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Abstract. The data on nanostructured materials used in the
design of low-temperature fuel cells is generalized. The
factors responsible for the increase in conductivity of hybrid
membranes containing inorganic nanoparticles are ana-
lyzed. The approaches to enhancing the efficiency of plati-
num catalysts that provide transition from conventional
systems to nanosized catalysts including ‘core—shell’ poly-
metallic systems are discussed. The hypotheses that explain
the reasons for the enhanced stability of these catalysts with
respect to carbon monoxide impurity are considered. The
bibliography includes 497 references.

1. Introduction

The energy demands of modern civilization increase every
year. Thus, according to the International Energy Agency,
world’s primary power production has more than doubled
in the period from 1973 to 2008. The role of one or another
energy source also gradually changes. Thus, in the begin-
ning of the 19th century, the main energy source was wood;
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in the beginning of the 20th, 70% of power was produced by
coal combustion but coal was displaced by petroleum as
soon as in the middle of this century.! According to
prognoses,?>~* the maximum level of oil production reached
to date will soon drop down. As a consequence, as soon as
in the late 21st century oil will be mainly used in chemical
synthesis. Natural gas will be used for power generation a
little longer. The redistribution of energy sources can also
be observed today. Thus, from 1973 to 2008, the share of oil
in the world production of primary energy decreased from
46.1% to 33.2% (Fig. 1).
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Figure 1. Diagrams of world production of primary energy in the
period from 1973 (a) to 2008 (b) (according to http://www.energy-
land.info/analitic-show-63720).

Source: (/) coal, (2) natural gas, (3) biomass, (4) nuclear power
stations, (5) water-power engineering, (6) petroleum, (7) miscella-
neous sources.

In the recent past, the trends in variation of production
volumes of different kinds of goods (including power) were
determined first of all by the demands of economy, whereas
in the last decades, these trends were largely determined by
other factors, for example, those associated with the stricter
environmental requirements to the production safety. Com-
bustion of oil, coal and gas (to a lesser extent) is accom-
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panied by atmospheric discharge of vast amounts of carbon,
sulfur and nitrogen oxides and also products of incomplete
combustion of fuels. Figure 1 shows that in the same period
of 1973-2008, the power produced by nuclear power
stations substantially increased (from 0.9% to 5.8%) as
well as the power from alternative sources such as sun, wind
and water.

At the same time, the accumulation of energy in port-
able devices to be used in sites remote from power lines is
also a burning problem. It is assumed that the universal
decision of this problem is to develop fuel cells that convert
the energy of hydrogen (or hydrogen-containing com-
pounds) oxidation by air oxygen.’ In view of high impor-
tance of this subject, the sharp increase in the fuel cell
production is predicted, first of all, for transport needs.¢ It
is also assumed that fuel cells are a good choice for the
reserve power sources to be used in kindergartens, schools,
hospitals, banks and other organizations where the sudden
cut-off of energy can lead to serious humanitarian and
economic problems.

Initially, the fuel cells were developed for needs of space
industry.” Attention was focused on the design of high-
technology devices for the direct conversion of chemical
energy to electricity bypassing the low-efficient combustion
process. The prerequisites for the wider development of
hydrogen energy appeared in the late 20th century. During
the energy crisis, the International Association for Hydro-
gen Energy was founded (1974). Almost three decades later,
the prospects for the development in this field were declared
by the EC Committee.®

Due to their high efficiency (up to 90%) and the low
levels of environmental pollution (the use of hydrogen
entails no hazardous emission) and noise, the fuel cells are
considered as the most promising devices for the conversion
and storage of energy necessary for operation of cellular,
stationary and portable devices. In connection with this, the
future development of ‘hydrogen economy’ is widely dis-
cussed in mass media issues and scientific journals.®-° The
modern studies of fuel cells are aimed at increasing their
efficiency, reliability, service life, decreasing their cost and
starting temperature and also at developing the means for
the control and optimization of electrochemical processes
occurring in fuel cells.!®

Depending on the electrolyte nature, five main types of
fuel cells are distinguished: alkaline, solid polymer, phos-
phoric acid, molten carbonate and solid oxide fuel cells.
They vary in the nature of mobile ions, the working temper-
ature range, the type of fuel and the electrode and electro-
catalyst materials.

In recent years, considerable attention has been paid to
the design of low-temperature (working temperature of up
to 130 °C) fuel cells based on proton-exchange membranes,
which include both hydrogen—air cells and cells utilizing
alcohols (methanol, ethanol, efc.) as the fuel.!!-!2 The
largest number of publications in this field are devoted to
the development of methanol—air cells. However, to date,
the specific characteristics of these fuel cells are far inferior
than those of the hydrogen—air cells, which is associated
with the low activity of anodic catalysts used and high
permeability of membranes for alcohols.

Figure 2 illustrates the design of a hydrogen—air fuel
cell.'3-14 Its key unit is a proton-conducting membrane.

P88 2l

Figure 2. Fuel cell scheme.

(1) Proton-conducting membrane; (2) catalytic layers; (3) gas-
diffusion layers; (4, 5) anodic and cathodic bipolar plates with gas
channels, respectively.

Oxygen and hydrogen (hydrogen-containing gases) are
sorbed on catalyst layers; the chemical reactions also occur
there. Protons are transferred to the anode under the action
of the chemical potential gradient.

It should be noted that in the design of fuel cells,
nanostructured materials are used most often. This con-
cerns, first of all, the proton-conducting membranes the
porous structure of which (the characteristic pore size is
several nanometres) provides active proton transport !5 and
also the catalysts (the efficiency of their operation is
maximum for nanosized particles). It also deserves mention
that the gas-diffusion layers on which the catalyst is
supported operate with the maximum efficiency when con-
tain nanosized elements; in some cases, bipolar plates are
also prepared from nanocomposites.

The ion-conducting inorganic composites used in the
design of medium-temperature fuel cells and the hybrid
membranes (membranes for low-temperature fuel cells)
have already been described.'® This is why the former are
left beyond the scope of the present review, while the latter
are considered exclusively in their proton-conducting form
for which the latest achievements are demonstrated. The
goal of this publication is to generalize information on the
properties of nanomaterials used in the design of low-
temperature fuel cells.

I1. Proton-conducting membranes

1. Perfluorinated membranes

Several reviews were devoted to the properties of ion-
exchange membranes (e.g., see Refs 17—23). The most
well-known and promising polymer membranes are per-
fluorinated sulfonated cation-exchange membranes Nafion
and their analogues (Table 1).1%-24-2% A Nafion-type mem-
brane represents a copolymer of tetrafluoroethylene and a
perfluorinated sulfo-group-containing monomer
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The lengths of repeating units in the polymer chains (x, y
and z) vary from company to company. For instance, these
parameters are similar for Nafion membranes and their
Russian analogue MF-4SK (see Table 1).27-2°

Table 1. Parameters x, y, z of some perfluorinated proton-exchange
membranes.

Membrane Manufacturer (country) X y z

Nafion E.I. Du Pont de Nemours 5-135 1 2
and Co. Inc. (USA)

MF-4SK Plastpolymer (Russia) 4-15 1 2

Flemion Asahi Glass Company 3-10 0-1 1-5
(Japan)

Aciplex-S Asahi Chemical Industry 1.5-14 0 2-5
(Japan)

Dow Dow Chemical Company 3.6-10 0 2

(USA)

The staring monomers for the polymeric base of per-
fluorinated membranes include tetrafluoroethylene and per-
fluorinated sulfo-group-containing monomers prepared by
a multistep synthesis with the target product yield of
<30%. A new practically feasible synthesis of a perfluoro-
nated polymer electrolyte for proton-conducting mem-
branes was reported.3° It is based on aqueous emulsion co-
polymerization of tetrafluoroethylene with perfluoro(3,6-
dioxa-4-methyloct-7-ene)sulfonyl fluoride. According to the
authors, this process is characterized by high productivity,
the efficient use of the expensive sulfo-monomer and the
possibility of control of the equivalent mass of the copoly-
mer.

The sulfo-group concentration is estimated by a number
of parameters such as the cation-exchange -capacity
expressed in moles of HY per gramme of the polymer and
the equivalent weight, which is reciprocal to the cation-
exchange capacity. During copolymerization, it is possible
to control the cation-exchange membrane capacity by vary-
ing the comonomer ratio. Commercial membranes have the
equivalent weights from 900 to 1300; however, membranes
with equivalent weights of 1000 or 1100 g of the polymer
per mole of H are used most often.?® This content of sulfo
groups both ensures high proton conductivity and satisfac-
tory mechanical properties of membranes.

