpm are shown in Fig. 15.14a [92], which

indicate that O2 undergoes a 4e� reduction pathway to produce OH� on FePc and

MnPc, respectively, but the ORR occurs on CoPc or NiPc complexes via a 2e pathway

to produce H2O2. The results agree well with those reported by others [87–90]. The

mass-corrected Tafel plots of log Ik (mA cm�2) at a rotation rate of 2,500 rpm are

shown in Fig. 15.14b. The Tafel slope for the FePc/C catalyst can be divided into two

parts, i.e., about 40 mV dec�1 in the lower overpotential region (E > 0 V vs. Hg/HgO)

and about 120 mV dec�1 in the higher overpotential region (E < �100 mV vs. Hg/

HgO). The Tafel slope of the CoPc/C catalyst was around 140 mV dec�1 in the higher

overpotential region (E < �150 mV vs. Hg/HgO). At a typical alkaline fuel cell

cathode working potential (�0.05 V vs. Hg/HgO, equivalent to an overpotential of

0.280 V), the ORR kinetic current on the FePc/C is 10 mA cm�2, which is about three

times higher than that of the Pt/C electrode (3.1 mA cm�2) [93]. The ORR activities

measured from RDE are in the following order: FePc/C > CoPc/C > NiPc/

C ~ MnPc/C ~ C. Among the five tested MPc/C catalysts, FePc/C displayed the

highest ORR activity in a RDE in an O2-saturated 0.1 M NaOH electrolyte environ-

ment. However, as shown in Fig. 15.15a, compared with CoPc, the FePc pre-coated on

a RDE displayed a more significant reduction in its ORR current density with each

cycle [93]. After 30 cycles, the ORR catalytic activity on the FePc electrode dropped

dramatically. At the end of the 30th cycle, the FePc electrode was left in the same
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NaOH solution for 12 h, then put under the ORR activity test again. As shown in

Fig. 15.15b, a noticeable recovery in the ORR catalytic activity of the FePc catalyst was

observed, which suggested that the instability of FePc in electrocatalyzing O2 reduction

in alkaline media is not mainly caused by irreversible demetalation, which was

considered to be responsible for the degradation of FePc in acid system [70, 94].
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Fig. 15.14 (a) RRDE measurements of ORRs on XC-72, MnPc/C, FePc/C, CoPc/C, and NiPc/C

catalysts with a rotation rate of 2,500 rpm in oxygen-saturated 0.1 M NaOH solutions. Collection

efficiency N ¼ 0.41; ring potential Er ¼ 0.3 V versus Hg/HgO; scan rate 20 mV s�1. (b) Tafel

plots of the ORRs on the XC-72, MnPc/C, FePc/C, CoPc/C, and NiPc/C catalysts [92]
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Fig. 15.15 (a) The stability test for FePc and CoPc pre-adsorbed on a RDE in an O2-saturated 0.1M

NaOH with a scanning rate 10 mV s�1; a rotating rate of 2,500 rpm; room temperature. (b) The

performance recovery test for the FePc RDE in the O2-satureated 0.1 M NaOH solution [93]
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15.3.2 ORR in AEMFC

The performance of XC-72 carbon, MnPc/C, FePc/C, CoPc/C, and NiPc/C, as

described in the previous section, was also tested in AEMFCs, which were assembled

with the same anode (50 wt.% Pt/C), anion-exchange membranes (A901 from

Tokuyama), but various cathode catalysts [92]. The loadings of the cathode catalysts

in theMEAs were 2 mg cm�2 for all the test cells. The polarization and power density

curves obtained with XC-72 carbon, MnPc/C, FePc/C, CoPc/C, and NiPc/C MEAs

are shown in Fig. 15.16 [92]. Unlike the non-noble-metal catalysts (NNMCs) that

displayed the higher ORR activity in the PEMFC than in RDE (Fig. 15.13), the

FePc/C showed much better ORR activity in RDE than in the AEMFC, while CoPc,

NiPc, and MnPc showed similar ORR activity in RDE as in AEMFCs. Based on DFT

calculations and electrochemical impedance measurements [93], the strong OH�

binding effect on FePc catalysts in the AEMFC test environment was considered to

be responsible for the discrepancy of ORR activity in RDE and AEMFCs on FePc/C

catalysts, which are discussed in more details later.

As shown in Fig. 15.17, Kim et al. studied various cathode catalysts for oxygen

reduction in microbial fuel cells that contained culture media prepared with 1 g L�1

sodium acetate solution in 50 mM phosphate buffer containing 12.5 mL L�1

mineral solution and 5 mL L�1 vitamin solution [95]. Carbon-supported FePc

showed similar ORR activity as the carbon powder, which had more than
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Fig. 15.16 Polarization and power density curves of AEMFCs using XC-72, MnPc/C, FePc/C,

CoPc/C, and NiPc/C as cathode catalysts, respectively. Anode: 50 wt.% Pt/C, flow rate 200 sccm

H2, 100 % humidity. Cathode: 2.0 mg catalyst cm�2, flow rate: 200 sccm O2, 100 % humidity. Test

temperature: 50 �C; back pressure: 20 psi [92]
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200 mV larger overpotentials and delivered less than half of power capacity in

microbial fuel cells. Mamlouk et al. reported ORR activities on FePc/KJB carbon

and Pt/C in RDE and AEMFC [96], as well as Co-based catalysts (named as GP2

and GP4) in RDE and AEMFC [97]. In 1.0 M KOH solution, the FePc/KJB C

displayed slightly better ORR activity than Pt/C, which agrees well with our

work [93]. The performance of FePc/KJB in AEMFCs was much lower than what

was observed in RDE, especially for the FePc/KJB electrodes prepared with an

anion-exchange polymeric electrolyte as the ionomer. The authors believed that the

poor performance of the FePc/KJB electrodes was due to the dissolution of FePc

from the carbon (Ketjen Black) support during the amination process leaving

Fig. 15.17 Power density versus current density curves with various cathodes (a) and electrode

potentials (vs. SCE) as a function of different cathodes (b) [95]
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mainly the carbon support as the acting catalyst. However, using the similar

electrode preparation procedures, the Co-based catalysts displayed similar ORR

activity in both the liquid KOH solution and AEMFCs [97]. Comparing the polari-

zation curves of the Co-based catalyst in Fig. 15.18b with that on the CoPc/C in

Fig. 15.16 and Pt/C in Fig. 15.17, one can see that the cell voltages of these Co-

based MEAs from different research groups had similar polarization behaviors: cell

voltages dropped quickly to ~0.80 V at the beginning of discharge with

150–200 mV higher overpotentials than that on the Pt/C MEAs. These results

indicate that, for Co-based or Pt/C catalysts, the ORR activities in RDE and

AEMFCs are fairly comparable, regardless what polymeric electrolytes and catalyst

inks were used in preparing the MEAs, while the ORR activities observed in RDE

on Fe-based catalysts were significantly higher than those in AEMFCs.

15.3.3 Fundamental Aspects

For Pt and other metallic catalysts, DFT calculations have been successfully applied

to elucidate the origin of the overpotential of the ORR [98], the mechanism of the

80 µ g Co-based/ cm2 at GCE

86 µ g Pt / cm2 at GCE
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E / V (SHE)
0.0

1.2

E
/V

1

0.8

0.6

0.4

0.2

0
0.00 0.05

j/A.cm–2

0.10 0.15 0.20 0.25 0.30

GP2-GPM 20C 21%02

GP2-GPM 02 run15

GP2-GPM 02 run1

30%Pt/C 20C21%02

30%Pt/C 02 20C

0.35 0.40

0.2

C
ur

re
nt

 / 
m

A

–0.4

–0.4

–0.8

–1.2

–0.2

0.0

a

b

Fig. 15.18 (a) LSV response

recorded at 5 mV s�1 scan

rate for Co-based/C (GP2)

and Pt/C in O2-saturated 1 M

KOH solution at 2,500 rpm

rotation rate. (b) AEMFC

performance comparison

between MEAs utilizing

platinum and Co-based as
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ORR in acids [99], and the alloying effect on the catalytic activity for the ORR

[100]. However, similar studies for M–N4-macrocycles are relatively few. Liao

et al. [101] reported the influence of some peripheral ligands [-porphyrin (P),

-porphyrazine (Pz), and -phthalocyanine (Pc)] on the electronic structure of a series

of M–N4 complexes (here, M ¼ Fe, Co, Ni, Cu, and Zn). They found that replacing

the CH-groups in the MP molecules by N atoms led to the stabilization of all

valence molecular orbitals in the MPz molecules, while introducing the benzo rings

into the MPz molecules to form the MPc molecules destabilized the occupied

valence molecular orbitals [101]. They also studied how varying the central transi-

tion atom (here, M ¼ Fe, Co, Ni, Cu, Zn, Mg) would affect the electronic structures

of the MPc molecules [102]. It was concluded that the highest occupied molecular

orbital (HOMO) of the FePc, CoPc, and CuPc molecules resembled the 3d orbital of

the metals, while the HOMO of the NiPc and ZnPc molecules localized on the

phthalocyanine ring [102]. Shi and Zhang [103] applied the DFT calculations to

determine the adsorption structures of O2 molecule on various MP and MPc

complexes. They found that the central metal, ligand, and substituents were major

factors in affecting the oxygen adsorption on these MP and MPc molecules. We

also conducted DFT calculations to study the molecular and electronic structures of

O2, H2O, OH, and H2O2 molecules adsorbed on various MPc molecules (M ¼ Fe,

Co, Ni, and Mn) [92, 93, 104, 105]. The DFT calculation results can be used to

better explain ORR activities (on various MPc/C catalysts) observed in the RDE

and AEMFCs tests [92, 93].

Based on Eqs. (15.4) and (15.5), for the ORR in an alkaline media, O2 and H2O

are the reactants, while OH� is the final reaction product. The strength of the

interactions between the O2 or OH
� species and the M–N4 molecules is expected

to profoundly influence the rate of ORR on the molecular catalysts. In the DFT

calculations, adsorption energy (Ead), which is defined as the energy difference

between the adsorption assembly and the isolated systems of the adsorbate and

molecular catalyst, is used to gauge the binding strength between the adsorbate and

the molecular catalyst [93, 104]. Negative adsorption energy indicates that the

adsorbate is energetically favorable to be adducted to the surface of the molecular

catalyst. Consequently, the negative adsorption energy of the O2 molecule on the

catalyst surfaces is a requirement for the catalyst to promote the ORR.

There are two possible ways for O2 to be adsorbed on M–N4 molecules: the

end-on configuration and the side-on configuration. In the end-on configuration

(see Fig. 15.19a, b), one oxygen atom lies right above the central metal atom over

the catalyst molecule plane, and the other oxygen atom is farther away from the

metal atom. In the side-on configuration (see Fig. 15.19c, d), the adsorbed O2

molecule lies parallel to the catalyst molecule plane, and the two oxygen atoms

are in equal distance from the central metal atom. It was found that all four

structures shown in Fig. 15.19 are stable for the O2 on FePc, while only the

end-on configurations are energetically stable for O2 on CoPc molecule. By using

in situ ambient-pressure X-ray photoelectron spectroscopy and X-ray absorption

spectroscopy under hydrogen and oxygen atmospheres, Miedema et al. [106]

studied the electronic structure of the CoPc and FePc. Their experimental results
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showed that when oxygen was introduced, the iron changed oxidation state, while

the cobalt did not, and support our DFT calculation results that oxygen binds in an

end-on configuration in CoPc, while for FePc side-on binding is most likely [104].

The latest DFT calculation results of O2 adsorbed on ten different M–N4

complexes indicate that the adsorption energies of O2 on the Fe macrocyclic

complexes were lower than those on the Co macrocyclic complexes [105]. More-

over, the distance (DTM-O1) between the central metal atom and the adjacent O atom

of O2 on the Fe macrocyclic complexes was considerably shorter than the

corresponding value of O2 on the Co macrocyclic complexes [105]. The DFT

results indicate that the adsorbed O2 molecule would form stronger bonding with

the Fe macrocyclic complexes than with the Co macrocyclic complexes. Yeager

et al. [107] had postulated many years ago that the affinity of Fe(II)Pc for O2 may be

very high compared to that for the reaction intermediates, products, or other

solution-phase components and suggested that this strong interaction with O2

compared to that with other species can be of critical importance to the

electrocatalytic activity involving a single type of iron site. Our finding in DFT

calculations and RDE results [93] supports the postulation that O2 adsorption plays

a key role in the activation and reduction of oxygen: the lower the O2 adsorption

energy, the higher the kinetics of the ORR on the MPC molecular catalysts.

Although FePc/C catalysts possess high ORR activities in alkaline media, they

were found to degrade rapidly on a RDE in alkaline solutions [92] and showed

poorer ORR activity than the carbon supports in AEMFCs [93, 96]. In contrast, the

ORR activity on CoPc/C catalysts was rather stable in both the RDE and AEMFCs

[93, 97]. We could use DFT results to explain these experimental observations:

Fig. 15.19 Optimized

structural configurations for

O2 molecule adsorbed on

FePc and CoPc molecules.

(a) and (b) are two end-on

configurations; (c) and (d) are

two side-on configurations.

The central yellow ball
represents metal Fe or Co

atom, the central two red balls
represent the adsorbed O2

molecule, blue balls represent
N atoms, gray balls represent
C atoms, and light white balls
represent H atoms [104]
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Table 15.1 lists the DFT calculation results of the adsorption energy of O2, H2O,

H2O2, and OH on various MPc molecules [92]. It can be seen clearly that the energy

for OH adsorption on various MPc molecules was significantly lower than the

energy for O2, H2O, or H2O2 adsorption on the same molecules, following the

order of FePc > MnPc > CoPc > NiPc. Based on the DFT calculation results and

the ORR activities on various MPc molecules in RDE and AEMFCs, it can be

deduced that OH adsorption on the catalysts is an important factor that determines

the ORR activity and stability of the MPc catalysts [92, 93]. The OH adsorption is

more energetically favorable than O2 adsorption on MPc (M ¼ Fe, Co, Ni, and Mn)

catalyst molecules. This would cause the produced OH molecule to occupy the

active sites of the catalysts and hamper further progress (O2 adsorption) of ORR.

The DFT results indicate that this degradation process due to the OH� adsorption

should be more severe for FePc than other MPc (M ¼ Co, Ni, and Mn) molecules

due to its larger energy for adsorbing OH. Consistent with the DFT calculation

results, the RDE stability tests showed clearly that the FePc/C catalyst lost its

performance much more quickly than the CoPc/C catalyst and that the performance

of FePc/C in H2/O2 AEMFCs was poorer than its carbon supports due to the strong

electric field that favors strong OH� adsorption on FePc molecules [92].

In the previous sections, we have pointed out the fact that the strong electric field

presented in a MEA could have major effects on protonation and OH adsorption and

causing inconsistencies between RDE and fuel cell testing results on ORR activities.

For RDE tests in acid solutions and for PEMFCs, the electric field is more favorable

for protonation in RDE than in PEMFCs; consequently, the N-protonation effects on

the Fe/N/C catalyst could occur more favorably in RDE than in PEMFCs and

resulted in poorer ORR activity observed in RDE than in PEMFC on various M/

N/C catalysts (Fig. 15.13). On the other hand, the electric field in an alkaline

condition is such that the OH� binding effects on FePc/C catalysts were more severe

in AEMFCs than in RDE; the FePc/C catalysts tended to lose their ORR activity in

AEMFCs rapidly. A balance of O2 and OH� adsorption strength is important for

achieving high ORR activity and for catalytic stability in AEMFCs. Among the four

tested MPc/C (M ¼ Fe, Co, Ni, and Mn) catalysts, the CoPc/C catalysts displayed

the highest ORR activity in AEMFCs (Fig. 15.16), but still much lower than the Pt/C

catalysts (Fig. 15.8).

The RDE and RRDE measurements of various MPc/C catalysts in O2-saturated

alkaline solutions lead to the conclusion that O2 undergoes a 4e� reduction

Table 15.1 Calculated adsorption energy (in units of eV) of reactant (O2 and H2O), product (OH),

and reaction intermediate (HOOH and H2OO) molecules adsorbed on FePc, CoPc, NiPc, and

MnPc catalyst molecules using the first-principle DFT method

O2 H2O OH HOOH H2OO

FePc �1.16 �1.05 �3.41 �1.05 �1.03

CoPc �0.40 �0.32 �2.36 �0.24 �0.47

NiPc �0.31 �0.05 �1.33 �0.10 �0.49

MnPc �0.96 �0.28 �2.93 �2.76 �0.30
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pathway to produce OH� on either FePc or MnPc catalysts, but a 2e� reduction to

produce H2O2 on CoPc or NiPc complexes. H2O2 is a product of the 2e
� ORR and

might be an intermediate molecule in the 4e� route of ORR. As shown in

Fig. 15.14a, either no H2O2 or very small amounts of H2O2 were detected on the

FePc/C electrodes, but significant amounts of H2O2 were observed on the CoPc/C,

NiPc electrodes. The DFT calculations could be used to provide an explanation as

to the above observation. The H2O2 molecule has two isomers: HOOH (hydrogen

peroxide) and H2OO (oxywater). Figure 15.20 shows the possible structures of

HOOH and H2OO molecules adsorbed on the catalyst molecules (according to

DFT). On FePc molecules at the lowest energy state, H2O2 has a geometric

structure as shown in Fig. 15.20c. DFT calculation predicts that the two O atoms

in an H2O2 molecule bind to the common central Fe atom with a distance of

1.820 Å, bind to individual H atoms with a distance of 0.972 Å, but are separated

from each other by a distance of 2.368 Å. In an isolated HOOH molecule, the O–O

bond length is calculated to be 1.487 Å. Hence, O–O bond breaking, which is a

prerequisite for 4e� ORRs, will occur during the process of H2O2 adsorption on

FePc molecules. In contrast, Fig. 15.20c shows an unfavorite adsorption configura-

tion for HOOH on CoPc molecules. Instead, the H2O2 molecule prefers to have the

configuration of Fig. 15.20e when adsorbed on CoPc. In that optimized configura-

tion, the two O atoms in the H2O2 molecule are only 1.536 Å apart, which is very

Fig. 15.20 Optimized

structural configurations for

HOOH (a–d) and H2OO

(e and f) molecules adsorbed

on FePc/CoPc molecules. The

central yellow ball represents
the metal Fe/Co atom, the two
red balls represent O atoms,

blue balls represent N atoms,

gray balls represent C atoms,

and light white balls represent
H atoms [93]
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close to the equilibrium O–O bond length of 1.501 Å in an isolated H2OO

molecule. One can therefore deduce that O–O bond breaking does not happen

during the process of H2O2 adsorption on CoPc molecules. The DFT calculations

of the adsorption of HOOH and H2OO on NiPc and MnPc molecules were also

performed [100]. As shown in Table 15.1, the energies for H2O2 adsorption on the

FePc and MnPc molecules were significantly lower than those on the CoPc and

NiPc molecules. On the MnPc molecule, O–O bond breaking was shown to be the

most stable configuration during the process of H2O2 adsorption, while the H2O2

molecule preferred to have the configurations of Fig. 15.20d when adsorbed on the

NiPc molecule. The above described DFT results on H2O2 adsorption suggest that

the ability to break the O–O bond accounts for the 4e� ORR on the FePc or MnPc

catalyst molecules, while the lack of this ability leads to the 2e� ORR on the CoPc

or NiPc catalysts.

15.3.4 Summary of ORR on M/N4/C Catalysts

By performing detailed DFT simulations of the adsorption of O2, H2O, OH, and

H2O2 molecules on various “model” M/N4/C molecular catalysts, several principles

for selecting M/N4/C molecules as cathode catalysts for AEMFCs can be

established (1) the lower the O2 adsorption energy, the higher the kinetics of the

ORR on the M/N4/C can be expected; (2) the breaking of the O–O bond during

H2O2 adsorption is essential for the 4e
�ORR onM/N4/C catalysts, while the lack of

the O–O bond breaking process leads to the 2e� ORR; (3) OH adsorption on the

catalysts is an important factor to determine the stability of the M/N4/C molecular

catalysts, especially in AEMFCs. The M/N4/C catalysts must not bind OH� species

too strongly in order for OH� to be removed quickly. Based on the DFT calculation

results and ORR activities observed in RDEs and AEMFCs, one may conclude that

a balance between the O2 and OH adsorption strengths on M/N4/C catalysts is

essential to high-performance cathode catalysts for practical AEMFC applications.

None of the single “known” M/N4/C catalysts seems to have the desired balance of

O2 and OH adsorption strengths, e.g., FeN4 complexes show a too strong OH

adsorption strength, while CoN4 complexes have a rather weak O2 adsorption

[105]. An ideal catalyst for achieving the highest activity should possess the

combined properties of (1) strong O2 adsorption, (2) the ability of O–O bond

breaking, and (3) weak OH� adsorption to avoid OH� accumulation at the cathode.

Our systematic DFT calculations have predicted that the O2 adsorption on M/N4

molecules is about 1 eV weaker than the OH adsorption [105], which can become a

major challenge for the application of M/N4/C molecular catalysts in AEMFCs

since the OH� binding effects on these catalysts may reduce the number of active

sites for O2 reduction, especially at the high cell voltages of an AEMFC. Conse-

quently, none of the M/N4/C catalysts seems to be able to achieve an ORR activity

comparable to the benchmark Pt/C catalysts in AEMFCs, regardless of whether

they exhibit better ORR activities than Pt/C in RDE.
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15.4 Bifunctional Non-Pt Catalysts for ORRs in Alkaline Media

By examining the ORR activities observed on various catalyst materials in

AEMFCs as shown in Figs. 15.6, 15.7, 15.16, and 15.17, the Ag/C catalyst is

identified as the most promising one to replace Pt/C for AEMFC applications.

However, the initial cell voltage losses were found to be 150 mV larger on the

Ag/C than on Pt/C catalysts in AEMFCs. To reduce the ORR overpotentials on

the Ag/C catalysts, new approaches to form bifunctional catalysts have been

investigated by either alloying Ag with other transition metals or metal oxides

[108–112] or by modifying Ag with MPc molecules [42, 48]. The ORR activities

on various bifunctional catalyst materials in RDE and AEMFC are presented as in

this section.

15.4.1 Ag-Alloys for ORRs in Alkaline Media

Pt-bimetallic (PtM) materials have been extensively investigated as catalysts for

ORR in acid and alkaline media [113–120]. The enhanced ORR kinetics on PtM

catalysts depend on the structural and electronic features of the Pt atoms in the PtM

electrocatalysts, e.g., the Pt–Pt bond distance, the number of nearest neighbors to a

Pt atom, the electron density in the Pt-5d band, and the presence of surface oxide

layers. When the electronic structures of Pt are modified by alloying it with other

metals, the adsorption of species from the electrolyte and the binding energies of

key reaction intermediates can be altered accordingly, and thus improve the ORR

reaction kinetics [32, 113–115]. Adzic et al. showed enhanced ORR activity on

electrocatalysts that were prepared by placing a Pt monolayer on nanoparticle

substrates [117]. Based on DFT calculations and electrochemical measurement

results, the concept of activity-d-band center volcano dependences was proposed

[29, 118]. It was found that the formation of a surface metal-metal bond signifi-

cantly changed the electronic properties of the metal overlayer, leading to

pronounced differences in the ORR reactivity of some transition-metal monolayers

on various substrates [29]. The mechanism of the enhanced ORR activity on the

PtM catalysts was ascribed to the reduced adsorption of oxygenated spectator

species (e.g., OH�) by modified electronic properties of Pt in the nano-segregated

near-surface region [115, 116].

Compared to the publications in the literature related to PtM catalysts for the

ORR, the investigations of Ag-alloy catalyst for the ORR are rather scarce. Carbon-

supported Ag–Co alloys were found to have higher ORR activity in alkaline media

than pure Ag, a result attributed to modification of the Ag electronic structure by

Co, leading to a stronger interaction between Ag and O containing species [8, 112].

By coating carbon-supported silver nanoparticles (60 wt.% Ag/C, ~15 nm) with Pd

(Pd@Ag/C) via a galvanic displacement method, Jiang et al. studied the activity

and stability of Pd@Ag/C catalysts for ORR in alkaline media [108]. The XRD and

CVs results indicated that Pd was deposited on Ag nanoparticles. As shown in
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Fig. 15.21a, the reduction peak of silver oxide on the Pd@Ag/C electrode was

weakened during the anodic scan, indicating that the oxidation of silver could be

inhibited due to the Pd covering of the silver surface. RDE measurement results

(Fig. 15.21b) showed that the half-wave potential of the ORR on Pd@Ag/C was

shifted ~70 mV more positively than that on the Ag/C electrode but was still 50 mV

lower than that on the Pt/C electrode [108]. Slanac et al. reported Ag-rich AgPd

alloy nanoparticles (�5 nm) with high activities for the ORR in alkaline media

[111]. As shown in Fig. 15.22, the diffusion-limited current density for the alloy

corresponds to a four-electron process, higher than either pure Ag (3.4) or pure Pd

(3.4). The ORR mass activity at �0.05 V versus NHE in oxygen-saturated 0.1 M

KOH solutions was ~598 mA mg�1 of the total metal weight, which was almost an

order of magnitude higher than that observed on the pure Ag/C catalysts

(60 mA mg�1 of Ag). The enhanced ORR activity on AgPd alloy catalysts was

believed to be caused by a combination of modified electronic structure and

ensemble effects, which could facilitate the oxygen bond breaking and desorption

for the ORR [111]. Alloying alters the electronic structure of the metals (Ag and Pd),

as can be observed from the binding energy shifts in XPS. However, because of the

fact that the electronic ligand effect plays a minor role next to the ensemble effects

in AgPd films toward CO adsorption and oxidation [121], it was believed that the

ligand effects alone are not responsible for the observed ORR activity synergy for

the AgPd alloys [111]. An ensemble effect, whereby a suitable geometric arrange-

ment of Ag next to Pd surface atoms catalyzes ORR, was believed to be also

responsible for the improved ORR activity. It was proposed that, on an AgPd

alloy surface, the Pd atoms may facilitate the initial oxygen binding, whereas the

Ag may help to desorb the reaction products such as OH�, evidenced by the smaller

double-layer capacitances for the AgPd alloys versus Pd/VC [111]. Although the

high catalytic activity of AgPd alloys for the ORR has not been verified in AEMFC

applications, the concept of alloying Ag with extremely low concentrations of a

highly active, precious metal for high ORR activity is applicable to a wide variety

of nano-alloys.
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Fig. 15.21 (a) CV curves of the Pt/C, Ag/C, and Pd@Ag/C in Ar-saturated 0.1 M NaOH

solutions. The inset is the enlargement of Fig. 15.1 from �0.82 to �0.1 V. Scanning rate:

10 m Vs�1. Comparison of polarization curves for the ORR on the Pt/C, Ag/C, and Pd@Ag/C.

Rotating speed: 1,600 rpm, scanning rate: 10 m Vs�1 [108]
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15.4.2 MPc-Modified Ag/C Catalysts for ORRs in Alkaline Media

Adsorbed organic compounds on metallic substrates have attracted considerable

attention with respect to the controlled functionalization of surfaces in nanoscale

[121–123]. Electronic and geometric properties of Co-tetraphenylporphyrin

(CoTPP) layers on Ag (111) were studied by Auwarter et al. using photoelectron

diffraction (PED), near-edge X-ray absorption fine-structure (NEXAFS)

measurements, and DFT calculations [124]. This fundamental work indicates that

(1) the central Co atom of the CoTPP resides predominantly above the fcc and hcp

hollow sites of the Ag (111) substrate, and (2) the interaction of the CoTPP with the

Ag (111) substrate can induce modifications of the CoTPP molecular configuration,

such as a distorted macrocycle with a shifted position of the Co metal center.

By using similar experimental techniques and DFT calculations, Baran et al.

investigated the interaction between a number of phthalocyanine molecules

(SnPc, PbPc, and CoPc) and the Ag (111) surface [125]. Each of the phthalocyanine

molecules (SnPc, PbPc, and CoPc) was found to donate a charge to the silver

surface, and back-donation from Ag to the metal atom (Co, Sn, or Pb) in the

macrocycle was only significant for CoPc. The adsorbed MP or MPcs molecules

were found to induce a local restructuring process of the metallic Ag substrate,

which could alter Ag’s functionality and the morphology of the adsorbed MP or

MPc molecules.

Recently, we reported a new bifunctional catalyst system of CoPc or the fully

fluorinated cobalt phthalocyanine (CoPcF16) adsorbed on Ag/C catalysts

(CoPc@Ag/C or CoPcF16@Ag/C) for ORR in alkaline media [48]. As shown in

Fig. 15.23, the CoPc@Ag/C or CoPcF16@Ag/C had lower overpotentials and higher
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Fig. 15.22 (a) Linear sweep voltammograms from a RDE measurement in O2-saturated 0.1 M

KOH. The diffusion-limited current density for the alloy corresponds to a 4-electron process,

higher than either pure Ag or Pd (3.4). (b) CV curves showing the characteristic redox peaks for

the alloy and pure metal catalysts supported on Vulcan XC72 carbon. The presence of both Ag and

Pd oxide reduction peaks shows that the surface is composed of both metals. However, the lack of

Hupd for the alloy suggests that the Pd is dispersed primarily as single atomic sites. The silver

oxidation peaks from 0.3 to 0.6 V shift slightly positive for the alloy catalyst, suggesting some

resistance to oxidation due to the small amount of Pd. The large reduction peak of silver oxide is

shifted negative, suggesting slightly more stable oxide formation [111]
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Fig. 15.23 (a) RRDE measurements of ORR with a rotation rate of 2,500 rpm in oxygen-purged

0.1 M NaOH. Collection efficiency N ¼ 0.41; ring potential Er ¼ 0.3 V versus Hg/HgO; scan rate

20 mV s�1. (b) Tafel plots of the ORRs derived from RDE measurement results obtained on the

Ag/C, CoPc@Ag/C, CoPcF16@Ag/C, CoPc/C, CoPcF16/C, and Pt/C catalysts [48]
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ORR kinetic currents at a given potential than those on the individual components,

namely, CoPc/C, CoPcF16/C, or Ag/C. The RDE and RRDE measurements indicate

that the ORR on these new catalysts occurs almost entirely via a four-electron

pathway and shows 50 mV lower overpotentials for CoPc@Ag/C and 82 mV for

CoPcF16@Ag/C as compared to that found on Ag/C catalyst. The current densities

are higher, and Tafel slopes are lower for ORR on CoPc@Ag/C and CoPcF16@Ag/C

than on Ag/C catalysts in the high overpotential region.

Further studies of various MPc (M ¼ Fe, Co, Ni, and Mn) on Ag/C in RDE and

AEMFCs indicate that the benefits of MPc molecules for enhanced ORR activity on

Ag/C catalysts depend not only on their interactions with the Ag surface but also

their bonding strength with the OH� species [42]. The basic CV curves obtained on

the Ag/C and various MPc-modified Ag/C catalysts are shown in Fig. 15.24. The

peak currents on the FePc@Ag/C, MnPc@Ag/C, and CoPc@Ag/C catalysts were

significantly higher than those on the NiPc@Ag/C or Ag/C catalysts, which implies

that there may be more active sites available for oxidization on the silver

nanoparticles when the silver surface was modified with MnPc, FePc, or CoPc

molecules. The anodic peaks of silver on the NiPc@Ag/C catalyst were very similar

to those observed on the Ag/C catalyst. Based on the enhancement of the Ag anode

peak currents, the interaction strength between the silver nanoparticles and the MPc

molecules was found to follow this trend: FePc/Ag > MnPc/Ag > CoPc/Ag �
NiPc/Ag, which seems to agree reasonably with the DFT calculation results listed

in Table 15.2 [48].

The ORR polarization curves obtained on a RDE coated with various catalysts at a

rotation rate of 2,500 rpm inO2-saturated 0.1MNaOHsolutions are shown inFig. 15.25.
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Fig. 15.24 Cyclic voltammetric curves obtained on various catalysts in an Ar-saturated 0.1 M

NaOH solution [42]
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Compared with the Ag/C catalysts, the half-wave potentials for the ORR on the

FePc@Ag/C, CoPc@Ag/C,MnPc@Ag/C, andNiPc@Ag/C catalysts shifted positively

about 178, 64, 32, and 24 mV, respectively. The kinetic currents obtained on the

FePc@Ag/C, CoPc@Ag/C, MnPc@Ag/C, and NiPc@Ag/C catalysts were about

67.85, 3.09, 1.53, and 1.37 times higher than what was observed on the Ag/C catalyst

at 0.68 V (vs. RHE), respectively. TheMPc@Ag/C catalysts are more active toward the

ORR than the Ag/C catalyst with a trend of FePc@Ag/C > CoPc@Ag/C >
MnPc@Ag/C > NiPc@Ag/C. Based on the observed limiting disk currents and ring

currents on the RDE or RRDE, the ORRs on various MPc@Ag/C catalysts were found

to occur via a 4e ORR pathway, which suggests that the active sites for the O2 reduction

on the MPc@Ag/C catalysts are mainly on the Ag/C catalysts. The improved ORR

Table 15.2 Calculated adsorption energy (in units of eV) of different MPc molecules on Ag (111)

by DFT [42]

MnPc FePc CoPc NiPc

Ag(111) �2.09 �1.72 �1.35 �0.63
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Fig. 15.25 Comparison of oxygen reduction polarization curves on (a) MnPc/C and

MnPc@Ag/C, (b) FePc/C and FePc@Ag/C, (c) CoPc/C and CoPc@Ag/C, and (d) NiPc/C and

NiPc@Ag/C with Ag/C and XC-72 catalysts at 2,500 rpm in O2-purged 0.1 M NaOH solutions.

Scan rate: 20 mV s�1
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activities on theMnPc@Ag/C,CoPc@Ag/C, andNiPc@Ag/C catalysts over that on the

Ag/C catalyst authentically reflect the promotional effect by the MnPc, CoPc, or NiPc

molecules. Ag nanoparticles modified with FePc molecules behave differently from

those with CoPc, NiPc, or MnPc molecules. The ORR onset potentials and half-wave

potentials overlapped for both the FePc/C and the FePc@Ag/C catalysts and were

~200 mV more positive than those on the Ag/C catalyst. Varying the MPc molecules

could result in various degrees of improvements in ORR activity on the Ag/C catalysts.

In 0.1 M NaOH solutions, the ORR activity on a RDE coated with various Ag-based

catalysts follows the order of FePc@Ag/C > CoPc@Ag/C > MnPc@Ag/C >
NiPc@Ag/C > Ag/C.

The performance of Ag/C, MnPc@Ag/C, FePc@Ag/C, CoPc@Ag/C, and

NiPc@Ag/C as the cathode catalysts in AEMFCs is shown in Fig. 15.26. The

AEMFCs were assembled with the same anodes, the same membranes (Tokuyama

A901) and A4 ionomers, and varying cathode catalysts containing the same Ag

loadings. For comparison, the polarization curves obtained with the XC-72 carbon

and the MnPc/C, FePc/C, CoPc/C, and NiPc/C MEAs were also included in

Fig. 15.26. The results show that in AEMFCs, the ORR activities of the

MPc@Ag/C catalysts are significantly higher than that of the MPc/C catalyst,

especially at the high current density region. Among the four MPc@Ag/C catalysts,

the CoPc@Ag/C cathode catalyst shows the best performance with a peak power

density of 537 mW cm�2 at 1260 mA cm�2, which is better than the benchmark

Pt/C cathode catalysts (Fig. 15.8). The performances of the MnPc@Ag/C and

NiPc@Ag/C MEAs were found to be identical with that of the Ag/C MEA.

However, for the FePc/C MEAs in the AEMFCs, the current dropped sharply

when the cell voltage was below 0.5 V. Again, the RDE results for the

FePc@Ag/C catalysts cannot be reproduced in the AEMFC test. As shown in

Fig. 15.26b, the performance of either FePc/C or FePc@Ag/C catalysts in the

AEMFCs was found to be similar to that on the carbon or Ag/C catalysts at high

cell voltages (>0.6 V) but much poorer at low cell voltages.

Based on DFT calculations and electrochemical impedance spectra (EIS) analysis

results, it was concluded that the strong electric field presented in an AEMFC at high

cell voltages induces the strong OH� adsorption on the FePc molecules, resulting in

the loss of the active sites of the FePc molecules regardless of whether they are

adsorbed on the carbon supports or Ag/C catalysts [42, 100]. Due to the loss of active

sites on the FePc molecules, the ORR kinetics on the FePc@Ag/C MEAs at high cell

voltages occurred mainly on the Ag/C catalyst, but not on the FePc molecules. At low

voltages (<0.5 V), the high OH� transport resistances were observed by EIS on the

FePc@Ag/C electrodes [42], which is similar to what was observed on the FePc/C

electrodes [92]. Therefore, both the FePc/C and FePc@Ag/C catalysts performed

poorly compared to the other catalysts due to the strong OH� binding effects on the

FePc molecules in H2/O2 AEMFCs.

From the ORR activity obtained in RDEs and AEMFCs on various MPc@Ag/C

catalysts, DFT calculation results of interactions betweenMPcmolecules and theAg

(111) surface, and EIS recorded at various cell voltages during AEMFC operation,

one can clearly see that MPc molecules play an important role in tuning the

electrochemical interface of Ag electrodes in alkaline media [42]. For the ORRs
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on MPc@Ag/C catalysts, the electrochemical active sites for the initial O2 binding

were found mainly on the Ag surfaces except for FePc@Ag/C catalysts. Depending

on the nature of the adsorbed MPc molecules, the Ag surfaces could become more

active toward O2 binding through electronic properties altered by the interactions

between the MPc molecules and the Ag atoms, while MPc molecules tend to be

energetically favorable to the adsorption of OH�, which is a reaction product that

needs to be removed quickly from the Ag atoms tomaintain the O2 adsorption ability

of the catalyst [111]. The effects of the various MPc molecules for increasing active

sites of the Ag/C catalysts follow the order of FePc@Ag/C > MnPc@Ag/C >
CoPc@Ag/C > NiPc@Ag/C, which resembles the MPc-OH binding strength

predicted by the DFT calculations. To achieve high ORR activities on MPc@Ag/

C catalysts in AEMFCs, it is essential for the MPc molecules to have optimum OH�

binding effects, because if OH� binding strength is either too strong (e.g., FePc)

or too weak (e.g., NiPc), the MPc molecules could lose their ability to modify the

Ag/C catalysts under AEMFC operation conditions.

Both carbon-supported Ag-alloys and MPc-modified Ag catalysts can be con-

sidered as the bifunctional catalyst materials for the ORR, in which one of the

compositions serves as the active sites for the initial O2 adsorption and reduction,

while the other compositions help to remove the intermediate and final products
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Fig. 15.26 Comparison of polarization and power density curves of anion-exchange membrane

fuel cells using (a) MnPc/C and MnPc@Ag/C, (b) FePc/C and FePc@Ag/C, (c) CoPc/C and

CoPc@Ag/C, and (d) NiPc/C and NiPc@Ag/C with Ag/C and XC-72 as cathode catalysts,

respectively. Anode: 50 wt.% Pt/C, flow rate 200 sccm H2, 100 % humidity. Cathode: 2.0 mg

catalyst cm�2, flow rate: 200 sccm O2, 100 % humidity. Test temperature: 50 �C; back pressure:

20 psi [42]
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from the primary active sites to promote the 4e ORR pathway and to free active

sites for the further O2 adsorption. Some of the bifunctional catalyst materials have

been demonstrated to achieve much higher ORR activity than their sole materials in

both the RDE and AEMFCs. By a combination of theoretical simulations and a

wide range of experimental measurements, multifunctional catalysts for further

improved ORR activity and stability are expected to be designed and demonstrated

for practical AEMFC applications.

15.4.3 Other Bifunctional Catalysts

Other bifunctional catalyst systems, such as Pd/MnO2/C [109] or Ag/MnO2/C, were

also reported for ORRs in alkaline media [110]. Shown in Fig. 15.27, Pd

nanoparticles were deposited on β-MnO2 nanorods with diameters 40–50 nm and

lengths of 500–1,000 nm [109]. As shown in Fig. 15.28, significantly improved ORR

activities were observed on the Pd@MnO2/C catalysts in both RDE and AEMFCs, as

compared to that on MnO2/C [109]. However, the ORR activity of the Pd@MnO2/C

is not as good as what was observed on Ag-based catalysts. Slanac reported the

synthesis and characterization of a catalyst composed of Ag particles (3 nm) in

contact with thin (�1 nm) MnOx domains on Vulcan carbon (C), as shown in

Fig. 15.29 [110]. A threefold increase in mass activity was observed for Ag–MnOx/C

(125 mA/mgAg + MnOx) over the linear combination of pure component activities by

RDE measurements. The Ag–MnOx/C mass activity was reported to be comparable

to commercial Pd/C (111 mA mg�1 Pd) and Pt/C (136 mA mg�1 Pt). Although the

ORR activity on commercial Pd/C was significantly lower than 799 mA mg�1 Pd

reported by the same authors in another paper [111], the benefits of Ag coating on

MnOx were apparent. A bifunctional mechanism for ORR on Ag–MnOx/C catalysts

was proposed by the same authors [110], in which Ag and MnOx domains facilitate

the formation and disproportionation of HO2
�, respectively.

The heat-treated M/N/C composite materials, such as CoPPy/C, can also be

considered as multifunctional catalysts, featuring Co nanoparticles coated with Co

oxides and Co2+ species associated with N–C moieties that originate from the

polypyrrole structures [82]. An illustration of the CoPPy/C catalyst surface and

the ORR processes is shown in Fig. 15.30. The Co–Nx type site (shown as a Co–N4

complex) supports the initial adsorption of the O2 molecule and conversion of O2 to

the intermediate reaction product, HO2
�, by a 2e� reduction reaction. The HO2

�

species can further react at a decorating CoxOy/Co nanoparticle phase. Chu et al.

[126] found that the mixture of the heat-treated Co- and Fe-tetraphenylporphyrins

(CoTPP/FeTPP) had better catalytic performance for ORRs in acid media than that

of the respective heat-treated single components. All of the above cited research

results point to the fact that carefully designed bifunctional or multifunctional

catalysts can be much more active for ORR than their single components.
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Fig. 15.29 (a) Low magnification TEM for 20 % Ag–35 % MnOx on VC shows Ag particles

uniformly distributed over the support (left). (b) Mass OR activity obtained in RDE on various

catalysts [110]
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Fig. 15.28 (a) Polarization curves of the Pd@MnO2/C catalysts on a RDE in a 0.1 M KOH

solution saturated with oxygen at room temperature. Scan rate 10 m Vs�1. Rotating speed

2,500 rpm. (b) Performance of the alkaline fuel cell using 4.6 wt.% Pd@MnO2/C catalyst and

uncoated β-MnO2 in the cathode, at 60 �C temperature, and 10 psi backpressure

Fig. 15.27 TEM images of synthesized β-MnO2 (a) and Pd@MnO2 catalysts with Pd 4.6 wt.% (b)
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15.5 Conclusions

Great progress has made during recent years on non-Pt cathode electrocatalysts,

including carbon-supported metallic nanoparticles (M/C), macrocycles catalysts

(M/N4/C), and bifunctional catalysts, for anion-exchange-membrane fuel cells.

Based on our own data and those from other research groups, and based on an

analysis of the electric field in the various experiments, we proposed in this chapter a

theoretical explanation for the discrepancy between the ORR activities observed on

M/N4/C catalysts with an RDE in a standard three-electrode cell and ORR activities

observed in a PEMFC or an AEMFC. Due to the strong OH� binding effects in

AEMFCs, the high ORR activities observed on Fe/N4/C-macrocycles in a RDE

could not be duplicated in H2/O2 AEMFCs. In contrast, higher ORR activities on the

Fe/N4/C-macrocycles were observed in the PEMFC than in the RDE due to the

N-protonation effects on the Fe/N/C catalyst occurred more favorably in the RDE

than that in PEMFCs. A combination of theoretical simulation and comprehensive

experimental measurements proves to be very useful in developing catalysts for fuel

cell applications. Ag-based bifunctional catalysts are shown to be promising

replacement for Pt/C catalysts in AEMFC applications. A novel design strategy

for developing multifunctional catalysts for ORR in alkaline media has been pro-

posed; an optimal catalyst would have the following characteristics (1) maximal

electrochemical active sites for strong O2 adsorption, (2) optimal composition and

structure for promoting a four-electron ORR pathway through either directly break-

ing O�O bonds or converting H2O2 into OH� electrochemically, (3) the ability to

remove OH� species quickly from the catalyst active sites, and (4) good electron

conductors. Successfully developing multifunctional catalysts for ORR in alkaline

media will assure further improvement of the performance and durability of

AEMFCs.

Fig. 15.30 Model of the active pyrolyzed CoPPy/C catalyst surface [82]
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Chapter 16

Au Electrocatalysis for Oxygen Reduction

Francisco J. Vidal-Iglesias, José Solla-Gullón, Enrique Herrero,

and Juan M. Feliu

Abstract This chapter reviews the recent advances on the study of the oxygen

reduction reaction (ORR) on gold electrodes. The initial part is devoted to the

study of the reaction on single-crystal electrodes to determine the effect of the surface

structure on the reactivity of gold electrodes for this reaction. The best reactivity is

found for the Au(100) electrode in alkaline medium. For the nanoparticle electrodes,

the reactivity for this reaction depends on two different effects: size and surface

structure effects. Regarding the size effects, the different studies found in the litera-

ture do not agree on whether the size of the nanoparticles has a significant impact on

the reactivity for the ORR. This disagreement between different authors is probably

due to the lack of control of the surface structure of the nanoparticles. On the other

hand, significant effects are found when the surface of the nanoparticle is changed. In

general, the reactivity in alkaline media increases as the fraction of {100} domains on

the surface increases. In some cases, the reactivity of gold in alkaline medium is

similar to that measured for platinum electrodes.

16.1 Introduction

It is clear that the oxygen reduction reaction (ORR) is one of the most important

electrochemical reactions since it has multiple applications. The potential fields

range from the energy conversion to corrosion science. For this reason, it has been

the subject of numerous works throughout the years. In the complete reduction of

oxygen to water, there are four electrons exchanged. This high number of electrons
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exchanged necessarily implies existence of several intermediates. Since the reac-

tion is sensitive to the nature of the electrode, at least one of the intermediates (if not

all) should be adsorbed on the electrode surface. Thus, nature and surface structure

of the electrode is a fundamental aspect to consider when the ORR is studied.

Among pure metals, platinum is recognized as the electrode with the highest

electrocatalytic activity [1].

The substrate not only affects the electrocatalytic activity but also the final

product of the reaction and the mechanism. The general mechanism for oxygen

reduction consists in two interconnected parallel pathways: the first leading to the

formation of water (OH� in basic media) with hydrogen peroxide (HO�
2 in basic

media) as intermediate species and the second path yielding water (OH� in basic

media) directly [2, 3]. Depending on the metal, the final product can be water

(OH�) or hydrogen peroxide. In these latter cases, the further reduction of hydrogen
peroxide is highly inhibited.

In the case of gold electrodes, the general mechanism for the ORR [1] can be

simplified as follows for the reactions in acid medium:

where the subscript “a” denotes an adsorbed species and “b” a bulk species. When

the reaction occurs in alkaline medium, the mechanism is transformed into

In this chapter, recent results on the oxygen reduction reaction will be covered.

We will focus on the results obtained with gold nanoparticles. However, some

results obtained with single-crystal electrodes will be presented since they are

necessary to understand the results found for the nanoparticle electrodes. Although

the mean electrocatalytic activity of the gold electrode is lower than that of

platinum, Au(100) electrode in alkaline medium has a similar activity for the

ORR than platinum, and for that reason, it has been studied systematically and

abundantly.
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16.2 ORR in Gold Single Crystals

The electrocatalytic activity of gold electrodes for the ORR is not very high. The first

studies carried out in acid medium with Au single crystals showed that the reaction

was structure sensitive, but the onset for the ORRwas ca. 400 mVmore negative than

those measured in equivalent conditions for platinum [4, 5]. Additionally, the number

of electrons transferred in the reaction was two, indicating that the final product was

hydrogen peroxide. In fact, the reduction of hydrogen peroxide was highly inhibited

and only took place at potentials close to hydrogen evolution.

When the same experiments were carried out in neutral and alkaline media,

the voltammetric behavior showed significant differences for some electrodes. The

Au(111) and Au(110) electrodes exhibited a similar behavior to that observed in acid

medium. However, the onset for the ORR on the Au(100) electrode was displaced

significantly to more positive potentials, with an electrocatalytic activity similar to

that of platinum (Fig. 16.1) [6–13]. Additionally, four electrons were exchanged at

high potentials, whereas a change in mechanism took place at lower potential and

only hydrogen peroxide was formed. In parallel with this behavior, the Au(100)
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electrode exhibited a significant activity for the reduction of hydrogen peroxide in the

same region where the four-electron mechanism is operative [6, 9]. In the transition

between the two- and four-electron mechanisms, oscillations can be observed [9, 13].

The oscillations are linked to the appearance of the inhibition of the reaction at lower

potentials, which corresponds to a negative resistance in the equivalent that

compensates the solution resistance [14].

The studies with stepped surfaces revealed that the enhanced electrocatalytic

activity for the ORR in alkaline solutions is exclusively linked to the presence of

{100} bidimensional domains [10, 12, 15, 16]. However, the origin of the high

catalytic activity of these domains for the ORR is still not clear. Adzic and col.

attributed the differences to the different OH adsorption properties of the domains

[15]. In summary, it has been proposed that adsorbed OH catalyzes the cleavage of

the O–O bond in the peroxide and leads to the transfer of four electrons [10, 17].

However, the voltammetric profiles of the different electrodes show similar OH

adsorption properties in the region where the oxygen reduction takes place [13].

Thus, it was proposed that different behavior for the ORR should be related to

structural differences. Additionally, the transition between the two- and four-

electron mechanism takes place at a constant potential, which also suggests that

OH adsorption is not responsible for the catalytic enhancement of the ORR on the

Au(100) electrode [13]. Some experiments have suggested the presence of adsorbed

HO�
2 in alkaline medium on gold electrodes and attributed a very important role in

the mechanism to this species [18]. Also DFT studies indicate that adsorbed OOH,

rather than O2, is the most important intermediate which determines the final outcome

of the reduction process [19]. Other studies propose that the Au(100)–O2 interaction

and the number of sites available for the reduction of oxygen controls the reaction

rate [20].

The previous discussion/introduction summarizes the knowledge of

electrocatalytic properties of Au single crystals toward ORR. Nevertheless, it is well

known that for practical purposes, the use of the catalysts in the form of nanoparticles

of dimensions as small as possible is required. In these nanoparticles the surface over

volume ratio is maximized and consequently the amount of catalyst is minimized, thus

reducing costs associated with their use in large-size/scale applications. In addition, it

is well established that the electrocatalytic properties of a nanoparticle are mainly

determined by the electronic properties of the surface atoms which in turn depend on a

set of physical parameters that include chemical composition (at surface and bulk),

particle size, and particle shape/surface structure. In principle, one could tailor their

properties by controlling any of those parameters to optimize the activity of the

catalyst for a particular reaction. Thus, and because the aim of this chapter is to review

the electrocatalysis of gold toward ORR, the chemical composition of the

nanoparticles is defined (gold), and therefore in the following sections, we will

summarize and discuss the most relevant contributions related to the effect of the

particle size and particle shape/surface structure for gold nanostructures toward ORR.
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16.3 Effect of Particle Size

The electrocatalytic properties defined as the current density per active area

measured at given potential should be in principle independent of the size of the

nanoparticles. However, the diminution of size could lead to changes in the

reactivity due to two main factors: (1) if the number of atoms in the nanoparticle

is too small, the band structure of the metal is not completely developed and the

electronic properties may differ significantly from that observed for bulk gold and

(2) the ratio of atoms with low-coordination number in the surface, which are

regarded generally as more reactive, increases with the diminution of the size.

For that reason, below a certain size (ca. 4–7 nm), different electrocatalytic

activities can be found for the nanoparticles. Thus, the effect of the nanoparticle

size has been extensively studied.

One of the first contributions related to the effect of the particle size for oxygen

reduction on gold was reported by Sarapuu et al. [21]. They investigated the

influence of the loading of evaporated gold on the kinetics of the ORR at thin-

film gold electrodes in acid electrolyte (0.5 M H2SO4) and compared their behavior

with bulk gold with the main objective of evaluating the influence of the particle

size in the ORR. They observed that the kinetics of O2 reduction on the electrodes,

including specific activity, Tafel slope, and n (number of transferred electrons)

value, were almost independent of the film thickness (thickness between 0.25 and

50 nm) and similar to those observed with a bulk gold electrode, thus suggesting the

absence of a particle size dependence. However, subsequent contributions by

El-Deab and Ohsaka [22] and Zhang et al. [23] observed remarkably high

electrocatalytic activities toward oxygen reduction in acidic solutions with electro-

chemically deposited Au nanoparticles on polycrystalline Au and boron-doped

diamond (BDD) electrodes, respectively. El-Deab and Ohsaka [22] reported that

for gold nanoparticles electrodeposited on gold electrodes, the ORR in 0.5 M

H2SO4 solution showed two well-defined reduction peaks at +50 and �250 mV

versus Ag/AgCl. This behavior was remarkably different from that observed with

the bare gold electrode in which only a reduction peak was observed at �200 mV.

They attributed these two reduction peaks at the gold nanoparticles as a two-step

four-electron reduction pathway of O2 in which the peak at more positive potential

was due to the two-electron reduction of O2 to H2O2, whereas that at lower

potentials was assigned to the further reduction of H2O2 to H2O. This behavior

was clearly different from that found with the bulk gold electrode, at which only the

two-electron reduction peak of O2 to H2O2 was observed. The proposed mechanism

was verified by performing similar ORR experiments in presence of 2.3 mM H2O2

solution resulting in an evident increase in the reduction peak current related to the

reduction of H2O2 to H2O, while the reduction peak current associated with the

reduction of O2 to H2O2 remained almost unaltered. Interestingly, they also

observed that the increase of the particle size resulted in a clear loss of the activity

of the two-electron reduction of O2 to H2O2 (Fig. 16.2).
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In a later work, and using the RDE, they also observed [24] that the number of

electrons involved in the electrochemical reduction of O2 was about 4 for the Au

nanoparticle-electrodeposited electrode and 3 for bulk Au electrode at the same

potential (�350 mV vs. Ag/AgCl/KCl(sat.)) (Fig. 16.3), thus indicating a higher

reduction and decomposition of H2O2 at the gold nanoparticles. In addition, the

reported Tafel slopes for both systems (the nanoparticles and bulk gold electrode)

were similar, suggesting that the O2 reduction at both electrodes proceeds by a

similar mechanism. However, they also observed that the kinetic current of the gold

nanoparticles was higher than that of the bulk Au electrode at the same potential.

Similarly, Zhang et al. [23] reported that the O2 reduction rate on the Au

nanoparticles (~60 nm) deposited on BDD was 20 times higher than that of bulk

Au electrode. In addition, they also observed that the reaction mechanism of oxygen

reduction was modified from a two-electron reduction to a four-electron reduction

in the potential range of �200 to �400 mV versus SCE at the Au nanoparticle-

deposited BDD. However, when similar experiments were performed in alkaline

(0.1 M KOH) or in neutral (0.1 M phosphate buffer solution ~ pH 7.2) solutions,

such enhanced activity toward ORR was not clearly observed [25, 26].

When the electrocatalysis of the ORR was studied on gold nanoclusters depos-

ited by vacuum evaporation on a BDD electrode in 50 mM H2SO4 solution, Yagi

et al. observed that the ORR activity was again influenced by the particle size [27].

Thus, the electrode with 3 nm nanoparticles was the most active. Unfortunately, as

authors stated, the size dispersions of the samples were quite broad and the

optimum particle size for oxygen reduction could not be determined. However,

the activity of the samples was significantly higher than that at a polycrystalline

gold electrode, and a clear positive shift of the O2 reduction peak toward positive

potentials and an increase in the current efficiency consumed for the four-electron

reduction were observed. In addition, a two-step four-electron reduction pathway of

Fig. 16.2 CVs obtained for

the O2 reduction at Au

nanoparticle-deposited Au

electrodes in O2-saturated

0.5 MH2SO4. A potential step

from 1.1 to 0 V was used for

the electrodeposition of Au

particles from 0.5 M H2SO4

solution containing 0.11 mM

Na[AuCl]4 with deposition

time of (a) 5 s and (b) 10 s.

Potential scan

rate ¼ 100 mV s�1

(extracted from [22])
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O2 to H2O at the Au nanoparticles was directly proved by a four-electrode configu-

ration. Also, they observed that after a heat treatment (600 �C under H2 atmosphere)

of the samples, the electrocatalytic activity improved, which was attributed to a

modification of the particle shape and consequently with a modification of the

crystallographic orientations exposed at the surface of the nanoparticles.

In good agreement with Yagi et al., Guerin et al. observed that for gold

nanoparticles supported on substoichiometric titanium dioxide (TiOx) and on car-

bon, the activity decreased for diameters <3 nm with decreasing particle size,

independently of the supporting material [28]. Nevertheless, unlike the aforemen-

tioned studies, the catalytic activity was clearly independent of particle size above

this critical size (Fig. 16.4).

In contrast with some of the previous observations, Bron observed that the ORR

in acidic electrolyte solution at various Au/C catalysts with different support

materials (VULCAN XC72 and Black Pearls) and different gold particle sizes

between 2.7 and 42 nm [29] was neither dependent on the particle size nor on the

supporting material. In addition, he found Tafel slopes around 105 mV and an

average number of electrons transferred per oxygen molecule between 2 and 3,

finding also that both parameters were independent on the gold particle size. From

these results, he concluded that the oxygen reduction on carbon-supported gold

catalysts is structure insensitive for particle sizes up to 2.7 nm.

In the same way, Sarapuu et al. [30] extended their previous works studying the

ORR on nanostructured gold electrodes both in acidic (0.5 M H2SO4) and alkaline

Fig. 16.3 Dependence of n on the potential for O2 reduction at (open circles) bulk and

(filled circles) Au nanoparticle-electrodeposited Au electrodes (extracted from [24])
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Fig. 16.4 Specific oxygen reduction activity of carbon-supported gold particles at (a) 0.40 V and

(b) 0.30 V versus RHE measured on the (10 � 10) array of electrodes. The error bars along the

particle size axis indicate the range of particle size (in fact, the standard deviation of the particle size)

observed by TEM. The error bars on the specific activity axis reflect the standard deviation of the

currents measured at the 10 electrodes on the array with a mean particle size (extracted from [28])
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(0.1 M KOH) media. Thin films of gold surfaces, with a nominal thickness of

0.25–20 nm, were prepared by vacuum evaporation onto glassy carbon (GC)

electrodes and coated with a Nafion film. The Au particle size was clearly depen-

dent on the loading of gold and varied from 2.7 � 1.0 nm for a nominal thickness of

0.25 nm to 16 � 6 nm corresponding to 20 nm nominal thickness. In agreement

with their previous findings, they again observed that the Tafel slopes were close

to �120 mV for all electrodes in both solutions, indicating that the O2 reduction

mechanism is the same for thin film as for bulk Au electrodes. In addition, the

specific O2 reduction activity (SA) of the nanostructured Au electrodes in 0.5 M

H2SO4 was almost constant over the range of Au thicknesses studied, whereas in

0.1 M KOH, the SA slightly decreased with decreasing film thickness. However, it

is important to point out that the average SA values were approximately three times

lower (0.14 � 0.03 mA cm�2) than those obtained with Au films in the absence of

Nafion (SA ¼ 0.43 � 0.05 mA cm�2) [21]. This evidence was attributed to a

decrease in the number of reaction sites by Nafion, as proposed by Maruyama

et al. who studied the effect of fluorinated alcohols on the kinetics of the ORR on

bulk Au electrodes [31, 32]. A similar decrease of the kinetic current was also

reported on Nafion-coated GC electrodes as compared to bare GC which was

related to the lower pH at Nafion-coated GC and/or to blocking by the side chains

of the Nafion polymer.

Subsequent studies by Tang et al. [33] suggested a strong size effect. They

analyzed the dependence of the kinetics of the ORR in alkaline solution (0.5 M

KOH) with the particle size of gold nanoparticles (3 and 7 nm) supported on carbon

(Fig. 16.5). They observed that the ORR activity (kinetic current density, jk) of the
3 nm gold nanoparticles was 2.5 times higher than that obtained with the 7 nm gold

nanoparticles (3.5 vs. 1.5 mA cm�2 measured at �0.6 V vs. Ag/AgCl). In addition,

a two-electron reduction was obtained with the 7 nm, whereas in case of the 3 nm, a

four-electron reduction was observed. This unusual four-electron transfer obtained

with the 3 nm Au nanoparticles was speculatively explained due to the high density

of low-coordination sites on the 3 nm nanoparticles that may increase the activation

of the peroxide intermediate, facilitating further reduction to water. Very interest-

ingly, from experiments at different temperatures, they estimated the apparent

activation energy for the 3 nm particles that was found to be half that of the 7 nm

particles (0.1 and 0.2 eV, respectively). They proposed that the presence of a high

fraction of surface sites with low-coordination atoms together with the decreased

electrophilicity of the 3 nm Au nanoparticles results in an increase in the O–Au

bond energy with a corresponding decrease in the activation energy of the critical

step of molecular oxygen dissociative chemisorption, thus accelerating the rate-

limiting step for oxygen reduction.

Likewise, Inasaki and Kobayashi [34] studied the influence of the particle size of

Au nanoparticles on the kinetics of ORR in acidic solution (0.5 M H2SO4) and

found a size effect. They prepared carbon-supported Au nanoparticles with differ-

ent particle size (1.7 � 0.5, 4.8 � 2 and 13.2 � 2 nm) and evaluated their

electrocatalytic activity toward ORR together with that of a bulk Au electrode

(Fig. 16.6). The results obtained showed a clear dependence of the ORR activity
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with the particle size. In detail, they reported that whereas for bulk gold, the number

of electrons involved in the ORR was 2 and nearly constant at potentials above

�0.2 V, for the nanoparticles, the n values increased as the potential became more

negative and reached values of 2.3, 2.6, and 3.0 at �0.2 V versus Ag/AgCl for

particles sizes of 1.7, 4.8, and 13 nm, respectively. These findings suggested that for

smaller particle size, a two-step four-electron reduction or the direct four-electron

reduction of O2 to H2O was favored.

Erikson et al. [35] also reported ORR results obtained with carbon-supported Au

nanoparticles in 0.5 M H2SO4 and 0.1 M KOH solutions. They used commercial Au

catalysts with different metal loading, 20 and 30 wt%, which also resulted in a

different particle size, 11.0 � 1.7 nm for 20 wt% catalyst and 14.0 � 1.7 nm for

30 wt% catalyst. Nevertheless, in agreement with some of their previous studies,

they concluded that the oxygen reduction activity of both carbon-supported Au

Fig. 16.5 Oxygen electroreduction on 3 and 7 nm Au nanoclusters in oxygen-saturated 0.5 M

KOH. Cyclic voltammograms (sweep rate 10 mV s�1) of Au nanoparticles on carbon rotating disk

electrodes at several rotation speeds: (a) 3 and (b) 7 nm clusters. Levich plots of the

voltammogram data (the currents at �0.6 V were used): (c) 3 and (d) 7 nm clusters (extracted

from [33])

492 F.J. Vidal-Iglesias et al.



nanoparticles was similar to the activity of bulk Au, both in acid and alkaline

solutions. In addition, they also observed that the specific activity of Au was

independent of the thickness of the catalyst layers, between 1.5 and 10 μm,

indicating that the diffusion of O2 within the layer was not affecting the results.

In addition, they reported that the number of electrons involved in the reaction and

the Tafel slopes were similar to those of bulk polycrystalline gold, which implies

that the mechanism of O2 reduction is not affected by the particle size.

The activity of very small nanoparticles has also been studied. Chen and Chen

[36] prepared a series of Au nanoclusters with 11–140 gold atoms in the cores,

corresponding to 0.8–1.7 nm in diameter, and performed ORR studies in alkaline

medium to evaluate the size effect on the ORR electrocatalytic activity. Clear size

dependence was observed in (1) the limiting current densities, increasing with

decreasing core size; (2) the onset potential for ORR shifted to negative potential

values with increasing Au cluster size; and (3) the kinetic current density increased

with decreasing particle cores. Also, the oxygen reduction reaction was found to

proceed by the efficient four-electron reaction pathway with the smaller clusters

(Au11, Au25, and Au55), whereas incomplete reduction occurred with the largest one

(Au140), for which the two-electron reaction route was favored.

In all these studies regarding the size effect in the ORR on gold electrodes, a

general problem is the size distribution. The electrochemical response is always a

macroscopic property which depends on the individual contributions of the different

Fig. 16.6 RRDE voltammograms for the oxygen reduction in O2-saturated 0.5 M H2SO4, at

(a) (1.7 nm), (b) (4.8 nm), and (c) (13.2 nm) Au/C-modified GC electrodes and (d) bulk Au

electrode at a rotation rate of 500 rpm. Curves a0–d0 represent the corresponding Pt-ring currents

(polarized at 1.0 V). For the Au/C-modified electrodes, loading of Au metal on a GC electrode was

fixed at 0.45 μg/electrode. ν ¼ 10 mV s�1 (extracted from [34])
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nanoparticles in the sample. In order to understand the effects of the size in the

reaction, it would be important to address the reactivity of a single nanoparticle, as has

been done using innovative methods by Li et al. [37]. In this study, they were able to

immobilize a single Au nanoparticle at a SiO2-encapsulated Pt disk nanoelectrode,

previously oxidized and silanized. In such a system, the ORR in alkaline medium

(0.1 M KOH solution) was studied. The Au single-nanoparticle electrode (SNPE)

provided a larger diffusion-limited steady-state current than the one obtained with the

bare Pt nanoelectrode. The Au nanoparticle exhibited a one-step process instead of a

two-step pathway, similarly to the behavior of the bare Pt nanoelectrode for the ORR

in alkaline medium. Moreover, the half-wave potential for the ORR at the Au SNPE

was shifted toward higher potentials. The electrocatalytic activity for the ORR was

also compared with Au nanoparticles of different sizes (14, 18, and 24 nm) and shown

in Fig. 16.7. The steady-state limiting current increased with increasing the size of the

Au nanoparticles, being 1.0, 1.7, and 2.0 pA for the 14, 18, and 24 nm Au

nanoparticles, respectively. In addition, the half-wave potential at larger Au

nanoparticles was also shifted to higher potentials, indicating higher catalytic activity.

