Chapter 8
Heat-Treated Non-precious-Metal-Based
Catalysts for Oxygen Reduction

Lior Elbaz, Gang Wu, and Piotr Zelenay

Abstract Non-precious metal catalysts have shown good activity towards oxygen
reduction reaction, both in basic and acidic media. The use of NPMCs in fuel cells
and metal—-air batteries has been hampered by two main issues: the synthesis com-
plexity, translating into a high fabrication cost, and by relatively low stability when
compared to platinum-based catalysts, especially in acidic media. In order to over-
come these issues, a new class of non-precious metal oxygen reduction catalysts was
developed that involves heat treatment as a key step in the NPMC synthesis. This
chapter provides a review of the progress in research on heat-treated non-precious
metal catalysts of oxygen reduction since the early 1970s until today. The focus of
this chapter is on the activity and morphology of the state-of-the-art heat-treated ORR
catalysts and trends in the development of more active and durable materials.

8.1 Introduction

Since the discovery of their ability to catalyze the oxygen reduction reaction (ORR) [1]
and up until today, there has been a continuous growth in the interest in macrocyclic
compounds as reviewed in the Chap. 7 of this book. Researchers in various fields, from
biology to physics and chemistry, have investigated the ORR mechanism and modified
the macrocyclic structures to achieve better catalytic performance [2]. While very good
catalytic activity was demonstrated under certain conditions [3, 4], mainly at room
temperature and in neutral environment, the lack of stability under harsher acidic
conditions and at elevated temperatures have made non-precious metal catalysts
(NPMCs) for oxygen reduction less attractive for prominent technologies, such as
fuel cells, in particular for the polymer electrolyte fuel cells (PEFCs) operating under
acidic conditions (pH < 1) and at an average temperature of 80 °C.
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In the case of macrocyclic compounds, such as porphyrins and phthalocyanines,
it was concluded that the catalytic ORR sites are the transition metal themselves [5].
It was shown by Jahnke et al. that there is a clear dependence between the type of
the metal center and the catalytic activity [1]. The stability of catalysts in this group
depends on their ability to maintain their macrocyclic character. That character can
be compromised in a reaction with a hydrogen peroxide, an intermediate product of
ORR in acidic environment, which is capable of oxidizing and splitting the macro-
cyclic structure [6]. The stability of this family of catalysts also depends on their
ability to resist the dissociation of the transition metal. Metals tend to easily
dissociate in their reduced form, resulting in an inactive, protonated, metal-free
macrocycle [7]. On top of these inherent stability issues, metalloporphyrins and
metallo-phthalocyanines, especially the analogous biomimetic ones [8], are con-
sidered to be extremely hard to make because of a high number of the synthesis
steps required. This translates into high manufacturing cost, outweighing the benefit
of the low initial materials cost.

Over time, many variations of macrocyclic compounds were introduced in order
to enhance catalytic activity and stability [9]. One of the more prominent paths
taken in the design of such catalysts was based on heat-treating porphyrins and
phthalocyanines. The work on heat-treated macrocyclic compounds started in the
early 1970s by Jahnke et al. [10] and was followed by the work of Bagotzky [11]
and by Wiesner and Fuhrmann [12, 13]. All three groups sought to activate
phthalocyanines and porphyrins for oxygen reduction and showed improvements
in both the activity and durability of catalysts following the heat treatment. Since
then, the work on heat-treated non-precious-metal-based ORR catalysts has
progressed in parallel to the research on non-heat-treated metallo-macrocyclic
compounds and other transition metal complexes. While the heat treatment of
these complexes was shown to increase the activity and stability of catalysts, it
also resulted in a loss of their original structure [14] and formation of materials with
new, usually poorly defined morphology, the nature of which typically depends on
the heat-treatment temperature [15], gas atmosphere [16], and the type of carbon
support used [17]. Those significant changes raised fundamental questions regard-
ing the final catalyst structure and the nature of the active site, the two key
parameters for the design of future catalysts.

In their extensive work, Jahnke et al. used different chelates to coordinate Co,
Mn, Fe, Cu, and Ni. They showed that the most durable ORR catalysts involve
Co-N,4 complexes [10]. In order to find inexpensive alternatives to the macrocyclic
compounds, various research groups studied the synthesis routes for heat-treated
transition metal complexes using less complex ligands, such as polyacrylonitrile
[18], tetraazaannulene [19], and phenanthroline [20]. A significant breakthrough was
made in the early 2000s by Dodelet et al. who were able to increase the activity
of Fe-N-C compounds using two heat-treatment steps at different temperatures
and in different gases [21]. While this new category of NPMCs showed ORR
activity comparable to that of Pt-based catalysts, it lacked the durability of Pt [22],
which became the main challenge for non-precious metal catalysts for oxygen
reduction.
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8.2 Heat-Treated Macrocyclic Compounds

Heat treatment of macrocyclic compounds was shown to dramatically increase their
ORR catalytic properties. The important factors in the heat treatment of catalysts
will be discussed in this section together with their effect on the ORR catalysis.
Also discussed will be the catalyst structure. The majority of research in this field
has focused on the macrocyclic complexes of transition metals, heat-treated in the
presence of various carbons. That class of ORR catalysts will be addressed below.

8.2.1 Heat Treatment

8.2.1.1 Conditions

Throughout the years, the heat-treatment conditions for macrocyclic compounds
were one of the most extensively studied parameters of NPMC synthesis. It was
argued that the right selection of heat-treatment conditions could lead to significant
improvements to both the activity and durability of resulting materials. In their first
publication on heat-treated transition metal complexes, Jahnke et al. concluded that
of the studied ligands (N;, Ny, O,, Oy, S,, and S,), N4-ligand containing precursors,
e.g., porphyrins and phthalocyanines, are most efficient in inducing the ORR
activity [10]. Jahnke et al., as well as other authors, continued that research focusing
predominantly on the optimization of heat-treatment conditions for macrocyclic
compounds. The most important conditions included the following:

1. Temperature
2. Gas atmosphere
3. Duration

The temperature range used to heat-treat the precursors was at first relatively
wide, from 300 to 1,000 °C. Wiesener et al. studied the effect of heat-treatment
temperature on the ORR current density at catalysts derived from N4 macrocycles at
apotential of 0.70 V (vs. RHE) in 2.25 M H,S0O, (Fig. 8.1) [23]. They found that the
optimum temperature for heat-treating cobalt tetraazaannulene (CoTAA) on
activated carbons P33 and P33p was around 650 °C.

From that and other published work, it can be concluded that the optimum heat-
treatment temperature (from 600 to 800 °C for macrocyclic compounds) and heat-
treatment duration are highly dependent on the structure of the precursor and the
nature of the transition metal. It can also be concluded that iron-based catalysts
require higher temperature to achieve their maximum performance compared to
cobalt-based catalysts with the same ligand.