Furthermore, methods for the synthesis of perfluori-
nated ionomers with carboxyl and phosphonic groups and
manufacture of membranes from these ionomers have also
been developed, but they have not found wide use.?® As the
example, Table 2 lists the main characteristics of Nafion-
117 membranes.

Now we consider the cluster model of the membrane
structure in order to understand the cause for the high
proton conductivity. The hydrocarbon or perfluorinated
chains are mainly hydrophobic, whereas the functional
groups are hydrophilic. This is why self-assembling proc-
esses occur in the membranes to form clusters of functional

Table 2. Selected characteristics of Nafion-117 membranes.

Parameter Units of Average
measurement value
Exchange capacity mg equiv. ~0.91 (to 1.0)
Surface resistance Qcm—2 ~0.09-0.12
Service life h to 50 000
Proton conductivity Sem—!
at 30 °C ~10—2
at 80 °C ~0.1
Current density mA cm—?2 ~250-640
for voltage of 0.45V
Methanol diffusion coefficient cm? s~ ! 2x10-¢
Water absorption (%) ~15
Cost US dollars ~ 700
for 1 m?

groups.’! The totality of hydrocarbon or perfluorinated
chains form the main matrix of the membrane.

The functional groups of sulfonic-acid membranes are
prone to hydration. The clusters of SOsH groups capture
water from the environment. Thus, for hydrogen-form
Nafion membranes in dilute aqueous solutions, the number
of water molecules per sulfo group can reach 16—18.3%33
According to NMR studies, even in the air-dry state, the
sulfonic-acid membranes retain two water molecules, which
bind a proton to form an HsO3 ion.34

Based on X-ray and small-angle neutron scattering
studies of sulfonic-acid membranes, Gierke et al.3 3¢
arrived at the conclusion that ordered clusters should be
present in the structure of such membranes. They put
forward a model for the structure of perfluorinated sul-
fonic-acid membranes (Nafion), which is now most widely
acknowledged and is often considered as the generalized
model of the structure of homogeneous ion-exchange mem-
branes. According to this model, the clusters closely resem-
ble spheres and represent reverse micelles formed by water
molecules (Fig. 3) with extra protons produced upon dis-
sociation of the ion-exchange SOsH groups. Along the outer
micelle boundary, SO3 anions are attached. This structure
provides the minimum surface energy and limits (or elimi-
nates) the contact of the hydrophobic matrix with water.3!

For ions to be transferred through a membrane, the
membrane pores should be connected with one another by
channels (see Fig. 3). The formation of clusters is associated

Hydrophobic ™

= Jmatrix
water
molecules

O protons

od oxonium
ions

Figure 3. Pore structure of a cation-exchange polymer membrane
in its hydrogen form.
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only with transformations of the configuration of polymer
chains. The change in the Gibbs energy upon this trans-
formation is rather small, so that the systems of pores and
channels with similar energies can be formed in various
ways. The ease of the pore and channel transformations in
the membrane is due to the mobility of polymer chain
fragments.

According to calculations by Gierke and Hsu (cited
based on Refs 3 and 15), the average pore volume in Nafion
membranes with the equivalent mass of 1200 varies from 2.5
to 4.7 nm?3 for their moisture content varying from 5% —6%
to 33.6%. In addition, the moisture content of membranes,
the pore size and the number of water molecules in the pores
decrease with the increase in the cation atomic mass in the
series from H* to Cs™*, while the number of sulfo groups,
on the contrary, almost doubles (Table 3). The conversion
of a membrane into the swollen state also entails a sub-
stantial increase in the distances between the pore centres,
namely, from 2—-3 nm in the dry state to 4—5 nm for water
content of ~20 mass.%.35 36

Table 3. The moisture content of membranes {{H,O] (%)}, average
numbers of water molecules (1y,0) and sulfo groups (ng0,) per cluster
(pore) and pore size (d) for different cationic forms of Nafion
membranes.>!

Cation [H20] (%) NH,0 750, d /nm
H* 33.6 1690 76 4.74
Li* 29.7 1430 72 4.49
Na™* 21.0 1120 80 421
K* 8.7 520 89 3.45
Rb* 8.1 560 103 3.56
Cs* 5.9 470 120 3.50

Note. The equivalent mass of membranes is 1200; membranes were
exposed to boiling water for 1 h for their saturation with water.

A different model of the membrane structure was
proposed.3’7 The authors arrived at the conclusion that the
system of pores and channels has a comb-like shape
(Fig. 4). The complete separation of polymer chains and

4

Figure 4. Model of the comb-like structure of perfluorinated
MF-4SK membranes.

(1) Polymer chains; (2) gel regions; (3) transport channels contain-
ing attached ions, counter-ions and water molecules.

water never occurs, so-called gel regions composed of a
mixture of these ‘phases’ being located between them.
According to this model, the matrix is formed by hydro-
phobic chains with the functional groups being oriented
into the interlayer space.37-38

In essence, in the comb-like model, the wider segments
of the transport channels are analogues of pores and the
narrower segments are equivalent to the Gierke channels.
The main difference between the two models is that accord-
ing to the comb-like model, the pores need not be shaped
like spheres with similar size. However, Gierke, too,
accepted these conditions as an assumption convenient for
building his model; hence, the difference between these
models is minor. Based on the data obtained for saturation
with D,0, it was concluded 3° that coarse pores form a large
portion of the MF-4SK membrane (Russia) and not all of
these pores are connected by channels.

The dependence of the specific resistivity of the MF-4SK
membranes on the sulfo-group content (Fig. Sa) is non-
monotonic. The increase in their concentration to ~8%
leads to a sharp decrease in the membrane resistivity; for
larger sulfo-group contents, the resistivity changes much
more slowly. At the same time, an increase in the degree of
sulfonation gives rise to a virtually linear increase in the
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Figure 5. Specific bulk resistance (/) and water absorption (2) of
MF-4SK membranes vs. the sulfo-group content ()2’ and proton
conductivity of Nafion-115 membranes vs. the water content (b).4°
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moisture content and conductivity of the membranes
(Fig. 50),% which implies a linear dependence between the
conductivity and the degree of sulfonation. As the temper-
ature increases, the membrane conductivity increases
according to the Arrhenius law up to ~90 °C.

According to the data of differential scanning calorim-
etry (DSC), the perfluorinated membranes are stable in
inert media up to 300 °C; at higher temperatures, the
processes of desulfonation and destruction of the ether
side chains occurs. The destruction of the polymer back-
bone takes place at temperatures of >450 °C.4!

The main advantages of Nafion membranes are their
chemical and thermal stability, the high proton conductivity
and strength. However, there are several drawbacks such as
the sharp drop of conductivity at low humidity, the rela-
tively high permeability of the membranes for hydrogen
(10=""-10"""molcm~—! s~ ! atm—!, current loss 1-—
10 mA cm~2) and methanol (10~ mol cm—2 s—!, current
loss 50— 100 mA cm—2) and their high cost, which limit
their practical applications.!® Moreover, at ~90°C per-
fluorinated membranes lose their water even under high
humidity conditions, which results in a decrease in conduc-
tivity. This factor is of particular importance because at
temperatures below 120 °C, poisining of platinum present in
the catalyst by carbon monoxide traces present in hydrogen
poses a serious problem,!! which substantially limits their
use.

Of considerable interest are the membranes based on
poly(a,B,B -trifluorostyrene) (BAM3G), which were devel-
oped by the Ballard Power System Company (Canada).

{CszCFﬁx—ﬁcmeF :
R

These membranes are cheaper than Nafion but they are
characterized by a higher exchange capacity, which deter-
mines their far higher degrees of swelling as compared with
Nafion and Dow membranes (see Table 1). Fuel cells based
on BAM3G membranes demonstrate characteristics similar
to those observed for Nafion and Dow membranes at low
current densities and superior characteristics at current
densities >0.6 A cm~?2 (Ref. 23).

Proton-conducting membranes based on polyvinyl alco-
hol esterified by phenolsulfonic acids were prepared.*?> An
increase in the phenolsulfonic acid content enhances the
conductivity of these membranes. Their drawbacks are the
relatively low mechanical strength and the high degradation
rate when operated in a fuel cell.

SOs:H

2. Polycondensation membranes

At present, considerable attention is drawn to new proton-
conducting membranes, particularly, those based on sulfo-
nated aromatic condensation polymers. Polycondensation
membranes are characterized by high thermal stability and
good mechanical properties. Moreover, they are cheaper
than perfluorinated membranes and the materials for their
production are commercially available. The conventional
method for their synthesis consists of sulfonation of aro-
matic condensation polymers (Table 4).43-45

Table 4. Sulfonation products of certain organic polymers.

