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Abstract—The review is devoted to the analysis of the state-of-the-art in the development of highly dispersed
non-platinum catalysts of O, electroreduction and their use in cathodes of alkaline fuel cell. Attention is
focused on the development of catalysts for fuel cells with anion-exchange membrane. The range of catalytic
materials under consideration includes complex oxides, unmodified carbon materials and also carbon mate-
rials doped with a transition metal and/or nitrogen. The main synthetic methods for nanodispersed catalysts
are considered, particularly those used for synthesizing new types of N-doped carbon materials. A compara-
tive description of peculiarities of O, reduction on different groups of catalysts is carried out. The possible
nature of catalytically active centers is discussed. The problems of further studies on the development of non-
platinum catalysts for fuel-cells cathodes with anion-exchange membranes are formulated.
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1. INTRODUCTION

To date, the most thoroughly developed and com-
mercially promising fuel cell (FC) types are those with
proton-exchange membrane electrolyte (PEM). A
considerable number of such FC are already produced
for both stationary and transport applications. How-
ever, their commercial production is limited by their
high cost, first of all, due to the necessity of using con-
siderable amounts of Pt as the catalyst, especially, on
the cathode for attaining their reasonable durability
[1]. Moreover, platinum is the only FC component the
cost of which does not decrease with the increase in
the production of electrochemical generators (ECG).
This fundamental drawback of FC with PEM is not
the case for alkaline FC (AFC) as their production and
operation can succesfully manage without the use of
platinum or other noble metals.

The modern history of the development of fuel
cells began with the studies of alkaline fuel cells [2],
because sufficiently high ECG power values had been
achieved for this very system. AFC were successfully
used in the US space program [2] and have been
actively developed in the 60s—70s by the company
Kvant [3] and further up to present time by the company
“Zavod Elektrokhimicheskikh Preobrazovatelei.” In the
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reactions.

2000s and to date, FC of this type are being devel-
oped by several small companies in Europe and the
USA [4].

The peculiarity of these types of AFC is the use of
of liquid or matrix impregnated alkaline electrolytes
and the electrodes with the thickness from several
tenth fractions to several millimeters and, as a rule,
with considerable consumption of noble metals on the
cathode, such as PtAu [2] and PtPd [3] alloys, Ag [5].
The works on AFC are partly adjacent to the develop-
ment of metal-air power sources [6], although the
activated carbon-based electrodes cannot be used at
high current densities and elevated temperatures.

The use of liquid alkaline electrolytes with suffi-
cient conductivity but large volume failed to stimulate
the development of thin electrodes with the thickness
within one—two tens of micrometer, in contrast to FC
with PEM. Moreover, the use of liquid electrolytes
requires special measures on formation of the required
ratio of liquid and gas pores [7]. Another drawback of
AFC is the electrolyte carbonation, which makes
impossible the use of air as oxidant and hydrogen fuel
with impurities of CO,, the product of organic-fuel
transformations. The advantage of AFC is the possi-
bility of using hydrogen synthesized by ammonia
cracking, as in alkaline media, the ammonia traces do
not poison the catalyst, in contrast to FC with PEM.

On the other hand, in the alkaline electrolyte, the
potential barrier of oxygen reaction is decreases as
compared to PEM with pH value of ~0.2. This is asso-
ciated with peculiarities of the kinetics and thermody-
namics of oxygen reaction (Fig. 1) [8]. The slow stage
of O, reduction (transfer of the first electron to the
adsorbed O, molecule) is pH-independent, whereas
the equilibrium potential of two- and four-electron
mechanisms of O, reduction shifts with the pH to the
negative direction and in the alkaline region,
approaches the potential of the first-electron transfer.

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 52

TARASEVICH, DAVYDOVA

In acidic solutions, this difference is compensated by
the adsorption energy of the O, molecule and its pro-
tonation. In alkaline solutions, conditions are created
for the materials with relatively low oxygen adsorption
energy to become sufficiently active electrocatalysts of
its elecroreduction. This extends the range of possible
catalytic systems with account taken also of the low
corrosivity of alkaline electrolytes. These potentialities
of the development of new highly dispersed materials
containing no noble metals for AFC with liquid elec-
trolyte were not realized so far.

The further prospects in elaborating this direction
are associated with the development and use of anion-
conducting polymer electrolytes (ACPE) [9—12]. The
relatively low conductivity of these -electrolytes
requires the development of thin (less than 20—30 um)
electrodes based on catalytic systems with the high
conductivity and also with the acceptable mass and
volume activities. It is also assumed that ACPE may
provide certain other advantages as compared with lig-
uid alkalies. The low solubility of CO, in the polymer
electrolyte may allow using air as oxidant without spe-
cial scrubbing; the permissible level of CO and CO,
impurities in hydrogen fuel increases; the corrosion
rate of FC materials in contact with ACPE is lower.

The present study is aimed at generalization and
analysis of the state-of-the-art in the field of develop-
ing and studying noble-metal-free cathodic catalysts
as regards their electrocatalytic activity and selectivity
in the oxygen reaction and also their corrosion stabil-
ity under the conditions of AFC operation. This dis-
cussion is based on already published data (predomi-
nantly, in the past 5 years) and the results of our own
studies.

2. THE MAJOR TYPES OF MATERIALS USED
AS CATHODIC NONPLATINUM CATALYSTS
AND THE METHODS OF THEIR SYNTHESIS

The list of materials studied with the aim of devel-
oping nonplatinum electrocatalysts for various pro-
cesses of electrochemical power production is con-
stantly extended. The present review discusses the
materials showing promise in the development of
cathodic catalytic systems for fuel cells with ACPE.
These are the highly dispersed carbon materials of dif-
ferent origin [13—15], various types of carbon materi-
als (CM) doped with nitrogen [16, 17], boron, sulfur,
phosphorus, and transition metals [18, 19], and also
complex oxides with the spinel or pervskite structure
[20, 21].

The methods of synthesizing highly dispersed CM
that can serve both as catalysts and as supports were
repeatedly described in the literature and, as a rule,
had no direct relation to optimization of catalysts for
oxygen reduction; their number constantly increases
[22—24]. The oxide, carbide, and nitride systems,
especially those with the high chemical and electro-
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chemical stability and sufficient conductivity can also
serve as the supports [25—27].

Catalytically active materials specially developed
for electrocatalysis of the oxygen reaction are synthe-
sized by two principally different methods. The first,
more popular method is based on modifying carbon or
other supports by different types of precursors includ-
ing nitrogen and metals, which may be followed by
pyrolysis. The literature contains many versions of this
method: from simple coadsorption of precursors to
carrying out the synthesis in vapors [28] or in plasma
[29]. However, irrespective of the synthetic method,
the synthesis by the first method retains the support
catalytically inert but with the doped surface exhibit-
ing the pronounced catalytic activity. The second
method consists in the targeted synthesis of the intrin-
sically new catalytically active carbon-like material
[30, 31] modified with the atoms (N, Co, Fe, etc.) that
can enter into composition of the presumed active
centers (AC). The introduction of required precursors
into some carbon [30] or ion-exchange [32] material is
followed by the pyrolysis and the deep activation of the
system in ammonia atmosphere until it loses 60—80%
of its mass. This method makes it possible to synthe-
size catalytic systems with the high volumetric con-
centration of AC.

2.1. Carbon Materials

Highly dispersed CM, namely, activated carbons,
carbon blacks, nanotubes, few-layer graphenes, in the
absence of additional components exhibit low activity
in the cathodic oxygen reduction in acidic electrolytes
but display considerable catalytic properties in alka-
line electrolytes [14, 15]. In developing nonplatinum
catalytic systems, the carbon materials serve not only
as the supports but also as the intrinsic catalytic com-
ponents [33]. The characteristics of carbon supports
for cathodic nonplatinum catalysts should meet the
following requirements:

—commercial availability and low cost;

—high reproducibility of morphological, struc-
tural, and other physicochemical characteristics;

—nanostructuring providing their conjugation with
polymer electrolyte molecules;

—high conductivity comparable with metal con-
ductivity;
—chemical and electrochemical activity.

The support function corresponds to those syn-
thetic conditions and methods where the AC forma-
tion by modification of the original CM does not
induce the changes in CM morphology and structure
such that would allow its identification as a new CM.
On the other hand, the methods of synthesizing non-
platinum catalysts aimed at production of new CM
with the high AC content are being progressively
developed [34—36].
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Activated carbons (AcC) and carbon blacks formed
by turbostratic carbon (TC) are traditionally used for
synthesizing nonplatinum cathodic catalysts [13, 14, 23].
The yet newer materials are nanotubes (NT) [37],
nanowires (NW) [24], and graphene-like materials,
the so-called few-layer graphenes (FG) [38—41].

According to modern views [42], the structural
characteristics of highly dispersed CM are determined
by the surface and the height of microcrystals forming
the carbon material (Fig. 2). Parameters L, and L, of
microcrystals characterize the size of their basal and
side faces. Parameter L, can be calculated from the
width of (110) and (100) peaks in the X-ray spectrum
and parameter L, is calculated based on the width of
(002) peak [43]. The structural elements (basal faces
and edges) of carbon materials are inherently hetero-
geneous (anisotropic), like their chemical and electro-
chemical activity, which is the fundamental property
of carbon materials [17]. The electronic properties of
carbon materials are also important and critical,
because the density of states of electrons (DSE) affects
the rate of electron transfer and the rate constant of the
electrochemical reaction [18]. In contrast to metals,
the DSE of carbon materials varies widely from dia-
mond in which the conduction zone is absent to nano-
tubes exhibiting well structured DSE and to disori-
ented carbon materials with relatively high DSE near
the Fermi level [42]. This determines the variation of
the electric double layer (EDL) capacitance from
<2 uF/cm? for the basal plane of highly oriented
graphite (HOG) to ~60 uF/cm? for the edge plane [44]
and to 20—24 uF/cm? for single-layer graphene [45].
The latter value of EDL capacitance is associated with
the extremely high (1.5 x 10* cm?/(V's)) [46] mobility
of carriers. However, this graphene property has not
yet been properly used in electrocatalysis.

The intrinsic electrocatalytic activity of carbon
materials listed above depends on the ratio of basal and
edge structures and, in the general case, is determined
by the surface concentration of structural defects. In
the framework of these concepts, the highest catalytic
activity should be exhibited by AcC that has the least
ordered structure [19]. Activated carbons have the fin-
est crystalline structure so that their surface reaches
2000 m?/g. Their another feature is the presence of a
well-developed system of micropores with the charac-
teristic size of <2 nm. Yet another specific feature of
AcC isthe presence on their surface of various oxygen-
containing groups formed during the synthesis and
activation of AcC [22, 23].

Oxygen-containing groups can be classified as
acidic, neutral, and alkaline (Fig. 3). They are
formed mainly on the edges of graphene sheets. Their
presence on the basal planes is associated with struc-
tural defects. The binding energy of the electron on
the sublevel Cls for hydrocarbon (C—-C, C—H),
hydroxyl/ether (C—O), carbonyl (C=0), and carboxyl
(O—C=0) bonds is ~285, ~286, ~288, and ~289 eV,
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Fig. 2. Approximate grain size of different carbon materials.

respectively [47]. The surface of AcC which has the
basic properties acts as the Lewis base and adsorbs
protons. The results acquired when studying AcC, are
of the general importance for the other allotropic
modifications of CM [48]. Besides the oxygen groups
formed during the synthesis and determining the sur-
face pH, CM can be modified by “grafted” or
adsorbed compounds, such as anthraquinones,
phenanthrequinone, naphthoquinones, etc. [49].

Carbon blacks of different origin have the turbo-
stratic structure. Such a structure is based on micro-
crystal packets representing two-dimensional crystals
disoriented along the C axis. The packets are inter-
bound by amorphous carbon of various hybridiza-
tion. In contrast to AcC, the carbon black particle

Phenol Carboxyl Lactonic
group
ON _OH 0]
OH C o o
(0] (0]
Carbonyl  Quinone

Fig. 3. Oxygen-containing functional groups on the sur-
face of carbon materials.
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contains mostly the basal planes on their surface and
lacks intrinsic porosity. Table 1 shows certain struc-
tural parameters for carbon blacks widely used as the
catalyst supports. The presence of microporosity in
carbon blacks with the high surface area is associated
with the distance between the particles measuring
smaller than 10—15 nm.