The half-wave potentials shifted from �365 mV versus Ag/AgCl at the bare Pt

nanoelectrode to �130, �75, and �35 mV at the 14, 18, and 24 nm samples,

respectively. These results clearly evidence a goodAu size-dependent electrocatalytic

activity toward ORR.

In some studies, the higher activity for the nanoparticle samples was credited to a

lower contamination of the surface and/or the presence of higher number of low-

coordinated atoms. Thus, Lee et al. [38] obtained the electrocatalytic properties for

ORR in alkaline medium (0.5 M KOH solution) of carbon-supported Au

nanoparticles with controlled particle size (3, 6, and 8 nm). The activity of these

samples was compared with that obtained with commercial 5 and 10 nm Au

nanoparticles. In all cases, the activity of the samples was higher than that of the

commercial ones, which was attributed to the effectively cleaning and to the higher

degree of disorder on the surfaces. However, the most active Au samples were those

having 8 nm particle size, even when the currents were normalized by the weight of

Au NPs, which is, from our point of view, quite unexpected.

Also, the surface structure effects were found in the study by Alexeyeva et al.

[39]. They reported the analysis of the ORR on Au nanoparticles deposited on

Fig. 16.7 Voltammetric

responses of an oxygen-

saturated 0.10 M KOH

solution using a bare 7 nm

diameter Pt nanoelectrode, a

14 nm Au SNPE, an 18 nm

Au SNPE, and a 24 nm Au

SNPE. The scan rate was

10 mV s (extracted from [37])
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multiwalled carbon nanotubes (MWCNTs). The carbon nanotubes were decorated

with Au nanoparticles using a magnetron-sputtering technique. The sample was

heat-treated and they found that by varying the annealing temperature it was

possible to modify the morphology of Au nanoparticles thus allowing correlating

their morphology with their electrocatalytic activity toward the ORR in acidic

solution (0.5 M H2SO4). They showed an optimal temperature of 300 �C which

was proved to be beneficial to ensure a larger active surface area and increased

electrocatalytic activity. This sample consisted of regularly shaped rounded Au

nanoparticles with a mean particle size of 11 nm. However, a high Tafel slope value

was observed at low overpotentials (�200 mV), far from the typical slope value for

O2 reduction on gold in acid solution (�120 mV), corresponding to the slow transfer

of the first electron to O2 molecule. The reasons for this high Tafel slope remain still

unclear.

In the same way, Jirkovsky et al. [40] used carbon-supported Au nanoparticles of

mean size between 4.2 and 9.5 nm and studied the dependence of the ORR on

nanoparticle size. Their findings suggested particle size dependence and showed a

maximum electrocatalytic activity at a particle size of 5.7 nm from which the

activity significantly decreased with particle size. In addition, the number of

electrons exchanged per O2 molecule increased from a value close to 2–3.4 as the

potential was made more negative. They proposed different possible reasons to

explain the effect of the particle size, including changes in the stability of surface

oxygen species on Au particles of different sizes as a consequence of the different

abundance of atoms on edges with respect to those on crystal planes [41], the

decrease in number density of {100} surface atoms at these sizes [41], or the

stronger adsorption of OH groups on the surface [42].

More recently, Brülle et al. [43] prepared gold nanoparticles with a narrow size

distribution deposited on HOPG and single-crystalline boron-doped diamond

surfaces using a potentiostatic double-pulse technique. The particle size ranged

between 5 and 30 nm on HOPG and between<1 and 15 nm on boron-doped diamond

surfaces while keeping the particle density constant. The ORR activity of both

samples was studied in 0.1 M H2SO4 (Fig. 16.8). Independently of the particle size

as well as of the substrate, the specific current densities were always higher than that

obtained for a bulk Au electrode. On the other hand, a clear size-dependent ORR

activity was observed, increasing the ORR activity with decreasing particle sizes.

This clear size dependence on ORR activity was in agreement with previous

observation by Chen and Chen [36]. However, contrarily, Bron [29] reported no

size effect for particle sizes in the range between 2.7 and 42 nm supported on carbon

black in acidic solutions, whereas Guerin et al. [28] observed that the activity

decreased for diameters <3 nm with decreasing particle size. From these previous

discussions, it is evident that the effect of Au particle size on the kinetics of O2

reduction on Au nanoparticles, both in acidic and alkaline media, is a matter of

controversy and very different trends can be observed in the literature. In addition, to

have a full picture of the situation, it is important to note that theoretical studies

predicted an increase in ORR activity with decreasing Au particle size [44]. In our

opinion, and in agreement with some of the conclusions reported by Brülle et al. [43],
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we believe that these discrepancies on particle size trends may be attributed to the

strong dependence of the reaction on the surface structure of the nanoparticles. In this

regard, it is relevant to point out that in one of the first contributions of our group in

this topic [45], we evidenced that gold nanoparticles with a similar particle size

(~4 nm) showed different electrocatalytic properties toward ORR as a consequence

of their different surface structure and in particular to their different fraction of {100}

surface sites. Consequently, as previously demonstrated with Au single-crystal stud-

ies, it is of outstanding importance to evaluate the effect of the surface structure of the

Au nanoparticles and then correlate it with their electrocatalytic properties. In this

context, the correlation between the shape of the nanoparticle and its preferential

surface structure is now well established. Thus, as a first approximation, shape will

determine which surface structure facets will comprise the surface of the nanoparticle.

By controlling their shape, both the reactivity and selectivity of a catalyst can be

tailored because the exposed surfaces of the nanoparticle have different surface

structures depending on its particular morphology/shape. Very relevant contributions

can be already found in the literature about the correlation between the shape/surface

structure of different nanoparticles and their electrocatalytic properties [46–55].

16.4 Effect of Shape/Surface Structure

As previously demonstrated from single-crystal studies, Au(100) was the most

active catalyst in basic media. Moreover, the overpotential on Au(100) in 0.1 M

NaOH is 0.34 V [56] even lower than that on Pt surfaces in 0.1 M HClO4, which is

0.48 V [57]. One of the main strategies to increase the electrocatalytic activity for

Fig. 16.8 Comparison of the ORR-specific current density for Au/HOPG (filled symbols) and Au/

diamond (open symbols). The current densities versus particle sizes are comparable for the two

substrates. The data for an extended gold surface was added as a reference (extracted from [43])
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ORR has been the preparation of gold nanoparticles containing a high fraction of

these {100} surface sites. Therefore, from a crystallographic point of view, the use

of cubic Au nanoparticles in which the amount of {100} surface sites is maximized

should be a clear goal. Nevertheless, it is very important to note that the critical

point determining the electrocatalytic properties is the particular surface structure

of the samples and not the shape. Thus, it is of paramount importance to probe the

correlation between shape and surface structure on a particular sample. Regarding

this issue, one question arises: how can the surface structure of the Au nanoparticles

be evaluated and then correlated with their electrocatalytic properties? From trans-

mission electron microscopy (TEM) images, it is relatively easy to determine the

preferential shape of the samples. However, the measurement of the different types

of sites present on the surface of the nanoparticles by TEM is not simple and

requires more specific instrumentation. In this sense, for instance, Gontard et al.

[58] showed that spherical-aberration-corrected transmission electron microscopy

can be used to provide atomic-resolution information about the local topologies of

active sites on commercial nanoparticles with greatly improved sensitivity, as

shown in Fig. 16.9. Unfortunately, this kind of analysis is still rather unusual due

to the highly sophisticated techniques and time-consuming analyses that are

required.

One option could be the analysis of the oxide formation region which, as

previously reported by Hamelin et al. [59, 60] with Au single-crystal electrodes,

showed different contributions as a function of the specific surface structure.

Unfortunately, the inclusion in such high-potential limits would compromise the

surface stability of the Au nanoparticles, thus resulting in a surface disordering.

Another possibility to qualitatively measure the amount of the different facets is

using surface structure-sensitive reactions which may serve as an indirect technique

to estimate the response dependence on the surface geometry of the sample. In this

sense, electrodeposition of a monolayer of a given metal on a different substrate at a

potential more positive to that of the metal bulk deposition which is known as

underpotential deposition (UPD) is generally regarded as a reaction very sensitive

to the surface structure of the electrodes [61], since it depends on the specific

interaction between the surface atoms of the supporting metal and the depositing

atoms of the foreign metal. Lead UPD and its desorption on Au has shown to be a

structure-sensitive process [45, 62–65], and the three basal planes give well-defined

voltammetric peaks in different potential ranges as shown in Fig. 16.10.

For Au(111) the deposition peak appears at 0.38 V and the dissolution peak

at 0.435 V with an overlapping shoulder in the ascending branch. In the case of

Au(100), two different contributions appear for both deposition (0.38 and 0.43 V)

and dissolution (0.385 and 0.475 V) being those at higher potentials for each

process the main peaks. For the Au(110) electrode, the contributions are much

broader due to the fact that the process is quite slow. Peaks are centered at 0.50 and

0.56 V for the deposition and dissolution processes. Interestingly, the dissolution

peaks for the three basal planes appear at potentials where the other two basal

planes have small contributions. Therefore, these contributions at the
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aforementioned potentials can be used as indicators of the presence of a particular

structure at the surface of a gold electrode.

Surface characterization using Pb UPD of a polycrystalline gold electrode, which

is expected to contain all surface sites, shows three main peaks for the dissolution

processes at the same potentials that the main dissolution peaks recorded for the three

Au basal planes. The only significant difference is that the peak corresponding to the

{111} facets is split. Moreover, other small peaks are observed in the voltammetric

Fig. 16.9 (a) Restored phase

of a 6 nm Pt particle obtained

by applying spherical-

aberration correction and

through-focus exit wave

function restoration to a

defocus series of 20 images

acquired at 200 kV with the

coefficient of spherical

aberration, CS, adjusted to

�30 μm. (b) Best-fitting

simulated phase. (c) Three-

dimensional atomic model

used to calculate the best-

fitting phase in part (b). The

large white arrow indicates

the direction of the electron

beam. The inset overlapping
parts (a, b) shows the

crystallographic details of the

particle. In parts (b, c), 1–4

correspond to the same

features on the surface of the

particle. The notation

Pt(S) � n(x, y, z) � (u, v, w)
refers to the microfacets, on

which n is the number of

atoms in the terrace, (x, y, z) is
the Miller index of the

terrace, and (u, v, w) is the
Miller index of the step

(extracted from [58])
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profile, which are ascribed to the dissolution of lead from steps or kinks in the

polyoriented surface (especially at potentials below 0.40 V vs. RHE) [45]. The charge

of the peaks can be used to qualitatively estimate the relative amount of {100},

{110}, and {111} domains in a polyoriented electrode such as gold nanoparticles.

Nevertheless, as it has been observed with stepped surfaces, when domains become

smaller, the Pb UPD contributions may take place at different potentials, as observed

for Au(775) [45], but the peak shift is small, even for narrow domains, making it

positive for nanoparticle electrode characterization, for which domains are expected

to be small.

Moreover, Pb UPD can be used to calculate the real area of the electrode from

the recorded charge between 0.25 and 0.75 V and assuming a charge density of

420 μC cm�2 (measured for a polyoriented surface) [45]. Pb UPD can be also

employed to clean the nanoparticles from the organics used during their syntheses

by forming an electrochemical PbO2 film deposited on the gold surface [45, 46,

66–70]. When Pb UPD is performed in basic media (and oxygen reduction is

normally studied in these media), the characterization and ORR can be performed

in the same medium.

Another interesting option to estimate the fraction of the different surface sites

present at the surface of a nanoparticle is the reductive desorption of thiol compounds

such as cysteine, mercaptoacetic acid, or cystamine. El-Deab et al., following

Fig. 16.10 Comparison of the stripping voltammograms for the Pb UPD on the Au(111),

Au(100), and Au(110) electrodes in 0.1 M NaOH + 10�3 M Pb(NO3)2. Scan rate ¼ 50 mV s�1
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previous observations by Porter et al. [71, 72] with polyoriented Au electrodes, used

this approach to evaluate the fraction of the surface sites in different types of gold

nanostructures [73–75].

One of the first papers in this sense, if not the first, was published by Hernández

et al. where gold nanoparticles were synthesized in a water-in-oil microemulsion

[45]. In order to modify the surface structure of the Au nanoparticles, iodide and

sulfide were added as additives to the water phase of the microemulsion before the

chemical reduction with NaBH4. Pb UPD analysis confirmed that those

nanoparticles synthesized in the presence of iodide showed a higher ratio of

{100} and {111} facets. On the other hand, for those in the presence of sulfide,

the two previously mentioned facets were almost missing. Rotating ring-disk

experiments for ORR were performed in 0.1 M NaOH with these nanoparticles

and the results were compared with additive-free spherical nanoparticles prepared

with the same methodology. As expected from single-crystal studies, the gold

nanoparticles prepared in the presence of iodide and containing a higher ratio of

{100} facets had the highest catalytic activity. As a result, for a surface structure-

sensitive reaction as is ORR, a good relationship was obtained between the ratio of

{100} facets and the electrocatalytic activity. As previously stated, the evaluation

of the amount of the different sites was carried out with Pb UPD and an estimation

of the size of the different facets present in the nanoparticles was made by

comparing the Pb UPD profile of the nanoparticles with those obtained for the

gold single-crystal basal planes.

A similar strategy using additives was used by El-Deab et al. [76] where Au

nanoparticles were prepared by adding cysteine or iodide in the electrodeposition

bath. Two effects were observed: (1) those nanoparticles prepared in the presence of

iodide had a lower particle size (10–40 nm), whereas those prepared with cysteine

showed an enhancement of the coalescence of neighboring particles and thus

particle sizes of 50–300 nm were observed, and (2) an enrichment of the

{100} + {110} facet domains at the expense of the {111} facets was observed in

the case of cysteine, while iodide ions enriched the {111} facets of the Au

nanoparticles, contrasting with the higher ratio of {111} but also {100} facets

shown by Hernández et al. [45], although using different synthesis methods.

Therefore, the cysteine-prepared Au nanoparticles exhibited a high catalytic activ-

ity for the ORR as previously reported for Au(100) accomplishing a four-electron

reduction of oxygen to water at a reasonably low cathodic overpotential in O2-

saturated 0.5 M KOH. These findings were more deeply studied by the same group

in different publications [74, 77–79]. In one of these papers, the effect of the support

was also evaluated [79]. Interestingly, when HOPG was used, an electrooxidative

pretreatment of the support led to more active cysteine-prepared Au nanoparticles in

comparison with untreated HOPG. On the other hand, no improvement was

observed in the case of using iodide as additive.

Another strategy was to synthesize nanoparticles with shapes that would have a

preferential surface structure. Concerning this idea, oxygen reduction reaction on

some shape-controlled gold nanoparticles was reviewed in 2009 [46]. In this sense

Hernández et al. studied the ORR with gold nanorods [67]. Their surface structure
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was analyzed with Pb UPD, revealing that their nanorods were composed by {111}

and {110} domains, while {100} domains were practically absent. Hydrogen

peroxide was the final product in the whole potential range confirming the absence

of {100} sites as obtained from the Pb UPD analysis. This conclusion was in

agreement with HRTEM images which indicated that the side faces of the nanorods

were {110} faces [80] and with selective area electron diffraction (SAED)

experiments, which indicated that the nanorods were capped at both ends by five

{111} faces [81]. Nevertheless, Gao et al. observed a higher activity of Au nanorods

in comparison with spherical nanoparticles but their synthesis conditions were

different [82]. In this case the authors used an electrodeposition method in the

presence of cysteine, which as mentioned before produced an enrichment of

the {100} + {110} facet domains at the expense of the {111} facets [76]. For the

nanorods the authors explained the behavior of a continuous unidirectional growth

of the crystal along the {111} orientation, leading to a pin-like morphology of the

crystals.

In analogy with the stereographic triangle where the three basal planes are located

at the vertices, an intrinsic triangle can be made which coordinates the crystal surface

index and the shape of fcc metal nanocrystals as shown in Fig. 16.11 [83, 84]. The

three vertices represent the coordinates of polyhedral nanocrystals bounded by basal

facets, i.e., cube covered by {100}, octahedron by {111}, and rhombic dodecahedron

by {110} faces.

Nevertheless, as previously stated, it is important to recall that the main issue is

the final arrangement of the atoms at the surface, which may not be that expected

from the nanoparticle shape. This fact highlights the importance of characterization

tools such as Pb UPD. Going back to the analogy with the stereographic triangle, if

from single-crystal knowledge it is known that Au(100) is the most active catalyst

Fig. 16.11 Unit stereographic triangle of polyhedral nanocrystals bounded by different crystal

planes (extracted from [83])
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in alkaline medium, it seems interesting to study the ORR with gold nanocubes.

Hernández et al. prepared this type of gold nanoparticles for this purpose [69].

Deliberately, the authors synthesized large cubic Au nanoparticles (average size

40 nm) using a seed-mediated method in the presence of cetyltrimethylammonium

bromide. SAED patterns confirmed that the cubic nanoparticles were single

crystals. Although lead UPD confirmed the presence of a large amount of {100}

domains, the majority of the surface sites had a {111} or {110} symmetry,

suggesting that surface faceting or ripening had taken place. Nevertheless, due

to the large amount of {100} sites, this type of nanoparticles showed a very high

catalytic activity for the four-electron oxygen reduction paths in alkaline medium.

As a result, water was obtained as the final product of the reaction in the whole

potential range, except in the lower potential range where hydrogen peroxide

was obtained, in a similar way as reported for Au(100). Moreover, the authors

studied the stability of the surface of the cubic nanoparticles during the electro-

catalytic experiments performing Pb UPD experiments after the ORR. Although

the reactivity was maintained, the amount of {100} domains decreased, conclud-

ing that the transport-controlled reaction of interest is less sensitive to the surface

order.

The electrocatalytic activity of the different samples can be addressed using the

scanning electrochemical microscopy (SECM). Thus several samples can be

probed simultaneously, allowing a direct comparison. The activity for the ORR of

different shape-controlled gold nanoparticles and nanorods was studied by

Sánchez-Sánchez et al. [70]. The different shaped nanoparticles were characterized

by TEM and Pb UPD, providing information on the shape and surface structure of

the different nanoparticles (spherical and cubic) and short nanorods. Cubic gold

nanoparticles were the most active toward ORR in alkaline medium followed by the

spherical nanoparticles and being the short nanorods the least active, as shown in

Fig. 16.12. These results are expected taking into account single-crystal results

and from the fact that a nanocube is ideally enclosed by six {100} faces. These

results were also in agreement with previous works from the same research group

[45, 67, 69].

Nanopyramidal, nanorod-like, and spherical gold nanostructures were also used to

study the ORR in 0.5 M KOH [85]. They were synthesized on polycrystalline gold

substrates through electrochemical overpotential deposition by manipulating the

deposited potentials and concentrations of HAuCl4. X-ray diffraction and electro-

chemical experiments showed that the pyramidal structures were dominated by {111}

facets, and therefore due to the lowest amount of {100} sites, the activity toward ORR

was the lowest. The reduction peak current increased and the peak potential shifted

positively in the following order: nanopyramids < nanorods < nanospheres.

El-Deab studied the influence of the electrodeposition time on the crystallo-

graphic orientation of Au nanoparticles electrodeposited on glassy carbon prepared

by potential step electrolysis and on their electrocatalytic properties toward ORR in

alkaline medium (0.5 M KOH) [73]. He observed that particles prepared in short

time (5–60 s) had smaller size (10–50 nm) and showed a higher particle density

(number of particles per unit area), as revealed by SEM images, than those prepared
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by longer electrolysis time. On the other hand, Au deposits prepared for times

higher than 60 s were larger (>100 nm). SEM, XRD, and electron backscatter

diffraction (EBSD) techniques were used to characterize both the size and prefer-

ential facet orientation of the nanoparticles. Interestingly from the EBSD patterns,

the author estimated the fraction for the {100} {110}, and {111} orientations

corresponding to the Au samples being the total fraction of a specific facet, the

percentage of a specific orientation relative to the total area of the analyzed region

of the surface [86]. From EBSD analysis the author found that increasing the

deposition time resulted in an increase in the total fraction of {100} and {110}

facets, while for short deposition times the deposit was rich in {111} facets. ORR

was studied with gold nanoparticles prepared after 60, 300, and 900 s and showed to

be influenced by the surface structure as shown in Fig. 16.13. The sample enriched

with {111} domains (60 s) had a much lower activity than those containing a lower

fraction of {111} surface domains (300 and 900 s), being the peak current density

about 1.7 times higher than those prepared after 60 s. This difference was ascribed

to the increase of the number of exchanged electrons as a consequence of their

polycrystalline surface structure instead of a {111} enriched. In fact the behavior

was very similar for the polycrystalline bulk Au electrode and those nanoparticles

prepared after longtime deposits. In addition, a possible particle size effect was

ruled out because the diffusion layer thickness (δ � 0.021 cm) was much larger

than the average distance between Au nanoparticles (�50–200 nm).
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Fig. 16.12 SECM TG-SC images displaying the substrate current for ORR of an array composed

by 3 different types of shape-controlled gold particles supported on a glassy carbon plate. Substrate

potential held constant at (a) 0.35 V, (b) 0.45 V, and (c) 0.55 V versus RHE in an oxygen-free

0.1 M NaOH solution. Tip-substrate distance ¼ 25 μm. Oxygen flux generated at the tip at a

constant current of 150 nA. Scan rate ¼ 125 μm s�1 (extracted from [70])
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Several strategies have been used to maximize the electrocatalytic activity of the

gold nanoparticles by tailoring the shape. Xu et al. [87] studied the ORR with indium

tin oxide (ITO)-supported dendritic gold nanostructures prepared with a “green”

templateless, surfactantless, simple electrochemical route. The samples were

characterized by scanning electron microscopy (SEM), TEM, energy-dispersive

X-ray spectroscopy (EDX), X-ray diffraction (XRD), and X-ray photoelectron spec-

troscopy (XPS). The dendritic gold nanostructures showed an improved behavior

toward ORR in comparison to a bulk gold electrode in neutral O2-saturated KCl

solution as the peak position shifted about 0.2 V positively and the peak current

increased significantly. In the voltammogram for the oxygen reduction with the

dendritic gold nanostructure, two different reduction peaks were observed, the first

one corresponding to oxygen reduction to H2O2 and the second peak corresponding to

the reduction of H2O2 to H2O, which was confirmed by adding H2O2 to the solution.

Similar results were obtained by Jena and Raj [88], who synthesized branched

flowerlike gold nanocrystals using N-2-hydroxyethylpiperazine-N-2-ethanesulphonic
acid as reducing/stabilizing agent. These nanomaterials were self-assembled on a

Fig. 16.13 CVs measured at 100 mV s�1 for the oxygen reduction at (a) bare GC, (b) 60 s nano-

Au/GC, (c) 300 s nano-Au/GC, (d) 900 s nano-Au/GC, and (e) bare polycrystalline Au electrodes

in O2-saturated 0.5 M KOH (extracted from [73])
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solgel-derived silicate network, which was preassembled on a polycrystalline Au

electrode, and they retained their morphology on the silicate network. Their

electrocatalytic activity toward ORR was higher than that of citrate-stabilized Au

nanoparticles, being the reduction of oxygen to hydrogen peroxide and its oxidation to

water in neutral pH (phosphate buffer) observed at more positive potentials. The same

authors also studied this reaction using triangular gold nanoprisms (70–110 nm) and

nanoperiwinkles (150–230 nm), also self-assembled on a three-dimensional silicate

network [89]. The samples were prepared using 5-hydroxytryptamine as a reducing/

stabilizing agent at room temperature. Although the X-ray diffraction profiles of both

samples revealed that they were composed mainly of a Au(111) lattice plane, both

structures showed higher electrocatalytic activity than spherical gold nanoparticles.

Kuai et al. prepared icosahedral Au nanoparticles through a facile, one-pot,

seedless, water-based method and studied ORR with them [90]. The growth mech-

anism indicated that the icosahedral nanoparticles were formed from multiple-

twinned seeds and PVP was used both as reducing agent and surfactant. In spite

of the fact that icosahedra are enclosed by {111} facets, the authors found higher

electrocatalytic activities than sphere-like nanoparticles for ORR in alkaline

medium. In fact, the reduction peak for oxygen reduction was positively shifted

0.05 V for icosahedra and also their peak current was 1.6-fold higher than that of

spherical nanoparticles. Moreover, the gold icosahedra displayed even lower

overpotential than a commercial Pt/C electrocatalyst.

The electrocatalytic activity of gold nanoplates toward ORR in 0.1 M NaOH was

also evaluated. Seo et al. prepared this type of nanomaterials by reducing KAu(CN)2
in a Na2CO3 solution at a constant potential [91]. The prepared nanoplates were rich

in {110} and {100} domains (studied by Pb UPD) and exhibited higher electro-

catalytic activity than bare gold for ORR. Both the peak potential for oxygen

reduction shifted positively (about 70–80 mV) and the current density increased

(about three times) for the nanoplates in comparison with bare Au. In addition, to

get information about the reduction mechanism, the authors also performed RDE

experiments and found that the number of electrons associated with the oxygen

reduction was 4 for the nanoplate electrode, while on bare Au was 2, thus indicating

the effective four-electron reduction of oxygen to water in alkaline medium for the

Au nanoplates.

Das and Raj observed also an enhancement in the electrocatalytic activity toward

ORR with penta-twined Au nanostructures (average size 52 nm) in neutral medium

[92]. These nanomaterials were prepared using piperazine derivatives in the absence

of seeds or surfactants and were characterized by TEM (average size 52 nm)

and X-ray diffraction, which revealed the existence of face-centered cubic

nanocrystalline Au. The penta-twined nanostructures were reported to catalyze the

reduction of oxygen in neutral solution to water through the formation of hydrogen

peroxide. Two well-defined peaks corresponding to the reduction of oxygen to

hydrogen peroxide and the further reduction of electrogenerated hydrogen peroxide

to water were obtained. A significant increase in the peak current (1.6 times) and a

decrease in the overpotential for the ORR were observed in comparison with spheri-

cal nanoparticles. In fact, the reduction peak potential for the spherical nanoparticles
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was considerably more negative (~120 mV) than that of the penta-twined

nanoparticles. Moreover, the onset potential for the penta-twined nanoparticles was

80–90 mV more positive than for the spherical nanoparticles.

Plowman et al. reported a very interesting contribution determining what the

surface active sites responsible of the activity of different nanostructured gold

electrodes are [93]. In this work they studied anisotropic Au, well-dispersed

hierarchical Au, and continuous porous honeycomb Au structures. The analysis

was carried out under acidic and alkaline conditions using electrochemical

techniques such as cyclic voltammetry and a large-amplitude Fourier transformed

alternating current (FT-ac) method which can effectively discriminate between

capacitive and faradaic processes occurring at an electrode surface. Interestingly,

it was observed that the response of these electrodes is similar to that observed for

activated gold electrodes whose surfaces have been treated by cathodic polarization

in the hydrogen evolution region. According to the authors, this activation results in

the disruption of the outer layers of the metal to create an active surface. These

active sites, which are believed to consist of low-coordinated active gold sites, or

clusters of atoms, are more readily oxidized than the bulk Au electrodes. This

more facile oxidation of active gold results in significant electrochemical

responses recorded in the double-layer region. In particular, they reported the

reduction of oxygen both in acid and alkaline media with the porous honeycomb

Au structures. The results obtained indicated that the ORR commences at

potentials where the surface active sites responses were observed.

Finally, some electrochemical treatments have been also used to change the

surface structure of the gold nanoparticles, so that higher activity for the ORR is

obtained. Shim et al. also studied the effect of an electrochemical pretreatment in a

0.05 M phosphate buffer solution (pH ~7.4) on bulk Au and Au nanoparticles

(~10 nm diameter) toward the ORR [94]. Both samples were electrochemically

pretreated by repetitive potential cycling between �0.2 and 1 V (vs. SCE) for 200

cycles at a scan rate of 50 mV s�1. The RDE voltammetric experiments showed that

after the pretreatment, the ORR activity was enhanced in both samples. The number

of electrons for both pretreated samples became close to 4, the onset potential became

more positive, and the currents became higher. Moreover, nanoparticles’ perfor-

mance was better than that of bulk Au. The authors attributed the enhanced catalytic

activity to the formation of a thick Au oxide layer, which was corroborated with a

thermally pretreated Au microwire electrode. Moreover, the authors claimed that the

Au oxide layer was able to adsorb O2 more favorably than the initial Au surface. In

addition, the pretreated bulk and nanoparticles also showed higher activity toward the

oxidation of hydrogen peroxide than the corresponding untreated ones.

Chen et al. [95], very recently, prepared Au thin-film electrodes made by electro-

less deposition for in situ electrochemical attenuated total-reflection surface-

enhanced infrared adsorption spectroscopy (ATR-SEIRAS) which consisted of

�46 nm Au nanoparticles deposited on a Si infrared window. Very interestingly,

they observed that a square-wave treatment of the Au film led to a much enhanced

ORR activity (O2-saturated 0.1 M HClO4) as a consequence of the surface recon-

struction of the nanoparticle film. Thus, whereas the ORR activity of the initial Au
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film electrode was similar to that obtained with a polycrystalline Au in acid solution,

after the square-wave potential treatment, a remarkable shift to positive potential of

about 0.14 V on the ORR half-wave potential was observed. In addition, the Tafel

slope changed from 119 to 90 mV, indicating a modification in the rate-determining

step. From SEM images, they observed that the square-wave treatment caused a

significant surface reconstruction by “melting” the Au nanoparticles, thus leading to a

more continuous Au electrode surface. However, from the analysis of the

voltammetric curves in the Au oxide region, they observed that the {100} surface

sites remained almost intact or even increased slightly in this reconstructed surface,

whereas the characteristic signal of the {111} and {110} sites decreased. Neverthe-

less, the enhanced ORR activity was not attributed to the {100} orientation of the

reconstructed film but to the formation of a new type of surface sites whose oxide

reduction peak was observed at 0.4 V versus Ag/AgCl once the upper potential limit

was more positive than 1 V. The experimental evidences indicated that this new type

of surface sites was responsible of the ORR activity enhancement, and they suggested

that these new sites could stabilize better the adsorbed ORR intermediates, thus

facilitating the subsequent reaction step(s). More work is still needed to understand

the nature and electrochemical properties of this type of surface sites.

16.5 Conclusions

The results presented in this chapter clearly indicate that the reactivity of gold

for the ORR is mainly controlled by the surface structure. In alkaline medium, the

Au(100) electrode shows a high activity transferring four electrons at high

potentials, whereas a much lower activity with the transfer of only two electrons

is observed for the Au(111) and Au(110) electrodes. The strong surface structure

sensitivity results in a significant effect of the shape of the nanoparticles in the

reactivity for this reaction. Thus, for nanoparticles with similar size, the reactivity

depends mainly on the fraction of {100} domains on the surface.
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35. Erikson H, Jürmann G, Sarapuu A, Potter RJ, Tammeveski K (2009) Electroreduction of

oxygen on carbon-supported gold catalysts. Electrochim Acta 54(28):7483–7489

36. Chen W, Chen S (2009) Oxygen electroreduction catalyzed by gold nanoclusters: strong core

size effects. Angew Chem Int Ed 48(24):4386–4389

37. Li Y, Cox JT, Zhang B (2010) Electrochemical responses and electrocatalysis at single Au

nanoparticles. J Am Chem Soc 132(9):3047–3054

38. Lee Y, Loew A, Sun S (2009) Surface- and structure-dependent catalytic activity of Au

nanoparticles for oxygen reduction reaction. Chem Mater 22(3):755–761

39. Alexeyeva N, Matisen L, Saar A, Laaksonen P, Kontturi K, Tammeveski K (2010) Kinetics of

oxygen reduction on gold nanoparticle/multi-walled carbon nanotube hybrid electrodes in acid

media. J Electroanal Chem 642(1):6–12

40. Jirkovsky JS, Halasa M, Schiffrin DJ (2010) Kinetics of electrocatalytic reduction of oxygen

and hydrogen peroxide on dispersed gold nanoparticles. Phys Chem Chem Phys

12(28):8042–8052

41. Kinoshita K (1990) Particle size effects for oxygen reduction on highly dispersed platinum in

acid electrolytes. J Electrochem Soc 137(3):845–848

42. Mayrhofer KJJ, Blizanac BB, Arenz M, Stamenkovic VR, Ross PN, Markovic NM (2005) The

impact of geometric and surface electronic properties of Pt-catalysts on the particle size effect

in electrocatalysis. J Phys Chem B 109(30):14433–14440

43. Brülle T, Ju W, Niedermayr P, Denisenko A, Paschos O, Schneider O, Stimming U (2011)

Size-dependent electrocatalytic activity of gold nanoparticles on HOPG and highly boron-

doped diamond surfaces. Molecules 16(12):10059–10077

44. Greeley J, Rossmeisl J, Hellman A, Nørskov JK (2007) Theoretical trends in particle size

effects for the oxygen reduction reaction. Z Phys Chem 221(9–10):1209–1220

45. Hernández J, Solla-Gullón J, Herrero E (2004) Gold nanoparticles synthesized in a water-in-oil

microemulsion: electrochemical characterization and effect of the surface structure on the

oxygen reduction reaction. J Electroanal Chem 574(1):185–196

16 Au Electrocatalysis for Oxygen Reduction 509



46. Hernández J, Solla-Gullón J, Herrero E, Feliu JM, Aldaz A (2009) In situ surface characteri-

zation and oxygen reduction reaction on shape-controlled gold nanoparticles. J Nanosci

Nanotechnol 9(4):2256–2273

47. Solla-Gullon J, Vidal-Iglesias FJ, Feliu JM (2011) Shape dependent electrocatalysis. Annu

Rep Prog Chem C Phys Chem 107:263–297

48. Koper MTM (2011) Structure sensitivity and nanoscale effects in electrocatalysis. Nanoscale

3(5):2054–2073

49. Cheng Q, Jiang Y-X, Tian N, Zhou Z-Y, Sun S-G (2010) Electrocatalytic reduction of nitric

oxide on Pt nanocrystals of different shape in sulfuric acid solutions. Electrochim Acta

55(27):8273–8279

50. Vidal-Iglesias FJ, Solla-Gullón J, Rodrı́guez P, Herrero E, Montiel V, Feliu JM, Aldaz A

(2004) Shape-dependent electrocatalysis: ammonia oxidation on platinum nanoparticles with

preferential (100) surfaces. Electrochem Commun 6(10):1080–1084

51. Solla-Gullón J, Vidal-Iglesias FJ, Rodrı́guez P, Herrero E, Feliu JM, Aldaz A (2006) Shape-

dependent electrocatalysis: CO monolayer oxidation at platinum nanoparticles. In: Brisard

GM, Adzic R, Birss V, Vieckowski A (eds) Proceedings – Electrochemical Society 2005–11

(Electrocatalysis). The Electrochemical Society, Pennington, NJ, pp 1–11

52. Solla-Gullón J, Vidal-Iglesias FJ, Herrero E, Feliu JM, Aldaz A (2006) CO monolayer

oxidation on semi-spherical and preferentially oriented (100) and (111) platinum

nanoparticles. Electrochem Commun 8(1):189–194
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Chapter 17

Palladium-Based Electrocatalysts for

Oxygen Reduction Reaction

Minhua Shao

Abstract Fuel cells are clean energy devices that are expected to help address the

energy and environmental problems in our society. Platinum-based nanomaterials

are usually used as the electrocatalysts for both the anode (hydrogen oxidation) and

cathode (oxygen reduction) reactions. The high cost and limited resources of this

precious metal hinder the commercialization of fuel cells. Recent efforts have

focused on the discovery of palladium-based electrocatalysts with little or no

platinum for oxygen reduction reaction (ORR). This chapter overviews the recent

progress of electrocatalysis of palladium-based materials including both extended

surfaces and nanostructured ones for ORR.

17.1 Introduction

In a low-temperature fuel cell, hydrogen gas is oxidized into protons, electrons, and

other by-products when other fuels are used at the anode. At the cathode of the fuel

cell, the oxygen is reduced, leading to formation of water. Both the anodic and

cathodic reactions require electrocatalysts to reduce the overpotentials and increase

reaction rates. In the state-of-the-art low-temperature fuel cells, Pt-based materials

are used as the electrocatalysts for both the reactions; however, the high cost and

limited resources of this precious metal are hindering the commercialization of fuel

cells. Recent efforts have focused on the discovery of electrocatalysts with little or

no Pt for oxygen reduction reaction (ORR) [1–3].

The electrocatalytic activity of Pd is the second highest among the pure metals

for ORR, only behind Pt. This, combined with the fact that the cost of Pd is lower

than that of Pt, makes it an attractive alternative to Pt. Figure 17.1 compares the

prices per troy ounce of Pd and Pt in the last 10 years [4]. The cost of Pd is roughly
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one quarter of Pt except in the period of 2000–2002 when it spiked to $1,100 per

troy oz due to insufficient supply in the market. Similar to Pt, most Pd today is used

in the automotive industry for catalytic converters to reduce the toxicity of

emissions from a combustion engine.

While Pd is less expensive than Pt, the electrocatalytic activity of bulk polycrys-

talline Pd for ORR is at least five times lower than that of Pt, which prevents it from

being used directly in fuel cells. Great efforts have been dedicated to improve the

activity of Pd by surface modification and alloying. This chapter attempts to

summarize the recent progress of electrocatalysts containing Pd for ORR. The

development of Pd electrocatalysts for electrooxidation of hydrogen and small

organic molecules is not discussed in this chapter but has been adequately covered

in Chaps. 5 and 6 and recent reviews [5–7].

17.2 ORR in Acid Solutions

17.2.1 ORR on Bulk Surfaces

Due to its complexity, the ORR mechanisms on noble metal surfaces are not fully

understood despite five decades’ extensive studies [8–10]. On Pt surfaces, it is

generally accepted that the first electron transfer or oxygen adsorption together with

an electron and proton transfer forming superoxide (Eq. 17.1) is the slow step

determining the overall reaction rate of oxygen reduction:

O2 þ Hþ þ e� ! OOHads: (17.1)

It is reasonable to assign (Eq. 17.1) to the rate-determining step of ORR since it

requires a significant energy to form a bond between Pt and oxygen before the O–O

can break. This assignment has been supported by recent experimental and
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theoretical work. One may agree that a reactive surface facilitates the reaction

(Eq. 17.1), i.e., the more reactive the surface, the stronger the oxygen bond. The

O–O bond dissociation generates adsorbed OH species, which need to be further

reduced to complete the four-electron reaction according to

OHads þ Hþ þ e� ! H2O: (17.2)

Unlike Eq. (17.1), the strong adsorption of OH on catalyst surfaces hinders its

reduction and hence slows down the ORR rate. In addition, the buildup coverage of

oxygen-containing species decreases the availability of active surface sites. Thus, a

good ORR catalyst is one that forms a moderate bond with the adsorbates to balance

the kinetics of O–O bond breaking and removal of oxygen-containing species

generated from the former step. Density functional theory (DFT) calculations

demonstrated that the oxygen binding energy (BEo) on Pt(111) is a little bit too

strong and Eq. (17.2) is the bottleneck of the ORR. If slightly weakened, such as

found for a surface of Pt monolayer on Pd(111) (denoted as Pt/Pd(111)) [11] and for

a Pt skin on various Pt alloys [12–14], the ORR activity can be enhanced

remarkably.

Pd is a more reactive metal than Pt and binds oxygen more strongly. It oxidizes

at more negative potentials than Pt and is expected to be less active for ORR [15].

The study of ORR on Pd bulk electrodes in acidic media has received less attention

than on Pt due to the lower activity and stability of the former. The first direct

comparison of ORR activity between polycrystalline Pd and Pt was attempted by

Damjanovic and Brusic [16], who found that the exchange current densities for a

polycrystalline Pd and Pt electrode were 2 � 10�11 and 10�10 A cm�2, respec-

tively, in a HClO4 solution. In other words, the bulk Pt is five times more active than

Pd in this study. It has been well known that the ORR kinetics strongly depends on

the electrolyte used in the experiment and on the crystallographic orientation of the

electrodes. For instance, the ORR activity of low index planes of Pt follows the

order of Pt(111) < Pt(110) < Pt(100) in H2SO4 solutions. While in HClO4

solutions, it follows the order of Pt(100) < Pt(111) � Pt(110) [17]. The main

reason for the lower activity of Pt(111) than Pt(100) in H2SO4 solutions is the

much stronger adsorption of SO4
2� and HSO4

� on the former. On the other hand,

there is no anion strongly adsorbed on either surface in the HClO4 solutions. In such

electrolytes, the discrepancy of the activity on the different surfaces originates

primarily from the structural and electronic properties of the surfaces rather than

from the poisoning effect from specific adsorption of the anions.

Due to the difficulty of preparing Pd single crystals and their poor stability, the

facet-dependent ORR activities of the Pd single crystals have not been available

until very recently. Kondo et al. [18] measured the ORR activities of low index

planes of Pd single crystals in HClO4 solution and found that the activity increased

following the order of Pd(110) < Pd(111) � Pd(100). This order is completely

opposite to that on Pt(hkl) in the same solution. The comparison of the kinetic

activities on different Pd and Pt facets is shown in Fig. 17.2. Surprisingly, the
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activity of Pd(100) is 14 times as high as that of Pd(111). It is also worth noting that

Pd(100) is even more active than Pt(111). The kinetic current densities of ORR

correlate well with the terrace atom density on n(100)-(111) and n(100)-(110) series
of Pd suggesting that (100) atoms are the most active sites for ORR on Pd

electrodes. Further fundamental studies are needed to understand the mechanisms

of facet dependence of ORR activity on Pd(hkl). Recent DFT study revealed a

dramatic difference in reactivity between the Pd(111) and (100) surfaces. The Pd–O

bond on Pd(100) surface is weaker than that on Pd(111) by 0.04 eV. As discussed

above, the Pd(111) binds to the oxygen intermediates too strongly resulting in a low

ORR activity. A weaker Pd–O bond on (100) may explain its superior ORR activity.

According to d-band center theory, one way to improve the ORR kinetics of Pd

surfaces is to reduce the BEo by lowering its d-band center. The DFT calculations

reported by Shao et al. [19] revealed that the Pd monolayer on Pt(111) has a lower

d-band center than a bare Pd(111) surface and hence a lower BEo, making Pd/Pt

(111) a better catalyst than Pd(111) for ORR. This argument was supported by their

experimental work, which showed that Pd/Pt(111) had a higher ORR activity than

Pd(111), but somewhat lower than Pt(111) [19].

17.2.2 ORR on Pd-Based Nanocatalysts

By alloying Pt with transition metals M (M ¼ V, Cr, Co, Ni, Fe, Ti, etc.), the ORR

activity can be enhanced remarkably in both phosphoric acid fuel cell (PAFC) and

PEMFC [20–22]. The activity enhancement mechanisms have been an open ques-

tion for more than three decades and ascribed to decreased Pt–Pt bond distance [23],

enhanced surface roughness [24], increased Pt d-band vacancy [25–27], weakened

OH adsorption [28, 29], and downshifted d-band center [30–35]. Nørskov and

Mavrikakis et al. combined the structural and electronic effects by introducing a

d-band model that correlates changes in the energy center of the valence d-band

density of states at the surface sites with their ability to form chemisorption bonds.
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According to their model, the binding energy of oxygen-containing species on Pt

skin formed during selective leaching of non-noble metals or annealing at high

temperatures was weaker than on a pure Pt surface due to the compressive strain

and electron transfer from the transition metal on the subsurface layer. Similar to Pt,

the activity of Pd can be enhanced by alloying with transition metals.

17.2.2.1 Binary Pd Alloy Catalysts

Savadogo’s group was the first to discover the enhanced ORR activities on Pd

alloys [36]. It was found that Pd–Co, Ni, and Cr bulk alloys prepared by sputtering

had higher activity than Pt prepared in a same way in acidic solutions. Since their

groundbreaking results, many groups have reported the oxygen reduction behaviors

of various Pd alloys. Bard’s group [37–39] identified a series of Pd-based catalysts,

including binary systems Pd–Co, Mn, V, and Ti, that showed higher ORR activity

than pure Pd. For Pd–Co/C, the maximum activity was observed with a Co atomic

ratio in the range of 10–20 %, but the high activity was lost quickly during

electrochemical testing, maybe due to the fast dissolution of Co atoms [38]. One

would expect that the dissolution rate of Co in Pd–Co alloy is much faster than that

in Pt–Co.

The compositions of Pd alloys play an important role in ORR activity.

Depending on the synthesis methods and annealing temperatures, different opti-

mum Pd:M ratios for ORR were reported. Shao et al. [19] found that Pd2Co/C

synthesized by the impregnation method and annealed at 900 �C exhibited the

highest ORR activity. The same optimum ratio was also observed by Wang et al.

[40], who co-reduced Pd and Co salts in ethylene glycol and annealed the dried

product at 500 �C. The highest ORR activity for Pd–Co catalysts (30–40 at.% Co),

formed by co-reducing Pd and Co salts in aqueous solutions, was obtained by Zhang

et al. [41]. Particle size, as well as the activity, increased with increasing annealing

temperature, and the highest activity was observed at the lowest annealing temper-

ature (300 �C). For the Pd–Fe systems, an optimized composition of Pd:Fe ¼ 3:1

was found by several groups [42–45]. The ORR activity of Pd3Fe/C was comparable

to or higher than that of Pt/C. The activity was found to correlate well with the

Pd–Pd bond distance and the Fe content in the alloy (Fig. 17.3) [42, 46]. The highest

ORR activity was obtained for Pd3Fe, which has a Pd–Pd bond distance of

0.273 nm, smaller than that of Pd by 2.3 %. Similar results were obtained for the

Pd–Co alloys [40], suggesting the compressed lattice plays a role in the activity

enhancement. The activity of Pd3Fe was found to be further enhanced by adding a

small amount of Ir in it [43]. The enhancement mechanism is unknown. For Pd–W

alloys annealed at 800 �C, only 5 % W is needed to maximize the activity [47].

Oxygen reduction activities of some Pd–nonmetallic element alloys (Pd–Se, S, and

P) were also studied, but no significant improvements have been observed [48, 49].

Pd–Pt alloys, however, showed higher ORR activity than Pt with a small amount of

Pd in the alloys. For instance, Li et al. found that Pt–Pd/C exhibited a slightly higher

ORR activity than Pt/C [50]. Guerin et al. found that the Pd–Pt alloys showed higher
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activity than Pt in a composition range of 70–90 % Pt [51]. The high activity was also

observed on dendrimer-encapsulated Pd–Pt nanoparticles containing 180 atoms with

a Pt:Pd ratio of 5:1 [52]. The enhanced activity may be explained by a shorter Pt–Pt

bond distance.

17.2.2.2 Ternary Pd Alloy Catalysts

Most of the binary alloys have limited durability. By incorporating a more

corrosion-resistant metal, like Au, Mo, and Mn, the stability of the alloy was

enhanced significantly [37, 53]. For example, Pd–Co–Mo catalysts with a Pd:Co:

Mo atomic ratio of 70:20:10 exhibited not only higher activity than Pt/C but with

excellent chemical stability during fuel cell testing [53]. Other Pd–Co–M (M ¼ Pt,

Au, Ag) ternary catalysts have been investigated by Mathiyarasu and Phani [54]. As

expected, the Pd–Co–Pt combination showed the highest activity which was higher

than Pt/C, but Pd–Co and Pd–Co–Au exhibited very low activity, which is contrast

to other reports [19, 37].

17.2.2.3 Synthesis and Particle Size Effect

The activity discrepancy for Pd-based catalysts with similar compositions has been

seen in the literature. One of the main reasons is that the properties of the Pd alloys

highly depend on the synthesis method and posttreatment. A good example is the

Pd–Cu system. Wang et al. [55, 56] found that PdCu3 catalysts synthesized by a

colloidal method showed a higher activity than those made by thermodecom-

position, benefiting from the more uniform alloying and much smaller particle

size in the former method. Raghuveer et al. [57] also concluded that the activity
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of Pd–Co–Au synthesized by the microemulsion method was higher than that

prepared by the conventional sodium borohydride reduction method due to the

smaller particle size and higher degree of alloying.

The effects of particle size and degree of alloying were studied by Liu and

Manthiram in the Pd70Co30/C catalysts [58]. Upon increasing the annealing temperature

from 350 to 500 �C, the catalytic activity decreased due to increasing the alloying

degree and particle size. Further increasing the annealing temperature resulted in further

activity decreases, though this was attributed solely to the increase in particle size. An

interesting trend is that the activity of Pd–Co alloy decreased with increasing the degree

of alloying in the case of the same particle size. It seems that high Co content is not

necessary for activity improvement. Further study is needed to understand the role of

alloying degree and transition metal contents by controlling the particle size and

compositions. Due to the high surface energy of Pd, it is very difficult to synthesize

monodispersed Pd–M (M ¼ transition metals) nanoparticles with small particle size.

Such study requires novel synthesis method of Pd alloys.

17.2.2.4 Structural Effect

The ORR activity of Pd-based catalysts depends on the shape and morphology of

the materials. Pd(100) exhibited the highest ORR activity among the low index

facets [18]. Several studies reported the shape-dependent ORR activities in nano-

scale materials. The specific activity of Pd nanorods prepared by Xiao et al. [59]

was ten times higher than that of Pd nanoparticles and comparable to that of bulk Pt.

The authors attributed the high activity to the contribution from (110) sites

according to their DFT calculations, which is in contrast to what was observed in

the single-crystal work [18]. Li et al. [60] synthesized PdFe nanorods with a

diameter of 3 nm and length of 10–50 nm, which can be controlled by the amount

and type of surfactants. The PdFe nanorods demonstrated a higher PEMFC perfor-

mance than commercial Pt/C in the practical working voltage region (0.80–0.65 V).

The electrocatalytic activities of other shape-controlled Pd-based nanomaterials

(cubic, octahedral, nanowires, etc.) are also of interest.

Erikson et al. demonstrated that cubic Pd particles enriched with {100} facets

with an average size of ~27 nm had a higher ORR activity than spherical Pd

particles (2.8 nm) [62]. A systematic study on the structural dependence of electro-

chemical behavior of Pd nanocrystals with a much smaller particle size (5–6 nm)

was reported by Shao et al. [63]. As shown in Fig. 17.4a, the hydrogen adsorption

peaks were observed at 0.16 and 0.21 V for the Pd cubes and octahedra, respectively

[61]. The peak for the Pd cubes was sharper than that for the Pd octahedra. The

differences in position and shape of hydrogen peaks may be caused by a weaker

adsorption of hydrogen on Pd(100) than that on Pd(111). The differencebetween Pd

cubes and octahedral was also confirmed by their Cu underpotential deposition

(UPD) curves (Fig. 17.4b) [61]. For Pd octahedra, a sharp current peak was

observed at 0.51 V due to UPD of Cu on {111} facets. On the other hand, a broader
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peak appeared at ca. 0.54 V for Pd cubes due to UPD of Cu on {100} facets.

The higher Cu UPD potential on {100} than on {111} facets is due to a larger

difference in work function between Pd(100) and Cu(100) than that between Pd

(111) and Cu(111) and is consistent with the results obtained from bulk single

crystals [64].

The oxygen polarization curve of Pd/C cubes is much more positive compared to

those of octahedral and conventional Pd/C (Fig. 17.5a). This indicates that the Pd/C

cubes were much more active for oxygen reduction. The specific ORR activities of

Pd atoms in different samples were compared in the inset of Fig. 17.5a. The specific

activities of cubic, octahedral, and conventional Pd/C were 0.31, 0.033, and

0.055 mA cm�2, respectively. The activity enhancement of Pd cubes was about

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8

-1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

E / (V vs RHE)

Pd/C cubes
Pd/C octahedra

j /
 (

m
A

/c
m

2 )
j /

 (
m

A
/c

m
2 )

0

-0.02

-0.04

-0.06

-0.08

-0.1

-0.12

-0.14

-0.16
0.3 0.4 0.5 0.6 0.7

E / (V vs RHE)

Pd/C cubes

Pd/C octahedra

a

b

Fig. 17.4 Cyclic voltammetry curves of carbon-supported Pd nanocrystals. (a) In a nitrogen-

saturated 0.1 M HClO4 solution. Scanning rate ¼ 50 mV s�1. (b) In a nitrogen-saturated 0.05 M

H2SO4 þ 0.05 M CuSO4 solution. Scanning rate ¼ 5 mV s�1. The double-layer currents were

subtracted from the Cu UPD curves [61]
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Fig. 17.5 (a) Anodic polarization curves for the ORR on Pd cubes and octahedra supported on

carbon black in 0.1 M HClO4. The data of conventional Pd/C is also included for comparison.

Sweep rate ¼ 10 mV s�1; rotating speed ¼ 1,600 rpm; and room temperature. The currents were

normalized to the geometric area of the rotating disk electrode. The electrochemically active areas

of Pd/C cubes, Pd/C octahedra, and Pd/C-HT were 1.27, 1.4, and 0.98 cm2, respectively. Inset:
comparison of specific activities for Pd/C cubes, Pd/C octahedra, conventional Pd/C, Pt/C

(2.8 nm), and Pt/C (7 nm) at 0.9 V. (b) Anodic polarization curves in 0.1 M HClO4 and coverage

of OH of Pd/C cubes, Pd/C octahedra, and conventional Pd/C after subtracting the double-layer

current density. The currents were normalized to the electrochemical active area. The coverage of

OH was calculated by integrating the charge associate with OHad formation and normalized to half

of the charge of Cu UPD [63]
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ten and six times over Pd/C octahedra and conventional Pd/C, respectively. The Pd/

C cubes were even more active than the state-of-the-art Pt/C catalysts with an

average particle size of 2.8 nm and comparable to Pt/C with a similar particle size.

This result demonstrated that Pd(100) sites are much more active than Pd(111) at

the nanoscale, consistent with the extended surface study.

The ORR kinetics is controlled by the amount of available active sites on the

catalyst’s surface and the interaction between the surface and oxygen-containing species

(e.g., O2, O,OH, andOOH). The chemisorbedOH (OHad) acts as a poison species in the

potential range where oxygen reduction is under combined kinetic–diffusion control,

since it blocks the surface sites for O2 adsorption. Shao et al. [63] compared the anodic

branches of the voltammetry curves (0.65–0.9 V) for cubic, octahedral, and conven-

tional Pd/C after subtracting the double-layer currents (Fig. 17.5b). The onset potential

of OHad formation for both octahedral and conventional Pdwasmore than 50mV lower

than Pd cubes. Consequently, the coverage of OHad (ΘOH) on Pd cubes wasmuch lower

than other surfaces in the potential range > 0.7 V. Thus, the higher ORR activity on Pd

cubes can be attributed to its lower OHad coverage and consequently more available

reaction sites.

17.3 ORR in Alkaline

17.3.1 ORR on Bulk Surfaces

The development of alkaline fuel cells promotes the studies of ORR on Pd-based

materials in alkaline medium. A four-electron transfer reaction is expected on Pd

surfaces:

O2 þ 2H2Oþ 4e� ! 4OH�: (17.3)

Lima et al. studied the ORR activities of different noble metals with a {111}

facet in a 0.1 M NaOH solution [65]. The results showed that Pd(111) was more

active in an alkaline solution than in an acidic solution, with an ORR activity very

close to that of Pt(111) in the former solution.

Arenz et al. found that Pd/Pt(111) has a higher ORR activity than Pt(111) in

alkaline solution, which is different from that in acid solution [66]. In alkaline

solution, where only OH anions are present, the inhibition effect from the strong

anion adsorption is much smaller than in acidic solution, resulting in a high ORR

activity. Pd overlayers on Au(100) and Au(111) also showed significant activity

improvement with respect to an unmodified Au substrate in the alkaline solutions

[67–69]. The very high activity of Pd in alkaline solutions is surprising and deserves

further attention.
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17.3.2 ORR on Pd-Based Nanocatalysts

Pd exhibits a higher ORR activity in alkaline than in acidic solutions due to a

decrease in the anion poisoning effect in alkaline solutions. Indeed, many studies

have shown that the ORR activity of Pd/C in alkaline solutions is comparable to that

of Pt/C [70, 71]. Similar to that of Pt/C, the ORR activity of Pd/C is dependent on

the particle size of the metal. Jiang et al. [71] demonstrated that the specific activity

increased monotonically by a factor of about 3 with the particle size increasing from

3 to 16.7 nm, while the mass activity first increased when the Pd particle size

increased from 3 to 5 nm and then decreased with further Pd particle size increases.

The increase of the specific activity is contributed to the increase of the fraction of

the facet atoms with increasing the particle size.

The ORR activities of Pd–M alloys (M ¼ Fe, Ni, Au, Sn) [70, 72–74] have also

been studied in alkaline solutions. The Pd3Fe/C was twofold more active than pure

Pd/C [70]. Similar activity enhancement was also observed on Pd–Sn alloys [72].

For Pd–Ni/C catalyst, the ORR activity depends on the composition of the alloys.

The highest activity was observed on PdNi/C and Pd3Ni/C, which was not superior

to Pd/C or Pt/C [73]. A synergistic effect from WC on ORR activity has been

observed by Ni et al. [74]. The Pd nanoparticles supported on WC/C synthesized by

an intermittent microwave heating method showed an enhanced ORR activity in

comparison to Pd/C and Pt/C. By alloying with Au, the activity of Pd was signifi-

cantly enhanced, but the exact enhancement mechanism is not clear. The strong

interaction between the supports and metal nanoparticles and its effect on ORR

activity may be an interesting topic to study. The development of Pd-based

ORR catalysts for alkaline fuel cells is of interest to replace costly Pt materials.

The ORR activity and stability of Pd-based catalysts, however, has to be compared

to that of less expensive non-precious metal electrocatalysts [75, 76].

17.4 Methanol Tolerance

One of the main issues in the direct alcohol fuel cells (DAFCs) is that the fuel can

easily permeate into the cathode through the proton exchange membrane, which

causes dramatic performance loss since the currently used Pt-containing cathode

catalysts have no or little methanol tolerance. One of the advantages of Pd–M alloys

over Pt in DAFCs is their high methanol and ethanol tolerance in acid. In particular,

methanol tolerance was demonstrated for Pd–Fe, Pd–Co, Pd–Cr, Pd–Ni, and Pd–Pt

alloys [19, 41, 53, 77–80].

Shao et al. found no evidence of methanol oxidation on Pd2Co/C in nitrogen-

saturated HClO4 solution containing 0.1 M methanol (Fig. 17.6) [19]. For the ORR,

the half-wave potential drops ca. 20 mV with 0.1 Mmethanol in solution, compared

to the same electrocatalyst without methanol. The loss of 20 mV might reflect the

blocking of some active sites for oxygen reduction by the adsorbed methanol or its

intermediates from oxidation. Similar methanol tolerance properties of Pd–M
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alloys have been reported by numerous groups [41, 77, 80–82]. All the results

confirmed the excellent methanol tolerance of Pd-based alloys due to the low

methanol oxidation on these electrocatalysts. By alloying with Pd, the methanol

tolerance of Pt-based catalysts can be improved by diluting the Pt–Pt bonds, which

are required for dissociative adsorption of methanol and ethanol on the surface of

the catalyst. Accordingly, both Pd–M and Pd–Pt catalysts might be good candidates

for resolving the problem of methanol crossover in DMFCs.

17.5 Mechanism of ORR Activity Enhancement

An understanding of the origin of the high activities of Pd–M alloys may help us in

designing inexpensive and more active catalysts. Some thermodynamic guidelines

were proposed to understand the enhancement effect from the alloying with transition

metals. Bard and coworkers [38, 39] suggested that for Pd–M alloys the reactive

metal M constitutes the site for breaking the O–O bonds, forming Oads that would

migrate to the hollow sites dominated by Pd atoms, where it would be readily reduced

to water. Based on this mechanism, the alloy surface should consist of a relatively

reactive metal such as Co, and the atomic ratio of this metal should be 10–20 % so

that there are sufficient sites for reactions of O–O bond breaking on M and Oads

reduction at hollow sites formed by Pd atoms. The DFT calculations [39] indicated

that one of the O atoms diffused to the Pd hollow site while the other still adsorbed on

the hollow site near Co after the dissociative adsorption of the O2 molecule. The

second O2 could dissociate on Co with an O atom prebound on the hollow site near it.

Balbuena et al. [83] and Savadogo et al. [84] proposed a similar thermodynamic

guideline for designing Pd alloy catalysts. For Pd with fully occupied valence

d-orbitals, alloying with transition metals, such as Co with unoccupied valence

d-orbitals, significantly reduces the Gibbs free energy both for the first charge-

transfer step and for the steps involving the reduction of intermediates.

Fig. 17.6 Comparison of

polarization curves for ORR on

Pd2Co/C in oxygen-saturated

0.1 MHClO4 solution with and

without 0.1 M methanol;

rotation rate 900 rpm; sweep

rate 10 mV s�1. The inset is the
cyclic voltammetry of Pd2Co/C

nanoparticles in nitrogen-

saturated 0.1 M

HClO4 þ 0.1 M methanol

solutions; sweep rates

20 mV s�1 [19]
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A Pd-enriched surface or called Pd skin can be formed either by annealing at

elevated temperatures [85–87] or potential cycling before ORR activity evaluation.

DFT calculations show that, like the Pt3Co alloy surfaces, the electronic structure of

the Pd skin is modified by the compressive strain (the transition metals used in the

Pd alloys usually have a smaller atomic radius than that of Pd) and the underlying

alloy, which in turn modifies the reactivity of the surface [88, 89]. As shown in

Fig. 17.7, compressive strain alone accounts for a 0.1 eV destabilization of the

Pd–O bond. A Pd3Fe(111) substrate contributes a further destabilization of O by ca.

0.25 eV, whereas a PdFe(111) substrate contributes a further destabilization of O by

ca. 0.35 eV. The Pd skin on Pd3Fe(111) is very similar to Pt(111) in terms of both

the d-band center position and the oxygen binding energy, and should have a high

ORR activity. The high activity of this alloy was confirmed by using a Pd3Fe(111)

single crystal by Zhou et al. [90].

17.6 Durability of Pd-Based Electrocatalysts

The durability of low-temperature fuel cell is one of the essential topics in the fuel

cell development. The fuel cell performance gradually decreases due to the degra-

dation of the Pt-based catalyst l under the harsh operating conditions including high

potential, low pH, high temperature, and frequent start–stop cycling [2, 91]. The

thermodynamic behavior of bulk Pt is described by the potential–pH diagrams

(Pourbaix diagrams) [92]. The main pathways for Pt dissolution involve either

the direct dissolution of metal,

Pt ! Pt2þ þ 2e� E0 ¼ 1:19þ 0:029 log Pt2þ
� �

; (17.4)

Fig. 17.7 Calculated oxygen

binding energies on Pd and Pt

overlayers onvarious substrates

as a function of the Pd d-band

center (relative to the Fermi

level). The energies plotted

correspond to the most stable

configuration for O adsorption

at the Pd or Pt hollow sites on

each surface [89]
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or an oxide film formation and a subsequent chemical reaction,

Ptþ H2O ! PtOþ 2Hþ þ 2e� E0 ¼ 0:98� 0:59 pH; (17.5)

PtOþ 2Hþ ! Pt2þ þ H2O log Ptþ½ � ¼ �7:06� 2 pH: (17.6)

The dissolution through Pt oxides is expected to be slow due to the self-

passivation effect. Similar to Pt, Pd can dissolve in acid solution via [92]

Pd ! Pd2þ þ 2e� E0 ¼ 0:99þ 0:029 log Pd2þ
� �

; (17.7)

or

Pdþ H2O ! PdOþ 2Hþ þ 2e� E0 ¼ 0:90� 0:59 pH; (17.8)

PdOþ 2Hþ ! Pd2þ þ H2O log Pdþ½ � ¼ �2:35� 2 pH: (17.9)

In the direct dissolution pathway, the equilibrium potential of Pd dissolution is

0.2 V lower than that of Pt. In the chemical dissolution pathway, the Pd2+ equilib-

rium concentration is ~5 orders of magnitude higher than Pt2+. Thus, Pd should

have a much higher dissolution rate at the same operation potential and thus much

less stable than Pt in the fuel cell environment. Consequently, Pd is not expected to

meet the durability requirement of the PEMFC, especially for those in the automo-

tive application due to intensive start–stop driving cycles. The very low stability of

Pd/C during potential cycling was confirmed recently [93]. The stability of Pd in

alkaline medium may not be a problem; however, no such study is available in the

literature.

Considerable efforts have been taken to improve the stability of Pd-based

catalysts in the acidic medium. One way is to alloy with certain elements. Pd

ternary alloys, including Pd–Co–Au [38, 39] and Pd–Co–Mo [53], have been

developed to improve the stability of the catalysts. By adding 10 % Au to the

Pd–Mo mixture, its stability can be improved significantly. However, the long-term

durability of these catalysts has not been addressed yet.

Another promising way to improve the activity and durability of Pd-based

nanocatalysts is to deposit a Pt layer on them. Recently, Pd/C and PdM/C catalysts

modified by a Pt monolayer were found to possess higher activity than that of Pt/C

due to the strain and electronic effects from the Pd-based cores, and the durability

of the catalysts is improved significantly and comparable to Pt/C [70, 93–95].

The Pd-based core materials are expected to be partially dissolved under the fuel

cell operation conditions due to some defects in the Pt monolayer. In the meantime,

the diffusion of Pt atoms on the surface results in a more compact shell. Thus,

further dissolution of Pd-based core is greatly reduced.
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17.7 Conclusions

Pd-based electrocatalysts have shown comparable ORR activity to state-of-the-art

Pt/C. It may play a role to replace or partially replace costly Pt catalysts in the

cathode of low-temperature fuel cells.

As expected, the oxygen reduction rate strongly depends on the orientations of

the Pd surface with Pd(100) having a much higher ORR activity than any other

facets in acid. This trend has been confirmed both in the studies of bulk single

crystals and nanocrystals of Pd. Synthesis and characterization of shape-controlled

Pd and Pd alloy nanomaterials are of importance to design next generation Pd-based

electrocatalysts.

The long-term stability of Pd-based electrocatalysts is one of the unavoidable

issues for PEM fuel cell applications. Pd–Pt-based ORR catalysts are more stable

than Pd-transition metal alloys under harsh fuel cell conditions, but may still not

meet the long-term fuel cell operation requirement due to the Pd leaching out.