Initial polymer Sulfonation product formula

Poly(phenoxyben- ©
zoyl-p-phenylene) O O \©\503H
"6 1
HOsS
Poly(p-xylylene) CH» CH

n

2
S
(HOsS):
3 n

Poly(phenylene
sulfide)
Poly(phenylene o
: (HOsS)i
oxide) 4 "
(0]
Poly(ether ether © 0 O
ketone) SOH 5 ;
i
Poly(ether ether (¢ 0@ﬁ
sulfone) SO:H 6 le)

Poly(N-phenylbenz-

imidazole)
SOz;H 7 SOsH n
SOszH SOz;H
Poly(2-phenylquinox- N Ny
aline) N © -
N N

n

The sulfonation agents used include concentrated sulfu-
ric or chlorosulfonic acids, methanesulfonic acid mixed with
concentrated sulfuric acid and acetyl sulfate. The sulfona-
tion rate of the mentioned polymers can be controlled by
varying the reaction time and the acid concentration. The
sulfonation gave samples without traces of polymer chem-
ical destruction or cross-linking and with the degree of
sulfonation varying from 30% to 100%. Membranes based
on sulfonated polymers 1-8 exhibit fairly high proton
conductivity.

Sulfonated polyimides 9, 10 were synthesized by poly-
condensation of aromatic diamines with anhydrides of
phthalic and naphthalic acids. When operating within a
fuel cell, sulfonated naphthalic polyimides 10 demonstrated
parameters comparable with those of Nafion membranes #°
but after 70 h of operation, their characteristics consider-
ably deteriorated.

The Ballard Advanced Materials Company (Canada)
has developed membranes based on sulfonated poly(phenyl-
quinoxalines) 11.47
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These membranes are characterized by good mechanical
properties but cannot compete with perfluorinated mem-
branes.

(o}
X

SOs;H
—
11 n

Sulfonation of poly(aryl ether sulfones) by chlorosul-
fonic acid results in different positions of sulfo groups.33

Sulfonated poly(aryl ether sufones) are insoluble in
water and for the degree of sulfonation of ~ 90% their
ptoton conductivity reaches that of Nafion membranes.
However, these membranes are characterized by a high
degree of swelling, which considerably impairs their
mechanical properties. To reduce the degree of swelling,
sulfonated poly(aryl ether sulfones) are cross-linked with
diamines; however, this entails a substantial decrease in
their proton conductivity.

Sulfonation of poly(ether ether ketones) with sulfuric
acid was reported.*® The proton conductivity of membranes
based on sulfonated poly(ether ether ketones) 5 is relatively
low: ~10—° Scm—! for the degree of sulfonation of 65%.

The polymerization of 4-methylsulfenyldiphenyl sulfide
(initiated by sulfuric acid or in the presence of sulfur
trioxide) produced first of all a sulfonated polysulfonium
cation, which is then transformed to sulfonated poly(phe-
nylenesulfide) 3.4°

The proton conductivity of the membranes prepared
from sulfonated poly(phenyl sulfide) at 25°C is
~10-2Scm—1L

New proton-conducting membranes based on phenyl-
substituted polyphenylenes with phosphonate groups
PO3H, in the side chain were obtained.’® Phenyl-substituted
polyphenylenes are chemically and thermally stable poly-
mers with good mechanical and barrier properties; they can
be easily functionalized. The presence of six bulky phenyl
substituents and isomerically different chain units makes it

0] O
\ 0 /
! ¢

(0]
Vi
o
A\
0 »

possible to form films by casting from solution, introduce
from one to four phosphonate groups per repeating chain
unit (which are responsible for the high ionic conductivity
and hydrophilicity) and also control the degree of phospho-
nation in order to obtain sufficient proton conductivity.

SO3 or H,SO.
S‘ Me D05 0r Ho304 )

|
Hso4
— >

Me

HSO;

+

S

\
Me

(SOsH),» (SOsH) .
(SO;Na)m on (SOBH)m o

Lately, the interest of scientists in proton-conducting
membranes based on the acid—basic polymer complexes
quickened.’! The main merit of such membranes is that they
can be used in a wide temperature range in both wet and dry
atmospheres.

Of most practical interest are the membranes based on
poly(benzimidazole) complexes with phosphoric acid.>? The
structure of H3POy4-doped commercially available poly[2,2'-
(m-phenylene)-5,5-dibenzimidazole] can be represented as

503 or HzSO4
_ >

NaCl, NaOH
_— >

HO OH HO OH HO OH
/ N AN

N
/\\

20N
20N

/ /
HO o HO

n
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Doping with acids gives rise to proton conductivity
strongly dependent on the degree of doping. The proton
conductivity, as a parameter slightly sensitive to humidity,
reaches 0.13 Scm~! for a high level of doping (up to
1600 mol.%) and 160 °C. The membranes exhibit high
thermal stability (up to 160—200 °C) and low methanol
permeability. They proved to be highly efficient as parts of
high-temperature fuel cells (up to 200 °C). These mem-
branes are manufactured by PEMEAS (Germany) and
Celanese (USA). Their main drawbacks are the low
mechanical strength and the fact that in contact with
water, phosphoric acid is washed out from the regions of
catalytic and gas-diffusion layers of the membrane. This
blocks the gas pores and causes degradation of bipolar
plates. The removal of phosphoric acid results in a decrease
in the membrane proton conductivity. Modifying polyben-
zimidazole with silicon dioxide can somewhat increase the
ionic conductivity. Moreover, in the presence of silicon
dioxide, the extent of washing out of phosphoric acid from
the hybrid membranes substantially decreases.>3

The introduction of heterocycles (imidazole and pyra-
zole) into sulfo-group-containing poly(ether ketones) and
oxy acids extended the range of materials with proton-
transport activity. For example, the proton-conducting
properties of hybrid materials based on polyvinylphos-
phinic acid and nitrogen-containing heterocycles (imida-
zole, pyrazole and 1-methylimidazole) were studied.!® The
obtained materials displayed high proton conductivity
(~10-3S em—"' at 150 °C) in dry atmosphere. The current
density of a fuel cell based on tungstophosphoric acid and
imidazole was 10 mA cm—2 at 80 °C.%4

3. Polycondensation of alkoxysilanes with polymer matrices
Rapid progress is being made in the studies of hydrolytic
polycondensation of alkoxysilane derivatives in the pres-
ence of various polymer matrices or inorganic and organic
compounds with acid fragments. The first and the most
thorough study of the sol—gel process was carried out for
the hydrolytic polycondensation of tetraethoxysilane to
afford polysilicic acids of low molecular mass or hydrated
silica gel. This process is based on hydrolysis and polycon-
densation to form siloxane bonds. Ultimately, this produces
a three-dimensional cross-linked polysiloxane network of
silica gel with high molecular mass.

Hydrolytic polycondensation of tetraethoxysilane in the
presence of orthophosphoric acid and alkylaromatic poly-
ionenes (oligomeric quaternary ammonium salts) afforded
silicophosphate proton-conducting membranes with the
conductivity of 102 S cm~—! at 130 °C.>* A drawback of
these membranes is their brittleness. An attempt was
made 3 to improve their mechanical properties by introduc-
ing  3-glycidoxypropyltrilmethoxy)silane  into  silica-
te—H3PO4 gels. However, the polymer chains based on
3-glycidoxypropyltri(methoxy)silane are short and tend to
form a three-dimensional network; hence, such membranes
lack sufficient flexibility.

A new class of membranes with a matrix made of
organic —inorganic network and H3PO4 were synthesized.>*
The imidazole rings were grafted on alkoxysilane by means
of nucleophilic substitution. The following organosilicon
compounds were used as substituted imidazoles and alkoxy-
silanes: 2-tri(ethoxy)silylpropylthioethyl-1H-benzimidazole
synthesized from 3-mercaptopropyltri(imethoxy)silane and
2-(chloromethyl)benzimidazole; 2-[(4-tri(ethoxy)silylethyl-

phenylmethyl)thio]-1H-imidazole synthesized from 2-mer-
captoimidazole and (chloromethyl)phenylethyltri(ethoxy)-
silane; 2-[(3-tri(ethoxy)silylpropyl)thio]-1 H-imidazole
obtained by the reaction between 2-mercaptoimidazole and
3-iodopropyltri(methyl)ethoxysilane. =~ Such  membranes
doped with phosphoric acid demonstrated high proton
conductivities at low humidity, high thermal stability and
good mechanical properties. Their proton conductivity
increases with an increase in the H3;PO4 content and at
elevated temperatures to reach 3.2x10-3Scm~! at
110 °C.

