
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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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.

18 Dealloyed Pt-Based Core–Shell Catalysts for Oxygen Reduction 541



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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