
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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Fig. 10.1 Relationship between the costs of Pt, crude oil, and the health of the economy since the

year 2000
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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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pyrolyzing the material at 900 �C in H2:Ar:NH3 (1:1:2) (according to Fig. 2 in ref. [24];
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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

284 J.-P. Dodelet



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

10 The Controversial Role of the Metal in Fe- or Co-Based Electrocatalysts. . . 287



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)

10 The Controversial Role of the Metal in Fe- or Co-Based Electrocatalysts. . . 301



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

10 The Controversial Role of the Metal in Fe- or Co-Based Electrocatalysts. . . 315



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
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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)
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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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24. Lefèvre M, Dodelet JP, Bertrand P (2000) O2 reduction in PEM fuel cells: activity and active

site structural information for catalysts obtained by the pyrolysis at high temperature of Fe

precursors. J Phys Chem B 104:11238–11247

25. Murakami M, Iijima S, Yoshimura S (1986) Morphology and structure of a one dimensional

graphite polymer, poly-per-naphthalene. J Appl Phys 60:3856–3863
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