The sol—gel process used in the synthesis of organic-
inorganic systems provides simultaneously a polymer
matrix and an inorganic silica network; this method rules
out phase separation of the components, thus giving highly
homogeneous materials.>® The formation of composites as
interpenetrating networks of organic and inorganic poly-
mers opens up wide possibilities for functionalizing hybrid
structures with various groups and substituents. In certain
cases, most often, in the formation of copolymers from
alkoxysilanes and organic monomers, covalent binding of
the system components can be achieved. This was used to
prepare composites involving polyimide and polyamide,>’
polyacrylic,*® polyvinylidene fluoride®® and other mate-
rials.%0

Composites of this type can also be formed by mixing a
pre-synthesized polymer with tetraethoxysilane. This is a
simpler method, because the stage of organic monomer
polymerization is excluded. This process may ultimately
produce copolymers and form interpenetrating networks.

Several publications were devoted to the formation of
organic—inorganic copolymers by the sol —gel method using
tetraethoxysilane and polymer derivatives of nitrogen-con-
taining heterocyclic compounds.®! ~%3 According to electron
microscopic data, the structure of composites is formed by
aggregated regular-shaped globules largely measuring
300 nm.%3

New organic—inorganic copolymers were synthesized by
the sol—gel method with the participation of tetraethoxysi-
lane and vinyl chloride copolymers with vinyl derivatives of
nitrogen-containing heterocyclic compounds. The condi-
tions of synthesis of polymers and copolymers based on
vinylpyridines and vinyl chloride were discussed.®*=%¢ It
was shown that copolymerization of vinyl chloride with N-

Table 5. Proton conductivity (o) of polymer films based on vinyl-
pyridines and composites based on them (doped with 9M H3POy).

Film composition Mass fractions ¢ /S cm~!
of components

Poly(4-vinylpyridine) - 2.8x 1073

Poly(5-vinyl-2-methylpyridine) - 6.7x10—>

Copolymer of 2-methyl-5-vinyl- — 9.1x1073
pyridine with vinyl chloride

Copolymer of 5-vinyl-2-methyl- — 5.5%x 1073
pyridine with vinyl acetate

Si0> —poly(4-vinylpyridine) 1.3:1 5.6x10—3

Si0, —poly(5-vinyl-2-methyl 0.8:1 2.0x10-2
pyridine)

SiO, —copolymer of 5-vinyl-2-methyl-  1:1 4.0x1072
pyridine with vinyl chloride

SiO;—copolymer of 5-vinyl-2-methyl-  1.4:1 1.0x 102

pyridine with vinyl acetate
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and C-vinyl-substituted nitrogen-containing heterocyclic
compounds is accompanied by dehydrochlorination of
vinyl chloride units.

Films that acquired proton conductivity upon ortho-
phosphoric acid doping were synthesized. The proton con-
ductivity of the membranes synthesized from solutions of
vinylpyridine homopolymers was ~2.8x10=5S cm~! at
25 °C; for membranes prepared from solutions of 5-vinyl-
2-methylpyridine—vinyl chloride and 5-vinyl-2-methyl-
pyridine —vinyl acetate copolymers, the proton conductiv-
ities were 9.1 x 10=3 and 5.5x 10~ S cm~!, respectively
(Table 5).67

A new class of organic-inorganic membranes synthe-
sized by the sol—gel method from polysiloxanes and tung-
stophosphoric acid, which have high conductivity at
elevated temperatures, was considered.®

4. Hybrid membranes containing nanoparticles

Despite their wide diversity, the number of ion-exchange
membranes suitable for the efficient use in fuel cells is not
too large; moreover, none of them meets all the require-
ments of manufacturers. Thus the widely used perfluori-
nated sulfonated cation-exchange materials such as Nafion
are characterized by relatively low thermal stability, which
gives no way for preventing the irreversible adsorption of
carbon monoxide on platinum catalysts and, hence, for the
direct use of cheap hydrogen synthesized by conversion of
hydrocarbons, alcohols and coal.®® Furthermore, their high
proton conductivity is possible only at very high humidity
close to 100%, which substantially complicates the fuel cell
design. The comparatively high cost of these membranes
also deserves mention.”® At the same time, in contrast, the
membranes based on polybenzimidazole doped with phos-
phoric acid can work at elevated temperatures and low
humidity; however, serious problems are caused by washing
out of phosphoric acid, which is responsible for their high
proton conductivity. Hence, since the late 1980s, the studies
on the targeted modification of membrane materials to
obtain hybrid membranes containing inorganic and high-
molecular-mass components have been actively conducted.
This approach is considered as the most promising for
upgrading  fuel cells with ion-exchange mem-
branes, 16-34.71.72

The keen interest in hybrid membranes is explained by
their unique transport (higher ionic conductivity, lower gas
permeability) and mechanical properties and also by the
high thermal stability. These features are due to synergism
of the properties of individual components.”!-73-74 Most
often, these membranes are synthesized by the simplest,
practically feasible method which involves the introduction
of nanoparticles into the solution from which membranes
are cast. However, fine particles tend to form aggregates
which are not always destroyed in solution. This reduces the
efficiency of modification.

Yet another promising method for the synthesis of
hybrid materials consists of preparing nanoparticles directly
in the membrane pores.’%-7! The starting reactants may be
efficiently adsorbed in nanopores, which limits the reaction
volume. The pore walls may isolate the formed particles
from one another and decrease the surface tension forces,
thus providing the thermodynamic stability of the nano-
particles formed. In this case, pores act as a sort of nano-
reactors.”?

Nanosized inorganic additives used for modifying mem-
branes can be divided into two large groups, namely, the
compounds containing no mobile protons (silicon, titanium,
zirconium, aluminium oxides, zeolites, efc.) and substances
that introduce additional protons into the transport process
(zirconium hydrogen phosphates, heteropolyacids and their
salts, oxides with sulfonated surfaces).

Silicon dioxide is used most often for the modification of
membranes. It is usually obtained by hydrolysis of tetra-
ethoxysilane or other organosilicon compounds. The major-
ity of studies in this field were devoted to modification of
perfluorinated sulfonic acid membranes such as
Nafion.”>~83 In the majority of cases, a considerable gain
in conductivity was achieved. As the main advantages of
hybrid membranes, one can mention their lower gas and
methanol permeabilities 334 and higher mechanical
strength.83

Figure 6 shows the temperature dependences of the
proton conductivity for certain MF-4SK membranes modi-
fied with hydrated silicon dioxide.8¢ The conductivity of
these membranes exceeds that of the reference sample
throughout the whole temperature range. For doped mem-
branes, the activation energy of conductivity decreases to
10—12 kJ mol—!, while for the reference sample it is
13.740.6 kJ mol—!. The dependence of the conductivity
on the silicon dioxide content in a membrane passes
through a maximum at 2.5 vol.% SiO» (Fig. 7). The activa-
tion energy of conductivity reaches its minimum for the
SiO> content of 2.5 vol.%.
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Figure 6. Temperature dependences of the conductivity of

MF-4SK membranes doped with hydrated silicon dioxide.8¢
Content of silicon dioxide in the samples (vol.%): (/) 4.4,
(2) 2.6, (3) 1.7; (4) reference sample.

It is important that membranes of this type exhibit high
proton conductivity at a low humidity and elevated temper-
atures.®3 Hybrid membranes can also retain moisture due to
the reverse diffusion of water formed in the cathodic
region.’” Watanabe et al.83%% put forward a concept of
‘self-humidifying” membranes, which is not quite an appro-
priate name.

The use of hybrid SiO,—Nafion membranes allows the
working temperature of fuel cell to be substantially
increased. Thus fuel cells with a membrane containing up
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Figure 7. Conductivity of the MF-4SK membranes doped with
silicon dioxide on its content at 30 (1), 60 (2) and 99 °C (3).8¢

to 10 mass % SiO, are four times superior as regards the
current characteristics over analogous cells with Nafion-115
membranes at 130 °C. The low methanol permeability and
the high working temperature of hybrid membranes prevent
them from being efficiently used in direct methanol fuel
cells. Thus at 145 °C and the voltage of 0.5 V, the power
density of a cell based on these membranes reaches
350 mW cm—2 (Refs 90 and 91).