Future research may focus on improving the durability of Pd-based catalysts by

surface modification and composition optimization. Core–shell type of catalyst

with Pd-based materials as the core and Pt as the shell may be one of the most

promising candidates to be used in the automotive fuel cell due to its low Pt content

and high activity and stability.
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Chapter 18

Dealloyed Pt-Based Core–Shell Catalysts

for Oxygen Reduction

Lin Gan and Peter Strasser

Abstract In this chapter, we review recent works of dealloyed Pt core–shell

catalysts, which are synthesized by selective removal of transition metals from a

transition-metal-rich Pt alloys (e.g., PtM3). The resulted dealloyed Pt catalysts

represent very active materials for the oxygen reduction reaction (ORR) catalysis

in terms of noble-metal-mass-normalized activity as well as their intrinsic area-

specific activity. The mechanistic origin of the catalytic activity enhancement and

the stability of dealloyed Pt catalysts are also discussed.

18.1 Introduction

As a highly efficient and clean energy conversion technology, polymer electrolyte

membrane fuel cells (PEMFCs) have attracted substantial interests over the past few

decades [1–4]. Prototype vehicles powered by fuel cells with impressive perfor-

mance have been released by several manufactures, but it is still difficult to move to

practical technique that can be mass-produced cost-effectively. One of the main

obstacles is the slow rate of the cathodic oxygen reduction reaction (ORR), which

currently relies on noble-metal Pt as the electrocatalysts. The high cost and limit

resource of Pt force the urgent development of low-/non-Pt catalysts. Ideally, non-

noble-metal catalyst is the best and ultimate goal. Unfortunately, although signifi-

cant progress has been made in terms of the activities of noble-metal-free catalysts in

recent years, their stability as well as the mass transport still needs further

breakthroughs [5–8]. As a compromise, low-Pt catalyst appears to be a feasible

way for the medium-term development of PEMFCs. In this direction, the United

States Department of Energy (DOE) sets up a 2017 target on the total platinum group
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metals (PGM) loading of 0.125 mg cm�2 on MEAs to achieve a power density of

8 kW g�1
Pt. This corresponds to the use of 8 g of PGM per vehicle, which is

comparable to what has been used in an internal combustion engine today [4]. To

realize this target, the new ORR electrocatalyst must show a stable Pt-normalized

mass activity of at least fourfold improvement compared with the state-of-the-art

Pt catalyst.

Rational catalyst development to meet the activity target needs a comprehensive

understanding of the ORR kinetics. This is why the ORR has been extensively

studied for several decades. Regardless the mechanistic detail, it is proposed that

the intermediate oxygenated species (such as –OHad) adsorbs on the Pt surface too

strongly to be removed and results in high coverage ratio of the oxygenated species

on the Pt surface, which become the main reason for the slow kinetics of ORR on Pt.

It is therefore expected that a slightly weakened binding energy between the

oxygenated species and Pt surface could result in a higher ORR activity. This

could be realized by tailoring the electronic structure of Pt surface (particularly

the d-band center), as predicted by density functional calculations [9–11].

From the late 1990s, Pt alloys containing a late 3d-transition metal “M” (M ¼
Fe, Co, Ni, etc.) were found to be more catalytically active than pure Pt on ORR [1,

12–17]. The Pt alloys, mostly close to a stoichiometric ratio of Pt3M, showed

around twofold enhancement in the Pt-mass activity. Although their activities

were far away from the DOE target, these pioneer studies provide important

insights on the possible activity-enhancement mechanisms: (1) ligand effects, due

to proximity of transition metals with different electron negativity and thus direct

electron interaction, typically operative over one to three atomic layers, and (2)

geometric effects associated with shortened nearest-neighboring Pt–Pt interatomic

distances in the Pt alloys. Both of the two effects could induce the change of

electronic structure of Pt surface and therefore weakened adsorption of intermediate

oxygenated species.

Based on these guidelines, great progress on the structural design of Pt-based

bimetallic/trimetallic catalysts has been made in past 10 years, as highlighted by

several recent reviews [2–4]. For instance, the “Pt-monolayer catalysts” reported by

Adzic and coworkers, which consist of a single Pt monolayer supported on non-Pt

metal substrate (e.g., Pd) [11, 18–23], exhibited significant ORR activity enhance-

ment based on Pt mass. Meanwhile, Stamenkovic et al. reported a class of highly

active “Pt-skin catalysts,” which were formed by surface segregation in Pt3M alloys

upon thermal annealing, resulting in a Pt monolayer on top of an M-enriched second

layer [9, 24–26]. A common structural feature of the two classes of highly active

catalysts is that a single Pt monolayer supported on the second layer containing a

heteroatom, which could not only result in direct electron interaction with Pt but also

a strain effect on the Pt monolayer caused by lattice mismatch. As a result, both

ligand effect and geometric effect could contribute to their enhanced ORR activities.

In this chapter, we review dealloyed core–shell nanoparticle catalysts, which

were synthesized by selective dissolution of transition metals from the surface of a

transition-metal-rich Pt alloys (e.g., PtM3). Figure 18.1 shows an illustration of the
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dealloyed core–shell nanoparticle concept, indicating the formation of a transition-

metal-rich core and Pt-rich shell. We will show that the dealloyed core–shell

nanoparticles represent very active materials for the ORR catalysis in terms of

their noble-metal-mass-based ORR activity as well as their intrinsic specific

activity. In contrast to the “Pt-skin” and the “Pt-monolayer” catalysts, the thick-

ness of the Pt-enriched shell of the dealloyed catalysts is thicker than a single

monolayer, which results in a dominate lattice-strain-controlled ORR activities of

the dealloyed surfaces. The activities as well as the stability of the family of

dealloyed Pt-based catalysts would be discussed in detail. Finally, we will discuss

recent advances on the atomic-scale structural studies of the dealloyed core–shell

nanoparticles, providing a deeper insight on their structure–activity–stability

relationship.

18.2 A Historical View of Dealloying: From Bulk Materials

to Nanoparticles

Dealloying, also called selective leaching, is a process where the less-noble metals are

selectively dissolved out of an alloy and has been historically used in technologically

important alloys in the context of corrosion area [28]. A most common example is the

selective leaching of zinc from brass alloys (15 at% Zn) in the presence of oxygen and

moisture, resulting in a copper-rich sponge with poor mechanical properties. In this

situation, the dealloying process caused undesired performance decline and thus

needs to be avoided, which continues to be a main task in corrosion area. Despite

its negative effect in the corrosion area, dealloying can be useful in some certain areas

regarding its ability to create porous structure. A well-known instance is the Raney

nickel developed byMurray Raney more than 80 years ago [29], which was produced

from a block of Ni–Al alloy treated with concentrated alkaline, dissolving most of Al

out of the alloy and leaving behind a porous structure. The size of these pores was

already in the nanoscale region, even though the concept of “nanotechnology” arises

several decades later. The resulted nanoporous nickel-rich structure showed a high

specific surface area, making it quite useful as heterogeneous catalysts in a variety of

organic synthesis (e.g., hydrogenation reactions).

Inspired by the successful application of Raney nickel and also the arising of

nanotechnology, there are increasing interests in synthesizing nanoporous materials

Fig. 18.1 Dealloying of

PtCu3 nanoparticles formed

Cu-rich alloy core and Pt-rich

shell (gray: Cu; white: Pt)
(reprint with permission from

ref. [27])
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using dealloying protocol for applications in catalysis and sensors in recent years

[30–35]. For example, nanoporous gold (Fig. 18.2) was synthesized by electro-

chemical dealloying of silver–gold alloy. Other nanoporous materials, such as Pt

and Pd, were also synthesized.

The dynamic process of dealloying was discussed using Monte Carlo simulations

[30, 36, 37]. The dissolution of the less-noble atoms from the topmost surface

resulted in steps and kinks, where the coordinated numbers of noble atoms increased.

This induced a surface diffusion of noble atoms. The competition between the

dissolution rate of less-noble metals and the surface diffusion of noble metals is

considered to be a key factor that controls the morphology of the dealloyed product.

In bulk alloys, surface diffusion rate of the noble atoms is slow across the extended

surface, which causes a Rayleigh surface instability [37] and leads to the formation of

nanoporosity.

Until recently, all dealloying processes are studied in bulk alloy materials with the

aim to produce nanoporosity. From 2007 on, we applied and studied the dealloying

process in real engineered fuel cell Pt–M alloy nanoparticle catalysts. Unlike macro

bulk materials, dealloying of alloy nanoparticles with small enough particle size

produces solid core–shell nanoparticles. This may be due to the fact that the residual

Pt atoms on the nanoparticles exhibited lower average coordination and hence

experienced a much faster surface diffusion compared to those on the bulk surface.

We will show that, using transition-metal-rich Pt alloy precursors, the dealloyed

nanoparticle catalyst can produce up to eightfold enhancement in the Pt-mass-

normalized ORR activity due to an enhanced lattice-strain effect.

18.3 Dealloyed Pt-Bimetallic Nanoparticle Catalysts

18.3.1 Dealloyed PtCu3 Catalysts: Synthesis and Activities

The synthesis of dealloyed PtCu3 catalyst involved the preparation of PtCu3
precursor alloys at the first step, which was followed by electrochemical dissolution

of Cu (dealloying). PtCu3 alloy precursors were prepared by a conventional

Fig. 18.2 Nanoporosity

formed by dealloying of a

bulk Ag–Au alloy (reprint

with permission from

ref. [30])
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impregnation-reductive annealing method. Normally, a carbon-supported Pt cata-

lyst was impregnated with Cu salt at a desired atomic ratio between Pt and Cu

firstly, which was further annealed by H2 at elevated temperatures to reduce Cu and

promote the alloying of Cu with Pt.

Figure 18.3 shows the XRD patterns of PtCu3 catalyst annealed at 600, 800, and

950 �C and also the standard diffraction peaks of pure Pt and Cu for comparison

[27]. The {111} diffraction peak position is located between the Pt {111} peak and

Cu {111} peak, indicating a smaller lattice parameter of the alloy compared to pure

Pt. The higher annealing temperature resulted in a more uniform alloy from

multiphase (Pt-rich and Cu-rich alloys) to single phase, while the average crystal

size evaluated from the full width at half maximum (FWHM) increased due to

particle sintering at higher temperatures. The maximum annealing temperature

essentially controlled the Cu content of the resulting disordered Pt–Cu lattices,

while increasing annealing times, in contrast, leads primarily to particle growth

[38, 39]. Correlation of annealing control parameters, such as heating rate, temper-

ature, and time, with microscopic alloy structure, composition, and particle size has

also been studied in situ by using high-temperature XRD [39].

The subsequent dissolution (dealloying) of Cu is the key process to form the

active catalyst. Briefly, the dealloying can be performed by chemical leaching in

acid solution (HNO3 for Cu) or in an electrochemical way. One benefit of the

electrochemical dealloying is its ability to in situ monitoring the dissolution of Cu.

Figure 18.4a shows the initial three cyclic voltammograms (CV) of the dealloying

of PtCu3 catalyst annealed at 600 �C. Normally, there is a characteristic

underpotential adsorption/desorption peak of H (Hupd) on a Pt electrode between

0.05 and 0.4 V/RHE as demonstrated on the commercial Pt catalyst in Fig. 18.4a.

However, in the very first Pt–Cu dealloying CV, no Hupd peak could be found,

consistent with complete Cu surface segregation in Cu-rich Pt alloys. Sweeping

Fig. 18.3 XRD patterns of Pt25Cu75 precursor alloys annealed at different temperatures (reprint

with permission from ref. [27])
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anodically, a broad peak from 0.3 to 0.85 V arises corresponding to the Cu

dissolution, in which several fine sub-peaks can be resolved. A detailed description

of these fine peaks was performed by density functional calculations, suggesting the

dissolution of Cu at different surface sites, as shown in Fig. 18.4b [40]. On the

second and the third cycle, additional anodic Cu dissolution peaks can be still seen

but decreased gradually in intensity, while the Hupd features gradually emerged,

indicating exposure of Pt atoms on the surface.

After 200 cycles of electrochemical dealloying, the Cu dissolution vanished

completely and the CV for all the dealloyed PtCu3 catalysts exhibited stable Pt-like

Fig. 18.4 (a) Initial three CVs of the PtCu3 catalyst annealed at 600 �C during electrochemical

dealloying compared to the CV of a commercial Pt catalyst (reprint with permission from ref. [27]).

(b) Diagrammatic illustration of how the critical dissolution potential of a Cu monolayer depends

on the composition of its subsurface layer (reprint with permission from ref. [40])
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feature (as shown in the inset of Fig. 18.5a). The resulted dealloyed “PtCu3” catalysts

showed very high catalytic activities in the ORR measurements (Fig. 18.5a), produc-

ing previously unachieved 3–5-fold improvement on the Pt-mass activity (Fig. 18.5b)

and 3–4-fold on the Pt-area-specific activity (Fig. 18.5c) over pure Pt at 0.9 V vs.

RHE. The highest Pt-mass activity (0.56 A mg�1
Pt) was achieved on the dealloyed

PtCu3 catalyst using the precursor annealed at 800
�C, which obviously exceeded the

DOE 2017 activity target (0.44 mg�1
Pt). This fivefold activity enhancement would

Fig. 18.5 (a) ORR voltammetry in O2-saturated 0.1 M HClO4 of dealloyed PtCu3 catalysts using

the alloy precursors annealed at 600, 800, and 950 compared to a commercial Pt catalyst. (Inset)
CV curves of the dealloyed PtCu3 catalysts in N2 saturated 0.1 M HClO4. (b) Comparison of

Pt-mass activities at 0.9 V/RHE. (c) Comparison of Pt-area-specific activities at 0.9 V/RHE

(reprint with permission from ref. [27])
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correspond to 80 % reduction on the Pt usage, thus providing a promising route for

the development of low-Pt fuel cell catalysts. This study demonstrates that electro-

chemical dealloying of non-noble base metals from base-metal-rich Pt-bimetallic

alloys significantly alters the catalytic rates of the resulting Pt shells.

The practical usefulness of a novel ORR electrocatalyst depends on the feasibility

to incorporate it into a realistic MEA and a single fuel cell. For this purpose, we

developed a novel three-step method to implement in situ electrochemically

dealloyed PtCu3 ORR catalysts inside the MEA [38, 41], as schematically

illustrated by Fig. 18.6. In step 1, the Cu-rich alloy precursor is incorporated in

the cathode of a fuel cell. During step 2, a CV treatment is applied to the fuel cell,

which results in the in situ dissolution of Cu atoms from the alloy particle surface.

The dissolved Cu ions would diffuse into the Nafion polyelectrolyte and get trapped

at negatively charged sulfonic acid groups of the latter, which is detrimental to the

ion conductivity and result in decreased fuel cell performance. As a result, an ion-

exchange step (step 3) is needed, where the MEA is treated with an inorganic acid to

completely exchange the trapped Cu ions with protons from the liquid acid. After

the three steps, the catalyst has been converted into its active state and is ready

for use.
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Cu2+ 
Cu2+ 
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Fig. 18.6 A novel three-step method for in situ electrochemical dealloying of transition-metal-

rich Pt alloy catalyst inside MEA (reprint with permission from ref. [41])
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18.3.2 Mechanism of Activity Enhancement: Lattice-Strain Effect

Unlike Pt-monolayer catalysts and Pt-skin catalysts, the dealloyed PtCu3 catalysts

consist of a pure Pt shell with several atomic layers. The near-surface content of Cu

was very low. The thickness of the Pt shell can be clearly imaged by scanning

transmission electron microscopy (STEM) and energy-dispersive X-ray spectros-

copy (EDX) line profiles (Fig. 18.7a, b). In the Z-contrast STEM image, the

dealloyed particles show a brighter shell relative to a darker core, indicating the

formation of Pt-rich shell. From the EDX line profiles, the thickness of the Pt-rich

shell can be determined to be around 0.6 nm (corresponding to ca. 3 atomic layers).

This result is consistent with the anomalous small-angle X-ray scattering (ASAXS)

studies, which revealed a minimum Pt-shell thickness of 0.5 nm [42]. Across the Pt

shell with a thickness of three atomic layers, a significant electronic interaction

between the Cu atoms at the core and the outmost Pt surface is unlikely. Instead, the

structural arrangement of Pt atoms on the surface with its shorter than normal Pt–Pt

distance is creating a compressive-strain effect. This arises because of a lattice

mismatch between the Pt shell and the Cu-rich alloy core. The compressive lattice

strain changes the electronic properties of Pt and the adsorption on oxygenated

species and thus accounts for the observed enhanced ORR activity.

To investigate the possible lattice-strain mechanism on the enhanced ORR

activities, we synthesized two sets of dealloyed Pt1 � xCux catalysts from a wide

range of alloy precursor compositions (Pt3Cu, PtCu, and PtCu3); one set was annealed

at 800 �C and the other set annealed at 950 �C [43]. The idea is that the composition of

the alloy core determines the upper limit of the strain on the Pt shell and thus enables a

lattice-strain control, which is crucial for the study of strain–activity relationships.

The lattice strain in the Pt shell can be quantitatively estimated by anomalous

X-ray diffraction (AXRD) analysis using a simple two-phase model (Fig. 18.7c),

i.e., a Pt–Cu alloy core and a uniformly strained Pt shell. Figure 18.7d shows the

measured average lattice parameters of the Pt shells (ashell) as a function of

precursor composition and preparation temperature. As expected, for all the

dealloyed catalysts, ashell is smaller than that of pure Pt (dotted line, Fig. 18.7d),

indicating a compressive strain in the Pt shells. Increasing Cu in the alloy precursor

or with a higher preparation temperature resulted in a decreased ashell and hence a

larger magnitude of the compressive strain. This can be well understood based on

the core–shell model. That is, the lattice mismatch between the Pt shell and the

Pt–Cu core causes a reduced Pt–Pt distance in the shell; the richer in Cu the particle

core is, the smaller the lattice parameter and hence the higher the compressive strain

induced in the shell. Similarly, in the high-temperature material, the bimetallic

precursor phase is alloyed more uniformly with less residual, unalloyed Cu, which

effectively makes the alloy phase richer in Cu.

To mimic the structural and electronic environment of the Pt layers surrounding

a particle core with smaller lattice parameters in the dealloyed Pt–Cu catalysts, we

extended and applied these ideas to bimetallic single-crystal model surfaces that

consist of Pt overlayers with various thicknesses grown on a Cu(111) substrate.
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The strain in the deposited platinum layers was measured by low-energy electron

diffraction (LEED), as shown in Fig. 18.8a. An increase of the thickness of Pt layers

resulted in decreased strain, indicating that the strain was relaxing in the Pt layers.

Meanwhile, we have used X-ray emission spectroscopy (XES) and X-ray adsorp-

tion spectroscopy (XAS) to probe the occupied and unoccupied portion of the

Pt-projected d bands, as illustrated in Fig. 18.8b. The sketch of Fig. 18.8c on left

Fig. 18.7 (a) HAADF-STEM image of the dealloyed PtCu3 nanoparticle, showing an outer Pt-

enriched shell (which images brightly) and a Cu-rich alloy core (which images less brightly than
the shell). Contrast variations in the HAADF-STEM images relate to the atomic number (Z)

difference between Pt and Cu, i.e., the so-called Z-contrast imaging. (b) EDX line profile across an

individual dealloyed PtCu3 nanoparticle acquired using a probe-corrected STEM with a probe size

of ~0.2 nm. The thickness of the Pt-enriched shell was determined to be ~0.6 nm as shown by the

dash lines. (c) A simple structural two-phase core–shell model for the dealloyed nanoparticle, i.e.,

pure Pt layers, surrounds an alloy particle core, where ashell and acore represent the average lattice
parameters in shell and core, respectively. (d) Determination of ashell as a function of the Cu

content in the precursors annealed at 950 �C (bottom) and 800 �C (top). All alloys show Pt shells

with lattice parameters below that of pure bulk Pt (dotted line) (reprint with permission from

ref. [43])
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indicates three different thicknesses of the Pt overlayer (shell) on the Cu substrate

(core). The sketches of the d bands on left stem from density functional calculation

(DFT) predictions. The experimental XES and XAS results show that as the shell

becomes thinner (top case), unoccupied states (still visible in XAS in bottom

experiment) become occupied (top experiment) and thus show up in the XES

curve rather than in the XAS curve, leading to a downward shift of the Pt d-band

center.

Nørskov and coworkers have successfully developed a d-band theory in relating

the adsorption properties of rate-limiting intermediates in catalytic process to

electronic structure of catalyst surfaces [44, 45]. According to this theory, the

Fig. 18.8 (a) Compressive strains in Pt overlayers deposited on Cu (111), deduced from LEED

patterns as a function of film thickness. (b) An illustration of probing the occupied and unoccupied

portion of the Pt-projected d bands by using XES and XAS, respectively. (c) In-plane polarized

oxygen K-edge XAS and normal emission oxygen K-edge XES of 0.2 ML of oxygen chemisorbed

on Pt layers on Cu(111) with different thickness. (d) Experimental and predicted relationships

between ORR activity and lattice strain in units of kT·ln(js,alloy/js,Pt), T ¼ 298 K. The experimental

ORR activities of the two families of dealloyed Pt–Cu nanoparticles (precursors prepared at

850 �C (top) and 900 �C (bottom)) are plotted as a function of strain in the particle shell (dash
lines are to guide the eye). The short dashed line is the DFT-predicted volcano-shaped trend of the
ORR activity for a Pt(111) single-crystal slab under isotropic strain. Moderate compressive lattice

strain is predicted to enhance the rate of ORR catalysis (reprint with permission from ref. [43])
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valence p-level of the ORR intermediate adsorbate (O/OH) forms bonding and

antibonding states with the Pt d-band. Population of any antibonding state would

lead to Pauli repulsion, and the Pt–O bond strength would be thereby weakened.

A downward shift of the Pt d-band pulls more of the antibonding states below the

Fermi level, which results in increasing occupation and weaker adsorbate bonding

[9]. To understand the relationship between surface strain, Pt–O binding energy,

and the catalytic ORR reactivity, we further carried out DFT calculations for a

strained Pt(111) model surface (the dashed line in Fig. 18.8d). The DFT

calculations derived a “volcano” relation between the predicted ORR rate and the

strain, implying that compressive strain first enhances the overall ORR activity by

reducing the binding energy of intermediate oxygenated adsorbate and, thereby,

lowers the activation barriers for proton- and electron-transfer processes. Beyond a

critical strain, however, the binding becomes too weak, and the catalytic activity is

predicted to decrease because of an increased activation barrier for either oxygen

dissociation or the formation of oxygenated intermediate.

Correlating the experimental synthesis–strain–activity data of the two sets of

dealloyed core–shell nanoparticles (Fig. 18.8d), we provide the experimental evi-

dence that the deviation of the Pt-shell lattice parameter from that of bulk Pt, i.e., the

lattice strain in the shell, is the controlling factor in the catalytic enhancement of

dealloyed Pt nanoparticles. In each set of dealloyed Pt–Cu catalysts, it is unambigu-

ously confirmed that a moderate increase of the compressive strain in the Pt shell

resulted in a higher ORR activities, which correlates well with our DFT predictions.

Nevertheless, we did not observe a decrease in the experimental activity values on

the left side of the volcano curve, as predicted by the DFT calculations. This is

related to compressive-strain relaxation in the Pt shells, which prevent the buildup of

high strain energy. Pt atoms adjacent to the Pt–Cu cores (Fig. 18.7c, point 2) adopt a

lattice parameter closer to that of the cores, but outer Pt-shell atoms (Fig. 18.7c,

point 1) relax toward the lattice constant of bulk Pt. Hence, the real surface strain is

less than ashell, which is an average strain in the Pt shell; if the real surface strain was
plotted in Fig. 18.8d, we would expect a shift of all experimental data points to the

right. Figure 18.8d also reveals that the set of dealloyed nanoparticle catalysts

prepared at the higher annealing temperature exhibits reduced activity at comparable

lattice strain in the particle shells, presumably because of differences in the mean

particle size. Hence, our strain-related conclusion generally refers to particles of

comparable size.

18.3.3 Extension to Other Dealloyed Transition-Metal-Rich
Pt-Bimetallic Catalysts

The dealloyed core–shell nanoparticle concept revealed in the dealloyed Pt–Cu

catalysts can be generalized in a broad range of transition-metal-rich Pt-bimetallic
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catalysts such as Pt–Co, Pt–Ni, and Pt–Fe alloys. As suitable candidates for the

ORR catalysts, these Pt-bimetallic alloys have been extensively investigated during

the past years, and most of these studies were focused on a stoichiometry of around

Pt3M [1, 12–14, 46].

Mani et al. [47] reported a comparative study of different dealloyed Pt binary

PtM3 (M ¼ Cu, Co, and Ni) catalysts for use in PEMFC cathode. All the catalysts

were prepared by impregnation and followed annealing protocol, after which they

were implemented in single fuel cell MEA and activated by in situ electrochemical

dealloying. The dealloyed binary PtM3 catalysts showed more than a threefold

improvement for M ¼ Co, Cu and close to a threefold improvement for M ¼ Ni in

terms of Pt-mass activity of the single fuel cell compared to a 45 wt% Pt/C

reference cathode catalyst. An overview of the Pt-mass ORR activities reported

in further reports suggests an order of dealloyed PtCu3 > dealloyed PtCo3 >
dealloyed PtNi3 [47–50]. Nevertheless, the synthesis based on the impregnation

and annealing used here generally resulted in nanoparticles with a broad size

distribution and different alloy degrees, which make direct result explanation

difficult. Further studies in preparing homogenous nanoparticles are therefore

needed to clarify the effect of different transition metals (Fig. 18.9).

The enhanced ORR activities of the dealloyed Pt binary catalysts could be

related to a similar lattice-strain effect as revealed in the dealloyed PtCu3 catalysts.

However, it is still unclear what the origin of the different activities of different

dealloyed PtM3 catalysts is. Regarding their comparable atomic radius, the alloy

elements Co, Ni, and Cu are assumed to induce a similar extent of lattice strain.

Nevertheless, due to different redox chemistry of the transition metals, different

extent of metal dissolution may exist [47], which might result in different

core–shell fine structures and hence different activities.

The advantage of using transition-metal-rich alloys was further demonstrated by

composition-dependent activity studies. In a series of Pt3Co, PtCo, and PtCo3, a

maximum Pt-mass activity was observed in dealloyed PtCo3 catalyst in O2-

saturated HClO4 solution [51]. By preparation of monodisperse single-phase Pt1 �
xNix catalysts, a ORR activity maximum was also uncovered at initial Ni content in

the range of 70–75 at% [52, 53]. These results are consistent with the reports in

dealloyed thin-film catalysts by researchers at 3M company, where a maximum

ORR activity was observed in dealloyed Pt1 � xCox catalyst with x ¼ 0.66–0.67

and in dealloyed Pt1 � xNix catalyst with x ¼ 0.69 [54, 55]. Nevertheless, there is

discrepancy on the optimized initial composition in several other reports, where the

highest ORR mass activity was found to be at a lower transition-metal content

around 50 at% (e.g., Pt50Ni50 in both Pt1 � xNix nanoparticles [56] and Pt1 � xNix
thin-film catalysts [57]). This discrepancy may possibly originate from different

structure of precursor alloy catalyst (such as particle size and alloying degree) and

also different dealloying protocols.
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Fig. 18.9 (a) Current–voltage characteristics of 10 cm2 single H2/O2 fuel cells using dealloyed

PtCu3, dealloyed PtNi3, and dealloyed PtCo3 cathode catalyst, in comparison with standard Pt

cathode catalysts. (b) Pt-mass activities at 0.9 V of the dealloyed Pt-bimetallic cathode catalysts

(reprint with permission from ref. [47])
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18.4 Dealloyed Pt-Based Ternary Nanoparticle Catalysts

By introducing a third kind of transition-metal element, Pt ternary alloy catalysts

attract considerable interests since the possibility of fine-tuning the geometric/

electronic structures for further improved catalytic activity [58, 59]. Here, we

show that the dealloying concept can be further applied in Pt ternary alloy catalysts,

demonstrating a powerful approach to optimize the structure and activities of Pt

alloy catalysts.

Figure 18.10 shows the ORR activities of dealloyed Pt–Cu–Co ternary catalysts

with different Cu/Co compositions measured on a single 10 cm2 single H2/O2 fuel

cell [41]. The polarization curves for all the ternary catalysts shifted to more

positive potentials compared to Pt catalyst, indicating lower overpotentials and

hence higher catalytic activities. The dealloyed Pt20Cu20Co60 exhibited unprece-

dented ORR activities of up to 0.5 A mg�1
Pt, substantially surpassing the techno-

logical Pt-mass activity target in fuel cells (0.44 A mg�1
Pt). The synergy between

Co and Cu can be revealed by improved mass activity of dealloyed Pt20Cu20Co60
compared to both dealloyed PtCo3 and dealloyed PtCu3 in the fuel cell test [41, 47].

Similar activity improvements were also reported in dealloyed Pt20Ni60Cu20,

Pt20Ni60Fe20 and Pt20Ni60Co20 catalyst compared to dealloyed PtNi3 catalysts [47].

In principle, a similar compressive lattice-strain effect as revealed in the

dealloyed Pt binary catalysts could also account for the higher activity of dealloyed

Pt ternary catalysts compared with the pure Pt catalysts. Nevertheless, the origin of

the activity enhancement for dealloyed ternary catalyst compared to the dealloyed

Pt binary catalysts is still far from well understood. Exactly what kind of roles that

the third element plays needs further studies.

18.5 Stability of Dealloyed Pt-Based Nanoparticle Catalysts

Stability is a critical criterion with the same importance as activity for the viability of

an ORR catalyst in practical fuel cells. Since the ORR potential at the cathode of

PEMFCs is up to 1.2 V, a carbon-supported Pt nanoparticle catalyst can exhibit

several degradation mechanisms: (1) Ostwald ripening associated with Pt dissolu-

tion/redeposition, (2) particle migration and coalescence, and (3) carbon corrosion

[60]. For Pt alloy catalysts, dissolution of non-noble element at high potentials

becomes an additional mechanism for the catalyst instability. Dealloyed core–shell

nanoparticles with protective Pt shells are assumed to be stable against further

degradation associated with the dissolution of non-noble element. However,

Mayrhofer and coworkers found that there was a surface segregation of the oxophilic

non-noble metals initiated by the adsorption of oxygenated species (such as OHad)

under the reactive conditions [61]. Such adsorption-induced surface segregation
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Fig. 18.10 (a) Current–voltage characteristics of 10 cm2 single H2/O2 fuel cells using dealloyed

Pt–Co–Cu cathode catalyst, in comparison with dealloyed PtCo3 cathode catalyst and standard Pt

cathode catalysts. (b) Pt-mass activities at 0.9 V of the dealloyed Pt–Co–Cu cathode catalysts

(reprint with permission from ref. [41])
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would result in continued dissolution of the non-noble metals, which is detrimental

to the stability of the particle-core composition and hence the lattice-strain-con-

trolled ORR activities of the dealloyed Pt catalysts.

Figure 18.11 presents the evolution of the mass activity of a dealloyed PtCu3
catalyst during 4,000 potential cycles between 0.6 and 1.0 V/RHE at 100 mV s�1,

indicating that it is able to maintain the activity enhancement over the Pt benchmark

for a long period [27]. Nevertheless, continued degradation of the catalytic activity

of dealloyed PtCu3 is clearly shown.

The influence of different non-noble alloy component (e.g., Cu, Co, Ni, Fe) on

the catalyst stability has not been well addressed until now. In a recent study, the

specific activity of dealloyed PtCu3 decreased 24 % after 10,000 cycles between 0.5

and 1.0 V while that decreased 42 % for dealloyed PtCo3 [48]. The loss of Cu/Co in

the catalysts was confirmed by compositional analysis using EDX. In comparison,

dealloyed PtNi3 showed 50 % decrease in the specific activity after the same test

protocol [50]. It therefore seems that the stability of the different catalysts is in the

order of dealloyed PtCu3 > dealloyed PtCo3 > dealloyed PtNi3 [50]. This differ-

ence is likely due to the different redox chemistry or different Pt–M interactions of

different alloy elements, but further systematic studies are needed to verify this

hypothesis.

We also investigated the stability of dealloyed Pt25Cu75 and dealloyed

Pt20Cu20Co60 catalysts in a realistic fuel cell MEA operated at 80 �C by voltage

cycling from 0.5 to 1.0 V at 100 mV s�1 (Fig. 18.12) [62]. After 30,000 voltage

cycles, both dealloyed Pt25Cu75 and dealloyed Pt20Cu20Co60 were able to retain

their mass and specific activity advantage relative to Pt/C. The mass activity of the

Fig. 18.11 Stability test of a dealloyed PtCu3 catalyst prepared at 600 �C by potential cycles

between 0.6 and 1 V/RHE in oxygen-saturated 0.1 M HClO4 (100 mV s�1) (reprint with

permission from ref. [27])
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dealloyed Pt25Cu75 prepared at 950 �C was even almost unchanged. Attractively,

dealloyed PtCuCo3 almost fulfilled both the DOE activity and stability target of

2017 (the dash lines in Fig. 18.12), which again highlights the benefit of dealloyed

ternary catalysts compared to binary catalysts. Nevertheless, there is a disadvantage

for Cu-containing catalysts that, once Cu was leached out, it can diffuse to and

redeposit on the anode side, which would cause continuous performance loss of the

anode side during long-term operation. Further optimization of the composition and

structure of a wide range of ternary catalysts is currently underway.

18.6 Core–Shell Fine Structures: Understanding

the Structure–Activity–Durability Relationships

at Nano-/Atomic Scale

So far, we have presented several types of dealloyed Pt binary and ternary nanopar-

ticle catalysts, which showed substantially enhanced ORR activities compared with

pure Pt. The activity enhancement originated from a lattice-strain-controlled mech-

anism. However, it is still unclear why different transition metals resulted in

different activities and stabilities and how particle structural characteristics such as

size, shape, and composition would come into play. To understand these issues, it is

important to achieve an atomic-scale understanding of the core–shell fine structures

Fig. 18.12 Stability measurement of various dealloyed PtCu3 and dealloyed PtCuCo3 catalyst

compared to pure Pt standard cathode catalysts in single fuel cell MEAs. The Pt-mass activities at

0.9 V are plotted before and after 30,000 voltage cycles (0.5–1.0 V, 100mV s�1). Cell conditions:

anode H2/cathode N2, 100 % relative humidity, 80 �C (reprint with permission from ref. [62])
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of the dealloyed nanoparticles, i.e., Pt-shell thickness as well as compositional

profile across the particle core, which play a critical role in the lattice-strain-

controlled ORR activities.

The core–shell structure character of dealloyed Pt catalysts has been disclosed

by various techniques such as anomalous X-ray diffraction [43], small-angle X-ray

scattering [42], X-ray photoelectron spectroscopy [27, 43], and TEM/STEM

[43, 63–69]. Among them, TEM/STEM is an indispensable tool for characterization

at nano-/atomic scale in real space. In particular, the recently developed aberration-

corrected TEM [70, 71] provides significantly improved spatial resolution down to

sub-Ångstrom scale. Due to much decreased contrast delocalization and hence high

accuracy on surface atomic structures, direct evidence of a gradient compressive

strain on the Pt-rich shell was provided using aberration-corrected high-resolution

TEM [67]. Meanwhile, combined with spectroscopic techniques such as energy-

dispersive X-ray spectra (EDX) and electron energy loss spectroscopy (EELS), the

convergent electron beam in the probe-corrected STEM becomes a powerful tool in

revealing the compositional distribution in individual nanoparticles at atomic scale.

Thanks to this advance, core–shell fine structures of the dealloyed nanoparticles

were revealed at atomic scale, enabling a comprehensive understanding of the

structure–activity relationships [23, 53, 63–66, 68, 69, 72, 73].

18.6.1 Size-Dependent Core–Shell Fine Structures

Particle size is an important parameter that strongly influences the activity of

catalyst nanoparticles. There are extensive studies on the particle size effect of Pt

particles on the ORR catalysis, showing that the area-specific activity increased as

the particle size increases due to a lower portion of low-coordinated Pt atoms on the

edges and corners [13, 74–77]. Taking the surface area into account, this leads to a

maximum mass activity at particle size of around 3–5 nm. Similar trends were also

reported in Pt3M alloy catalysts [13, 78, 79]. For dealloyed nanoparticles, situation

becomes more complex as the morphologies and core–shell structures were found

to be dependent on the particle size, being an additional contribution to the overall

size effect.

Oezaslan et al. found that there were three distinctly different size-dependent

morphology regimes in dealloyed PtCu3 and PtCo3 particles, as illustrated in

Fig. 18.13 [69]. When smaller than 10 nm, the dealloyed particles generally showed

a simple core–shell structure. When the size was between 10 and 20 nm, the

dealloyed particles showed more complex core/shell structure, where the Co-/Cu-

rich regions split into multiple separate core regions, indicating a near-surface

enrichment of Co/Cu. At even larger sizes (greater than 30 nm), surface pits and

nanopores coexisting with multiple cores were formed. The appearance of porous

dealloyed PtCu3/PtCo3 nanoparticle at larger particle size is also shown in

other reports, although the detailed critical sizes may be different [65]. The uncovered

size-dependent morphology seems to be general in a wide range of dealloyed
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Pt nanoparticles. In monodisperse dealloyed PtNi3 nanoparticles, Snyder et al. found

that particles with a size greater than approximately 15 nm tended to form

nanoporous structure, while particles smaller than 15 nm generally showed nonpo-

rous structure [80].

The observed size-dependent morphology of the dealloyed nanoparticle provides

an important insight into the existing material gap between dealloyed nanoparticles

and highly porous bulk-like bimetallic particles in corrosion science as we previ-

ously discussed. The occurrence of porous particles at larger sizes can be explained

well from an atomic-scale description of the dealloying process [30, 36, 37]. In

larger particles or even bulk bimetallic alloys, diffusion of residual more noble

atoms along the extended surface is relatively slow, which results in Rayleigh

surface instabilities promoting the formation of nanoporosity. In contrast, in small

enough alloy nanoparticles, the lower average coordination of the noble-metal atoms

on the surface increases their surface diffusion rate, suppressing the formation of

porosity and leading to solid core–shell nanoparticles.

It is still unclear that which kind of core–shell structure contributes the most to

the macroscopic overall catalytic activities of the dealloyed catalyst particle ensem-

ble. Researchers at General Motors found that the single-core–shell nanoparticles

provided most of the activity for dealloyed PtCu3 catalyst [3], while Snyder et al.

found that nanoporous dealloyed PtNi3 particles exhibited higher mass activity and

specific activity compared to the dealloyed solid nanoparticles PtNi3 with smaller

sizes [80]. Further studies are needed to clarify this issue.

18.6.2 Composition-Dependent Core–Shell Fine Structures

As previously shown in Sect. 18.3.2, the initial compositions of the precursor alloy

nanoparticles have a great influence on the activities of the dealloyed nanoparticles.

Fig. 18.13 Illustration of the evolution of size-dependent morphology and core–shell fine

structures of dealloyed PtCu3 and PtCo3 nanoparticle catalysts (reprint with permission from

ref. [69])
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A higher initial content of the transition metals is expected to result in a higher

extent of compressive strain over the formed Pt shell and hence possibly higher

ORR activity.

Recently, atomic-scale STEM analysis revealed more complex effects of the

initial composition on the core–shell fine structures of dealloyed nanoparticles. By

STEM/EDX analysis of a series of Pt1 � xNix nanoparticles (Pt3Ni to PtNi3), Wang

et al. found that a higher initial Ni composition resulted in a higher extent of

dissolution of Ni atoms, which resulted in a larger Pt-shell thickness [56]

(Fig. 18.14). As the strain energy cost would increase with the Pt-shell thickness,

there must be a strain relaxation over the shell-thickness direction, leading to a

lower extent of the compressive strain on the outmost Pt surface and thus lower

ORR activities. Very recently, STEM/EELS studies found that at further larger

initial composition, the Pt-shell thickness decreased again [53]. Apart from the

different Pt-shell thickness, an unusual Ni-enriched inner shell at subsurface layers

was also uncovered in the dealloyed PtxNi1 � x nanoparticles with higher initial Ni

compositions. The composition and the location of the Ni-enriched inner shells are

strongly dependent on the initial composition, which further controls the degree of

the surface lattice strain and hence the ORR activity of the Pt shell. Therefore, the

composition-dependent activity is controlled by a combined effect of Pt-shell

thickness and compositional distributions from the subsurface layers to the particle

core.

18.6.3 Atomic-Scale Mechanisms of Catalyst Instability

As described in Sect. 18.5, dealloyed Pt catalysts suffered from activity degradation

during long-term potential cycling. Both particle growth and dissolution of less-

noble transition metals after the potential cycling were confirmed by TEM and EDX

analysis. The particle growth was likely caused by a similar instability mechanism

as that for Pt, i.e., Ostwald ripening and coalescence, which would lead to a lower

surface area. The dissolution of the transition metals would lower down the lattice-

strain effect and hence the specific activity. The extent of the dissolution can be

dependent on the nature of the transition metals. For instance, dealloyed PtCu3
catalyst exhibited higher Cu content (Pt66Cu34) after 10,000 potential cycles com-

pared to dealloyed PtCo3, which changed to Pt83Co17 [48]. The higher residual

content of Cu can help maintain the lattice strain on the Pt shell and hence results in

higher stability. This result suggests that a rational selection of the transition metals

is important to achieve high catalyst stability.

Using aberration-corrected STEM and EELS mapping, Xin et al. performed a

statistical analysis of elemental distributions in hundreds of Pt3Co nanoparticles

across different stages of catalyst aging in PEMFCs, revealing a surprising coupling

among different instability mechanisms (Co leaching, Ostwald ripening, and parti-

cle coalescence) [68]. The Pt3Co catalyst was chemically leached from a PtCo
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precursor alloy and exhibited single-core–shell structure with a uniform Pt-shell

thickness of around 0.7 nm (~3 monolayers). After 30,000 cycles between 0.6 and

1.0 V in a fuel cell MEA, core–shell features were clearly disclosed besides the

apparent particle coarsening: firstly, unlike single-core–shell particles before sta-

bility test, multiple alloy cores were found in many particles with more complex

shape after long-term potential cycling, showing a signature of significant particle

coalescence. Such particle coalescence was further clearly visualized by 3-D

electron tomography [72]. Secondly, much thicker Pt shells were found, and the

larger the particles, the larger the Pt-shell thickness. Interestingly, the increased

Pt-shell thickness was found to originate from Pt redeposition through Ostwald

ripening instead of Co dissolution. The Co dissolution was suspected to be from

smaller particles that had dissolved completely. This is consistent with the Ostwald

ripening mechanism, that is, the preferential dissolution of Pt atoms in smaller

particles exposed subsurface Co to be co-dissolved, while redeposition of Pt atoms

on larger particles protected their Co-containing cores and resulted in thicker

Pt shell. Finally, the coalescent multi-core particles exhibited not only larger

particle size but also much larger Pt-shell thickness compared to single-core

nanoparticles. This may be because there were more Pt redeposition on the irregular

coalescent particles to minimum the surface curvature, suggesting a complex

Fig. 18.14 Aberration-

corrected STEM and EDX

line scan analysis of the

core–shell fine structures of

dealloyed Pt1 � xNix
nanoparticles (reprint with

permission from ref. [56])
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interplay between coalescence and Ostwald ripening mechanism. The thickening of

Pt shell especially at larger particles after long-term potential cycling was further

confirmed by Carlton et al. [66].

The increased Pt-shell thickness associated with Pt redeposition due to the

Ostwald ripening provides a new insight on the instability mechanisms for

dealloyed Pt-bimetallic catalyst. Apart from the particle growth that leads to a

lowered specific surface area during the Ostwald ripening, the increased Pt-shell

thickness gradually relaxed the lattice strain and is a critical reason for the activity

degradation. The uncovered Pt-shell thickening due to Ostwald ripening suggests

that durability of the catalysts can be further improved through advance in the

synthesis of monodisperse nanoparticles. Further studies are also needed to investi-

gate the relative contribution of Pt redeposition and transition-metal dissolution to

the increased Pt-shell thickness.

18.7 Conclusion

We have reviewed the family of dealloyed Pt-based nanoparticle electrocatalysts

for the electroreduction of oxygen at PEMFC cathodes, which were synthesized by

selective dissolution of less-noble atoms from Pt alloy nanoparticle precursors. The

dealloyed PtCu3 catalyst showed a promising improvement factor of 4–6 times on

the Pt-mass ORR activity compared to a state-of-the-art Pt catalyst. The highly

active dealloyed Pt catalysts can be implemented inside a realistic MEA of

PEMFCs, where an in situ voltammetric dealloying procedure was used to

constructed catalytically active nanoparticles. The core-shell structural character

of the dealloyed nanoparticles was confirmed by advanced STEM and elemental

line profile analysis. The lattice-contracted transition-metal-rich core resulted in a

compressive lattice strain in the Pt-rich shell, which, in turn, favorably modified the

chemisorption energies and resulted in improved ORR kinetics.

The dealloyed core–shell nanoparticle concept was successfully extended to a

wide range of transition-metal-rich Pt bimetallics (PtCo3 and PtNi3) and Pt

trimetallics (Pt–Co–Cu, Pt–Ni–Cu, Pt–Ni–Co, etc.), demonstrating a general strat-

egy to modify the surface catalytic properties of noble metals. Stability tests

showed that dealloyed Pt catalysts could in principle maintain their high ORR

activities over extended period. However, long-term stability is still a critical

challenge. To solve this problem, developing dealloyed Pt-ternary catalysts shows

to be a promising way.

Thanks to the advanced characterization techniques such as aberration-corrected

electron microscopy and spectroscopy, more complex core–shell fine structures of

the dealloyed nanoparticles can be studied at atomic scale [53, 73], enabling a

comprehensive understanding on the structure–activity–stability relationship. To

achieve both high activity and stability, future works will concentrate on understand-

ing and optimizing the core–shell fine structures of dealloyed nanoparticles through

the control of particle size, composition and shape, the dealloying conditions, etc.
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Chapter 19

Core–Shell Catalysts in PEMFC Cathode

Environments

Sarah Ball

Abstract A wide variety of core–shell electrocatalysts have been investigated in

recent years, showing benefits for the oxygen reduction reaction (ORR) in acid

electrolytes. Particularly high values of activity per gram of Pt are often measured

for core–shell systems in rotating disc electrode (RDE) measurements; however,

fewer systems have been tested for performance and durability in membrane elec-

trode assemblies (MEAs) under realistic proton exchange membrane fuel cell

(PEMFC) conditions. This chapter discusses the various approaches, both electro-

chemical and chemical, used to prepare core–shell materials at both small and gram

scales and highlights some of the methods used to assess the uniformity of the Pt shell

and activity and durability. Available data from MEA testing is reviewed along with

some of the implications on overall cost of the use of precious metals within the core.

So far, a limited number of core–shell materials have been tested in MEAs, and these

data tend to show a lower activity compared to testing at microgram scale under more

idealized conditions, due to the combination of catalyst scale-up issues and

differences in testing protocols, test conditions (temperature, pH), and catalyst insta-

bility. Thus, an increasing focus on the validation of the core–shell approach under

realistic MEA test conditions is necessary, to demonstrate their true benefits as cost-

effective cathode catalysts for PEMFCs.

19.1 Introduction

At present, the commercial large-scale use of PEM fuel cell technology, particularly

in automotive applications, is limited by the relatively high cost and insufficient

durability of the currently available electrocatalyst materials used for the oxygen
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reduction reaction (ORR) at the cathode [1–3]. The core–shell electrocatalyst

approach deliberately deposits the high-cost, high-activity precious metal compo-

nent (usually Pt) as a thin layer on the surface of a lower-cost substrate/nanoparticle

core, as only atoms at the nanoparticle surface actively participate in the electro-

chemical reactions. This approach can provide significant benefits in precious metal

thrifting, depending on the choice of core type, compared with Pt nanoparticle

catalysts, as precious metal within the center of the nanoparticle (core) is replaced

with lower-cost elements. To date a wide range of different types of core have been

investigated including Pd, Pd alloys, Ir, Ir alloys, Au, Ag, and various first-row

transition metals and their oxides [4–7]. In addition to cost reduction achieved by

reducing/removing precious metal content within the particle core, the geometric

and electronic effects induced by the underlying substrate core can enhance the

activity of the Pt overlayer for the oxygen reduction reaction, leading to greater

activity per mass of Pt than that expected based on thrifting alone.

Pt-based mass activities from 0.5 to over 2 A/mgPt at 900 mV [8–10], signifi-

cantly exceeding the US Department of Energy Targets of 0.44 A/mgPt for auto-

motive fuel cell applications, have been reported for a wide variety of core–shell

electrocatalyst systems in measurements of oxygen reduction activity using the

rotating disc electrode (RDE) setup, at room temperature in liquid electrolytes.

These high activities also significantly exceed the typical mass activity of commer-

cial carbon-supported Pt nanoparticles of around 0.15 A/mgPt [1]. However, these

very high activities reported for core–shell materials are yet to be translated to such

high performances in membrane electrode assemblies (MEAs), with the highest

Pt-based mass activity reported in MEAs using US DoE-recommended protocols

remaining a much more modest 0.3–0.4 A/mgPt [11, 12]. The discrepancies

between the oxygen reduction activity observed in MEAs compared with that

under more ideal conditions may be caused by a range of factors, such as

differences in catalyst layer preparation and utilization, test protocol, temperature,

and electrolyte type [13]. However, these discrepancies often appear larger in the

case of core–shell catalyst materials compared to pure Pt and Pt alloy nanoparticles

on carbon [14]. Electrochemical cycles and oxidizing conditions are expected to

segregate core atoms toward the surface of the nanoparticles, disrupting the unifor-

mity and stability of the Pt overlayer [15], and such processes may be more

aggressive in the MEA environment. In addition, the highest activity values

reported for core–shell material are, for example, prepared by electrochemical Pt

deposition in situ on the RDE tip, while the preparation of sufficient material for

MEA testing often requires adjustments to the methods used and tends to give lower

activities both in MEA and RDE test environments, presumably as a consequence

of poorer shell uniformity in the scaled-up samples [9, 16]. Therefore, multiple

factors can influence the performance and durability of core–shell catalyst materials

within the MEA environment, and these will be discussed in the subsequent

sections of this chapter.

This chapter will focus mainly on core–shell materials prepared by the addition

of a Pt monolayer (PtML) to a preformed core, by various approaches (chemical and

electrochemical), and consider the uniformity, stability, and activity of materials of
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this structure. Chapter 18 in this book describes alternative methods used to produce

a core–shell or surface-segregated structures, such as annealing treatments and

dealloying/electrochemical cycling of base-metal-rich Pt alloy particles to produce

a Pt-rich surface, so these approaches will not be discussed in detail here. As many

reported core–shell electrocatalysts use alloys of alternative precious metals to Pt

within the core, such as Pd, Au, and Ir, the implications of core type on catalyst cost

reduction will also be considered.

19.2 Background

The preparation of core–shell catalysts for the ORR was pioneered by Adzic et al.

Initially, this group investigated the preparation and behavior of Pt monolayers

deposited on a range of different single crystal surfaces, prepared by galvanic

displacement of a copper monolayer that had been deposited by Cu under potential

deposition (Cu UPD). The effects of different underlying metal substrates on the O2

dissociation and OH formation energies on the Pt overlayer [17] and correlation

with the oxygen reduction activity of these different surfaces were observed. This

balance between ease of O2 dissociation and ease of OHads formation (required to

react further with H+ and generate water) produces a typical volcano plot,

illustrated in Fig. 19.1. The slight contraction in the Pt overlayer on a Pd substrate

results in enhanced ORR activity for PtML/Pd(111) over Pt only, while PtML/Au

(111) binds Oads too strongly and PtML/Ir(111) binds Oads too weakly for these

examples to give enhanced activity.

Both geometric and electronic effects from the underlying substrate create shifts

in the d-band center of the core–shell electrocatalyst compared to Pt only, which

influence the activity for the ORR. The Pt monolayer deposition via Cu UPD

displacement is described in the next section in comparison with other core–shell

preparation methods.

This approach was then applied to produce Pt monolayer catalysts on Pd

nanoparticles [18] and a wide range of different nanoparticle cores supported on

carbon, as well as other single crystal surfaces. Various Pd alloy cores have been

investigated, aiming to fine-tune the strength of the Pt–O bond in PtML/PdyX(1 � y)

(X ¼ Co, Fe, Cu, Cr) and further enhance the activity for the ORR by progressing

toward the peak of the activity volcano [8, 14]. The effects of mixing other elements

such as Ir and Re into the Pt overlayer and the use of full and partial interlayers of Pd,

Ir, and Au between the main part of the core and Pt overlayer have also been explored

[6, 19, 20] and shown to influence both the activity and stability of the core–shell

electrocatalysts.

Various electroless preparation methods have also been investigated, and the

different synthetic approaches will be reviewed in the next section. Synthesis of

shaped core particles such as tetrahedra, cubes, and nanowires has also been

attempted to increase the fraction of the particle surface that is present as particu-

larly active crystal facets, such as (111).
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19.3 Overview of Core–Shell Preparation Methods,

Characterization, and Factors Affecting Shell Uniformity

19.3.1 Pt Shell Deposition Methods: Electrochemical

The deposition of a Pt monolayer via the galvanic displacement of an under poten-

tially deposited (UPD) Cu monolayer has been widely used to deposit Pt shells onto

various substrate cores. Figure 19.2 illustrates a schematic of this process for the

deposition of Cu onto a Pd@Co core followed by displacement of the Cu layer with

Pt [21].

The precursor core material, Pd or Pd alloy nanoparticles supported on carbon,

for example, is dispersed in solvent þ Nafion ionomer solution and coated onto a

glassy carbon RDE and dried. The electrode is then immersed in a 50 mM H2SO4 þ
50 mM CuSO4 solution and held at or cycled to potentials positive of the bulk Cu

deposition potential of 0.36 V vs. RHE to achieve Cu monolayer deposition. Initial

descriptions of this procedure describe removal and washing of the electrode before

transferring to a1.0mMK2PtCl4 þ 50mMH2SO4 for thePt galvanic displacement step

[21]where Cu0 is spontaneously oxidized by Pt2+ to leave Pt on the nanoparticle surface

and the removal of Cu. However, more recent reports use a slow injection of K2PtCl4 at

lower concentrations and repeated cycles between 0.37 and 0.67 V in the presence of

both the Cu and Pt salts. This is thought to lead to an increased uniformity of the Pt
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Fig. 19.1 Models of pseudomorphic monolayers of Pt on three different substrates inducing

compressive strain (Ir(111) and Pd(111)) and expansive strain (Au(111)) and activation energies

for O2 dissociation and OH formation on different PtML/X surfaces as a function of oxygen

binding energy. Figure redrawn by the author with permission based on a diagram provided by

R. Adzic, based on diagrams in [17]
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overlayer, as the repeated Cu UPD and stripping cycles slow the rate of Pt deposition

and allow time for the surface diffusion of Pt adatoms so smooth layers may be formed

[22]. A final sweep to 1 V is used to completely remove Cu. A combination of high-

angle annular dark-field (HAADF) imaging and Pd electron energy loss spectroscopy

(EELS) used to map the nanoparticles and presence of Pd within them suggested a

0.5 nm difference in radius consistent with the formation of a two-layer-thick Pt shell

[22] (Fig. 19.3).

In addition to the preparation of microgram samples on the RDE tip, this

approach has been modified to scale up to gram-size quantities using an electro-

chemical cell where core nanoparticles are dispersed as powder in the electrolyte

and a RuO2-coated Ti cylinder acts as the working electrode (WE) [9].

The uniformity of the Pt overlayer is of great importance in determining the

activity and stability of the final catalyst material. While original studies were

performed using uniform single crystal surfaces, small nanoparticles contain a

range of particle sizes and coordination sites/surface facets. As described above,

high-resolution TEM (HAADF) and EELS may be combined to map the structure of

individual particles in some core–shell systems, but such analysis is limited by the

small fraction of the total number of particles studied (and the EELS signal associated

Pd

Co
Cu

Pt2+

Pt

Cuupd

Fig. 19.2 Schematic illustrating the process of Cu under potential deposition followed by

galvanic displacement by Pt for a PdCo nanoparticle core [21]

Fig. 19.3 LHS diagram illustrates the cyclic voltammetry changes during repeated cycles of

Cu-mediated Pt deposition onto Pd cores, while central diagram shows HAADF for a single

particle and the RHS Pd EELS for the same particle, indicating difference in radius between entire

particle and Pd-rich center [22]
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with core atoms). X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD)

measurements provide information on the average coordination of different elements

within the structure, giving a more global view of the electrocatalyst structure.

Recently XAS investigations were used to explore the Cu UPD process as a

function of applied potential on carbon-supported Au nanoparticles [23]. Analysis

of both the Cu and Au extended X-ray absorption fine structure (EXAFS) indicated

only partial monolayer coverage at potentials where a complete Cu monolayer is

predicted for single crystals. The structure of deposited Cu was found to be more

consistent with Cu cluster formation at defects in the Au surface than the presence

of a smooth monolayer due to lower than expected numbers of Au–Cu neighbors

and Cu–Cu neighbors fitted in EXAFS analysis. The absence of a uniform mono-

layer of Cu on the nanoparticles implies that subsequent displacement of Cu by Pt is

unlikely to result in the formation of a uniform Pt shell [23].

The presence of Pt nanoparticles/clusters compared to the desired uniform shell

has also been inferred from changes to synchrotron XRD patterns under He and H2

for PtML/Pd core–shell samples via Cu UPD at gram scales [24]. The similar lattice

constants of Pt (0.389 Å) and Pd (0.391 Å) result in XRD peak at similar positions;

however, Pd nanoparticles absorb H2 resulting in an increase in lattice constant

causing the XRD peak to shift to lower 2θ values. While a thin Pt monolayer on the

Pd nanoparticle surface would be expected to also expand in the presence of H2,

isolated Pt clusters on the Pd surface/detached Pt nanoparticles will be uninfluenced

by the change to an H2 atmosphere. This technique has been used as a diagnostic to

observe the benefits of modifications to a preparation procedure [24, 25]. The effect

of reducing potentials and H absorption into the Pd core lattice have also been

explored via EXAFS on PtML/Pd/C core–shell samples of varying Pt shell thick-

ness prepared by a chemical deposition procedure [26]; these results are discussed

in Sect. 19.3.2.

The Cu UPD approach has recently been applied to produce Pt–Pd core–shell

nanowire catalysts [27]. Ultrathin Pd nanowires with diameters of ~2 nm were

prepared and deposited onto XC-72R carbon, followed by surfactant removal by

either acetic acid wash or a novel UV–ozone process, then selective CO adsorption

to remove undesirable organic residue. Pt was then deposited via a Cu UPD

galvanic displacement step using a sample of the treated Pd nanowires deposited

on an RDE tip. At 900 mV, high mass activities for the ORR reaction of 1.83 A/

mgPt and 1.47 A/mgPt were achieved for the ozone-treated and acid-treated

samples, respectively. Pt monolayers have also been prepared on Pd tetrahedra

using the Cu UPD galvanic displacement approach [28].

In addition to analysis by HAADF and elemental line scans, changes to the X-ray

absorption near edge structure (XANES) may be investigated as a function of

potential to investigate the structure of core–shell materials. Figure 19.4 shows

results of these types of analysis for PtML/IrNi/C core–shell particles, where

smaller changes in the XANES spectra vs. reference spectra at 0.41 V [plotted as

(Δμ � Δμ0.41)/Δμ0.41 y axis, Fig. 19.4c] are observed for the core–shell compared

to a Pt/C reference catalyst material. These data may be interpreted as a smaller

change in Pt surface oxidation for the core–shell system, indicative of lower OH

566 S. Ball



coverage and O binding energy, correlating with a higher activity for ORR vs. Pt

only (Fig. 19.4d) [29].

Pt deposition via galvanic displacement of a Cu UPD layer has been achieved for

a variety of nanoparticle cores/substrates such as Nb2O5 nanoparticles, Au

nanoparticles, Ir and Ir alloy [29], and Pd and Pd alloys [11, 30]. The activity of

some of these systems is summarized in Table 19.1 in Sect. 19.4 of this chapter.

Direct deposition of Pt onto lower-cost transition metal cores such as Co and Ni is

challenging, due to the highly oxidizable nature of these cores and the presence of a

more noble metal as an interlayer, or preparation of a surface-segregated alloy core,

have been explored. Voltage cycling of the core in the presence of Br� anions has

been used to remove low coordination sites in Pd3Co cores and increase Pt shell

uniformity and activity; however, Co is still leached from the core under opera-

tional conditions [31]. The use of Pd9Au alloy cores has been shown to significantly

enhance the durability in MEA potential cycling tests (see Sect. 19.4) compared to

PtML/Pd/C where substantial Pd dissolution was observed [11]. The same group

has also reported similar benefits for a hydrogen adsorption/desorption core–shell

preparation method (although full details are yet to be published) [12].

Fig. 19.4 (a) and (b) Dark-field TEM line scan and elemental mapping of PtML/IrNi core–shell

particle, (c) variation in mass activity in RDE testing for RDE and g-scale Cu UPD scale up, and

(d) Δμ XANES of PtML/IrNi compared with Pt-only nanoparticles [29]
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In all cases where direct comparisons are reported, the scale-up of Cu UPD-

based preparations from RDE tip to gram scale results in an associated drop in

measured activity [29, 30] (as illustrated in Fig. 19.4d) for the PtML/IrNi/C system

and summarized in the table at the end of Sect. 19.4. Successful scale-up of

electrochemical Pt overlayer deposition to the tens to hundreds of grams required

for commercial MEA production remains a challenge with various groups

investigating different electrochemical cell designs, additives, and procedures to

improve shell uniformity in large batches of material. Japan-based company N.E.

Chemcat recently licensed BNL core–shell catalyst scale-up technology including

apparatus used in gram-scale manufacture [32].

19.3.2 Pt Shell Deposition Methods: Chemical

Core–shell catalyst materials may also be prepared by non-electrochemical routes.

Core–shell nanoparticles may be produced in solution using colloidal methods, by

sequential deposition of the core and shell components [33], or Pt layers may be

deposited chemically or via displacement reactions onto preprepared core

nanoparticles, but in contrast to approaches described in Sect. 19.3.1, no applied

potential is required; typically core particles or colloidal core–shell particles are

deposited onto carbon supports.

In colloidal preparation routes using various metal salts, either aqueous or organic

solvents, a surfactant and a reducing agent can be used to produce nanoparticles and

core–shell materials of varying types. A recent review by Peng covers many of these

approaches and discusses how the choice of metal salt, solvent, surfactant, reducing

agent, and reaction conditions may be used to control the size, shape, and metal shell

growth mode [34] of various types of nanoparticles. Where surfactants are used to

control electrocatalyst shape, size, and morphology, the steps required to later remove

these organic species from the catalyst surface should also be considered, as such

species may act to poison the surface sites.

An example of such a core–shell preparation is the synthesis of PtML/PdPt

core–shell nanoparticles using an organic colloidal method. The PtPd cores were

prepared by premixing palladium chloride (precursor metal salt) with sodium citrate

(surfactant) and ethylene glycol (both solvent and reducing agent), followed by

addition of hexachloroplatinate, pH adjustment, and heating at 160 �C in an autoclave

for 8 h; then further Pt salt was added via a similar procedure to produce the Pt shell

[33]. PtML/Pd3Fe/C [35] and PtML/Au/C core–shells [36, 37] have been prepared

using similar types of approaches. The nanoparticles may be added to a carbon

support after synthesis, or in some case, the carbon support is present during the

autoclave/reflux step. The concentration and choice of surfactant used influence both

the size and shape of the nanoparticles formed [34].

A chemical preparation route was also used to prepare Pt on Ag nanoparticles,

where silver trifluoroacetate was mixed with oleylamine in isoamyl ether to synthe-

size Ag nanoparticles which were isolated, washed, then further reacted with
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Pt(acac)2 [38]. UV–vis spectroscopy was used to monitor the growth of Pt onto the

Ag nanoparticle, with a gradual decrease in the intensity of the Ag plasmon band

indicating increasing coverage by Pt nanoparticles. HAADF-STEM and elemental

mapping were used to confirm the presence of an Ag core almost completely covered

with multiple 3 nm Pt nanoparticle rather than a continuous Pt overlayer (Fig. 19.5).

Two types of treatment were investigated to remove the surface-capping agents on

the Pt–Ag nanoparticles: (1) reaction with acetic acid where the Pt–Ag nanoparticle

structure remained intact and (2) heat treatment in air to 300 �C followed by exposure

to a reducing atmosphere where XRD evidence suggests mixing to form an alloy had

occurred; the effect of electrochemical leaching of Ag to generate hollow Pt spheres

was also explored—see Sect. 19.3.3 [38].

Pt–Pd bimetallic nanodendrites produced by a chemical route exhibit a some-

what similar morphology to the Pt–Ag samples described above; however, in the

case of the Pt–Pd nanodendrites, Pt branches appear to grow epitaxially on faceted

Pd nanocrystal seeds. Reduction of Na2PdCl4 with L-ascorbic acid in aqueous

solution was used to generate these truncated octahedral Pd nanocrystals, followed

by addition of K2PtCl4, nucleation of Pt on the Pd facets, and further growth of Pt on

these nuclei to form the nanodendrites [39]. These systems showed ORR mass

activity of 0.241 A/mgPt at 900 mV in RDE tests.

A series of PtML/Pd/C core–shell samples with varying nominal Pt shell thickness

have also been prepared via a proprietary chemical method and explored using XAS

and electrochemical techniques [26]. Analysis of EXAFS at the Pd K and Pt L3 edges

for catalyst pellet samples revealed the expected increase in Pt–Pt and decrease in

Pd–Pt and Pt–Pd neighbors with increasing nominal Pt coverage from 0.5 to

2 monolayers of Pt (calculated based on catalyst surface area of the Pd/C cores).

Further EXAFS measurements under electrochemical control in liquid electrolytes

revealed an increase in average Pd–Pd bond distance to 2.780 Å at 0.0 V for the 0.5 of

Fig. 19.5 Representative HAADF-STEM images and their corresponding elemental maps of

Pt-on-Ag nanoparticles at (a–d) low and (e–h) high magnifications [38]
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a monolayer nominal coverage compared to 2.740 Å at 0.525 V (vs. RHE) associated

with absorption of H atoms into the Pd lattice with low potentials. This effect was

particularly pronounced for the 0.5 monolayer coverage sample but still present in a

catalyst with nominal coverage of two monolayers of Pt, although to a lesser degree,

implying higher Pt coverage creates a barrier or constraint to H adsorption into the Pd

core [26].