The optimum heat-treatment temperatures to reach best ORR durability and
optimum activity of NPMCs were found not to be the same, especially under acidic
conditions. Maximum durability tends to be reached following heat treatment at
temperatures by up to 300 °C higher than the temperatures yielding catalysts with
the highest activity [23].
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The effect of the gaseous atmosphere was studied by Tarasevich and Radyuskina
who concluded that under N,, Ar, and He in the temperature range of 500—1,000 °C
for different dwell times between 0.3 and 5.0 h, the activity and durability of the
studied metalloporphyrins and metallo-phthalocyanines were similar [25]. This was
a case for disagreement between different groups who observed dependence
between the activity of heat-treated catalysts and the gas used during the heat
treatment. For example, Dhar et al. showed the difference in the catalytic activity
of heat-treated CoTAA under vacuum, N, Ar, and N [26]. They concluded that the
most active ORR catalyst was obtained under vacuum with the following decrease
in activity: vacuum > N, > Ar > N (Fig. 8.2). Dodelet and his collaborators [27]
showed that an iron tetra(methoxyphenyl) porphyrin is the most stable, but the least
active when heat-treated in Ar, and that it becomes very active and loses its stability
when treated in ammonia, an effect attributed to the concurrent increase in the
microporous surface area, as well as the N and Fe surface content. The authors
raised important questions about the catalyst design and optimum heat-treatment
conditions for maximum stability and activity.

It can be concluded that the importance of the gas used during the synthesis is
highly dependent on the type of precursor and carbon support employed in the heat
treatment.

8.2.1.2 Precursors

One of the most important factors affecting the activity of non-heat-treated transi-
tion metal macrocyclic complexes is their structure, more specifically, the ligand,
the substituents, and the metal center [28]. The role of those factors closely ties to
the mechanism by which the complexes are activated and bind oxygen.

Although metallo-macrocycles are generally unlikely to maintain their original
structure after the heat treatment [29], that original structure before the treatment is
important as it often affects final distribution of atoms in the catalysts and its
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interaction with the carbon support. Van Veen et al. [30] studied 15 different
porphyrins and phthalocyanines containing various metal centers and metal-free
macrocycles (Fig. 8.3). Other nitrogen precursors, such as phthalocyanine/phenolic
resin [31], aminoantipyrine [32], and corrole [33], have been explored in the
NPMCs synthesis, showing improved activity and durability for the ORR. From
those studies, it appears that heat-treating selected macrocycles improve their ORR
catalytic activity and that substituent-dependent ORR activity trends are identical
before and after the treatment regardless of the metal center. In general, the
governing factors that apply to non-heat-treated transition metal macrocycles
discussed in the previous chapter also apply to the heat-treated macrocyclic
precursors in this chapter.

8.2.1.3 Metal Center

The ORR performance of NPMC:s strongly depends on the transition metal used. In
their extensive research, which included 9 metallo-phthalocyanines and 24 metal
chelates, Beck et al. demonstrated very strong dependence of the ORR activity
on the metal center [34]. The authors concluded that the activity of transition
metal complexes decreases in the following order: Fe > Co > Ni > Cu = Mn.
In general, a consensus has by now been reached in the non-precious metal research
community that iron and cobalt yield the most ORR-active catalysts among transition-
metal-based macrocyclic compounds. Alt et al. explained that dependence using
the molecular orbital (MO) theory [35]. They found that the d,? orbital of the metal
ion is most likely to bind the oxygen molecule and that an empty d,” orbital favors
the partial electron transition from the metal to the antibonding n* orbitals of the
oxygen during the formation of a chelate—oxygen complex. Thus, the emptier the
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Fig. 8.3 ORR activity of various porphyrins and phthalocyanines before and after heat treatment
in an inert gas atmosphere (reprinted with permission from the Journal of the Chemical Society,

Faraday Transactions I [30])

dZ2 orbital is, the more active is the transition metal complex in the ORR. The latter
conclusion supports findings of the aforementioned study by Beck et al. Similar
trends and explanation appear to hold true for heat-treated transition metal

complexes [29].
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8.2.2 Structure of Heat-Treated Macrocyclic ORR Catalysts

Although factors governing the synthesis of active and durable heat-treated
NPMCs have been well documented in the scientific literature, the final catalyst
structure is still not entirely understood, mainly due to the fact that most catalysts
are synthesized in the presence of different carbon supports.

The presence of carbon makes it difficult to obtain a clear picture of the
molecular structure of heat-treated macrocyclic compounds, even when the most
sophisticated techniques are used. Van Veen et al. studied the structure of heat-
treated transition metal macrocycles on carbon supports by a wide range of
techniques, including Fourier transform infrared (FTIR), electron spin resonance
spectroscopy (ESR), Mdssbauer spectroscopy, X-ray photoelectron spectroscopy
(XPS), extended X-ray absorption fine structure spectroscopy (EXAFS), X-ray
diffraction (XRD), transmission electron microscopy (TEM), differential thermal
analysis (DTA), thermogravimetric analysis (TGA), and mass spectroscopy [36,
37]. They found that the heat treatment leads to the formation of isolated metal sites
in an axially symmetric environment, presumably created by the thermally
modified ligand. These results led to a conclusion that thermal treatment does not
cause the formation of catalytically active metallic particles. The results of that
study also provided support for Fuhrhop’s observation of a surface complex
originating in a reaction between radicals formed at the metal complex and the
carbon support [38]. Van Veen et al. postulated that during the decomposition of
complexes in this family of compounds in the temperature range of 300-1,000 °C,
the first part of the complex to react with the carbon surface are the ligand
substituents, followed by the reaction of the rest of the macrocycle with the carbon
support at higher temperatures (with the inner ring of the macrocycle postulated to
retain some of its original structure). This leads to the formation of a range of
surface complexes responsible for a continuous increase in stability with increasing
temperature of the heat treatment.

Vallejos-Burgos et al. studied the structure and activity of a free-base phthalocya-
nine, Cu phthalocyanine, and Co phthalocyanine after heat-treating the compounds at
different temperatures [39]. The structural changes that occurred during the heat
treatment are summarized in Fig. 8.4. It is clear from that study that the structural
evolution of the macrocycle and carbon support associated with a loss of nitrogen or
changes in the microporosity of the support depend on the metal center.

A summary of the interesting research by Wiesener et al. on the loss of nitrogen
at different heat-treatment temperatures is given in Table 8.1 [13, 24]. The authors
observed a gradual decrease in the nitrogen mass in the catalysts with an increase in
the heat-treatment temperature, from 3.05 wt% in the original sample to 1.05 wt%
after the short-time heat treatment at 1,000 °C. The loss of nitrogen at 1,000 °C
correlates well with a significant decrease in the ORR activity of the catalyst.