Such composite materials were also synthesized on the
basis of other polymers.”?~ 19 Among the most popular
types are the hybrid membranes based on sulfonated
poly(ether ether ketone). After modification of this polymer
with mesoporous silicon dioxide, the conductivity can
increase 4-fold.* %3

Good results were obtained in the sulfonation of the
silica surface. The SiO,—SO3H/Nafion membranes exhibit
higher selectivity in fuel cells due to their high proton
conductivity and low methanol permeability.!®! 193 Similar
results were obtained for silicon dioxide particles modified
with fragments of various sulfonic acids 02194 and even
with fragments of silicon alkoxides (as the precursors),
which retain the organic fragments after hydrolysis.!%5 The
introduction of silicon dioxide into sulfonated poly(ether
ether ketone) provided the conductivity of 3 x 102 S cm~—!
at 100 °C.?2 Direct methanol fuel cells with such membranes
exhibit the maximum power density of >50 mW cm—?2,
which is much higher than analogous characteristics of
fuel cells with non-doped Nafion-115 membranes or mem-
branes based on sulfonated poly(ether ether ketone). The
effect of the origin of SiO; on the transport characteristics
of membranes based on sulfonated poly(aryl ether sulfone)
was also studied.”®

By adding heteropolyacids that are adsorbed on silica
surface, the surfacer acidity can be increased.!00—109 At
100% relative humidity, the proton conductivity of hybrid
membranes is close to the conductivity of original Nafion
membranes, but the former is much higher at low humid-
ity.197 Similar results were obtained for membrane modifi-
cation with silicon dioxide and caesium tungstophos-
phate.''® Hybrid membranes with heteropolyacids on par-
ticles of several metal dioxides were studied.!''' Their
conductivity reached 1.6x10=2S cm—! at 120 °C and
35% relative humidity.

Nafion membranes with additives of tungstosilicic,
tungstophosphoric or molybdophosphoric heteropolyacids
synthesized by Ramani e a/.''? had a high moisture content
and ionic conductivity of 1.5x10-2, 2.5x10-2? and
9.5x10=2 S cm~!, respectively. This is higher than the
conductivity of original Nafion-117 membranes under the
same conditions (1.3 x 102 S cm—1!). At 120 °C and 35%
relative humidity, the conductivity of these membranes is
~1.5x1072S cm—! (Ref. 113).

However, heteropolyacids are washed out almost com-
pletely when the membrane is kept in water.!'* An increase
in the hydrolytic stability of the membranes was achieved
when heteropolyacids were added together with hydrated
silicon dioxide 107-110-115-117 51 a5 insoluble caesium
salts. 109114, 118-120  [Jsing IR spectroscopy, it was
shown !10 that stabilization was achieved due to interaction
between a heteropolyacid and SiO,.

The introduction of heteropolyacids is accompanied by
a decrease in the thermal stability of the perfluorinated
polymer matrix. For various acids, the degradation temper-
ature was observed to decrease by 20—50 °C.112 121 At the
same time, when heteropolyacids were introduced in combi-
nation with SiO, (Refs 107 and 115), the thermal stability
remained virtually unchanged. In several publica-
tions,!22- 123 tungstophosphoric heteropolyacid and its cae-
sium salt were used for modifying Teflon-containing Nafion
membranes.

A slight improvement of voltammetric characteristics
of hydrogen — air fuel cells based on hybrid Nafion mem-
branes was  observed after the addition of
Css sHo sPW(2040.''° The maximum decrease in the meth-
anol permeability (down to 22x10-7cm?s—!) was
observed after doping of these membranes with both tung-
stophosphoric acid and SiO,.!'!3

The modification with heteropolyacids was also used for
improving the properties of membranes based on sulfonated
poly(ether ether ketone),!?* polyethers 2> and several other
polymers.!26-129 The conductivity of synthesized mem-
branes was (1-9)x 10-2 Scm—'. The maximum conductiv-
ity (0.17 S em— ') for such materials is reached at 80 °C and
at 100% relative humidity.!?® It deserves mention that for
membranes based on heteropolyacid-doped sulfonated
poly(ether ether ketone), the methanol permeability was
more than 20 times lower than that of Nafion-117.128

Zirconium hydrogen phosphate is also often used to
modify the Nafion membranes. First of all, its addition
increases the moisture content in the membranes and allows
membrane operation above 100 °C.84-86.130-137 The proton
conductivity of modified membranes is often somewhat
lower as compared with original membranes !30- 133,137,138
and decreases with the increase in the zirconium phosphate
content. Thus at 100 °C and 90% relative humidity, the
conductivity of Nafion membranes containing 25 mass % of
zirconium phosphate decreases from 0.07 to 0.03 S cm—!
(Ref. 135). At the same time, the introduction of a small
amount of zirconium phosphate (1 mass % —5 mass %) led
to an increase in the conductivity of the MF-4SK mem-
branes.”® A quasi-elastic neutron scattering study has
shown that the mobility of water molecules in Nafion
membranes is virtually independent of the presence of
zirconium phosphate nanoparticles.!3® The most valuable
observation is that in the presence of zirconium phosphate,
the high-temperature conductivity of membranes increases
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and their mechanical
improved.!34. 135

The use of hybrid membranes containing 23 mass % of
zirconium phosphate induces a 4-fold increase in the power
of hydrogen—oxygen fuel cells (for a cell with Nafion-115
membranes, the power was ~0.44 Wcem—2 at 130 °C).13!
The power of fuel cells with analogous membranes
increased 1.5-fold under conditions of low humidity for
the content of mesoporous zirconium phosphate of
5 mass %.140

Nafion membranes containing Teflon and zirconium
phosphate were also used.!4!- 142 Zirconium hydrogen phos-
phate improved the conductivity of sulfonated poly(ether
ether ketone) 43145 and polyvinyl alcohol.!4¢

Among other dopants, several oxides of polyvalent
elements should be mentioned. Thus, various modifications
of titanium dioxide (including those shaped as nanotubes)
were used for improving the properties of Nafion mem-
branes '47-157 and membranes based on poly(ether ether
ketone).!38: 159 Zirconium oxide was employed for this
purpose more rarely.!30-154,160-163 The following oxides
were used yet more rarely: Al,O3,'50 HfO,, Tay0s,'%*
ZnO (Ref. 155) and WO3 (Refs 54, 164) and also sulfonated
titanium '05- 196 and zirconium oxides,'%” 19 binary oxides
(ZrO,—Si05) 179 and gels based on silicon and phosphorus
oxides.!”! An increase in the proton conductivity at high
temperatures (> 100 °C) was achieved by modifying Nafion
membranes with the SiO,—ZrO, —P»>0Os (Ref. 172) or zirco-
nium sulfophenyl phosphate 73 gels.

A hydrogen —air fuel cell with a Nafion—3 mass % TiO,
membrane reached a power density of 514 mW cm~—?2 at
110 °C.'7* The modification of Nafion membranes with
titanium dioxide containing sulfo groups was shown !4 to
enhance their mechanical and thermal stability, decrease
their methanol permeability and increase the power of fuel
cells.

Considerable attention is paid to hybrid membranes
with added nanoparticles of natural or synthetic materials
(zeolites, alumina, silicates) !51-175-189 or surface-modified
particles of zeolites and silicates.'”?~192 For instance, the
modification with Laponite '37 sharply enhanced the phys-
icochemical properties of sulfonated poly(aryl ether sul-
fone) and decreased its methanol permeability (the
permeability was 1.55x10=7 cm? s—! for the composite
and 3.47x10=%cm? s—! for the initial membrane). The
maximum power density of a fuel cell with such hybrid
membrane reached 190 W cm—2 at 70 °C.

The use of nanosized zeolites modified with sulfo groups
favours the retention of proton conductivity and a decrease
in the methanol permeability.!®? Perhaps, the greatest
success was achieved for the synthesis of functionalized
nanoparticles in the Nafion membrane matrix.!8! The
synthesized hybrid membranes containing 5 mass % of a
filler retained their proton conductivity, while their meth-
anol permeability decreased by 40%; as a result, the power
of direct methanol fuel cells increased by 93% for the use of
5 M methanol solution.

Lately, modification of proton-conducting membranes
also involved the use of nanostructured carbon materials.
Thus, modification with Cgo fullerene and fullerenol
improved the transport properties of Nafion membranes in
wide temperature and humidity ranges.!* The introduction
of single-walled carbon nanotubes into membranes did not
affect the power characteristics of hydrogen — air fuel cells

properties are substantially

but substantially increased the mechanical properties for a
low content of nanotubes.!?3-196 The proton conductivity of
Nafion membranes was increased by almost an order of
magnitude for 100% relative humidity as a result of intro-
duction of single-walled carbon nanotubes (0.05 mass %)
functionalized with sulfo groups.!” This improved the
mechanical properties and enhanced the power of a hydro-
gen—oxygen fuel cell the power density of which increased
from 210 to 260 mW cm~—2.