Preparation of core–shell nanoparticles of PtML/Pd core on carbon has also been

attempted via an electroless Cu deposition intermediate step, where preformed carbon-

supported Pd nanoparticles are suspended in a solution containing CuSO4 and

ethylenediaminetetraacetic acid (EDTA) to deposit Cu, then Pt salt added to galvani-

cally displace the Cu. XPS and HAADF-STEM of the intermediate Cu/Pd

nanoparticles confirmed the successful deposition of Cu via electroless deposition.

The Pt and Pd distributions in the final sample tracked one another in TEM elemental

analysis, and ~2.5 times Ptmass activity improvement was observed in RDE tests [40].

The behavior of PtML/Pd3Co nanoparticles on carbon prepared by (1) electro-

chemical (Cu UPD) and (2) chemically deposited (proprietary) methods has been

compared using the same precursor core batch [41, 42]. Figure 19.6 shows STEM of

a single particle and Pd EELS and HAADF signals from line scans in different
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Fig. 19.6 STEMmicrograph of 10 nm PtML/Pd3Co/C particle and Pd EELS and HAADF signals

from line scans, providing structural evidence for the formation of a Pt shell [41]
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directions for a scaled catalyst prepared by a chemical route, providing structural

evidence for the formation of a Pt shell. Variations in the apparent thickness of the

Pt shell may relate to thinning at the Pd3Co–carbon interface and thickening of the

Pt shell on the opposing side of the particle. In addition, certain faces or defects on

the Pd3Co nanoparticle core may be preferred sites for Pt deposition. Similar

variations in Pt shell thickness from 0.5 to 1.2 nm are also reported for gram-

scale PtML/Pd2Co/C samples prepared by Cu UPD (Pd:Co 2:1 atomic ratio cores).

A comparison of activity for ORR in the RDE activity comparison of samples

prepared on the RDE tip, gram-scale Cu UPD preparations, and gram-scale chemi-

cal route preparations shows ~1 A/mgPt for microgram-scale RDE tip preparations,

falling to 0.7 A/mgPt for both scaled preparation routes, again highlighting the

difficulties of effective core–shell catalyst scale-up using either electrochemical or

chemical routes.

Preparation of Pt shells on Co cores has also been explored via a redox-

transmetalation process, where Pt2+ in Pt(hfac)2 is reduced to Pt, while surface

Co atoms on the Co core are oxidized via migration of the hfac ligand;

repeated cycles of the reaction are required to generate the Pt shell [43]

(hfac ¼ hexafluoroacetylacetonate).

19.3.3 Other Approaches: Surface Segregation and Dealloying

Core–shell structures may also be achieved via annealing of alloy particles under

particular atmospheres or dealloying of the more oxidizable elements from alloy

nanoparticles. Electrochemical dealloying approaches are generally used to gener-

ate a Pt-rich shell and base-metal-rich core and are reviewed in detail in Chap. 18.

Annealing has been used to segregate particular elements to the surfaces of

nanoparticle alloys, where relative atomic size, energies of formation, and the

choice of gas environment influence which of the component elements segregates

to the surface. Annealing of alloy catalyst powders in the gas phase in certain gas

environments may be used to increase the Pt surface content for PtCo and other Pt-

containing alloys. Annealing of PtCo alloy particles in CO gas results in segrega-

tion of Pt to the surface as a consequence of the increased absorption enthalpy of

CO on Pt compared to Co [44]. These approaches have also been used to produce

surface-segregated alloy core particles for subsequent Pt deposition via the electro-

chemical and chemical described in Sects. 19.3.1 and 19.3.2. Annealing in H2/Ar

atmospheres is used to produce Ir-rich shells on IrFe [45] and IrNi [46] cores used to

prepare PtML/IrX core–shell systems, with greater uniformity of Pt deposition

observed on the Ir-rich surface. Electrochemical annealing in CO-saturated electro-

lyte has been shown to segregate Pt to the particle surface and enhance activity for

the ORR reaction [44].

Electrochemical dealloying of Pt–Ag [38] and other Pt-metal core–shell systems

has been used to produce hollow Pt spheres. This is a manifestation of the nanoscale

Kirkendall effect whereby less stable core metal atoms are lost from the center of
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the particle via vacancy-mediated diffusion. Although this effect essentially dooms

all core–shell structures to the gradual loss of the activity-enhancing elements from

the core, hollow Pt sphere catalyst particles may be generated that retain a lattice

contraction and enhanced activity over standard Pt electrocatalysts, as illustrated in

Fig. 19.7 [47].

Porous/hollow Pd–Cu nanoparticles have also been prepared on the RDE tip by

selectively dealloying Cu from PdCu6/C, and subsequent Pt electrochemical deposi-

tion via Cu UPD used to create highly active surfaces for the ORR. Very high oxygen

mass activities of ~2.8 A/mgPt were reported, and HAADF-TEM imaging confirms

much lower Cu content in porous particle compared with the uncycled precursor [10].

Physical processes may also be used to deposit Pt onto various types of supports.

An example of this type of approach is the preparation of Pt-metal monolayers

supported on low-cost transition metal carbides, prepared by magnetron sputtering

of Pt onto thin films of W and Mo carbides. While Pt monolayers were achieved on

the thin-film electrode geometry used in this study, uniform deposition of Pt onto

high surface area particulate materials or mesoporous structures by these methods

remains challenging [48].

19.4 Performance and Stability of Core–Shell Catalysts

19.4.1 Performance of Core–Shell Materials in Membrane
Electrode Assemblies and Comparison with Rotating
Disc Electrode

It has been repeatedly observed by various researchers that the very high oxygen

reduction activities reported for core–shell catalyst materials measured with the

Fig. 19.7 (LHS) (a and b) High-resolution STEM images of Pt hollow spheres and (c and d) line

scans parallel and perpendicular to the lattice planes (RHS) comparison of the ESA of solid and

hollow Pt spheres based on hydrogen desorption charges and ORR-specific and Pt mass activities

measured at 0.9 V in RDE measurements [47]
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RDE setup are not reproduced within the MEA operating environment. While very

high Pt-based mass activities in the range from 0.5 to 1.5 A/mgPt at 900 mV may be

observed under rotating disc operating conditions depending on the core–shell type,

the highest Pt-based mass activity reported in MEAs using US DoE-recommended

protocols remains a much more modest 0.3–0.4 A/mgPt. A range of factors can

contribute to this so-called RDE-MEA gap, and these will now be discussed.

Table 19.1 summarizes some of the available published data for oxygen mass

activity values at 900 mV iR-free under RDE and MEA test conditions and where

possible also shows the effect of catalyst scale-up vs. preparation on the RDE tip on

the mass activity. The reported activities for carbon-supported conventional Pt and

PtCo alloy catalysts are shown for comparison purposes. Many core–shell systems

also exhibit high specific activities (activity corrected per active catalyst surface

area typically reported as μA/cm2 Pt) when compared to state of the art Pt/C.

Increasing catalyst particle size has been shown to enhance specific activity for

carbon-supported Pt and Pt alloys, as larger particles have a lower proportion of

edge and corner sites, fewer defects, and more faceted surfaces, leading to greater

intrinsic activity (the particle size effect). However, as the mass activity [A/mgPt or

A/mgPGM (PGM ¼ platinum group metal)] is of greater importance in determin-

ing the usefulness of the core–shell approach in MEAs as a cost reduction measure,

specific activity improvements are not discussed further here. Specific activity

values for many of the core–shell systems can be found in the references cited in

Table 19.1 and elsewhere in this chapter.

As alluded to in Sect. 19.3, the scale-up of electrochemically prepared core–shell

catalyst materials from preparations on the RDE tip to gram-scale batches results in

a decrease in the mass activity, from over 1 A/mgPt to ~0.5–0.7 A/mgPt for PtML/

PdxCo and PtML/IrNi systems where comparative data is available. While no

detailed information on the reasons for this discrepancy is provided, variations in

the uniformity and Pt shell thickness between RDE and gram-scale preparations are

likely to be responsible. In addition, activity values are subject to reasonably large

error bars due to the small amounts of Pt present. While gram-scale preparations

allow an accurate determination of the Pt assay of the final product via ICP-MS, the

exact Pt content of samples prepared on the RDE tip may be less accurately known

if calculated from cyclic voltammetry Cu stripping charges [22]. In some cases,

activity is quoted per g of PGM as well as per g of Pt, and these values should scale

by the same factor for samples prepared by the different methods, if the same

precursor cores are used and the same Pt thickness (Pt to core atom ratio) is

achieved. However, Pt/IrNi/C cores prepared on the RDE tip show activity of

1.4 A/mgPt and 0.78 A/mgPGM, while versions from the gram-scale preparations

show 0.77 A/mgPt and 0.22 A/mgPGM, indicating some variations in overall

composition between the RDE and gram-scale-prepared samples [16].

PtML/Pd3Co/C systems show similar RDE activity values for gram-scale

samples prepared by either electrochemical or chemical routes, but samples

prepared by both of these methods are lower in activity (0.7 A/mgPt at 900 mV)

compared with the sample prepared on the RDE tip [41]. On transfer to the MEA,

PtML/Pd3Co/C catalysts (prepared either electrochemically or chemically) show
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substantially lower activity than in the RDE environment (falling from 0.7 A/mgPt

to ~0.15 A/mgPt) [42], and PtML/Pd/C (electrochemically prepared) samples

showed a more modest halving of activity from 0.6 A/mgPt [9] to 0.3 A/mgPt

[11]. During tests in liquid electrolytes, PtML/Pd3Co/C catalysts, both electro-

chemically and chemically prepared versions, showed at least 25 % Pd loss on

exposure to 1 M H2SO4 at 80
�C (analogous to the MEA environment) via ICP-MS

measurements on the electrolyte. However, no Pd loss was observed in 0.1 M

HClO4 at RT (equivalent to RDE conditions) [14].

PtML/Pd/C also clearly shows loss of Pd in the MEA environment, via the

formation of a Pd band within the membrane following voltage cycles (Sect. 19.4)

[11]. The increased temperature and more aggressive environment within the MEA

are therefore thought to contribute to the lower activities observed (compared to the

RDE environment) as a consequence of the propensity of the less noble elements to

dissolve from the core.

The variation in RDE andMEA activity is also partially due to the different testing

protocols used. ORR activity measurements in the MEA often use the protocols

defined by the USDOE, involving a polarization curve using pure oxygen, 150 kPaabs,

100 % RH at 80 �C, running the measurement from low to high current with 15 min

holds at each measurement point [2]. Cell voltage is then corrected for ohmic

resistance and current values corrected for the cathode Pt load, such that mass activity

at 900 mV may be determined. In contrast, values quoted from RDE measurements

are typically measured in O2-saturated 0.1 M HClO4 at RT, based on data measured

during a sweep from low to high voltage at ~10 mV/s. Data are then corrected using

the Koutechy–Levich equation and corrected for Pt mass and in some cases ohmic

resistance and capacitative effects, to yield a mass activity at 900 mV [49, 50]. Aside

from the obvious differences in temperature, pressure, and electrolyte, the difference

in the direction of the potential sweep and time at each potential appear to alter the

observed electrocatalyst activity, presumable due to variations in the degree of Oads/

spectator species present on the catalyst surface.

Figure 19.8 illustrates the effect of hold time at each current density point in

MEA tests using different nanostructured thin film (NSTF) MEAs, showing

increased MEA mass activity at 900 mV using 5 s holds (matching RDE values

more closely) compared with lower MEA mass activity using 1,050 s holds at each

point in the polarization curve [13]; similar variations in activity between the MEA

and RDE techniques may also be expected for core–shell catalyst materials.

Typically MEA performances for core–shell cathode catalysts report mass activity

at 900 mV on oxygen, rather than the full polarization data, and minimal information

is available on the performance of such systems using air at the cathode. Low

absolute voltages are generally achieved at high current densities using pure oxygen

[51], and even lower values might therefore be expected when using air, due to mass

transport effects. Figure 19.9 illustrates the H2/air performance of a PtML/Pd/C

core–shell system (scaled up using a spray pyrolysis approach by Cabot) in

50 cm2 MEAs [52] albeit at 30 psig (~200 kPa back pressure) rather than the lower

operating pressure of 50 kPag recommended by the US DOE. Oxygen mass activity

of 0.55 A/mgPt at 900 mV is reported in this testing.
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To the author’s knowledge, these data, along with the high activity achieved

using PtML/AuNi5/C (same high-pressure test conditions) and MEAmass activities

for PtML/Pd/C and PtML/Pd9Au/C, represent the best performances achieved so

far in MEA testing of core–shell samples. These systems all show 2–3.5 times

activity enhancement over Pt/C comparative samples in MEA tests.

Thus, a wide variety of core–shell systems have been reported as showing high

ORR activity when prepared and tested in the RDE setup, including those already

discussed and others such as PtML/AuNi0.5Fe/C [53], PtML/Pd3Fe/C [8], PtML/Au/C

[54], PtML/Pd/Au/C [11], and PtML/Pd/IrCo/C [55] shown in Table 19.1 (PtML/Pd/

core/C denotes the use of Pd interlayer). (Table 19.1 also shows activity values for

Pt3Co/C in the RDE [56] and Pt3Co/C in MEAs [57] and data for Pt/C for reference

purposes.) However, of these systems, only PtML/Pd/C, PtML/Pd9Au/C, and PtML/

AuNi5/C have been successfully scaled up and translated to MEAs, and all show a

reduction in activity compared to samples prepared at small scale. So for many

published core–shell systems (Table 19.1), successful catalyst scale-up and the trans-

lation of high performances to the MEA environment are yet to be achieved. Further

optimization is therefore required to translate the high oxygenmass activities observed

in the RDE setup for other types of core–shell systems to the high mass activity and

performance required under realistic conditions in MEAs.

19.4.2 Stability of Core–Shell Materials: MEA
and RDE Environments

Although the stability of many core–shell electrocatalysts have been investigated via

the RDE using multiple rapid voltage cycles at room temperature in 0.1 M HClO4,

only a few systems have been assessed in MEAs at the cathode, by using voltage

cycling to simulate extended operation in an automotive environment. Data reported

by Sasaki et al. show the best durability reported in MEA voltage cycling to date

using PtML/Pd/C and PtML/Pd9Au/C core–shell materials [11, 12]. Figure 19.10

shows results from these tests, illustrating the changes in mass activity at 900 mV, O2,

50 kPaabs, 100 % RH using the DoE protocol, at different stages of a cycling test,

using cycles from 0.7 to 0.9 V square wave (DOE protocol). Figure 19.10a illustrates

results from 2010 [12, 58], while Fig. 19.10b shows more recent data extending

testing to an increased number of cycles (100,000) and improvements to activity and

stability for PtML(H)Pd/C, an improvement to the core–shell catalyst preparation

procedure yet to be disclosed [12].

All these core–shell electrocatalysts show an improved Pt-based mass activity

over Pt only which is maintained throughout the cycling test. However, the mass

activities/g total PGM are not disclosed; therefore, the overall cost reduction that

might be expected from the use of these core–shell materials in MEAs is not clear.

Postmortem analysis of MEA samples using PtML/Pd/C after 100,000 potential

cycles showed a Pd band precipitated within the membrane, a clear indication of Pd
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dissolution from the cores of the nanoparticles during operation [11]. This phenom-

enon had not been previously reported for core–shell electrocatalysts but is well

documented for cycled MEAs containing Pt/C cathodes, resulting from Pt dissolu-

tion during voltage cycles and re-precipitation within the membrane on encounter-

ing hydrogen diffusing from the anode. In the case of PtML/Pd/C, the loss of Pd

from the core is described as a means of protecting the Pt shell via sacrificial

dissolution, and this observation is consistent with the higher diffusivity of less

stable species from the core, a nanoscale Kirkendall effect [47]. Segregation of Pd

and other less noble metals to the surface of a core–shell material in the presence of

Oads is also consistent with findings of the modeling studies by Balbuena et al. [15].

The use of a PtML/Pd9Au core–shell system resolved these stability issues, with

no Pd band observed within the membrane and hence minimal dissolution of Pd.

Alloying of Pd with Au is thought to stabilize Pd by causing a positive shift of the

Pd oxidation potential, with less Pd–OH formation observed in cyclic voltammetry

and EXAFS spectra of the Pd9Au/C cores compared to Pd/C [11]. Excellent

stability of the Pt-based mass activity was achieved with a mass activity in MEAs

of 0.2 A/mgPt remaining after 200,000 voltage cycles in MEAs; however, mass

activity per g PGM is not quoted, so the possible effect of the additional PGM used

on the overall catalyst cost is not clear.

So far limited durability data exists on core–shell catalysts withinMEAs, and often

cycling tests in the RDE setup are used to investigate catalyst stability. Recent RDE

testing on PtML/IrFe and PtML/IrNi shows minimal change in ORR activity follow-

ing 30,000 and 50,000 cycles, respectively, 0.6–1.0 V at 50 mV/s, RT, 0.1 M HClO4

electrolyte [29, 45]. HAADF-STEM line scans of PtML/IrNi after 50,000 cycles also

show that Ni is retained within the core of the particles after cycling, providing good

evidence of the stability of the core under the RDE test conditions, attributed to the use

of precursor cores with a Ni-rich center and Ir-rich outer region [29] (Fig. 19.11).
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RDE testing of PtML/Pd3Co catalysts has shown varying degrees of stability

depending on the preparation route used. Adzic et al. observed improved stability

after applying a bromide treatment to remove low coordination sites on the Pd3Co

core before Pt deposition. No change in ORR and surface area was observed after

25,000 cycles between 0.6 and 1.0 V using Br� treated cores compared to a

substantial shift in half wave potential after only 30 mV after 5,000 cycles on

untreated examples. Other testing using treated PtML/Pd3Co/C (no Br� treatment)

catalyst [41, 42]-coated gas diffusion electrodes in liquid electrolytes was

performed under two different test conditions, (1) 0.1 M HClO4, RT, and

(2) 80 �C 1 M H2SO4, using 0.4–0.95 V square wave, 10 s per potential in both

cases [14, 59]. Under the RDE-type test conditions, only minimal dissolution of Pd

into the electrolyte (~10 % Pd loss) was observed, and HAADF-TEM

measurements showed that the core–shell structure remained intact (bright outer

regions were observed around the core due to heavier Pt atoms). However, under

the test conditions in (1) 80 �C, 1 M H2SO4, substantial Pd dissolution (around 75 %

removed after 1,000 cycles) occurred and TEM showed the formation of hollow

spheres and some alloy, showing greater disruption to the structure in test

Fig. 19.11 HAADF-STEM and Pt, Ir, and Ni line scans for PtML/IrNi core–shell catalyst before

testing (a and c) and after 50,000 cycles (b and d) 0.6–1.0 V at 50 mV/s, RT, 0.1 M HClO4

electrolyte [29]
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(2) thought to be closer to MEA test conditions [59]. Significant loss of Co occurred

under both test conditions, and similar ECA change and metal loss with cycles were

observed using PtML/Pd3Co catalysts prepared by either the Cu UPD route or via a

chemical method [14].

The substantial Co loss and disruption of the core–shell structure in more

aggressive environment are consistent with expectations that less noble elements

are prone to leaching when used in the core. Furthermore, the significant differences

in Pd dissolution found between the RDE- and MEA-type test conditions imply that

some caution may be required when extrapolating the stability of core–shell

systems from the RDE to MEA. Therefore, more MEA activity and stability testing

of the various types of core–shell systems is required to probe their true stability

under realistic test conditions.

19.5 Use of Core–Shell Approach to Reduce Catalyst’s Precious

Metal Content and Cost

Many of the core–shell systems discussed so far in this chapter use precious metals

such as Pd, Au, and Ir within the core or as interlayers within the structure. Clearly,

where alternative metals (Au, Ag, or PGMs such as Pd or Ir) are used to replace some

of the Pt within electrocatalysts used for the ORR, the impact of this on the overall

catalyst cost should also be considered. The activity targets for PEMFC cathodes of

0.44 A/mgPt at 900 mV are based around the requirement for a 0.2 gPt/kW linked to a

target cost per kW for large-scale automotive MEA production. Various studies have

shown that the world platinum resources are sufficient to support the large-scale use

of fuel cell electric vehicles, provided the targets relating to the Pt content in fuel cell

stacks are achieved and PGM producers have sufficient visibility of the increase in

demand [60]. Studies by TIAX concluded sufficient Pt availability for long-term

demands of automotive fuel cells, assuming a gradual increase in the number of

vehicles over several decades, a 95 % efficient recycling of PGM, and an achieve-

ment of a 0.2 gPt/kW by 2025 in their calculations [61]. However, as a large number

of reported core–shell systems achieve reductions in Pt content by including alterna-

tive precious metals within the core, the impact of this on the overall catalyst, MEA,

and automotive fuel cell stack should also be taken into consideration.

Where Pt is replaced by alternative precious metals, activity values have often

been quoted as A/mgPGM as well as A/mgPt; however, this type of analysis does

not reflect any cost differences between the different precious metals. The factors

affecting metal prices in the market are complex, with supply and demand varying

due to the interplay of the various technological and industrial uses (particularly

vehicle emission control catalysts in the case of Pt and Pd), purchasing for invest-

ment purposes, use in jewelry, etc., against the availability and abundance of the

different metals from primary refining of ore and also from recycling. The precious

metals Pd, Ir, Ru, and Rh are produced as by-products of Pt mining. Figure 19.12
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shows the relative costs of Pt, Pd, Ir, Ru [62], and Au [63] precious metals over the

last 10 years. A plot of the Rh price is not included in Fig. 19.12, as plotting Rh

price on the same axes limits the visibility of subtle changes in the costs of the other

precious metals, due to the significantly higher cost of Rh (ranging from two to five

times that of Pt depending on the time scale viewed). Also significant use of Rh in

ORR core–shell catalysts has not been reported to date, so discussion of the

implications of Rh use is less relevant here.

Figure 19.12 shows some significant trends. Firstly, an overall general increase

in price is observed for all the metals with time, in line with rising industrial

demand and increasing GDP (gross domestic product), broken by a sharp drop in

July 2008 linked to the global recession. The global downturn had a significant

effect on the prices of Pt and Pd due to the drop in industrial metals’ usage,

particularly a drop in automotive manufacturing, reducing demand for Pt and Pd

used in catalysts for vehicle exhaust cleanup and hence impacting the price. Over

the time period shown, changes in Pd price tend to track those of Pt but with Pd

prices typically around 70 % lower. Au prices remained robust during the recession,

as a result of purchasing for investment purposes [64].

The factors affecting the costs of Ru and Ir are more subtle. Ru is used in the

electronics industry in chip resistors, flat screen displays, and the hard disc

manufacturing process. In 2006–2007, an increase in Ru demand from the elec-

tronics industry due to changes in the technology in hard disc drives resulted in a

price spike, but only for a limited period. Once purchased or leased, a large

proportion of Ru metal used in hard disc manufacturing is subsequently recycled,

and minimal amounts are actually present in the consumer products, so increased

Fig. 19.12 Average monthly price of Pt, Pd, Ir, Ru, and Au precious metals since Jan 2002. Data

from http://www.platinum.matthey.com/pgm-prices/ and http://www.kitco.com. One Troy

oz ¼ 31.1035 g of metal [62, 63]
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demand was only temporary and prices have therefore decreased again in

subsequent years. Ir is used in catalysts used for acetic acid manufacture and

electrochemical use in the chlor-alkali process and to make crucibles for producing

high-quality sapphire single crystals used in the manufacture of LED televisions.

Increased demand for Ir as a consequence of consumer demand for LED televisions

and refitting of the Chinese chlor-alkali industry have both influenced the substan-

tial increase in Ir price over the last 2 years [64].

While Pd prices have tended to retain a relative value of ~30 % with respect to

the price of Pt over the time period shown in Fig. 19.9, the relative prices of other

precious metals with respect to Pt are more variable. Table 19.2 shows the costs of

various precious metals with respect to Pt over the last 1-, 5-, and 10-year periods

calculated from the data in Fig. 19.12 and prices for Rh over the same time period.

In addition to the A/mgPt and A/mgPGM typically quoted, the relative precious

metal cost values can be used to determine an activity per relative PGM cost for

different core–shell materials. While Pd cost remains around 0.3 or 0.4 times that of

Pt, use of Pd within the core of core–shell catalysts appears viable, depending on the

performance achieved and the metal amount used. Pd is produced as a by-product of

Pt mining in South Africa and Ni mining in Russia [64]. Newer mined deposits in

South Africa in the UG2 reef in the Eastern Bushveld contain a higher proportion of

Pd:Pt compared to previously exploited Merensky Reef ores which are higher in Pt

content [65]. However, in the past (1999–2001) Pd prices have maintained parity or

exceeded those of Pt, as a consequence of Pd supply issues and changes in the

technology used in car exhaust catalysts to use more Pd. Also in recent years, Pd

prices have been influenced by Russian state stocks being supplied into the markets,

and these stocks are becoming depleted. So it is likely that Pd demand will exceed

supply in coming years leading to increasing Pd prices. So although the MEA mass

activities of ~0.3 A/mgPt achieved using PtML/Pd and PtML/Pd9Au[11] are

promising, once Pd and Au content/cost are included and considered, these become

more similar in activity/PGM cost to conventional PEMFC catalysts.

In contrast to Pd and Pt, there is a lower natural abundance of Ir in metal ores

[66], so using a substantial amount of Ir within the core of a core–shell catalyst

would be likely to increase Ir cost and make such a catalyst inappropriate as a long-

term use in automotive PEMFC systems. The effect of Ir content on likely cost of

both alloy and core–shell catalysts should therefore be scrutinized as well as the

activity per mgPt.

Although the complex interplay of various factors in the precious metal market

does not allow simple predictions of future costs based on abundance alone, the

Table 19.2 Relative costs of Pd, Ir, Ru, Rh, and Au with respect to Pt cost over the last 5- and

10-year periods [62, 63]

PGM Pd Ir Ru Rh Au

Fraction of Pt cost—1-year average 0.42 0.64 0.09 1.07 0.97

Fraction of Pt cost—5-year average 0.31 0.40 0.17 2.35 0.73

Fraction of Pt cost—10-year average 0.31 0.36 0.15 2.33 0.66
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price increase in Ir in recent years due to increased use in LED manufacturing for

flat screen televisions illustrates the likely outcome of increased Ir demand on the

metal price; the Ru price spike in 2006–2007 associated with increased use in hard

disc manufacture is another example. Increasing demand for Pd would also lead to

increasing price, affecting the long-term viability of using Pd as a core for

core–shell catalyst materials. Overall, minimizing the amount of total PGM used

within core–shell materials and achieving a true reduction in overall precious metal

content appear to be the best way forward in the long term. However, alternative

nonprecious metal lower-cost core constituents are typically of lower stability in the

electrochemical environment.

19.6 Outlook

A wide variety of core–shell systems have been explored for use at the PEMFC

cathode, and many systems show great promise in the form of high activity when

measured in the RDE environment (see Table 19.1). Often these high activity values

relate to samples made at small scales or in situ on the RDE tip, and only a few groups

have generated data using scaled materials tested in the MEA environment. Notable

efforts by Sasaki and colleagues to scale the Cu UPD galvanic displacement method

for core–shell preparation and perform long-term MEA testing have shown

promising results using PtML/Pd/C and PtML/Pd9Au/C. Otherwise there is so far a

conspicuous lack of other reliable MEA test data on these systems. Differences in

activity are observed between small-scale core–shell catalyst preparations and the

larger-scale batches necessary for MEA testing (Table 19.1) highlighting the

difficulties associated with catalyst scale-up. The long-term effect on overall catalyst

cost of using significant amounts of alternative precious metals such as Pd, Ir, or Au

within the cores of core–shell catalysts must also be considered. Also, MEA activity

and durability testing may reveal different performance and aging of catalyst

materials compared to tests under more ideal, milder conditions. Thus, further

development of scalable materials and evaluation inMEAs are needed to demonstrate

the full promise of core–shell systems for use in the PEMFC environment.
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Chapter 20

Understanding Activity and Durability of Core/

Shell Nanocatalysts for Fuel Cells

Rafael Callejas-Tovar and Perla B. Balbuena

Abstract We review recent analyses of the various aspects related to the perfor-

mance of core/shell nanocatalyst particles used as electrodes in proton exchange

membrane fuel cells. These nanoparticles usually consist of a thin layer of pure Pt in

the shell and a core alloy made of a combination of metal elements that are targeted

to meet two main objectives: reducing the catalyst price and enhancing the activity

of the surface layer with respect to an equivalent particle made of pure Pt. Even

though both objectives have been shown to be met, a huge challenge remains that is

related to the long-term durability of the particle. This is because the less noble

components are prone to relatively easy dissolution in the harsh acid conditions in

which low-temperature fuel cells operate. The catalytic behavior of the nanoparticle

towards the oxygen reduction reaction (ORR) and the evolution of the catalytic

particle under this complex environment require a combination of experimental

modern surface science and electrochemical techniques but also the formulation of

models that allow a better understanding and a rational catalyst design. In this

chapter, we review the state-of-the-art modeling of core/shell catalysts for the ORR.

This involves various aspects that are intrinsic to the core/shell structure: surface

segregation, metal dissolution, and catalytic activity. A number of methods ranging

from ab initio density functional theory to classical molecular dynamics and Kinetic

Monte Carlo are included in our discussion.
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20.1 Introduction

Proton exchange membrane fuel cells (PEMFCs) are promising green alternatives

to replace fossil fuels in transportation applications. However, the high cost and

poor catalytic efficiency of the electrocatalyst where the oxygen reduction reaction

takes place are crucial challenges that need to be overcome in order to exploit this

technology. The ORR is a kinetically slow reaction in which molecular oxygen is

reduced and combines with protons producing water. Platinum has been widely

used as electrocatalyst for the ORR in fuel cells, but its prohibitive cost and

relatively sluggish ORR kinetics[1] have motivated the development of catalysts

with improved efficiency and low cost. The use of nanoparticles to carry out the

electrocatalysis of the ORR minimizes the required amount of precious material

that is able to maximize the catalytic performance. By employing Pt-based alloy

catalytic nanoparticles containing less expensive 3d metals [2–9], the required

amount of platinum is further reduced; some of these alloys have shown enhanced

ORR activity compared to pure Pt catalysts[3, 5, 8, 10–12]. Recently, in addition to

alloying platinum with non-precious metals, novel nanoparticle configurations with

remarkable activity have been proposed such as the core–shell catalysts consisting

of a Pt monolayer shell over cores made of a metal core constituted by a less noble

metal or a less expensive alternative alloy. Among these, some interesting ORR

activities have been detected on nanoparticles having porous/hollow Pd–Cu alloy

cores [13], acid-treated Pt3Co alloys [5, 14, 15], or dealloyed PtCu3 [16, 17]. The

role of theoretical studies in the search for enhanced ORR catalyst has been crucial,

from screening of new materials to fundamental understanding of the processes

involved in the activity and durability of the catalyst at a molecular level. In this

chapter we review the efforts towards the development of enhanced ORR catalysts

using theoretical and molecular simulation techniques.

20.2 Activity for Oxygen Reduction Reaction Studies

In previous years, platinum has been widely used as electrocatalyst for the ORR

because it is the most efficient pure catalyst material. However, its scarcity and

associated high cost motivated the development of alloy materials to reduce the

load of Pt. Moreover, the ORR kinetics is slow on pure Pt catalysts, requiring a high

overpotential due to the presence of oxygen and hydroxyl strongly bonded to the

surface as it was determined by electronic structure calculations [18]. Therefore,

there is a need for catalysts with low cost and enhanced ORR activity to replace

pure Pt.

Near-surface alloys (NSAs) are alloys wherein a solute metal is present near

the surface of a host metal in concentrations different from the bulk (e.g., Pt

monolayers on base metals). The understanding and development of NSAs is a

promising area of research in catalyst design [11, 19–22]. For example, it has been
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shown that NSAs of Pt enhance the catalytic properties of pure Pt for H2 activation

kinetics, whereas at the same time they bind adsorbates much weaker than pure Pt

[19, 20, 22]. These features make NSAs promising catalysts for the ORR reducing

the binding energy of intermediate species making the reaction mechanism more

efficient. Core/shell alloy nanoparticles are NSAs that represent an alternative

configuration where minimum amounts of Pt are required to obtain a remarkable

ORR activity. Core–shell structures may be formed naturally as a consequence of a

surface segregation process induced by adsorbates, the presence of an electric field

such as that existing when the nanocatalyst is operating as a fuel cell electrode, or it

could be originated by a dealloying process during synthesis or under operation

conditions. However, this novel core/shell configuration causes surface phenomena

that affect the catalytic performance and durability due to differences in size and

electronic structure among the alloy components and differences in crystal structure

due to different compositions. Provided that core–shell structures have been

obtained during synthesis, the next question is how stable is the core. In this section

we focus on the theoretical approaches to understand the surface segregation of

alloy atoms especially in core–shell nanocatalysts, and then we review the studies

that analyze the reasons for activity enhancement of novel ORR catalysts.

20.2.1 The Surface Segregation Phenomenon

It has been reported that the catalytic activity of alloys depends dramatically on how

the atoms arrange in the outmost layers of the catalyst surface [23–25], and it is

influenced by the surface segregation phenomenon in which atoms migrate from the

core to the surface layer causing changes in the structure and local composition that

affect the physicochemical properties of the material. For this reason, surface

segregation is important to the design and performance of novel materials, drawing

the attention of numerous experimental [4, 5, 7, 9, 13, 26–42] and theoretical

investigations [43–61].

Remarkable catalytic activity can be attained as a result of surface segregation as

in the case of the acid-treated Pt3Co alloy [5, 11, 14, 15] in which the enhanced

activity is partially attributed to the formation of a “Pt-skin” structure produced

by an exchange of Pt and Co in the first two layers [11]; this and other reports

[4, 11, 62] are evidence of the key role of surface segregation in the ORR activity.

Therefore, it is important to characterize the surface atomic distribution of catalytic

alloys and to elucidate the effect of segregation on the catalytic properties, in order

to design materials with enhanced performance. Although for some of the previ-

ously mentioned Pt-based alloys the surface and subsurface structures have been

clearly identified, the details of their inherent surface segregation are not yet

completely understood. Since information at atomic level is required, theoretical

studies are ideal to elucidate the driving force and the tendency of this phenomenon.

Several theoretical investigations of surface segregation have used different

approaches such as thermodynamic [43], tight-binding [44, 45], embedding atom
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(EAM) [46, 47], Monte Carlo [48–51], and first-principles methods [52–54], mainly

density functional theory (DFT). The thermodynamic method is based on Gibbs

free energy models for mixtures whose parameters are determined using experi-

mental information. Semiempirical atomistic approaches are used by tight-binding,

classical molecular dynamics, and Monte Carlo techniques. The last two techniques

use many body force fields such as EAM to describe metal–metal interactions. An

important problem arises with the description of phase behavior in nanoparticles,

which may dramatically differ from bulk. This is an area which is largely unex-

plored. We have recently analyzed the phase stability of Cu–Ag core–shell

nanoparticles [63] based on their thermodynamic mixing properties for both ran-

domly mixed and core–shell clusters as functions of nanoparticle size, temperature,

and composition, using classical molecular dynamics (MD) simulations. We found

that at room temperature, the alloying of Cu and Ag is thermodynamically feasible

only for a nanocluster size range, excluding very small (<1.8 nm) and large clusters

(> ~4 nm), in the size range of favorable alloy formation; Cu–Ag core/shell

structures are more stable than random configurations; and the same conclusion

holds for most of the composition range at fixed cluster size. The effect of

temperature was evaluated for nanoclusters of fixed size and composition; it was

found that core/shell structures are preferred up to the melting temperature of the

nanoparticle. In addition, an analytical model was proposed to predict the thermo-

dynamic properties of mixing of nanoalloys using bulk enthalpies of mixing of the

pure components and those of the corresponding bulk alloy. The enthalpies and

Gibbs free energies of mixing obtained from the analytical model qualitatively

agree with those obtained from MD simulations, especially when the nanoparticle

size increases above 2.8 nm. Adding the shape effect to those of size and composi-

tion, Qi et al. [64] formulated a new model and calculated phase diagrams and

alloying phenomena in nanoparticles in a wide range of compositions. A shape

factor is introduced in the model as the ratio of the surface area of nonspherical to

that of spherical particles. It was found that as the particle size decreases, alloying

takes place at dilute solute compositions then extends to higher concentrations and

finally all mixtures can be alloyed. However, in spite of these and other initial

theoretical investigations [63–67], the thermodynamics and kinetics of alloy for-

mation in nanoparticles is a topic that has not been yet fully addressed, so the

synthesis in most cases is guided by trial and error experimentation [68–70].

First-principles theoretical and computational studies have also been employed

to determine the thermodynamics of surface segregation by calculating the segre-

gation energy, which is typically defined in DFT studies as the difference of the

corresponding energies of the structure showing segregation and the original one [57].

Using this approach, researchers have studied the most relevant factors responsible

of changing the segregation trends: the effect of the identity of the alloy atoms,

presence of adsorbed ORR intermediates, surface configuration, and morphology

on the surface segregation of alloy ORR catalysts [55–61, 71]. It has been

concluded that the driving force for surface segregation is not only the difference

in size of the alloy constituents, surface energies, and heats of formation of alloys

but a very important role is given by the presence of adsorbates such as atomic
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oxygen [60]. DFT studies addressing the effect of this factor on the surface

segregation of Pt3M(111) (M ¼ Fe, Co, and Ni) alloys revealed that the segregation

trend is substantially modified by the adsorbed oxygen. Under 0.25 monolayer of O

coverage, both the Pt-segregated and M-segregated surfaces are less stable than the

nonsegregated one. Moreover, the segregation energy under the presence of

adsorbates can be expressed as the sum of the segregation energy under vacuum

conditions and the adsorption energy difference of the segregated and nonsegre-

gated alloy systems. Hence, the surface segregation trend under adsorption

conditions is directly correlated to the surface–adsorbate binding strength [55, 60].

The complex effects driven by the affinity of metal elements with adsorbates on

the surface have attracted the attention of several theoretical studies. Recently, DFT

calculations were carried out to investigate the effect of surface segregation on

the trends for dissolution of Pt surface atoms in acid medium and oxygen reduction

reaction activity of core/shell materials, consisting of a monolayer of Pt over a

monometallic or bimetallic core [72]. Two groups of cores were investigated: Pt/X

with X ¼ Ir, Au; Pd, Rh, Ag; Co, Ni, Cu; and Pt/Pd3X, with X ¼ Co, Fe, Cr, V, Ti,

Ir, Re. Considering clean and oxygenated surfaces, it was found that all the 4d and

5d pure cores may serve as stable cores, and their beneficial effect on the Pt

monolayer may be further tuned by alloying the core to another element, chosen

from 3d or 5d groups. The analyses of pure cores revealed that elements such as Ir

with larger surface energies and larger cohesive energies than pure Pt have strong

antisegregation energies. On the other hand elements such as Au (larger size, lower

surface energy, and lower cohesive energy) would be expected to segregate, and

although the calculated energy to take one atom from the bulk core to the Pt surface

is negligible, the segregation trend increases significantly as the surface concentra-

tion of Au atoms increases [72]. Gold is very stable in the core under adsorbed

oxygen, when its antisegregation trends are dramatically enhanced. Both electronic

and geometric effects make the Pt/Ir very different than the Pt/Au systems; although

Pt/Au is the most reactive system according to its electronic parameters, the OH

adsorption is weaker than in Pt/Ir due to geometric effects that determine a change

of the surface Pt–Pt distance. Similar discussions have been presented for cores

made of 4d elements (Ag, Rh, Pd). On the other hand, 3d elements (Cu, Co, Ni)

behave very differently and they are all unstable cores. Their common

characteristics are smaller sizes, lower cohesive energies, and high oxophilicity

compared to pure Pt [72, 73]. Natural combinations for core–shell systems would

be cores composed of 4d or 5d metals combined with those of the 3d group.

Figure 20.1 illustrates the segregation energy properties on Pt/Pd3X clean surfaces

and under 0.25 ML of O, where X ¼ Co, Fe, Cr, V, Ti, Ir, and Re. The segregation

behavior of both Pd and X elements was investigated. Note that negative values

correspond to favorable segregation trends, whereas positive energies indicate

antisegregation trends. The energies are correlated with the charge on the

segregated atom X. On clean surfaces, some segregation of Pd is observed, but

the other elements show strong antisegregation trends. In contrast, under oxygen,

the antisegregation trend of X reverts in all cases. Thus, Fig. 20.1b immediately

warns about the strong effect of oxygen as a driving force for surface segregation

(usually followed by metal dissolution) in all the selected core elements.
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Thus, the high affinity of the Pd3X cores to oxygen may cause surface poisoning

with oxygenated species, surface reconstruction, and metal dissolution in acid

medium. High coverage of oxygen adsorption and absorption may take place at

high potentials during fuel cell operation resulting in surface roughening, migration

of oxygen into the subsurface, and formation of surface oxides, as discussed

in a later section. Another important factor affecting surface segregation is the

morphology of the surface since nanoparticles (in the order of 1–10 nm) have a low

fraction of low-coordinated sites present in step sites of the catalyst which have an

effect on the segregation trend when oxygen is adsorbed [56]. All the previously

discussed factors affecting surface segregation, in addition to others such as pH and

temperature, are present in a fuel cell under operating conditions; their coupling

yields to a number of complex scenarios which make difficult to propose a general

model that describes the behavior of all the alloy systems under reaction conditions.

However, with the advances in computer hardware and software, we expect that

complete models based on ab initio and other first-principles-based models may

become a reality [74].

As already mentioned, core–shell structures generally show excellent catalytic

activity, and theoretical studies have investigated the origin of such enhancement as

discussed in the next subsection. In addition, unfortunately surface segregation may

induce the degradation of Pt bimetallic nanoparticles [41, 42] by promoting metal

dissolution as it will be discussed in the following sections.

Fig. 20.1 (a) Segregation energy of X (blue diamonds) and segregation energy of Pd

(red diamonds for X belonging to period 4 and green diamonds for X belonging to period 6 of

the periodic table) from the core to the surface of clean core–shell Pt/Pd3X alloys, in vacuum.

(b) Segregation energy of X (green diamonds for X belonging to period 4 and purple diamonds for
X belonging to period 6 of the periodic table) and segregation energy of Pd (red squares for X
belonging to period 4 and blue squares for X belonging to period 6 of the periodic table) from the

core to the surface of core–shell Pt/Pd3X alloys covered by 0.25 ML of O (adapted from [72])
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20.2.2 Novel Catalysts with Enhanced Oxygen Reduction
Reaction Activity

Theoretical studies have helped to develop enhanced alloy catalysts by screening

several materials and compositions, identifying promising candidates with desired

properties. Specifically, recent advances in DFT allow the accurate description of

surface reactions to determine the performance of a catalyst; this approach has proven

to be a powerful tool which has been applied to different types of reactions of

economic interest, and it has been linked to reactor design [75–78]. However, in

order to efficiently screen catalytic materials through simulations, it is required to find

appropriate descriptors to estimate the performance of the catalyst that is being tested.

Nørskov et al. [75] demonstrated through an extensive set of DFT calculations that

there is a universal relationship between the activation energy and the adsorption

energy of the reaction intermediates. This concept applied to the ORR results in DFT

evaluations of the adsorption energy of stable intermediate species, such as O and

OH, which are used to estimate the catalytic activity of alloy systems. Moreover, this

concept has been extended to determine the ORR mechanism and the effect of the

electrochemical potential on the rate-limiting step [79]. Other ideas have been

formulated based on the recognition that when discussing bimetallic systems, an

immediate connection may be done to enzymatic reactions [80]. Figure 20.2 shows

the similarity between the ORR mechanism expected in a bimetallic surface and that

found in a metalloenzyme such as cytochrome-c oxidase (CcO) also having two

active metal sites. The similarity is based on the ability of one of the metal atoms (FeII

in the case of CcO) being active for the dissociation of molecular oxygen and in

presence of a proton for formation of the OOH intermediate, whereas the other metal

(CuI in CcO) promotes the reduction of O and OH to water. In previous work we had

reported a thermodynamic analysis to explain the ORR mechanism in bimetallic

systems. In that analysis, we used the following equations:

O2 þMA þ Hþ þ e� ! HOO�MA (20.1)

HOO�MA þMB ! O�MA þ HO �MB (20.2)

O�MA þ HO�MB þ 3Hþ þ 3e� ! 2H2OþMA þMB (20.3)

Equation (20.1) represents the formation of the OOH intermediate on one of the

metal sites, which is unstable and dissociates as indicated by Eq. (20.2), and the

products (adsorbed O and OH) are further reduced as shown by Eq. (20.3) [81].

On the basis of Eqs. (20.1)–(20.3), we had suggested [81] a set of thermody-

namic rules for a prescreening evaluation of appropriate metals that could be

alloyed to Pt. According to these rules, the relative Gibbs free energies, ΔΔGn

(n ¼ 1 and 3), are defined taking Pt as a reference:

ΔΔGn ¼ ΔGnðMÞ � ΔGnðPtÞ (20.4)
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where ΔG1 and ΔG3 refer to standard Gibbs free energies of Eqs. (20.1) and (20.3),

respectively. Note that a good alloy catalyst should have negative values of both

ΔΔG1 and ΔΔG3, so O and OH are not that strongly adsorbed that could not be

further reduced, but the metal is able to dissociate molecular oxygen forming a

sufficiently unstable OOH species. Figure 20.3 shows the results of ΔΔG1 and

ΔΔG3 calculated for several neutral and ionic metals [80]. The results indicate that

many cations satisfy the criteria; ΔΔG3 is more negative for each cation than for

their corresponding neutral atoms. Thus, as expected, the reductions of HO–M and

O–M are more favorable for cations because the positive charge weakens the M–O

bond strength. In addition, the more negative values of ΔΔG1 for most cations

suggest that most of them are thermodynamically more suitable for the formation of

HOO–M [80]. Thus, the simple model is able to provide a thermodynamic expla-

nation to the question why reduced transition-metal ions are ideal catalysts for O2

reduction. This topic is also interesting in connection to fuel cells working in

alkaline media and to other non-Pt materials based on pyridine-like organic

molecules that have shown good ORR catalytic activity and discussed in other

chapters of this book.

In addition to the adsorption energy of intermediate species, another descriptor

of the ORR activity which can be obtained from electronic structure calculations is

the position of the d-band center with respect to the Fermi level of the surface atoms

of the alloy [5, 8, 24, 61, 82–85]. The calculation of these descriptors as meaningful

representations of the catalytic surface is feasible in terms of computational time

and, provided the appropriate resources, have shown to be useful in a high-

throughput screening of catalytic materials[86]. Recently, Greeley and Nørskov

Fig. 20.2 Left: proposed ORR mechanism on bimetallic surfaces, where MA atoms (red) favor
OOH formation, and MB atoms (blue) favor O and OH reduction. Right: simplified model of the

ORR on the heme/Cu site of cytochrome-c oxidase metalloenzyme (adapted from [80])
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[87] used a combinatorial DFT-based approach to screen binary alloy catalysts for

the ORR with enhanced stability. The studied alloys consisted of a solute metal

alloyed into the surface layer of a homogeneous host metal (Pt, Cu, Ni, Ru, Re, Co,

Fe, Cd, As, Sb, Ir, Ag, Pd, Rh, and Bi). In a first stage, the alloys with promising

activity were screened using the binding energy of atomic oxygen as a descriptor.

Approximately 750 alloy systems were studied, many of which showed enhanced

ORR activity; these promising alloys were tested in a second stage with a rigorous

potential-dependent stability approach. Unfortunately it was determined that nearly

all of the alloy candidates will be thermodynamically unstable at the high potentials

associated with the ORR; therefore, additional ways to stabilize binary surface

alloys are required since they are not durable ORR catalysts. This study and many

others emphasize the need of developing not only highly active but also durable

ORR catalysts. The theoretical approach of the durability problem is discussed in

the next section.

In core–shell catalysts, the Pt surface is deposited over an alloy core that strongly

modifies its geometric and electronic properties. An important aspect is given by

the charge transfer between the core and the shell which sometimes results in

the development of a negative charge on the top layer [72]. Such effect is the

result of a strong electrostatic interaction between the top surface and the sub-

surface layers. For the Pt/Pd3X systems shown in Fig. 20.1, we have calculated

that the binding energy of the Pt monolayer to the core increases in the order

Fig. 20.3 Calculated relative Gibbs free energies (eV), ΔΔG3 vs. ΔΔG1, for metal cations and

their corresponding neutral atoms (adapted from [80])
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Ir < Co < Fe < Re < V < Ti < Cr; this order approximately agrees with the

trend observed for the surface stability shown in Fig. 20.4. The results in Fig. 20.4

display the calculated electrochemical potential shift corresponding to dissolution

of the surface Pt atoms from a core–shell system, relative to those in a pure Pt one.

The strongest the heterometallic bond, the most stable the top Pt layer.

Calculations of electrochemical potential shift were first reported by Roques

et al. [88], and alternative schemes were introduced later [58, 89]. The calculated

property is a good stability indicator and has been extensively used to investigate

dissolution properties [90, 91]. In relation to Fig. 20.4 it is important to remark that

the calculated stability refers only to the surface Pt atoms. However, the core atoms

may migrate to the surface (as suggested by their segregation energies shown in

Fig. 20.1) and induce a degradation process on the catalyst surface that will be

discussed in the next sections.

Recent developments in catalysis for ORR in fuel cells are showing that

enhanced activity may be attained using a Pt monolayer on porous or hollow

cores [5, 14, 15, 92] which can even not contain platinum [13]. The latter

configurations are especially attractive because, in addition to their high ORR

activity, they minimize the required amount of Pt. It has been shown that it is
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Fig. 20.4 Calculated electrochemical potential shift (ΔU, in V) for dissolution of Pt atoms from

the surface of the core–shell system compared to those in pure Pt (adapted from [72])
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possible to synthesize Pt hollow nanoparticles with enhanced Pt mass activity for

ORR nanocrystals [92] and the synthesis process is explained on the basis of the

Kirkendall effect [93]. This effect caused by the difference in diffusivities of the

alloy metals has been used to fabricate hollow nanocrystals as high-efficiency

catalysts or drug-delivery agents [94]. DFT calculations [92], using a simplified

model of the highly active hollow ORR catalyst, suggest that the enhanced activity

may be caused by a lattice contraction induced by the hollows. Although there is a

consensus that the enhanced ORR activity of these porous structures may be

partially attributed to a contraction in the Pt–Pt distance of the shell [13, 14, 62,

92], the role of the porosity is not yet clear. Recently, we studied the effect of metal

porosity on the ORR activity of core/shell Pt-based alloys composed by a mono-

layer of Pt on top of an alloy core for bimetallic Pt/PtM/Pt3M (M ¼ Co, Pd, Ir, Cu)

and trimetallic Pt/M13M2 (M1, M2 ¼ Pd, Cu; M1 6¼ M2) using DFT [95].

It was found that subsurface vacancies (Fig. 20.5) induce relatively weaker

binding energies of O and especially of OH, and reduced Pt–Pt surface distances,

which can explain the experimentally observed activity enhancement. We remark

that in addition to explaining the interesting ORR activity enhancement on these

novel porous/hollow nanoparticles, further studies regarding their oxidation and

their stability to potential cycling are still required.

20.3 Catalyst Durability Under Operating Conditions

The ORR typically takes place in acid medium which causes a continuous decay on

the activity and durability of the metal nanocatalyst. Atomic oxygen resultant from

O2 dissociation has been identified as a predominant intermediate species of the

ORR on the surface of the catalyst; its interaction with the surface atoms mainly

determines the catalytic activity, and it has been found experimentally to have an

effect in the durability of the catalyst [96–99]. There is a direct relationship between

the degree of surface oxidation and the extent of metal dissolution, and they both

Fig. 20.5 Top, side, and perspective views of a Pt/PdCu3-optimized slab under 0.25 ML of O and

0.50 ML of surface vacancies
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correlate with the electrochemical potential [98]. Determining the structure of the

oxide that is formed on the surface is a key issue to explain the metal dissolution

mechanism causing durability problems in PEMFC catalysts. This is because

depending on the extent of oxidation, the surface oxide may enhance dissolution

or may act as a passivation layer. The effect of adsorbed oxygen and other

adsorbates on the surface and subsurface of fuel cell catalysts has been previously

studied by several theoretical reports [100–108]. Several computational studies

have investigated potential energy surfaces and surface reconstruction effects due

to oxygen adsorption and absorption [100–103, 106]. Hawkins et al. [100] exam-

ined the initial stages of oxidation of the Pt(111) surface at total coverages of

0.25–1.0 ML using DFT calculations, finding a strong preference for the formation

and growth of one-dimensional Pt oxide chains; specifically at coverages above

0.50 ML, additional oxygen atoms tend to aggregate inducing a large buckling of

~1.8 Å and oxidizing the surface Pt atoms, as reflected in their positive charges.

Other work showed the most stable configurations of oxygen absorbed in Pt(111)

and Pt(100) surfaces based on DFT calculations [97, 101, 106]. Moreover, it was

shown that increasing the on-surface oxygen or OH coverages can energetically

and kinetically stabilize subsurface atomic oxygen [102]. Recently, the influence of

oxygen on the dissolution of Pt from carbon-supported platinum nanoparticles (Pt/C),

bulk polycrystalline Pt electrodes, and Pt(111) single crystals was studied [99]. An

enhancement of the catalyst degradation caused by the presence of oxygen even in

the lower potential regions was found, the Pt(111) single crystals being the most

sensitive to the potential cycling under O2. Moreover, a surface roughening caused

by the exposure to oxygen was found, suggesting a relationship between the change in

the structure of the surface oxide and the metal dissolution. Recent work on Jacob’s

group [109, 110] has used ab initio thermodynamics techniques [111, 112] to deter-

mine the most stable oxide surfaces on transition metals exposed to highly oxidative

conditions. This information should be very useful to understand the reaction kinetics

on highly oxidized surfaces.

In order to design materials resistant to corrosion, theoretical studies provide

fundamental information about the surface oxidation on alloys [113–115]. Specifi-

cally, for ORR catalysts, such studies are focused on the effect of oxygen on the local

composition of the surface which has an important role in its performance. Since

dealloying may be used to modify the surface electrocatalytic reactivity of Pt

bimetallic nanoparticles for the ORR, bimetallic Pt–Cu alloys were modeled using

DFT calculations to obtain trends in the thermodynamics of surface Cu dissolution

potentials from highly stepped and kinked Pt(854) single crystal surfaces[116]. It is

found that there is a dependence of the electrochemical Cu dissolution potentials on

the coordination number and nature of coordinating atoms of the bimetallic Pt–Cu

surfaces. However, the specific energetics of each metal is required to explain the

detailed dealloying behavior of bimetallic surfaces. A thermodynamic formalism

combined with DFT calculations determined periodic trends in the reversible deposi-

tion/dissolution potentials of admetals on a variety of transition-metal substrates [90].

It was demonstrated that structural effects are a strong function of the local coordina-

tion number of the metal atoms, and periodic trends for the potential shifts are
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observed. Other work focused on electrode dissolution on Pt and Pt–Co alloys using a

thermodynamic approach and DFT calculations to evaluate the Gibbs free energy and

adsorption energies of O, OH, and H2O [108]. It was found that the reversible

potential for Co–OH formation from oxidation of H2O on the Pt3Co(111) surface

was significantly lower than the one for Pt–OH formation on the Pt(111) surface.

Hence, Co will dissolve at lower potential than Pt in the alloy surface forming a Pt

surface skin, and edge atoms are shown to be removed before terrace sites.

Molecular simulation is an ideal tool to elucidate the complex surface dynamics

of the oxidized catalyst causing its degradation. We suggested that a multi-scale

simulation approach would be appropriate to tackle this problem due to the diverse

time and length scales needed to properly describe the oxidation phenomenon.

Probably the simplest multi-scale approach may couple DFT calculations and

classical molecular dynamics (MD) simulations in two stages to identify changes

at a molecular level on the structure of the catalyst caused by oxidation of Pt and Pt/

PtCo/Pt3Co catalysts [95, 117–120] and then follow the time evolution of the

structures when the main surface sites carry the oxidation/reduction charges.

Within this scheme, classical MD simulations are used to model the catalyst that

is exposed to increasing amounts of atomic oxygen and water. The MD model

considers electrostatic interactions between the adsorbates, atomic oxygen and

water, and the two topmost layers of the catalyst, where the atoms in the first and

second surface layers are charged with average values obtained from DFT

calculations. The effect of the electrode potential (or the degree of surface oxida-

tion, which is an equivalent variable) is represented in the model by increasing

charges (more positive for the surface atoms and more negative for the adsorbed

oxygen), as resultant from the DFT evaluations. In our work water dissociation was

taken into account using the CF1 central force model, where water is assumed to

behave as a molten salt made of OH anions and H cations that under normal pH

conditions reproduces the physicochemical behavior of liquid water [121]. In

addition, the model includes the effect of low pH [117] incorporating acid-like

molecules able to dissociate in water and to induce water dissociation as well.

Initial simulations were done with an extended surface exposed to the acid electro-

lyte, and then a supported nanoparticle [120] was introduced thus achieving a

realistic representation of the ORR occurring in a fuel cell. The MD simulations

of Pt and Pt/PtCo/Pt3Co nanoparticles supported over carbon revealed that water

dissociation occurs only in presence of acid molecules which do not modify the

relaxed structure of the nanoparticles. However, the dissociated cations and anions

from the acid enhance water dissociation into OH� and H+ due to strong electro-

static interactions. The Pt/PtCo/Pt3Co nanoparticle is more active than that of pure

Pt in terms of water dissociation, but it shows a greater area loss after ten cycles

of reduction and oxidation. The metal dissolution mechanism after reduction–

oxidation cycles in the alloy nanoparticle involves (1) adsorption of oxygen,

(2) surface segregation of non-noble alloy atoms, (3) oxygen absorption in the

subsurface, (4) destabilization of the nascent surface oxide phase due to electro-

static interactions with ions in the solvent, and (5) detachment of single metal atoms

bonded to oxygen atoms Fig. 20.6.
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We note that our model could be improved by introducing a reactive force field also

for the metal phase, where the formation of an oxide phase with the correct stoichiom-

etry may be induced. This is because a reactive force field may allow changes of the

charges on O and the metal atoms as the oxide reaction is taking place. However, our

simulation is a very good approximation that captures many of the qualitative features

observed on the surface at the onset of surface oxidation formation.

In order to emulate a cyclic voltammetry experiment, we exposed the supported

nanoparticle to simulated cycles of reduction and oxidation, in which the charges of

the oxygen and metal atoms forming the outmost layers of the nanoparticle under

0.85 ML of oxygen were gradually decreased (reduction steps). Once neutrality was

attained, the charges were steadily increased until recovering their original values

(oxidation steps). The radial R-density profiles and snapshots of the surface of both
studied systems after one and ten cycles are shown in Fig. 20.7 and Fig. 20.8,

respectively. The R-density profiles provide the distribution of the number of atoms

of the species as a function of the distance to the center of mass of the nanoparticle.

The R-density profiles in Fig. 20.7 indicate that oxygen absorbs deeper in the

subsurface as the cycling process occurs in the pure platinum nanoparticle, whereas

in the alloy nanoparticle, simultaneous to the migration of O to the subsurface, Co

atoms segregate from the subsurface to the outmost layers. After ten cycles of

reduction and oxidation, metal dissolution of atoms forming the outer layers in both

systems (Fig. 20.7) is observed; the estimated decrease in surface area compared to

the area of the nanoparticle under vacuum is presented in Tables 20.1 and 20.2.

Comparison of the results in Tables 20.1 and 20.2 illustrates that there is a

greater loss in surface area of the alloy nanoparticle compared to the one found in

Fig. 20.6 Snapshots from molecular dynamics simulations showing the evolution of

nanoparticles exposed to high O contents, water, and acid molecules. Top row shows pure Pt

particles and bottom row displays Pt/PtCo/Pt3Co particles: (a) under vacuum, (b) under 0.5 ML of

O and 0.5 ML of water, (c) under 0.6 ML of O and 0.6 ML of water, (d) under 0.75 ML of O and

0.75 ML of water, and (e) under 0.85 ML of O and 0.85 ML of water. In all cases acid molecules

were added to the systems in an amount equivalent to have a pH of 3 (adapted from [120])
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the pure Pt system. After the first cycle the ratio of Co atoms to Pt atoms that are

detached is approximately 2:1. However, after ten cycles such ratio reverses to 1:4;

this implies that the segregated Co atoms dissolve before the Pt atoms which detach

after most of the Co atoms near to the surface are dissolved. These findings are in

agreement with several experimental reports showing the instability towards disso-

lution of Pt3Co nanoparticles after operating cycles [122–124]. The dissolution

process occurs mainly when the magnitude of the charge of the oxygen atoms is

higher than �0.4e (in the reduction branch); the detached metal atoms agglomerate

far from the nanoparticle. Interestingly, we found that the dissolution process takes

place only when acid molecules are present. The role of the dissociated ions is

destabilizing the metal oxide layers due to electrostatic interactions causing the

Fig. 20.7 R-density profiles of Pt (a–d) and Pt/PtCo/Pt3Co (e–h) supported nanoparticles over C

under 0.85 ML of oxygen and water, and pH ¼ 3 after 1 and 10 reduction–oxidation cycles

(adapted from [120])
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detachment of single metal atoms bonded typically to one or two oxygen atoms.

The facets of the nanoparticle are partially recovered when the charge of oxygen

atoms is 0.0e, although steps and kinks in the outmost layers are permanent. Water

molecules agglomerate in defined regions of the nanoparticle. This behavior is more

evident after ten cycles of reduction and oxidation.

Further information can be obtained using coarse-grained methods such as

Kinetic Monte Carlo (KMC) [125]. These simulations which can include much

larger systems and the results evaluated in much longer times could be particularly

useful to investigate degradation processes such as those discussed in this chapter.

Fig. 20.8 Snapshots of the supported Pt (a–d) and Pt/PtCo/Pt3Co (e–h) nanoparticles on C under

0.85 ML of oxygen and water, and pH ¼ 3 taken at the end of the simulation after 1 and 10

reduction–oxidation cycles. All the adsorbates are hidden. Color key: platinum (gray), cobalt
(purple), carbon (orange) (adapted from [120])

Table 20.1 Detached Pt

atoms and estimated surface

area of the supported Pt

nanoparticle after

reduction–oxidation cycles

(taken from [120])

Cycle 1 Cycle 10

Detached Pt atoms 4 36

Area/area vacuum 99.02 % 90.44 %

Table 20.2 Detached metal

atoms and estimated surface

area of the supported Pt/PtCo/

Pt3Co nanoparticle after

reduction–oxidation cycles

(taken from [120])

Cycle 1 Cycle 10

Detached Pt atoms 4 36

Detached Co atoms 8 10

Area/area vacuum 94.26 % 86.87 %
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As an example of the application of KMC simulations, Fig. 20.9 displays the

evolution of a dissolution process of a nanoparticle exposed to an acidic solution.

The KMC approach can provide extremely useful information about degradation

processes during fuel cell operation but also about nanoparticle synthesis processes

such as dealloying to produce hollow particles discussed in Sect. 20.2.

20.4 Conclusions

The complex design of PEMFCs nanocatalysts targeted to accomplish the

requirements for automobile applications needs, in addition to experimental stud-

ies, the fundamental insight at atomistic level that molecular simulations provide.

With recent advances in theoretical methods, in computational implementations,

and in the required computational resources, it is possible to design improved

catalysts guided by meaningful simulations. Theoretical studies are present in

every aspect of the ORR catalyst design, from the identification of highly active

alloys to the elucidation of the mechanisms of degradation. The progress in the area

has been remarkable, and it continues towards a more accurate representation of the

catalytic conditions providing firm guidelines to the design of better catalysts.
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Fig. 20.9 KMC simulation of a dealloying process. A PtCo alloy nanoparticle of approximately

8 nm diameter is exposed to an acidic solution (represented by the small spheres surrounding the

surface of the nanoparticle). (a), (b), and (c) represent snapshots taken at increasing times. Co

segregates to the surface and dissolves. The lowest coordination sites are the first to dissolve

causing a dramatic increase of the surface roughness (Callejas-Tovar and Balbuena, unpublished

results)
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Improved oxygen reduction activity on Pt3Ni(111) via increased surface site availability.

Science 315(5811):493–497

9. Shao M, Liu P, Zhang J, Adzic R (2007) Origin of enhanced activity in palladium alloy

electrocatalysts for oxygen reduction reaction. J Phys Chem B 111(24):6772–6775

10. Mukerjee S, Srinivasan S (1993) Enhanced electrocatalysis of oxygen reduction on platinum

alloys in proton exchange membrane fuel cells. J Electroanal Chem 357(1–2):201–224

11. Stamenkovic V, Schmidt TJ, Ross PN, Markovic NM (2002) Surface composition effects in

electrocatalysis: kinetics of oxygen reduction on well-defined Pt3Ni and Pt3Co alloy surfaces.