Many hypothetical structures of the heat-treated macrocyclic compounds have
been proposed in the electrocatalysis literature to date. Most of those structures
involve the formation of a covalent bond between the macrocycle and the carbon
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Fig. 8.4 A schematic representation of main structural changes occurring during the heat treat-
ment of various phthalocyanine samples (reproduced from Fuel [39])

Table 8.1 Nitrogen content of heat-treated Co(II) dibenzotetraazaannulene on active carbon P33 [24]

Heat-treatment temperature (°C) Heat-treatment time (h) Nitrogen mass (%)
None - 3.05

400 5 2.9

450 5 2.5

500 5 2.4

560 5 2.2

630 5 2.2

700 5 2.1

1,000 Short term 1.05

support [40]. In some cases it was shown that a portion of the macrocycle is
imbedded in the support (Fig. 8.5) [41].

The real structure, or structures, of heat-treated ORR catalysts is yet to be
revealed. The catalyst makeup is likely to strongly depend on the precursors used,
with the structure of catalysts derived from different macrocycle compounds
differing from one another due to such factors as the type of a macrocycle,
substituent, carbon support, and the metal center. This is an intriguing subject of
future research that promises to produce non-precious metal ORR catalysts with
much improved activity and performance durability.
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Fig. 8.5 Proposed model
structure of the active site and
ORR catalysis mechanism
after a heat treatment of Fe
tetramethoxyphenylporphyrin
(FeTMPP) on a Black Pearls®
support at 900 °C in Ar
(reprinted with permission D

from the Journal of Physical . \ \B_/ ( // /
Chemistry B [41]) ‘ ) ‘

\

\ Degradabon products

8.3 Heat-Treated Non-macrocyclic Catalysts for ORR

In spite of a very significant progress achieved with heat-treated macrocyclic
compounds as ORR catalysts since the early 1970s, the activity and durability of
that family of catalysts are still insufficient for replacing platinum at the fuel cell
cathode and in other applications. Furthermore, the complex structure of macrocy-
clic compounds makes their synthesis expensive and potentially noncompetitive
with precious-metal-based catalysts also from the materials cost point of view. For
those reasons, much effort has been invested by the electrocatalysis research
community in recent years into finding less expensive and catalytically more active
non-precious metal ORR catalysts that would not rely on macrocylic compounds as
either catalysts or catalyst precursors. In the past decade, there has been a signifi-
cant improvement both in the activity and of non-macrocyclic catalysts, expected to
be manufactured at a fraction of the cost of their macrocyclic counterparts. In this
section, we review the precursors, synthesis routes, and applications of this rela-
tively new family of catalysts.

8.3.1 Precursors

Heat-treated transition metal-nitrogen—carbon (M—N—C) NPMCs can be divided
into three main groups: (1) catalysts obtained from transition-metal-based
macrocycles (discussed above); (2) catalysts derived from metal salts and gaseous
nitrogen precursors, such as NHs; and (3) catalysts synthesized from inorganic
metal salts and simple nitrogen-containing molecules [42]. In this section, we will
focus on NPMCs from group 3. This group of catalysts has received much attention
since 2006, evidenced by a high number of published papers (Fig. 8.6).

Even though the heat treatment of virtually any mixture of nitrogen, metal, and
carbon species can yield a material with some ORR activity, the selection of
precursors, supports, and synthesis conditions plays a major role in obtaining
materials with high activity and long-term durability required of practical catalysts
[43, 44].
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8.3.1.1 Nitrogen Precursors

According to previous research on nitrogen-doped carbons heat-treated at
temperatures above 700 °C [45, 46], nitrogen atoms can replace atoms in the carbon
lattice. It has been generally recognized that nitrogen-doped sites in graphitic
carbon layers can act as reactive centers and enhance the ORR due to favorable
morphology modification and high electron density induced by the nitrogen. The
catalytic properties of doped N-C structures in M—N-C catalysts were found to be
tunable through varying the catalyst synthesis conditions [43, 47]. In particular,
nitrogen precursors used in the synthesis were found to be crucial to the formation
of catalyst nanostructures. In this part, we divide nitrogen precursors into three
different groups: (1) C=N-based nonaromatic precursors, (2) C-N-based nonaro-
matic amine precursors, and (3) aromatic precursors.

C=N-Based Nonaromatic Precursors

Acetonitrile and cyanamide are the most common nitrogen precursors containing
C=N bonds in the catalyst synthesis (Fig. 8.7).

Matter et al. heat-treated at 900 °C acetonitrile together with iron acetate salts
supported on Vulcan [46]. The most active catalysts, containing significantly higher
amount of the pyridinic nitrogen (as determined by XPS) were formed when Fe was
added to the support before the heat treatment. The current-potential ORR polari-
zation plots, obtained using 2 % Fe on Vulcan and heat-treated for 2 h at 900 °C, are
shown in Fig. 8.8. Although the measured ORR activity is not as promising in this
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Fig. 8.8 (a) ORR activity of Fe catalyst derived from acetonitrile and (b) schematic diagrams of
common carbon nanostructures demonstrating plane orientation relative to the central axis and
resulting edge plane exposure (reprinted from ref. [46] with permission from Elsevier)

case as in some other cases [42], the results highlight the importance of in situ
formed carbon nanostructures for the ORR active site formation. Different carbon
nanostructures, such as tubes, fibers and onion-like carbon, were observed in the
catalysts obtained via the decomposition of acetonitrile. The nanostructures were
found to be rich in pyridinic nitrogen and exposed plane edges. As shown in
Fig. 8.8, onion-like structures and tubes (especially longer ones) have mostly
basal planes exposed, whereas carbon fibers with stacked platelets or cups have
significant plane edge exposure. The enhanced catalytic activity of such structures
is assumed to be associated with the increased plane-edge exposure in carbon
nanostructures, marked by the pyridinic nitrogen.