To increase the proton conductivity, membrane materi-
als can be doped with acids, similarly to the introduction of
phosphoric acid into polybenzimidazole.*> 198 Membranes
with the high proton conductivity synthesized based on
polyvinyl alcohol doped with phenolsulfonic acid were
considered.#? 199

5. Causes of accelerated ion transport in hybrid membranes

The increase in ionic conductivity upon the formation of
composite solid electrolytes is, as a rule, due to the increase
in the defect concentration at the electrolyte/dopant inter-
face by several orders of magnitude, which is caused by
adsorption of some labile ions on the dopant surface.?00-201
Therefore, such a characteristic as the affinity of the dopant
particle surface for the protons of functional sulfo groups
appears to be important. From this viewpoint, the optimal
result should be reached by the introduction of a weak base,
e.g., polyaniline, into perfluorinated sulfonic acid mem-
branes. The addition of small amounts of polyaniline
(~2vol.%) approximately doubles the membrane
conductivity.292 However, a further increase in its content
leads to a rapid decay of conductivity because protons are
excluded from the transport process (their abstraction from
nitrogen atoms of polyaniline requires a large amount of
energy).

This result can be considered as evidence for the fact
that the MF-4SK conductivity is determined first of all by
the proton transfer according to the vacancy mechanism.
However, membranes containing silicon dioxide deposited
in an acid medium are characterized by higher conductivity
as compared with membranes containing silicon dioxide
deposited in an alkaline medium,!!” although the latter is
much more prone to proton adsorption. It should also be
borne in mind that the dissociation constant of SOszH
groups in perfluorinated membranes such as MF-4SK is
10¢ (Ref. 14) and in a membrane containing considerable
amounts of water molecules, the mentioned groups are
completely dissociated. Hence, protons travel by the
Grotthuss mechanism, i.e., from one water molecule to
another.!s In this system, the electric charge can be carried
by oxonium ions the concentration of which correlates with
the content of functional groups. This is why the possibility
that the majority of dopants (oxides, metal or polyaniline
particles) may somehow be responsible for the increase in
the defect concentration in perfluorinated membranes such
as Nafion or MF-4SK is ruled out.

The increase in the moisture content upon the introduc-
tion of particles with hydrophilic surfaces is often consid-
ered as a possible reason for the higher conductivity.”!-203
Indeed, in membranes modified with silicon or zirconium
oxides, a certain increase in the moisture content was
observed.!7-294 However, for membranes doped by poly-
aniline 292 or silver particles with hydrophobic surfaces, the
moisture content was found to decrease, whereas their
conductivity could increase.?%5
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To understand the reason for the higher conductivity of
membranes containing dopants, one can compare their
conductivities with the data obtained in NMR studies. The
diffusion coefficients of protons found from 'H NMR
spectra are mainly determined by the migration of protons
and water molecules in wide channels. These coefficients are
much higher than the diffusion coefficients of protons
calculated from the data on conductivity (Fig. 8),20¢ the
latter being limited by the proton migration through narrow
channels. In this case, the '"H NMR relaxation rate in
composite membranes may be either higher or lower than
that in initial systems, whereas the composite conductivity is
higher.?%¢ Hence it can be concluded that the higher ionic
conductivity of hybrid membranes is first of all associated
with the dopant effect on the ion transport in channels.
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Figure 8. Temperature dependences of the proton diffusion coef-
ficients calculated from proton conductivity values (/-3) and
NMR spectroscopy data (4—6) for MF-4SK membrane.?%¢

(1, 5) Unmodified membrane; (3, 6) silicon dioxide-modified mem-
brane; (2, 4) zirconium hydrogen phosphate-modified membrane.

The dopant nanoparticles are formed in membrane
pores to which the precursor and the reagent have pene-
trated. It would seem obvious that occupying a certain
volume of pores, nanoparticles should displace water from
them. However, the moisture content is determined by
water binding to the protons of functional groups and the
number of these groups does not change with modification.
Hence, the number of water molecules in the matrix should
remain unchanged (or somewhat increase due to additional
adsorption of hydrophilic particles on the surface). Indeed,
according to calculations carried out based on the thermo-
gravimetric data, the overall volume of pores increased
~1.5-fold after the introduction of 2.6 vol.% Si0,.297
Upon the addition of hydrophobic particles, the moisture
content of membranes somewhat decreases; however, in this
case, too, the pore volume increases.

An increase in the number of pores naturally results in
the increase in the volume of channels that connect the
pores (Fig. 9 a,b),?°5 which in turn accelerates the transport
of protons through narrow channels (the process that
determines the conductivity of membrane as a whole). This
should obviously be accompanied by a decrease in the
activation energy of conductivity which gradually

Figure 9. Pore structure for the original («¢) and nanoparticle-
modified membranes (b, ¢) in terms of the model of the limited
elasticity of pore walls.203

approaches the activation energy for the transport in the
pores. In the ideal case, this value can approach the
activation energy of conductivity of aqueous acid solutions
equal to ~5 kJ mol—1!.

At the same time, as the volume fraction of nano-
particles exceeds 3 vol.% —4 vol.%, the conductivity
decreases (see Fig. 7) and the activation energy increases.
This is accompanied by a decrease in the moisture content
of membranes and a slight increase in the pore size. Taking
into account the aforesaid, it can be assumed that the
elasticity of pore walls is limited. Naturally, as the pore
volume increases, the efforts needed for their widening
should increase. In accordance with Hook’s law, each part
of the pore surface experiences the impact of an elastic force
(pressure) which is in direct proportion to the strain.?07

Obviously, the driving force of pore widening is a
decrease in the chemical potential of water inside the pores
due to the interaction of water with protons and fixed SO3
ions, which have formed through dissociation of functional
groups. This force is determined by the osmotic pressure.
Under equilibrium conditions, the elastic forces and the
osmotic pressure level off. Another possible reason could be
the electrostatic and van der Waals forces, which favour the
self-assembling processes in membranes. Thus, the widening
of pores increases the distance between SO3 groups. This
should be accompanied by the appearance of energetically
less favourable contacts between the hydrophobic matrix
sites containing polar water molecules in pores and the
oxonium ions in solution. This would increase the system
energy and, as a consequence, give rise to counteracting
compressive forces.

According to qualitative estimates,?®” an increase in the
content (size) of hydrophobic dopant particles should lead
to a decrease in the moisture content of membranes, the
same as for the metal and polyaniline particles.?0%-205 For
hydrophilic particles, the moisture content passes through a
maximum at a low dopant concentration, as in the case of
silicon and zirconium oxides.?°” Thus, at a high dopant
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content, the increased elastic forces prevent further widen-
ing of pores and favour a decrease in the moisture content.

Based on this model, the decrease in the conductivity at
high concentration of nanoparticles can be related to a
decrease in the solution mobility inside the membrane
pores where the dopant occupies a part of pore volume
and blocks the conduction channels. Moreover, new narrow
channels between pore walls and dopant particles are
formed, which limits the conductivity (Fig. 9 ¢).

The proposed model has its physicochemical substantia-
tion in which an allowance for the nature of dopant
particles can be made by considering their susceptibility to
hydration. For instance, doping a membrane with silicon
and zirconium oxides is very efficient due to the sorption of
additional water molecules on their hydrophilic surface. At
the same time, the nature of dopant particles can substan-
tially affect the membrane conductivity. As mentioned
above, silicon dioxide nanoparticles deposited from an
acidic medium enhance the conductivity more efficiently
than analogous particles deposited from an alkaline
medium.'!” Dissociation of OH surface groups of silicon
hydroxide deposited in an acidic medium affords additional
protons which simultaneously act as charge carriers and
capture additional water molecules. This is why to make
doping more efficient, strong acids should be added. Then
the concentration of charge carriers increases due to dopant
protons. This can be achieved by simultaneous modification
of the membrane with both silicon dioxide and
heteropolyacids.!!”

One of the chief merits of hybrid membranes is the
possibility of fuel cell operation at low environmental
humidity; under these conditions, the conductivity of con-
ventional membranes decreases by several orders of magni-
tude.'®7! Lowering down the humidity leads to gradual
degradation of membranes and a dramatic decrease in the
pore and channel volume as a result of which the conduc-

tivity decays. In hybrid membranes, a part of pore volume is
occupied by dopant particles, which prevents sharp narrow-
ing of the pores. For 10% relative humidity, the pore
volume in a membrane containing 4 vol.% of silicon dioxide
is doubled as compared with the original MF-4SK mem-
brane; as a consequence, the size of channels connecting the
pores is also greater.