J Phys Chem B 106(46):11970–11979

12. Duong HT, Rigsby MA, Zhou W-P, Wieckowski A (2007) Oxygen reduction catalysis of the

Pt3Co alloy in alkaline and acidic media studied by X-ray photoelectron spectroscopy and

electrochemical methods. J Phys Chem C 111(36):13460–13465

13. Shao M, Shoemaker K, Peles A, Kaneko K, Protsailo L (2010) Pt monolayer on porous

Pd�Cu alloys as oxygen reduction electrocatalysts. J Am Chem Soc 132(27):9253–9255

14. Chen S, Ferreira PJ, Sheng W, Yabuuchi N, Allard LF, Shao-Horn Y (2008) Enhanced

activity for oxygen reduction reaction on “Pt3Co” nanoparticles: direct evidence of

percolated and sandwich-segregation structures. J Am Chem Soc 130(42):13818–13819

15. Chen S, ShengW, Yabuuchi N, Ferreira PJ, Allard LF, Shao-Horn Y (2008) Origin of oxygen

reduction reaction activity on “Pt3Co” nanoparticles: atomically resolved chemical

compositions and structures. J Phys Chem C 113(3):1109–1125

16. Yang R, Leisch J, Strasser P, Toney MF (2010) Structure of dealloyed PtCu3 thin films and

catalytic activity for oxygen reduction. Chem Mater 22(16):4712–4720

17. Dutta I, Carpenter MK, Balogh MP, Ziegelbauer JM, Moylan TE, Atwan MH, Irish NP

(2010) Electrochemical and structural study of a chemically dealloyed PtCu oxygen reduc-

tion catalyst. J Phys Chem C 114(39):16309–16320

18. Nørskov JK, Rossmeisl J, Logadottir A, Lindqvist L, Kitchin JR, Bligaard T, Jónsson H

(2004) Origin of the overpotential for oxygen reduction at a fuel-cell cathode. J Phys Chem B

108(46):17886–17892

19. Greeley J, Mavrikakis M (2004) Alloy catalysts designed from first principles. Nat Mater

3(11):810–815

606 R. Callejas-Tovar and P.B. Balbuena



20. Greeley J, Mavrikakis M (2006) Near-surface alloys for hydrogen fuel cell applications. Catal

Today 111(1–2):52–58

21. Knudsen J, Nilekar AU, Vang RT, Schnadt J, Kunkes EL, Dumesic JA, Mavrikakis M,

Besenbacher F (2007) A Cu/Pt near-surface alloy for water-gas shift catalysis. J Am Chem

Soc 129(20):6485–6490

22. Alayoglu S, Nilekar AU, Mavrikakis M, Eichhorn B (2008) Ru-Pt core-shell nanoparticles

for preferential oxidation of carbon monoxide in hydrogen. Nat Mater 7(4):333–338

23. Calvo SR, Balbuena PB (2007) Theoretical analysis of reactivity on Pt(111) and Pt–Pd(111)

alloys. Surf Sci 601(21):4786–4792

24. Lamas EJ, Balbuena PB (2006) Oxygen reduction on Pd0.75Co0.25 and Pt0.75Co0.25 surfaces:

an ab initio comparative study. J Chem Theory Comput 2:1388–1394

25. Sotelo JC, Seminario JM (2007) Biatomic substrates for bulk-molecule interfaces: the PtCo-

oxygen interface. J Chem Phys 127(24):244706

26. Mun BS, Lee C, Stamenkovic V, Markovic NM, Ross PN Jr (2005) Electronic structure of Pd

thin films on Re(0001) studied by high-resolution core-level and valence-band photoemis-

sion. Phys Rev B Condens Matter Mater Phys 71(11):115420

27. Van Den Oetelaar LCA, Nooij OW, Oerlemans S, Denier Van Der Gon AW, Brongersma

HH, Lefferts L, Roosenbrand AG, Van Veen JAR (1998) Surface segregation in supported

Pd-Pt nanoclusters and alloys. J Phys Chem B 102(18):3445–3455

28. Gauthier Y, Joly Y, Baudoing R, Rundgren J (1985) Surface-sandwich segregation on

nondilute bimetallic alloys: Pt50Ni50 and Pt78Ni22 probed by low-energy electron diffraction.

Phys Rev B 31(10):6216–6218

29. Deckers S, Habraken FHPM, Van Der Weg WF, Denier Van Der Gon AW, Pluis B, Van Der

Veen JF, Baudoing R (1990) Segregation at the Pt0.5Ni0.5(111) surface studied by medium-

energy ion scattering. Phys Rev B 42(6):3253–3259

30. Burton JJ, Polizzotti RS (1977) Surface segregation in alloys: dilute solid solutions of Cr, Fe

and Ni in Pt. Surf Sci 66(1):1–13
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Chapter 21

Nanostructured Electrocatalysts for Oxygen

Reduction Reaction: First-Principles

Computational Insights

Amra Peles

Abstract The goal of catalyst development is to be able to adjust the structure and

composition of catalytic materials to obtain the optimal electronic properties for

desired chemical reactivity. Key features of the electronic structure that influence the

reactivity of nanostructured catalysts are reviewed. Conclusions derived from the

DFT electronic structure and the surface reactivity computations, with emphasis on

the catalyst property intrinsically governed by the local, site-specific interactions, for

nanostructured catalysts are presented.

21.1 Introduction

Proton exchange membrane fuel cells (PEMFC) are an efficient, carbon-neutral

energy conversion device and a much-needed alternative to conventional combus-

tion engine devices. Unparalleled, theoretically achievable thermodynamic effi-

ciency and the high energy density of PEMFC set this technology apart as a viable

solution to the global energy problem [1]. Despite significant technical progress in

the large-scale deployment of PEMFC, the fundamental problem of high cost per

power output hinders worldwide commercialization [1]. Efficient electrochemical

energy conversion on both electrodes of current state-of-the-art PEMFC depends on

the availability of precious metal catalysts that in large part contribute to the high

cost of this technology [2]. Recent research efforts have focused on advanced

catalyst concepts that either minimize utilization of precious metal or explore

alternative catalysts consisting of earth-abundant elements [3–6]. In particular,

high catalyst loadings are required at the cathodes of fuel cells, where oxygen

reduction reactions (ORR) proceed, reducing the oxygen to the water by continuous

supply of electrons and protons:
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O2 þ 4e� þ 4Hþ ! 2H2O (21.1)

Significant cost reduction has been made over the past few decades by improving

the catalytic activity per mass of Pt, replacing bulk-like crystals with finely dispersed

particles [1–3]. However, a sharp drop in specific catalytic activity has been observed

going from Pt bulk surfaces to Pt nanoparticles [3, 7]. The understanding of the effect

of particle sizes on the catalytic activities has been studied extensively and remains a

fundamental objective of heterogeneous catalysis [8–12]. Influence of particle size

on the intrinsic ORR activity in the size range that maximizes Pt utilization (1–5 nm)

is still debated [11–33]. Some investigators have observed essentially no effect of

particle size on ORR activity [25–28]. It has been argued that interparticle distances,

rather than particle size, affect specific activity. According to this hypothesis, specific

activity increases with reduction of particle size, provided certain particle separation

remains [21–27]. The size-independent specific activity in 1–5 nm Pt particles has

been further attributed to similar surface electronic structures of different particles

based on 195Pt electrochemical magnetic resonance results [28]. A majority of

investigators have observed decreases in specific activity as the particle size is

decreased [3, 13–21, 23, 34, 35]. The mechanisms of such decreases, however, are

not been fully understood, and different explanations have been proposed, including

a lower ratio of preferable crystal facets [13, 18, 36], stronger interaction between

oxygen-containing species and Pt atoms [15, 37, 38], and lower potential of total

point zero charge (PZC) [23, 24].The overall activity of a given catalyst is tradition-

ally understood in terms of the Sabatier principle, an empirical law correlating the

catalyst performance with the reactivity of the catalyst surface [39, 40]. According to

this principle, the reaction rate is maximized when the interactions between the

catalyst and the reaction intermediates are neither too strong nor too weak. Conse-

quently, the best catalysts balance opposing tendencies to either bind reaction

intermediates too strongly, thereby impeding formation or desorption of products,

or exhibit inertness toward the transforming reactants to products due to an inability

to break and transform their chemical bonds. Pt metal nanoparticles dispersed on

high surface area carbon supports are the current state-of-the-art ORR catalysts in

PEMFC. This catalyst is very selective toward the desirable four-electron reduction

shown in Eq. (21.1). The onset of ORR at high overpotential and observed low

exchange current densities indicate sluggish reaction kinetics, in addition to the less

than optimal thermodynamic driving force [1]. The removal of the adsorbed ORR

intermediates has been suggested as a rate-limiting step, because Pt surfaces have

somewhat stronger surface reactivity than would be optimum suggested by Sabatier

principle [24]. The design of new catalysts with improved catalytic activity and more

effective precious metal utilization presents a milestone for current research. The

fundamental understanding of reaction mechanisms and inherent material properties

governing the kinetics of ORR at the atomic scale is recognized as critical in guiding

the selection of materials for catalysts and may result in the rational design of better

catalysts [41–43]. Significant progress in understanding the correlation of extended

surface reactivity and the electronic structure property of metallic catalysts has been
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made by introducing the d-band center model by Hammer and Norskov [44, 45]. This

model captures essential features of the experimental observations on well-defined

surfaces of single crystals and polycrystalline samples [7, 24, 46–49]. The first-

principles-based numerical methods are a powerful tool to investigate material

properties. The advantage of these methods is that they do not rely on simplifying

assumptions or empirical inputs, and the design of various models is closely related

to exact theoretical principles and also experience, as in the case of real experimental

setup. Advances in computational methods, algorithms, and availability of computa-

tional resources allow elucidation of the role that particular particle surface features

play in determining the particle size effects [35]. Specific aspects presented here

include insights and conclusions derived from the DFT electronic structure and

surface reactivity computations for nanostructured and advanced catalyst concepts.

21.2 Theoretical Concepts

21.2.1 Density Functional Theory and Computational Methods

First-principles calculations based on the density functional theory (DFT) present a

standard approach for calculating the electronic structure and the various physical

and chemical properties of materials. Unlike Hartree–Fock-based theory, which

starts with an ansatz about many-electron wave function, DFT is based upon two

basic theorems which establish electron density as the fundamental quantity of

interest and replaces the computationally intractable many-electron problem with a

soluble set of one-particle equations [50–53]. In contrast to computational intensity

of wave-function-based quantum chemistry methods which implementation becomes

formidable for large systems, DFT methods present a fine compromise between

computational intensity and accuracy to study nano-size models. DFT is based on

an exact quantum mechanical treatment of the interacting electrons in order to find

the ground-state total energy of a system. The starting point in the electronic structure

calculations is the time-independent Schrödinger equation for the interacting many-

electron and many-nuclei systems:

HΨ r1; r2; . . . ; rN;R1;R2; . . . ;RMð Þ ¼ EΨ r1; r2; . . . ; rN;R1;R2; . . . ;RMð Þ
(21.2)

where H is the Hamiltonian that includes all interactions among and between

electrons and atomic nuclei, E is the total energy of the system, and Ψ is the

many-body wave function that depends on the positions and spins of all electrons

and nuclei. The motion of heavy nuclei is instantaneously followed by the motion of

much lighter electrons, which allows, to a good approximation, a separate treatment

of the nuclei and electrons known as the Born–Oppenheimer approximation [54].

The decoupling of electrons and nuclei motion yields the Hamiltonian that consists
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of the kinetic energy of electrons, T; the electron–electron Coulomb repulsion

energy, U; and the interactions of electrons with the external potential, which

includes the electrostatic interaction with the fixed nuclei, V, that is, in atomic

system of units:

H ¼ T þ U þ V ¼
X

N

i

�1

2
r2

i þ
X

N

j

X

N

i 6¼j

1

rij
þ
X

N

i

VextðriÞ (21.3)

Hohenberg and Kohn [52, 55–57] have shown that the external potential V is the

unique functional of the spatial distribution of electron density n(r) in the ground

state, and consequently, n(r) uniquely determines the ground-state properties of

the system. In particular, the total energy functional,E½nðrÞ� ¼ T½nðrÞ� þ U½nðrÞ� þ
V½nðrÞ�, attains its minimum value, the ground-state energy, for the correct ground-

state density when varied over all functions n(r). This theory is exact and allows

application to any system. However, neither the kinetic energy functional, T[n(r)],
nor the electron–electron interaction energy functional,U[n(r)], is known explicitly
for the inhomogeneous electron systems. Kohn and Sham [53] have decomposed

the energy functional by explicitly separating the known kinetic energy contribu-

tion of a fictitious system of independent non-interacting electrons Tn [n(r)] in the

external potential V[n(r)] and the classical electrostatic Coulomb interaction energy

UH [n(r)] as follows:

E½nðrÞ� ¼ Tn½nðrÞ� þ UH½nðrÞ� þ Exc½nðrÞ� þ
ð

VextðrÞnðrÞdr (21.4)

The Exc [n(r)] term is called the exchange correlation functional and contains all

nonclassical Coulomb effects and all non-independent electron kinetic energy

effects that preserve E½nðrÞ� exact. This decomposition transforms exact theory

into the practical tool for accurate computations by introducing the set of equations

referred to as the Kohn–Sham equations:

� 1

2
r2 þ

ð

nðr0Þ
r � r0j j dr

0 þ @ExcðrÞ
@nðrÞ þ VextðrÞ

� �

ϕiðrÞ ¼ εiϕiðrÞ (21.5)

The first term is the kinetic energy of non-interacting electrons and the

remaining terms are classical Coulomb repulsion, exchange correlations, and exter-

nal potential, respectively. ϕi(r) are Kohn–Sham orbitals whose density

nðrÞ ¼
X

i

fi ϕiðrÞj j2 (21.6)

is identical to the density of the real electron assembly and the fundamental quantity

of interest [52, 53]. The equations (Eq. 21.5) are solved self-consistently for the

fixed positions of nuclei. The energy of the electronic ground state, obtained as a
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function of nuclear positions, can serve as a potential energy for the motion of

nuclei. The force on the atoms can be computed and minimized using the

Hellmann–Feynman theorem [58, 59]. This feature of the DFT approach is central

to the structural optimization and for obtaining the true ground-state geometry.

Although the Kohn–Sham equations solve the problem exactly, they require

knowledge of the exchange-correlation energy, Exc, which contains all explicitly

unknown terms. Thus, for the modeling of real systems, the exchange-correlation

part of the total energy must be approximated. There are many approximations for

the unknown functional. In the simplest, local density approximation, (LDA) the

exchange-correlation functional:

ExcðnðrÞÞ ¼
ð

VLDA
xc ½nðrÞ�dr (21.7)

is approximated by the exchange-correlation potential, VLDA
xc , of a homogeneous

electron gas with density n(r) [60]. The more effective generalized gradient approxi-

mation (GGA) functional, which includes the gradient of electronic density to account

for the non-homogeneity of the electron density in the real systems, has been also

developed [61, 62]. GGA provides for much better accuracy that is especially suitable

for applications in chemistry [63]. Hybrid functional approaches further improve

accuracy by replacing the fraction of the GGA exchange energy with exact

Hartree–Fock exchange energy; however, improved accuracy comes at the expense

of computation time [64]. In general, computational effort with DFT is directly linked

to the number of atoms, or more precisely, the number of electrons that are considered

in the model. Because most material properties are determined by the valence

electrons, it allows for the Kohn–Sham equations to be solved for the valence

electrons only. The core electrons are then treated in the frozen-core approximations

using pseudo-potential methods [65, 66]. Furthermore, the projector-augmented wave

(PAW) approach developed by Blöchl goes beyond the pseudo-potential approach

and retains information about the all-electron calculation without significant addition

to the computational time [67]. In most DFT applications, the Kohn–Sham orbitals

are expanded with respect to either the plane-wave basis or a localized linear

combination of atomic orbitals (LCAO) basis. DFT method is regarded as nonempir-

ical, first principles, since once the density functional is adopted, the only remaining

input required for the calculations of the ground-state properties is the atomic number

of the elements in the structure to be studied. Thanks to developments of DFT-based

algorithms, as well as increases in computer power, the first-principles calculations

have reached practical levels of accuracy in treating increasingly larger systems at the

atomistic level [68, 69]. The theoretical modeling of chemisorption on nanoparticles

requires the description of hundreds of atoms at a quantum mechanical level of

theory. The results discussed here were determined using the DFT method, with the

plane-wave expansion of electronic wave functions, the GGA approximation to

exchange correlations, and the periodic boundary conditions as implemented in the

Vienna Ab-Initio Simulation Package (VASP) [68, 69]. The standard super cell
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approach was used with vacuum layers in all three spatial directions, ensuring that the

spurious interactions of the nanoparticle with periodically repeated images are

minimized. All atom positions in particles, together with adsorbate coordinates,

were fully relaxed. The relaxation allowed reduction of the stress and minimization

of the elastic energy at the particle surface due to the presence of under-coordinated

surface atoms. Consequently, the change in the electronic structure due to the

geometric relaxation at surfaces was treated inherently in the presented approach.

The parameters specific to the GGA functional, Brillouin zone sampling, plane-wave

cutoff energy, and PAW method can be found in the original literature [35].

21.2.2 Surface Reactivity and the d-Band Model

Most fundamental properties of materials can be traced back to the underlying

features of their electronic structure. Types of chemical bonding, particularly

relevant to applications in catalysis, are direct consequences of the electronic

structure properties. Chemisorption occurs when adsorbates interact with the

surfaces, forming chemical bonds. This interaction results in a redistribution of

electronic density and to a large extent depends on the coupling strength between

the adsorbate states and the surface valence band. In chemisorptions theory [70], the

shape of the valence band interacting with a one-electron state in an adsorbate

molecule governs the intensity of bonding. Two limiting cases can be distinguished:

(1) interaction of the adsorbate with a broad valence band that merely broadens the

adsorbate state, resulting in weak chemisorption, and (2) interaction with the

narrow valence band that splits the adsorbate state into two states, often termed

as bonding and antibonding states, resulting in strong chemisorption [45, 70–73].

Chemisorption strength as a measure of the surface reactivity toward adsorbed

species on a given surface adsorption site can be obtained directly from first-

principles computations:

Eb ¼ Esur þ ads � ðEsur þ EadsÞ (21.8)

where Eb is the adsorbate binding energy and Esurf + ads, Esurf, and Eads are the total

electronic energies for system consisting of adsorbate on the surface, isolated

surface, and isolated adsorbate, respectively. For transition metals, in which cata-

lytic properties are dominated by the d-electrons, a simple model was proposed by

Hamer and Norskov to describe the reactivity of transition metal surfaces [44, 45].

The d-band center model builds on the Newns–Anderson model of chemisorption

[70]. Consequently, the reactivity of a metal surface is governed by the coupling of

adsorbate states with a metal d state. Adsorbate reaction with a wide sp band is

considered the same across transition metal series. The model correlates the d-band
center, εd; the adsorbate energy level, εa; the fractional electron occupation of the

d-band, fd; and the coupling matrix element, Vad, that gives the coupling strength

between adsorbate state a and the metal d state.
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ΔBE� fd
V2
ad

ðεa � εdÞ2
Δεd (21.9)

For similar adsorbates, the d-band occupation and the coupling matrix element are

assumed to differ only slightly; thus, change in the chemisorption strength is directly

proportional to the change or shift in the d-band center in the transition metal surface.

The modifications in the electronic structure that result in shifts of the d-band center
closer to the Fermi level increase chemisorption strength, while shifts away from the

Fermi level result in decreased chemisorption energy. These modifications are

observed across the transition metal series and may also take place by ligand or

strain effects induced by composition modifications or change in catalyst size and

shape. The d-band center can be obtained directly from computation of the electronic

density of states N (E) as a first moment of density distribution:

μð1Þ ¼
ð

1

�1
ENðEÞdE ¼ εd;

ð

1

�1
NðEÞdE ¼ 1 (21.10)

The d-band center model has been used extensively to describe experimentally

measured catalytic activities, as a descriptor of catalyst behavior. Most computations

have been performed on flat surfaces or surfaces with steps and kinks [7, 24, 46–49].

The electronic structure of nanoparticles is expected to be deeply affected by the

characteristic particle size and morphology. Particle size is therefore a critical

parameter. The surface science studies that involve the reactions on a uniform single

crystal surfaces and introduce the complexity characteristic to real nanoparticles by

involving the defects, kinks, and steps in the models may not be sufficient to model

the catalytic behavior at nanoscale. Such model does not take into account an

inherent particle property sensitively dependent on structural parameters such as

the particle size, strain, and local surface morphology.

21.2.3 Electronic Structure at Reduced Dimensions

Profound changes in the electronic structure of materials have been observed when

their size changes from bulk to nanometer dimensions [74]. The electronic structure

of a large ensemble of atoms as in a single crystal is accurately described by

continuous bands [75]. In contrast, atoms and molecule have discrete atomic and

molecular orbitals. Nanoparticles represent a state of matter in the transition region

between bulk crystals and single molecule. As a consequence, their physical and

chemical properties may be expected to gradually change from the solid state to the

molecular behavior with decreasing spatial dimension and particle size. A quanti-

tatively accurate description of electronic structure changes with reduction of

spatial dimension can be obtained from the electron density of states, a number of
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states per unit of energy at an atomic site, and its projections to the angular

momentum components, a so-called partial density of states. The impact of reduc-

ing the size and dimensionality of a catalyst on its electronic structure properties is

shown in Fig. 21.1, where the d momentum-projected density of states for Pt bulk,

i.e., macroscopic amount of material, the (111) extended surface, and nanoparticles

of 1.65 and 0.83 nm diameter are shown.

To gain better understanding of the electronic structure and factors that govern

the surface reactivity at systems with reduced dimensions, such as nanoparticles, it

is useful to consider the second moment of d density of states distribution:

μð2Þ ¼
ð

1

�1
E2NðEÞdE ¼ ε2d þWd (21.11)

where Wd denotes the width of d-band. The Wd is proportional to the number of

nearest neighbor bonds, the atom coordination number, Z [76, 77].

Wd ¼ Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

i 6¼j

βðrijÞ2
s

(21.12)

β represents the average hopping integral that determines the hopping probabil-

ity of a d-electron from one atom to another, assuming only the nearest neighbor

hopping. The bandwidth dependence on the coordination number plays a particu-

larly important role in nanoparticles, where a great number of atoms are situated on

the surface. These atoms are missing the part of the neighbors they have in the bulk.

Narrowing of the d-band on the surfaces has great consequences on the surface

reactivity [70]. The estimate of the d-bandwidth on the surface atom with coordi-

nation number ZS due to the change in the bulk characteristic coordination number

ZB can be made from Eq. (21.11):

WS
d�WB

d

ffiffiffiffiffiffi

ZS
ZB

r

(21.13)

At the (111) surface of Pt, this narrows the d-band by approximately 13.5 %

compared to the bandwidth on the bulk Pt atom. The computed density of states

shown in Fig. 21.1a, b agrees well with this prediction. Consequent shift in the

d-band center closer to the Fermi level is observed. However, narrowing of the

d-band due to a lower coordination on the surface of particles is not the only factor

that should be considered. In addition to the bulk-like smooth d-band profile, the new
electronic states localized at the vicinity of the surface exist due to the spatial electron

confinement perpendicular to the surface [75]. In large crystals, an overall contribu-

tion of these states is proportional to the number of surface atoms, and it becomes

negligible for macroscopic crystals. When spatial dimension is further reduced, as in
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Fig. 21.1 Pt d-projected density of states for (a) 12-fold coordinated bulk atom (b) 9-fold

coordinated surface atom on extended (111) surface (c) 7-fold coordinated surface atom on

1.65 nm particle (d) 6-fold coordinated surface atom in 0.83 nm nanoparticles. Position of average

center of d-electron energies is marked by arrows. Fermi energy is set to zero
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thin films or particles of nanometer dimensions, the importance of these localized

states becomes more important. Figure 21.1c, d illustrates the point for the Pt

nanoparticles. The d-band electronic structure is altered in the nanoparticles through
reduction of volume in which electrons (electron wave functions) can exist. The

confinement results in the bound electron states and alters the positions of energy

levels. Because of the wavelike nature of conduction electrons confined in the

nanometer spatial dimensions, electrons can have only discrete kinetic energies or

wavelengths. This property unambiguously shows in the 0.83 nm Pt particle in

Fig. 21.1d where all three dimensions are reduced to the nanoscale. The density of

states of a larger, 1.65 nm, particle, illustrated in Fig. 21.1c, exhibits the discrete type

of features superimposed on the continuum narrowed d-bands. The inspection of

electronic level energies that make up discrete particle levels shows that the ratio

between energy spacing and room temperature thermal energy is at least an order of

magnitude less than one, indicating the quantum mechanics driven properties in the

0.83 nm particle. The position of the average center of d-electron energies is marked

in Fig. 21.1; note that the d-band center loses its meaning for the discrete density of

states. The center shifts toward the Fermi level on surfaces and in the particles. The

amount of shift correlates with the atom coordination number and qualitative corre-

lation to the surface reactivity is expected. In addition, the modification of electronic

structure can be caused by the strain in the surfaces through the changes in the

overlap integrals of d-electrons on neighboring atoms. The example is a pseudomor-

phic Pt monolayer on a substrate with somewhat larger of smaller lattice parameter,

resulting in tensile or compressive strain in the monolayer [78, 79]. The strain yields

to the change in the bandwidth. The compressive (tensile) strain results in the

narrower (wider) bandwidth [78].

21.3 First-Principles Insights in ORR Catalysis for PEMFC

21.3.1 Oxygen Reduction Reaction Mechanism

The overall ORR is a multi-electron complex reaction that may involve numerous

elementary steps and many reaction intermediates. Reaction mechanism details

predominantly depend on the nature of electrode material, catalyst, and electrolyte.

In aqueous solution, ORR occurs mainly by two pathways: the direct four-electron

reduction pathway from O2 to H2O and the series two-electron reduction pathway

from O2 to H2O2 and from H2O2 to H2O [34, 80, 81]. Obtaining the insights to the

ORR mechanism from the experimental kinetics data is a very demanding task and

often precluded with existing experimental techniques [49, 82]. First-principles

computations have provided the fundamental understanding of underlying reaction

mechanism at molecular level and at the different levels of model complexity

[48, 83–96].
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Norskov et al. examined the mechanistic steps for the ORR and the stability of

reaction intermediates including the effect of applied electrode voltage and reported

on the origin of experimentally observed overpotential for ORR on Pt catalyst [91].

General method for calculating the free energy of the intermediate steps of the ORR

was introduced. It was shown that for Pt (111), adsorbed oxygen tends to be too

stable at high potentials such that the proton and electron transfer becomes impos-

sible. Lowering of the potential was found to be needed to destabilize oxygen and

allows for proton and electron transfer to proceed. The potential difference between

maximum potential needed to destabilize oxygen and theoretical thermodynamic

potential for fuel cell agreed well with experimental observations of the

overpotential value. The endothermicity of the electron/proton transfer to adsorbed

oxygen at high potentials is proposed to be the origin of the overpotential for Pt

catalyst. In addition, the oxygen binding energy strength has been correlated with

the computed maximal activity based on micro-kinetic model for ORR for the

selected d-block metals. The trends in the theoretical activity with the reactivity of

the most stable surfaces in terms of O or OH binding energy have shown the

volcano-type behavior, distinguishing metals such as Au and Ag which are

expected to have dissociation of O–O bond as rate-determining step (RDS), from

the rest of group (Pt, Pd, Ir, Cu, Rh, Ni, Ru, Co, Fe, Mo, W) where the electron/

proton transfer have high activation barrier due to strong bonding of oxygen. This

theoretical examination has shown that more active catalyst is possible, the catalyst

which would have somewhat lower reactivity than Pt, but not as low to preclude

O–O bond cleavage steps. In addition to the effect of the potential, the complexity

of the electrolyte-surface interface and local electric field effects have been consid-

ered [92, 93, 95]. The study of ORR on Pt (111) in a half-dissociated water layer at

the 0.9 V potential has revealed lower and local environment-dependent energy

barrier for cleavage of O–O bond than in study that did not take the effect of water

layer into account [91, 92]. An additional insight in the reaction pathways for the

ORR on Pt (111) in the presence of hydrated proton has been examined by the first-

principles molecular dynamics study by Wang and Balbuena [93]. Both studies

have theoretically validated that direct four-electron pathway in the O2 reduction on

Pt surface is dominant reaction pathway.

21.3.2 Advanced Catalyst Concepts

DFT approach is consistently used to resolve electronic structure features of various

advanced catalyst concepts including core-shell catalyst, nanostructured shape-

selective catalysts, Pt monolayer catalyst, and selectively dealloyed catalysts

[7, 24, 43, 46, 84, 91, 97–99, 119].

Pt monolayer catalyst introduced by the Adzic group, is a particularly promising

concept that allows ultra low Pt content [49]. The correlation between the position of

d-band center relative to the Fermi energy and measured kinetic current density has

been reported by Zhang et al. for the Pt monolayer catalyst supported on single
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crystal substrates of Ru, Ir, Rh, Au, and Pd [48]. Pt monolayer supported on Pd

has been found to have superior kinetic current to that of Pt alone, consistent with

the change in d-band center and surface reactivity. The pseudomorphic Pt

monolayers are subject to the strain due to the lattice mismatch between Pt and

support metal. The correlation between the strain in metal surfaces and the position

of d-band center has been reported by Mavrikakis et al. [78]. The compressive strain

tends to shift d-band center of Pt to lower energy, while tensile strain has opposite

effect. In addition to the strain, the electronic interaction between the Pt monolayer

and substrate metal plays an important role for the changes in the position of d-band

center, a so-called ligand effect [99]. The shift in d-band center of Pd, in Pd over

layer catalyst on Pd–Fe alloys, has been found as origin of enhanced activity for Pd-

based core-shell catalyst [47]. In addition to the periodic surface models, a

semispherical model for core-shell particles consisting of Pd core and Pt shell has

been examined by DFT for the effect of particle size, crystallographic facets, and

Pt-shell thickness on the ORR and catalyst performance. The observed enhancement

in specific activity is attributed to the size and facet-dependent compressive strain,

computed by DFT [100]. Near-surface alloys (NSA) in which stoichiometry in near

surface of alloy catalyst is different from that in the bulk, have been studied

extensively as cathode catalysts in PEMFC [7, 24, 43, 46, 84, 97]. In order to change

the activity of electrocatalysts, Stamenkovic et al. [7, 24] have considered tuning the

surface electronic structure by alloying Pt with 3d metals. A thermal treatment of

these alloys in ultrahigh vacuum (UHV) has resulted in surface enrichment with Pt

atoms as a result of surface segregation phenomena [101–103]. The kinetic model

was developed that gave volcano-type dependence for computed ORR rates at 0.9 V

in relation to single descriptor, oxygen binding energy, for the series of Pt3M alloys

(M ¼ Ti, Ni, Co, Fe). In addition, the oxygen binding energy has been correlated

with the d-band center, measured for the alloys by the high-resolution photoemission

spectroscopy. The comparison of computed and measured NSA catalyst activities

and their relation to the d-band center have shown remarkably similar trends. Similar

changes in d-band center have been observed in computations by Kitchin et al. for Pt

(111) surface with 3d metals embedded in the surface sublayer [99].

21.3.3 Catalyst Chemical Stability

In addition to the convincing success of first-principles computations in predicting

more active catalyst compositions and morphologies, the important challenge

associated with the chemical stability in the reaction environment of the catalyst

has been pointed out [7, 24, 104]. ORR occurs in aqueous electrochemical environ-

ment and at high potentials where both metal dissolution and surface oxidation of

catalyst may become favorable. The thermodynamic trends for electrochemical

dissolution of surface alloys in acids from first-principles calculation have been

reported by Greeley and Norskov [105]. The dissolution potentials for solute metal

atoms in the surface layer of host metal are calculated. Correlation between the
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trends in dissolution potential and trends in surface segregation energy, an energy

cost to bring solute atom from bulk to the surface, was reported [105]. Greeley and

Norskov have performed potential-dependent computational stability throughput

screening for binary transition metal surface alloys considering the surface segre-

gation, surface island formation, surface oxidation, and metal dissolution as stabil-

ity criteria [104]. The vast majority of high-activity catalyst candidates have been

found thermodynamically unstable with respect to dissolution in the acidic electro-

chemical environment. It has been suggested that kinetic or other thermodynamic

mechanism is necessary to stabilize bimetallic catalysts for ORR in PEMFC. DFT

calculations for the semispherical particle model of Pt monolayer on Pd and Pd–Au

core have offer the possible mechanism for stabilization of Pt monolayer catalyst.

The computed, particle size-dependent, shift of the dissolution potential of Pt in

monolayer suggested higher stability to dissolution in larger particles. In addition,

a partial dissolution of Pd was found to lead to the stabilization of Pt monolayer,

arguably by relative shift of Pt dissolution potential to higher values [106]. The

effect of electrostatic potential and pH factor of aqueous environment for Pt (111),

Ni (111), and Ag (111) has been computed by constructing the surface Pourbaix

diagrams revealing the pH factor-dependent stability of these surfaces. The under-

lying reasons for the lack of the performance of Ni (111) with respect to ORR in

acid-based environment were discussed in terms of the dramatic change in the

highly reactive Ni (111) surface due to oxidation [107].

21.4 Catalyst Properties at Nanoscale

21.4.1 Geometry Aspects of Nanoparticles

An important aspect of nanostructured catalysts is their surface area. When

compared to the same mass of material in bulk or polycrystalline form,

nanostructured catalysts have a considerably larger surface area, dependent on the

size and shape of the nanostructured particles. In PEMFC, optimized utilization of

precious metals as catalysts is critical for enabling technology commercialization. It

is critical to achieve the largest active surface area for the given mass of a catalyst.

In order to quantify the utilization of precious metals in the form of nanoparticles,

we consider the number of accessible atoms on the surfaces of particles, the

morphology of accessible sites, their coordination with other atoms, and the relative

contribution of each atom type to the overall surface. A commonly observed cubo-

octahedral particle shape is illustrated in Fig. 21.2a. The surface of the illustrated

particle consists of {111} and {100} face-centered cubic facets; at the intersection

of these facets are edges and vertices. Atoms comprising these surfaces can be

differentiated by their number of nearest neighbor atoms, the coordination number.

The coordination number of atoms on {111}, {100}, edges, and vertices are nine,

eight, seven, and six, respectively. Only atoms on the surface of particles are
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accessible to the reaction intermediates, while atoms buried in the core of particle

are not utilized. Figure 21.2b shows the dispersion, computed as a ratio of the

number of surface atoms to the total number of atoms in the particles, and its

dependence on particle sizes. Dramatic increase in the number of surface atoms

with decreased particle sizes is evident—an indication that loading of precious

metals on fuel cell electrodes could be reduced by decreasing the catalyst particle

size. However, this is possible only if a specific catalyst activity of the sites of the

particle surface remains comparable and close to that of the sites on dominant

extended surfaces in the single crystals. Distribution of surface atom types,

characterized by their coordination number, with change in particle sizes is also

shown in Fig. 21.2b. For particle sizes with low dispersion, less than 0.3, the

predominant contribution to the surface comes from highly coordinated atoms on

{111} and {100} facets. With an increase in dispersion and the reduction in particle

size, a dramatic drop in the {111} and {100} highly coordinated atoms is

compensated for by the low coordinated edge and vertex sites. Particularly interest-

ing is the region below ~4 nm, where changes in the surface atom type are the most

pronounced. The reactivity is probed by the adsorption strength of atomic oxygen.

21.4.2 Size-Dependent Particle Surface Reactivity

Diverse surface morphologies on a particle dictates that surface reactivity at distinct

sites be systematically examined. These sites include hollow, bridge, and top sites

on {111} and {100} facets, edges, and vertices among atoms with the same or

different coordination number. Figure 21.3 shows the relationship between oxygen

Fig. 21.2 (a) Cubo-octahedral geometry of 2.6 nm Pt particle showing the {111} and {100} facets

and coordination numbers of atoms comprising these facets, particle edges, and vertices. (b) Size

dependence of dispersion and surface percentage of atoms on {111}, {100} facets, and on the

edges and vertices between the facets [35]
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binding energy for possible adsorption sites on particles with sizes between 0.8 and

3 nm. For the 3 nm particle, only fcc sites were considered due to the increased

computational intensity. The reactivity of the surface sites show dependence on

both the particle sizes and the coordination numbers of atoms making up the site,

reflected by the different oxygen binding energies. As particle size increases, the

site-dependent binding energy decreases considerably up to ~2.1 nm, remaining

similar to the binding energy of 2.1 nm particle as sizes increase further. At the

same particle sizes, the binding energy is correlated to the coordination number of

atoms making up the adsorption site, showing significant decrease with increase in

coordination. Furthermore, in addition to the coordination number, coordination

geometry and symmetry of sites with the same coordination reflect on the binding

energy. It is a well-known difference between binding strength on face-centered

cubic (fcc) and hexagonal closed-packed (hcp) sites on 111 extended Pt surfaces

related to the “d-electron frustration” [108]. Similar difference in binding strength

is observed between 111/111 and 100/111 bridge sites with the same (6, 6) coordi-

nation. This difference stems from the different overall geometry and symmetry of

these sites; notably 100/111 edges have lower coordination to the neighboring

surface atoms (5) than 111/111 (6) edge sites. These changes toward stronger

binding with decrease of the coordination number can be understood through the

profound changes in the electronic structure, in particular the energy of d-electrons

of Pt shown in Fig. 21.1. The reactivity of particles is intrinsically governed by the

local, site-specific interactions and the qualitative correlation between oxygen

binding energy and the shifts in the d-band center.

Fig. 21.3 Calculated oxygen binding energy as a function of the particle size for the most stable

adsorption sites which include hollow fcc and hcp on {111} facets, bridge site on {100} facets, and

bridge sites on edges between different facets. Besides site notation, coordination numbers for

atoms making sites are given in brackets [35]
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21.4.3 Stability Effects and Comparison with Experiments

In general, comparison of experiments is complicated by many factors. Literature

reports of specific activity measurements of the catalysts present an averaged

activity value over the range of different particle sizes. This leads to the uncertainty

in the activity value, which is assigned to the particle size with the highest

distribution of weight and can mask the particle-size effect all together, especially

in the region of sizes with similar adsorption site distribution shown in Fig. 21.3. In

addition, comparison is complicated by significant electrolyte-dependent specific

activities that have been observed in experiments [109]. Another important factor to

consider when comparing experiments is the true particle morphology and shape.

Equilibrium particle shapes depend on the particle sizes and also the chemical

environment for measurements; the adsorbate-induced surface reconstruction and

changes in particle morphology have been reported [37, 110, 111].

Particle size-dependent instabilities have been correlated to the loss in the

electrochemical active surface area (ECA) [112, 113]. The main loss of ECA

comes from the sintering of small particles into larger particles by either the

diffusion of intact particles followed by the coalescence or the mechanism of

Ostwald ripening. In Ostwald ripening, individual atoms on the particle surface

get dissolved in the form of chemical complex that leaves the metal particle and

diffuses away to join another particle, ultimately resulting in increase in particle

diameters [113–116]. The driving force for sintering is the difference in chemical

potential of atoms in a particle of radius R and bulk as described by a basic

Gibbs–Thompson relation:

μðRÞ � μð1Þ ¼ 2γV

R
(21.14)

where γ represents surface free energy of the metal and V represents the bulk metal

volume per atom. Due to the increase in the chemical potential with the decreased

particle radius, sintering is promoted and this leads to the change in the particle-size

distribution during the cycling measurements. Most reported activity measurements

on Pt particles have been on catalysts with particle sizes greater than 3 nm; this is

known as a scalable interval, the measured activity scale with the inverse of particle

diameter [3, 117]. Interestingly, most stunning changes in materials properties have

been observed in the so-called non-scalable interval. Quite remarkable size-

dependent specific activity in this interval has been measured for layer-by-layer

synthesized Pt particles, allowing the careful control of particle sizes [35]. The

measurements showed dramatic drop in the specific activity in this range (<2.5 nm)

correlated with the computed nanoparticles reactivities, shown in Fig. 21.3 [35].

The results of this study firmly support the structural sensitivity of ORR.
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21.4.4 Strain in Metallic Nanoparticles

It has been previously shown that strain can have significant effect on the binding

energies of adsorbates and on the activation energy barriers for bond-making and

bond-breaking events on transition metal surfaces [41, 48, 78, 118, 119]. The lattice

parameter or bond-length changes influence the electronic structure and, as a result,

the catalyst reactivity [78, 79, 99]. The particle-size-dependent lattice contraction

relative to the bulk values has been reported in the fcc metals [79, 120–122].

In order to gain insight into the geometric features for particles larger than 3 nm,

structural optimization can be performed using the embedded atom method (EAM)

potentials and the classical molecular dynamics approach as implemented in the

LAMMPS code [123]. The computed average surface strains with respect to bulk

lattice interatomic distances are plotted in Fig. 21.4 for ninefold coordinated atoms

on {111} facets, eightfold coordinated atoms on the {100} facets, and six- and

sevenfold coordinated atoms at edges and vertices for Pt, Pd, and Au nanoparticles

with various particle sizes. The amount of strain clearly depends on the location of

the atoms, with the largest strain at the edges and vertices of the particles, while the

strains in {111} and {100} facets are approximately twofold smaller than in under-

coordinated sites. This is consistent with the report of a linear correlation between

the bond length and coordination number [124]. Nanoparticles of these metals show

compressive strains that increase as the particle size decreases.

21.5 Conclusions

The insights from the first-principles approaches are particularly useful to uncover

the effects of structural features of particle surfaces on the catalytic activity. The

surface reactivity in nanoparticles is site specific and thus is significantly different

Fig. 21.4 Particle-size-

dependent surface strain for

Pt, Au, and Pd nanoparticles

on different facets and edges

of cubo-octahedral particles.

The particles’ {111} and

{100} facets and edges (in

gray) are illustrated in the

inset in the upper left corner
[122]
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from that of flat bulk surfaces. The reactivity results from studies of extended bulk

surface and surfaces with defects while showing some common qualitative features

appear less pertinent to nanoparticles catalysis, especially in the limit of small

particles. The d-electron properties dominate the trends in surface reactivity.

Decreasing the number of atoms per particle has large impact on the electronic

structure of d-electrons. As the spatial dimensions decrease from the macroscopic

limit toward the surfaces and particles, electronic structure of d-electrons shows

continuous evolution toward the narrower d-band related to the growing importance

of the dominant surface atoms and spatial confinement of electrons perpendicular to

the surfaces. Two basic phenomena are reviewed:

• The coordination number-dependent narrowing of d-band on the surfaces. The

effect becomes more and more pronounced as surface-to-volume ratio increases,

owing to the increase in the number of low coordinated surface atoms.

• The reduction in volume in small nanoparticles that result in the quantum

confinement, as consequence of which the quasi-continuous density of states,

in the valence and conduction bands splits into discrete electronic levels.

The underlying reasons for the structural sensitivity of ORR have been related to

the changes in the reactivity which is both particle size dependent and adsorption

site specific. The adsorption site specificity is unambiguously related to the coordi-

nation to the nearest neighbors of atoms forming the adsorption site and the site

symmetry. Overall adsorption energies increase as the particle size decreases; this

trend projects the high drop of ORR-specific activity in the particle sizes below

~2.5 nm, where scaling of activity with inverse diameter of particles do not apply

anymore. The increased reactivity within this region represents a theoretical limi-

tation to the particle dispersion and sets limit to the precious metal utilization.

However, informed engineering of both the composition and the shape and size of

nanostructured catalysts, in the way of optimizing the adsorption strength and

number of adsorption sites for the relevant reaction intermediates, sets a path to

better catalyst design.
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Chapter 22

Efficient Oxygen Evolution Reaction Catalysts

for Cell Reversal and Start/Stop Tolerance

Radoslav T. Atanasoski, Ljiljana L. Atanasoska, and David A. Cullen

Abstract Minute amounts of ruthenium and iridium on platinum nanostructured

thin films have been evaluated in an effort to reduce carbon corrosion and Pt

dissolution during transient conditions in proton exchange membrane fuel cells.

Electrochemical tests showed the catalysts had a remarkable oxygen evolution

reaction (OER) activity, even greater than that of bulk, metallic thin films. Stability

tests within a fuel cell environment showed that rapid Ru dissolution could be

managed with the addition of Ir. Membrane electrode assemblies containing a Ru to

Ir atomic ratio of 1:9 were evaluated under start-up/shutdown and cell reversal

conditions for OER catalyst loadings ranging from 1 to 10 μg/cm2. These tests

affirmed that electrode potentials can be controlled through the addition of OER

catalysts without impacting the oxygen reduction reaction on the cathode or the

hydrogen oxidation reaction on the anode. The morphology and chemical structure

of the thin OER layers were characterized by scanning transmission electron

microscopy and X-ray photoelectron spectroscopy in an effort to establish a corre-

lation between interfacial properties and electrochemical behavior.

22.1 Introduction

The motivation for studying the oxygen evolution reaction (OER) on minute

amounts of platinum group metal (PGM) catalysts stems from the necessity to

add robustness to the fuel cell (FC) catalysts during the so-called transient
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conditions. One of the key FC durability issues is failure of the catalyst and the

other thermodynamically unstable membrane electrode assembly (MEA)

components during start-up/shutdown (SU/SD) and local fuel starvation events at

the anode that can lead to cell reversal (CR). If left unchecked, during these periods

the electrodes can reach potentials up to 2 V.

The SU/SD phenomena were described by the General Motors (GM) and United

Technologies Corporation (UTC) groups some time ago [1, 2] and have been a topic

of intense research ever since. After a prolonged period of rest, the hydrogen in the

anode is replaced by air. Upon start-up, a hydrogen/air front moves across the

anode. The part of the fuel cell in which air is replaced by the arriving hydrogen

exhibits the typical open circuit voltage (OCV), ordinarily around 1 V. Being on the

same bipolar plate and gas diffusion layer (GDL), the potential of the part of the

anode with air still remaining in the anode compartment is forced to be close to 0 V.

As a result, the remaining oxygen at the anode will be reduced. However, the

completion of the oxygen reduction reaction (ORR) in the part of the anode still

under air requires a source of protons. The transport of protons laterally along the

membrane is limited only to the immediate vicinity of the approaching hydrogen

front [3]. Therefore, since the driving force for this reaction is very large, ~1 V, the

protons could be coerced from the cathode. There, the protons can come from two

sources: the oxidation of water or the oxidation of carbon:

H2O ! 1=2O2 þ 2Hþ þ 2e�; E0 ¼ 1:229 V; (22.1)

Cþ 2H2O ! CO2 þ 4Hþ þ 4e�; E0 ¼ 0:207 V: (22.2)

Although the kinetics of carbon oxidation are sluggish, exposure to high

potentials even for short periods of time might be sufficient to oxidize the surface

layers of carbon, thus altering its hydrophobicity and consequently the MEA’s

water transport properties. In electrochemical terms, the SU/SD events last until

an equivalent of 5–10 mC/cm2 of the remnant oxygen is reacted [4, 5]. Depending

of the flow rate of the hydrogen, the effect passes in ~1–3 s [6]. Therefore, such an

event would require current densities of no more than 10 mA/cm2.

Even more severe positive potentials can be experienced by the anode during

cell reversal. This situation arises when there is a substantial lack of hydrogen at the

anode on one of the cells in the stack. This can occur at cold temperatures when

icicles plug the hydrogen inlet. Since the same current must pass through each cell,

in the absence of hydrogen on the anode, the next reactant to oxidize will be either

water or carbon. These reactions require the anode to reach a more positive

potential than the cathode, thus the term cell reversal (CR). Qualitatively, the

anode is in the same situation as is the cathode during SU/SD. However, the current

densities imposed on the anode are 1–2 orders of magnitude higher than during the

SU/SD events and range in the hundreds of mA/cm2.

There are a variety of system-related strategies for avoiding the undesirable

effects of SU/SD and CR, such as gas purging and cell voltage sensors (for reviews,

see [7, 8]). Unlike these methods, a materials-based approach provides protection
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from within the MEA and is therefore always “ON.” One promising materials-

based approach is to develop/implement catalysts with high activity towards the

OER from water. This concept consists of modifying both the anode and the

cathode catalysts to favor the oxidation of water and to maintain the potentials

close to the onset for water oxidation [9–11]. Due to FC performance requirements

as well as the strict United States Department of Energy (DOE) PGM loading

restrictions, the OER catalysts must be added in minute amounts, mostly in the

range below 10 μg/cm2, while still providing adequate protection during damaging

fuel starvation conditions throughout the lifetime of the stack.

In order to be able to properly examine the inherent activity of minute amounts

of OER catalysts, one needs a substrate with minimal interference, extremely slow

OER kinetics of its own and extraordinary stability at high positive electrode

potentials. The unique features of 3M’s Pt–NSTF (nanostructured thin film) catalyst

[12] such as superior durability, electrochemical inertness at high potentials, and

the absence of corrosion interference due to exposed carbon, made it a logical

choice as a support [13, 14]. It is well known that pure platinum has a high

overpotential for OER. For instance, at a current density of 1 mA/cm2, the OER

on platinum proceeds at a potential that is 0.47 V higher than on single crystal

ruthenium oxide [15]. Thus, the OER partial current density on the Pt–NSTF

substrate will be orders of magnitudes lower than on ruthenium, iridium, and

other similar OER-active materials.

The NSTF fabrication process of physical vapor deposition via sputtering in

vacuum allows for a wide range of OER-active materials in a variety of

compositions to be easily synthesized [16]. The requirements for using minimal

amounts of PGM for the OER is accomplished by sputter depositing the OER

catalyst as a separate, discontinuous nanostructured phase onto the base of the

NSTF anode or cathode catalyst-coated whiskers [9, 17]. In this form, the number

of available ORR/hydrogen oxidation reaction (HOR) active sites will be

maximized, allowing the electrode reactions to proceed normally during usual,

non-transitional operating conditions.

Ruthenium and iridium in both metallic and oxide states are known to have the

best catalytic properties for OER in aqueous solutions [18]. In this review, the

properties of the pure elements, Ru and Ir, in the MEA environment will be

reviewed first. In the second part, the applied aspects of the combination of the

two catalysts in SU/SD and CR testing will be covered. In order to fulfill properly

its function, a balance must be struck between OER activity, which allows mini-

mum PGM to be used, and durability, which allows the OER catalysts to accom-

plish its function many times over during the lifetime of a FC stack.

The OER onmetallic Ru and Ir and especially on their oxides has been extensively

studied during the last 50 years. The area has been reviewed in numerous articles, and

a good starting point for this topic would be the brief overview by Trasatti [19].

We will only refer to and compare data with publications which have a more direct

relevance to this work, in particular those which deal with metallic Ru and Ir. In this

way, due attention will be given to the fundamentals of the extraordinary activity of
extremely small amounts of Ru and Ir in an MEA environment.
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This review is limited to and covers the research which has been carried out in

our labs over a period of the last 2 years. The majority of this work has been

reported to DOE and is available on the DOE hydrogen program web site [20].

22.2 OER Catalyst Characterization by STEM and XPS

Small amounts of Ru or Ir were sputter-deposited on Pt–NSTF substrate to deter-

mine their stability and OER activity in a fuel cell environment. Ex situ characteri-

zation of as-grown material was first performed in order to characterize the

morphology and surface state of each OER catalyst. Scanning transmission electron

microscopy (STEM) and X-ray photoelectron spectroscopy (XPS) were employed

to complete this task. Two different OER catalyst loadings were studied, 2 and

10 μg/cm2, in order to explore the impact of layer thickness on the catalyst

morphology and composition.

22.2.1 STEM of As-Grown OER Catalysts

Aberration-corrected STEM coupled with energy dispersive X-ray spectroscopy

(EDS) was used to resolve the structure of the OER catalysts on the Pt–NSTF

whisker surfaces with atomic resolution [21–25]. High-angle annular dark-field

(HAADF) and bright-field (BF) images were recorded simultaneously and provided

complementary information. For high-resolution imaging, BF images provided the

clearest view of the whisker surfaces. However, since Pt, Ir, and Ru all have a

similar lattice spacing, the three constituents could not be readily distinguished by

way of lattice measurements in BF images. The contrast in HAADF imaging, on the

other hand, is sensitive to atomic number and therefore could be used to distinguish

different elements at the whisker surfaces. However, the heavy Pt grains and

thickness variations at the whisker surfaces complicated the interpretation of

HAADF images, especially in the case of the Ir OER catalysts. Thus, EDS mapping

of individual whiskers played an important role in determining the OER layer

thickness and continuity.

The results from the Ru-coated samples are summarized in Fig. 22.1. Unlike Ir,

Ru is much lighter than Pt, and thus, sufficient contrast exists in the HAADF images

to distinguish the two elements. This can be clearly observed by direct inspection of

the HAADF image in Fig. 22.1d of a Pt whisker with a Ru loading of 10 μg/cm2.

The EDS map of this whisker confirmed the presence of Ru on the whisker surfaces.

For this loading, EDS maps showed a nearly continuous thin layer of Ru, but only

intermittent coverage of Ru at the lower 2 μg/cm2 loading. High-resolution BF

images showed a strong crystalline component in the 10 μg/cm2 Ru overlayer,

which was indexed as metallic Ru. The layer was slightly more structured than the

thicker Pt catalyst, and consisted of thin, interconnected particles of Ru, many of
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which grew epitaxially on the underlying Pt. At the lower loading, the presence of

Ru on the whisker surfaces was not as obvious, and electron energy loss spectros-

copy (EELS) mapping (not shown) was necessary to show the presence of a thin,

intermittent Ru layer epitaxially coating the Pt grains.

STEM analysis of the Ir overlayer is shown in Fig. 22.2. It was not possible to

distinguish Ir from Pt in HAADF images. Instead, EDS mapping was used to

visualize the Ir layer on the Pt–NSTF. The Ir, like Ru, was present at a higher

concentration at the tips, but unlike Ru, the Ir layer appeared to be discontinuous for

both the high and low loadings. At the lower loading, the thin Ir layer on the whisker

sidewalls was barely detectable by EDS. Even at the higher loading, the Ir overlayer

appeared discontinuous, suggesting exposed Pt surfaces were available for the ORR

at both loadings. The BF images of the whiskers with the lower loading suggest that

Ir deposits as a thin, epitaxial layer on the Pt surface (Fig. 22.2c). At a higher

loading, small clusters of Ir began to emerge on the whisker surfaces (Fig. 22.2f),

suggesting a slight difference in catalyst morphology between the two loadings.

The STEM analysis suggests a change in catalyst morphology with loading for

both Ru and Ir. As the surface layer thickness increased, the structure of the OER

catalysts became more particle-like. The potential impact on the ORR activity by

blockage of Pt surface sites appeared to be marginal except for the 10 μg/cm2 Ru

sample, where a large percentage of the whisker surface appeared to be covered.

Fig. 22.1 (a, d) HAADF images with accompanying (b, e) EDS maps and (c, f) high-resolution

BF images of Ru-coated whiskers at the low and high loadings. The arrows in the BF images mark

the location of the Ru layer on the Pt grains [17]
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Differences in the surface morphology between the Ru and Ir catalysts for a given

loading were more subtle. However, as the following section will show, morphol-

ogy is only one of many variables impacting catalyst activity and stability.

22.2.2 Surface Characterization by XPS

While STEM methods were valuable in investigating the morphology and the struc-

ture ofOERcatalysts, they lacked the ability to discriminate between different valence

states of Ir and Ru overlayers or altered chemical environments at the interface with

Pt–NSTF whiskers. Therefore, the interfacial region, which plays a critical role

in catalyst performance and durability, was also characterized by XPS [17, 26].

In the case of Ru overlayers, the differences in interfacial chemistry of 2 and

10 μg/cm2 Ru loadings were evident from the line shape of their C 1s-Ru 3d core

level spectra (Fig. 22.3a) even before subjecting the data to more elaborate curve

fitting analysis. Both ruthenium and carbon XPS data strongly suggested that

the interaction occurs at the interface of Pt–NSTF with the 2 μg/cm2 Ru. Firstly,

the thinner 2 μg/cm2 coating had much broader Ru 3d5/2 peak, which implies the

Fig. 22.2 (a, d) HAADF images with accompanying (b, e) EDS maps and (c, f) high-resolution

BF images of Ir-coated whiskers at the low and high loadings. The arrows in the BF images mark

the location of Ir on the Pt grains [17]
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presence of multiple Ru valence states. Secondly, the Ru 3d5/2 peak of the thinner

coating was shifted by ~0.4 eV towards higher binding energies (BE) with respect

to the 10 μg/cm2 peak location. Although small, this shift hinted to a ruthenium

transition from its metallic zero valence into a reacted xþ state. The difference in

the contribution of oxidized (ether and carbonyl) carbon between 2 and 10 μg/cm2

Ru loadings is also strikingly apparent from the C 1s-Ru 3d line shapes. The visible

dominance of ether (C–O) bonds in the thin 2 μg/cm2 Ru coating and subsequent

attenuation of oxidized carbon by the higher ruthenium loading of 10 μg/cm2 was

an implication that ruthenium preferentially covers and interacts with the available

carbonyl bonds of perylene red sites. The O, C, and Ru stoichiometry balance

derived from the curve fitting analysis (Fig. 22.3b) suggested that the chemical

interaction of perylene red with ruthenium results mainly in the formation of

organometallic-type bonds such as Ru(OC)x or Ru(CO)x along with low levels of

ruthenium oxide (Table 22.1).

The ruthenium interaction with the perylene red carbonyl groups is not unex-

pected, as this type of interaction has been reported for other metals and molecules

with structures comparable to perylene red [29–31]. Nonetheless, it was surprising

to find that ruthenium interacts with the perylene red, due to the fact that the

whiskers are covered with a relatively thick layer of Pt (15–20 nm; see Fig. 22.1).

It was even more surprising to observe the extent to which this interaction occurs, as

presented in Table 22.1. Our initial assumption was that the Ru–perylene interac-

tion takes place through the discontinuities in the Pt layer. However, if taking place

only at the Pt–perylene interface, the size and density of the discontinuities would

have to be much higher than that observed in STEM images.

In order to better understand the interaction between Ru and perylene red, a

subsequent study was conducted on ruthenium overlayers deposited directly on the

bare perylene red whiskers with a systematic range of loadings [32]. The intention
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Fig. 22.3 (a) Comparison of Ru 3d-C 1s core level spectra for 2 and 10 μg Ru loadings per
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analysis locations, and (b) curve fitting analysis of Ru 3d-C 1s core level spectra for a 2 μg/cm2

Ru loading on Pt–NSTF: metallic ruthenium Ru0 photoemission contributes to the resolved Ru-I

peak, while reacted ruthenium Rux+ photoemissions contribute to the resolved Ru-II and Ru-III

peaks [17, 27, 28]
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of these experiments was to verify methodically that the Ru–O–C bonds do indeed

form at the Ru interface with perylene red, since these bonds might play a role in the

stability of Ru-containing OER catalysts. The C 1s core level spectra for bare

perylene red substrate and the C 1s-Ru 3d core level photoemission for Ru deposits

ranging from 0.2 to 48 nm are plotted together in Fig. 22.4.

As expected, the C 1s core level spectrum of bare perylene red substrate (Ru

thickness of 0 nm in Fig. 22.4) has only carbon peaks associated with the carbonyl

and aromatic/aliphatic carbons; there is no peak at 287 eV related to the ether (C–O)

bonds. However, the C 1s-Ru 3d core level spectra for ultrathin Ru loadings do

clearly show the emergence of the new carbon peak at 287 eV, along with the BE

shift and broadening of Ru 3d5/2 photoemission. The obtained XPS data confirm the

occurrence of a Ru interaction with perylene red and formation of multiple ruthe-

nium oxidation states. The formation of Ru(CO)x- or Ru(OC)x-type bonds was

further confirmed by the stoichiometry derived from curve fitting analysis.

The difference in the interfacial chemistry between 2 and 10 μg/cm2 Ir loadings

on Pt–NSTF was not as obvious from the raw Ir 4f core level line shapes, as in the

case of Ru overlayers [17, 26]. The curve fitting analysis of Ir 4f core level spectra

Table 22.1 Interface soichiometry for 2 μg/cm2 Ru on Pt-NSTF

Oxygen Carbon Ruthenium

Total content (at.%) 22 41 12

Functional groups Ether Carbonyl Oxide Aliphatic Ether Carbonyl Ru0 Rux+

% Contribution to O 1s, C 1s

and Ru 3d photoemission

25 46 29 65 10 25 25 75

Concentration (at.%) 6 10 6 27 4 10 3 9
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Fig. 22.4 C 1s-Ru 3d core level spectra as a function of Ru thickness on perylene red whiskers
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for the thin 2 μg/cm2 Ir coating (Fig. 22.5a, Table 22.2) shows that the interaction of

Ir with perylene red whiskers is less pronounced when compared to the ruthenium

layer of the same thickness. Only ~50 % of the total Ir 4f photoemission comes from

the reacted iridium (Table 22.2), while, in the case of ruthenium, reacted Ru

accounted for up to ~75 % of the total Ru 3d photoemission (Table 22.1).

Subsequent attenuation of the reacted iridium by the higher 10 μg/cm2 iridium

loading is also true for this interface (Fig. 22.5b). Only Ir–O bonds are present at the

iridium interface with Pt–NSTF as confirmed by the O:Ir ratio calculated after

subtracting oxygen bound to carbon and taking into account the reacted iridium

only. The O (oxide þ hydroxide):Irxþ ratio of ~2.5 in Table 22.2 suggests the

presence of iridium in both 3þ and 4þ valence states. There is no indication of

organometallic bond formation at the interface of iridium with Pt-coated perylene

red whiskers.

In order to explain the observed differences in the ruthenium and iridium

behavior at the interface with Pt–NSTF, the iridium overlayers were also grown

on the bare perylene red whiskers by systematically increasing their thickness in the

range from 0.1 to 34.8 nm [32].

Fig. 22.5 Curve fitting analysis of Ir 4f core level spectra for (a) 2 and (b) 10 μg/cm2 Ir loadings

on Pt–NSTF: metallic iridium Ir0 photoemission contributes to the resolved Ir-I peak while reacted

iridium Irx+ photoemissions contribute to the resolved Ir-II and Ir-III peaks[33, 34]

Table 22.2 Interface soichiometry for 2 μg/cm2 Ir on Pt-NSTF

Oxygen Carbon Iridium

Total content (at.%) 24 22 10

Functional groups Ether Hydroxide +

carbonyl

Oxide Aliphatic Ether Carbonyl Ir0 Irx+

% Contribution to O 1s,

C 1s and Ir 4f

photoemission

28 51 21 75 14 11 45 55

Concentrations (at.%) 7 12 5 16.5 3 2.5 4.5 5.5
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The changes in BE and line shapes of Ir 4f core level photoemission with

increasing Ir coverage on perylene red whiskers clearly demonstrate the existence

of reacted Ir xþ valence state at low Ir coverage (Fig. 22.6). The Ir 4f and Ru 3d core

level curve fitting analysis reveals that the contribution of metallic state is higher for

iridium, which indicates its much weaker chemical interaction at the interface with

perylene red. Unreacted ruthenium was not even present at low coverage up to

~1 nm (Fig. 22.7).

The XPS data indicates clearly an interaction of both Ru and Ir with the perylene

red whiskers. However, the nature and the extent of these interactions with the

perylene red were found to be fundamentally different. The impact of these

differences on the catalysts’ stability and durability needs to be studied further.

22.3 Electrochemical Evaluation of OER Catalysts in MEA

The activity and the stability of the added OER catalysts were evaluated via quasi-

steady state polarization measurements. Slow scan cyclic voltammetry (CV) was

performed from 0.7 V to the upper voltage limit which was sequentially increased in

increments of 0.05 V from 1.45 to 1.65 V. Three consecutive scans for each upper

potential limit were recorded. In Fig. 22.8, some of the characteristic polarization

scans that best illustrate the OER on Ru and Ir overcoated on Pt–NSTF are presented.

Up to the first voltage limit of 1.45 V, only the added Ru produced a substantial
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current—39 mA/cm2. This value is almost a factor of 20 higher than the current on Ir

at the same potential. Further, the onset of OER, defined as 1 mA/cm2 current density

after the subtraction of the background current, on Ru occurs at 1.37 V, while on Ir it

occurs at 1.45 V. Figure 22.8 presents a wealth of information concerning OER

stability and activity, which will be analyzed in detail in the following subsections.
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22.3.1 Ru and Ir Stability

Ru is highly unstable at these high potentials, which is illustrated by the lower

current of the repeated scans to 1.45 V. Following the first scan, the current drops by

38 % and then by 50 % on the third scan. This drop in the activity implies a

substantial loss of Ru during the polarization scans. As large as the Ru loss is,

relative to the literature data, Ru on Pt–NSTF is appreciably more stable.

A widely accepted mechanism for Ru dissolution is via formation of Ru8þ [18].

Hence, a complete dissolution of the 10 μg/cm2 Ru would require a charge of

76.4 mC. This charge is only ~2.3 % of the total charge during the first three scans

to 1.45 V (the charge of the third scan in the negative going potential was not

included in the calculation). Therefore, we can conclude that the current during the

polarization scans is mainly due to OER. The dissolution of Ru continues at a faster

rate during the next three scans to 1.5 V (Fig. 22.8b). The current densities reached

at 1.5 V are 37, 15.6, and 9.2 mA/cm2. If expressed as relative loss with respect to

the first potential sweep, the loss in activity is 58 % for the second and 75 % for the

third sweep. Additionally, the hysteresis between the positive vs. the negative going

potential sweeps is much larger than for the sweeps up to 1.45 V, indicating again a

rapid dissolution rate of Ru at this more positive voltage.

At 1.5 V, a direct comparison of the Ru stability with published data is possible.

While some OER activity is still detected on the potential scans upon the increase of

the voltage limit to 1.55 V (see Ru curve in Fig. 22.8), for simplicity, we will

assume that all the Ru has been dissolved by the third scan at 1.5 V. The total charge

during the six polarization scans, three to 1.45 V and three to 1.5 V, integrated from

1.3 V to the upper potential limit, was ~8,000 mC/cm2. Therefore, the charge

needed to dissolve all of the 10 μg/cm2 Ru—76.4 mC—is only ~1 % of the

average current density during the potential sweeps. In other words, the average

dissolution rate of Ru accounts for only 1 % of the average current during the six

scans. The total charge collected was ~13 mA/cm2, which brings the average Ru

dissolution current to 0.13 mA/cm2. This dissolution rate of Ru on Pt–NSTF of 1 %

is extremely low when compared with the dissolution rate reported by Kötz and

Stucki of 31 and 57 % [35]. The latter was measured on a sputter-deposited 200-nm-

thick film of Ru in the same voltage range in sulfuric acid. A corrosion rate of 10 %,

at constant current in a similar voltage range, has been reported elsewhere (see refs.

[2, 8, 9 in 35]).

The onset potential of Ru dissolution can also be a measure of the Ru stability.

A rough estimate of this value for Ru on Pt–NSTF can be inferred by comparing the

negative going potential scan with the subsequent positive going scan. The two

overlap up to 1.40–1.42 V, after which the current during the positive going scan

starts to fall behind. The other indicator of Ru stability is the Tafel region on the

positive going scans (see inset in Fig. 22.8a). The Tafel relationship holds for only a

narrow potential range between ~1.35 and 1.39 V, suggesting the Ru remains

reasonably stable up to 1.39 V, a value close to the already estimated stability

limit of 1.40–1.42 V. Kötz and Stucki were able to detect products of Ru dissolution
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only at potentials higher than 1.45 V. Thus, our estimate of the onset potential of Ru

dissolution in an MEA environment is slightly lower. In spite of this, the stability of

Ru on Pt–NSTF is much higher, as implied by our dissolution rate, than that

reported by Kötz and Stucki [35].