Cyanamide (CM) was firstly explored at Los Alamos as a precursor of M—N-C
oxygen reduction catalysts [48]. The most active catalyst, obtained following a heat
treatment at 1,050 °C, showed very high activity relative to previously reported
NPMCs, with an open circuit voltage (OCV) value of 1.0 V and a current density of
105 mA cm 2 at 0.80 V (iR-corrected) in H,/O, fuel cell testing (Fig. 8.9). The
reason for choosing cyanamide as a nitrogen precursor was that the compound had
been known to act as precursor for graphitic C3N, structures following high-
temperature treatment [49]. Although the original motivation for the use of cyana-
mide was to increase the nitrogen content in the graphitized carbon structure, this
was not the outcome. Instead, cyanamide was found to aid in the incorporation of
sulfur from the iron-sulfate precursor into the carbon. It was also found that the
decomposition of sulfate and evolution of SO, are greatly depressed in the presence
of cyanamide. This was an indication that the interaction between cyanamide and
sulfate (or sulfate-derived species) can stabilize sulfur in the sample, likely through
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Fig. 8.9 (a) Fuel cell polarization plots recorded with CM—FeSO,—KB ORR catalysts obtained at
different heat-treatment temperatures; (b) fuel cell polarization plots comparison with
CM-FeSO,—Ketjenblack heat-treated at 1,050 °C and CM-FeAc—KB heat-treated at 1,000 °C.
Nafion®117 membrane; anode: 30 psig H,, 0.25 mgp, cm ™2 (catalyzed cloth GDL, E-TEK);
cathode: 30 psig O,, non-precious catalyst loading 4.0 mg cm™2; 100 % RH anode and cathode
humidification; 300/500 standard mL per minute anode/cathode flow rates for H, and O,, respec-
tively; MEA surface area 5 cm? (reprinted from ref. [48] with permission from Elsevier)

the formation of C—S bonds. To further determine whether sulfur enhances the ORR
activity of the CM-based catalyst, samples were prepared using Fe(II) acetate as the
iron source instead of iron sulfate, thus avoiding any sulfur presence. The current
density measured with these catalysts at high fuel cell voltages (> 0.8 V) was found
to be about half of the value measured with the catalyst prepared using the iron-
sulfate precursor (Fig. 8.9b). This difference indicates that sulfur may be responsi-
ble for the improved ORR activity of CM-based catalysts.
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C-N-Based Nonaromatic Amine Precursors

Diamines have been one of the most efficient nitrogen precursors used in the NPMC
synthesis to date due to their ability to coordinate transition metals and form
complexes with four nitrogens (MN,) [50]. The structures of ethylenediamine
(EDA) and hexamethylenediamine (HDA) are shown in Fig. 8.10.

EDA has been used as a nitrogen precursor in the catalyst synthesis ever since it
was first introduced by a University of South Carolina research group [50, 51].
Cobalt species were chelated by EDA, giving rise to CoNy structures, simpler than
the traditional macrocyclic compounds. While the resulting Co—EDA catalyst
exhibited improved activity compared to previous reports, it still suffered from
poor four-electron selectivity [42]. It was found that a nitric-acid treatment and the
resulting formation of quinone-like groups on the carbon surface were key to
increasing the dispersion of the Co—-EDA complex on supports by creating adsorp-
tion sites for the amine [51]. The CoFe—N chelate was then deposited on metal-free
carbon-composite support leading to a catalyst with improved ORR activity and
durability (Fig. 8.11) [50]. The carbon composite catalyst showed an onset potential
for oxygen reduction as high as 0.87 V vs. RHE in H,SO, solution and an H,O,
yield of less than 1 %. Current densities as high as 0.27 A cm > at 0.6 V and
2.3 Acm “at 0.2 V were demonstrated in fuel cell testing using a catalyst loading
of 6.0 mg cm 2. No significant performance decrease was observed for 480 h of
continuous fuel cell operation. According to XPS analysis, all metal species were
removed from the surface by chemical treatment in 0.5 M H,SO,. It was proposed
that transition metals facilitate the incorporation of pyridinic and graphitic nitrogen
groups into the carbon matrix during the pyrolysis, leading to the formation of
catalytically active ORR sites [50].

It was found that precursors containing long hydrocarbon-chain amines resulted
in higher ORR activity than short-chain precursors [45, 53]. Similarly to EDA,
HDA is capable of coordinating transition metals, such as Co and Fe, to form an
interlinked macromolecule. A variation in the Co-to-Fe ratio in the synthesis of the
HDA-derived CoFe binary catalysts results in markedly different ORR activity and
four-electron selectivity (Fig. 8.12). A binary CoFe(1:3)-N—C catalyst, synthesized
with a Co-to-Fe ratio of 1:3, was found to have the most positive onset and half-
wave potentials and a low hydrogen peroxide yields (2-3 %). In fuel cell testing, the
binary CoFe catalyst performed noticeably better than an Fe-based catalyst, espe-
cially at fuel cell voltages lower than 0.80 V. Under these experimental conditions,
the best performing catalyst was found to generate a current density of 0.05 A cm 2
at 0.8 V and power density as high as 0.42 W cm 2 [52].
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Fig. 8.11 ORR performance of an EDA-derived CoFe composite: (a) RDE activity in 0.5 M
H,S0O, at room temperature and (b) fuel cell life tests at 80 °C at a constant current density of
200 mA cm™2 using H, and O, at no back pressure. Cathode catalyst loading: 2.0 mg cm ™2
(reprinted from reference in [50] with permission from Elsevier)

Aromatic Precursors

It has long been believed that nitrogen—carbon precursors can undergo a metal-
assisted graphitization during heat treatment [46]. Due to structural similarities
between aromatic molecules and graphite, aromatic precursors of nitrogen have
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Fig. 8.12 ORR performance of CoFe-N-C NPMCs as a function of the Co-to-Fe ratio in the
synthesis. (a) RDE measurement in 0.5 M H,SO, at 25 °C and 900 rpm; catalyst loading:
0.6 mg cm 2. (b) Fuel cell polarization plots in a H—O, cell; anode/cathode back pressure: 1.0
bar; cell temperature: 80 °C; anode: 0.25 mgp, cmfz; membrane: Nafion® 212 (reprinted from
ref. [52] with permission from Elsevier)

recently attracted much attention in the synthesis of NPMCs. Three aromatic
precursors, nitroaniline [54], melamine [55], and polyaniline [56, 57], are shown
in Fig. 8.13.

Researchers at 3M developed NPMCs by heat-treating polynitroaniline obtained
via a metal-assisted polymerization of 4-nitroaniline [54]. A possible structure of the
polymer derived from nitroaniline is depicted in Fig. 8.13a. The repeating unit in
the polymer is quinoxaline, containing pyrazinic rather than pyridinic nitrogen [58].
The results showed that the polymerization of nitroaniline in the presence of certain
anhydrous metal salts, followed by a thermal treatment, could create an NPMC with
high ORR activity [54]. The nitroaniline-derived catalyst has an ORR onset potential
as high as 0.94 V vs. RHE. The ORR activity is maintained throughout a broad linear
Tafel region that extends over two orders of magnitude in current density, with a
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Fig. 8.14 Polarization curves of a 4-nitroaniline precursor-based catalyst. The straight-line slope
is 70 mV dec’l, measured at 80 °C with saturated hydrogen at the anode (180 sccm, 300 kPa
backpressure) and oxygen at the cathode (335 sccm, 430 kPa backpressure) (reprinted from ref.
[54] with permission from Elsevier). Pt reference catalyst data obtained from GM [59]

slope of 70 mV dec ' (Fig. 8.14). The volumetric activity of the nitroaniline-derived
catalyst is 19 A cm ™ at a fuel cell voltage of 0.8 V. Compared to macrocyclic
compounds, the use of nitroaniline is a cost-effective method, amenable to scale-up.
However, relatively high toxicity of nitroaniline is a drawback from the point of
view of a large-scale synthesis of the catalyst.