At the same time, inside the pores, narrow segments
appear which limit the proton transfer by the Grotthuss
mechanism.?%® This effect also cannot be considered as the
only one. For high humidity, a proton is transferred
between closely spaced water molecules with equal proton
affinity (Fig. 10a). In this process, the functional groups
localized on the membrane pore walls are barely involved. A
decrease in humidity leads to membrane dehydration.
However, according to NMR data,?® protons in dehy-
drated MF-4SK membranes are present in the form of
HsOj7 ions bound exclusively by hydrogen bonds to SO3
groups, which have much lower proton-acceptor ability
than water molecules. In this case, the direct proton transfer
between HsOJ cations is complicated due to the high
enthalpy of proton transfer reaction

HsO} + HsOf —> 2H,0 + 2H;0". 0

Of no less importance is the fact that these groups are
remote from one another (Fig. 105). Even for a low
humidity, the transport between them by means of the
remaining water molecules is hampered. Under these con-
ditions, the proton conductivity is limited by proton hop-
ping. As the distance between oxygen atoms of proton-
containing groups involved in the transfer increases, the
activation energy for these hops also increases and their
frequency drops down.?!® The role of pore walls in the
transfer inevitably increases.

I ;
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water
molecules

© protons
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Figure 10. Interface between a membrane pore wall and
the intrapore solution for unmodified membrane at high
humidity (a), unmodified membrane at low humidity ()
and modified membrane at low humidity (c).?07
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Figure 11. Conductivity vs. the relative humidity at 25 °C for
different membranes.'!”

(I) MF-4SK, (2) MF-4SK+Si03,
H3PW12040.

(3) MF-4SK + SiO, +

The pores of hybrid membranes contain a considerable
number of oxygen-bearing groups which also can take part
in the proton transfer process (Fig. 10 ¢). This substantially
shortens the hop length. Most probably, this factor makes
the main contribution to the gain in the conductivity of
hybrid membranes at low humidity. This is why under these
conditions their conductivity turns out to be substantially
higher than the conductivity of non-doped membranes.207

Note that the nature of the doping agent surface has a
considerable effect on the conductivity.!!” Thus co-doping
of a membrane with silicon dioxide and a heteropolyacid
induced a more than an order of magnitude increase in its
conductivity for 10% humidity as compared with the
membrane doped only with SiO, (Fig. 11). This is associ-
ated with the introduction of an additional number of acidic
charge carriers (protons) and weakening of the proton-
acceptor ability of the dopant particles.

II1. Nanostructured electrocatalysts

1. The main electrochemical processes in hydrogen and direct
methanol fuel cells

In fuel cells, air oxygen serves in most cases as the oxidant.
The choice of fuel is determined by its cost, chemical
activity and energy density. Hydrogen is still the most
promising fuel, being the only fuel oxidized at a reasonable
rate which influences the fuel cell efficiency. However, the
hydrogen storage and its delivery to the anode present
additional complications. This is why, liquid fuels such as,
e.g., alcohols, seem to be the more rational choice for future
applications.

Oxygen electroreduction at the cathode is a slow process
as compared with anodic reactions. For instance, the
effective current density of hydrogen oxidation (i0) equal
to 0.1 A cm~—?2 substantially exceeds that of oxygen reduc-
tion (i) =6 Acm2).2!1 Moreover, intermediate products
capable of activating the corrosion processes on electrode
material are formed on the cathode. Hence, the service life
and the work characteristics of fuel cells are largely deter-

mined by electrochemical properties of the cathode. In
hydrogen—air fuel cells, the oxygen reduction [Table 6,
reaction (4)] is the main cathodic process.

Table 6. Oxidation reactions in fuel cells (cathodic and anodic half-
reactions and the overall process) and the corresponding standard
potentials.

Electrochemical reaction EO/V

Hydrogen as the reactant

Anode H, -»2H* + 2¢ (3)  0.000

1

Cathode 2HT +2e+ 502 — H,O(liquid) (@) 1.229

Overall H, + %02 — H,O(liquid) %) 1.229
reaction

Methanol as the reactant

Anode MeOH(liquid) + H,0O — (6) 0.016

—-CO,+6HT + 6e

Cathode 6H' + 6e + %Oz — 3 H,0(liquid) 7 1.229

Overall MeOH + %Oz — CO;, + 2H,0(liquid)  (8) 1.213
reaction

The efficiency of energy conversion is mainly limited by
kinetic factors. According to Wang,?!? the following mech-
anisms can be distinguished for oxygen reduction on plat-
inum:

— oxygen can be reduced directly to H>O with the
uptake of four electrons (direct electroreduction of oxygen);

— oxygen reduction may include the intermediate for-
mation of H>O, without the O —O bond cleavage, which is
followed by transformations of hydrogen peroxide.

The most attractive process is the oxygen reduction to
water molecules by the four-electron mechanism. The
incomplete reduction of oxygen to H»O, is characterized
by not only lower efficiency of energy conversion but also
the appearance of free radicals, which activate the corrosion
processes on electrode materials and in the membrane.

The first stage of the cathodic process is the interaction
of O molecules or oxygen-containing species with the
adsorption sites on the catalyst surface. There are three
models of oxygen adsorption (Scheme 1) on the Pt electrode
surface:

— the Griffiths model (the oxygen m-orbital interacts
partly with unoccupied orbitals of an electrode metal atom);

— the ‘bridge model’ (oxygen adsorption involving two
adsorption sites);

Scheme 1
0=—0
Pt
(0]
Q=0 070 I
\\ // /’ N O
Pt Pt Pt 3
Pt
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— the Pauling model (only one oxygen atom in a
molecule is involved in the reaction with a metal atom).

The majority of scientists assume that on the platinum
electrode, the first two adsorption types are realized, i.e.,
those favouring the oxygen molecule dissociation and the
four-electron reaction mechanism.?!3

The hydroxyl and oxide groups (intermediates in oxygen
reduction) adsorbed on the surface are also catalytic poi-
sons. This is why the oxygen reduction on the oxidized
platinum surface proceeds more slowly than on ‘clean’
platinum.213-215

By using platinum alloys, one can achieve acceleration
of the oxygen reduction reaction, because on the surface of
such alloys the (OH),q4s formation on platinum atoms may
be inhibited (due to the joint effect of the surface geometry
and the electronic structure).?!'® According to certain
data,?!” the adsorption of hydroxyl groups on alloys can
start at more positive potentials (for Pt/C, this value is, as a
rule, >0.8 V).218

The quest for methods that would enhance the activity
of cathodic catalysts should be directed to the development
of new materials capable of activating the oxygen reduction
via the four-electron mechanism and also resistant to
poisoning with oxygen-containing adsorbates.

In the mechanism of electrochemical oxidation of hydro-
gen on platinum (M), the following two stages can be
singled out: the slow dissociation of hydrogen molecules
and their subsequent fast electrochemical oxidation.?!?

H, + 2M —= 2 MH (Tafel reaction), )

2MH —= 2M + 2H" + 2¢& (Volmer reaction). (10)

As a rule, hydrogen fuel contains trace amounts (ppm
units) of a catalytic poison, carbon monoxide (CO). Despite
the preferential CO adsorption on platinum, the hydrogen
oxidation even on the remaining small areas of free plati-
num surface proceeds so quickly that induces a potential of
the anode. Unfortunately, this potential is lower than that
required for CO oxidation so that the surface coverage with
carbon monoxide is determined by the CO adsorption
isotherm. Thus, the current density or the rate of hydrogen
oxidation in the presence of CO can be described as follows:

in,/co = in,(1—Oco)?, (1)
where Oco is the catalyst surface coverage with CO mole-
cules.

The effective activation energy of hydrogen oxidation
increases with the increase in the concentration of CO
whose molecules are preferentially adsorbed on the sites
most suitable for hydrogen oxidation.??° As a result, the
current density dramatically decreases (Fig. 12). To
enhance the activity of catalysts and improve their CO
tolerance, different approaches are used which are discussed
below.

The methanol oxidation on the anode is described by
Eqn (6) (see Table 6). The methanol chemisorption on Pt
catalysts proceeds through the stage of formation of irre-
versibly adsorbed CO groups (reaction intermediate) bound
to the surface.??! In the process, the surface coverage of the
Pt electrode with carbon monoxide can reach 90% so that
the majority of active sites are occupied.
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Figure 12. Effect of CO impurity in hydrogen on current voltage
characteristics of a fuel cell (Nafion membrane 80 °C,
pu, = 0.22 MPa, po, = 0.24 MPa).??°

CO content /ppm: (1) 0, (2) 25, (3) 50, (4) 100, (5) 250.