The low content of the oxidation-prone amor-
phized carbon and oxidizable structures on the surface
of carbon black particles predetermines the higher
chemical and electrochemical stability of carbon
blacks as compared with AcC. In contrast to the latter,
carbon blacks can be graphitized, which increases
their corrosion stability but also decreases their spe-
cific activity.

Certain advantages over AcC and TC as regards the
development of new catalysts are demonstrated by 2D
materials: graphenes, graphene-like materials (few-
layer graphenes), and also by nanotubes which repre-
sent graphene layers rolled into tubes.

—Graphene-like materials and NT contain no dis-
organized carbon and hence should demonstrate the
enhanced chemical and electrochemical stability as
compared with AcC and TC.

—FG and NT demonstrate almost the zero forbid-
den zone, the high mobility of charges, and the high
conductivity.

—Active layers based on NT are characterized by
high mesoporosity as compared with carbon blacks.
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Table 1. Characteristics of commercial carbon blacks [50, 51]
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S m%/g
Carbon black S, m?2 fmiere? S ., m? V., cm3
sp» M°/8 Vo eme) meso> M~/ - /g
Vulcan XC72 227 113 (0.06) 114 0.40
Ketjenblack EC-300 891 482 (0.25) 409 1.02
Ketjenblack EC-600 1405 509 611 2.5
Black Pearl 1567 0.835

—FG and NT are poorly-active catalysts but can be
easily modified with atoms of N, B, P, S, I, and also
can form composites with complex metal oxides.

—The FG and NT including their chemical modi-
fications can be synthesized in large amounts at low
cost.

The synthesis of NT, their cleaning and functional-
ization before the preparation of catalysts are
described in detail [52]. The simplest and cheapest
method of synthesizing few-layer (up to 6—7 mono-
layers) graphene materials is the splitting of graphite
oxide (GO) at the chemical, thermal, or electrochem-
ical reduction. As was shown [44], the edges of
graphene sheets are intrinsically active as compared
with their basal plane. In terms of this general
approach to assessing the activity of edge structures as
compared with the basal plane, one cannot expect any
special electrocatalytic properties for graphene and
graphene-like materials that retain the main properties
of graphene.

The use of polymer membranes and polymer elec-
trolytes in the composition of active layers requires
taking into account the ratio of characteristic sizes of
micropores (slot structures) which contain AC local-
ized on graphene-sheet edges and ionomer’s polymer
chains with sulfo-groups with the size of ~2 nm. The
ratio of these geometrical sizes fails to provide the
immediate contact between an AC in a micropore and
a sulfo-group in a polymer chain. However, the high
characteristics attained for microporous nonplatinum
catalysts [31, 32] and the theoretical studies [53] have
shown that such contact can apparently take place as a
result of the extension of the proton field beyond the
polymer chain. This places AcC among the promising
supports for catalytic systems for polymer electrolyte.

2.2. Carbon Materials Modified with Nitrogen

When considering the catalytic properties of nitro-
gen-doped carbon materials, two problems are the
most important: which methods should be used for
synthesizing metal-free carbon materials doped with
nitrogen and whether the doping with nitrogen in the
absence of transition metals can produce catalysts
selective with respect to the direct four-electron oxy-
gen reduction reaction.
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Nitrogen-doped carbon materials have become the
object of studies relatively recently. Despite being still
very few, the number of works devoted to experimental
investigation of the catalytic properties of N-doped
carbon materials in O, reduction increases quite
quickly [54—65]. The catalytic properties of metal-free
heteroatom-doped graphene materials were surveyed

in [66].

In this field, in contrast to carbon materials doped
with both nitrogen and metal, at present it is difficult
to distinguish any definite tendencies. However, as
demonstrated below, the majority of authors associate
the catalytic activity of N-doped carbon materials pre-
cisely with N-doping, i.e., upon its substitution for
carbon atoms, nitrogen incorporates into the structure
of the carbon material to produce its pyrrole, pyridine,
or graphite forms.

Catalyst-free spray-pyrolysis of the xylol—eth-
ylenediamine mixture at 1000°C on a quartz support
yielded N-doped spherical particles containing from 0
t0 6.2 wt % of N, with the diameter of 130—500 nm and
the specific surface of 11—13 m?/g [56]. The XRD
spectra demonstrated peaks at 25 and 43.8 deg, per-
taining to graphite planes (002) and (100), respec-
tively. Their considerable broadening pointed to the
low degree of graphitization. According to XPS data,
the material contained C, N, and O atoms. Catalyst-
free pyrolysis of the mechanical mixture of oxidized
graphite synthesized by the Hammers method and
melamine at 800°C in the Ar atmosphere produced
flat nanosheets with the thickness down to 1 nm and a
sufficiently high degree of graphitization [57], which
was confirmed by XRD data: the basic plane Cls with
the binding energy of 284.4—284.8 eV, which is typical
for carbon with sp? hybridization. The X-ray patterns
demonstrated the broadened peaks typical for (002)
graphite face at 25.9 deg with the interatomic distance
of ~0.35 nm. According to XRD data, the surface-
layer composition included atoms of C, N, and O. The
nitrogen content could reach 10.1 at %. In [49], a
C;N,/carbon support composite was synthesized with
the ordered structure of interconnected mesopores.
The synthesis was carried out by catalyst-free pyrolysis
of cyanamide (CH,N,) applied by impregration on the
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surface of the carbon/SiO, composite at 500°C in inert
atmosphere. The carbon phase of the composite was
obtained by the pyrolysis at 900°C of saccharose on
the surface of silicon dioxide. The catalyst porosity
formed by etching was determined by the size of
etched-out silicon-dioxide particles. Thus, the use of
SiO, with particles of 12 nm allowed to synthesize a
mesoporous composite with the specific surface of
996 m?/g and the use of SiO, powders with the size of
150, 230, and 400 nm produced macroporous com-
posites with the specific surface of 97, 58, and
60 m?/g, respectively. In [59], the properties of nano-
cylinders formed by carbonization of polyaniline salts
in the N, atmosphere at 800°C in the absence of metal
catalysts and supports were characterized in detail.
These cylinders had the diameter from 35 to 220 nm,
the specific surface from 310 to 440 m?/g and were
characterized by the high fraction of micropores (from
62 to 90%) for their specific volume of up to
0.185 cm?/g. The specific conductivity of nanocylinders
was 0.3—0.8 S/cm. They contained a high fraction of
amorphous carbon, as follows from the Raman-spec-
troscopy-acquired ratio I,/I5 = 3.48—3.68. According
to XPS data, the nitrogen content reached 7 at %. In
[60], the properties of composites of melamine, urea,
and dicyanodiamide with a graphene-like material
with the mass ratio of 1/20, synthesized by catalyst-
free pyrolysis in Ar at 800°C were studied. According
to XPS data, the nitrogen content in these composites
reached 5 at % for the pyridine form fraction reaching
45 at %. In [17], vertical nanowalls with the thickness
from 0.5 to 4.5 um determined by the deposition time
(6—25 min) were grown on the surface of glassy carbon
or silicon by a the catalyst-free method that consisted
of their plasma-chemical deposition from a CH, : H,
mixture at temperatures of 730 and 860°. The original
nanowalls were ~20—40 nm wide and ~3—5 nm thick,
which corresponds to 9—12 graphene monolayers. The
plasma treatment in the N, : Ar mixture produced
N-doped materials with the nitrogen content from 4 to
20 at %. The total content of nitrogen and the relative
content of its forms (pyridine/pyrrole + amine/graph-
ite + quaternary/oxidized) depended on the tempera-
ture and the power (200—600 W) of plasma treatment.

The group of N-doped systems containing no
metal atoms also includes various NT [67] and nano-
fibers (NF) after subjecting them to thorough removal
of traces of metals-catalysts (Ni, Fe, Co) involved in
formation of the specific structure of these carbon
materials. In [68], the synthesis of vertical NT by
decomposition of Fe(II) phthalocyanine followed by
complete removal of Fe by the electrochemical treat-
ment was described. The authors assumed that the
activity of these N'T with the length of 8§ um and the
diameter of 25 nm exceeded the platinum activity due
to their N-doping. However, it deserves mention that

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 52

TARASEVICH, DAVYDOVA

the possibility of synthesizing N-doped NT totally free
of metals is called into question and the catalytic
effects of such materials can often be explained by the
presence of transition metal traces [69].

2.3. Carbon Materials Modified with both Nitrogen
and Transition Metals

This group of materials includes, as a rule, the
products of thermal treatment of nitrogen containing
organic compounds, obtained in the presence of iron-
group transition metals. The thermal treatment is car-
ried out at 700—900°C in inert atmosphere. The time
of thermal treatment amounts, as a rule, to 1—-2 h. On
the other hand, low-temperature synthetic methods
were also used [70]. The best-studied nitrogen-con-
taining precursors for the synthesis of nitrogen-modi-
fied carbon materials include N,-complexes, i.e.,
metal phthalocyanines and metalloporphyrins (most
often, TMPPCo and TMPPFeCl) [18]. However, the
high cost of N,-complexes and the low yield of pyroly-
sis products limit their use in the large-scale synthesis of
catalysts. For instance, the yield of TMPPCo pyrolysis
product adsorbed on Vulcan XC72 in the amount of
30%, was less than 40% at 850°C [71]. As the nitrogen-
containing precursors, the simpler organic complexes
were also used, such as complexes of phenanthroline
[72] and ethylenediamine [73] and also polymers such
as polyacrylonitrile (PAN) [74], polyaniline (PANI)
[75], polypyrrole (PP) [76], etc. As the gaseous
sources of nitrogen at plasma treatment, ammonia
[77, 78] and N, were utilized [79]. Thus, the activation
in the NH; atmosphere made it possible to increase
the specific activity of pyrolysis products of metallo-
porphyrins [77] considered so far as the most active
catalysts of O, reduction among the N-doped carbon
materials in both acidic and alkaline media. The cata-
lysts were synthesized by pyrolysis of both supported
precursors and those without supports. The supports
used most often were carbon materials (carbon blacks
of various degrees of dispersion, graphite powders,
powders of graphene-like materials, nanotubes) and
oxides (Al,O;, SiO,). The oxides pertain as a rule to
the removable supports, which allows the catalyst with
high porosity and well-developed surface to be synthe-
sized [80]. The pyrolysis of nitrogen-containing pre-
cursors in the absence of special pore-forming agents
(e.g., oxalates in [35]) or involving no special forming
procedures (as for PAN fibers in [81]) leads to sinter-
ing of the precursor to yield a coarse powder with low
catalytic activity.

The method used most actively for synthesizing
catalysts includes the following sequence of opera-
tions: adsorption of the nitrogen-containing precursor
and metal-containing compounds on the support sur-
face — pyrolysis — washing.

No. 3 2016



NONPLATINUM CATHODIC CATALYSTS FOR FUEL CELLS

It was shown experimentally that to synthesize
active catalysts selective with respect to the four-elec-
tron oxygen reduction reaction, the pyrolysis should
be carried out in the simultaneous presence of carbon,
nitrogen, and transition metals atoms [19]. Separate
pyrolysis of supported metal compounds or metal-free
nitrogen compounds gives no way of synthesizing effi-
cient catalysts. The role of each component mentioned
above was discussed in [82] and will be briefly discussed
in Section 5.1 “Active centers of carbon materials mod-
ified with nitrogen and transition metals.”