Melamine, a trimer of cyanamide, with a 1,3,5-triazine skeleton containing
66 wt% of nitrogen, was first employed as a nitrogen precursor in NPMC synthesis
by a Michigan State University group as a means of enhancing the content of doped
nitrogen [55]. In a typical approach, solid melamine was ground with Ketjenblack
600JD carbon, containing adsorbed Fe(II) acetate, before it was heat-treated at
800 °C in nitrogen atmosphere. At the final stage of the synthesis, the catalyst was
treated in 0.5 M sulfuric acid. The melamine-derived catalyst was found to have
superior ORR activity to catalysts derived from other nitrogen precursors, such as
bipyridine, pyrazine, and purine (Fig. 8.15) [55].
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The volumetric current density measured with the melamine-based catalyst was
12.4 A cm ™ at 0.8 V. The high ORR activity of the melamine-derived NPMC was
attributed to a threefold increase in the bulk nitrogen content. It is worth noting that a
33 % increase in the BET surface area was observed for the melamine-derived
catalyst relative to the bipyridine-derived catalyst, suggesting that higher surface
area might have contributed to the improved ORR activity. A 50 % increase in
nitrogen retention was also observed for melamine-based catalysts, compared to a
bipyridine-derived catalyst. However, the direct attribution of enhanced ORR activ-
ity of the melamine-based catalyst to the total nitrogen content should be done with
care in the context of findings by other authors that ORR activity is not necessarily
dependent on the amount of nitrogen content in the catalyst, but rather how nitrogen
is incorporated into the carbon [43, 48]. A 100-h performance durability test was
performed with the melamine-based catalyst at a fuel cell voltage of 0.5 V using pure
H; and O,. The performance loss was less than 10 %, a respectable result by the
standards of most NPMCs [55].

Recently, polyaniline (PANI), an inexpensive and nontoxic aromatic polymer,
was selected as a precursor of nitrogen and carbon in the NPMC synthesis at Los
Alamos [56, 57]. Because of the similarity between the structures of PANI and
graphite, the heat treatment of PANI was thought to facilitate the incorporation of
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Fig. 8.16 Bottom: H,-O, fuel cell polarization plots recorded with ~4 mg cm™ > of a

PANI-FeCo—C catalyst in the cathode. Performance of an H,—air fuel cell with a Pt cathode
(0.2 mgp cm™>) is shown for comparison. Top: Long-term performance stability test of the
PANI-FeCo—C catalyst in a Hp—air fuel cell at a constant fuel cell voltage of 0.40 V. Anode and
cathode gas pressure 2.8 bar; anode loading 0.25 mgp, cm~2; cell temperature 80 °C (reprinted
from ref. [57] with permission from AAAS)

nitrogen-containing active sites into the partially graphitized carbon matrix in the
presence of iron and/or cobalt. Furthermore, the use of such a polymer as a nitrogen
precursor promised a more uniform distribution of nitrogen sites on the catalyst
surface and possible increase in the active-site density. Heat-treated PANI-derived
formulations appear to combine high ORR activity with high durability. The most
active materials in the group were shown to catalyze the ORR at potentials within
~60 mV of those obtained with state-of-the-art carbon-supported Pt catalysts
(Fig. 8.16) [57].

8.3.1.2 Transition Metal Precursors

While some metal-free nitrogen-doped carbon materials are at least to some degree
capable of catalyzing the ORR on their own [61], an addition of transition metal(s)
appears necessary for achieving high catalytic activity and improved durability of
heat-treated NPMCs [62, 63]. The influence of different transition metal ions on
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Fig. 8.17 ORR polarization for different catalysts in (a) 2.25 M H,SO,4 and (b) 7.0 M KOH at
298 K (reprinted from ref. [64] with permission from Elsevier)

ORR activity of catalysts prepared using heat treatment of polyacrylonitrile was
studied in both acid and alkaline solutions [64]. The results indicate that the nature
of metallic center in the precursor plays a critical role in the ORR catalysis and can
be tied to activity increase after the heat treatment. By now, there is strong
experimental evidence that iron and cobalt lead to the formation of the active
centers with the highest activity towards the catalysis of ORR regardless of the
solution pH (Fig. 8.17). In acidic media, Fe-containing catalysts generally have
more positive onset potential than Co catalysts, which suggests a higher intrinsic
activity. The Fe-containing catalysts also exhibit the highest four-electron selectiv-
ity among the catalysts based on transition metals [64]. In alkaline media, Fe- and
Co-based electrocatalysts often show similar activity [64].

While both Fe and Co are generally more efficient in forming active ORR sites
than other non-precious metals [63], it is worth noting that the nature of the sites
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Fig. 8.18 EXAFS of (a) PANI-Fe—C and PANI-Co—C catalysts (reproduced from ref. [43]
with permission of The Royal Society of Chemistry) and (b) EDA-Co—C catalyst (reprinted
from ref. [50] with permission from Elsevier)

may be different for the two metals. The active sites generated in the presence of Co
appear to have the onset ORR potential similar to that observed in metal-free
nitrogen-doped carbon (N-C) catalysts, abundant in CN, groups (pyridinic, quater-
nary nitrogens) [50]. There is strong evidence that, unlike Co-derived species,
Fe directly participates in the ORR, likely via the formation of Fe-N, type sites.
Such sites have generally higher ORR activity than the metal-free sites formed in
Co-based catalysts [43, 65, 66]. As follows from ex situ EXAFS studies of the
coordination environment of transition metals in PANI-derived -catalysts
(Fig. 8.18a), the chemical environment of Fe and Co in such Fe- and Co-based
catalysts is quite different. Fe—~O/N coordination structures are dominant in Fe-
based catalysts (signals from O and N in the local environment of the metal cannot
be distinguished in EXAFS), while only small fractions of Co is bound to O/N.