The impact of the exposure to high potentials on Ru stability can also be

followed via CVs recorded after each set of three polarization curves in the voltage

range between hydrogen evolution and the onset of the OER. This provides

diagnostics of the changes of the overcoated Ru catalyst (Fig. 22.9). The “as

received” sample is dominated by the pseudo-capacitive properties of Ru which

overshadow the underlying Pt–NSTF substrate in the Hupd, the double layer, and the

Pt oxidation region. Following the three polarization scans to 1.45 V, the CV begins

to resemble that of pure Pt, especially in the double layer region. The CV becomes

almost Pt-like after the increase of the polarization limit to 1.5 V. Further increase

of the polarization limit up to the final upper voltage of 1.65 V had no detectable

effect on the CVs.

The presence of 10 μg/cm2 of Ru on the FC performance is also indicative of the

initial state of Ru on Pt–NSTF and its stability during the exposure to high positive

potentials (Fig. 22.10). Before the OER test, i.e. before the exposure of Ru to higher

potentials, Ru covers most of the underlying Pt, as shown by STEM–EDS mapping

(see Fig. 22.1), thus inhibiting substantially the ORR on the cathode. After the Ru

dissolves at higher potentials, the CVs of the cathode become Pt-like (Fig. 22.9),

and the ORR proceeds uninhibited as it does on pure Pt. Note that 2 μg/cm2 of Ru

did not obstruct the FC performance nor were Ru-like features observed in the CVs.

The same is true for both 2 and 10 μg/cm2 of Ir.

STEM–EDS measurements were unable to detect Ru on the whiskers after

testing, corroborating the conclusions from CV measurements that Ru rapidly

dissolves from the whisker surfaces at higher potentials. However, Ru

nanoparticles were found in the microporous layer (MPL) next to the electrode.
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Fig. 22.9 Cyclic voltammograms for 10 μg/cm2 Ru at beginning of test (dotted curve) and after

exposure to 1.45 V (dash-dotted curve) and to 1.50 V (solid curve). CVs scan rate at 100 mV/s.

Test conditions same as in Fig. 22.8
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It should also be noted that the sensitivity of EDS is limited to approximately 1 at.

%, and a small, but electrochemically noticeable amount of Ru may still remain on

the whisker surfaces. This is observed in Fig. 22.8a, where the higher OER activity

at 1.65 V of the Ru sample (~8 mA/cm2) compared with the Pt–NSTF substrate

(~3.5 mA/cm2) could be explained by the presence of trace amounts of Ru on the

electrode at the end of test. Indeed, complementary high-resolution XPS

measurements were able to detect some Ru in the tested catalyst-coated membrane

(CCM), via a weak Ru 3d5/2 peak in the C 1s-Ru 3d region and the very visible Ru

3p doublet (Fig. 22.11a). No Ru was detected on the counter electrode. By

comparison, the XPS spectra for Ir (Fig. 22.11b) have a much stronger peak

intensity, indicating again that Ru has dissolved during the test, while Ir is much

more stable.

In contrast to Ru, Ir proved to be quite stable in the fuel cell environment.

As presented in Fig. 22.8, the three consecutive scans to 1.55 V practically

overlapped, and, as a result, the OER activity of Ir at 1.55 V was 18 times higher

than that of Ru, albeit that Ru had a much higher initial OER activity. Kötz and

Stucki estimated the Ir dissolution rate proceeded at only 1 % of the total current

during the OER test [35]. Unlike for Ru, we have not observed any quantitative

changes in the electrochemical performance for Ir. The electrode potential limit for

Ir stability beyond 1.65 V will be presented later (see Sect. 22.4).

Fig. 22.10 Fuel cell polarization curves before (BOT) and after (EOT) OER testing for 10 μg/cm2

of Ir and Ru on 0.15 mg/cm2 Pt–NSTF. Uncoated Pt–NSTF presented for comparison. Test

conditions: Galvano-dynamic scans at 80 �C; H2/air, constant stoich 2.0/2.5, 68 �C/68 �C, and
dew point, 50/50 kPa
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22.3.2 Ru and Ir OER Activity

In order to put the OER activity for both Ru and Ir in perspective, we will express

them in terms of mass activity, OER current per unit weight, inherent/specific

activity, and the current per catalyst surface area and compare these values with

data from the open literature. The evaluation of the OER inherent activity was

calculated from the kinetic region, where the smaller current densities eliminate the

need for IR corrections.

The activities of the OER catalysts were determined from the initial scans up to

1.45 V for 10 and 2 μg/cm2 of Ru (see inset in Fig. 22.8). These scans are perhaps

the best indicator of the intrinsic OER activity, since no substantial Ru dissolution

has yet occurred. On the first scan to 1.45 V, the mass activity for the 10 μg/cm2 Ru

overlayer was 4 A/mg and for the 2 μg/cm2 Ru overlayer was 2 A/mg. This activity

is over an order of magnitude higher than the generally reported value of around

0.1 A/mg [36], and as such requires a detailed comparison with data published

elsewhere. To the best of our knowledge, the highest activity of metallic Ru for

OER has been reported by Miles et al. [18]. In their systematic study of the three

metals in this report, Pt, Ir, and Ru, as well as their binary alloys, they found that the

activity for OER follows this order: Ru > Ru–Ir alloy ~ Ir � Ir–Pt alloy > Ru–Pt

alloy > Pt. This chapter is of interest to the present study because of the mostly

metallic nature (see Tables 22.1 and 22.2) of our 10 μg/cm2 deposit and (partly) the

extended nature of the Ru and Ir deposited on Pt–NSTF substrate (see Figs. 22.1

and 22.2) which, in principle, could be considered analogous to the flat metal

samples used by Miles et al. At 20 mA/cm2 they reported a potential of 1.46 V

(80 �C, in H2SO4). At 70
�C, we measured a value of 1.42 V. In comparing the Tafel

slopes, 65 mV in this work and 41 mV in Miles et al., the 40-mV difference can be

interpreted as the 10 μg/cm2 Ru overlayer being more active by a factor of 4–10.

Further interpretation leading to estimates of the specific activity of the two

catalysts requires data of the real surface area of the catalyst on which the OER

takes place. Miles et al. report a surface roughness factor of their catalyst of 30.
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Fig. 22.11 XPS core level spectra of tested CCM with 10 μg/cm2 of Ru (a) and Ir (b). Working

electrode side: Ru 3p and Ir 4f, peaks (upper spectra). Counter electrode side (lower spectra)

indicating that no Ru nor Ir peaks are detected in the same BE region on the counter electrode

(uncoated Pt–NSTF)
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We can only estimate that the maximum surface area of Ru on Pt–NSTF, if

deposited conforming to the underlying platinum on NSTF, is approximately

10 m2/m2 (see CVs in Fig. 22.9). On the other hand, as shown in Fig. 22.1f, the

Ru layer does not perfectly conform to the Pt surfaces. Within the confine of the

uncertainties in the surface area which participates in the OER, it still seems

plausible that the inherent activity of the Ru deposits on Pt–NSTF is greater than

those measured on bulk Ru metal. Much work will be needed to understand the

origin of the high inherent activity of the thin Ru deposits on Pt–NSTF beyond its

real surface area, most notably, its interaction with the Pt substrate.

Most of the more recent literature on Ru and Ir and their oxides is related to the

areas of proton exchange membrane (PEM) electrolyzers and reversible FC. Due to

its instability in the operational voltage range of these devices, metallic Ru has not

attracted much interest. Song et al. have shown that in a PEM environment, metallic

Ru particles (BET surface area 20.9 m2/g) are more active than RuO2, IrO2, and

metallic Ir [37]. At 1.45 V, the mass activity of their Ru is approximately 110 A/g,

or 1½ orders of magnitude lower than ours.

From the vast literature on RuO2, we have chosen the report by Lee et al. because

of the claim that they have produced stable 6-nm particles of rutile RuO2 and IrO2

[38]. They reported an OER mass activity of 10 A/g for RuO2 at 1.48 V and a

specific activity of 0.01 mA/cm2. These values, again, are much lower than the

mass activity of over 4,000 A/g for 10 μg/cm2 Ru on Pt–NSTF. Similarly, the

specific activity of Ru on Pt–NSTF, assuming a roughness factor of 10, is 4 mA/

cm2, a factor of 400 higher than that reported by Lee et al. These comparisons, on

the one hand, establish the exceptional activities of minute amounts of Ru catalyst

for OER, while, on the other, corroborate the assumption in Miles et al. that the

oxide film formed in situ on metallic Ru has the highest inherent activity [18].

In view of the previous statement that oxide films formed on metallic Ru are the

most inherently active material, we can explain the fact that the 2 μg/cm2 overlayer

of Ru has a mass activity only half that of the 10 μg/cm2 Ru overlayer. Namely, the

XPS data indicated that much of the Ru in the thinner 2 μg/cm2 overlayer is in the

oxidized state, and hence, there is much less metallic Ru, only 0.5 μg/cm2, on which

oxide film can be formed (see Table 22.1).

Finally, the finding that the Ru overcoating achieves an OER current density of

1 mA/cm2 at 1.37 V qualifies this material as one of the most active OER catalysts.

According to Trasatti, oxygen evolution scarcely starts below 1.4 V [19]. The

Tafel slope for the higher loading (65 mV) lies in the middle of the usual range of

30–120 mV for OER as reported in the literature, while the 130 mV Tafel slope for

the lower Ru loading is slightly above the upper end of that range. The Tafel slope

for Ir, 170 mV, could be interpreted as being due to a “double barrier,” consisting

of the OER and formation of the oxide at the Ir metal–oxide interface [19].

The activity of Ir at 10 μg/cm2 loading can be more readily compared with

published data due to the wider use of Ir for water electrolysis in PEM environment.

Because their study was done on Ir metal, we start the comparison with Miles et al.

[18]. At 20 mA/cm2, they report an electrode potential of 1.61 V vs. our Ir sample at

1.48 V. One might try to explain this difference strictly in terms of the higher
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surface area of our catalyst. To comply with the Tafel slope between 85 mV, as

reported by Miles et al., and 170 mV, as determined for Ir on Pt–NSTF, a roughness

factor of approximately 10 is required for our catalyst. However, since Miles et al.

do not provide a roughness factor for their Ir catalyst, a comparison of the inherent

activity of the two catalysts cannot be made.

Another comparison can bemadewith theOER activity of Ir dispersed onTiC [39].

TiC is a stable substitute for traditionally used carbon supports. Based on their data, the

derivedmass activity for 0.02mg/cm2 of Ir onTiC at 1.55V is 615A/g as compared to

our value at 3,900 A/g Ir.

The comparison of our catalyst with the stable 6-nm nanoparticles of rutile-

phase IrO2 [38], which was reported as having a mass activity of 3 A/g of Ir oxide

(~3.5 A/g Ir metal), shows that the mass activity of our Ir at the same voltage is

higher by a factor of ~570.

An interesting comparison can also be made with sputter-deposited IrOx. After

equilibration for 60 s at 1.5 V, we calculated a mass activity of 1,200 A/g. Obtained

at 70 �C, this value for the Ir overlayer on Pt–NSTF compares favorably with the

sputter-deposited IrOx with a 0.2 mg/cm2 Ir loading and mass activity of approxi-

mately 240 A/g at 60 �C and 640 A/g at 80 �C [40]. At 1.55 V, we have obtained a

mass activity of 3,900 A/g, which, again, compares favorably with an earlier

reported value of 1,500 A/g at 80 �C [41].

On a fundamental level, these results demonstrate the behavior of extremely

small amounts of Ir and Ru at very positive potentials in a PEM environment. The

nature of these extraordinary OER activities needs further elucidation both from a

practical and fundamental point of view. The thin film morphology could be one of

the main factors affecting activity, first of all through the favorable surface to mass

ratio and further due to the discontinuous nature of the thinner coatings. Finally, the

observed interactions with the substrate and the NSTF perylene core could have an

effect both on the activity and stability of the OER catalyst.

On a practical level, the initial evaluation of Ru and Ir overlayers provided a

direction for the future development of the OER catalysts for fuel cell applications.

One would like to use Ir both for its stability at high positive potentials and lack of

inhibition of the ORR. Adding a small amount of Ru will probably improve the

OER activity of Ir, while the appropriate amount of Ir will in turn protect Ru from

extremely fast dissolution. In optimizing the Ir to Ru ratio, one has to bear in mind

the short time duration of the transient conditions, typically 1–3 s for SU/SD and

15 s for cell reversal [6].

22.4 Combined Ru–Ir Catalysts

As pointed out in the introduction, the activity for OER is a necessary property of

the added/modified existing anode or cathode FC catalyst. However, the high OER

activity, such as exhibited by the added Ru on Pt, must be able to withstand

numerous high positive potential excursions during the lifetime of a FC stack in
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automotive applications. The addition of Ir as a path to achieve this goal has

exhibited some interesting properties. The stabilization effect by sputter-deposited

Ir on Ru is presented in Fig. 22.12. The total amount of the two elements was kept

constant at 2 μg/cm2. First, it is interesting to observe that the OER activity during

the first potential sweep to 1.45 V was lower than that for pure Ru only when ¾
(1.5 μg/cm2) of the Ru was substituted by Ir. At ½ and ¼ Ru substituted by Ir, the

OER activity was expressly higher than for pure Ru. While this observation may be

explained by greater Ru retention by the time the electrode reaches 1.45 V, it is

plausible that a synergistic effect exists between Ru and Ir. From a utilitarian point

of view, by the third excursion to 1.45 V, the catalyst with the highest Ir content

retains the most activity, ~57 %, while the others, including pure Ru, retain only

39–45 %. The retention of the OER activity of the high content Ir catalysts becomes

more obvious when the upper voltage limits is increased by 0.05 V, from 1.45 V to

1.5 V. At 1.5 V, the OER activity behaves as expected, namely, the highest

maintained OER activity arose from the catalyst with the highest Ir loading

(75 %). The OER activity retention is also the highest, 68 % from cycle #1 to

cycle #3. At 1.5 V, one has to consider that Ir has more OER activity on its own;

therefore, it is difficult to speculate on the contribution of the retained Ru catalyst

towards the total OER current.

Kötz and Stucki studied the OER activity and stability of 200-nm-thick Ru–Ir

metallic alloys sputter-deposited on glass [42]. In sulfuric acid, they found that

14 % at. Ir already had produced a substantial stabilization effect on Ru which is

similar to our data for 15 % at. Ir (Fig. 22.12). Based on XPS measurements before

and after the electrochemical testing, they concluded that the stabilization is due to

the formation of a protective oxide layer with increased Ir content. However, unlike

our findings, they saw a steady decrease in the OER current with an increase of Ir

content. In addition, our Ru–Ir catalyst, estimated to be only 2 nm thick, has at least

an order of magnitude higher OER activity. This obviously points to differences in

the structure and the morphology between the two films which could be due to the

preparation procedures as well as the substrates.

Fig. 22.12 OER currents at the end of the three consecutive potential scans to 1.45 V (a) and 1.5 V

(b) of sputter-deposited Ir on Ru with total amount of the two elements at 2 μg/cm2. Order of lines

from the top: 1st, 2nd, 3rd potential scans. Test procedure and conditions same as in Fig. 22.8
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We can also compare our measurements on Pt–NSTF-supported Ru–Ir with the

work of Fuentes et al. using metallic Ru–Ir deposited on anatase TiO2 as a support

[43]. Tested in acid aqueous environment, they reported a mass activity of 100 A/g

Ru–Ir. As presented in Fig. 22.12, our 2 μg/cm2 Ru–Ir at the same potential of 1.5 V

has a mass activity of between 5,600 and 6,200 A/g.

Qualitatively, the behavior of our Ru–Ir is also in agreement with the behavior of

thermally produced mixed RuO2 and IrO2 tested in aqueous systems (Matos et al.

[44]). The range of the Ru:Ir ratios for the best activity (70 % at. Ru in Matos et al.)

and the best stability (50–90 % at. Ir) is very similar. However, the oxides of Matos

et al. exhibit huge differences in inherent activity when compared with our metal

catalysts. At 1 mA/cm2, a current density where Ru is presumed stable and the IR

corrections are negligible, the electrode potential range of all the compositions

containing Ru (excluding pure IrO2) in Matos et al. are within 1.42 and 1.47 V. At

the same current density, our samples are in the range of 1.38–1.40 V. What makes

this difference significant is the fact that the Matos et al.’ samples are 2 μm thick,

with a loading of ~2 mg/cm2, which is a factor of 1,000 more than ours. If evenly

distributed over the real surface area of the Pt–NSTF substrate, a Ru þ Ir loading of

2 μg/cm2 would result in a layer thickness of less than 2 nm.

The “thickness” consideration can shed some light on the enhanced catalytic

effect of the mixed samples with 1.5 and 1.0 μg/cm2 of Ru over the sample with

pure 2 μg/cm2 of Ru. Mattos et al. ascribed the enhanced activity of the mixed

Ru þ Ir samples to “a combination of catalytic and roughness effect.” In the case of

our samples, the catalyst is so thin that we cannot speak of any kind of layer and

consequently we can disregard the roughness factor as a contributor to the enhanced

activity. This leaves the enhanced inherent activity as the predominant reason for

the increased activity.

22.5 Ir–Ru Catalysts for Practical Applications

While the addition of Ir improved substantially the retained OER activity, for

numerous SU/SD and CR events, a much more stable behavior is still required.

The trend of higher stability with increasing Ir content (see Fig. 22.12) indicates

that a higher Ir:Ru ratio than 63:37 (% at.) is needed. As pointed out in Matos et al.,

90 % at. Ir exhibits the highest stability [44]. For that reason, the choice was made

to go with an Ir:Ru atomic ratio of 90:10 for practical applications involving SU/SD

and CR testing. In order to evaluate the effect of loading on OER activity and

stability, different loadings of Ir–Ru catalyst between 1 and 10 μg/cm2 were

deposited on NSTF decals with a fixed Pt loading. The MEAs with different OER

catalyst loadings were evaluated via generic, electrochemical test procedures mim-

icking the real events experienced by a fuel cell during SU/SD or CR.
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22.5.1 Start-up/Shutdown

Start-up/shutdown tests consisted of numerous triangular potential ramps from the

typical FC OCV (~0.9 V) to an upper voltage between 1.4 and 1.6 V. To mimic the

depletion of oxygen from the anode, the potential was held at the upper limit until a

fixed amount of charge was passed, estimated to be 5–10 mC/cm2. In order to assure

that the OER-added catalyst maintains sufficient activity, an additional requirement

was imposed such that the test was terminated if the current during the hold fell

below a certain level, initially set at 1 mA/cm2. At regular intervals, the electrode

potential was brought down to 0.65–0.7 V, which is the usual cathode potential

during normal FC operation. During this period, the oxides of Pt and of the OER

catalysts are reduced. After every 1,000 cycles, the Pt surface area was evaluated

via cyclic voltammetry in the Hupd region.

Typical results illustrating the behavior of the OER catalyst and the final

outcome of the testing after 10,000 start-up equivalent cycles are presented in

Figs. 22.13 and 22.14. In Fig. 22.13a, typical current responses from 0.9 to

1.45 V are presented for 10 μg/cm2 of Ir–Ru on Pt–NSTF and for the Pt–NSTF

substrate. The two upper curves were recorded during the first cycle after the

catalyst was held at 0.7 V, while the two lower were recorded at cycle 50. In both

cases the current traces run almost identical to each other until the potential reaches

~1.35 V, at which point the current for the catalyst with the added Ir–Ru takes off

due to the onset of oxygen evolution. The higher current before the OER onset

potential in the cycle 1 curves is due to the oxidation of platinum which immedi-

ately before the potential ramp was at 0.7 V and therefore reduced. During

subsequent cycles, the potential does not drop below 0.9 V, the Pt oxide does not

Fig. 22.13 Characteristic graphs during the evaluation of OER catalyst in MEA by electrochemi-

cal test mimicking the SU/SD. (a) Current responses from 0.9 to 1.45 V for 10 μg/cm2 of Ir–Ru on

Pt–NSTF and for the Pt–NSTF substrate, 250 mV/s. Two upper curves: the first cycle after the

catalyst was held at 0.7 V, two lower curves: at cycle 50. (b) OER peak current dependence on the

Ir–Ru loading at pulse1 (open square) and pulse 50 (solid diamond), current values at 1.45 V
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get reduced, and consequently the current on the following upward potential ramps

to 1.45 V is practically zero.

The difference from the onset of the OER current at 1.35 V and at the peak

voltage of 1.45 V is a good measure of the activity of the OER catalyst. In

Fig. 22.13b the dependence of this current difference on the amount of the Ir–Ru

catalyst is presented for the two characteristic cycles, the one immediately after

(reduced surface) and the other just before (oxidized surface) the catalyst is held at

0.7 V. A linear relationship is observed in both cases. However, the linearity has a

slope of only 1/3, which suggests that only 1/3 of the deposited Ir–Ru contributes to

the electrochemically active surface area.

In Fig. 22.14a, the changes in the currents at 1.45 V of the characteristic cycles

throughout the 10,000 cycles are presented. The first observation is that the activity

of the OER catalysts steadily decays at the rate of 3 % per 1,000 cycles. The second

is that the OER currents form three distinctive “bands.” The upper band contains

only ten points, the first point of each of the ten scans immediately following the

evaluation of the surface area. During these measurements the electrode potential is

close to 0 V, and therefore, the electrode surface is fully reduced, i.e., regenerated.

The middle band contains the partially regenerated surfaces, after the voltage is

dropped to 0.7 V (see the example in Fig. 22.13b). There are 20 of these points per

1,000 cycles. The third band represents the currents recorded on the most oxidized

catalyst surface, i.e., immediately before the voltage is dropped to 0.7 V.

Finally, the effectiveness of the OER catalyst to slow down Pt dissolution is

demonstrated in Fig. 22.14b. There, the changes in Pt surface area, measured at every

1,000 cycles for six different MEAs, two with 2 μg/cm2 and four with 10 μg/cm2 of

Ir–Ru, are presented. On average, the rate of the surface area Pt loss was at only 2 %

per 1,000 cycles, which is acceptable for the lifetime of automotive stacks. One

obvious reason for the Pt retention is the ability of the OER catalyst to keep the

voltage down. However, an additional effect, applicable in an MEA environment

only, was recently offered as a possible explanation of the suppressed carbon

Fig. 22.14 (a) Currents at 1.45 V of the characteristic cycles (every 50 and every 51) throughout the

10,000 cycles. (b) Pt surface at every 1,000 cycles for six MEAs, two with 2 μg/cm2 and four with

10 μg/cm2 of Ir–Ru. Test conditions same as in Fig. 22.8. Electrode potentials expressed vs. SHE
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corrosion in the presence of IrO2 [45]. Namely, during the oxidation of water, the

local environment around the catalytic sites gets deprived of water molecules. Since

water is a reactant in the corrosion process, water deprivation will have a positive

effect in the corrosion retardation. Water certainly plays a role in the dissolution of

platinum and this could be an additional benefit of the presence of the OER catalyst.

Nonetheless, as we will see in the next subsection, high positive potentials are the

main cause for the degradation of Pt.

22.5.2 Cell Reversal

As we pointed out in the introduction, cell reversal requires the OER to proceed at

much higher current densities. In addition, the OER proceeds at the anode during

CR, where the Pt loading is much lower relative to the cathode. Thus, the impact of

Pt loading, with and without the added Ir–Ru catalyst, on the peak anode voltage

was explored, as presented in Fig. 22.15. The most obvious observation drawn from

Fig. 22.15a is the large difference in the polarization between the bare Pt and the

Ir–Ru overcoated Pt. All the data points for bare Pt are above 1.6 V, while, even for

the highest current density, the Ir–Ru samples are below that value. As we will see,

this demarcation can be related to the stability of the catalysts. Secondly, within the

reproducibility of the tested MEAs, the Pt loading does not appear to have much of

an impact on anode potential. Further, the Tafel slope for bare Pt is ~200 mV while

for Ir–Ru it is ~100 mV, both in line with literature data and the data presented

previously in Sect. 22.3.2 for the behavior of Ru and Ir overlayers on Pt–NSTF. The

impact of the current pulses on the Pt surface area is rather striking (Fig. 22.15b).

Fig. 22.15 The impact of Pt loading on the OER polarization. (a) Upper line: Pt–NSTF substrate

with 0.05, 0.10 and 0.15 mg/cm2 Pt. Lower line: same Pt–NSTF substrates with 10 μg/cm2 of Ir–Ru

voltage recorded 15 s after constant current pulse from �1 mA/cm2 to 12, 44, and 200 mA/cm2.

(b) Relative electrochemical surface area changes of Pt with (solid bars) and without (patterned bars)
the OER catalyst before any current pulses, after 20 � 44 mA/cm2 and after 200 � 200 mA/cm2

(Ir–Ru on Pt–NSTF only)
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After the 44 mA/cm2, the surface area of Pt–NSTF is less than half of the original

value, while the samples with overcoated Ir–Ru hardly lost any Pt surface area even

after 200 pulses at 200 mA/cm2.

In Fig. 22.16, the impact of Ir–Ru loading in the range of 0–10 μg/cm2 is

presented. The purpose of the test is to determine the minimum amount of Ir–Ru

that will satisfy the cell reversal requirements. In addition, some interesting

observations about the OER activity and the stability of Ir–Ru at high current

densities can also be made. Similar to what was presented in Fig. 22.13b, for low

current densities, the OER potential is higher at lower Ir–Ru loadings, the highest

being on uncoated Pt–NSTF. Even more informative are the findings about the

durability of the Ir–Ru. At the smallest loading, 1 μg/cm2, the potential rises rapidly

with the repeating pulses and, at pulse #7, approaches the polarization of Pt. This

can be interpreted as a clear indication of the dissolution of the catalyst. Even after

dissolution occurs, the 1 μg/cm2 Ir–Ru samples still level off at a potential ~20 mV

lower than pure Pt. In that aspect, the effect of the OER coating is similar to the

effect of pure Ru on Pt–NSTF pointed out in Fig. 22.8. The summary of the loading

effect is presented in Fig. 22.16b, where, except for the highest Ir–Ru loading,

10 μg/cm2, all OER catalyst loadings showed some deterioration in the OER

activity after testing, which was more pronounced with decreasing Ir–Ru loading.

The requirement for practical transportation applications is that the OER

catalysts endure 200 current pulses of 200 mA/cm2, with a pulse duration of 15 s

each, without reaching a cell voltage of 2 V. To mimic the normal FC operation, the

potential between the 200 mA/cm2 pulses was brought down to 0 V for 1 min.

Practically all samples with 10 μg/cm2 of Ir–Ru fulfilled this requirement with the

voltage at the end of the 200th pulse at ~1.6 V. In order to further pursue the limits

of the durability of the Ir–Ru, following the 200 pulses, a constant current of

200 mA/cm2 was applied until the voltage reached 2 V. In Fig. 22.17, the cell

voltage vs. time is presented for four replicates of the nominally same MEA.

Fig. 22.16 The impact of Ir–Ru loading on the OER activity and the catalyst stability. Pt–NSTF

loading 0.05 mg/cm2, Ir–Ru loading 1–10 μg/cm2. (a) End voltage after 30 s at 44 mA/cm2; two

MEAs tested for each Ir–Ru loading. The lines follow the Ir–Ru loading, uncoated Pt–NSTF at the

top and 10 μg/cm2 at the bottom. (b) The end voltage at 20th current pulse at 12 mA/cm2 (upper
curve) and 44 mA/cm2 (lower curve)
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The starting voltage of these replicates is within a narrow range of ~40 mV. Yet, as

is presented in the inset, the time to reach 2 V varies by a factor of five, between

1,800 and 9,000 s. The variations in the last phase, the end-of-life testing,

exacerbates all the imperfections and variations in all the stages of the catalyst

testing, from the catalyst fabrication, through the MEA assembly and through the

FC test conditions. Note that the catalyst durability is inversely related to the

starting voltage, an interesting observation that can serve as an additional criterion

to predict the catalyst durability.

From a fundamental point of view, a more interesting event occurs around

1.75 V. It appears that this is the voltage limit of the Ir–Ru catalysts, since beyond

this voltage a rapid increase in cell voltage takes place. STEM studies were

performed on the end-of-life MEAs for each loading and indicated that little to

no Ru or Ir remains on the whisker surfaces once the critical 2 V limit was reached.

Thus, dissolution is the key deactivation mechanism. Some Ir was found with Pt in

the membrane near the NSTF electrodes, while most was present within the MPL as

small, pure metallic nanoparticles (Fig. 22.18).

Fig. 22.17 (a) Time to failure (2 V) at constant current of 200 mA/cm2 after the 200th 15 s pulse

of the same current density. Four MEA replicates of the nominally same 10 μg/cm2 of Ir–Ru

presented. (b) Time to failure as function of the initial voltage at beginning of test

Fig. 22.18 HAADF-STEM image with EDS Pt and Ir maps of NSTF electrode subjected to cell

reversal conditions. EDS mapping showed that significant amounts of Ir precipitated within the

MPL. Agglomerates of Ir/Pt particles were found in the membrane, while pure Ir particles were

found in the MPL [47]
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While outside the scope of this chapter, we would like to complete this review by

pointing out that real, rather than electrochemical, testing of the OER-modified

catalyst was also carried out. Some formulations of the practical catalyst were

extensively evaluated by a major stack developer [3, 46]. The evaluation was done

in subscale as well in a full-sized architecture. The extremely favorable outcome of

the protective properties of the Ir–Ru on Pt–NSTF for both CR and SU/SD tests

confirmed the laboratory testing results.

22.6 Conclusions

Minute amounts of Ru and Ir deposited on Pt–NSTF have shown surprisingly high

activity towards OER and can be utilized for controlling electrode potentials during

transient events such as start-up/shutdown and cell reversal. STEM–EDS and XPS

complemented electrochemical tests in characterizing the fundamental nature of

these materials and their potential impact on fuel cell technology.

The large activity of Ru was successfully coupled with the superior stability of Ir

to create an OER overcoating able to withstand the extreme conditions experienced

during SU/SD and CR while at the same time promoting Pt stability by reducing the

overall potentials seen by the electrodes. Careful XPS studies showed that the OER

catalysts become increasingly metallic with higher loadings. Interesting

interactions between Ru and perylene were uncovered and will be the topic of

future investigations. Evaluation of the Pt surface area coupled with STEM imaging

and EDS mapping showed that the OER catalysts could be successfully integrated

without impacting the ORR activity. STEM imaging also revealed that OER

overlayers took on more of a discontinuous film-like structure, which may explain

why the measured activities were more similar to those measured on bulk thin films

than nanoparticles.

Future efforts should seek to answer several key questions, the most important of

which is why the intrinsic OER activity of Ru and Ru–Ir overcoated Pt–NSTF is so

high and remains enhanced even after complete dissolution.
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Chapter 23

Metal Carbides in Fuel Cell Cathode

Belabbes Merzougui, Ahsanulhaq Qurashi, Oki Muraza,

and Mohammad Qamar

Abstract Moderate-temperature fuel cells are clean power generators for both

stationary and mobile applications. In particular, polymer electrolyte membrane

fuel cells (PEMCs) have attracted much attention due to their high gravimetric and

volumetric power densities. However, due to their acidic environment, platinum-

based nanocatalysts are the only feasible electrocatalyts for such systems. High cost

and limited resources of this precious metal hinder the commercialization of

PEMFCs. As a result, tremendous efforts are being exerted to either reduce Pt

loading or substitute Pt metal with other non-noble metals. In this context, metal

carbides have been extensively investigated due to their bifunctional mechanism as

a catalyst as well as a catalyst support. Hence, the aim of using metal carbides is to

replace carbon support since carbon suffers from corrosion problem and at the same

time to reduce a substantial amount of Pt in fuel cell cathode. In this chapter, we

have given an overview on metal carbides and their benefits as catalyst support for

fuel cell cathode reactions.
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23.1 Introduction

The growing pressure on clean fuels and reduction in emission of carbon dioxide

has rendered fuel cell technology as one of the alternative green power devices for

next generation of cars. However, fuel cell technology is still encountering a

number of issues which are related in particular to cost and durability. In the

moderate-temperature fuel cells, such PEMFCs and phosphoric acid fuel cells

(PAFCs), operating below 200 �C, the state-of-the-art catalyst is generally based

on Pt and Pt alloys [1]. Even though these systems use noble metals, they still suffer

from performance loss during the course of operation as a result of catalyst

degradation and, in particular, corrosion of carbon supports [2–5]. Carbon is well

known by its unique properties, such as conductivity, porosity, water and gas

manageability, and the ease to disperse in a sort of ink for thin layer coatings of

catalyst, either on gas diffusion electrode or directly onto membranes. Unfortu-

nately, carbon suffers dramatically from corrosion leading to an irreversible loss in

electrode performance, notably at the cathode side of fuel cells. Kinetically, corro-

sion rate of carbon black at potentials lower than 0.9 V/RHE is reasonably slow at

temperature between 60 and 80 �C. However, long-term operations can cause a

decrease in carbon content in the catalyst layers [3]. Moreover, during start–stop

cycling and fuel starvation, the cathode can experience high potential excursion

reaching 1.5 V/RHE [6–8]. Under these conditions, severe carbon corrosion causes

agglomeration of catalyst particles and an increase in ohmic resistance in catalyst

layer due to collapse of the porous structure. Hence, stable catalyst and support

materials are strongly needed to improve the durability of PEMFCs cathode [4].

On the other hand, according to Department of Energy (DOE), cost of catalyst

(Pt) presents over 1/3 of the total cost of a fuel cell stack. Many approaches have

been seriously considered in order to reduce the catalyst cost, especially by reducing

Pt loadings on both electrodes in fuel cell systems, namely, using metal carbides [9],

metal oxide–CNT composites [10], metal phosphides [11], transition metal–carbon

composites [12], metal chalcogenides [13], Pt monolayers [14], and iron-based

catalyst (called, nowadays, Pt-free catalysts) [15–17].

This chapter is devoted, in particular, to metal carbides in fuel cell cathode as

potential alternative materials to conventional carbon support owing to their

bifunctional capability, catalysts and catalyst supports.

23.2 History of Metal Carbides in Fuel Cells

In early 1960s, some of the metal carbides such as silicone carbide (SiC) and boron

carbide (BC) were tested for the first time in fuel cell environment. For example, BC

was used as catalyst support in both phosphoric and alkaline fuel cells by GE in the

USA [18]. Since then, it took 20 years for other carbides to be evaluated in fuel cells,

in particular phosphoric acid fuel cell (PAFC). United Technologies Corporation
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(UTC) has been using SiC for 50 years as an electrolyte matrix in PAFC because of

its extreme stability in hot phosphoric acid. The system could not be used in fuel cell

electrodes due to its poor catalytic activity and electrical conductivity. However, SiC

has been evaluated as a catalyst support with addition of carbon black to enhance

conductivity in the catalyst layer. The approach included the deposition of Pt

particles on SiC by chemical route followed by mixing with carbon to formulate

catalyst. Authors claimed that a higher Pt loading has led to improved electrode

performance even with large particles of Pt. This indicated that electrode perfor-

mance depends not only on surface area of Pt but also on the interaction nature

between support and metal catalyst [19].

On the other hand, TiC has been also studied for fuel cell applications since the

system is electrically conductive and can be prepared with high surface area. In hot

phosphoric acid, TiC carbide performed well as catalyst support, presumably due to

formation of oxide layer or oxocarbide layer as shell [20]. Since then, metal

carbides, especially tungsten monocarbide (WC), have been proposed as catalyst

support due to their stability, electrical conductivity, and strong metal–support

interaction property [21–29]. Chhina et al. [25] compared the stability of

Pt-supported tungsten carbide to that of supported on Vulcan XC-72 and found

that the former could retain the surface area and activity better during the corrosion

testing in acid. The high stability of tungsten carbides in the electrochemical testing

was attributed to a core–shell-type structure that was formed when the surface of

tungsten carbide oxidizes to oxide layer, WOx or WOCx. This passive shell

encapsulates and protects the carbide core from severe corrosion. Such data agreed

well with the data reported for TiC [20].

It is important to note, however, that the stability of tungsten carbides also

depends on the structure, phase and shape. For instance, it has been reported that

single-phase WC is more stable thanW2C in the acidic medium [23, 30]. In addition

to the high stability, tungsten carbides are also expected to enhance the catalytic

activity of Pt nanoparticles due to the strong metal–support interaction (SMSI) [31].

Shen’s group reported that oxygen reduction reaction (ORR) activities of Pt- and Pd-

based catalysts were enhanced significantly on tungsten carbide-modified carbon

support [9, 32–34]. The possible reason for activity enhancement includes more

uniform catalyst distribution on modified carbon and the synergistic interaction

between metal particles and tungsten carbides. Such interaction may cause some

change in the electronic environment of Pt leading to low oxide formation on the

surface of Pt, which is believed to be one of the causes for Pt dissolution and sluggish

kinetics of oxygen reduction reaction [2].

In terms of catalytic activity, the early studies reported on metal carbides,

especially on WC, have shown a good catalytic activity toward hydrogen and

hydrazine oxidation [35, 36]. Since then, research interest on metal carbides has

tremendously increased and indicated that these materials can replace a substantial

amount of Pt in fuel cell electrodes. The work reported by Bennett et al. [37] has

clearly demonstrated the evidence of WC activity by establishing a close relation-

ship between the catalytic activity and the density of d-like states at Fermi level.

The density of states at Fermi level of WC is intermediate in character between that

of W and Pt. However, authors mentioned that such observation of Pt-like in WC
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does not provide a complete explanation for its catalytic behavior. Moreover, it was

claimed that a higher density of state at Fermi level is necessary, but not sufficient

as criteria to obtain a higher catalytic activity. Therefore, based on Fermi level

energy alone, one can expect a higher catalytic activity for metals, such as vana-

dium and tantalum. Yet, these metals are not active for both hydrogen oxidation and

oxygen reduction reactions. So, one possibility to explain metal carbides activity

might be related to ferromagnetic property, which is generally characteristic of

heavier metals, like Pt.

Alloying metal carbides with other metals (for instant alloying WC with Mo or

Ta) can also affect the catalytic property, which indicates that the origin of WC

activity might be associated with surface change, such as formation of hydrogen

tungsten bronze as results of oxide layer encapsulating bulk carbide [38].

23.3 Synthesis Methods

23.3.1 Hydrothermal Synthesis

Hydrothermal synthesis is simple and convenient method for nanomaterial synthesis.

Hydrothermal technique can be precisely defined as the use of water or an organic

solvent as reaction medium in a proper sealed container at elevated temperature

(100–300 �C). In hydrothermal conditions, the pressure of the container dramatically

increases due to increase of temperature. The increase of pressure also depends on

other reaction parameters like filling level of the container and dissolved metal salts.

There are a few important advantages of hydrothermal synthesis like elevated

temperature and pressure enhancing the reactivity of inorganic solids, providing

solubility of various compounds, and initiating reactivity in slow reactions. These

hydrothermal conditions tailor nucleation and subsequent crystal growth. As an

example, Pie et al. synthesized silicon carbide (SiC) nanotubes using supercritical

hydrothermal conditions [39]. The synthesis of silicon carbide nanotubes was

performed in stainless-steel (Cr1Ni18Ti9) kettle. The maximal pressure inside the

vessel was 8.0MPa, temperature around 470 �C. In this synthesis method, high purity

of SiC (particle size < 50 nm) and SiO2 (particle size 30 � 5 nm) were used as

starting materials. The SiC nanotubes were composed of β crystalline structure along
with some residual carbon. The nanotubes were formed in high aspect ratio. On the

other hand, Hu et al. prepared 5–15 nm cubic vanadium carbide (VC) nanoparticles

dispersed on carbon matrix following hydrothermal method [40]. The synthesis was

carried out in Teflon-lined stainless-steel autoclave at 150 �C. These nanocrystalline
cubes V8C7 were used as oxygen reduction electrocatalyst support to enhance the

mass activity of Pt nanoparticles. The mass activity of Pt/VC was increased signifi-

cantly compared to conventional catalyst, Pt/C.
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23.3.2 Sol–Gel Synthesis

Sol–gel is a wet chemistry technique and is widely used for the synthesis of metal

oxide and sulfide nanostructured materials. Sol–gel method generally involves the

formation of sol pursued by the formation of gel using metal precursors as starting

materials [41]. Hydrolysis and condensation reactions result into various interesting

shapes of these metal oxide and sulfide nanostructures. In this method the nature

of metal precursor, type of solvent, reaction pH, temperature, support, and time

are vital parameters which predominantly affect the morphology, size, and porosity

of the resulting nanostructured materials. Elevated temperature calcination is used to

remove the organic framework, andmetal oxide/sulfide/carbide nanostructures can be

obtained. Sol–gel chemistry also enables to produce cheap and sustainable metal

carbide nanostructures. Recently Hudson et al. synthesized metal carbide (WC)

nanoparticles using the sol–gel method [42]. Tungsten carbide nanoparticles

synthesized by the gel precipitation of tungstic acid in the presence of an organic

gelling agent (10 % ammonium poly(acrylic acid)] in water and HCl saturated

hexanol, followed by washing, drying, and subsequent pyrolysis under Ar at 900 �C
and then under CO2 at similar temperature. XRD clearly showed the formation of

tungsten carbide with lattice fringes in the crystal are oriented in (111) plane with

spacing of 0.25 nm. The size ofWC nanoparticles was in the range of 40–75 nm. Yao

et al. also prepared highly uniform metal carbide nanocrystals [43]. In this work, they

prepared concentrated solution of metal precursor in ethanol using various metal

precursors, such as TiCl4, MoCl5, WCl4, and NbCl5. The metal precursor was reacted

with ethanol vigorously to release the HCl and to formmetal orthoesters, followed by

formation of metal/urea precursor in gel phase. Finally the gel was placed in an oven

and treated under nitrogen at 800 �C. This sol–gel synthesis method is very interesting

and convenient and also it can be applied to a various types ofmetals to generate well-

defined and highly crystalline carbides [44].

23.3.3 Temperature-Programmed Reaction

Temperature-programmed reactions (TPR), developed by Volpe and co-workers,

are efficiently used for the synthesis of metal carbides [45]. This method is

prominent for the synthesis of metal carbides and other inorganic nanomaterials

of desired shape and properties. Metal oxides are essentially heated at high temper-

ature in the presence of hydrocarbon. In this synthesis method, the reactant gases of

optimized ratio of CH4/H2 or C2H6/H2 are passed over the metal oxides. After the

reaction, samples need to be quenched in the presence of argon at room tempera-

ture. However, before exposing the sample to the atmosphere, the carbide generally

needs to be partly passivated in the presence of trace of oxygen, O2/Ar (1–2 %). The

shape of the nanostructured carbides depends upon the temperature, metal oxide

precursors, and ratio of gases.
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Shao et al. produced high-surface-area-modified tungsten carbide (WC) by TPR

without significant loss of carbon support [46]. This method can also be used for

scale up synthesis of kilogram metal carbide nanoparticles with particle size in the

range of 10–50 nm. The Pt catalyst supported on tungsten carbide on Ketjenblack

(KB) showed a better oxygen reduction reaction activity compared to conventional

catalyst, Pt/KB.

23.3.4 Microwave Synthesis Method

Microwave chemical synthesis method has become very important due to its

remarkable advantages for the synthesis of organic and inorganic nanomaterials.

This method allows synthesis to be done in a faster and cleaner way with reduced

solvent consumption as a “greener” process. Shen et al. synthesized platinum-

loaded tungsten carbide nanoparticles by microwave synthesis [47]. In this method,

metal salt dissolved in distilled water and alcohol under magnetic stirring to obtain

homogenous mixture. Carbon as the supporting material was added to the mixture

and continuously stirred to obtain the dispersed ink. The ink was dried at 80 �C and

finally transferred to a homemade program-controlled microwave oven (2,000 W,

2.45 GHz) for further heating at different times. This experiment was carried out in

ambient air. The average particle size of WC was ~21.5 nm under optimized

conditions. TEM micrograph showed highly uniform dispersed Pt nanoparticles

on the surface of WC. Pt supported and unsupported on nanosized WC was used as

electrocatalyst for alcohol oxidation and oxygen reduction reaction. High perfor-

mance for alcohol oxidation was obtained with Pt supported on WC.

Zhang et al. also prepared titanium carbide (TiC) nanoparticles at 1,200 �C by

combining sol–gel and microwave carbothermal reduction using tetrabutyl titanate

and sucrose as the starting materials [48]. The obtained TiC nanoparticles were in

the range of 100–500 nm.

23.3.5 Vapor Transport Method

Vapor transport is a novel method for the synthesis of one-dimensional nano-

structures. Nanomaterials prepared by vapor transport show excellent structural

properties with tailored shapes. In this method, shape, morphology and properties

of materials strongly depend on the temperature, pressure, nature of metal source,

flow of gases, and nature of the substrate (support). Among the carbides, silicon

carbide (SiC) nanostructures are most commonly synthesized by this method.

Seong et al. prepared silicon carbide nanowires, SiC NWs, in a horizontal hot-

wall chemical vapor deposition (CVD) furnace [49]. Oxidized silicon was used as

substrate to grow SiC NWs. The substrate was coated by 2 nm nickel layer by

sputtering method to direct the vapor liquid solid (VLS) growth. The substrate was
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kept in the uniform temperature region in an inner quartz tube reactor surrounded

by an outer alumina tube. Methyltrichlorosilane (MTS, CH3SiCl3) was chosen as a

source precursor since it has an equal amount of Si to C. This precursor decomposes

at a relatively low temperature. The average diameter of nanowires was less than

100 nm and their length was up to several microns. These SiC nanowires were

single crystalline in nature and grown along (111) orientation.

Sunderasan et al. prepared SiC nanowires by catalyst-assistedmicrowave heating-

assisted physical vapor transport from a “source” 4H-SiCwafer [50]. The diameter of

nanowires was in the range of 15–300 nm and their length in several microns. These

SiC nanowires are grown through VLS mechanism at 1,650–1,750 �C.

23.3.6 Sputtering Method

Sputtering is a physical vapor deposition method commonly used for the growth of

thin films with tunable grain size and porosity. Sputtering is highly reproducible,

and various types of materials with controlled thickness can be produced. In this

method, target material is ejected from the target and then deposited onto the

substrate in the form of thin films, nanoparticles [51]. Film thickness, morphology,

grain size, uniformity, and porosity depend on the nature of the target, substrate,

gases, and pressure of the chamber. Xu et al. developed multiple target radio

frequency (RF)/direct magnetron (DC) sputtering system [52]. This system was

employed for the growth of SiC nanoparticle films. The growth was carried out on

silicon (100) substrate. In a typical experiment, aluminum nitride (AlN) buffer layer

was created on the silicon substrate by using aluminum target and nitrogen and

argon–hydrogen plasma. Finally SiC nanoparticles were grown by using SiC target

in the presence of nitrogen–argon and hydrogen in the ratio of 6.4:35.2:9.6 sccm,

respectively. The particle sizes of produced SiC were in the range of 10–50 nm.

In general, WC has been formed from different sources, such as its oxides,

nitrides, and sulfides, as starting materials and found that the crystalline phase

depends strongly on reaction condition and synthetic methods [53]. If a mixture of

C2H6 and H2 is used, the formed WC from W-oxide was found having a hexagonal

close-packed shape. However, for WC that is formed from W2N precursor acquires

a face-centered cubic shape. Hara et al. have investigated the formation of WC by

different methods attempting to produce subcarbides by carburization [54]. It was

noticed that high content of sub-WC can be obtained using precursor like WCl4
instead of W-oxides. As carburization time goes on, phase transformation of WC

was noticeable following the evolution of the ratio of sub-WC using XRD. It is

important to mention that the net activity of WC prepared via nitrides and sulfides

was much better than that obtained with WC prepared from oxide precursors. To

understand such difference in catalytic properties of WC, Ross at al. have relied on

XPS data and found that the low activity for WC formed from oxides is mainly due

to free carbon covering active sites of WC [55]. Also, Delannoy et al. found that the

increase in binding energy of WC prepared from oxide is due to formation of
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graphite like carbon [56]. This latter clearly confirms the highest activity of WC,

observed by Hara et al., must have a direct relationship with low carbon coverage

on WC when W2N and WS2 are used as precursors.

23.4 Metal Carbides as Catalyst and Catalyst Support

Metal carbides attracted much attention because they can have a dual function, as

catalyst and catalyst support. In particular, WC is being extensively explored as

potential catalyst support in fuel cells. It has been reported that ORR test for Pt/WC

in alkaline medium did show a significant improvement in activity; at fixed current

density, the shift in potential was more pronounced for Pt/WC, almost ten times

higher than that of conventional catalyst, Pt/C. Authors elaborated on the mecha-

nism based on the evidence that metal carbides are good catalysts for hydrogen,

formic, and monoxide oxidation reactions [34]. The same group reported elsewhere

on the effect of WC on ORR by using Pt-free metal like Ag. WC nanocrystals

promoted Ag as novel catalyst was prepared using microwave heating method and

tested for ORR. The activity of Ag/WC catalyst was found to be almost similar to

that of Pt supported on carbon (Pt/C). Also, the studies by AC impedance spectros-

copy techniques have shown small charge transfer impedance for Ag/WC/C as

compared to that of Ag/C in alkaline medium, proving fast kinetics process for

ORR on Ag/WC/C (see Fig. 23.1 above). Furthermore, the composite Ag/WC/C

Fig. 23.1 RDE response of ORR on W2C/C, Ag/C, Ag/W2C/C, and Pt/C on glass-carbon rotating

disk electrodes in O2 saturated 1 M KOH solution at 25 �C; scan rate, 5 mV/s; rotation speed:

2,500 rpm. Loadings: W2C/C (11.43 μg of W2C), Ag/C (11.43 μg of Ag), Ag/W2C/C (11.43 μg of
W2C and 11.43 μg of Ag), and Pt/C (22.86 μg Pt) [9]
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was considered as unique system since it has a good catalytic selectivity toward

ORR in the presence of alcohols. As result, such a low-cost catalyst could have

potential applications in the fuel cell including direct methanol fuel cell [9].

Although metal carbides (for instance, WC) provide some ORR activity as seen

in Fig. 23.1, most studies reported in the scientific literature have shown that metal

carbides when used as catalyst support offer certain synergy effect that can boost

the catalyst catalytic activity further. Nie et al. [33] prepared WC to support Au–Pd

alloy; preparation method was based on dissolution of W metal with hydrogen

peroxide and alcohol. Vulcan carbon was added to form a sort of ink by

ultrasonication. The dried ink was then heat treated in a microwave oven to produce

WC. ORR test on produced catalyst Au–Pd/WC was performed in both acidic and

alkaline mediums. The electrode response, as illustrated in Fig. 23.2, shows an

exceptional activity, much higher than that of Pt/C. In the kinetic region, a shift in

ORR potential could be estimated as high as 70 mV more positive than that

recorded for conventional catalyst, Pt/C, even though the loading of Pt/C on

electrode was much higher than the combined loading of Au and Pd on WC. This

clearly proves the benefits of a support that has affinity to interact electronically

with metal catalyst. One can assume that such improvement in ORR activity may be

due to faster kinetics in alkaline medium, rather than the effect introduced by WC.

In this regard, the test in acidic affirmed that the catalytic behavior was maintained.

However, the shift in ORR potential was less compared to that in alkaline medium.

Moreover, Yin et al. [57] developed WC on carbon surface by intermittent

microwave heating method to support other Pt-free catalyst, such as Pd–Fe (catalyst

noted as Pd–Fe/WC/C). According to TEM images, a good dispersion was obtained

with particle sizes in the range of 4 nm for Pd–Fe/WC/C and 2.8 nm for the

Fig. 23.2 Linear sweep curves of oxygen reduction on different electrodes in O2 saturated 1 M

KOH solution at 25 �C. The metal loadings in electrodes are as follows: for curve 1, 20 μg Au;

curve 2, 20 μg Pt; curve 3, 20 μg Pd; curve 4, 20 μg Pd + 20 μg WC/C; and for curve 5, 6.7 μg
Au + 6.7 μg Pd + 6.7 μg WC/C; sweep rate: 2 mV/s [33]
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benchmark catalyst Pt/C (Vulcan), in a good agreement with XRD data. This new

catalyst was tested against ORR in 0.5 M H2SO4 and showed almost the same

performance like the one obtained with conventional catalyst, Pt/C, especially in

the kinetics region, putting in evidence the synergy effect exhibited by WC on

Pd–Fe alloys. However, a small drop in ORR limiting current was noticeable for the

system Pd–Fe/WC/C as compared to Pt/C. Such decrease in limiting current could

be associated with three possible scenarios: (1) low catalyst coverage on glassy

carbon electrode; (2) film thickness, which affects the mass transport reaction; and

(3) hydrogen peroxide formation as result of uncompleted ORR. Nevertheless, a

huge improvement was observed in ORR for Pd–Fe/WC/C compared to Pd/C,

which clearly proved the direct role of surface change induced by either Fe,

which acts as oxygen storage component, or by the electronic effect of Pd atoms

leading to strong bonding between Pd and Fe. In addition, there is a synergy effect

coming from WC, which can facilitate the reaction of oxygen dissociation due to

the layer of hydrogen tungsten bronze, commonly known for WC and WOx in

acidic environment.

Yet, the most interesting results for ORR on Fe–Pd/WC catalyst are those

obtained in the presence of alcohol. The electrode response for Fe–Pd/WC system

in oxygen saturated acid has not been affected even at high concentrations of

methanol, whereas the ORR on conventional catalyst Pt/C was completely

restrained since the dominant reaction was basically methanol oxidation only.

Such results suggested that Pd–Fe/WC/C could be an excellent candidate for direct

methanol fuel cell (DMFC) cathode because of its inert activity toward methanol

oxidation as seen in Fig. 23.3. The utilization of a completely inert catalyst to

methanol oxidation is one of the important criteria for DMFCs to operate at higher

power densities since the issue of methanol crossover is unavoidable and can cause

dramatic loss in cell performance, especially with common catalysts that are active

Fig. 23.3 Cyclic voltammogram of Pd–Fe/WC/C and other electrocatalysts in 0.5 M H2SO4

containing 1 M CH3OH at 25 �C. Scan rate, 50 mV/s [57]
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toward methanol oxidation such as Pt and Pt alloys. Limited availability of scien-

tific literature suggest that further investigation on this type of catalysts is needed to

verify its stability against potential cycling and high temperature, in order to assess

its applicability in PEMFC systems.

In another attempt, He et al. [58] reported a new method to develop highly

dispersedmetal carbides based on different elements, such asW,Mo, andV on carbon

surface. Essentially, the method relies on the utilization of an ion-exchange resin to

complexmetal precursors prior to heat treatment. Startingwith amacroporous acrylic-

type resin to incorporate anions, such as (VO3
�), (MO7O24

�6), and (H2W12O40
�6).

After carburization at high temperature, 1,000 �C, in N2 atmosphere, the metal

carbides along with carbon foam (CF) were formed as composites with a surface

area ranged between 88 and 120 m2/g. These composites were loaded with Pt and

tested as ORR catalysts. As TEM shows in Fig. 23.4, composites with and without Pt

seem to have good dispersion and low particle size, which make them suitable for

highly performing cathode.

In general, all aforementioned metal carbide composites and Pt-supported cata-

lyst showed much better ORR activity as compared to the conventional catalyst Pt/

C in 0.1 M HClO4 medium. Among these carbides, the highest ORR mass activity

was obtained with the catalyst noted as Pt/V8C7/C, which has the largest surface

area. However, when performing studies on hydrogen peroxide detection, it was

noticed that the lowest peroxide formation took place with the system of Pt/WC/CF,

not with Pt/V8C7/CF. These findings agreed well with those reported in literature

because metal carbides, in particular WC, form oxide layer shell which acts as a

Fig. 23.4 TEM images of the

carbides (a) V8C7/CF,

(b) MoC/CF, (c) WC/CF,

(a0) Pt-V8C7/CF,

(b0) Pt–MoC/CF, and

(c0) Pt–WC/CF

(reproduced from [58])
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sink for decomposition of H2O2 [59, 60]. Since catalysts activity is generally

evaluated in the electrode kinetic region, higher mass activity for the catalyst, Pt/

V8C7/C does not mean that hydrogen peroxide would not be formed because the

decomposition of the latter strongly depends on solution pH and electrode potential.

The same group reported a new type of vanadium carbide in cubic shape via

hydrothermal method at 160 �C using glucose and NH4VO3 as carbon and V

sources, respectively. Synthesized cubic VC nanostructure was used as a support

for Pt catalyst in order to boost the catalytic activity of Pt. At 0.9 V/RHE, mass

activity measured by a rotating disk electrode in oxygen-saturated 0.1 M HClO4

was found to be 230 mA/mgPt for Pt/VC/C and 97 mA/mgPt for Pt/C; two-fold

enhancement in ORR activity was observed. This significant improvement in

activity was explained in terms of interaction between nanostructured VC (support)

and Pt particles [61]. In comparison with previous studies, it appeared that VC as

support has a better synergy effect than WC. Presumably, the redox chemistry of V

plays an important role in determining the interaction between Pt and VC and

making the system more catalytically favorable for oxygen reduction reaction. It is

worth noting, however, that the cubic nanostructured VC was having a range of

particle size between 5 and 15 nm that was uniformly dispersed on carbon matrix

with a composition of V8C7.

To further increase the gravimetric catalytic activity of a catalyst with metal

carbides support, Esposito and Chen investigated a new approach where Pt can be

deposited in atomic monolayer fashion [62].

23.5 Pt Monolayer (PtML) on WC as Low-Cost

Catalyst for ORR

Chen group has intensively investigated the electronic properties of WC in order to

have better understanding of its catalytic activity. Using density functional theory

(DFT) calculation, the binding energy of reactants relevant to electrochemical

application was quantified since it is considered as a crucial property that reflects

the electronic behavior of each surface in correlation with the evaluated catalytic

activity. As an example, binding energy of oxygen on different surfaces was

estimated, as listed in Table 23.1.

For a catalyst to be highly active, it is well understood that the desirable situation

is to bond with reactive intermediates in moderate strength. The electronic structure

of the catalyst surface as described by d-band density of states (DOS) plays a key

Table 23.1 DFT estimated binding energy for atomic oxygen

Surface Binding energy for atomic oxygen (K cal/mol)

WC (0001) �173.2 [63]

Pt (111) �91.7 [63]

1 ML Pt on WC (0001) �92.9 [63]
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role in determining the catalytic behavior vis-a-vis an adsorbed atom or molecule

[64]. Such a relationship between electronic structure and binding energy can

indeed predict the corresponding catalytic activity. As shown in Table 23.1, the

system, PtML/WC, seems to have almost an identical value of oxygen atom binding

energy compared to that of Pt, indicating the synergetic impact of WC as support

for Pt layer. Such system may lead to a significant reduction in Pt loading and

subsequently low cost of catalyst. Figure 23.5 illustrates the cost reduction of Pt as a

function of its thickness on planar surface. Presumably, without compromising cell

performance, such a large reduction in Pt loading may overcome the obstacle

encountered in fuel cell commercialization [62].

Employing RDE electrode technique, PtML/WC was tested for ORR in 0.5 M

H2SO4, and the results showed that obtained activity was not comparable to that of

Pt bulk. Authors believed that the poor activity for PtML/WC may be due to the

instability of WC underneath as result of high cathode potential, which is always

close to 1 V/RHE. At this potential, WC can be oxidized to form oxides layer. Also,

the possibility of partial dissolution of Pt in acid cannot be ruled out. However, PtML

dissolution is most likely evidenced from the electrode response in the limiting

current regime, which indicates catalyst low coverage on glassy carbon substrate.

Moreover, the hypothesis of surface oxidation of WC was verified by XPS analysis.

After cycling the electrode in oxygen saturated 0.5 M H2SO4 between 0 and

1 V/RHE, two peaks appeared at 35.9 and 38 eV in XPS spectrum which correspond

to the formation of WO3 for both samples, WC and PtML/WC as well [65].

In our view, deposition of PtML on metal carbides is an excellent and cost-

effective approach. Yet, the challenge for this concept to succeed is to make it more

stable in fuel cell conditions. One practical approach to circumvent this issue is to

further decorate PtML with atomic fraction of gold (e.g., 20–60 atomic percentage)

in order to improve the stability without affecting the ORR activity as reported

elsewhere [66].

Fig. 23.5 Relationship between Pt cost and its overlayer loading for a planar surface configuration [62]
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For practical applications, development of PtML/WC catalyst with high surface

area that can generate sufficient power densities is highly desired. In addition,

materials should possessmesoporous structures to facilitatemass transport reactions.

The other challenges such as uniformity of PtML on WC particles and the develop-

ment of single-phase WC in powder forms should also be taken into account.

With regard to PtML, there are several techniques besides the physical vapor

deposition that have been used for 3D structures deposition including atomic layer

deposition (ALD). In the form of thin films, uniformity of Pt overlayers can be

achieved easily and successfully on materials containing oxides or phosphates due

to strong attraction between the components. Therefore, for WC as a core, it is

likely that PtML would adhere well since WC has a good tendency to form oxide or

oxycarbide layers.

Nevertheless, currently the development of PtML onWCwith good Pt uniformity

remains a big challenge. To overcome this issue, one can look for a method by

which PtML can be deposited chemically on high surface area metal carbides in

order to mass produce PtML/WC catalyst in a cost-effective manner.

23.6 Electrochemical Stability of Metal Carbides

Metal carbides have gained much attention in fuel cell technology due to their

potential use as catalyst and catalyst support. WC in particular has been known to

promote the ORR activity. However, electrochemical stability of WC is crucial in

PEM fuel cells since the cathode is always subjected to high voltage that can reach

1.5 V/RHE in some cases, especially during start-up and anode starvation. Gener-

ally, tungsten carbide exists in two forms: the monocarbide (noted as WC) and the

subcarbide (W2C). It was reported by Zellner and Chen that the former is more

stable when exposed to an oxidizing environment and high potential [30]. However,

it is worth noting that electrochemical stability of metal carbides depends on their

composition and their surface area. For instance, TiC seems to be more corrosion

resistant than WC in acid medium and at potential up to 1.3 V/RHE, which makes

the system very useful as a catalyst support for fuel cells and electrolysers [67].

Despite the low stability of tungsten carbides, the material attracted much

attention as catalyst support for fuel cells. Zhang et al. have compared both activity

and stability of carbon and WxCy modified with Pt under real cell conditions. The

test showed that the cell performance with Pt/C electrode was initially higher than

that of the cell with Pt/WxCy. But, when cells were subjected to durability tests, the

degradation was much severe for the cell with Pt/C than that of Pt/WxCy. This

proves that stability of Pt/WxCy is much higher than that of Pt/C and the reason was

attributed to the effect of WxCy support [68]. Such results are expected because of

the tendency ofWxCy to form an oxide layer that acts as protector to carbon and also

enhances the stability of Pt particles by generating strong interaction. Chhina et al.

[25] also investigated the stability of platinized tungsten carbide in comparison with

Pt/C. In order to have a realistic comparison, authors have deposited Pt on carbon
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and on WC by taking the density of materials into account. The results of electro-

chemical stability test were very interesting; after 100 cycles in an accelerated

mode, the activity of Pt/WC remained unchanged, while the activity of Pt/C was

completely lost after only 20 cycles. These results were in good agreement with

those reported earlier by Zhang et al. [68]. Noting that activity measurement for

both catalysts, Pt/C and Pt/WC, was simply taken from the charge corresponding to

hydrogen adsorption/desorption on Pt and this may not be the right approach

to evaluate the catalyst activity, especially with metal carbides that have tendency

to form oxides, which involve hydrogen absorption under spillover mechanism in

the presence of Pt. In a similar study, Ion et al. [69] found that the charge of

hydrogen adsorption/desorption for Pt/WOx system was almost six times higher

than that of Pt/C as results of contribution from hydrogen–tungsten–bronze com-

pound, well known to form on WOx surface.

However, the important criteria for WC to be implemented in fuel cells are its

surface area, phase, and porosity. Ganesan and Lee reported that WC with a surface

area of 170 m2/g was obtained by thermal method, but the product tuned to be

containing more sub-tungsten carbide (W2C) [70]. The latter was used to support Pt

catalyst for methanol oxidation reaction. No test was done for ORR. Nevertheless,

authors believed that oxide layer formed on carbide support is the key player in

promoting alcohol oxidation by providing oxygen species as indicated by the decrease

in desorption temperature of CO. In a different study carried out by the same group,

mesoporousWCwas synthesized and used as a support for Pt [71]. The mesoporosity

was introduced by addition of surfactant like cetyltrimethylammonium bromide

(CTABr). Catalyst performance was evaluated under identical conditions as previ-

ously stated; however, no statement has been reported on ORR activity and electro-

chemical stability in both cases [70, 71].

On the other hand, Chhina et al. [21] used a higher surface area carbon as a

template for high dispersion of W, and DC magnetron sputtering method to obtain

porousWC. The material was subjected to stability test between 0.6 and 1.8 V/RHE,

and oxygen reduction reaction (ORR) activity was recorded before and after

for both, Pt/WC and commercial catalyst, Pt/C. Interestingly, it was observed that

Pt/WC was more stable and maintained its high ORR activity, while the conven-

tional catalyst Pt/C lost its ORR activity rapidly. DCmagnetron sputtering ofWonto

C proved to be a promising technique to generate high surface areaWC, porous, and

with good electrochemical stability against surface oxidation. Such results suggest

that tailoring the structure of WC is very important to enhance its stability for use in

PEMFC.

Furthermore, it has been reported that addition of Ta to W can lead to more

corrosion-resistant carbides [72]. This can be explained from thermodynamic point

of view, because the oxide layer of Ta has an excellent stability in potential window

ranged between 0 and 1.5 V/SHE and over a wide range of pH [73], and as such the

carbide alloys, TaWC, is expected to perform better than its analogue WC. How-

ever, it is very important to mention that corrosion also depends on the conductivity

of the oxide layer, which in turn depends strongly on the content of Ta in the

carbides alloys. In other words, if Ta is present as doped element, such as the
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composition W90Ta10, we expect the formation of a conductive oxide layer that

may influence significantly the corrosion rate of TaWC alloys.