According to the results of elemental analysis, the
main components of catalysts are carbon, nitrogen,
and metal. The carbon content can reach 90—95%.
Carbon can be involved in the catalyst composition as
the catalytically-inert carbon support and also as the
pyrolysis product as such which is a semiconductor.
According to XPS data, carbon can be present in the
sp*- (Cls E, = 285 V) and sp?- (E, = 284.4 €V) hybrid
states, in its oxidized state in the form of oxygen-con-
taining groups (£, = 286—289 eV), and in composition
of metal carbides. The effect of the ratio of different
carbon forms on the catalytic activity of materials was
not studied so far. However, according to modern
views, the most probable localization of the catalyti-
cally active centers of O, reduction are the faces of
graphite crystals [83—85], i.e., the catalytic properties
are determined by the relative intensity of the sp?-
hybride state of carbon in the pyrolysis product as
such. The nitrogen content is low (up to 2%), which is
due to the high pyrolysis temperature, and includes
pyrrole (N1s E, = 400.2—400.9 eV), pyridine (E, =
397.0—399.5 eV), graphite (£, = 401—403 V), and
oxidized (£, = 402—405 eV) nitrogen [36]. It was
shown [86] that the catalyst is stable if pyridine nitro-
gen undergoes no chemical transformations. The
graphite form is the most stable form of nitrogen in the
structure of carbon materials [47]. It was shown that
the metal amount higher than ~2% not only exerts no
positive effect on the catalytic properties but even
decreases the latter [87]. To confirm the fact that
metal particles were not the active centers on carbon
materials doped with nitrogen and transition metals,
the catalyst was washed in concentrated acid solution
(e.g., 12 M HCI) at temperatures up to 80°C to
decrease the metal content down to several ppm [88].
In several studies, it was demonstrated that elemental
sulfur is a useful additive that binds the excessive iron
during pyrolysis thus preventing the formation of iron
nitrides and carbides but leaves untouched nitrogen
and carbon which are the potential active-center com-
ponents [89]. The surface composition may also
include up to 5% of oxygen within functional groups.

Measuring CV of the pyrolysis products of
TMPPFeClin 1 M NaOH has shown that the thermal
treatment at temperatures above 400°C results in
destruction of metalloporphyrin molecules and the
destruction process is completed in the temperature
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range of 500—600°C. This was indicated by the total
disappearance of the anodic and cathodic CV peaks at
0.3 and 0.25 V, respectively, which are typical for the
reaction Fe(IlI) + e <> Fe(II) [90]. In [91], using the
Mossbauer spectroscopy, it was shown that pyrolysis
at 850°C of 4.8% TMPPCo adsorbed on Vulcan XC72
carbon black resulted in the break of Co—N bonds to
form metal oxides.

2.4. Complex Oxides

Oxide catalytic systems always attracted attention
as the possible cathodic catalysts for AFC. Thus, the
first sufficiently powerful AFC employed lithiated
nickel oxide [92]. Among simple oxides, attention was
focused on CoO, [93] and MnO, [94]. These oxides
were used both as individual catalysts and for addi-
tional doping of pyropolymers of N,-complexes [95]
with the aim of accelerating the decomposition of

HO,, the product of incomplete reduction of oxygen.
Furthermore, the stability of simple oxides in concen-
trated alkaline solutions at 60—90°C is not sufficient
for their successful use in AFC.

The MgAl,O, spinel structure is typical for com-
plex oxides A2+B§+O 4 (its more general composition is

AZBY .0, where 0 < x < 1). In normal spinels, cat-
ion A is bivalent (Mg>", Mn?*, Fe?", Ni’*, Zn?*,
Co?™), and cation B is trivalent (AI**, V3*, Cr**, Fe3*,
Mn3*, Co’"). The spinel crystal has face-centered
cubic lattice with oxygen atoms in its lattice sites. The
interstices are partially occupied by cations. The spinel
unit cell includes 8 cations A, 16 cations B, and
32 oxygen atoms. For 32 oxygen atoms in the closest
packing, there are 32 octahedral and 64 tetrahedral
voids of which 8 tetrahedral (A sites) and 16 octahedral
(B sites) voids are occupied by cations [96]. In formu-
las of normal A [B,]O, and inverse A|[AB]O, spinels,
the cations that occupy B sites are taken in brackets.
The size of cations in B sites (octahedral voids) is as a
rule higher as compared with cations in A sites (tetra-
hedral voids). Figure 4 illustrates the spinel structure.

In compounds with the CaTiO; perovskite struc-
ture and isomorphous compounds with the general

composition A""B"* 0, (where m/n = 1+/5+; 2+/4+;
3+/3+) and the primitive cubic lattice, the larger cat-
ions A are localized in the cell center, the smaller cat-
ions B occupy the cube vertices, and oxygen ions are in
the middle of edges [97], as shown in Fig. 5.

The traditional methods for synthesizing complex
oxides are the direct thermal decomposition of salt
melts and codeposition of salts (hydroxides, oxalates)
followed by thermal decomposition [98] and pyrolysis
[99]. These methods require elevated temperatures for
overcoming the diffusion barrier in the synthesis of
complex oxides and give no way of producing highly
dispersed materials. In [100], using the method of
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Fig. 4. Crystal structure of spinel A[B,]Oy.

codeposition in the presence of alcohols that pre-
vents the crystal growth, a series of catalytic systems
LaMnO;/Ketjenblack EC-600 with the perovkite
content from 10 to 100 wt % were synthesized. The
crystal size varied from 17 to 28 nm, respectively.

For synthesizing oxide catalysts, cryochemical
methods were also used, namely, sublimation drying
and crystallization by freezing [99]. Recently, the sol—
gel method [101], a method of codeposition at low
temperature [102, 103], and the inverse micelle proce-
dure [104, 105] were introduced into practice. These
methods allow catalytic systems with the high specific
surface to be synthesized, which is necessary for their
use together with polymer anion-conducting electro-
lytes. For instance, the Lay,Ca,¢Mn,oFe, 0;/Ketjen
Black EC-600 catalyst with the average size of parti-
cles of 2.5 nm was synthesized by the method of
inverse micelles [105].

3. THE MAIN APPROACHES TO ASSESSING
ACTIVITY AND SELECTIVITY
OF SYSTEMS CONTAINING
NO NOBLE METALS

The correct determination of the catalytic activity
of highly dispersed catalytically active materials
requires measuring the kinetic parameters undistorted
by transport limitations. At present, the majority of
model studies of kinetic characteristics of O,-reduc-
tion catalysts of different degrees of dispersion (with

TARASEVICH, DAVYDOVA

Fig. 5. Crystal structure of perovskite.

the particle size from several nanometers to several
micrometers) are carried out by the method of rotating
disk electrode (RDE).

The RDE method is based on the equal diffusion
accessibility of the electrode surface at forced agita-
tion. The method is described by Egs. (1)—(3) [106].

g = 161Dy 02, (1)

I = 0.62nFc02D2/3v_1/60)1/2
(Levich equation).

()

According to Eq. (2), the slope of the linear depen-
dence I} vs. /2 allows the number of electrons n
trasfered to O, to be determined. According to Eq. (3)
proposed by Frumkin [107] and widely known as the

equation of Koutecky—Levich [108], the linear depen-

dence 1 VS, 12 makes it possible to determine the
exp

kinetic current /;, and n.

IL:JLJr llim:kFlS " @
exp kin L air nroco, g
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Fig. 6. Scheme of the parallel-sequential reaction of O, electroreduction.

As was noted in [106], the use of Eq. (3) for calcu-
lating » is possible only for simple two- (k,) or four-
electron (k,) processes, or for the reaction of O, reduc-
tion proceeding by the parallel path to yield H,O (k)
and H,0, (k,), when the constants k; and k, are negli-
gible, as observed, e.g., for catalysts TMPPCo/Vulcan
XC72 [109], PdCo/TMPPCo/C [110], and Mn—Co
spinels [111]. In the latter case, the quantity » deter-
mined based on Eq. (3) corresponds to a certain aver-
age value. For catalysts on which the O, reduction
proceeds by the parallel-sequential path, e.g., for
TMPPFeCl/Vulcan XC72 (see below), Pt [112], or
Mn—Co spinels [113], the equation of Koutecky—Lev-
ich cannot be used.

At present, the only well-substantiated method of
assessing the catalyst selectivity with respect to O,
reduction is the method of rotating ring-disk electrode
(RRDE), the theory and applications of which are
described in details in [106]. Figure 6 shows the sim-
plified scheme of O, reduction used in the analysis by
the RRDE method. Equations (5) and (6) [106] are
used for calculating the rate constants.

ky+ (ky + ky) 1+2ﬁ
IpN ] ky) -2
——=14+2—+ G o7, @)
[R kz 0.620H202V
lim 23
(Idif ; ID)N =1+ 2(DD()2 j
) 0.62D7° e ©
y ky+ ky Lo 0,V (,01/2.
2 ky

In the recent studies of nonplatinum catalysts of O,
reduction, the gradual transition was observed from
the thin-layer RDE method, the closest to the authen-
tic RDE method destined for studying smooth sur-
faces, to the “thick-layer” version used for real elec-
trodes [114]. The layer thickness can reach several tens
of micrometer for loadings of up to 1—2 mg per cm? of
the geometric surface.

To characterize the catalytic activity and selectivity
of CM of different origin and also of oxide materials
with respect to O, reduction, it is recommended to
carry out measurements both by means of thin-layer
version of RDE and RRDE methods (with the layer
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thickness of 1—2 um) and by studying the effect of the
layer thickness on certain parameters. These parame-
ters include the overall current (i,); onset potential
(E,n); the half-wave potential (E|/,); the specific mass
activity (7,,,); the specific activity per unit of real surface
(isp); the limiting diffusion current (i;,); the collection
efficiency (NV); the Tafel slopes (b); the interval of load-
ing m within which the specific mass activity is indepen-
dent of the amount of loaded material.

In ref. [71] devoted to studying the effect of loading
m in the interval of 0.02—1.00 mg/cm? (or in the thick-
ness L interval of 0.5—26.3 um) on the accessibility
and selectivity of 30% TMPPCo/Vulcan XC72 cata-
lyst in 0.5 M H,SO, at 60°C, the parameters were deter-
mined: b, n, i, E, E| ), and the yield of hydrogen per-
oxide. By RDE and CV methods, the effect of the layer
thickness of Vulcan XC72 and TMPPCo/Vulcan XC72
composite on the specific mass activity 7,,, and the
specific charge Q,,,; Was studied [109, 115]. Figure 7
shows that for m < 1 mg/cm?, the Q,,,, value for Vulcan
XC72 was constant and i,, decreased even form > 0.1—

0.2 mg/cm?. This is why a layer of Vulcan XC72 in an
alkaline electrolyte was equally accessible only for m
below 0.1—0.2 mg/cm? (L < 5 um). In alkaline elec-
trolyte, the upper limit of L ensuring the catalyst equal
accessibility for O, molecules does not exceed ~5 um,
as for carbon blacks (Fig. 8).

For catalytic materials synthesized by pyrolysis of
nitrogen-containing compounds applied on carbon
supports, the modern methods give no way of differ-
entiating between the intrinsic specific surface of the
pyrolysis product and the initial carbon support. The
specific mass activity is a more universal characteris-
tic; however, it can be used only for comparing mate-
rials of the same nature. The specific volumetric activ-
ity, i.e., the activity per volume unit of the catalyst
layer, which includes the value of the specific mass
activity and takes into account the geometrical param-
eters of the real electrode, makes it possible to assess
the catalyst efficiency as a function of its layer thick-
ness. This is why the value of volumetric activity pro-
posed in [116] is apparently the convenient parameter
for comparing the activities of various electrode mate-
rials regardless of their nature.
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Fig. 7. (a) Polarization curves of O, reduction on Vulcan XC72 measured at m variation RDE, 1 M KOH, O,, 60°C, v =1 mV/s,
o = 1580 rpm. (b) Dependence of the specific mass activity i, and the specific charge Q,,,,; on the catalyst loading.
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Fig. 8. (a) Polarization curves of O, reduction on 30% TMPPCo/Vulcan XC72 catalyst measured at varying m RDE, 1 M KOH,
0,, 60°C, v =1 mV/s, o = 1580 rpm. (b) Dependence of the specific mass activity i,,,,; and the specific charge Q,,,; on the cat-

alyst loading.