In the case of EDA-derived Co catalysts (Fig. 8.18b), the EXAFS of not heat-
treated sample shows the presence of one major peak around the R values of ca.
1.2 A. That peak can be assigned the Co—N interactions. The Co—N peak weakens
and the Co—Co peak becomes more apparent with an increase in the heat-treatment
temperature. The CoN, chelate complexes decompose at high heat-treatment
temperatures, 800 °C and higher, which results in the formation of metallic Co
species. As a consequence, the Co—N structure is no longer dominant in both heat-
treated PANI- and EDA-derived Co catalysts.

Electrochemical kinetic analysis yields different Tafel slope values for Co-N-C
(~59 mV dec™ ') and Fe-N-C (~87 mV dec™ ) catalysts [52, 57], attesting to
different ORR mechanism in the case of the two metals. Based on the Tafel slope
analysis for the ORR on Pt catalysts by Coutanceau et al. [67], the diffusion of
adsorbed oxygen intermediates during the ORR is a likely the rate-determining step
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Fig. 8.19 Steady-state ORR polarization plots recorded at an RDE with PANI-derived Co- and
Fe-based ORR catalysts in 0.5 M H,SO, at 25 °C and at a rotation rate of 900 rpm (reproduced
from ref. [43] by permission of The Royal Society of Chemistry)

on the Co—-N—C catalyst. More complicated ORR mechanism on Fe—N-C catalysts
is possible, involving both intermediate migration and charge transfer in the rate-
determining step [68].

Regardless of the nitrogen precursor used, Fe—N—C catalysts have higher content of
quaternary nitrogen compared to Co—-N—C catalysts, indicating that nitrogen atoms
favor doping at the interior rather than at the edges of the graphene layers in Fe-based
catalysts [43, 52]. Generally, the ratio of pyridinic and quaternary nitrogens is
expected to reach a steady state during the heat treatment of carbon-containing
nitrogen groups [45]. The addition of Fe seems to facilitate the formation of quaternary
nitrogen. The differences in the chemical and physical state of the active ORR sites are
likely responsible for the lower ORR activity of the Co-based catalysts than Fe-based
catalysts in acid media. The disparity in the ORR activity of PANI-derived Co- and
Fe-based catalysts in the RDE testing is shown in Fig. 8.19.

Although the intrinsic activity of Co-based catalysts is lower than that of Fe-based
catalysts, the use of Co usually leads to more graphitic nanostructures [43, 52],
enhancing the electronic conductivity and corrosion resistance. In order to simulta-
neously take advantage of the apparent high ORR activity of the Fe-based catalysts
and better stability of Co-based materials, binary CoFe catalysts were synthesized at
Los Alamos. Enhanced activity and durability were indeed demonstrated with
EDA-CoFe—C [50], HDA—CoFe—C [52], and PANI-FeCo—C [57] catalysts.

8.3.2 Synthesis Conditions

8.3.2.1 Heat Treatment

The active ORR sites in M—N—C catalysts are believed to be formed during the heat-
treatment step, with the resulting activity being strongly dependent on the treatment
temperature [42]. The optimum heat-treatment temperature depends on the nitrogen
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Fig. 8.20 SEM images of PANI-Fe—C catalyst in their final form (after the second heat treatment
[43]) as a function of the heat-treatment temperature. Scale bar for all SEM images is 500 nm;
scale bar for the HR-TEM inset in the “Before pyrolysis” image is 20 nm; scale bar in the “900 °C”
image is 5 nm (reproduced from ref. [43] by permission of The Royal Society of Chemistry)

and transition metal precursors used [22, 42]. It typically falls in the 800-1,100 °C
range, sufficient for nitrogen doping into the (partially) graphitized carbon struc-
ture. Higher heat-treatment temperatures result in a significant decrease in the
number of nitrogen functionalities and reduction in the surface area. For example,
the ORR activity of PANI-derived Fe-N—C catalysts has been found to gradually
increase with the heat-treatment temperature in the 400-900 °C temperature range
and decrease at higher temperatures. The type of carbon nanostructures and catalyst
morphology formed during heat treatment at different temperatures may be the
factors determining the catalyst performance.

As shown in Fig. 8.20 for PANI-derived Fe—-N—C catalysts, the characteristic
PANI nanofibers gradually disappear as the heat-treatment temperature increases to
400 °C and the spherical particles begin to form at 600 °C [43]. A higher degree of
graphitization is observed at 900 °C, resulting in the formation of graphitic shells
often covering sulfide-rich particles (cf. TEM images in Fig. 8.18). Following heat
treatment at even higher temperatures, the catalyst morphology becomes highly
nonuniform, the particles agglomerate reaching sizes much larger than those in the
carbon black originally used in the synthesis, and the surface area significantly
decreases. These changes in the carbon structure and morphology, together with
their impact on the catalyst ORR performance, point to the importance of the metal-
catalyzed transformation of the precursors into new carbon forms in NPMCs.

The effect of heat-treatment temperature on the ORR activity and selectivity
of M-N—C catalysts was studied with physical characterization techniques [43].
A correlation between the ORR performance and the BET surface area of a
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Fig. 8.21 Dependence of the ORR activity and H,O, yield on the BET surface area of a
PANI-Fe-C catalyst heat-treated at temperatures ranging from 400 to 1,000 °C (reproduced
from ref. [43] by permission of The Royal Society of Chemistry)

PANI-Fe—C catalyst is shown in Fig. 8.21. The surface area increases from
~40 m? g~ ! for the catalyst heat-treated at 400 °C to ~300 m* g~ ' for the catalyst
treated at 900 °C, before dropping to ~60 m? g~ ' for the catalyst heat-treated at
1,000 °C [43].

Also dependent on the heat-treatment temperature are the content and relative
ratios of different nitrogen functionalities in M—N-C catalysts. An increase in the
heat-treatment temperature from 600 to 1,000 °C leads to a decrease in the total
nitrogen content but without a significant change in the ORR activity [43]. Those
changes are accompanied by an increase in the ratio of quaternary to pyridinic
nitrogen [43, 60], suggesting that the ORR activity may not be dependent on the
total amount of incorporated nitrogen but on how nitrogen is incorporated into
doped nitrogen—carbon hybrid nanostructures. A similar trend was found for
Co-based catalysts and TiO,-supported Fe catalysts [60, 69]. Although pyridinic
nitrogen has been often linked to the oxygen reduction activity of NPMC catalysts
[46], the quaternary nitrogen content and C—N, structure distribution, reflected by
the ratio of the quaternary to pyridinic nitrogen, appear to play an important role,
too [66]. In some cases, an increase in the heat-treatment temperature leads to a
decrease in the total nitrogen content and increase in ORR activity. Presently, there
is no clear correlation between the absolute content of quaternary or pyridinic
nitrogen and the associated active-site density [43].