In this regard, Merzougui et al. have investigated the effect of carbide composi-

tion on corrosion behavior [74]. Results presented in Table 23.2 indicate that as the

weight percentage of Ta changed from 15 to 3 %, significant increase in corrosion-

specific charge passed at potential of 1.4 V/RHE and 80 �C. Atomic modeling of

these specific compositions predicts that the alloy containing 3 % Ta and 27 % W

did exist in solid solution, whereas the alloy with 15 % W and 15 % Ta reveals

phase segregation. Such a difference in physical properties of alloy might explain

the large increase in corrosion rate.

Interestingly, similar corrosion behavior was also observed with the bimetallic

NbWC alloy. This confirms the role of alloying element in determining the corro-

sion behavior of a metal carbide alloy. Starting materials (precursors) do not seem

to have any effect on corrosion behavior of formed carbides. As an example,

corrosion rate of TaWC carbide, produced from both precursors, Ta(o-CH

(CH3)2)5 and oxide (Ta2O5), was found to be the same.

23.7 ORR Activity and Stability on Metal Carbide Supports

Practically, parents of metal carbides such as metal oxides offer a strong

metal–support interaction (SMSI). However, their direct use in PEM fuel cell

environments may create certain issues to fuel cell electrodes, because they are

extremely hydrophilic and in most of the cases are nonconductive. Therefore, the

strategy of using metal carbide-modified carbon as catalyst supports may circum-

vent these issues. Carbides are considered to offer a double role mechanism; on one

hand they provide the SMSI property due to the formation of core–shell structure;

the shell is basically a layer of oxide or oxo-carbides, which also participates in

catalytic reactions. The shell plays vital role in providing interaction with supported

metal catalysts (e.g., Pt), which results in a suitable change in surface of catalyst

leading to enhanced ORR activity and stability. On the other hand, having metal

carbides dispersed on high surface area carbon may reduce the degradation of

carbon that usually occurs in the acidic environment at high potentials. As shown

in Table 23.3, we regrouped ORR data obtained with metal carbide alloys supported

Pt catalyst (carbides were synthesized via temperature-programmed reaction

method on surface of Ketjenblack).

Table 23.2 Corrosion data for WC and TaWC supported on carbon KB [74]

Sample Spec. charge (C/mg) Weight change of sample (%)

30 % WC/KB 1.95 7.0 gain

30 % TaWC/KB (15 % W, 15 % Ta) 1.60 3.8 gain

30 % TaWC/KB (27 % W, 3 % Ta) 3.79 2.7 gain
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All the above catalysts show low Pt-oxide formation as demonstrated from the

charge ratio, Pt-Ox/Pt-Hads, the charge ratio was estimated from cyclic

Voltammograms (CVs) in nitrogen atmosphere at scan rate of 20 mV/s and in

potential window between 0 and 1.2 V/RHE. The interesting finding was that the

decrease in oxide surface of Pt was accompanied with a significant enhancement in

ORR mass activity. Moreover, alloying the carbides seems to lead to better results,

which we believe that in the mixture of metal carbides, there may be strong

perturbation in Pt electronic environment weakening the binding of oxygen

intermediates species to Pt surface. It is also believed that oxides adsorbed on Pt

surface may spillover to the carbide supports under interaction mechanism [30]. In

other words, the passive layer covering metal carbides core can act as a sink to

absorb oxide species liberating more active sites for ORR. This may be the main

reason that hydrogen peroxide formation on carbon support modified with metal

oxides, such as WO3, was much lower than that of unmodified [59].

Similar behavior was also reported by Popov group on doped metal oxide

(Nb–TiOx) as catalyst support for Pt catalyst [60]. Thus, our observation with

Pt/Ta–WC catalysts seems to be in good agreement with the work reported in

literature, in particular the recent work by Ma et al. [75]. In this work, Pt supported

on metal carbide alloys, such as Co–MoC synthesized by using an ion-exchange

method, has demonstrated an excellent ORR activity. Mass activity at 0.9 V/RHE

for this system Pt/Co–MoC was almost three times higher than that of conventional

catalyst Pt/C. Authors attributed such an improvement in ORR activity to the

synergic effect induced by Co–MoC support, which is believed to behave as an

electron donor causing change in Pt surface. In addition, ORR activity on Co–MoC

without Pt was also significant and confirmed the dual function of carbides (see

Fig. 23.6). Furthermore, the system Pt/Co–MoC seemed to offer a better stability;

after 1,000 cycles in HClO4 solution between 50 and 1,100 mV/RHE, the shift in

half-wave potential of ORR, E1/2, was only 6 mV, while for conventional catalyst

Pt/C, the shift was about 27 mV. Such phenomenon was also reported with WC

nanofiber support, synthesized by electrospinning. The test of ORR in alkaline

medium using RDE technique showed a good electrocatalytic activity, which is

probably originated from the surface of WC nanofibers. Moreover, WC nanofiber

electrocatalysts exhibited not only a good activity but also a good stability. Treat-

ment with NH3 was also found to be beneficial and led to further enhancement in

catalyst properties [76]. Thus, all the results reported earlier clearly indicate that

metal carbides possess a bifunctional property; they can play role of both, catalyst

and catalyst support.

Table 23.3 ORR data for Pt catalyst supported on metal carbide-modified carbon supports [74]

Sample % Pt (wt.)

ECA

(m2/gPt)

Mass activity

(A/mgPt)

Charge ratio

(QPt–OH/QPt–H)

Pt/KB 40 92 0.14 1

Pt/WC/C 30 60 0.14 0.5

Pt/Ta–WC/C (Wt.15 % Ta, 15 % W) 40 45 0.16 0.7

Pt/Ta–WC/C (Wt. 3 % Ta, 27 % W) 40 65 0.2 0.5
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On the other hand, we have investigated the impact of metal carbides as

advanced supports on catalyst durability. Samples listed in Table 23.3 were

subjected to potential cycling between 0.6 and 1.2 V/RHE for 5 s in acid medium

and at room temperature. Normalized ORR mass activities are plotted against

number of cycles and illustrated in Fig. 23.7. As expected, catalysts based on

metal carbide-modified carbon have shown a better retention in activity. Several

techniques, such as NMR and XPS, can give insight into a clear understanding of

the catalyst–support interaction mechanism. XPS analysis reveals a slight change in

binding energy of Pt (4f7/2, 4f5/2) as follows: (71.2 eV, 74.2 eV) and (71.9 eV,

75.2 eV) for Pt/Ta–WC/C and Pt/C, respectively. This shift is not significant but it

may indicate the tendency of electron-donor characteristic of Ta–WC support, in

accordance with results and explanation of Ma et al. [75]. It is worth mentioning,

however, that support–catalyst strain depends not only on type of metal carbides or

Fig. 23.6 (a) Linear potential sweep curves for the ORR on Pt�Co6Mo6C2/C (1), Pt/C (2), and

Co6Mo6C2/C (3). (b) ORR mass activities for both catalysts, Pt–Co6Mo6C2/C (1) and Pt/C (2) [75]

Fig. 23.7 Effect of potential cycling on Pt mass activity for ORR on different supports. Cycling

condition, 0.1 M HClO4; 0.6–1.2 V/RHE for 5 s; oxygen atm.; and 25 �C [74]
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oxides but also on the size of Pt particles. Of course, an extreme strain might result

in a catalyst supported on carbides or oxides in a monolayer fashion as stated in

Adzic work [77].

Such a strain between catalyst and support can also be verified by electrochemical

technique. As illustrated in Fig. 23.8, the electrochemical behaviors of Pt/Ta–WC

and Pt/C systems changed as result of the support effect; the intensity of oxidation

peak corresponding to Pt–OH formation on Ta–WC support has suppressed (current

intensities are normalized to real area of Pt and reported as mA/cm2
Pt) and shifted

toward positive potentials. Estimated charge ratio of oxide peak to hydrogen adsorp-

tion peak (QPt–OH/QPt–H) was largely reduced below the unity. In addition, the peaks

in the hydrogen adsorption/desorption region seem not well defined in the case of Pt/

C. Also they were shifted to more anodic potential. This kind of changes in cyclic

voltammogram clearly put in evidence the synergic effect that metal carbides

exerted upon Pt surface. In our view, the electrochemical data agreed with the slight

shift in binding energy revealed by XPS; both techniques predict a donor effect of

Ta–WC support, resulting into low concentration of oxide adsorbents, such as OH

and O on Pt surface.

Hence, based on our studies and those reported in literature, it is clear that metal

carbides play a dual role; on one hand, they act as a sink for oxides species

generated on the surface of Pt leading to less peroxide formation and subsequently

enhanced ORR activity. On the other hand, they can slow down the movement of Pt

particles leading to less agglomeration as metal carbides have the tendency to form

oxide layer that enhances interaction between support and Pt. Also, due to

oxocarbide and/or oxide layers, metal carbides supports can protect carbon from

severe corrosion, especially during high potential excursion of cathode in the start-

up and anode starvation in PEMFCs.

In order to take advantages of the high stability and metal–support interaction

properties of metal carbides, it is necessary to develop them with high surface areas

Fig. 23.8 Comparison of cyclic voltammograms of Pt supported on carbon and Ta–WC/KB.

Conditions: 0.1 M HClO4, N2 atmosphere, and 25 �C [74]
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and preferably dispersed on carbon black uniformly. Practically, this approach is

attracting more attention and some studies have already been reported [46, 47].

23.8 Conclusion

In this chapter, we have given a broad overview on metal carbides as catalyst

support for fuel cell cathode reactions. In particular, the role of WC as a support for

Pt and others metal catalysts was reviewed. It has been found that ORR activity

using metal carbide supports could be improved significantly as compared to

conventional catalyst (e.g., Pt/C). Moreover, supports based on metal carbide alloys

have shown further improvement in ORR. Furthermore, metal carbides when used

as support have been found to improve the stability of catalysts. A bifunctional

mechanism seems to be evident for carbides—on one hand, they play a role of a

support and, on the other hand, they can contribute in catalyzing ORR. Most

studies, however, attribute such a dual function of carbides to their synergetic effect

that can trigger surface change of metal catalyst, since carbides have a tendency to

form oxide and/or oxocarbide layers and thereby facilitates the interaction between

catalyst and support, leading to less movement of catalyst particles which results in

more stable and active ORR catalyst.

In conclusion, metal carbides as bifunctional materials have a great potential

which can minimize the Pt utilization while maintaining or improving the cathode

performance in PEFMCs.
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Chapter 24

Promises and Challenges of Unconventional

Electrocatalyst Supports

Sujan Shrestha and William E. Mustain

Abstract One of the most significant roadblocks in the commercialization and

widespread implementation of proton exchange membrane fuel cells is the identifi-

cation of low-cost, high-stability, high-activity electrocatalysts. An overwhelming

amount of the work that has been done in this area has targeted the electrochemi-

cally active material, which has been the focus of much of this book. However, a

key component to any catalyst is its support. Interaction between the catalyst and

support dictates some of the most critical parameters for fuel cell performance

including catalyst dispersion, particle size, faceting, and stability. Some supports,

like graphitic carbon, interact very weakly with Pt and have a limited influence on

catalyst activity and stability. On the other hand, recent work by several groups has

shown that a strongly interacting support can drastically impact both catalyst

activity and stability.

24.1 Introduction

Graphitic acetylene carbon blacks manufactured by pyrolysis are the most widely used

supports in electrochemical applications due to their (1) tolerance to acidic and alkaline

media; (2) complex microporous structure, yielding high catalyst layer porosity and

high specific surface area; (3) high electronic conductivity; and (4) low cost. Of the

many commercially available carbon blacks, the most commonly employed carbons

for proton exchange membrane fuel cell (PEMFC) catalyst applications are Vulcan

XC-72R (Cabot Corporation) and TKK (Tanaka Kikinzoku Kogyo K.K.) HSAC,

which are used either directly or following activation or preprocessing steps [1].
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Preprocessing of the carbon support is done to aid in the dispersion of catalytically

active Pt nanoparticles, which are typically 2–5 nm in diameter [2, 3], and/or improve

catalyst support durability. A typical TEM image for a Pt/Vulcan electrocatalyst

using non-modified Vulcan XC-72R® is shown in Fig. 24.1.

For non-modified carbon, the Pt cations that approach the surface during the

deposition process, typically a polyol process where ethylene glycol acts as both

the solvent and kinetically slow reducing agent, mostly encounter a graphitic

π-stabilized sp2-bonded structure with completely saturated valences and nearly zero

unpaired surface electrons. Thus, on non-modified carbon, platinum tends to deposit

almost exclusively at defect or edge sites that have free electrons in bonding orbitals,

which are located at the interfaces (kinks, folds, etc.) between carbon particles.

Carbon modification is typically achieved through two primary methods:

graphitization and chemically induced surface modification. Graphitization of the

carbon support is achieved by exposure to extreme temperatures (2,600–3,000 �C)
in inert atmosphere (He); when this is done to Vulcan, it is referred to as Vulcite®.

Graphitization has some advantages, including a reduction in the number of edge

and defect sites and an increase in the length of graphitic carbon domains, which is

believed to increase the electrochemical stability of carbon. However, there are a

few disadvantages, including a lowering of the specific surface area [4] and a

further reduction in the number of deposition sites for Pt. Therefore, these materials

typically require chemically induced surface modification to make Pt deposition

with good dispersion possible.

Chemical modification of the carbon support surface is accomplished by expo-

sure to a highly caustic aqueous environment, either by thermal treatment in air or

chemical oxidation (typically a concentrated HNO3/H2SO4 solution). Nearly all

highly graphitic supports are pretreated; however, it is also common to pretreat non-

graphitized supports [5] to improve Pt dispersion. The purpose of such a treatment

is to disrupt the sp2 hybridization of the support surface through the introduction of

Fig. 24.1 TEM image of

platinized Vulcan XC-72R

without pretreatment
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oxygen functional groups such as carboxyl (COOH), hydroxyl (COH), and car-

bonyl (C¼O) [6]. The presence of surface functional groups improves the disper-

sion of Pt on the support surface considerably. This is shown by the TEM image for

a surface-modified Pt/Vulcan XC-72R electrocatalyst in Fig. 24.2. The catalyst

loading is ca. 50 wt%, the same as Fig. 24.1.

The enhanced Pt dispersion has been shown to lead to Pt electrocatalysts with

high activity for the oxygen reduction reaction (ORR), Eq. (24.1).

O2 þ 4Hþ þ 4e� ! H2O; E0 ¼ 1:23V (24.1)

The ORR is of particular interest to PEMFC researchers since it is the

performance-limiting reaction, requiring four proton and electron transfer steps

and the breaking of the O¼O bond. The mass activity (A/mgPt) of Pt/Vulcan and

Pt/TKK catalysts is typically reported between 0.16 and 0.20 A/mgPt @ 0.9 V vs.

NHE [1], with the Pt/TKK catalyst being considerably better at high Pt loadings

(~50 % Pt/C) than Pt/Vulcan.

Though these catalyst systems show reasonable activity (catalysts with activities

closer to or exceeding commercial and government targets employ Pt-alloy

catalysts, with their own limitations, for the ORR [7]), the durability of these

materials for thousands of hours of operation is limited by the stability of both

the Pt catalyst and the carbon support material. Stability concerns for Pt and carbon-

based supports will be detailed in Sects. 24.1.1 and 24.1.2, respectively.

24.1.1 Stability of Pt Nanoparticles Supported on Carbon

Perhaps the most pressing issue with regard to ORR electrocatalysts for PEMFCs

is the slow, but drastic, decrease in the Pt mass activity with time, which has been

Fig. 24.2 Highly dispersed

Pt nanoparticles deposited

on acid-oxidized Vulcan

XC-72R
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confirmed both in situ (PEM stack testing) and ex situ (three-electrode testing). An

example of an in situ test is shown in Fig. 24.3, where Pt/Vulcan was loaded into a

5 cm2 PEMFC single-cell stack and exposed to 1,000 harsh voltammetric cycles

between 0.0 and 1.4 V.

The loss of electrochemically active surface area (ECA) for the cell shown in

Fig. 24.3 was 77 % over the experimental period. Even a less harsh ex situ cycling

test in 0.1 M HClO4 at 25
�C between 0.6 and 1.1 V vs. NHE revealed significant

losses in the ECA, approximately 31 % over 1,000 cycles, which is shown in

Fig. 24.4.

Fig. 24.3 Cyclic voltammogram of a 5 cm2 PEMFC with a Pt/Vulcan anode and cathode, Nafion®

117 electrolyte; 80 �C

Fig. 24.4 Cyclic voltammograms for Pt/Vulcan electrocatalyst deposited on a glassy carbon disk

electrode in 0.1 M HClO4 thermostated at 25 �C
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The loss in ECA can be coupled to significant changes in the catalyst structure

over time. This is well shown by Pt nanoparticles evaporated onto highly ordered

pyrolytic graphite (HOPG). Pt/HOPG is an interesting system since it consists of

nearly defect-free carbon, showing the true interaction of Pt with oxygen-free C.

A SEM image of newly prepared Pt/HOPG and electrochemically treated HOPG

are shown in Figs. 24.5a and 24.5b, respectively; the data and images were

collected in collaboration with Prof. Brian Willis at the University of Connecticut.

Following preparation, the Pt/HOPG catalyst was exposed to 0.1 M HClO4 and

cycled between 0.6 and 1.2 V vs. NHE for 100 cycles. Post-cycling, the supported

Pt particles appear to have both agglomerated and grown in size.

Shao-Horn and coworkers recently summarized the possible pathways for Pt

ECA loss on Pt/C electrocatalysts, Fig. 24.8 [8]. It was shown that four primary

mechanisms are active: (a) Pt nanoparticle growth via modified Ostwald ripening,

(b) coalescence via crystal migration, (c) detachment from the support, and (d)

dissolution and precipitation in the ion conductor. The most widely cited evidence

for the crystal migration mechanism is the particle-size distribution following

lifetime chronoamperometric testing [9, 10]. Following electrochemical treatment,

the observed Pt particle-size distribution was asymptotic and showed a distinct tail

at large particle sizes. In previous heterogeneous catalysis studies, this particle-size

distribution was considered consistent with growth via crystal migration [11].

However, one critical aspect of Pt ECA loss that this mechanism is not able to

Fig. 24.5 SEM images of Pt/

HOPG (a) before and (b) after

electrochemical cycling
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explain is its potential dependence, which has been observed by several researchers

[12]. Evidence for Pt detachment from the support, either through carbon degrada-

tion or limited bonding/interaction of Pt with the support, was recently reported by

Mayrhofer et al. using a TEM gold finder grid to make observations on the same

Pt/C ORR catalyst before and after electrochemical treatment in a three-electrode

cell [13, 14]. They concluded, however, that the overall mechanism was not

necessarily dominated by detachment and varied with the type and severity of the

electrochemical treatment.

The potential dependence of ECA loss for Pt/C ORR electrocatalysts has led

most researchers to point toward modified Ostwald ripening as the dominant

mechanism for performance loss at the PEMFC cathode. Here, Pt ions result from

the dissolution of metallic and oxidized platinum surface species, which are subse-

quently redeposited onto larger particles due to the highly reducing environment of

the PEMFC cathode and its operating electrode potential [15].

Currently, the most widely accepted mechanism for Pt detachment was proposed

by Meyers and Darling [16, 17] who considered two processes in a simplified

model: dissolution of metallic Pt (Eq. 24.2) and oxidation of metallic Pt by water

followed by the chemical dissolution of the surface oxide in acidic media (Eqs. 24.3

and 24.4).

Pt $ Pt2þ þ 2e� (24.2)

Ptþ H2O $ PtOþ 2Hþ þ 2e� (24.3)

PtOþ 2Hþ $ Pt2þ þ H2O (24.4)

Equations (24.2)–(24.4) all have a Nernstian dependence; this is shown for the

dissolution of metallic platinum in Eq. (24.5).

Pt $ Ptþ2 þ 2e�; log Ptþ2
� � ¼ 2F

2:303RT
E� E�ð Þ (24.5)

where F is Faraday’s constant, R is the ideal gas constant, T is the temperature, E is

the electrode potential, and E* is the formal potential for the reaction of interest.

The potential dependence for the other steps can be found in ref. [15]. Pt2+ is then

plated either elsewhere within the cathode or even in the proton exchange mem-

brane (mechanism d in Fig. 24.6). Of course, deposition of Pt2+ onto larger Pt

particles is thermodynamically favored because of their lower surface free energy

due to reduced lattice strain. Since Pt oxidation occurs at ORR-relevant potentials

(0.6 < E < 0.8 V vs. NHE), the Pt dissolution mechanism is always active on Pt/C

catalysts, which facilitates rapid Pt ECA loss.
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24.1.2 Electrochemical Stability of Carbon

Though less important during steady state cell operation, the oxidation of the

carbon support is a significant issue for PEMFCs during startup and shutdown,

which is particularly important for automotive and other mobile applications.

During these transient states, a large hydrogen concentration gradient and air/fuel

boundary are established, which very quickly drives the anode potential positive,

causing the cell polarity to switch. In turn, the oxygen electrode potential also rises

to potentials in excess of 1.5 V, where the only fuels available for oxidation are the

graphitic carbon support and water [18]. Though water electrolysis is the dominant

reaction, as the potential rises, carbon corrosion becomes more competitive. This is

shown by chronoamperometric experiments performed by Maass and coworkers in

Fig. 24.6 Illustration of the possible mechanisms for Pt ECA loss in the PEMFC cathode

(reproduced with permission from [8])

24 Promises and Challenges of Unconventional Electrocatalyst Supports 695



Fig. 24.7 where the specific corrosion rate (μg C/h/cm2) was increased by orders of

magnitude from 0.3 to 1.2 V vs. a quasi RHE [19].

At elevated potential, surface carbon atoms are activated through a simple one

electron oxidation, Eq. (24.6). Following activation, the resulting carbon species

participates in consecutive reactions with water to yield CO2, which are shown as

Eqs. (24.7) and (24.8) [20, 21]. The overall reaction is given as Eq. (24.9).

Cs ! Cs
þ þ e� (24.6)

Cs
þ þ H2O ! CsOþ 2Hþ þ e� (24.7)

CsOþ H2O ! CO2ðgÞ þ 2Hþ þ 2e� (24.8)

Cþ 2H2O ! CO2ðgÞ þ 4Hþ þ 4e�; E0 ¼ 0:207 vs:NHE (24.9)

It has also been shown that the Pt acts as a carbon corrosion catalyst [1, 2], which

likely localizes a significant portion of the carbon loss to areas in direct contact with

Pt. Localized degradation has the potential to orphan Pt particles and expedite their

dissolution, leading to severe decreases in the ECA and cell performance with time,

akin to Fig. 24.3 where the electrode potential was forced to similarly high

potentials.

Fig. 24.7 Potential dependence of the specific carbon (Ketjenblack EC300J) corrosion current as

a function of electrode potential vs. RHE (reproduced with permission from [19])
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In addition to orphaning Pt particles and a reduction in the ECA, carbon support

degradation also disrupts the delicate microstructure that is engineered within the

catalyst layer during membrane electrode assembly (MEA) fabrication. As the

support is oxidized to CO2, the structure collapses under stack compression. This

is shown in Fig. 24.8 where electron micrographs of PEMFC MEAs before and

after testing by Myers and Darling are shown [22]. In Fig. 24.8, the cathode layer

(top) has clearly collapsed under the compressive loading of the cell stack. This can

have severe implications on cell/stack performance as mass transfer in/out of the

cathode layer can lead to oxygenate starvation and flooding.

24.1.3 Alternatives to Pt/Carbon Black Supports

The stability limitations for traditional Pt/C electrocatalysts have led researchers to

suggest that new electrocatalyst supports should be designed that:

• Have enhanced intrinsic stability compared to Vulcan and TKK

• Possess a more complex, controllable microstructure

• Interact more strongly with Pt than graphite to:

– Improve Pt dispersion

– Reduce Pt surface mobility

– Enhance the intrinsic electrochemical activity or specific activity (A/cm2
Pt)

of Pt

To date, there have been two notable approaches: (1) highly graphitic sp2-like

support materials (often with a microstructure very much different than Vulcan/

TKK) that include the synthesis of adatom (N, S, B, and P)-functionalized carbons

and (2) non-carbon support materials, which are typically electrically conductive

Fig. 24.8 Cross-sectional electron micrographs taken before and after electrochemical cycling of

a PEMFC MEA [22]
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ceramics (oxides, carbides, nitrides). Both of these approaches, along with their

promises and challenges, will be discussed in Sects. 24.2 and 24.3, respectively.

24.2 “Advanced” Carbon Supports

Application of carbon as a catalyst support can be traced back as early as 1934,

when it was shown that catalyst supported on charcoal could be used for

the conversion of sulfur-containing naphthalene to tetrahydronaphthalene [23].

In the 1980s and 1990s, scientists at Los Alamos National Laboratory (LANL)

were able to reduce the Pt loading in the PEMFC cathode to 0.4 mg/cm2, which was

considerably lower than the Pt loading of 4 mg/cm2 used in early PEMFCs by

NASA for the Gemini space flights in 1960s by using proton conducting ionomer

infused carbon black (Vulcan XC-72R) as a support for platinum electrocatalyst

[24]. Still today, platinum supported on carbon black is considered the standard

catalyst for PEMFCs. This signifies the prominent role carbon has in R & D of

heterogeneous catalysis and in low-temperature PEMFCs.

Over the past decades, an extensive body of work has been carried out to reduce

the loading of supported catalysts, which are usually expensive transition or noble

metals. To reduce loading and increase active surface area, the catalyst particle size

has been reduced to the nanometer scale. To accommodate such small nanoparticles

with high dispersion, high-surface-area supports are preferred. High-surface-area

supports help to increase catalyst utilization by reducing particle agglomeration and

coarsening, which demands that the nanoparticles be dispersed uniformly. As such,

various methods for ultralow loading of Pt nanoparticles (NPs) on carbon black

have been developed for PEMFC applications [25, 26]. Carbon also acts as the

current collector in PEMFC electrodes and provides the microstructure for mass

transfer of reactants and products.

24.2.1 Surface Chemistry, Porosity, and Metal Deposition

The microstructure of carbon blacks consists of carbon crystallites of varying sizes,

which are arranged in a disordered fashion. Each crystallite is composed of

polyaromatic layers of carbons in hexagonal rings with sp2 hybridization. The

half-filled p orbitals provide e-conductivity through mobile π electrons. For cataly-

sis, the most interesting regions of the carbons are the edge and defect sites where

the carbon has unfilled valence orbitals or dangling bonds, making these edge and

defect sites reactive. Heteroatoms such as H, N, and O can form bonds with carbon

atoms at these sites, and the chemical nature of the carbon can be significantly

influenced by these heteroatoms. The basal planes, sections of hexagonal rings of

carbon, are less active than the edge or defect sites; the edge plane of a graphene

sheet has a maximum heterogeneous electron transfer rate constant of 0.01 cm/s,
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while the basal plane has a maximum transfer rate of 10�9 cm/s [27]. These edge/

defect sites, along with steps, are believed to be the active sites on carbon [28].

Hence, carbons with a higher ratio of edge/defect sites to basal planes are preferred

for catalysis.

Porosity and surface area are also very important. For a catalyst support, high

surface area is a desired quality. High surface area is typically the result of a high

concentration of micropores, which are voids between carbon structures having a

diameter less than 2 nm. Micropores have been found to greatly affect the disper-

sion and activity of the catalyst [28]. On the other hand, they hinder mass transfer.

In contrast, mesopores (2–50 nm) and macropores (>50 nm) provide efficient

pathways for mass transfer. Therefore, accessibility of the micropores through a

network of mesopores and macropores greatly impacts the performance of the

carbon blacks. Unfortunately, the pore structure and network of carbon blacks

have not been well defined to date. Hence, studying the relationship between

micropores and activity is often difficult. Moreover, measuring the effective porosity

and surface area depends on the size of the probe molecules. Larger molecules do

not infiltrate smaller pores and might provide an underestimation of the pore volume

or be unable to register the existence of pores below a certain size. On the other hand,

smaller molecules might infiltrate pores that are not available to the substrates

involved in the reaction, providing a high surface area that may not be utilizable

for the targeted application.

Surface oxides present on graphitic surface have been extensively studied. Three

types of surface oxides have been identified, which are shown in Fig. 24.9: acidic,

basic, and neutral. Acidic surface oxides are formed by oxidizing agents at room

temperature or when carbon is treated with oxygen up to 400 �C. Carboxyl,

lactones, anhydrides, hydroxyl, and lactol groups are the most common acidic

surface oxides. Carboxylic groups are especially acidic, though they are thermally

unstable and decompose at 300–800 �C under vacuum or inert atmosphere. Basic

(pyrone, chromene, and quinine) surface oxides are formed when oxidized carbon is

freed from surface oxides at high temperature in vacuum or inert atmosphere and

exposed to air after cooling down to low temperature. Neutral surface oxides are

formed at the unsaturated sites (>C¼C<) by irreversible adsorption of oxygen

molecules. The concentration and nature of surface oxides depends on the carbon,

the oxidizing reagent, and the oxidizing procedure. Furthermore, the oxidation of

carbon can change porosity, surface area, crystallite size, resistivity, and wettabil-

ity. A mild oxidation may increase surface area through the opening of pores;

however, if the carbon is highly graphitic, or if the fine pores are in close proximity,

oxidation can have a negligible or reverse effect.

These oxide groups are generally believed to act as nucleation sites for Pt growth

during metal deposition, making control over the support surface chemistry critical.

For optimal dispersion and a narrow particle-size distribution, nucleation sites

should be evenly distributed on the support surface, and metal growth should take

place at a similar rate at all sites without planar movement of the supported atoms.

Either of these mechanisms would lead to a large particles and a heterogeneous

particle-size distribution.
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In PEMFCs, where carbon also acts as the primary electron transport media,

efficient electron transfer between the catalyst and carbon is critical and can only

occur if the catalyst particle is present at edge/defect sites where the heterogeneous

electron transfer rate is higher. Whether interaction at these active sites can increase

catalyst activity fundamentally through geometric and electronic modification will

be discussed later. For example, using a colloidal method for Pt deposition on

graphitic carbon, where reduced colloids of Pt salt are mixed externally with high-

surface-area carbon, does not utilize the surface properties of carbon to control the

electron transfer site. Thus, researchers typically yield highly dispersed Pt/C

catalysts with very poor ORR activity [30]. This is an interesting example where

an electrocatalyst activity toward the ORR is not limited by the catalytic activity of

the electroactive material, but by electron transfer between the catalyst and support.

The dispersion of supported metal particles not only depends on the physico-

chemical properties of carbon but also on the deposition technique. Generally,

higher surface-area supports result in higher dispersion of metal nanoparticles

(though this effect is muted for ultra high-surface-area carbons, >200 m2/g [21]).

One of the simplest procedures for Pt deposition is impregnation. First, a metal

precursor (commonly H2PtCl6) solution is impregnated into the pores of carbon by

capillary action. Next, the solvent is evaporated, leaving precipitates that are reduced

in a subsequent step. In this process, adsorption of the catalyst salt ion is crucial, but

before that, the metal salt solution must wet or penetrate the entire available surface.

This makes oxidative pretreatment an essential step prior to deposition. Supercritical

deposition methods tend to wet the pores more completely than atmospheric aqueous

approaches [25]. Of course, porosity also plays an important role in this case, which

is why mesopores are believed to provide better dispersion.

In 1978, Brunelle showed that Pt could be efficiently dispersed through ion

exchange with surface functionals on silica [31]. He showed that when the pH of the

impregnating solution is higher than the isoelectric point (IP) or point of zero

charge (PZC), the surface amphoteric oxides are negatively charged. Cationic

precursors (i.e. Pt(NH3)4
2+) are attracted to these negatively charged sites. On the
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other hand, if the pH is lower than the IP or PZC an anionic precursor (i.e. PtCl6
2�)

should be selected. Though this work focused on silica and alumina supports, it has

been extended to carbon as well [32], and several models exist describing Pt

precursor adsorption on carbon [33]. These models claim that basic oxygen groups

(or electron rich π-sites) are stronger anchoring sites than the acidic surface oxides.
On pregraphitized carbon blacks, Coloma et al. concluded that surface oxygen

groups assist in wetting the surface and act as primary anchor sites [34]. However,

whether the metal interacts directly with the surface oxygen groups has not been

rigorously verified experimentally. Generally, enhanced dispersion is used as the

primary indicator for improved metal–support interaction. However, as discussed

above, improved dispersion after oxidation can be caused by a number of factors

that are difficult to decouple. Physical changes in the carbon due to oxidation might

help in metal dispersion rather than formation of surface oxide groups. Some oxide

groups (i.e., C¼O) can hinder surface diffusion of the supported catalyst particles,

which might affect particle growth and agglomeration. In addition, the effect of

heat treatment during reduction should be considered when analyzing the final

metal dispersion. If heat treatment is carried out to reduce metal precipitates,

thermally unstable oxygen groups can decompose, which will remove any interac-

tion between Pt and surface oxygen groups. Upon heat treatment in H2, weak acidic

surface oxygen groups decompose, and Pt particles interact mainly with π-sites,
which are delocalized areas on graphitized carbon surface with high π-electron
density. The remaining stable oxygen groups decrease Pt interaction with the π-sites
through an electron-withdrawing effect. Moreover, it can be difficult to study the

effect of surface oxygen groups experimentally as the surface is almost always in

flux during metal deposition where various surface oxides are formed or converted

from one form to another. For example, anhydrides can be converted to carboxylic

groups [32]. In addition, some researchers have reported oxidative treatments that

do not yield better dispersion [33].

24.2.2 Carbon Nanotubes

Carbon nanotubes (CNTs) are the most popular advanced carbon support for Pt

NPs. CNTs can be classified as single-walled carbon nanotubes (SWCNTs) or

multiwalled carbon nanotubes (MWCNTs) depending on the number of graphene

walls. They are also characterized by their geometry as armchair, zigzag, and chiral

depending on the arrangement of carbon bonds on the curved graphene surface. The

surface area of CNTs depends on the number of graphene sheets that comprise the

walls: 1,315 m2/g for single wall, 580–680 m2/g for two walls, 295–430 m2/g for

five walls, and so on [35]. CNTs act as both metal and semiconductor depending

on the arrangement of carbon atoms. The electronic conductivity is very high

(108/ohm-m) in metallic CNTs as scattering does not occur [36, 37].

Since pristine CNTs are very difficult to disperse in solution because of their

high graphiticity, surface functionalization is often carried out to prepare the
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surface for metallization. There are various methods of surface functionalization,

one of the simplest one being chemical oxidation [38–40]. Besides chemical

oxidation, other methods such as sonochemical treatment and microwave irradia-

tion can also introduce oxygen groups on CNTs. By avoiding high heat and using

proper reducing agents such as ethylene glycol (EG), sintering during the reduction

step can be avoided. Surprisingly, reduction of the metal precursor can also take

place on SWCNT in the absence of a reducing reagent. Choi et al. reported

spontaneous reduction of PtCl4
2� and AuCl4

�1 on SWCNTs, which they attributed

to the formation of redox pairs where the Fermi level of the SWCNT was greater

than the reduction potential of PtCl4
2� and AuCl4

�1 [41]. In another interesting

study, Sheng et al. showed that on amine-functionalized MWCNTs, even after heat

treatment from 200 to 600 �C, the particle size of Pt NPs remained constant at

2 nm [42]. Hence, like in carbon blacks, surface functionalization and catalyst

deposition method influence both metal dispersion and metal–support interaction.

There have been some promising studies showing that CNT-supported Pt shows

enhanced ORR specific activity than that of conventional Pt/C. Against 40 wt%

Pt/Vulcan (E-TEK), Kongkanand et al. demonstrated that the onset potential of

Pt/SWCNT shifted 10 mV positive to Pt/C despite the ESA of the Pt/SWCNT being

lower (17.8 m2/gPt vs. 33.5 m2/gPt) than Pt/C. Recently, Kim et al. deposited Pt on

amine-functionalized MWCNT treated with HCl and heated at 220 �C in air, both

for 2 h [42]. The intrinsic activity of such Pt/MWCNT was 0.95 mA/cm2
Pt, higher

than that of as-prepared Pt/MWCNT (0.40 mA/cm2
Pt), acid-treated Pt/MWCNT

(0.75 mA/cm2
Pt), and 46 wt% Pt/TKK (0.36 mA/cm2

Pt). On a similar catalyst,

Sheng et al. reported comparable specific activity compared to Pt/C [42]. However,

from these studies it is not clear if the enhanced specific activity was achieved

through strong interaction with the support. For the study by Kongkanand et al., the

enhancement was very small, while for Kim et al. the enhancement could be due to

their resulting Pt nanostructure where Pt particles blanketed the CNTs.

Numerous studies have shown that CNT-supported Pt catalysts exhibit higher

electrochemical stability under accelerated degradation test than that of carbon

black-supported Pt. A major source of this stability is likely enhanced stability of

the support itself caused by its highly graphitic nature compared to carbon black. In

addition, authors have given credit to the strong interaction between Pt NPs and

CNTs, though the nature of this interaction is ambiguous and has not been studied

with sufficient detail. Furthermore, Pt/MWCNTs have been reported to be more

stable than Pt/SWCNTs. Wang et al. has reasoned that the top layers of the

MWCNT act as a protective sheath for inner layers, which then have fewer sites

for corrosion [43].

24.2.3 Graphene

Graphene is a 2D crystal of sp2-hybridized carbon atoms. In this form, carbon

exhibits unusual electronic properties. For instance, the charge carriers on a single-

atomic graphene sheet are massless Dirac fermions with speeds 300 times smaller
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than the speed of light [44]. The electronic properties of graphene change drasti-

cally even with addition of one additional layer; bilayer graphene can act as tunable

gap semiconductor [45]. With ten or more layers, layered graphene acts as a thin

film of graphite [46]. It also has robust mechanical features like extremely high

breaking strength (~40 N/m) and Young’s modulus (~1.0 TPa) [47]. The theoretical

specific surface area of single-plane graphene is 2,630 m2/g [35–48]; however,

utilizing the full surface area is very challenging as they tend to aggregate due to

van der Waals forces. Bulk produced graphenes by chemical or thermal exfoliation

of HOPG are usually a few layers thick. In addition, its properties differ consider-

ably depending on the oxidation/reduction treatment, making reproducibility a

potential issue. Thus, graphene as a carbon support is promising, but research in

this area is not mature enough. Pt on wrinkled graphene sheets prepared by thermal

exfoliation of chemically oxidized graphite flakes was shown to have higher mass

activity and stability by Kou et al., but the authors did not present any data on

specific activity [49].

24.2.4 Graphitic Nanofiber/Carbon Nanofiber

While graphene and CNTs are single to few layers of simple graphene structure,

carbon nanofiber (CNF) or graphitic nanofiber (GNF) have a multilayer complex

graphene structure, which makes it a very interesting alternative support. CNF has

been classified into fishbone (herringbone) with graphene layers at an acute angle to

the growth axis, platelet (deck of cards) with graphene layers perpendicular to the

growth axis, and tubular (parallel) with graphene layers parallel to the growth axis.

Although the tubular CNF has similar arrangement to the graphitic planes of

MWCNT, the former has a solid core in contrast to the hollow core of the latter

[50]. However, some authors do not make such a distinction [51]. It can also have

different structures such as bidirectional, helical, twisted, and branched [52]. The

diameter of the CNF (2–100 nm) depends on the size of the catalyst that catalyzes

its growth [40, 52]. Like CNTs and graphene, surface functionalization must be

carried out to achieve acceptable dispersion of metal particles.

The most attractive feature of CNF is the exposed graphitic edge planes on the

surface. The fishbone CNF (f-CNF) and platelet CNF (p-CBF) have a very high

edge to basal plane ratio, while tubular CNF (t-CNF) has a very high basal to edge

plane ratio. Hence, catalyst particles on f-CNF and p-CNF are expected to have

higher ORR activity than that of t-CNF. Researchers have shown that metal-free

f-CNF and p-CNF are more active than on t-CNF [53, 54]. Also, Zheng et al.

concluded that 5 wt% Pd on f-CNF and p-CNF has higher ORR activity than that on

activated carbon [55]. The unique arrangement of sp2 planes in f-CNF and p-CNF

also allow for a unique pathway for electron conduction that occurs by hopping

along the a-axis (basal plane) and c-axis (perpendicular to the basal plane) [56, 57].

However, Yoon et al. showed that the microstructure of CNF is more complex than

a planar or conical stack of graphene as previously assumed [58, 59]. They found
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that the basic structural unit of the CNFs to be carbon nano-rods, 2.5 nm in diameter

and varying lengths, consisting of a few graphene layers with open edges at low

temperature that close at high graphitization temperature (2,800 �C, used by

authors) to conical or pyramidal caps (Fig. 24.10). They proposed that these rods

arrange in carbon nano-plates, the stacking of which gives rise to fishbone or

platelet or tubular structures. This finding demands a closer experimental and

theoretical look into structure and properties of CNFs.

24.2.5 Carbon Aerogel

Carbon aerogel is a pyrolyzed organic aerogel usually synthesized using

resorcinol–formaldehyde (RF) sol-gels. In a typical synthesis [60, 61], a mixture

of resorcinol (R) and formaldehyde (F) in a certain molar ratio is base or acid

catalyzed to form a colloidal sol, which is converted to a gel by slow heating to

promote cross-linkage. At this stage, the aqueous solvent can be exchanged with an

organic solvent. Then, the gel is dried subcritically in air/nitrogen to produce a

xerogel, supercritically in CO2 to produce an aerogel, or freeze-drying to produce a

cryogel. The latter two drying methods prevent collapse of the structure by avoiding

formation of a liquid–vapor interface, retaining high porosity. The surface area,

mesoporosity/microporosity, pore-size distribution, surface texture, and carbon

particle size can be modified by controlling reactant ratio (R/F), gel pH, catalyst,

curing and drying process, and carbonization temperature. The microstructure of

Graphitization
at 2800 ºCGraphitization

at 2800 ºC

Graphitized Platelet CNF

Platelet CNF as prepared

axis

b

c

d

e f

g

h

5nm

5nm

10nm

A Rod Unit Separated

Assembly of Rod Units

Ball-milling

Closed Loop Ends

a

Fig. 24.10 STM images of platelet CNF before (a, b) and after (d, e) graphitization, HR-TEM

pictures of as platelet CNF before (g) and after (f) graphitization, HR-TEM image of isolated rod

like graphitic unit (h), and schematic showing stacking of rod like unit [59]

704 S. Shrestha and W.E. Mustain



the carbon aerogel consists of slightly overlapping carbon nanospheres in a contin-

uous chain giving arise to a porous 3D interconnected network [62]. Aerogels are

attractive for PEMFCs because of their mesoporosity; high mesoporosity can be

obtained independent of micropores [62]. In addition, by molding, the aerogels can

be produced in various shapes such as monoliths, beads, and thin films [63]. The

performance of carbon aerogel-supported Pt catalysts was reported in a PEMFC by

Smirnova and coworkers [64]. During 60 h of operation, the cell showed good ECA

retention. Unfortunately, the cell performance was hindered significantly by mass

transfer limitations, though correction for IR, and mass transport resistances

showed good catalyst activity.

24.2.6 Ordered Mesoporous Carbon

Ordered mesoporous carbon (OMC) was first reported by Ryoo et al. which they

called CMK-1 with mesopores of 3 nm diameter [65]. CMK-1 was synthesized in a

MCM-48 silica template with cubic (Ia3d) symmetry, though precise control over

its microstructure was difficult since CMK-1 is not an exact inverse replica of

MCM-48. OMC displaying exact inverse replication of its template was made by

Jun et al. using SBA-15 with hexagonal (p6mm) symmetry [66]. This was possible

because the periodic mesopores in SBA-15 are interconnected through pores in the

walls of the template [67, 68].

The field of ordered mesoporous carbon has seen tremendous growth since then;

the pore structure can be modified, the particle morphology can be controlled, the

carbon fibers can be graphitized, and the synthesis procedure has been greatly

simplified such that OMC can be synthesized without a hard silica template by

cooperative assembly between resol (phenol/formaldehyde) and the Pluronic

triblock copolymer [67]. Furthermore, a rational pathway to control pore size has

been developed using boric acid as the pore-expanding agent in the silica template

where the pore size depends on the carbon precursor/boric acid molar ratio [69].

The boric acid phases out during carbonization and forms a layer between the

carbonized precursor and the walls of the template. Great interest in OMC was

sparked by a paper in Nature by Joo et al. [70] where they showed that the mass

activity of 33 wt% Pt/OMC (0.1 A/mgPt) was 10� higher than that of 33 wt%

Pt/carbon black (<0.01 A/mgPt) in O2-saturated 0.1 M HClO4 at 10,000 RPM with

a scan rate of 50 mV/s (Fig. 24.11).

10,000 RPM is an unusually high rotation rate to report catalyst activity since

any wobble in the RDE will cause significant turbulence at the electrode surface,

which will disrupt the streamlines that are key to performance deconvolution and

Levich analysis. In addition, 50 mV/s is not generally considered to be a reliable

scan rate to determine catalyst activity since the system is not operating at steady

state. To the author’s knowledge, similar success has not been replicated in situ,

even in a laboratory-scale PEMFC [71]. It is believed that the uniform pore-size

distribution with good interconnectivity has the potential to reduce mass transfer
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through proper alignment in the direction of mass transfer [72]. Unlike carbon

black, the defined pore structure and network allows for controlled study of such

parameters on catalyst performance.

24.2.7 Hierarchically Ordered Mesoporous Carbon

Hierarchically ordered mesoporous carbons (HOMC) are attractive as a support

for fuel cell applications because of their interconnected bimodal pore-size distri-

bution. Both pore systems can be mesoporous or one can be mesoporous while

other can be macroporous. While a mesoporous pore structure imparts high surface

area and uniform distribution of catalyst particles, macropores provide efficient

mass transfer. Of course, the interconnectivity between pores has a significant

role in realizing the advantages of both pore structures. Also, a novel feature

about these structures is that the two pore structures can be adjusted independently,

allowing for good control over their porosity [73, 74]. Like OMC, controllable pore

structure, and carbon microstructure and surface chemistry, makes them an attrac-

tive support for fuel cell catalysis. Fang et al. have shown that Pt on hollow

Fig. 24.11 TEM image of ordered nanoporous carbon (ONC) and its Fourier diffraction

(a), schematic of ONC (b), mass activities of Pt on ONC and carbon black depending on the Pt

loading (c), and ORR polarization curves measured in O2-saturated 0.1 M HClO4 at 10,000 RPM

(d) [70]
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core/mesoporous shell (HSMC) and ordered hierarchical nanostructured carbon

(OHNC) outperforms Pt/Vulcan in single-cell fuel cell tests [75–77], which might

be due to better mass transport; however, the authors did not discuss or present data

supporting such hypothesis.

24.2.8 Carbon–Pt Interaction

The bonding of metal with carbon takes place by exchanging electrons between

π-sites of carbon and vacant d-orbitals of metals. Metals lacking vacant d-orbitals

such as Cu, Ag, Au, and Al have negligible interaction, while metals having large

number of vacant d-orbitals such as Ti, V, and Nb form carbides. Metals with few

vacant d-orbitals such as Fe, Co, and Ni dissolve carbon. In that respect, Pt has the

fewest possible vacant orbitals. Hence its interaction with carbon is expected to be

very weak. Indeed, first-principle studies have shown that the binding energy between

Pt and graphene is low [78, 79]. However, the surface of synthesized carbons is not

smooth; it has defects and edges, which have dangling bonds, and many theoretical

studies have shown that Pt has higher adsorption energies at these sites [80–84]. In

addition, surface curvature can induce stronger bonding by rehybridization of bond-

ing orbitals like in CNTs. In CNTs, depending on their diameter, stronger metal

interaction can occur relative to a flat graphene layer. Also, microstructural spatial

constraints can cause geometric strain, which may positively affect activity.

The magnitude of the metal–support interaction also depends on the catalyst

particle size. In a first-principle study by Okazaki-Maeda et al., the shape of Pt

clusters (n < 10) appeared to depend on their size [85]. For a Pt cluster size

3 � n � 7, vertical planar adsorption was stable, and for n � 7 adsorption as a

parallel planer was energetically favorable. Their calculations showed that the

interaction energy decreased as cluster size increased. Yamakawa et al. modeled

Pt nucleation on graphene using a phase–field method coupled with first-principle

calculations [86]. They demonstrated that as the coordination between Pt atoms

increases, the interaction between Pt and graphene decreases. Their results support

a Volmer–Weber (island) growth mode, which occurs when adsorbate–adsorbate

interaction overcomes adsorbate–substrate interaction combined with lattice mis-

match that cannot be compensated by structural relaxation alone [87]. They also

point out that obtaining a uniform size distribution depends on the competing

nucleation and growth. Instantaneous nucleation leads to homogeneous particle

growth, while progressive nucleation leads to heterogeneous particle growth. This

has been experimentally supported by Zoval et al. [88] who employed noncontact

AFM and TEM to analyze Pt particles deposited on clean HOPG by pulsed

potentiostatic deposition. They discovered that spontaneous deposition of Pt was

taking place onto HOPG without application of any voltage. Moreover, most of the

observed deposition was concentrated at step edges. According to the authors, the

spontaneous reduction was caused by reducing equivalents such as aldehydes,
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alcohols, and ketones on defect and edge sites. They also found that preoxidation of

HOPG decreases the amount of Pt deposited by spontaneous reduction. This led the

authors to anodically protect their electrode during pulsed electrodeposition, which

resulted in a narrow particle-size distribution, though the distribution broadened as

the average particle size increased from 2.6 to 7.2 nm.

Jinnouchi et al. showed that not only does the binding energy per Pt atom

between graphene and Pt decrease as the particle size increases, the d-band center

also lowers with respect to Fermi level. The lowering of d-band center was also

correlated with an increase in the dissolution potential [90]. Toyoda et al. correlated

the d-band center of Pt particles ranging from 6.8 to 31.4 Å deposited on a glassy

carbon electrode using an arc plasma gun to their specific ORR activity [89]. As the

Pt size increases, the d-band center increases or moves away from the Fermi level,

and ORR activity increases accordingly (Fig. 24.12). This was also verified by X-

ray photoelectron spectroscopy (XPS) as the binding energies of the Pt valence

band and core 4f shifted closer to that of polycrystalline Pt as the particle size

increased, though a perfect fit with the theoretical prediction was not obtained,

which the authors ascribed to final state effects.

24.2.9 Nitrogen-Doped Carbons

In 1996, Roy et al. reported an enhancement in ORR activity when carbon black

(Vulcan XC-72R) was doped with sulfur and nitrogen [91]. They attributed this

enhancement to a decrease in Pt particle size on the doped carbon black at the same

Pt loading, yielding a high specific surface area. However, the data they reported

has a wide margin of error. In a series of papers by Ye et al. around the same time,

ORR activity for Pt on carbon aerogel made from PAN was reported, which had

significant nitrogen content [92–96]. Based on a XPS study of the N 1s peak, they

Fig. 24.12 ORR polarization curves of Pt with different sizes on glassy carbon electrode (a) and

relation of Pt cluster size and d-band center (b) [89]
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suggested formation of a charge transfer complex between Pt and pyridinic nitro-

gen, though they did not observe any shift in the binding energy of the Pt 4f peak

[96]. Also, they did not suggest that such an interaction may have an effect on the

ORR activity of the supported Pt.

Metal-free carbon nanostructures doped with nitrogen (N) have also been

investigated as ORR electrocatalysts, showing some activity in alkaline media. The

ORR activity of these materials has led some to suggest that in metallized N-doped

carbon, the catalyst may only catalyze the formation of active nitrogen-containing

active sites [97], though this is unlikely, especially in acid media where the activity is

very poor. A breakthrough in this field was obtained by Gong et al. who demonstrated

nitrogen-doped vertically aligned carbon nanotubes (VACNTs) with higher ORR

activity and stability than commercial Pt/C [98]. Same group reported remarkable

ORR activity and stability for N-doped graphene [99]. Similarly, a number of metal-

free nitrogen-doped carbon nanostructures have shown ORR activity [71, 100].

Interestingly, activity is higher when the carbon nanostructure is highly graphitic.

A more detailed discussion on metal-free catalysts can be found in Chap. 12 of this

book. Experimental and theoretical studies have shown that nitrogen doping induces

both electronic and structural changes in carbon. The type of nitrogen defect, its

concentration, and distribution can have significant effect on electronic and transport

properties of CNT which is a subject of intense research. It has been suggested that

doping with nitrogen may increase the metallic properties of CNTs [101]. Also,

incorporation of nitrogen during the CNT growth can bring about significant struc-

tural changes. Ma et al. reported the formation of bamboo-like CNTs whenmixture of

CH4 and N2 were used as precursors over mesoporous silica plates containing Fe and

Ni nanoparticles in a microwave plasma-assisted chemical vapor deposition [102].

Likewise, Kurt et al. reported vermicular CNTs decorated graphene sheets perpen-

dicular to the surface with bias-enhanced hot-filament CVD using CH4 and N2

precursors [103]. Other groups have reported graphene basal plane distortions in

carbon nanostructures doped with nitrogen during synthesis [104, 105]. This is

probably caused by buckling around pentagonal defects, which is stabilized by the

presence of N atoms [104, 106]. Hence, carbon nanostructures with nitrogen atoms

doped during synthesis clearly have more structural deformations, distortions, or

dislocations compared to their non-doped analogs. This can significantly impact NP

nucleation, growth, distribution, and the structure of (electronic/geometric) supported

Pt NPs, which requires further research.

Four types of nitrogen functionalities have been identified by XPS, which are

illustrated in Fig. 24.13: pyridinic (NPy), pyrrolic (NH), quaternary (NQ), and an

unknown (N-X). N-X is assigned mainly to pyridine N-oxides, but can also be nitro,

nitroso groups, or shake-up satellite peaks [107]. NPy (�399.0 eV) donates one

p-electron, while NH (�400.3 eV) donates two p-electrons. NQ, also called

graphitic nitrogen, has a formal positive charge [107]. NQ exists in-plane, while

NPy and NH are edge structures. However, NQ can also be protonated NPy and NH

could also be pyridone, a hydroxylated pyridine. In addition, substitutional, inter-

stitial, and sp3-bonded N could also be present. This already intricate picture is
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further complicated by tendency of these defects to group together [108]. Typically,

pyridinic nitrogen is associated with the activity and dispersion of catalyst

nanoparticles, though its exact role is unknown.

Computational studies have suggested that the nitrogen sites do not directly bond

Pt atoms; N likely disrupts the π-electron distribution in the graphene layer by

drawing electrons from carbon to itself [108, 109]. This is not unexpected as atomic

N has higher electronegativity compared to C (3.04 vs. 2.55 P.U.). Thus, carbon atoms

adjacent to surface N groups are localized low-electron-density sites, which likely act

as electron transfer sites for Pt during deposition, leading to stronger Pt–support

interactions than functional-free C. Electron transfer between the catalyst and support

has the potential to enhance the intrinsic electrocatalytic activity of Pt for the ORR

by shifting the d-band center relative to the Fermi level. The increase in dispersion

of Pt on N-doped carbon due to enhanced nucleation rate is well established

experimentally [110]. However, convincing experimental evidence showing signifi-

cant electron transfer for Pt nanoparticles supported on N-functionalized carbon has

yet to be presented. This may be due to the large Pt particles that are typically

supported on these groups (~5 nm), which would have several atomic layers between

the support and electrocatalyst surface. Besides, based on strong ORR performance

of metal-free nitrogen-doped carbon nanostructures, a complementary cocatalyst role

of nitrogen group has been speculated on Pt-decorated N-doped carbon support [110].

24.2.10 Carbons Doped with Boron, Sulfur, and Phosphorous

Besides nitrogen, carbons can be doped with other heteroatoms such as boron,

sulfur, and phosphorous. Among these heteroatoms, boron has been the most

widely investigated. Boron-doped diamond has been explored as an electrocatalyst
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support for fuel cell applications [111]. Boron primarily increases the electronic

conductivity of the diamond. Recently, a number of publications have reported

metal-free boron-, sulfur-, or phosphorous-doped advanced graphitic carbons such

as CNTs, graphene, and CNF to be highly ORR active in alkaline electrolyte

[112–115]. Also, Wang et al. showed Pt on boron-doped carbon seems to have

good stability which is also supported by theoretical studies that shows Pt on boron-

doped carbon to have high binding energy [116–120]. In addition, the presence of

sulfur or boron or phosphorous with nitrogen was found to increase catalytic

activity of metal-free doped carbon supports [120–123]. Thus, carbons doped

with heteroatoms, single or in combination, may be promising candidates as

electrocatalyst supports. However, at this point, their chemical state, interaction

with metal nanoparticles, and chemical and microstructural changes brought about

by these heteroatoms are unknown.

24.3 Non-carbon Supports

Despite improvements in the dispersion and stability of Pt nanoparticles on

advanced carbons, they still suffer from three significant limitations that make

their long-term implementation in PEMFCs questionable: (1) their oxidation

remains thermodynamically favored over the entire ORR operating window and

kinetically facile under startup/shutdown conditions; (2) the complex

microstructures that are necessary to extended their sp2 structure with high surface

area have not been shown to improve performance in PEMFCs. Failure to repro-

duce the enhanced ORR activity that was observed ex situ may be due reduced

proton mass transfer within the manufactured nanostructure or differences in

reactant mass transport on the electrode scale; and (3) the interaction of Pt with

these support materials mostly occurs through van der Waals forces and electro-

static interaction at sp2 sites, though some weak covalent bonding is possible in

adatom-doped carbon and edge and defect sites on traditional carbons, which limits

the ability of carbon-based supports to improve the intrinsic activity of Pt

nanoparticles. Therefore, there exists a groundswell of researchers who aim to

replace carbon supports with electrically conducing ceramic materials that have

the ability to undergo strong covalent metal–metal bonding with the Pt clusters. It

has been hypothesized that this enhanced interaction can further improve Pt nano-

particle dispersion and stability as well as improve their ORR activity. Several

supports have been proposed in the literature, though only a few have been studied

with enough detail to make reasonable conclusions regarding their potential appli-

cation as supports for Pt ORR electrocatalysts.

24.3.1 Tungsten Carbide

Both stoichiometric (WC) and sub-stoichiometric (W2C) tungsten carbide have

recently been investigated as ORR electrocatalyst support materials for Pt. Though

24 Promises and Challenges of Unconventional Electrocatalyst Supports 711



Ganesan et al. found that W2C supports improved the dispersion of Pt compared to

commercial Pt/C [124], it has been shown that W2C has extremely poor stability in

acid media, undergoing both oxidation [125] and partial dissolution, which limits

their application as a support in the PEMFC. In contrast, WC has shown very good

chemical stability in acid media [126] and represents a better candidate support

material for study.

A few groups have studied Pt/WC electrocatalysts for the ORR [127–132].

Though non-carbon support materials have traditionally suffered from low specific

surface area, often 1–10 m2/g [128, 133–135], three different studies have been

reported for WC with very high surface area, as high as 256 m2/g [127, 130, 131]. In

general, authors have reported enhanced mass activity for Pt nanoparticles

supported on WC, which is shown in Fig. 24.14 by a linear sweep voltammogram

for Pt/Vulcan and Pt/WC electrocatalysts, prepared by the method outlined in ref.

[127], dispersed on a glassy carbon disk electrode, and immersed in 0.1 M HClO4 at

25 �C, rotating at 1,600 RPM. The results are reported versus a calibrated NHE.

The activity enhancement for Pt deposited onto WC was accompanied by a

binding energy shift for Pt by XPS, which was not observed on Pt/C, which

suggested significant bonding between Pt and WC. In addition, deconvolution of

the rotating disk electrode (RDE) data in Fig. 24.14 yielded a Tafel slope of

120 mV/decade for the Pt/WC electrocatalyst over the entire voltage range. This

is in contrast to Pt/C, where the typical 120 mV/decade Tafel slope was observed at

low potentials where oxide-free Pt is present with a transition to a 60 mV/decade

Tafel slope at high potentials. These results suggest that the enhanced ORR activity

Fig. 24.14 1,600 RPM linear sweep voltammograms for Pt/C and Pt/WC electrocatalysts in

perchloric acid electrolyte thermostated at 25 �C
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for Pt/WC is caused primarily by pushing the onset potential of Pt surface oxidation

higher, an indicator of electronic interaction between Pt and WC that has not been

demonstrated on any known Pt/C electrocatalyst.

Unfortunately, the activity enhancement between Pt and WC has been shown to

be short-lived [127] due to the oxidation of the WC support in the region relevant to

the ORR to WO2 at potentials > 0.8 V vs. NHE, followed by the facile oxidation of

WO2 to WO3 [126, 127, 136]. In addition, surface oxidation of WC to WO3 is

followed by the formation of acid-soluble tungsten bronze species, HxWO3, which

leads to Pt detachment and agglomeration. The agglomeration of Pt is accompanied

by a total loss in activity enhancement, returning the activity of Pt to the same level

as Pt/C as the catalytic clusters lose their interaction with the surface. The mecha-

nism proposed by Liu for the WC instability and Pt activity loss is shown in

Fig. 24.15.

This mechanism is also supported by a recent article by Esposito et al. who

reported a pseudo Pourbaix diagram for WC, shown in Fig. 24.16 [126]. The slow

dissolution of tungsten oxide also prohibits the use of WO3 as an electrocatalyst

support material for Pt ORR electrocatalysts, which has also been reported in the

literature with initially positive outcomes [136–140], even suggesting electronic

rearrangement through strong metal–support bonding [141, 142]. Though these

catalysts have low stability in ORR-relevant environments, the pseudo Pourbaix

diagram in Fig. 24.16 suggests that WC may be a high-stability electrocatalyst

support at low potentials, which are relevant to the hydrogen oxidation (HOR) and

hydrogen evolution (HER) reactions.

The discussion above also implies that the interaction between Pt and WC may

improve the catalyst activity and stability. The activity and stability of Pt/WC

electrocatalysts for the HOR/HER was recently probed by Liu and Mustain in

acidic environments [143]. It was found that Pt/WC showed significantly improved
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Fig. 24.15 Mechanism for ORR activity loss and Pt agglomeration on Pt/WC electrocatalysts
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stability compared to Pt/C during electrochemical cycling; however, the authors

found no evidence linking the WC support to enhanced Pt activity toward the

HOR/HER.

Stability limitations of WC have led researchers to explore other possible

carbides as electrocatalyst supports, such as Mo2C. Similar to Pt/WC, Pt/Mo2C

showed very nice initial Pt dispersion and a positive shift in the ORR onset potential

[144]; however, Mo2C also has poor electrochemical stability [145].

24.3.2 Titania-Based Supports

TiO2 is a wide bandgap semiconductor (4.85 eV) with extremely low electronic

conductivity at 25 �C, 10�13 S/cm [146], making it unusable as an ORR

electrocatalyst support in PEMFCs. However, researchers have recently been

investigating methods to improve the electronic conductivity of titania while still

taking advantage of its high chemical stability in acid media and proven ability to

influence the activity of deposited noble metal nanoparticle catalysts [141, 142,

147–149], as well as its tolerance to high applied potentials. Much of this work has

focused on two primary methods for conductivity enhancement: partial reduction to

sub-stoichiometric oxides and transition metal doping.

Magnéli phase titanates, with the general formula TixO2x � 1 (where 4 < x
< 10), have received particular attention in the literature [150–152] with Ti4O7

being the most popular due to its unusually high electronic conductivity at room

temperature, around 1,000 S/cm, which is comparable to graphitized carbon [153].

The most common sub-stoichiometric titania supports are available commercially

through the Ebonex® brand name. The particle size for this material is large,

>1 μm, shown in Fig. 24.17.

It has been shown that Ti4O7 has good stability when employed as an

electrocatalyst support for Pt at the PEMFC cathode [150], significantly

Fig. 24.16 Pseudo Pourbaix diagram for WC (a) and possible potential windows whereWC could

be employed as an electrocatalyst support for various low-temperature electrochemical

applications (b) [126]
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outperforming Vulcan XC-72R at electrode potentials in excess of 0.9 V

[150, 154–156], while also increasing the electrochemically active area compared

to Pt/C. In fact, rapid electrochemical oxidation of Ti4O7 was not observed until

potentials greater than 1.6 V vs. NHE, where the onset potential for Vulcan was

around 1.0 V. It should also be noted that Ti4O7 also oxidized chemically under

oxygen rich conditions. Since the fully oxidized phase is chemically stable and the

crystal structure deformation is not severe compared to the Magnéli phase, the

supported Pt does not appear to detach readily, unlike WC, though the electronic

conductivity near the active site decreases, which lowers the ECA over time [157].

Another issue with state-of-the-art Ti4O7 supports is the number of nucleation sites

that are available for Pt deposition. The lack of surface sites leads to the deposition of

larger than optimal Pt nanoparticle sizes, even at lower loadings than Pt/C catalysts.

For example, Ioroi et al. recently reported that a 5 wt% Pt/Ti4O7 catalyst had a lower

mass activity toward the ORR than 20 wt% Pt/Vulcan [150]. However, the specific

activities were almost identical, suggesting that the lower ECA for Pt/Ti4O7,

facilitated by a larger mean Pt cluster size, was responsible for the lower activity.

Also, the larger Pt particle size would certainly mute any possible activity

enhancements that may be realized through metal–metal bonding with the support.

Nb-doped TiO2 has also been demonstrated as a possible electrocatalyst support

for Pt. Nb is an n-type dopant in TiO2 that is used to increase the number of free

electrons in the crystal lattice. Pentavalent n-type donor atoms are incorporated into

the titania matrix with a coordination number of 4. This leaves an excess electron

whose energy level is much closer to the conduction band of the host material.

Thus, the Fermi level is raised, significantly reducing the electron ionization

energy, increasing the electronic conductivity of the semiconductor considerably.

This effect is illustrated in Fig. 24.18 [158].