4. COMPARATIVE KINETIC
CHARACTERISTICS AND SELECTIVITY
OF PROMISING CATALYSTS
UNDER MODEL CONDITIONS

4.1. Carbon Materials Doped with Nitrogen

As noted above, both catalyst-free and catalytic
methods can be used for synthesizing N-doped carbon
materials.

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 52

It was shown [56] that in 0.1 M KOH, the onset
potential values of O, reduction on 20% Pt/C and the
composite synthesized by catalyst-free pyrolysis of the
xylol/ethylenediamine mixture in the amount of ~300
ug/cm? were close to one another being equal to ca. —
0.1 V (Ag/AgCl), and the slope found according to the
Koutecky—Levich equation at the potential of —0.35V
(Ag/AgCl) corresponded to 3.86 electrons per oxygen
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molecule. However, these polarization curves exhib-
ited two successive waves. The first-wave height corre-
sponds to the limiting diffusion current of the two-
electron process. The potential of —0.35 V (Ag/AgCl)
falls in the region of this wave and corresponds to O,

reduction to HO;, and to the number of electrons 2 rather
than the number 3.86 shown by the authors. The
polarization curves on Pt catalyst was also assumed to
comprise two waves, which contradicts the numerous
available experimental data pointing to the single-
wave polarization curve on Pt [117].

According to the results obtained by means of
RRDE method in 0.1 M KOH [57], the polarization
curve of O, reduction on the catalytic systems synthe-
sized by catalyst-free pyrolysis of oxidized graphite
and melamine shifts by 0.1 V in the positive direction
as compared with the unmodified GM. O, reduction is
characterized by a single wave and the number of elec-
trons amounts to 3.4—3.6 in contrast to 2.2—2.4 for
unmodified CM.

Measuring polarization curves by means of RDE in
0.1 M KOH has shown [58] that O, reduction on
C;N,/carbon support composites prepared by etching
out SiO, supports of different degrees of dispersion is
characterized by a single wave. The specific surface of
composites insignificantly affected their activity and
the number of electrons (n = 2.9—3.2) calculated
based on Eq. (3).

According to the results obtained by RDE method
in 0.1 M KOH [59], for the catalyst loading of
250 ug/cm?, onset potential of O, reduction on the
pyrolysis products of PANI nanocylinders was ~—0.2 V
(Hg/Hg,Cl,). Depending on nitrogen content and the
specific surface value, the number of electrons deter-
mined using Koutecky—Levich equation decreased in
the series 7.04 at % (including 3.61 at % of pyridine N,
the total specific surface 317 m?/g) > 5.83 at %
(2.04 at %, 322 m?/g) > 5.5at % (2.25 at %, 441 m?/g),
being equal to 3.5 > 2.5 > 1.8, respectively. As the cat-
alyst amount increased from 250 to 500 ug/cm?, the
average number of electrons involved in the reaction
was found to increase. The authors observed also a
correlation between the specific mass activity and the
specific surface of mesopores. Unfortunately, the spe-
cific catalytic activity and the number of electrons
were determined at the potential of —0.6 V (Hg/Hg,_
Cl,) where the limiting diffusion current was already
attained. Moreover, the polarization curves were mea-
sured with a relatively high potential scan rate of
20 mV/s, which means that the contribution of
charging currents to the recorded current may be high.
This followed from cyclic voltammograms also
recorded at the rate of 20 mV/s. Probably, this was due
to some methodical error giving rise to a correlation
between the catalytic activity and the capacitance
value, revealed by the authors.
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When studying the properties of composites
formed by melamine, urea, and dicyanodiamide with
a graphene-like material, which were synthesized by
uncatalyzed pyrolysis, the authors of [60] stated that
the number of electrons determined using Eq. (3) for
unmodified graphene-like materials was 2 at poten-
tials more positive than —0.8 V (Hg/Hg,Cl,) and 2.8
for the more negative potentials in the second-wave
region. For the melamine-based composite, the num-
ber of electrons increased under the same conditions
from 2.5 to 3; for the urea-based system, it increased
from 3 to 3.8, and for dicyanodiamide, from 3.5 to 4.
However, according to the character of polarization
curves measured by RDE method on the initial
graphene-like material and also on its composites
based on melamine and urea, the reaction of O,
reduction in 0.1 M KOH proceeded only by the
sequential path through the formation of hydrogen
peroxide. This followed from the presence of two
clearly pronounced waves.

The CV studies of undoped and N-doped nanow-
alls in 0.1 M KOH [17] made it possible to relate the
increase in capacitance to the increase in the layer
thickness and also to degree of N-doping. The doping
shifted onset potential by 60 mV in the positive direc-
tion. The shape of polarization curves and the values
of limiting diffusion current close to their value calcu-
lated for n = 2 suggest that the reaction of O, reduction
proceeds by the successive route both on doped and
undoped materials. According to the authors, at 0.38 V
(RHE) (in the second-wave region), n = 2.1—4,
which, however, does not imply direct four-electron
process.

The catalytic activity and selectivity in 0.1 M KOH
of metal-free N-doped carbon aerogels synthesized by
the high-temperature treatment (700—900°C) of pre-
liminarily carbonized nanofibers of bacterial cellulose
in NH;, were compared with the literature data and
also with the results for ammoxidized carbon blacks
Vulcan XC72, Ketjenblack EC-300, carbon nano-
tubes, and reduced graphene oxide [118]. By means of
RRDE method, the average number of electrons for
nitrogenized carbon blacks at 0.8 V was found to not
exceed 2.5, whereas for N-doped aerogels based on
carbonized cellulose and graphene oxide, this number
amounts to 3.96.

According to ref. [82], on nitrogen-doped CM, O,
reduction in alkaline electrolytes proceeded by the
sequential path, the same as on unmodified CM. Fig-
ure 9 shows polarization curves of O, reduction on
carbon black Ketjenblack EC-300; carbon black Ket-
jenblack EC-300 modified with 40 wt % PAN pyro-
lyzed at 900°C; dispersed electrospun mat PAN-900
pyrolyzed at 900°C; and PAN-6 fibers activated in
water vapors at 1000°C. According to XPS data,
PAN-900 contained up to 10 at % nitrogen for its spe-
cific BET surface not exceeding 100 m?/g. According
to the BET data, PAN-6 had the specific surface of up
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Fig. 9. Polarization curves of O, reduction of a disk elec-
trode (/p) and the currents of H,O, oxidation on Pt ring
(Ig) for (I, I') 40% PAN-900/Ketjenblack EC-300;
(2, 2') Ketjenblack EC-600; (3, 3') PAN-900; (4) PAN-6.
RRDE, 1 M KOH, O,, 1 mV/s, 25°C, 660 rpm, loading
200 pg/cm?.

to 1600 m?/g, the adsorption capacity with respect to
benzene vapor of 570 mg/g, and the nitrogen content
found by elemental analysis of 2.7 wt %.

A series of studies [119, 120] were devoted to the
effect of nitrogen atoms on the properties of nanowires
in O, reduction reaction. The materials were synthe-
sized by deposition of vapors of ferrocene and m-xylol
or pyridine. It was shown that the rates of O, reduction
and H,0, decomposition were accelerated with the
increase in the degree of N-doping, being indepen-
dent of the presence of Fe. This is why, presumably, Fe
played the role of the catalyst in the stage of synthesis.

The effect of nitrogen content (melamine served as
its source) in NT synthesized at 800—1000°C in pres-
ence of ferrocene as the catalyst was studied in O,
reduction reaction in 0.1 M KOH [121]. As the nitro-
gen content increased from 0 to 7.7 at %, the E,, value
increased from 0.767 to 0.947 V (RHE). For nitrogen
amount higher than 3%, a single polarization wave was
observed and, according to Koutecky—Levich equa-
tion, n ~ 3.7. Polarization curves of O, reduction were
measured for the catalyst loading varying from 20 to
800 ug/cm?. The highest mass activity at E= —0.15V
(RHE) attained for the catalyst loading of
160 ug/cm? was comparable with the characteristics
of the electrode containing ~2 ug/cm? Pt.

In other ref. [122] carried out on NT, doped with
nitrogen during their synthesis in presence of ferro-
cene as the catalyst, followed by Fe removal, the polar-
ization curves were shown to have two waves.
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Although the number of electrons calculated based on
Koutecky—Levich equation was 3.6—3.8, four-elec-
tron reaction cannot be assumed in view of aforesaid.
It was suggested that the role of the metal consisted in
catalyzing the reaction of nitrogen incorporation into
the NT structure [16, 123].

Based on the analysis of different mechanisms of
O, reduction on Pt/C catalyst and nitrogen-doped NT
carried out by polarization curves fitting, it was shown
that in the both catalytic systems the reactions proceed
by close pathways in alkaline electrolyte [124]. For the
direct reaction, the rate constants k; exceeded k.
Moreover, the rate constant for the reduction of per-
hydroxyl ion k5 was quite considerable which led to the
apparent four-electron path.

Highly efficient catalysts based on ethylenedi-
amine and salts of Fe and Co in the 1/1 metal ratio
were described [125, 126]. Their synthesis was carried
out at 900°C in inert atmosphere. The subsequent
treatment in 0.5 M H,SO, followed by repeated ther-
mal treatment at 900°C resulted in disappearance of
the peakinivs. Ecurvesin 0.1 M KOH near0.1-0.2V
(RHE) associated with the presence of metal. The
Tafel slope was ~—0.07 V/decade. The half-wave
potential was 0.1 V more positive as compared with the
original carbon material and 0.025 V more cathodic as
compared with the platinum system 46 Pt/C (TKK).

The characteristics of a catalyst synthesized on
SiO, with the use of polyethyleneimine as the source
of nitrogen and carbon in the presence of salts of Co,
Fe, Ce, which was followed by the removal of SiO, and
virtually all metals by treatment in HF, were described
[127]. The Co-containing system exhibited the highest
activity.

The results found for platinum-free systems with
sufficiently well removed metals differed insignifi-
cantly from the data for nitrogen-containing CM
derived without using metal catalysts. More diverse
experimental data characterizing the dependence of
the kinetics of O, reduction and its selectivity on the
nature of metals were acquired for CM simultaneously
doped with nitrogen and a transition metal.

4.2. Catalysts Containing Nitrogen
and Transition Metals

As compared with the other groups of carbon-sup-
ported nonplatinum catalysts, the systems containing
nitrogen and transition metals exhibit the higher activ-
ity and the higher selectivity with respect to four-elec-
tron reaction and demonstrate a pronounced effect of
metal atoms on the catalytic properties. In this group
of studies, attention was focused on the use of
graphene-like materials as the supports. This is associ-
ated with the high surface of graphene (theoretical
value ~2630 m?/g), its adequate chemical stability,
high conductivity, unique structure of the graphite
basal plane including its susceptibility to functional-
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ization. Among various heteroatoms (N, B, P, S),
nitrogen is highly advantageous as regards modifying
graphene-like materials due to the close atomic sizes
of nitrogen and carbon and the possibility of forming
a strong covalent bond with carbon atoms. The theo-
retical investigations [128] have shown that nitrogen
can be considered as the n-donor that transfers elec-
trons to carbon favoring the formation of disoriented
carbon. The studies by adsorption spectroscopy [129]
have shown that the defects in the carbon structure
can bind nitrogen and then coordinate Fe or Co. As
compared with the other types of CM, graphenes have
the largest number of active sites for binding N and
coordinating metals [130].