8.3.2.2 Post-treatment

While ORR active sites are formed during the first heat treatment of NPMC
precursors [42], the post-treatment, including the acid leach and the second heat
treatment in neutral gas atmosphere (N,), was shown to be important for the final
performance of non-precious metal catalysts [43]. The acid leach results in much
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higher ORR activity, thanks to the removal of unstable and unreactive phases from
the porous catalyst, which likely leads to an exposure of additional active sites [56].
In the case of a PANI-derived catalyst in Fig. 8.22, the acid leach does not affect the
onset ORR potential, indicating no change to the active site. The second heat
treatment (after the acid leach) results in further ORR performance improvement.
Once again, the onset ORR potential does not change. This implies that neither the
acid leach nor the second heat treatment influence the type of active sites present in
the catalyst.

It is worth noting that the second heat treatment at 900 °C results in a decrease in
the BET surface area (390 vs. 315 m* g~ ') [43], implying that an increase in the
active-site density during the second heat treatment likely offsets the surface area
loss. Catalysts with much enhanced ORR activity after the second heat treatment
were also demonstrated by Koslowski et al. [70]. The use of reactive gases,
especially NH3, during the second heat treatment was required to generate very
significant ORR activity, as previously shown by Fournier et al. [71].

8.3.3 Structure—Property Correlation

M-N-C catalysts are obtained by simultaneously heat-treating precursors of nitrogen,
carbon, and transition metal(s) at 700—1,000 °C. The activity and durability of these
catalysts greatly depend on the selection of precursors and synthesis chemistry and
correlate quite well with the catalyst nanostructure. Although no rational design of
active and durable M—N—C catalysts based on a rigorous description of the ORR
active site can yet be proposed, some guiding information for the synthesis of future
NPMCs is available. It first and foremost stems from the understanding of the effect
of nitrogen doping and in situ graphitization of carbonaceous materials in the
catalysts.

Various types of nitrogen functionalities, in particular pyridinic and quaternary
nitrogen, can be viewed as an n-type dopant of carbon in M—N—C catalysts that can
assist in the formation of nanostructures and donate electrons to the carbon [46].
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The N—C groups likely behave as one kind of ORR active sites. At the same time, as
already stated above, the ORR activity is not governed by the total amount of
nitrogen imbedded into the carbon but depends more on how the nitrogen is
incorporated into the nitrogen—carbon hybrid nanostructures [43]. The nature of
N-C groups in M-N-C catalysts can be controlled by tuning the synthesis
conditions, usually aimed at maximizing catalytic activity [43]. Regardless of the
nitrogen precursor used, XPS data indicate a higher content of the quaternary
nitrogen in Fe—-N—C catalysts than in Co-N-C catalysts. This indicates that, in the
presence of Fe, nitrogen atoms are likely to be also incorporated in the interior
rather than at the edges of the graphene layer.

Apart from possibly participating in the active site, the transition metal in M—N—-C
catalysts appears to be linked to the formation of new carbon structures by catalyzing
graphitization of nitrogen—carbon precursors [46]. The highly graphitic carbon
nanostructures may serve as a matrix for the ORR-active nitrogen and/or metal
moieties. NPMC research to date suggests that the presence of graphitized carbon
phase in some ORR catalysts may play a role in enhancing their stability. Also, the
formation of different carbon nanostructures strongly depends on the type of nitrogen
precursor, transition metal, heat-treatment temperature, and support used in the
catalysts synthesis [43, 52, 60, 72], which can all be correlated to the catalyst
performance. Compared to catalysts obtained from other nitrogen precursors, in situ
formed nitrogen-doped graphene sheets are particularly abundant in the PANI-Co—C
catalyst [57], the effect that may be responsible for an enhanced catalytic activity of
the catalyst. Graphene-sheet structures were found not to be as common in Co-based
catalysts synthesized using other nitrogen—carbon precursors, such as EDA [50],
HDA [52], and cyanamide [48]. The morphology of the HDA—Co—C catalyst is
dominated by carbon nanostructures different from graphene sheets, e.g., onion-like
carbon nanoshells, which are not particularly ORR active. Well-defined graphitized
carbon shells surrounding metal-rich particles were also observed in catalysts derived
from Fe(Ill) tetramethoxyphenyl porphyrin chloride (FeTMPP-CI), at a relatively
high heat-treatment temperature of 1,000 °C. The graphite-shell formation was
correlated to an increase in the open cell potential of the catalysts in oxygen-saturated
solutions [73]. The significant morphological differences between Fe- and Co-based
catalysts possibly attest to the strong effect of the transition metal precursor selection
on carbon/nitrogen structures during the heat treatment. It seems that Co is a more
effective catalyst of the carbonization process at high temperatures, leading to highly
graphitic carbon structures [43]. Although Co appears to facilitate the formation of
graphitized carbon structures, potentially helping the catalyst performance, the
Co-based catalysts are generally less ORR-active in acid media than the Fe-based
ones. This is probably due to the difference in the nature of the ORR active sites
formed in the presence of different transition metals. Binary-metal catalysts, involv-
ing both Co and Fe, seem to benefit from the unique Co-induced graphene-rich
morphology and highly active sites, created in the presence and/or participation of
Fe. That unique combination of the two functions has led to catalysts with high ORR
activity and, at the same time, improved stability [42].
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Carbon nanostructures ex situ introduced into the NPMC may also play a role in
improving catalytic activity and durability. Very recently, a highly active and
durable NPMC was prepared based on nanotube—graphene (NT-G) complexes
treated in NH3 at 900 °C [74]. The abundance of edges and defect sites was claimed
to be responsible for the high ORR activity. The high degree of graphitization of
carbon nanotubes, the exfoliation of the outer walls, and the presence of graphene
flakes in NT-G could impart high oxidative corrosion resistance of the catalytic
sites. The NT-G catalyst showed a significant loss in activity on exposure to
cyanide anions, suggesting that high ORR activity stems from iron-containing
catalytic sites. Aberration-corrected scanning transmission electron microscopy
(STEM) and electron energy loss spectrum (EELS) mapping techniques on the
atomic scale revealed the presence of iron atoms on the edges of graphene sheets in
close proximity to nitrogen species [74].

8.3.4 Beyond Standard PEFC Cathodes

8.3.4.1 Alkaline Fuel Cells

Alkaline fuel cells present several potential advantages over their acidic counterparts,
dominating low-temperature fuel cell applications today. Main advantages include
performance improvements and cost reduction, both associated with the use of
NPMCs.