The ORR activity of Pt/Nb–TiO2 electrocatalysts was reported by Park and Seol

[159], who synthesized 40 wt% Pt/Nb–TiO2 by hydrothermal synthesis at 120 �C
using Ti(IV) isopropoxide and Nb(V) ethoxide as metal precursors. To activate the

Fig. 24.17 SEM images (Prof. Radenka Maric, University of Connecticut) of Ebonex® powder

dispersed on carbon tape
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Nb dopant in TiO2, the nanoparticles were annealed at 400 �C for 2 h in a H2

atmosphere. Pt nanoparticles were deposited by reduction with NaBH4. The authors

reported that Pt/Nb–TiO2 possessed a higher activity for oxygen reduction than that

of Pt/C prepared by the same method. Synchrotron XANES measurements of the Pt

L edge on Pt/Nb–TiO2 implied a shift in the electronic structure of Pt following

deposition, which may be responsible for the improved ORR activity. PtRu/

Nb–TiO2 catalysts have also been studied for the ORR [157]. Here, the authors

also reported very good activity and stability for PtRu/Nb0.1Ti0.9O2. In addition, the

authors compared this catalyst to Pt/Ti4O7 and found that it to be superior to the

sub-stoichiometric oxide as Ti4O7 was oxidized during the electrochemical treat-

ment to TiO2 at a significant rate.

24.3.3 Tin and Indium Oxide Supports

Recent interest in tin oxide electrocatalyst supports for Pt ORR catalysts can be

traced to Nakada et al. [160] who reported that oxide formation of Pt nanoparticles

supported on nanosized SnO2 was pushed to higher potentials, similar to WC.

Pushing the oxide potential of Pt to higher potentials has the promise to improve

the Pt mass activity toward the ORR by allowing the electron transfer process to

occur on clean Pt in a PEMFC cathode at higher potentials. It also increases Pt

stability since PtO is a key dissolution intermediate. In addition, this report showed

that SnO2 is stable to very high potentials (at least 1.5 V). Also, a recent study of Pt

nanoparticles deposited on tin oxide nanowires by Saha and coworkers [161]

reported an enhancement in ORR activity. However, one interesting limitation of

these materials is their lower potential stability where Sn4+ is reduced to Sn2+ at

potentials around 0.55 V vs. NHE. This may limit the support stability during high

current operation, which suggests that a secondary dopant may help to improve the

support stability. The introduction of a metal dopant may also simultaneously

improve the electronic conductivity of SnO2.

b

Pentavalent
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Fig. 24.18 Illustrations of (a) an n-type electron donator in a TiO2 lattice and (b) the lowering of

the electron ionization energy with a n-type donor [158]
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Indium has been the most widely speculated material to use in combination with

Sn, and several commercial indium–tin oxide (ITO) materials have been tested.

However, these commercial materials are all predominantly In (90 %) with a cubic

bixbyite structure consistent with In2O3, which is significantly different from the

rutile structure of SnO2. In addition, In will interact with Pt in a significantly

different manner than Sn due to their drastic difference in electronic structure,

preferred coordination, and oxidation state. Unfortunately, to the authors’ knowl-

edge, there are no reports for undoped Pt/In2O3 electrocatalysts in the literature, or a

systematic study of the impact of Sn doping in In2O3, or In doping in SnO2. These

studies represent important holes in the analysis of ITO materials for the ORR.

That being said, Chang and coworkers [162, 163] reported improved activity for

Pt/ITO for the ORR and the ferri/ferrocyanide (FEFI) redox couple, Eq. (24.10).

FeðCNÞ3�6 þ e� $ FeðCNÞ4�6 (24.10)

Pt/ITO showed nearly an order of magnitude decrease in RCT for the FEFI, which

suggested that the ITO support altered the intrinsic electron transferability of Pt. This

result was echoed in the ORR where its half-wave potential was shifted slightly

positive. Recently, Pt/Sn-doped In2O3 (5 % Sn) showed extremely high specific (75

0mA=cm2
Pt) and mass activity (621mA=mgPt) with almost no loss in activity over

1000 cycles between 0.0 and 1.4 V vs NHE [168]. Additionally, Chhina [151] showed

that Pt/ITO catalysts experience some degradation over the first 30 potential cycles

between 0.0 and 1.8 V vs. NHE, followed by nearly no performance loss over an

additional 70 cycles over the same potential window. This study also noted a new

peak at low potentials for Pt/ITO that disappeared with cycling. Some of the ECA loss

may be due to structural changes in the In2O3 structure during potential cycling where

In can be reduced to In2+ at ca. 0.5 V vs. NHE. These structural changes are shown in

Fig. 24.19 for In2O3 nanoparticles before and after cycling 300 times between 0.0 and

1.2 V vs. NHE. Interestingly, holes are observed in the cycled samples, which XPS

measurements suggest are In2O3 even after cycling.

Fig. 24.19 TEM images for In2O3 (left) before and (right) after electrochemical cycling
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24.3.4 Tantalum Oxyphosphate

One of the highest activity electrocatalysts to be reported in recent years is Pt

supported on tantalum oxyphosphate (TOPh)-coated Vulcan XC-72 [164]. This

catalyst support is different than the others discussed above since TOPh has quite

low electronic conductivity. It was suggested by Garsany and coworkers that the

carbon core provides particle-to-particle electronic conductivity, while the very

thin TOPh layer interacts with the Pt nanoparticles, manipulating their activity

and stability. Linear sweep voltammograms for the Pt/TOPh/C electrode in

O2-saturated perchloric acid are shown in Fig. 24.20a.

Figure 24.20a shows that the Pt ORR activity was improved on Pt/TOPh

compared to Pt/C, which is indicated by the increase in the half-wave potential

and current density at 0.9 V. Using the current density at 0.9 V vs. NHE, the authors

found a mass activity for Pt/TOPh of 0.46 A/mgPt, more than twice that of Pt/

Vulcan and Pt/TKK. In addition, the ECA for Pt/TOPh was superior to Pt/Vulcan

(Fig. 24.20b), though comparable to Pt/TKK. The durability of the Pt/TOPh during

ex situ testing was also superior to Pt/Vulcan and Pt/TKK over 1,000 30 s pulse

cycles of 0.6 and 1.2 V vs. NHE. The authors speculated that electron transfer

between the catalyst and the TOPh shifted the Pt surface oxidation to more positive

potentials. One possible limitation for the TOPh/C support is the carbon core, which

will have the same thermodynamic limitations as conventional supports if poor

TOPh coating is achieved or if the TOPh itself has poor cycling stability at higher

potentials, which was not reported.

24.4 Trends and Opportunities for Next-Generation

Electrocatalysts

A significant amount of work has been done in recent years to develop new

electrocatalyst supports for Pt ORR electrocatalysts. It should be noted that the

previous discussion was not intended to provide a comprehensive detailing of all of

the work that has been done, but to provide examples of work that is currently being

done and identify trends. For an additional level of detail, particularly regarding

experimental procedures and conditions, differences in preparation methods, and a

more quantitative discussion of results, we would like to point the reader to the

following recent review articles [71, 111, 165].

For carbon-based electrocatalyst supports, there is no question that advanced

supports have been made that enhance the dispersion of Pt nanoparticles. Much of

the time, this advanced dispersion has led to higher ECA compared to Pt/Vulcan

and Pt/TKK; however, this has not always translated into an increase in the Pt mass

activity. Observations on Pt mass activity appear to be a balance between ECA and

particle faceting, which plays a significant role in the ORR [166], as the particle size

is altered at the same loading as Pt/C. In cases where the Pt mass activity was

increased, the specific activity (when reported) always decreased, calling into
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question the ability of carbon-based supports to significantly impact the intrinsic

activity of Pt. This suggests that the fairest comparisons for activity are not

necessarily done at the same Pt loading, but at identical Pt particle sizes. There is

also enough evidence to assert that functional groups on carbon (even oxygen

groups) have the potential to improve the stability of Pt during operation.

The proposed next-generation carbon-based materials typically have complex

microstructures that extend their sp2 structure with high surface area. In general,

methods to prepare these carbon materials allow for nanometer length-scale control

Fig. 24.20 (a) RDE ORR voltammograms and (b) Tafel plots for Pt/C (triangles) and Pt/TOPh/C
electrocatalysts (circles) in O2-saturated perchloric acid. (c) Cyclic voltammograms for Pt/C and

Pt/TOPh/C in N2-saturated 0.1 M HClO4 [164]

24 Promises and Challenges of Unconventional Electrocatalyst Supports 719



of their pore size and distribution. Platinum supported on many of these materials

has been reported to have improved mass activity compared to conventional Pt/C

catalysts; however, this level of structural control has not been translated into

performance in an operating PEMFC to date, and there are currently no theoreti-

cally sound methodologies to systematically design or evaluate the support

nanostructure and its role on catalyst performance. Performance differences

between in situ and ex situ tests are most likely due to the difference between the

flooded electrolyte conditions in ex situ experiments (where all of the active sites

are accessible to the electrolyte) that are typically reported and the PEMFC cathode

environment where the ionomer is needed to conduct protons and water must

rapidly be removed from the active sites following the ORR.

Experiments regarding non-carbon support materials have suggested that, unlike

carbon supports, there is an opportunity to alter the intrinsic activity of Pt, which

represents a distinct advantage for the former over the latter. Unfortunately, all of

the non-carbon supports that have been studied widely to date oxidize to their most

stable form (i.e., WO3 for WC and TiO2 for Ti4O7), and most show poorer potential

stability than carbon. One interesting opportunity to avoid support corrosion with

non-carbon supports may be to mask the unstable support from the electrolyte. This

can happen through at least two mechanisms. One such mechanism was proposed in

DFT studies by Balbuena [167] who suggested Ir core/metal–carbide shell/Pt shell

ORR electrocatalysts. DFT work has shown that Pt should be able to form and

arrange itself as a true monolayer on clean WC [126]. Potential core–shell

structures using WC/Ti4O7 support are illustrated in Fig. 24.21, though these

materials have not yet been synthesized since oxide surface impurities act as Pt

nanoparticle nucleation sites.

A second possible mechanism is controlled oxidation during synthesis or

pretreatment. This may work best on nitride-based supports to form oxynitrides,

though very few nitrides have been reported in the literature to date as

electrocatalyst support, which is why no nitride supports were highlighted here.

Additionally, researchers could utilize a highly stable, oxidizible metal (i.e., Al) in

pure or alloy form that would form a simple monolayer of oxide while still

maintaining its bulk composition and, thus, high electronic conductivity. Another

important issue with ceramic supports is that they generally have a significantly

higher density than carbon-based supports. Excess loading of these ceramics may

result in increased stack weight, a negative for mobile applications. High density

Fig. 24.21 Annotated conceptual illustrations of (a) Pt–WC and Pt–Nb-doped Ti4O7 core–shell

catalysts, (b) Pt–WC–M dual-core catalysts, and (c) Pt–WC hollow-core catalysts
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may also complicate catalyst dispersion in an ink, making MEA manufacturing by

conventional methods difficult. Perhaps this is why almost no studies for platinum

catalysts on non-carbon supports report PEMFC data.

Though literally thousands of articles have been published in recent years

regarding the development of new catalysts, supports and methods for catalyst

layer deposition, and their relationship to PEMFC performance, there are currently

no guiding principles on what to make and in what architecture (micro-, meso-,

macroscales). Researchers have a limited understanding on how metal–support

interactions affect Pt nucleation and dispersion, as well as the degree of electron

transfer between Pt and various supports and its effect on the Pt d-band structure

(activity). Also, the impact of support microstructure on Pt utilization, Nafion®

dispersion/impregnation, and both oxygen and proton mass transport are unclear.

This makes the systematic design of the electrocatalyst and the MEA difficult

at best.
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size-dependent core-shell fine

structures, 551–552

spatial resolution, 551

synthesis of dealloyed PtCu3 catalyst

chemical leaching, 537

cyclic voltammograms (CV), 537–538

density functional calculation, 538

electrochemical dissolution, 536

Nafion polyelectrolyte, 540

ORR voltammetry, 539

Pt-mass activity, 539

in situ electrochemical dealloying, 540

XRD patterns, 537

ternary nanoparticle catalysts, 547–548

DEMS. See Differential electrochemical mass

spectroscopy (DEMS)

Density functional theory (DFT)

binding energy for atomic oxygen, 676–677

carbon-based materials, 363

formic acid oxidation, 52

methanol electrooxidation, 11–12, 14

M/N4/C, 463

nanostructured electrocatalysts, 615–618

ORR, 341–345

Pt monolayer catalysts, 625

RhPt/SnO2 (110) catalyst, 13–14

single-crystal surfaces, 28–29

surface segregation, 592–593

Desorbed product detection, 59

Differential electrochemical mass

spectroscopy (DEMS), 46, 59

Dioxygen binding, 200, 357–358

Direct catalyst surface analysis, 60–61

Direct dehydration pathway, 45–46

Direct dehydrogenation pathway, 45

Direct methanol fuel cell (DMFC), 2, 27,

674–675

Duration tests, ADAFCs, 118–119

E

EIS. See Electrochemical impedance

spectroscopy (EIS)

Electrocatalyst supports

alternatives, Pt/carbon black supports,

697–698

carbon supports

carbon aerogel, 704–705

carbon-Pt interaction, 707–708

carbons doped, boron, sulfur,

and phosphorous, 710–711

CNTs, 701–702

graphene, 702–703

graphitic nanofiber (GNF)/carbon

nanofiber (CNF), 703–704

hierarchically ordered mesoporous

carbon (HOMC), 706–707

nitrogen-doped carbons, 708–710

ordered mesoporous carbon (OMC),

705–706

surface chemistry, porosity, and metal

deposition, 698–701

chemical modification, 690–691

electrochemical stability of carbon

air/fuel boundary, 695

carbon corrosion catalyst, 696

membrane electrode assembly

(MEA), 697

specific corrosion rate, 696

water electrolysis, 695

graphitic acetylene carbon blacks, 689

graphitization, 690

non-carbon supports

tantalum oxyphosphate (TOPh),

718–719

tin and indium oxide supports,

716–717

titania-based supports, 714–716

tungsten carbide (WC), 711–714

stability of Pt nanoparticles

carbon degradation/limited

bonding/interaction, 694

chemical dissolution, 694

particle-size distribution, 693

PEM stack testing, 692
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Pt electrochemically active surface area

(ECA) loss, 694–695

Pt/highly ordered pyrolytic graphite

(HOPG), 693

three-electrode testing, 692

surface-modified Pt/Vulcan XC-72R, 691

trends and opportunities

complex microstructures, 719

controlled oxidation, 720

Pt mass activity, 718

WC/Ti4O7, 720

Vulcan XC-72R, 690

Electrochemical evaluation

of polycrystalline surfaces

CO stripping voltammetry, 34–35

electrochemical stability, 37

methanol electrooxidation, 35–37

Electrochemical impedance spectroscopy

(EIS), 56–58

Electrochemical quartz crystal microbalance,

58–59

Electrochemical stability

of carbon

air/fuel boundary, 695

carbon corrosion catalyst, 696

membrane electrode assembly

(MEA), 697

specific corrosion rate, 696

water electrolysis, 695

metal carbides

bimetallic NbWC alloy, 680

corrosion data, 680

corrosion resistance, 678

hydrogen adsorption/desorption, 679

mesoporosity, 679

of WC and metal-modified WC, 37

Electronic effect, 6, 46

Ethanol and methanol oxidation

bimetallic nanodendrites, 99

bimetallic Pd-M, 100

carbon-supported Pt and Pd catalysts,

100–101

electrocatalytic activities, 98–99

electrochemical deposition, 102–103

nanowire arrays, 98

noble metal catalysts, 101–102

palladium, 98

palladium-based nanoelectrocatalysts

(see Palladium-based

nanoelectrocatalysts)

PdAg alloys, 100

PdSn catalysts, 100

Pt and Pt-based catalysts, 91–95

Pt-free catalysts, 95–97

Ru–Ni and Ru–Ni–Co catalysts, 102

Ethanol electrooxidation

Pd-based nanocatalysts for, 140–144

synthetic methods and support materials

Pd2.5 –Sn/C preparation, 145

Pd–Ni/C synthesis, 146–147

Pd–Pb/C catalysts preparation, 145

PdSn electrochemical deposition,

145–146

SF-MWCNT, 147, 149

ternary catalyst systems, 147–149

X-ray photoelectron spectroscopy,

147, 149

Ethylenediamine (EDA)

molecular structure, 225

ORR activity, 225–227

Ethylene glycol oxidation

adatom-modified gold electrodes, 107–108

electrocatalytic oxidation, 104–106

electrochemical oxidation, 104

gold-platinum alloys, 107

platinum and gold, 104

F

Fe-/Co-based electrocatalysts

average Vonset values, 314

carbon support

Black Pearls, 283

carbon black, 285, 286

carbon gasification, 284

FeN2+2/C structure, 287, 288

FeN4/C and FeN2/C, 282, 283

linear correlation, N content, 285

micropores, 286, 287

N-bearing functionality, 283

NH3 reaction, 287

nonporous pristine carbon particle,

284, 285

catalyst evaluation, 162–163

catalytic sites

chelate decomposition, 275

C–Nx–Me, 281

FeN2/C and FeN4/C, 281

ingredients generalization, 275–276

Me¼Co/Fe, 275
Me–N4 chelates, 276

Me–N4 macrocycle decomposition, 275

moiety, pyridinic nitrogen atoms,

278, 279

non-noble metal, 277

porphyrin reaction, 275, 276
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PTCDA, 277, 278

pyrolysis, 282

relative intensity, 279–281

van Veen and Yeager’s models, 277

central metal effect on

active sites and redox mechanism,

180–193

N4-metallomacrocyclic catalysts for

one-electron reduction, 193

N4-metallomacrocyclic catalysts for

two- and four-electron reduction,

193–197

cost of Pt, crude oil and health of economy,

272, 273

Fe–Nx active sites

acid medium, 323, 324

electron transfer, 325

plausible mechanism, 322, 323

transition metal, 324

fossil fuels, 272

graphene plane edges, 315

heat-treated macrocyclic compounds

heat treatment, 215–218

structure of, 219–221

heat-treated non-macrocyclic catalysts

beyond standard PEFC cathodes,

238–241

precursors, 221–233

structure-property correlation, 236–238

synthesis conditions, 233–236

kinetically controlled current, 274

macrocyclic compounds, 214

metal macrocyclics

intensity of research, 160

metallophthalocyanine, 158, 159

metalloporphyrins, 158, 159

methanol- and hydrogen-based society, 272

Mössbauer spectroscopy

deconvoluted, Fe/N/C catalyst, 317, 318

Fe–Nx catalytic sites, 316

Fe species vs. bulk iron content, 317

neutralization, 320

three broad doublets, 317–320

N4 -metallomacrocyclic catalysts

bimetallic cofacial porphyrins, 168–172

cytochrome c oxidase, 167–168

monomeric N4-macrocycles, 172–175

N4 -metallomacrocyclic complexes, 172

specially modified

N4 -metallomacrocyclic complexes,

175–179

N-doped carbons

4e- reduction, 328

acid medium, 325

adsorbed OOH species, 326

Anderson’s group, 325, 326

catalysts, 315, 316

graphene sheet, 326, 327

quantum calculations, 325

by nonmacrocyclic Cu complexes

active sites, 197–198

cyclic voltammograms, 198, 199

dioxygen binding, 200

normalized kinetic currents, 198–199

oxygen reduction, reaction pathways,

161–162

PEM fuel cell, 272, 273

poisoning experiments, 321–322

selectivity of

Levich–Koutecky analysis, 164–165

rotating disk electrode, 164

rotating disk electrode voltammetry,

164–166

STEM imaging and EELS analysis, 320–321

strategic metals, 314

ToF-SIMS, 316

Wiesener model

with Fe/Co, 310–314

Japanese consortium (see Japanese
consortium)

Ozkan’s group (see Ozkan’s group)
Popov’s group (see Popov’s group)
Stevenson’s group (see Stevenson’s

group)

without Fe/Co, 308–310

Formic acid oxidation

bimetallic catalysts

adatoms, 71–77

alloys, 77–80

intermetallics, 80

catalyst-mediated, 45

catalyst supports, 81

catalytic enhancement mechanisms, 46–47

cyclic voltammograms, 69–70

DLFC, 44

electrocatalyst performance studies

desorbed product detection, 59

direct catalyst surface analysis, 60–61

general electrochemical setup, 54

indirect correlation, 56–59

purity, 56

supporting electrolytes, 54–55

future advances, 82

modeling insights
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adatom coverage, 52–53

catalyst reactivity and physical atomic

catalyst structure, 52

DFT, 52

Sb adatom enhancement mechanism, 53

shifts in d-band center, 53–54

platinum and palladium electrocatalysts

reactivity

nanoparticle, 49–52

single crystal, 47–49

Pt- or Pd-based anode catalysts, 71

reaction pathways

conversion efficiency, 44–45

direct dehydration pathway, 45–46

direct dehydrogenation pathway, 45

G

Galvanic displacement method, 9–10

Graphene

breaking strength, 703

charge carriers, 702

edge-selectively functionalized graphite

(EFG), 381

N-graphene films, 380–381

scalable synthetic method, 381

spin density, 382

sulfur doping, 382

Young’s modulus, 703

Graphitic nanofiber (GNF)/carbon nanofiber

(CNF), 703–704

H

Heat-treated macrocyclic compounds

heat treatment

conditions, 215–216

metal center, 217–218

precursors, 216–217

structure of, 219–221

Heat-treated non-macrocyclic catalysts

beyond standard PEFC cathodes, 238–241

precursors

nitrogen precursors, 222–230

transition-metal precursors, 230–233

structure-property correlation, 236–238

synthesis conditions

heat treatment, 233–235

post-treatment, 235–236

Hierarchically ordered mesoporous carbon

(HOMC), 706–707

High-resolution electron energy loss

spectroscopy (HREELS)

polycrystalline surfaces, 32–34

single-crystal surfaces, 30–31

Hybrid density functional theory (HDFT),

342–343

Hydrogen, 1

I

Indirect correlation, formic acid

electrooxidation activity

EIS, 56–58

electrochemical quartz crystal

microbalance., 58–59

Intermetallics, 80

J

Japanese consortium

carbon nitride synthesis and

characterization, 307

catalysts preparation, 303

detection limit, Co, 304

g-C3N4 free, iron contamination, 307

HXPES spectra, 305, 306

Ketjenblack, 304

metal-containing particles, 306

quaternary nitrogen atoms, 307

surface analytic technique, 305

XPS spectra, 304

L

Ligand effect. See Electronic effect

M

Melamine

derived catalyst, 228–229

molecular structure, 228

NPMC synthesis, 228

Metal carbides

bifunctional materials, 684

catalyst and catalyst support

Ag/WC/C, 672

electrode response, 673

ion-exchange resin, 675

oxygen dissociation, 674

particle size, 673

Pd-Fe/WC/C, 674

Pt/WC, 672

synthesized cubic VC

nanostructure, 676

TEM, 675

electrochemical stability

bimetallic NbWC alloy, 680

corrosion data, 680
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corrosion resistance, 678

hydrogen adsorption/desorption, 679

mesoporosity, 679

hydrothermal synthesis, 668

microwave synthesis method, 670

ORR activity and stability

catalyst-support interaction

mechanism, 682

charge ratio, 681

doped metal oxide (Nb-TiOx), 681

double role mechanism, 680

electrochemical technique, 683

linear potential sweep curves, 681–682

metal carbide-modified carbon

supports, 680–681

synergic effect, 683

Pt loading reduction, 666

Pt monolayer (PtML) on WC, 676–678

silicone carbide (SiC), 666

sol–gel synthesis, 669

sputtering method, 671–672

strong metal-support interaction

(SMSI), 667

temperature-programmed reaction (TPR),

669–670

tungsten monocarbide (WC), 667

vapor transport method, 670–671

Metal-free electrocatalysts

carbon nitride

durability, 384

electrocatalytic activity, 383

electron transfer efficiency, 382

oxygen reduction current density,

382–383

porosity, 383

CNTs

boron doping, 380

cobalt, 380

electron transfer rate, 377

nitrogen-doped ordered mesoporous

graphitic arrays (NOMGAs), 379

nitrogen heteroatoms, 377

ordered mesoporous carbons

(OMCs), 379

plasma-etching approach, 378

vertically aligned nitrogen-doped

carbon nanotubes (VA-NCNTs),

377–378

graphene

edge-selectively functionalized graphite

(EFG), 381

N-graphene films, 380–381

scalable synthetic method, 381

spin density, 382

sulfur doping, 382

heteroatom doping, 385

intermolecular charge transfer, 386

non-noble metal-based electrocatalyst, 272

oxygen reduction mechanism, 384–385

oxygen reduction reaction (ORR), 376

platinum nanoparticles, 376

Metallophthalocyanine, 158, 159, 184, 187,

200, 201, 214, 216, 217

Metalloporphyrins, 158, 159, 201, 214, 216

Metal macrocyclics, electrocatalytic properties

active N4-metallomacrocyclic catalysts

bimetallic cofacial porphyrins, 168–172

direct four-electron reduction by

monomeric N4 -macrocycles,

172–175

ORR by, 172

oxygen reduction by cytochrome

c oxidases, 167–168

specially modified, 175–179

catalysts evaluation

efficiency criterion, 163

voltage/power-current curves, 162–163

central metal effect on ORR

active sites and redox mechanism,

180–193

one-electron reduction, 193

two- and four-electron reduction,

193–197

as electrocatalysts for ORR, 160

metallophthalocyanine, 158, 159

metalloporphyrins, 158, 159

nonmacrocyclic Cu complexes

active sites, 197–198

cyclic voltammograms, 198, 199

dioxygen binding, 200

normalized kinetic currents, 198–199

properties, 159

QSAR, 159

reaction pathways for ORR

four-electron reduction pathway, 161

metal active sites, 161–162

research activity, 160

selectivity of ORR

RDE, 164

RRDE, 164, 165

sources of error, 166

structure, 159

Metal-modified carbide anode electrocatalysts

full-cell measurements

fuel cell evaluation, 38–39

WC nanoparticle characterization, 38
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Metal-modified carbide anode electrocatalysts

(cont.)
polycrystalline surfaces

electrochemical evaluation, 34–37

TPD studies, 32, 33

vibrational studies, 32–34

single-crystal surfaces

DFT studies, 28–29

TPD studies, 29–30

vibrational studies, 30–31

Metal oxide-based compounds

complex oxide layer formation

cyclic voltammograms, 399

electron transfer reaction, 400

slow scan voltammograms, 399

thermal stability, 398

tungsten carbide-modified mesoporous

carbon, 398

electrical conductivity, 393

group 4 and 5 metal oxide-based catalysts,

397–398

nitrogen-doped carbon catalysts, 392

non-platinum cathode catalysts, 392

non-precious metal oxide based

cathode, 411

oxygen defects creation

dip-coating method, 405

electrochemical characteristics,

405–406

hydrodynamic voltammogram, 406

lattice defects, 407

molecular dynamics simulation, 404

ORR current curves, 405

potential-current curves, 404

zirconium oxide (ZrO2), 403

partial oxidation

conversion electron-yield X-ray

absorption spectroscopy

(CEY-XAS), 409

coordination numbers and bond

lengths, 410

Ketjen Black, 408

oxide-based non-Pt cathode catalysts,

410–411

porous structure, 407

TaCxNy, 407–408

stability of oxides, 396–397

substitutional doping of nitrogen

carbon-supported hafnium oxynitrides

(HfOxNy-C), 402–403

density functional theory, 400

four-electron transfer reaction, 401

impregnation method, 403

niobium compounds, 400

onset potential, 403

ORR voltammogram, 401–402

potential-current curves, 400–401

surface defects, 402

surface modifications, 393

transition metal nitrides and carbonitrides

acid exposure test, 394

Fe–C–N and Co–C–N, 394

molybdenum nitride (Mo2N), 394–395

particle size, 396

reactive radio-frequency sputtering

method, 393–394

titanium nitride (TiN), 395

transmission electron micrographs,

395–396

Methanol and ethanol electrooxidation

electrocatalysts for

bulk platinum electrode, 2–3

cocatalysts modified platinum, 6–8

Ir- and Rh-based, 16–17, 19

platinum monolayer, 8–12

platinum, structure modification, 3–6

ternary Pt–Rh–SnO2, 12–16

Methanol electrooxidation

anti-poison ability, 132

cocatalytic effect of gold, 94

Ni–Cu alloy, 96

polarization curves, 91

Pt mass activities, 9, 11

PtML/metal surfaces, 11, 14

Pt–Ru alloy, 92

representative Pd-based nanocatalysts,

133–135

synergistic effect, 95

synthetic methods and support materials

CNTs, 137–138

CO oxidation, 136

CO poisoning, 137

graphene, 138–139

impregnation method, 136

oxygen reduction reaction, 137

S-HCNF-supported Pd nanocatalys, 137

WC and metal-modified WC, 35–37

on WC and metal-modified WC, 35–37

Methanol tolerance, 158, 202, 239–240, 355,

382, 431, 523–524

Molecular structure

cyanamide (CM), 222

ethylenediamine, 225

heat-treated macrocyclic compounds, 219

hexamethylenediamine, 225

iron phthalocyanine, 257
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melamine, 228

polyaniline (PANI), 228

polynitroaniline, 228

2-propanol, 149

Mössbauer spectroscopy

deconvoluted, Fe/N/C catalyst, 317, 318

Fe-nitrogen active site structures, 256

Fe–Nx catalytic sites, 316

Fe species vs. bulk iron content, 317

heat-treated transition metal

macrocycles, 219

neutralization, 320

NPMC, 257–258

three broad doublets, 317–320

MPc-modified Ag/C catalysts

adsorption energy, 468–469

Co-tetraphenylporphyrin (CoTPP)

layers, 466

cyclic voltammetric curves, 468

electrochemical interface, 470

electronic properties, 471

fluorinated cobalt phthalocyanine

(CoPcF16), 466

interaction strength, 468

kinetic currents, 469

ORR polarization curves, 468–469

polarization and power density curves,

470–471

RRDE measurement, 466–467

N

N4-metallomacrocyclic catalysts

bimetallic active site, 166–167

direct four-electron reduction of O2,

172–175

for one-electron reduction, 193

ORR, 158, 172

oxygen reduction

bimetallic cofacial porphyrins, 168–172

cytochrome c oxidase, 167–168

specially modified, 175–179

for two- and four-electron reduction,

193–197

Nafion®, 110, 112, 117, 224, 227, 721

Nanostructured electrocatalysts

adsorption site specificity, 630

advanced catalyst concepts, 623–624

catalyst chemical stability, 624–625

catalyst properties

geometry aspects, 625–626

size-dependent particle surface

reactivity, 626–627

stability effects, 628

strain, 629

d-band center model, 615

d-electron properties, 630

density functional theory (DFT) and

computational methods

electron density, 615

electrostatic interaction, 616

exchange correlation functional, 616

geometric relaxation, 618

Hellmann–Feynman theorem, 617

projector-augmented wave (PAW)

approach, 617

Schrödinger equation, 615

electronic structure, reduced dimensions

atom coordination number, 620

compressive strain, 622

d momentum-projected density of

states, 620–621

electron density of states, 619

partial density of states, 620

spatial dimension, 619

four-electron reduction, 614

high catalyst loadings, 613

ORR mechanism, 622–623

particle size, 614

surface reactivity and d-band model,

618–619

Nanowire arrays, 98

N-containing carbon nanotubes (N-CNT),

310–311, 378

N-doped carbons

4e- reduction, 328

acid medium, 325

adsorbed OOH species, 326

alkaline media, 709

Anderson’s group, 325, 326

black, 303

catalysts, 314–316, 392

catalyst supports, 202

CoPc, 306

electrochemical kinetics, 380

electron transfer, 710

graphene sheet, 326, 327

heat treatment, 222

impregnation, 309

metal content, 313

nanofibers, 289, 290, 361

nanomaterials, 378

nanostructures, 291, 295

nanotubes, 311, 312, 377

nitrogen functionalities, 709–710

O2 reduction, 325–329
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N-doped carbons (cont.)
ORR, 230, 232, 299, 308

pentagonal defects, 709

Pt particle size, 708

quantum calculations, 325

xerogel, 313

Nitrogen-doped carbons

carbon black, 708

catalysts, 392

metal-free carbon nanostructures, 709

nanotubes, 377

NH3, 303

nitrogen functionalities, 709–710

nucleation rate, 710

ORR activity, 308

xerogel, 313

Nitrogen precursors

aromatic precursors, 226–230

C–N-based nonaromatic amine precursors,

225–226

C–N-based nonaromatic precursors,

222–224

NH3, 222

nitrogen-doped graphene sheets, 237

phthalocyanine/phenolic resin, 217

pyrrole derivatives, 276

Non-carbon supports

electrically conductive ceramics, 697–698

tantalum oxyphosphate (TOPh), 718–719

tin and indium oxide supports, 716–717

titania-based supports, 714–716

tungsten carbide (WC), 711–714

Nonmacrocyclic Cu complexes

active sites, 197–198

cyclic voltammograms, 198, 199

dioxygen binding, 200

normalized kinetic currents, 198–199

Non-precious metal catalysts (NPMC). See
also Oxygen reduction reaction

(ORR) catalysts

active PANI-based, 251, 253

carbon-based materials, 361–363

carbon-supported M-N/C materials, 356

conductive polymer-based complex

catalysts, 360–361

heat-treated, 241

limiting factor, 265

MnO2, 109

ORR activity, 214

oxygen reduction reaction

carbon-based materials, 361–363

carbon-supported M-N/C materials, 356

conductive polymer-based complex

catalysts, 360–361

transition metal macrocycle catalysts,

357–360

post-treatment, 235–236

primary considerations, 248

stability

active metal center impact, 262

Co-based catalysts, 262

durability testing, 264

graphitization, 262–263

sources of instabilities, 263–264

transition metal macrocycle catalysts,

357–360

utilization

for PEMFC application, 259

pore sizes and structures, 261

templating techniques, 260

volumetric activity

active site densities, 249–255

average active site turnover frequency,

255–258

turnover frequency, 249

Non-precious metal chalcogenide (CoSe2),

429–430

Non-Pt cathode electrocatalysts

Ag-alloys

carbon-supported silver nanoparticle

coating, 464

double-layer capacitances, 465

half-wave potential, 465

linear sweep voltammograms, 465–466

reaction kinetics, 464

alkaline direct alchohol fuel cells

(ADAFCs), 439

anion-exchange polymeric electrolytes, 438

carbon-supported pure metallic

nanocatalysts

AEMFCs, 444–447

Ag/C vs. Pt/C catalysts, 447–450

electrochemical reduction, 439

potentiostat/bipotentiostat, 439–440

rotating disk electrode (RDE)/rotating

ring-disk electrode (RRDE),

441–444

tri-electrode cell, 439–440

carbon-supported transition-metal

macrocycles (M/N4/C)

adsorption energy, 461

AEMFC, 456–458

Co macrocyclic complexes, 460

CoPc/C catalysts, 460
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dual-site mechanism, 453

Fe/N/C catalysts, 451

HOOH and H2OO molecules, 462

M/N4/C catalysts, 463

N4-macrocyclic metal complex, 453

negative adsorption energy, 459

non-noble-metal catalysts

(NNMCs), 451

N-protonation effects, 461

O–O bond breaking, 462–463

optimized structural configurations, O2,

459–460

ORR mass activity, 451, 453

phthalocyanines (MPcs), 450

polarization curves, 451–452

RDE/RRDE, 454–456

Tafel plots, 451–452

valence molecular orbitals, 459

CoPPy/C, 472, 474

H2/O2 anion-exchange-membrane fuel cells

(AEMFCs), 438–439

MPc-modified Ag/C catalysts

adsorption energy, 468–469

Co-tetraphenylporphyrin (CoTPP)

layers, 466

cyclic voltammetric curves, 468

electrochemical interface, 470

electronic properties, 471

fluorinated cobalt phthalocyanine

(CoPcF16), 466

interaction strength, 468

kinetic currents, 469

ORR polarization curves, 468–469

polarization and power density curves,

470–471

RRDE measurement, 466–467

Pd/MnO2/C, 472–473

Vulcan carbon, 472–473

Nontoxic aromatic polymer. See Polyaniline
(PANI)

NPMC. See Non-precious metal catalysts

(NPMC)

O

OMC. See Ordered mesoporous carbon (OMC)

One-dimensional (1D) Pt nanowire

electrocatalyst, 4–6

Ordered mesoporous carbon (OMC)

2D hexagonal, 309

carbonization, 379

CMK-1, 705

hierarchically, 706–707

mass transfer, 706

pore-size distribution, 705

TEM-images, 705–706

Oxygen evolution reaction (OER) catalysts

carbon oxidation kinetics, 638

cell reversal

cell voltage vs. time, 659–660

Ir–Ru loading impact, 659

peak anode voltage, 658

protective properties, 661

pure metallic nanoparticles, 660

transportation applications, 659

combined Ru–Ir catalysts, 653–655

current density, 639

electrochemical evaluation, MEA

polarization curves, 646–647

Ru and Ir OER activity, 651–653

Ru and Ir stability, 648–651

slow scan cyclic voltammetry (CV), 646

fuel starvation events, 638

metallic Ru and Ir, 639

scanning transmission electron microscopy

(STEM), 640–642

start-up/shutdown (SU/SD)

electrochemically active surface

area, 657

electrochemical tests, 656

onset potential, 656

Pt dissolution, 657

water deprivation, 658

transient condition, 637–638

X-ray photoelectron spectroscopy (XPS)

binding energies (BE), 643

C 1s-Ru 3d core level spectra,

642–643

curve fitting analysis, 643

interface stoichiometry, 643–645

interfacial chemistry, 644

interfacial region, 642

Ir 4f core level spectra, 646

metallic Ru and Ir contributions,

646–647

perylene red whiskers, 644–646

Oxygen reduction reaction (ORR) catalysts

in acidic medium

activation energy, 347–349

AIMD studies, 349–350

catalytic effect of Pt, 348

molecular oxygen adsorption, 347

pathways, 346–347

catalyzed by metal catalysts

Index 741



palladium-alloy materials, 355

platinum, 350–352

platinum-based metal catalysts,

352–354

computational methods

ab initio molecular dynamics method,

343, 345–346

DFT, 341–345

experimental characterization methods, 340

fuel cells, 340

non-precious metal catalysts

carbon-based materials, 361–363

carbon-supportedM–N/Cmaterials, 356

conductive polymer-based complex

catalysts, 360–361

transition metal macrocycle catalysts,

357–360

Ozkan’s group

catalyst precursor, 294

CNx structures, 296

cyclic voltammogram (CV), 292, 293

electrochemical results, ORR, 294, 295

Fe role, 291, 292

heat-treating CNx-Fe/MgO, 298

N-doped Black Pearls, 296

N-doped carbon nanostructures, 295, 296

nitrogen doping, 297

onion-type carbon nanostructures, 294

poisoning presumption, Fe/N/C, 298

Vonset values, 293, 294, 296, 297

P

Palladium-alloy materials, 355

Palladium-based electrocatalysts

automotive fuel cell, 527

cost, 513–514

durability, 525–526

low-temperature fuel cells, 513

mechanism of ORR activity enhancement,

524–525

methanol tolerance, 523–524

ORR, acid solutions

binary Pd alloy catalysts, 517–518

bulk surfaces, 514–516

phosphoric acid fuel cell (PAFC), 516

structural effect, 519–522

synthesis and particle size effect,

518–519

ternary Pd alloy catalysts, 518

ORR, alkaline

bulk surfaces, 522

Pd-based nanocatalysts, 523

oxygen reduction rate, 527

Palladium-based nanoelectrocatalysts

advantages, 130

for alcohol electrooxidation in alkaline

media

ethanol electrooxidation, 139–149

methanol electrooxidation, 132–139

polyhydric alcohol electrooxidation,

150–152

propanol electrooxidation, 149–150

bifunctional theory, 130–131

characteristics, 130

Particle size effect, Au

bulk gold electrode, 487

carbon-supported gold catalysts, 489

crystallographic orientation, 489

electrocatalytic properties, 487

four-electron transfer, 491

half-wave potentials, 494

kinetic current, 488

kinetic and limiting current density, 493

magnetron-sputtering technique, 495

metal loading, 492

narrow size distribution, 495

O2 reduction, 487–488

RRDE voltammograms, 491, 493

size dispersions, 488

specific-oxygen reduction activity, 489–490

surface structure facets, 496

thin films, 491

voltammetric responses, 494

Pd/C-based alloys, 78–80

Platinum-based metal catalysts, 352–354

Platinum electrocatalysts

cocatalysts modified

with novel nanostructures, 8

Pt–Ru-based electrocatalyst, 6–7

Pt–Sn-based electrocatalyst, 7–8

monolayer

DFT calculations, 11–12, 14

features, 9

galvanic displacement method, 9–10

on mono- or bimetallic nanoparticle,

12, 15

submonolayer-to-monolayer Pt deposit,

9, 11, 12

submonolayer-to-multilayer

Pt deposit, 9

structure modification, 3–6

742 Index



Polyaniline (PANI)

conducting polymer support, 81

Fe/PANI catalyst, 324

graphitic carbon support, 251, 253

inexpensive and nontoxic aromatic

polymer, 229

molecular structure, 227–228

as nitrogen precursors, 229–230

precursors, 263

Polyhydric alcohol electrooxidation, 150–152

Polymer binder

A3 films, 117

anion-conducting ionomer, 117

membrane electrode assembly, 117

Nafion®, 117

polytetrafluoroethylene, 116–117

Polynitroaniline

molecular structure, 228

ORR activity, 227–228

Popov’s group

carbon metal-free catalysts, 299

CNx structure formation, 298

electron transfer, 302

EXAFS, 299–300

Fe–Nx species, 302

ICP-MS and XPS, 300

N-doped carbons, ORR, 299

ORR behavior, five samples, 300, 301

oxidized carbon black, 299

protonated pyridinium species, 303

TEM and XRD, 300

UF/C-900, 299

Precursors

carbon–nitrogen, 237, 241, 303

CH4 and N2, 709

Fe-/Co-containing, 310

ferrocene, 380

iron acetate, 251–252, 259

nitrogen

aromatic precursors, 226–230

C–N-based nonaromatic amine

precursors, 225–226

C–N-based nonaromatic precursors,

222–224

NPMC, 235

polyaniline, 263

porphyrin, 278

Pt alloy, 536

transition metal, 230–233

Propanol electrooxidation, 149–150

Pt/C-based alloys, 77–78

Pt-free ADAFCs, 112–113

Pt–Ru alloy catalysts, 6–7

Pt–Ru-based electrocatalyst, 6–7

Pt shell deposition methods

chemical

electroless deposition, 570

elemental mapping, 569

mass activity improvement, 570

organic colloidal method, 568

Pt–Pd bimetallic nanodendrites, 569

redox-transmetalation process, 571

surfactants, 568

electrochemical

extended X-ray absorption fine structure

(EXAFS), 566

galvanic displacement, 564–565

gram-size quantities, 565

high-angle annular dark-field

(HAADF), 565

Nafion ionomer solution, 564

PtML/IrNi/C, 566–567

shell uniformity improvement, 568

voltage cycling, 567

X-ray absorption near edge structure

(XANES), 566

surface segregation and dealloying,

571–572

Pt–Sn-based electrocatalyst, 7–8

R

Rotating disk electrode (RDE)

voltammetry, 165

Rotating ring-disk electrode (RRDE)

voltammetry

design, 165–166

schematic representation, 164

Ru and Ir

OER activity

inherent/specific activity, 651

mass activity, 651

metal-oxide interface, 652

NSTF perylene core, 653

proton exchange membrane (PEM), 652

sputter-deposited IrOx, 653

stability

catalyst-coated membrane (CCM), 650

cyclic voltammograms, 649

dissolution rate, 648

electrode potential limit, 650

microporous layer (MPL), 649

Index 743



polarization curves, 647–648

Tafel relationship, 648

XPS core level spectra, 650–651

Ruthenium chalcogenide (RuxSey), 427–429

S

Single-crystal electrodes, 48, 53, 72–73,

484, 497

Sn/Pd-carbon supported alloys, 79

Standard PEFC cathodes

alkaline fuel cells, 238–239

anion tolerance, 240–241

methanol tolerance, 239–240

Stevenson’s group

electroreducing properties, 291

graphitic fibers disorder, 288

kinetic advantage, 291

N-doped CNFs, 288–290

onset potential (Vonset), 291, 292

voltammetric responses, 289, 290

Structural effect, Pd-based catalysts

anodic polarization curves, 520–521

chemisorbed OH, 522

hydrogen adsorption, 519–520

nanorods, 519

particle size, 522

shape-controlled nanomaterials, 519

Surface reactivity and d-band model, 618–619

Surface segregation phenomenon

antisegregation energy, 593

Gibbs free energies, 592

metal dissolution, 594

physicochemical properties, 591

“Pt-skin” structure, 591

surface-adsorbate binding strength, 593

surface morphology, 594

thermodynamic method, 592

Synthesis of dealloyed PtCu3 catalyst

chemical leaching, 537

cyclic voltammograms (CV), 537–538

density functional calculation, 538

electrochemical dissolution, 536

Nafion polyelectrolyte, 540

ORR voltammetry, 539

Pt-mass activity, 539

in situ electrochemical dealloying, 540

XRD patterns, 537

Synthesis of metal carbides

hydrothermal synthesis, 668

microwave synthesis method, 670

sol–gel synthesis, 669

sputtering method, 671–672

temperature-programmed reaction (TPR),

669–670

vapor transport method, 670–671

T

Temperature programmed desorption (TPD)

polycrystalline surfaces, 32, 33

single-crystal surfaces, 29–30

Ternary electrocatalysts

electrochemical measurements,

14–15, 17

properties, 13

synthesis, 13–14

Ternary Pd alloy catalysts, 518

Third-body effect, 45, 46, 52, 53, 62, 72–75

Transition metal chalcogenides

catalytic active site-ligand effect, 418

Chevrel phase, 418

corrosion process, 431

d-metal-ceneterd pathway, 419

materials design, 420–422

ORR, alkaline medium

metal macrocycles, 426

non-precious metal chalcogenide

(CoSe2), 429–430

ruthenium chalcogenide (RuxSey),

427–429

tolerance, small organics, 430–431

ORR trend

catalyst/carbon ratio, 426

electrocatalytic trend, 422

electrode potential, 425

electronic effect, 423–424

hydrogen production, 425–426

intermediate generation, 421

ligand effect modification, 425

mass-transport limitation, 426

ORR-Tafel plots, 423

ruthenium cluster surface

modification, 423

scanty activity, 423

strong metal-support interaction

(SMSI), 424

physical-chemical concepts, 419

platinum-based materials, 417–418

Transition metal macrocycle catalysts

carbon-supported (see Carbon-supported
transition-metal macrocycles

(M/N4/C))

cobalt-based complexes, 357

744 Index



DFT, 357–358

dioxygen and iron macrocyclic complexes,

interation of, 358–360

heat treated, 219

non-heat treated, 217

non-pyrolyzed, 256, 356

ORR active, 262

Transition-metal precursors, 230–233

Tungsten monocarbide (WC) surfaces

nanoparticles

characterization, 38

fuel cell evaluation, 38–39

polycrystalline

electrochemical evaluation, 34–37

HREELS measurements, 32–34

U

Unpyrolyzed cobalt-polypyrrole composites,

360–362

V

Vibrational studies. See High-resolution
electron energy loss spectroscopy

(HREELS)

Index 745


	Preface
	Contents
	List of Contributors
	Chapter 1: Low-Platinum-Content Electrocatalysts for Methanol and Ethanol Electrooxidation
	1.1 Introduction
	1.2 Electrocatalysts for Methanol and Ethanol Oxidation in Acidic Media
	1.2.1 Methanol and Ethanol Electrooxidation on Bulk Platinum Electrode
	1.2.2 Structure Modification of Platinum Electrocatalysts
	1.2.3 Cocatalysts Modified Platinum Electrocatalysts
	1.2.3.1 Pt-Ru-Based Electrocatalysts
	1.2.3.2 Pt-Sn-Based Electrocatalysts
	1.2.3.3 Electrocatalysts with Novel Nanostructures

	1.2.4 Platinum Monolayer Electrocatalysts
	1.2.5 Ternary Electrocatalysts for Oxidizing Ethanol to Carbon Dioxide
	1.2.6 Alternative to Pt-Based Electrocatalysts

	1.3 Conclusions and Future Directions
	References

	Chapter 2: Metal-Modified Carbide Anode Electrocatalysts
	2.1 Introduction
	2.2 Theoretical and Experimental Studies on Single-Crystal Surfaces
	2.2.1 DFT Studies
	2.2.2 TPD Studies on Single-Crystal Surfaces
	2.2.3 Vibrational Studies of Single-Crystal Surfaces

	2.3 Surface Science and Half-Cell Measurements on Polycrystalline Surfaces
	2.3.1 TPD Studies of Methanol on Polycrystalline Surfaces
	2.3.2 Vibrational Studies of Polycrystalline Surfaces
	2.3.3 Electrochemical Evaluation of Polycrystalline WC and Metal-Modified WC
	2.3.3.1 CO Stripping Experiments
	2.3.3.2 Methanol Electrooxidation on WC and Metal-Modified WC in Acidic and Alkaline Media
	2.3.3.3 Electrochemical Stability of WC and Metal-Modified WC


	2.4 Full-Cell Measurements of Supported Catalysts
	2.4.1 Characterization of WC Nanoparticles
	2.4.2 Fuel Cell Evaluation of WC and Pt/WC Nanoparticle Anode Electrocatalysts

	2.5 Conclusions
	References

	Chapter 3: Electrocatalysis of Formic Acid Oxidation
	3.1 Introduction
	3.2 Review of Reaction Pathways
	3.3 Enhancement Mechanisms
	3.4 Platinum and Palladium Electrocatalysts Reactivity
	3.4.1 Single Crystal
	3.4.2 Nanoparticle: Size Effect

	3.5 Modeling Insights
	3.6 Electrocatalyst Performance Studies
	3.6.1 Indirect Correlation
	3.6.2 Desorbed Product Detection
	3.6.3 Direct Catalyst Surface Analysis

	3.7 Conclusions
	References

	Chapter 4: Recent Advances in Electrocatalysis of Formic Acid Oxidation
	4.1 Introduction
	4.2 Bimetallic Catalysts
	4.2.1 Adatoms
	4.2.1.1 Single-Crystal Surfaces
	4.2.1.2 Nanoparticles

	4.2.2 Alloys
	4.2.3 Intermetallics

	4.3 Catalyst Supports
	4.4 Conclusions
	References

	Chapter 5: Anode Catalysts for Alkaline Direct Alcohol Fuel Cells and Characteristics of the Catalyst Layer
	5.1 Introduction
	5.2 Anode Catalysts
	5.2.1 Catalysts for Methanol Oxidation in Alkaline Media
	5.2.1.1 Pt and Pt-Based Catalysts
	5.2.1.2 Pt-Free Catalysts

	5.2.2 Catalysts for Ethanol Oxidation in Alkaline Media
	5.2.3 Catalysts for Ethylene Glycol Oxidation in Alkaline Media

	5.3 Tests in ADAFC
	5.3.1 General Overview
	5.3.2 Comparison Between Alkaline and Acid Direct Alcohol Fuel Cells
	5.3.3 Pt-Free ADAFCs
	5.3.4 Presence of OH- in the Fuel Stream
	5.3.5 Effect of the Polymer Binder in the Catalyst Layer
	5.3.6 Duration Tests

	5.4 Conclusions
	References

	Chapter 6: Palladium-Based Nanocatalysts for Alcohol Electrooxidation in Alkaline Media
	6.1 Introduction
	6.2 Current Research Trends on Pd-Based Nanoelectrocatalysts for Alcohol Electrooxidation in Alkaline Media
	6.2.1 Methanol Electrooxidation
	6.2.1.1 Synthetic Methods and Support Materials

	6.2.2 Ethanol Electrooxidation
	6.2.2.1 Synthetic Methods and Support Materials

	6.2.3 Propanol Electrooxidation
	6.2.4 Polyhydric Alcohol Electrooxidation

	6.3 Conclusions and Future Perspectives
	References

	Chapter 7: Fundamental Studies on the Electrocatalytic Properties of Metal Macrocyclics and Other Complexes for the Electrored...
	7.1 Introduction
	7.1.1 Reaction Pathways for the Reduction of Molecular Oxygen
	7.1.2 Evaluation of Catalysts for ORR
	7.1.3 Determination of the Selectivity of O2 Electroreduction

	7.2 From Model Structures to Active N4-Metallomacrocyclic Catalysts
	7.2.1 Oxygen Reduction by Cytochrome c Oxidases
	7.2.2 Oxygen Reduction by Bimetallic Cofacial Porphyrins
	7.2.3 ORR by Simple N4-Metallomacrocyclic Complexes
	7.2.4 Direct Four-Electron Reduction of O2 by Simple Monomeric N4-Macrocycles
	7.2.5 Specially Modified N4-Metallomacrocyclic Complexes

	7.3 Fundamental Studies of O2 Electroreduction by N4-Metallomacrocyclic Complexes
	7.3.1 Effect of the Central Metal on the ORR Activity of N4-Macrocylic Complexes
	7.3.1.1 Interaction of O2 with Active Sites and the Redox Mechanism
	7.3.1.2 N4-Metallomacrocyclic Catalysts for One-Electron Reduction of O2
	7.3.1.3 N4-Metallomacrocyclic Catalysts for Two- and Four-Electron Reduction of O2


	7.4 Oxygen Reduction Catalyzed by Nonmacrocyclic Cu Complexes
	7.5 Conclusions
	References

	Chapter 8: Heat-Treated Non-precious-Metal-Based Catalysts for Oxygen Reduction
	8.1 Introduction
	8.2 Heat-Treated Macrocyclic Compounds
	8.2.1 Heat Treatment
	8.2.1.1 Conditions
	8.2.1.2 Precursors
	8.2.1.3 Metal Center

	8.2.2 Structure of Heat-Treated Macrocyclic ORR Catalysts

	8.3 Heat-Treated Non-macrocyclic Catalysts for ORR
	8.3.1 Precursors
	8.3.1.1 Nitrogen Precursors
	CN-Based Nonaromatic Precursors
	C-N-Based Nonaromatic Amine Precursors
	Aromatic Precursors

	8.3.1.2 Transition Metal Precursors

	8.3.2 Synthesis Conditions
	8.3.2.1 Heat Treatment
	8.3.2.2 Post-treatment

	8.3.3 Structure-Property Correlation
	8.3.4 Beyond Standard PEFC Cathodes
	8.3.4.1 Alkaline Fuel Cells
	8.3.4.2 Methanol Tolerance
	8.3.4.3 Anion Tolerance


	8.4 Conclusions
	References

	Chapter 9: Recent Development of Non-precious Metal Catalysts
	9.1 Introduction
	9.2 Non-precious Metal Catalyst Volumetric Activity
	9.2.1 Active Site Densities
	9.2.2 Average Active Site Turnover Frequency

	9.3 Non-precious Metal Catalyst Utilization
	9.4 Non-precious Metal Catalyst Stability
	9.5 Conclusions
	References

	Chapter 10: The Controversial Role of the Metal in Fe- or Co-Based Electrocatalysts for the Oxygen Reduction Reaction in Acid ...
	10.1 Introduction
	10.2 The First Three Models of Catalytic Sites for ORR
	10.3 Influence of the Carbon Support
	10.4 The Revival of the Wiesener Model
	10.4.1 Stevenson and His Collaborators
	10.4.2 Ozkan and Her Collaborators
	10.4.3 Popov and His Collaborators
	10.4.4 The Japanese Consortium
	10.4.5 Other Authors
	10.4.5.1 ORR Catalysts Made Without Any Fe or Co
	10.4.5.2 ORR Catalysts Made with Fe or Co


	10.5 Discussion
	10.5.1 ToF-SIMS
	10.5.2 Mössbauer Spectroscopy
	10.5.3 STEM Imaging and EELS Analysis
	10.5.4 Poisoning Experiments

	10.6 Mechanism of O2 Reduction
	10.6.1 O2 Reduction on Fe-Nx Active Sites
	10.6.2 O2 Reduction on N-Doped Carbons

	10.7 Conclusions
	References

	Chapter 11: Theoretical Study of Oxygen Reduction Reaction Catalysts: From Pt to Non-precious Metal Catalysts
	11.1 Introduction
	11.2 Computational Methods
	11.2.1 Density Functional Theory Methods
	11.2.2 Ab Initio Molecular Dynamics Method

	11.3 ORR in Acidic Medium
	11.4 ORR Catalyzed by Metal Catalysts
	11.4.1 Platinum
	11.4.2 Platinum-Based Metal Catalysts
	11.4.3 Other Metal Catalysts

	11.5 Non-precious Metal Catalysts
	11.5.1 Transition Metal Macrocycle Catalysts
	11.5.2 Conductive Polymer-Based Complex Catalysts
	11.5.3 Carbon-Based Materials

	11.6 Conclusions
	References

	Chapter 12: Metal-Free Electrocatalysts for Oxygen Reduction
	12.1 Introduction
	12.2 State-of-the-Art Metal-Free ORR Catalysts
	12.2.1 Carbon Nanotubes
	12.2.2 Graphene
	12.2.3 Carbon Nitride

	12.3 Oxygen Reduction Mechanism on Metal-Free Catalysts
	12.4 Conclusions
	References

	Chapter 13: Metal Oxide-Based Compounds as Electrocatalysts for Oxygen Reduction Reaction
	13.1 Introduction
	13.2 Transition Metal Nitrides and Carbonitrides as Cathode Catalysts
	13.3 Stability of Oxides in Acid Electrolyte
	13.4 Non-precious Metal Oxide-Based Cathode Catalysts
	13.4.1 Stability of Group 4 and 5 Metal Oxide-Based Catalysts
	13.4.2 Formation of Complex Oxide Layer Containing Active Sites
	13.4.3 Substitutional Doping of Nitrogen
	13.4.4 Creation of Oxygen Defects Without Using Carbon and Nitrogen
	13.4.5 Partial Oxidation of Compounds Including Carbon and Nitrogen

	13.5 Conclusions
	References

	Chapter 14: Transition Metal Chalcogenides for Oxygen Reduction
	14.1 Introduction
	14.2 ORR Catalyzed by Transition Metal Chalcogenides
	14.2.1 d-Metal-Centered Pathway for ORR
	14.2.2 Materials Design
	14.2.3 ORR Trend on Transition Metal Chalcogenides

	14.3 The ORR in Alkaline Medium
	14.3.1 The Ruthenium Chalcogenide: RuxSey
	14.3.2 Non-precious Metal Chalcogenide: CoSe2
	14.3.3 Tolerance to Small Organics

	14.4 Concluding Remarks
	References

	Chapter 15: Non-Pt Cathode Electrocatalysts for Anion-Exchange-Membrane Fuel Cells
	15.1 Introduction
	15.2 ORR on Carbon-Supported Pure Metallic Nanocatalysts
	15.2.1 ORR Activity Obtained with RDE or RRDE in Alkaline Solutions
	15.2.2 ORR Activity Observed in AEMFCs
	15.2.3 Fundamental Aspects of ORRs on Ag/C Versus Pt/C Catalysts

	15.3 ORR on Carbon-Supported Transition-Metal Macrocycles (M/N4/C)
	15.3.1 ORR Activity Obtained by RDE or RRDE
	15.3.2 ORR in AEMFC
	15.3.3 Fundamental Aspects
	15.3.4 Summary of ORR on M/N4/C Catalysts

	15.4 Bifunctional Non-Pt Catalysts for ORRs in Alkaline Media
	15.4.1 Ag-Alloys for ORRs in Alkaline Media
	15.4.2 MPc-Modified Ag/C Catalysts for ORRs in Alkaline Media
	15.4.3 Other Bifunctional Catalysts

	15.5 Conclusions
	References

	Chapter 16: Au Electrocatalysis for Oxygen Reduction
	16.1 Introduction
	16.2 ORR in Gold Single Crystals
	16.3 Effect of Particle Size
	16.4 Effect of Shape/Surface Structure
	16.5 Conclusions
	References

	Chapter 17: Palladium-Based Electrocatalysts for Oxygen Reduction Reaction
	17.1 Introduction
	17.2 ORR in Acid Solutions
	17.2.1 ORR on Bulk Surfaces
	17.2.2 ORR on Pd-Based Nanocatalysts
	17.2.2.1 Binary Pd Alloy Catalysts
	17.2.2.2 Ternary Pd Alloy Catalysts
	17.2.2.3 Synthesis and Particle Size Effect
	17.2.2.4 Structural Effect


	17.3 ORR in Alkaline
	17.3.1 ORR on Bulk Surfaces
	17.3.2 ORR on Pd-Based Nanocatalysts

	17.4 Methanol Tolerance
	17.5 Mechanism of ORR Activity Enhancement
	17.6 Durability of Pd-Based Electrocatalysts
	17.7 Conclusions
	References

	Chapter 18: Dealloyed Pt-Based Core-Shell Catalysts for Oxygen Reduction
	18.1 Introduction
	18.2 A Historical View of Dealloying: From Bulk Materials to Nanoparticles
	18.3 Dealloyed Pt-Bimetallic Nanoparticle Catalysts
	18.3.1 Dealloyed PtCu3 Catalysts: Synthesis and Activities
	18.3.2 Mechanism of Activity Enhancement: Lattice-Strain Effect
	18.3.3 Extension to Other Dealloyed Transition-Metal-Rich Pt-Bimetallic Catalysts

	18.4 Dealloyed Pt-Based Ternary Nanoparticle Catalysts
	18.5 Stability of Dealloyed Pt-Based Nanoparticle Catalysts
	18.6 Core-Shell Fine Structures: Understanding the Structure-Activity-Durability Relationships at Nano-/Atomic Scale
	18.6.1 Size-Dependent Core-Shell Fine Structures
	18.6.2 Composition-Dependent Core-Shell Fine Structures
	18.6.3 Atomic-Scale Mechanisms of Catalyst Instability

	18.7 Conclusion
	References

	Chapter 19: Core-Shell Catalysts in PEMFC Cathode Environments
	19.1 Introduction
	19.2 Background
	19.3 Overview of Core-Shell Preparation Methods, Characterization, and Factors Affecting Shell Uniformity
	19.3.1 Pt Shell Deposition Methods: Electrochemical
	19.3.2 Pt Shell Deposition Methods: Chemical
	19.3.3 Other Approaches: Surface Segregation and Dealloying

	19.4 Performance and Stability of Core-Shell Catalysts
	19.4.1 Performance of Core-Shell Materials in Membrane Electrode Assemblies and Comparison with Rotating Disc Electrode
	19.4.2 Stability of Core-Shell Materials: MEA and RDE Environments

	19.5 Use of Core-Shell Approach to Reduce Catalyst´s Precious Metal Content and Cost
	19.6 Outlook
	References

	Chapter 20: Understanding Activity and Durability of Core/Shell Nanocatalysts for Fuel Cells
	20.1 Introduction
	20.2 Activity for Oxygen Reduction Reaction Studies
	20.2.1 The Surface Segregation Phenomenon
	20.2.2 Novel Catalysts with Enhanced Oxygen Reduction Reaction Activity

	20.3 Catalyst Durability Under Operating Conditions
	20.4 Conclusions
	References

	Chapter 21: Nanostructured Electrocatalysts for Oxygen Reduction Reaction: First-Principles Computational Insights
	21.1 Introduction
	21.2 Theoretical Concepts
	21.2.1 Density Functional Theory and Computational Methods
	21.2.2 Surface Reactivity and the d-Band Model
	21.2.3 Electronic Structure at Reduced Dimensions

	21.3 First-Principles Insights in ORR Catalysis for PEMFC
	21.3.1 Oxygen Reduction Reaction Mechanism
	21.3.2 Advanced Catalyst Concepts
	21.3.3 Catalyst Chemical Stability

	21.4 Catalyst Properties at Nanoscale
	21.4.1 Geometry Aspects of Nanoparticles
	21.4.2 Size-Dependent Particle Surface Reactivity
	21.4.3 Stability Effects and Comparison with Experiments
	21.4.4 Strain in Metallic Nanoparticles

	21.5 Conclusions
	References

	Chapter 22: Efficient Oxygen Evolution Reaction Catalysts for Cell Reversal and Start/Stop Tolerance
	22.1 Introduction
	22.2 OER Catalyst Characterization by STEM and XPS
	22.2.1 STEM of As-Grown OER Catalysts
	22.2.2 Surface Characterization by XPS

	22.3 Electrochemical Evaluation of OER Catalysts in MEA
	22.3.1 Ru and Ir Stability
	22.3.2 Ru and Ir OER Activity

	22.4 Combined Ru-Ir Catalysts
	22.5 Ir-Ru Catalysts for Practical Applications
	22.5.1 Start-up/Shutdown
	22.5.2 Cell Reversal

	22.6 Conclusions
	References

	Chapter 23: Metal Carbides in Fuel Cell Cathode
	23.1 Introduction
	23.2 History of Metal Carbides in Fuel Cells
	23.3 Synthesis Methods
	23.3.1 Hydrothermal Synthesis
	23.3.2 Sol-Gel Synthesis
	23.3.3 Temperature-Programmed Reaction
	23.3.4 Microwave Synthesis Method
	23.3.5 Vapor Transport Method
	23.3.6 Sputtering Method

	23.4 Metal Carbides as Catalyst and Catalyst Support
	23.5 Pt Monolayer (PtML) on WC as Low-Cost Catalyst for ORR
	23.6 Electrochemical Stability of Metal Carbides
	23.7 ORR Activity and Stability on Metal Carbide Supports
	23.8 Conclusion
	References

	Chapter 24: Promises and Challenges of Unconventional Electrocatalyst Supports
	24.1 Introduction
	24.1.1 Stability of Pt Nanoparticles Supported on Carbon
	24.1.2 Electrochemical Stability of Carbon
	24.1.3 Alternatives to Pt/Carbon Black Supports

	24.2 ``Advanced´´ Carbon Supports
	24.2.1 Surface Chemistry, Porosity, and Metal Deposition
	24.2.2 Carbon Nanotubes
	24.2.3 Graphene
	24.2.4 Graphitic Nanofiber/Carbon Nanofiber
	24.2.5 Carbon Aerogel
	24.2.6 Ordered Mesoporous Carbon
	24.2.7 Hierarchically Ordered Mesoporous Carbon
	24.2.8 Carbon-Pt Interaction
	24.2.9 Nitrogen-Doped Carbons
	24.2.10 Carbons Doped with Boron, Sulfur, and Phosphorous

	24.3 Non-carbon Supports
	24.3.1 Tungsten Carbide
	24.3.2 Titania-Based Supports
	24.3.3 Tin and Indium Oxide Supports
	24.3.4 Tantalum Oxyphosphate

	24.4 Trends and Opportunities for Next-Generation Electrocatalysts
	References

	Index