Catalysts with the high activity in alkaline electro-
Iytes were synthesized [131] based on oxidized
graphene, as the main component, ethylenediamine,
melamine, and PANI, as the nitrogen sources, and Fe
salts. The possibility was demonstrated [132] of devel-
oping composites based on Co—S and nitrogen-con-
taining CM. Earlier, it was shown [133] that Co,S, is
highly active and selective with respect to four-elec-
tron reaction of O, reduction in 0.1 M KOH. Based on
calculations and model concepts, it was assumed [134]
that in Co,Sg, the S?>~ anions served as the active sites
for O, adsorption. For preparation of this catalyst, a
suspension of Ketjenblack EC-300, PANI (synthe-
sized through aniline oxidation by ammonium per-
oxydisulfate), and Co(NO;), was treated at 900°C in
nitrogen. It was shown that the catalyst composition
can be described as Co,Sg—N—C, where nitrogen is in
its quaternary and pyridine forms. The comparison of
the above catalytic system with the Fe—N—C and
Pt/C catalysts revealed its higher activity as compared
with not only the former system but also Pt/C system
in the potential region more positive than 0.6 V
(RHE). The number of electrons involved in the reac-
tion was ~3.7; Tafel slope was ~0.063 V/decade. How-
ever, no information could be found on the further
development of this direction.

The characteristics of the catalyst developed by
Acta S.p.A (Italy) were studied [135]. This catalyst was
synthesized by the pyrolysis of carbon black with the
surface of 1400 m?/g in the mixture of 1.5% Fe + 1.7%
Cu in the form of the corresponding phthalocyanines.
According to TEM data, the composite consisted of
agglomerates with the grain size of 10—30 nm, which
corresponded to the specific surface of ~750 m?/g.
High-resolution XPS data revealed no metal parti-
cles. Atoms Fe(III) were bound with nitrogen and
served as AC, while copper atoms formed a mediator
pair Cu(II)/Cu(I) which served for transferring elec-
tron from carbon to the N, Fe(I1)O,H adduct. Polar-
ization curves demonstrated a well pronounced four-
electron wave of O, reduction. The activity of
FeCu/C at £ > 0.8 V(RHE) was somewhat lower in
0.1 M KOH than the activity of 30% Pt/C (BASF),
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but at £ < 0.8 V (RHE) it exceeded the activity of the
platinum catalyst.

Using the liquid-phase method at 90°C, the multi-
component catalysts were synthesized [136] which
contained carbon black (Black Pearl 2000), metal
(Mn, Fe, Co, Ni, Cu), and polypyrrole. In these cata-
lytic systems, the formation of two types of AC was
postulated: M—N (where x is 2 or 4) and M=N—-C=,
which can provide either four- or two-electron reac-
tions. In all the cases, a single polarization wave was
observed. As regards selectivity, the catalysts formed
the series Mn < Fe < Ni < Cu < Co. Thus, the role of
the metal proved to be substantial. The effect of the
metal nature on the activity of catalysts synthesized by
pyrolysis of pyridine adsorbed on Vulcan XC72 was
demonstrated [137]. In systems pyrolyzed at 800°C
with the pyridine/carbon black ratio = 40/60, the
activity decreased in the row Co > Fe > Ce > W.

Catalysts synthesized by pyrolyzing Co and Fe
phthalocyanines and also their mixtures in the 1/1
ratio on Ketjenblack EC-600 carbon black at 600 and
800°C were studied in 0.1 M KOH. In all the cases, a
single polarization wave was observed, which was
shifted a little to anodic potentials as compared with
the Pt/C catalyst [138]. Based on structural studies,
the formation of FeCo alloy was concluded. The sys-
tems based on two metals, in which carbon black was
used as the support and Co phthalocyanine served as
the main precursor and which also contained addi-
tions of Fe, Co, Ni, V were characterized too [139].
For the pyrolysis temperature of 600°C, the maximum
activity was observed for Co—Fe/C catalyst with 40/60
ratio of metals. It was assumed that the AC role was
played by the groups of atoms Fe—N and Co—N. For
catalysts Me/aminopyrine/BP2000 (700°C), it was
shown [140] that the catalytic activity in O, reduction
in 0.1 M KOH decreased in the row Co > Fe ~ Cu >
Mn > Ni. The selectivity determined by means of
RRDE method changed in the series Fe > Mn > Co >
Cu > Ni. Moreover, the metal-free catalyst aminopy-
rine/BP2000 (700°C) with the nitrogen content close
to that in metal-containing systems exhibited no cata-
lytic activity.

The mixture of starting reagents used in the synthe-
sis of Fe—N—C composite was subjected to mechano-
chemical treatment [141]. At pH 13, the volume activ-
ity of the catalyst in the kinetic-control region (0.8—
0.9 V) with Tafel slope of~—0.06 V/decade amounted
to 20% of the activity of 46 Pt/C catalyst (TKK).

The authors of ref. [74] have discovered that cata-
lysts with the activity comparable with that of pyrolysis
products of metalloporphyrins can also be synthesized
based on mixtures of simple compounds, for instance,
a mixture of PAN or pyrrole with metal acetates. They
also studied the effect of the pyrolysis temperature on
the activity of resulting catalysts exhibited in 4 M
NaOH at 60°C and placed the optimal pyrolysis tem-
perature in the range of 700—900°C. It was also noted
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that metal-free products of PAN pyrolysis could be acti-
vated by the introduction of cobalt oxides followed by
deep cathodic polarization. According to the authors,
metal ions formed complex compounds with nitrogen
atoms on the electrode surface to produce AC.

It was found [142] that the activity obtained as a
result of the mechanical introduction of a carbon sup-
port into Co,0;/TMPP catalyst after the pyrolysis
stage was lower as compared with the case where the
support was added before the pyrolysis. According to
the authors, this pointed to the key role of carbon
during the thermal treatment.

According to the data obtained by RDE and vol-
tammetry [91], the pyrolysis product of 4.4%
H,TMPP/Vulcan XC72 has low activity comparable
with that of initial carbon black, in contrast to pyro-
polymer 4.8% TMPPCo/Vulcan XC72.

The catalytic activity of the catalysts based on the
pyrolysis products of the predeposited mixture of Co
and Fe complexes with ethylenediamine, synthesized
at 800°C did not decrease during cycling in 0.1 M
KOH in the potential range of 0.8—1.2 V (v =10 mV/s,
700 cycles), in contrast to its cycling in 0.5 M H,SO,
[86]. The activity loss observed in the acidic medium
was explained by the degradation of AC associated to
pyridine nitrogen atoms. According to XPS data,
cycling in the acidic medium resulted in total disap-
pearance of spectrum peaks associated with pyridine
ring and pyridine oxide because of their transition to
the reduced form, in contrast to alkaline medium. The
catalyst stability was studied [143] for the pyrolysis
product of poly-TPPFe (at the optimal pyrolysis tem-
perature of 600°C) deposited on Vulcan XC72 carbon
black. It was shown that after 10* cycles in the potential
range from —0.5t0 0.5V (Hg/HgO/1 M KOH) at the
temperature of 20°C, the activity of the poly-
TPPFe/Vulcan XC72 catalyst did not decrease. The
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activity was also retained during 200 cycles of polariza-
tion curves of O, reduction. In the potentiostatic mode
(0.052 V vs. Hg/HgO), the characteristics were
observed to decrease by 12% as compared with 31% for
the TPPFe/Vulcan XC72 catalyst based on the mono-
mer precursor.

A detailed study of the kinetics and selectivity in
oxygen reaction in 0.1 M KOH was carried out by
means of RDE and RRDE methods for catalytic sys-
tems synthesized by pyrolysis of TMPPCo [109]. By
varying the thickness of 30% TMPPCo catalyst layer
on RDE from 1.1 to 26.3 um, it was shown that its
macrostructure was accessible to O, for the thickness
not exceeding 5.3 um, which corresponded to the cat-
alyst loading of 0.2 mg/cm?. Varying the amount of
TMPPCo from 5 to 30% on Vulcan XC72 has shown
that the microstructural accessibility of the surface of
catalyst grains is guaranteed for metalloporphyrin
amount below 15%. This corresponds to the condi-
tional surface coverage of Vulcan XC72 6 < 1.5.
According to the data obtained by means of RRDE
method, the catalytic activity as well as the selectivity
of the TMPPCo/Vulcan XC72 system containing
from 5 to 30% porphyrin with respect to O, reduction
in 1 M KOH at 60°C depended only insignificantly on
the support surface coverage with pyrolysis products.
Hence, the increase in the porphyrin content in the
catalyst is an inefficient method for enhancing the
catalytic properties of the TMPPCo/Vulcan XC72
system. O, reduction on the pyrolysis products of
TMPPCo proceeded by the parallel path to form the

stable products OH™ and HO,. Figure 10 shows that
the tangent of the I N/I vs. %3 dependence is close
to zero.

In contrast to TMPPCo pyropolymers, O, reduc-
tion on TMPPFeCl pyrolysis products took the paral-

lel-sequential path leading to formation of OH™ and

HOj and the further transformation of HO, as follows
from the results obtained using RRDE method
(Fig. 11) [82]. The selectivity, i.e., k,/k, ratio of the
catalyst with 30% TMPPFeClin 1 M KOH depended,
in a complicated manner on the potential, changing
from 49 to 19 as the potential varied from 0.9 to 0.2 V
(RHE) with the minimum (k,/k, = 4) at 0.6 V (RHE).
The parallel-sequential path was also taken by the
reaction of O, reduction in 1 M KOH at 60°C on the
products of PAN and 1,1'-diacetylferrocene joint
pyrolysis. The selectivity k,/k, decreased in this case
from 5.4 to 1.1 as the potential varied from 0.75 to
0.2 V(RHE).

The catalytic activity of CoTMPP/carbon support
catalysts and MnO,—CoI'MPP/BP composites was
studied in [144]. Comparing CV curves measured in
1 M KOH at 25°C has shown that the catalytic activity
of materials synthesized on the carbon black Black
Pearl (BP) was higher as compared with Vulcan XC72.
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Moreover, the preliminary treatment of the support in
H,0, solution allowed the catalyst activity to be
increased. According to the results obtained on RDE
and plotted on the coordinates of Koutecky—Levich
equation [144], the number of electrons transferred
per O, molecule was ~2 for the Col M PP/BP catalyst.

A CoO/GO(N) catalyst representing a composite
containing up to 25% Co in the oxide form was pre-
pared by adsorption of cobalt nitrate on the surface of
nitrogenized reduced graphene oxide, which was fol-
lowed by the thermal treatment at 220°C in inert
atmosphere [145]. The nitrogenized reduced graphene
oxide was prepared in an autoclave by the hydrother-
mal treatment (100°C) of reduced graphene oxide in
ammonia and hydrazine solution. After nitrogenation,
nitrogen content in the material was 4.4 at % accord-
ing to XPS data. The analysis of results acquired by
means of RRDE method in 0.1 M KOH at 25°C has
shown that the composite represents a highly active
and selective catalyst with onset potential of O, reduc-
tion of 0.95 V (RHE) at the catalyst loading of
0.6 mg/cm? and the half-wave potential of 0.83 V
(RHE) at ® = 900 rpm. The yield of H,O, in the
potential region of 0.4—0.8 V (RHE) decreased in the
following row: Pt/C > CoO/GO(N) > GO(N) >
Co0O/GO > CoO > GO. At the potential of 0.7 V
(RHE), which is of interest for practice, under model
conditions (0.1 M KOH at 25°C), for loadings of
0.6 mg/cm? for nonplatinum materials and
20 ugp,/cm? for Pt/C, the yield of H,O, (in %) was 0—
2<3-5<7-10< 12—15 < 20-25 < ~40, respectively.
Thus, as follows from the results obtained in ref. [145],
the synthesis of composite nonplatinum catalytic sys-
tems can be carried out at low temperatures.
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In [146], RDE studies of how KOH concentration in
the range from 0.05 to 12 M affects O, reduction rate and
the selectivity were carried on pyridine/Co/Vulcan
XC72 composite synthesized at 800°C. The quantity n
calculated based on Koutecky—Levich equation
decreased insignificantly with the increase in alkali
concentration being in average 3.6. In 3 M KOH solu-
tion, Tafel slopes for the pyridine/Vulcan XC72 cata-
lyst were ~—0.050 (low polarization region) and
~—0.160 V/decade (high polarization region); for
Co/Vulcan XC72, b ~—0.050 and ~—0.230; for pyri-
dine/Co/Vulcan XC72, b ~—0.047 and ~—0.119; and
for Pt/C, b ~—0.046 and ~—0.115 mV. The polariza-
tion for pyridine/Co/Vulcan XC72 was ~0.150 mV
higher as compared with Pt/C.