Thanks to the —59 mV change in the potential per every pH unit, the operation
potential of an ORR catalyst is expected to be by ca. —0.83 V lower in a 1.0 M
solution of a strong base than in 1.0 M solution of a strong acid. Such a potential
shift impacts the double-layer structure and the electric field at the electrode—
electrolyte interface, altering the adsorption strength of neutral species [76].
Decreased anionic adsorption in alkaline media is expected to help the kinetics of
electrocatalytic reactions, including the ORR [77]. While improvements in the
electrocatalysis can be significant, the better materials stability afforded by the
use of alkaline electrolytes is even more important. In particular, a wide variety of
NPMCs have shown comparable corrosion resistance in alkaline media to that of
precious metals, which makes them particularly suitable for alkaline fuel cells [76].

The presence of nitrogen-doped graphitic carbon has been considered necessary
for an efficient multi-electron transfer in the ORR catalysis in alkaline media [78]. An
EDA-derived binary CoFe catalyst, heat-treated at 900 °C and acid-leached in 0.5 M
H,S0, at 80 °C, was successfully demonstrated in an anion exchange membrane
fuel cell (AEMFC) at the University of South Carolina, using an A201 membrane
(Tokuyama Corporation, Japan), composed of a hydrocarbon main chain and quater-
nary ammonium groups as ion-exchange sites [75]. In a fuel cell test, the OCVs
were found to be 0.97 and 1.04 V for the EDA—CoFe—C and Pt/C catalysts, respec-
tively. The corresponding maximum power densities were measured at 177 and
196 mW cm 2 (Fig. 8.23) [75]. At high potentials, the performance of EDA—CoFe—C
was slightly lower than that of Pt/C. At intermediate potentials, both catalysts showed
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Fig. 8.23 Performance of an H,—O, AEMFC with EDA—CoFe—C and Pt/C cathodes at 50 °C.
Cathode catalyst loadings: 4 mg cm 2 for EDA-CoFe—C and 0.4 mgp, cm 2 for Pt/C. Anode and
cathode gases humidified at 50 °C. Gas flow rates: 200 mL min ! (H,) and 400 mL min ! (0y).
The A201 membrane thickness 28 pm; ion-exchange capacity 1.8 mmol g '; conductivity
42 mS cm™! (reprinted from ref. [75] with permission from Elsevier)

very similar activity. The lower performance of EDA—CoFe—C at low potentials may
be attributed to high mass transfer and/or ionic resistance in the cathode, caused by a
high catalyst loading and considerable thickness of the electrode.

The ORR performance of three different PANI-derived catalysts in an alkaline
electrolyte is shown in Fig. 8.24 [79]. The best performing catalyst, PANI-Co-C,
containing a large number of CoySg particles surrounded by nitrogen-doped
graphene sheets, shows the activity and performance stability superior to that of a
Pt/C reference catalyst. Oxygen is effectively reduced at that catalyst to OH™ in a
four-electron reaction mechanism.

8.3.4.2 Methanol Tolerance

Methanol (MeOH) crossover from the anode to the cathode in the direct methanol
fuel cell (DMFC) is responsible for significant depolarization of the Pt cathode
catalyst. Compared to Pt-based catalysts, NPMCs are poor oxidation catalysts, of
methanol oxidation in particular, which makes them highly methanol-tolerant. As
shown in Fig. 8.25, the ORR activity of a PANI-Fe—C catalyst in a sulfuric acid
solution is virtually independent of the methanol content, up to 5.0 M in MeOH
concentration. A significant performance loss is only observed in 17 M MeOH
solution (~1:1 water-to-methanol molar ratio), a solution that can no longer be
considered aqueous. The changes to oxygen solubility and diffusivity, as well as to
the double-layer dielectric environment, are all likely to impact the ORR mechanism
and kinetics, which may not be associated with the electrochemical oxidation of
methanol at the catalyst surface. Based on the ORR polarization plots recorded at
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lower methanol concentrations, the PANI-Fe—C catalyst should be viewed as a
potential methanol-tolerant replacement for Pt at the DMFC cathode.

High methanol tolerance of an NPMC was also demonstrated with a heat-treated
CoTMPP catalyst [80].

8.3.4.3 Anion Tolerance

A high-temperature (HT) PEFC operating with phosphoric-acid-doped polybenzi-
midazole (PBI) membrane has several potential advantages over the low-
temperature PEFCs utilizing either perfluorosulfonic acid or hydrocarbon
membranes. The advantages include faster ORR kinetics at elevated temperatures
(150-200 °C), improved CO tolerance, and an ease of the water and heat manage-
ment [81]. However, the ORR activity of the state-of-the-art Pt catalysts is signifi-
cantly reduced in HT-PEFCs due to severe poisoning of the catalyst by
chemisorbed phosphate ions (H,PO4~ and HPO42_).
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Unlike Pt and Pt alloys, NPMCs do not suffer from the specific adsorption of
anions. As shown in Fig. 8.26a, the ORR performance of a PANI-Fe—C catalyst in
the kinetic range of the steady-state RDE polarization curves is virtually indepen-
dent of the solution concentration of H;PO,4. In the case of a Pt/C catalyst
(Fig. 8.26b), a continuous ORR activity loss is observed with an increase in
H5PO,4 concentration due to the chemisorption of phosphate ions. Thanks to their
resistance to anions (true also of (bi)sulfate in sulfuric acid solutions), NPMCs
represent an attractive alternative to Pt-based catalysts at the HT-PEFC cathode.

8.4 Conclusions

Heat-treated non-precious metal catalysts, synthesized from earth-abundant
elements, are capable of catalyzing the ORR and efficiently generating electricity
from fuels via a direct electrochemical conversion. Carbon—nitrogen precursors,
supports, and in situ formed graphitized carbon play an important role in the
catalyst performance.
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Advanced catalyst synthesis is likely to focus in the future on (a) novel nitrogen
precursors, (b) optimization of the content of transition metal(s) (Fe, Co, and
possibly other metals), (c) precursor ratios, (d) functionalization of the catalyst
surface (e.g., by NH3, CO,, and N, treatment), (e) fine-tuning of the heat-treatment
conditions (temperature, heating rate, treatment duration, gas atmosphere), and
(f) the effect of post-treatment (acid leach, additional heat treatments, etc.). The
interaction between the metal and precursors of carbon and nitrogen during the heat
treatment will likely be controlled more precisely in the future. The knowledge
gained will be used to formulate chemical and morphological requirements for
catalysts.

The major challenge of non-precious metal electrocatalysis of oxygen reduction
reaction continues to be the lack of knowledge of the active catalytic sites and
reaction mechanisms. The difficulties in the identification of the active sites are
augmented by the virtual absence of effective NPMC characterization tools for
direct probing of the surface of heat-treated catalysts. Further progress in the
development of NPMCs will likely depend on the ability to characterize and
understand the source(s) of the activity of the catalysts that have been already
developed and are under development today.
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