The effect of KOH solution pH on the peculiarities
of O, reaction on 30% TMPPCo/Vulcan XC72 cata-
lyst was studied using RDE method [147]. It was
shown that as alkali concentration increased, the aver-
age number of electrons added to O, molecule
decreased from 3.4 to 3.0 for E= —0.2 V (RHE) when
going from 0.1 M to 4 M KOH.

Thus, the introduction of Co and Fe into the nitro-
gen—carbon system exerted the clearly distinguishable
effect, increasing the activity and forming a single O,
reduction wave, in contrast to the majority of systems
containing no metals. Attempts [147] to use metal
atoms other than Co and Fe failed.

For synthesizing catalysts of O, reduction to be
used in alkaline media, one has to derive a carbon
material with incorporated nitrogen atoms and a high
specific surface. As a rule, the synthesis is carried out
by pyrolysis of C-, N-, and Fe(Co)-containing pre-
cursors adsorbed on a dispersed catalytically inactive
support, which favors the development of the high
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specific surface. The optimal pyrolysis temperature is
800—900°C. The nitrogen atoms can also be incorpo-
rated by low-temperature methods. The optimal con-
tent of nitrogen atoms is not a universal characteristic
as well as the content of metal compounds. Catalysts
involving nitrogen and a transition metal of the Fe-
group make it possible to carry out oxygen reduction
by either parallel-sequential or parallel pathways. In
this case, the yield of H,0, as a rule does not exceed
50—60% and, according to available literature data,
the reaction selectivity depends little on electrolyte
concentration, being, however, determined by the
thickness of the catalytic layer and increasing with the
increase in the thickness.

4.3. Complex Oxides

Keen attention is drawn to the use of oxide catalysts
for O, reduction with the structure of spinel (A B;_,O,,
0<x< 1, A=Co, Ni, Li, Mn, Cr, Cu; B= Co, Mn)
and perovskite (ABO;, A= La, Ca, Pr, Sr, Ba; B = Co,
Mn, Fe, Ni) and also to the development of gas-diffu-
sion cathodes on their basis to be used in metal—air
cells with liquid alkaline electrolytes [6, 7, 148]. In
average, the surface of these oxide systems does not
exceed 20—50 m?/g and the cathode thickness reaches
2—3 mm.

Both for manganese (e.g., Cr, _ ,Cu,Mn,0,) [149]
and cobalt (Ni,Co; _,0,) [150] spinels, the activity in
the reaction of O, reduction depends on which cat-
ions and in which ratio occupy sites B. The highest
activity and stability in 6 M KOH was observed for
MnCo,0O, spinel synthesized on highly dispersed car-
bon black [151].

The first time that attention was drawn to the activ-
ity of perovskites in the reaction of O, electroreduction
was in ref. [152]. The authors of ref. [153], in a series of
publications have shown that in the row of cobaltites,
manganites, and ferrites La, _ ,A BO; (where A is Ca
or St; B is Co, Fe or Mn) the activity in O, reduction
decreased (LaCoO; > LaMnO; > LaFeO;), whereas
their stability during their operation within AFC
increased (LaCoO; < LaMnO; < LaFeOy). This is why,
the best way was with La and Mn partialy substituted by
Sr and Fe, respectively, to form La, _ ,Sr,Mn, _ Fe O,
starting with manganite LaMnQO;. As demonstrated
for LaygSry,Mn, _ FeyO; (y = 0.0-0.8) and
La,_ Sr,Mn,gFe,,0; (x = 0-0.4), the activity
sharply increases with the increase in x and monoto-
nously decreases with the increase in y. For MeMnO;,
it was shown [154] that as the ionic radius of the rare-
earth metal increased, the catalytic activity of oxides
also monotonously increased. The partial substitution
of Ca and Sr for La in cobaltites, mangantites, and fer-
rites was shown [155] to considerably enhance the cat-
alytic activity. It was found in ref. [156] that the cata-
lytic activity of La, (Ca, ,Co0O; oxide powder with the
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specific surface of 15 m?/g in its mechanical mixture
with carbon materials decreased in the following series:
carbon black Ketjenblack EC-600 (1300 m?/g) > car-
bon black Vulcan XC72 (250 m?/g) > carbon black
Vulcan XC72 graphitized at 2700°C and activated at
600°C in air (100 m?/g) > graphite HS-100 (100 m?/g) >
carbon black Vulcan XC72 graphitized at 2700°C
(70 m?/g). Another way destined to improve the elec-
tric contact of the oxide and the current collector is to
synthesize highly dispersed particles on the surface of
carbon material, as this was done in ref. [151] for oxide
of MnCo,0, spinel type synthesized by microwave
treatment of the respective salts. As the specific sur-
face of the composite catalysts increased above
90 m?/g, the activity value levels off. This effect was
also described earlier in ref. [157] for the active layers
based on metalloporphyrin pyrolysis products the
composition and the specific surface area of which
were dependent on the ratio of two carbon blacks with
different degrees of dispersion.

5. THE ACTIVE CENTER STRUCTURE
FOR CATALYTIC SYSTEMS, O, ADSORPTION
AND ACTIVATION, THE SELECTIVITY
WITH RESPECT TO O, REDUCTION

5. 1. Active Centers of Carbon Materials Modified
with Nitrogen and Transition Metals

The discussion of the AC structure of nonplatinum
systems and the mechanism of electrocatalysis of O,
reduction should be based on the general principles
already known for other catalytic systems which pro-
vide acceleration of the reaction and enhance its selec-
tivity. The first of them is the sufficiently strong
adsorption of O, followed by partial charge transfer to
the adsorbed molecule [158]. The second one is pro-
tonation of the adsorbed O, molecule [158, 159],
which provides acceleration of the reaction in acidic
solutions in which the transfer of the first electron to
O, proceeds with the high overpotential as compared
with equilibrium potentials of two- and four-electron
reactions [8].

In alkaline solutions, the potential values of first-
electron transfer for two- and four-electron reactions
come closer to one another; and, hence, the reaction
of O, reduction can proceed at a low adsorption energy
even without the adsorption stage [160]. However,
under these conditions too, the slow stage is the for-

mation of O, anions which later disproportionate near
the electrode. However, the hindered protonation in
alkaline electrolytes on platinum metals is accompa-
nied by the decrease in selectivity [117]. Furthermore,
in alkaline solutions, the surface coverage with oxy-
gen-containing species (OH,q4) [161] that block the
AC and complicate the O, adsorption increases.

The experimental facts and their interpretation
both on the phenomenological level [162, 163] and
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based on quantum-chemical calculations [164] made
it possible to describe the main peculiarities of O,
reduction on platinum and compact carbon materials
with the low energy of O, adsorption [165].

The peculiarities of the AC interaction with the
oxygen molecule described above, influencing on the
reaction Kkinetics, its route, and of selectivity, should
be used in estimating the efficiency of various types of
possible AC in the electrocatalysis of O, reduction on
nonplatinum systems.

The adsorption energy of molecular oxygen is the
most important parameter determining the possibility
of'the break of the O—O bond and, hence, the selectiv-
ity of O, reduction. At present, this value was not esti-
mated experimentally for the adsorption of oxygen
molecules on AC in electrolyte solutions. The latter
fact is general for all the known electrocatalysts of O,
reduction. The indirect data on the adsorption energy
value of O, and intermediate species can be calculated
in terms of the density functional theory based on
some hypothetical AC structures [166]. Hence, in the
present stage of studies, the only direct experimental
data allowing estimation of the selectivity of O, reduc-
tion are the results obtained by RRDE method
[109, 125]. Within the framework of the theory of par-
allel-sequential reactions [106], the degree of selectiv-
ity of oxygen reduction process is determined by the
rate ratio of the direct (with the break of O—O bond)
and sequential (through the transient formation of
H,0,) reactions. Moreover, as was shown above, the
mere determination of the yield of hydrogen peroxide
[167] or calculation of the number of electrons
involved in the reaction according to the Koutecky—
Levich equation [73] give no way of obtaining the cor-
rect data on the reaction selectivity.

According to theoretical studies [168], the energy
of physical adsorption of O, on graphite is
0.9 kcal/mol (~3.8 kJ/mol). For nanotubes, the
adsorption energy of an oxygen molecule was calcu-
lated to be 0.1 eV (9.6 kJ/mol) [169] and 0.25 eV
(24.1 kJ/mol) [170]. In this case, the degree of charge
transfer from an NT to an O, molecule is extremely
low, namely, 0.01—0.09 e~. In alkaline solutions, the
additional effect of protonation of the adsorbed oxy-
gen molecule is absent. This fact quite agrees with the
available experimental data according to which, irre-
spective of the CM morphology, i.e., from single-
crystal graphite to activated carbons, O, reduction in
alkaline solutions proceeds only by the sequential
mechanism. The close energies for the linear adsorp-
tion of O, molecule were found in [171] on N- and
B-doped CM: 0.3 and 0.5 eV, respectively. Moreover,
the dissociation energy of O, molecule preliminarily
chemisorbed on CM is 0.13 eV.

Of great importance are the results of studying the
changes in the electronic and adsorption properties of
CM modified with heteroatoms, namely, N, B, S, etc.

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 52

209

Quantum chemical calculations have shown [172] that
the introduction of heteroatoms into graphene layers
increases their basicity and catalytic activity in reac-
tions with electron transfer, e.g., O, electroreduction.
This approach was developed further in several studies
[119, 120, 173] in which systematic investigations of
the effect of nitrogen content in NT on their morphol-
ogy, electronic, and electrochemical properties were
carried out in neutral and alkaline electrolytes.
According to Raman spectroscopy data, the observed
increase in the G/D ratio of band intensities with the
increase in the nitrogen content from 0 to 7.4 at % is
associated with the increase in the number of defects
and edge carbon atoms. According to [174], nitrogen
atoms can stabilize the structure defects. The increase
in the differential capacitance from 3 to 9 uF/cm? was
explained by the formation of a localized donor state
near the Fermi level. As the nitrogen content
increased, the volume conductivity also increased,

and one observed the acceleration of O, + e~ — O,
reaction and the further heterogeneous decomposition

of HO,;. Thus, the increase in the degree of doping of
NT with nitrogen makes their properties closer to
those of metals.

In terms of the nanoribbon model and with the use
of the density functional theory it was shown that dop-
ing with nitrogen of zigzag edges gives rise to the
appearance of n-conduction. The nitrogen atom has
five valence electrons and the neighboring two carbon
atoms have valence four. Hence, nitrogen can be con-
sidered as the electron donor. The increase in the con-
duction band occupation shifts it to the valence band
[175].

In other studies, attention was focused on peculiar-
ities of the local interaction of O, with nitrogen-doped
CM. The adsorption of O, in the triplet and singlet
states on nitrogen-doped NT of various diameters and
lengths was considered [68]. The lifetime of adsorbed
10, is extremely short; the adsorption of 30, in the
presence of nitrogen in NT is favorable as regards
energy. The electron configuration of 0, is similar to

that of 20;, and, hence, N-doped NT serve as the
effective catalyst of O, reduction. The introduction of
nitrogen into a NT induces a considerable negative
charge, making easier the electron transfer from the
nanotube to adsorbed oxygen [176].

The changes in the O—O bond energy at the
adsorption on SWNT and N-doped SWNT were cal-
culated for different configurations of the system
[177]. For SWNT (10), O,-dissociation barrier height
was found to be 2 eV (192.9 kJ/mol). In the presence
of nitrogen in the SWNT structure, in case if O, takes
the place immediately above nitrogen, the high activa-
tion barrier for the molecule dissociation is retained.
The alternative configuration is the adsorption inter-
action with the carbon atoms adjacent to nitrogen
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atom. In the latter configuration, the barrier height is
observed to decrease to 0.68 eV (65.6 kJ/mol). If nitro-
gen dopes an NT defect, then the height of the barrier
to O, dissociation may decrease to 0.03 eV
(2.9 kJ/mol). In [178], the concept of the key role
played by the carbon atom adjacent to the quaternary
nitrogen in the O, adsorption and dissociation was
elaborated. However, these carbon atoms bear a posi-
tive charge, which, according to widely accepted views
hardly favors the transfer of negative charge to the oxy-
gen molecule.

In connection with the possibility of the direct
reaction of O, reduction to water, mention should be
made of the studies carried out in acidic solutions in
which the protonation of the adsorbed oxygen mole-
cule is possible. Considering OOH as the initial
adsorbed species (in strongly acidic solutions), it was
concluded [179] that the four-electron reaction is pos-
sible after the introduction of nitrogen atom into the
system. In the latter case, the AC represents carbon
atoms with a high spin density or a high positive
charge. In contrast, it was found [83, 180] that irre-
spective of the nitrogen atom position, i.e., on basal or
edge parts, the adsorption energies of O, and OOH are
too low for the break of the O—O bond, and the reac-
tion proceeds through the formation of H,O,.

In the alkaline electrolyte, the protonation of
adsorbed O, molecules is not discussed. It was
assumed [181] that O,,4 species are stabilized due to
the formation of hydrogen bonds with water mole-
cules. In analogy with protonation, this can favor the
acceleration of the stage of first-electron transfer and
O, dissociation. It was shown that in the absence of
water, O, cannot be adsorbed on the nitrogen-modi-
fied graphene surface. It the presence of water, the
chemisorption energy becomes equal to —0.76 eV, and
0,,4s can be protonated to OOH, 4 (0.42 eV). Thus,
taking account of the energy of stabilization of inter-
mediate species by hydrogen bonds changes the ener-
getics of adsorption of O,, OOH, O, and OH. Accord-
ing to the authors, the conditions of O, reduction in
alkaline solutions on quaternary nitrogen are similar
to those observed on Pt (111). Moreover, similarly to
[182], the slow stage is not the adsorption of O, but the
removal of O,y or OH,. In this case, the Tafel slope
should correspond to the transfer of the third electron,
i.e., be lower than 40 mV per current decade. Such
slope is observed only in the initial region of the polar-
ization curve and corresponds to the conditions close
to the steady state. However, this assumption contra-
dicts the generally accepted concepts on the kinetics of
O, reduction with the slow stage of either O, adsorp-
tion or the transfer of the first electron.

In contrast to acidic solutions, the acceleration of
the first-electron transfer to the O, molecule in alka-
line electrolytes changes the ratio between the stages of
first- and second-electron transfer [183]: the inhibi-
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tion of the second electron transfer at low overvoltages
corresponds to the Tafel slope of ~2 X 2.3RT/3 Fwhich
increases to ~2 X 2.3RT/F at high current densities.

5.2. Active Centers of Complex Oxides

The detailed review [21] devoted to the kinetics and
selectivity of O, reduction on Co-containing spinels
gave no answer on the question of the AC nature and
the mechanism of electrocatalytic reduction of O,.
Attention was drawn only to the effect of the nature of
cation in the octahedral position and the necessity of
the presence in spinel of cations of alternating valence:
Co?"/Co**, Mn?*"/Mn3".

One drawback of spinels, besides their stability
[184, 185], is their low selectivity with respect to the
four-electron reaction of O, reduction. According to
[186], the ratio k,/k, for NiCo0,0, does not exceed 3.5.
The cathodic potential shift to 0.6 V decreased the
k,/k, ratio to 0.5 [106]. A new method of synthesizing
manganese-cobalt spinels on the partly reduced
graphene oxide with simultaneous incorporation of
nitrogen was proposed [187]. The formation of C—O—
metal and C—N—metal bonds was confirmed by spec-
troscopic data. The activity of such spinel in 0.1 M
KOH was not lower than that of 20% Pt/C, and the
overall number of electrons involved in the reaction at
E=0.9-0.5 Vwas 4.0—3.8. However, such a complex
system can hardly be stable in free concentrated alka-
line electrolytes and polymer electrolytes.

One of the first publications in which the oxygen
reaction in alkaline solutions was thoroughly studied
for a large group of perovskites ABO; (A is lanthanum,
B is transition metal of the VI-VIII groups) was ref.
[188]. It was shown that the mechanisms of reactions
of O, evolution and reduction are different. The
reduction of O, proceeds on the surface with the high

coverage with OH,,, and has the Tafel slope ~ R—FT and

dlogi

logpo,

conduction determines the formation of a space
charge in the potential region of the cathodic reaction.
Table 2 [189] compares the corrosion and electro-
chemical properties of certain La-based perovskites.
LaMnO;, LaCo0O;, and LaNiO; exhibit high activity
but low stability. The introduction of Fe allowed the
stability to be increased. The electrochemical activity
was measured at £=—0.160 V (Hg/HgO), the electro-
chemical stability was found at £ = —0.260 V, the
chemical stability was assessed by 12-h exposure in 9 N
H,SO,. The results of chemical and structural analyses
of samples are shown by symbols: the presence of La
perovskite + peroxide (O), the retention of the per-
ovskite structure (P), the presence of La perovskite +
La hydroxide (V), La hydroxide (X).

the reaction order ~ 1. The presence of p-type
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Table 2. Corrosion and electrochemical properties of perovskites [ 189]
5 .
Oxide . _3{‘;’3/\;’?‘% HeO) Elec:trggﬂft;mcal Chemical stability

LaMnO, 1266 o o
LaCoO; 1006 X
LaNiO; 468 X o
LaCrO; 344 P P
LaFeO, 273 P P
Laj ¢SrFeO, 519 P P
La ¢SrFeCo 405 682 Vv p
Lag Sty 4Feg sMng 405 922 P P

Table 3. Characteristics of catalytic systems perovskite—carbon black

Composition Perovskite content, %
LaMnO; 20
Laj g3S15 17MnO;5 22
Lag 45S1) 35Mn0O4 25
Lag ¢;Sry 14MnO; 21
Lag g4Sr) 1,MnO;5 23

Diameter of nanoparticles, nm | j, mA/cm2 at E=0.75V
4.1 -
4.3 0.6
4.4 -
7.1 0.53
17.6 0.47

The introduction of Ca and Fe into positions A and B,
respectively, in LaMnQO; increased the solubility and activ-
ity. The introduction of Ca to the A positions increased the
activity, because the average valence state of the B position
in perovskite lattice increased. Laj,Ca,sMn,¢Fej 403,
La,,Ca)Co0;, and La, Sty sMn,,CoO; oxides were
studied [150]. Lanthanides La,¢Sr,,Fe,sMn,,0; and
La,(Ca, ,Fe, sMn,, ,CoO; were found to exhibit adequate
activity and stability.

The activity was also observed to increase with the
increase in the ionic radius of the rare-earth element
in position A. For the most active PrMnQ;, the opti-
mal composition was found to be Pr,, (Ca, ,MnO;. The
close relationships were observed in [190], where the
stability was achieved due to substitution of Ca so that
the optimal perovskites were La,,Ca,,MnO; and
La, (Cay 4C00;. The low activity of SrFeMoOg was
confirmed [191]. The total substitution of Co for Fe
gave rise to the increase in conductivity and activity of
oxides, which, however, remained lower as compared
with characteristics of Pt/C.

The results of ref. [192] in which a series of
La,_ ,Sr,MnO; perovskites with the particle size
smaller than 5 nm were synthesized on Ketjen Black
carbon black can be considered as successful. Catalytic
systems were formed by a modified inverse micelle
method [193] (Table 3).
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The addition of Sr changed the Mn valence from
3+ to 4+ as a result of occupation of La’* sites by Sr?*
ions and also increased the electronic conductivity
and made easier the adsorption of O, molecules. As
follows from Table 3, the decrease in the particle size
induced the increase in the current at £=0.75 Von a
thin-layer disk electrode. RRDE studies revealed the
low yield of peroxide ion in 0.1 M KOH. This pointed
to the overall four-electron process of oxygen reduc-
tion, although the ratio of the direct and sequential
mechanisms was not determined. The potential £,
for the most active system was 110-mV more negative
as compared with 46 Pt/C (TKK) and also 80 mV
more positive as compared with 60 Ag/C (BASF).

For LaCoO; (10 m?/g) and La,¢Sr,,MnO;
(17 m?/g) and also for their composites with Sibunit
carbon black (66 m?/g) containing from 0 to 100 wt %
perovskite, it was assumed [194] that carbon black can
play the dual role providing the high conductivity and
the high degree of catalyst utilization, on the one
hand, and initiating the oxygen reduction, on the
other hand. Presumably, the activation of O, and its
reduction to the peroxide anion proceeded on the car-
bon black surface, while the further transformations of
reduction products were provided by the oxide cata-
lyst. The reversibility of redox reactions of perhydrox-
ide anions was studied on the same composite cata-
lysts LaCoO;/carbon black and La, ¢Sr,,MnO;/car-
bon black [195]. A simplified catalytic model was put
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Fig. 12. Hypothetical reaction mechanism of O, reduction
on perovskites, according to [197].

forward in which it was assumed that the adsorption
and reactions of OH,,/O, 4 proceed on the B”*/B™ *!
transition-metal cations of ABO; perovskites.

The origin of the catalytic activity of perovskites in
oxygen reaction was studied in ref. [188, 196]. The
authors suggested that the activity of oxide electrodes
is determined by the formation and occupation of the
o*-bond between the e,-orbital of the transition metal
and the molecular orbital of adsorbed oxygen. This
explanation is similar to that of electrocatalysis of O,
reduction on platinum-group metals: the closeness of
the d-band center to the Fermi level [146]. For 15 per-
ovskites it was shown [197] that the key role in acceler-
ation of O, reduction is played by the degree of occu-
pation of the o*-antibonding orbital of the transition-
metal atom on the surface. According to this mecha-
nism (see scheme in Fig. 12), the reaction kinetics is

limited by the rate of the stage (1) of the O,/OH
exchange, i.e., the removal of OH™ species. The rate of
this reaction reaches the maximum value at the com-
plete occupation of orbital e,. Based on the mecha-
nism of O, interaction with transition metals proposed
in [197], the authors of [198] assumed that the catalyt-
ically active species can be both low-spin ions Co**
with the electron configuration t’¢' and the high-spin
ions Mn?** (t°¢!) occupying the octahedral positions in
Mn, Co;_ O, spinels with the mixed cubic-octahedral
lattice.

6. STABILITY OF CATALYSTS
UNDER MODEL CONDITIONS

The corrosion stability of the carbon support
which, for nonplatinum catalysts, represents also the
main component of the catalytic system is of no less
significance than the electrocatalytic activity. The car-
bon materials are thermodynamically unstable in the
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potential region of FC cathode operation, i.e., from
0.5to 1.0 V(RHE), because the equilibrium potential
of their oxidation to CO, is 0.207 V under standard
conditions. It is only the slow kinetics of carbon oxida-
tion that makes possible its use in oxygen (air) cath-
odes. In metal—air cells with concentrated alkaline
electrolyte at temperature not above 40°C, hydropho-
bized electrodes of considerable thickness based on
activated carbons promoted by pyrolyzed TMPPCo
can steadily operate for up to 7—8 thousands of h
[199].

The successful operation of electrocatalytic sys-
tems in ACPE-based FC puts heavier demands on
their corrosion stability, which is associated with the
relatively small thickness of electrodes (~10—100 um),
the high concentration of AC and their complex com-
position. In [200, 201], based on corrosion behavior of
CM with different structure, it was proposed to clas-
sify CM in two groups with respect to their susceptibil-
ity to oxidation. The first group involves disordered
carbon, the second one includes graphene-like struc-
tures involving packs of graphene monolayers. The
relationship between the CM structure and its corro-
sion stability was also considered [14]. It is well
known that graphitization drastically decreases the
CM oxidation rate [15]. The corrosion rate is
described by the equation i = k" [202]. Parameter &
depends on the temperature and potential, and »n
depends only on the potential. Investigations have
shown that the oxidation process can be described
under the assumption of the presence of three oxide
types on the CM surface: the oxides that reversibly
and irreversibly passivate the surface and the catalyt-
ically active oxide that produces CO [201].

Doping with nitrogen is an important factor that
stabilizes CM [119] by increasing the basicity of this
material [84, 203]. The increase in basicity which
complicates the surface oxidation is associated with
both the delocalization of ;t-electrons and the proper-
ties of nitrogen which is the electron-donor with
respect to carbon. This agrees with the conclusions
[204] on the enhanced stability of activated carbon
after incorporation of nitrogen. In [68], the vertical
nitrogen-containing NT were cycled in the interval
from +0.2 to —1.2 V (Ag/AgCl) without visible
changes in i vs. E curves up to 100 thousands of cycles.
It should also be noted that the activation barrier to the
desorption for NO groups is higher as compared with
CO groups [205]. In the later studies, the concept of
stabilization of carbon supports due to incorporation
of nitrogen was considerably developed further for
both proton-exchange [29] and anion-exchange [16]
electrolytes. In one of the latest studies [206], the oxi-
dized FG samples with the number of layers of 25—35
(80 m?/g); 12—15 (140 m?/g), and 5—10 (734 m?/g)
were treated in the NH; atmosphere at 700°C for 1-3 h,
after which demonstrated good stability in the pres-
ence of OH™ ions in the membrane at 150—200°C. It
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Table 4. Characteristics of H,—O, (air) FC with ACPE and nonplatinum cathodic catalysts
ACPE type Cathodic catalyst ,°C |Gasmedium| Ey V |ijev, mA/cm?| W, mW/cm?|Reference
A901 Tokuyama (46 Pt (TKK 10ES0E)/KB 50 H,/0, 1.06 200 135 [192]
Co 1 atm
A901 Tokuyama |50 Ag (BASF)/Vulcan XC72 50 H,/0, - 60 49 [192]
Co 1 atm
A901 Tokuyama (20 Lag ¢3S, ;MnO3;/KB 50 H,/0, 0.97 160 129 [192]
Co 1 atm
A901 Tokuyama |46 Pt (TKK 10ES0E)/KB 50 H,/0, 1.04 285 190 [125]
Co 0.4 mg Pt/cm? 1 atm
A901 Tokuyama |CoFeN/Vulcan XC72 50 H,/0, 0.97 185 175 [125]
Co 4 mg/cm? 1 atm
Commercial Pt/C 0.45 mg/cm? 46 H,/air 1.05 [11]
membrane + 1 atm
Acta 12 anion- 370 >400
exchange iono-
mer
A901 Tokuyama |4020 Acta S.p.A. 0.8 mg/cm?| 46 H,/air - [11]
260 200
Co 1 atm
FAA Co—Fe;0,/C 60—80 H,/0, 0.85 150 114 [207]
FuMA-Tech 1 atm

was assumed that AC are pyridine groups on the disor-
dered edge structures with the total nitrogen content
of ~2.9 at %. In [132], the corrosion stability of sys-
tems Pt/C (60 ug/cm?), FeN/C, and Co,Sg—N—C in
0.1 M NaOH was studied for potential cycling with the
amplitude of 0.2—1.0 V (RHE) up to 5000 cycles.
Whereas for Pt/C no changes were observed, the other
two systems demonstrated a certain decay in activity in
the potential region of limiting diffusion.

The studies devoted to corrosion of CM with dif-
ferent morphology and also of CM modified with
other atoms or surface groups are scarce as compared
with the importance of the problem of durability of
such materials in FC and other devices of electro-
chemical power engineering. Furthermore, the funda-
mental questions of CM corrosion such as the kinetics
and mechanism of carbon oxidation depending on
their structure and the effect of corrosion on the dis-
charge curves were not considered at all.

7. CHARACTERISTICS OF FUEL CELLS
WITH ANION-CONDUCTING POLYMER
ELECTROLYTE AND NONPLATINUM
CATHODE

Cathodic nonplatinum catalysts were used for a
long time in the cathodes of metal—air cells with liquid
alkaline electrolyte. Certain information on the cata-
lytic systems including oxide, metal- and nitrogen-
containing catalysts supported by carbon materials can
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be found in a review [6]. However, these catalytic sys-
tems cannot be used with anion-conducting polymer
electrolyte. The catalysts to be used in FC with ACPE
should a priori be highly dispersed nanostructures and
have the high volume concentration of AC in order to
provide the acceptable current densities in active layers
of small thickness, because the relatively low conduc-
tivity of polymer electrolytes drastically increases the
contribution of the ohmic resistance to the overall
voltage losses.

Studying both the already known nonplatinum cat-
alysts and/or the catalysts in the stage of development
as regards their operation within MEA of H,—O, FC
with ACPE makes it possible to compare their charac-
teristics with the analogous ones of the most active
monoplatinum catalysts. These studies are scarce so
far. Among them, only few demonstrate acceptable
current densities, while the data on the stability is vir-
tually absent.

Table 4 demonstrates the characteristics of FC with
three types of ACPE (A901 Tokuyama Co [109, 173],
Acta 12 [11], and FAA (FuMA-Tech) [207]) and the
most efficient nonplatinum cathodic catalysts. For all
of them, the MEA surface was 5 cm?2. On the anode, a
monoplatinum catalyst was used in all the cases. The
data of Table 4 illustrate the comparative tests of MEA
with well-known monoplatinum systems on the cath-
ode (46 Pt TKK 10E50E). The highest current densi-
ties at 0.6 V and the maximum specific power densities
were attained for materials produced by Acta, espe-
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Fig. 13. (1, 2) Voltammograms and (', 2') dependence of
the power density on the current density in MEA of
H,—0, FC. Membrane Tokuyama A201, ionomer AS-4.
cathodic catalysts: (I, 1') CoFe/Vulcan XC-72,
1 mgg,/em?; (2, 2) 60 wt % Pt/C (HiSPEC9100),
0.4 mgp,/cm”. Anodic catalyst 60 wt % Pt/C (HiSPEC9100),
1 mgp,/cm”. 50°C, without excessive pressure.

cially as these tests, in contrast to the others, employed
air as the oxidant instead of oxygen. However, the
commercial membrane used by the authors is
unknown. In [92, 125], the membrane and ionomer
produced by Tokuyama were used. The highest cur-
rent densities at the voltage of 0.6 V (~300 mA/cm?)
and the maximum power density (~180 mW/cm?)
were reached in [125]. Moreover, the MEA perfor-
mance remained virtually unchanged upon substitu-
tion of 4 mg/cm? of the CoFeN/Vulcan XC72 com-
posite for 0.4 mg/cm? of Pt, but the open-circuit volt-
age decreased from 1.04 to 0.97 V. Other types of
ACPE and nonplatinum cathodic catalysts are also
used for ACPE-based FC (e.g., [208]). However, the
characteristics achieved in these studies are far below
those shown in Table 4.

H,—0O, FC comprising FAA (FuMA-Tech) anion-
exchange membrane, the cathodic metal-free catalyst
N-800 based on the pyrolysis product of supported
carbamide, and 40% Pt/C (E-TEK, 0.5 mg/cm?) as
the anode catalyst was tested [209]. For the gas pres-
sure of 1 atm and the temperature of 50°C, the specific
power value of 30 mW/cm? was reached.

With the exception of ref. [11], the data on the dura-
bility of ACPE-based FC or of the cathodic catalyst
used in these FC are not available. It is merely known
that CO,-unscrubbed air could be used with Acta 12
ionomer with certain performance degradation.

In Frumkin Institute of Physical Chemistry and
Electrochemistry of the Russian Academy of Sci-
ences, we carried out the studies on developing and
optimizing of H,-air FC on the basis of A-4 ionomer,
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A901 membrane and either supported platinum or
nonplatinum cathodic catalysts with different types of
carbon supports and Fe/Co precursors. The obtained
data will be published in a special paper; here we show
the highlights (Fig. 13) characterizing the difference in
the discharge curves for FC with cathodes based on
Pt/C and nonplatinum catalytic systems.

8. CHALLENGES AND PROSPECTS
OF INVESTIGATIONS IN THE FIELD
OF NONPLATINUM CATALYSTS
FOR ALKALINE FUEL CELLS

The interest in studies of catalysis of molecular
oxygen electrochemical reduction does not wear out
for decades and will grow further due to the demands
for the development of crucial electrochemical power
engineering technologies. Research and development
of nanosized nonplatinum electrocatalysts for alkaline
media, stimulated by the modern applied problems of
reducing the cost and size of power sources with con-
current increase in their performance, is to be contin-
ued. The studies in this direction are stimulated by
certain achievements in the field of development of
anion-conducting polymer electrolytes. The targeted
development of nanosized nonplatinum catalysts for
fuel cells with anion-exchange membranes is indicated
by the fact that the model studies of materials are car-
ried out in dilute alkaline solutions (e.g., 0.1 M KOH)
with pH close to that of the polymer anion-conducting
electrolyte. It should be reminded that for fuel cells
with liquid electrolyte and metal—air cells, the cata-
lysts are usually tested in concentrated alkaline solu-
tions with the alkali concentration of 1—8 M.

Unfortunately, at present, a weak correlation is
observed between the experimental results obtained
under model conditions and those of the catalysts test-
ing within membrane-electrode assemblies of FC with
ACPE. Up to date, there are few data available on the
prototype tests of ACPE- and nonplatinum cathodes-
based FC. The only correct estimation of catalysts’
practical relevance is their direct application on the
cathodes of FC prototypes. Furthermore, the correct
assessment of the catalytic properties is possible only
under model conditions.

Currently, to make an assessment of the available
experimental data and to lay down the main challenges
to the development of platinum-free anion-exchange
membrane fuel cells, the following conclusion can be
drawn. First, there are no data on the performance of
membrane-electrode assemblies of fuel cells with
metal-free catalysts as the cathode materials. Second,
more attention should be paid to studying the corro-
sion properties of catalysts under model conditions
and their degradation within fuel cells. Third, the
development of practically applicable anodic nonplat-
inum catalysts is at the very beginning. It is the devel-
opment of such catalysts that will allow taking advan-
tage of the chief potential virtue of fuel cells with
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anion-exchange membrane as compared with those
based on proton-exchange membranes, namely, the
total absence of platinum. Fourth, the already avail-
able results of H,—O, fuel cells tests show the closeness
of the characteristics of monoplatinum and nonplati-
num cathodes, the fact which argues for carrying on
further investigations to step-by-step handling of
existing problems, overcoming the difficulties and
experimental contradictions mentioned above.

The experimental and, especially, theoretical stud-
ies point to the possibility of developing selective cat-
alysts for molecular oxygen reduction to OH™ on the
basis of N-doped metal-free carbon materials. Their
advantage is the relatively high corrosion resistance
due to the presence of nitrogen atoms. Cathodic cata-
lysts of this group are potentially the most promising
for FC with ACPE.

LIST OF ABBREVIATIONS

AC active center

AcC activated carbon

ACPE anion-conducting polymer electrolyte

AFC alkaline fuel cell

BET method of Brunauer—Emmett—

Teller

CM carbon material

CvV cyclic voltammetry

DES density of electron states

ECG electrochemical generator

EDL electric double layer

FC fuel cell

FG few-layer graphene

GO graphene oxide

HOG highly oriented graphite

NT nanotubes

NwW nanowires

PAN polyacrylonitrile

PANI polyaniline

PEM proton-exchange membrane

PP polypyrrole

RDE rotating disk electrode

RRDE rotating ring-disk electrode

TC turbostratic carbon

TMPPCo cobalt tetramethoxyphenylporphyrin

TMPPFeCl iron tetramethoxyphenylporphyrin

chloride
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