Scheme 2 illustrates the mechanism of methanol oxida-
tion on the Pt electrode. The reaction can proceed simulta-
neously by several parallel routes. It was shown that
methanol may be oxidized relatively fast to afford weakly
bound active intermediates formed from MeOH and OH
group, which are quickly oxidized to CQO,.??2223

The processes of CO adsorption and desorption depend
strongly on the potential and specific features of the metal
surface.22* For CO to be oxidized to CO,, the adsorbed an
OH groups should be available.??5

The development of efficient electrocatalysts should
address systems capable of inhibiting the CO formation on
the surface or favourable for the CO oxidation at lower
potentials than on clean platinum and also for the forma-
tion of adsorbed OH and CHO groups.??! This is achieved
by using platinum alloys with other metals or by platinum
deposition on oxide supports.

Scheme 2
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2. Platinum catalysts for fuel cells. The size effect
The first studies in the field of low-temperature fuel cell
technology employed relatively large amounts of platinum
black (up to 30 mg Pt per cm? of the electrode surface),
which determined the high cost of the resulting catalyst. The
transition from platinum black to supported catalysts (e.g.,
on carbon black) allowed the platinum consumption to be
reduced to 0.3—0.4 mg Pt per cm? of the catalyst surface 22°
with the retention of fuel cell power characteristics.??7-228
Many electrocatalytic processes are characterized by the
so-called structural effects associated with the influence of
the platinum particle surface orientation and size. For
instance, the activity of crystal faces in the oxygen electro-
reduction (in sulfuric acid solution) increases in the follow-
ing order:22% 230

Pt(111) < Pt(100) < Pt(110).

The size effect on the activity of platinum catalysts is
demonstrated by cyclic voltammograms (Fig. 13). The
decrease in the grain size is accompanied by an increase in
currents of both processes that occur in the fuel cell. The
optimal particle sizes reported by different authors some-
what differ (which is caused by different catalyst pretreat-
ment procedures and different reaction conditions). Thus it
was shown 23! that the optimal specific activity for platinum
in the reaction of methanol electrooxidation was reached
for the particle diameter of 3 nm; the specific activity was
observed 232:233 to weaken for the particle size <4.5 nm; for
the reaction of oxygen electroreduction (in 0.1M HCIlO4
solution), the optimal size of platinum particles was found
to be ~2.8 nm. 234

For stabilization of platinum in its highly dispersed
nanocrystalline state, highly dispersed supports are used,
which makes it possible to increase the catalytically active
platinum surface to the maximum extent with reducing the
platinum consumption. Moreover, in some cases, the sup-
port can take part in the catalytic process at three-phase
boundaries, increasing the electronic conductivity of the
catalytic layer, its CO tolerance and the stability of metal
clusters.

Today, the majority of commercial catalysts used in low-
temperature fuel cells represent platinum (or a platinum-
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Figure 13. Voltammograms of processes proceeding in the presence
of a Pt/carbon black catalyst (0.5M H»SOy4, 298 K) with grain size
of 4.2 (1), 3.5 (2) and 2.9 nm (3).%>8

based alloy) dispersed on a support (carbon black). The use
of carbon black increases the degree of dispersion of
platinum due to the high porosity and the metal interaction
with the support.??® The size of metal nanograins in com-
mercial catalysts is in the 2.5—5 nm range for the metal
content varying from 5 mass % to 80 mass %.233-23¢

Among the companies manufacturing carbon black-
supported platinum catalysts, best known are E-TEK and
Johnson Matthey (the Hispec brand) (Table 7) and also
BASF (the Selectra Catalysts brand). Catalysts supported
on carbon nanotubes are commercially available (manufac-
tured by the German company HIAT). The US Company
3M produces platinum catalysts deposited on nanowhiskers
(Fig. 14).

Table 7. Average size of platinum particles (d) and specific surface area
(s) of catalysts manufactured by Johnson Matthey and E-TEK.?3%-236

Catalyst d/nm s/m? (g Pt)~!
Product of Johnson Matthey (UK)

37 mass % Pt/AC 01 2.3 130

57 mass % Pt/AC 01 2.8 85

Product of E-TEK (Germany)

67 mass % Pt/AC 01 3.5 60

10 mass % Pt/Vulcan XC72R 2.0 140

20 mass % Pt/Vulcan XC72R 2.5 112

40 mass % Pt/Vulcan XC72R 39 72

Pt (black) 100 28

Note. AC 01 and Vulcan XC72R are carbon black brands.

Figure 14. Photomicrograph of a catalyst manufactured by 3M
Company (according to http://www.jmfuelcells.com).
Nanowhiskers, frame size 750 x 750 nm.

The main drawbacks of platinum catalysts may include
their degradation during long-term service within a fuel cell,
which occurs by the following mechanisms: dissolution,
aggregation of particles and poisoning by carbon monoxide
for catalysis deposited on the anode or by oxygen-contain-
ing groups for the cathodic reduction of oxygen, ezc.??’
Moreover, the use of platinum catalysts is complicated by
their contamination with oxidation products of methanol or
ethanol.
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For carbon-supported catalysts, the most serious prob-
lem is the corrosion of carbon. Its oxidation in the presence
of moisture is described by the following equations:

C+2H0 —> CO, +4H* + 4de, (12)
C+H,0 —> CO+2H" + 2e. (13)

The standard potentials of these reactions are 0.207 and
0.518 V, respectively.?3® At these potentials, carbon is
oxidized very slowly; however, at long-term fuel-cell oper-
ation, the carbon content in catalytic layers is depleted.?3® A
carbon support can be oxidized by air oxygen and also by
hydrogen peroxide formed as a by-product of oxygen
electroreduction on platinum catalysts.?38

C+ H0; —> (CO)ags +H20, (14)
(Co)ads +H,0, —> CO; +H0. (]5)

In both cases, platinum can accelerate the degradation
of catalytic layers.??® The corrosion of carbon supports
leads to detachment of platinum particles, their aggregation
and isolation, which seriously affects the fuel cell perform-
ance (Fig. 15).

Figure 15. Illustration of the original («) and coordinated (b) states
of the platinum —carbon—ionomer three-phase contact.
(1) Metal particle (active site), (2) ionomer, (3) carbon support.

Two most promising ways of improvement of catalyst
properties may be as follows:

— elaboration of catalytic systems based on transition
metal alloys with platinum;

— development of highly efficient corrosion-resistant
methanol and ethanol tolerant catalysts by using nano-
structured oxide materials as the supports.

A support for catalysts in a fuel cell should exhibit the
high electronic conductivity and have a large specific sur-
face area and also be resistant to corrosion and oxidation.
These requirements severly narrow the range of materials
suitable as supports. Conducting metal oxides and polymers
and also certain metal carbides, nitrides and phosphides are
used most often as alternatives to carbon.

3. Bimetallic catalysts used in low-temperature fuel cells
The chief drawback of platinum catalysts is their degrada-
tion on long-term work within a fuel cell, which may occur

by different mechanisms (see above). Due to diffusion of
alcohols through membranes, the use of platinum catalysts
(even as cathodes) is complicated by their poisoning with
oxidation products of alcohols. Moreover, the natural
resources of platinum are limited and this metal is quite
expensive. To solve the concomitant problems, multicom-
ponent catalytic systems based on platinum with the intro-
duction of other cheaper metals that impart the desired
properties to the catalysts are being developed. For exam-
ple, the use of platinum alloys can enhance the catalyst
stability and increase its service life. According to several
studies,?**—24* alloy particles exhibit a weaker trend for
agglomeration as compared with platinum clusters. This is
associated with the decrease in mobility of alloy particles on
a support; furthermore, the alloying metals suppress the
support dissolution. However, the majority of alloys are
insufficiently stable when used in a fuel cell.

Several main trends can be distinguished in the develop-
ment of CO-tolerant anodic catalysts. As compared with
pure platinum, the bimetallic Pt-containing catalysts can be
much more tolerant to CO present in the fuel. As the second
element, Ru, Sn, Ge, Co, Cr, Fe, Ni, Pd, Os, Mo, Mn, efc.
may be chosen. Such catalysts are used in the form of metal
alloys or clusters deposited on platinum.?*3-259 The most
efficient binary Pt-based catalytic systems to be used with
the H>+CO mixture and methanol as fuels are the
Pt—Ru/C catalysts 23! ~25% which were studied by several
authors.243,2547258

In several cases, three-component catalysts based on
Pt—Ru alloys were shown to exhibit electrocatalytic activ-
ity comparable with that of Pt/C or Pt—Ru/C cata-
lysts.239-266 Attention is focused on Pt and Ru alloys with
Ni, Pd, Co, Rh, Ir, Mn, Cr, W, Zr and Nb. Platinum alloys
with Fe, Ni, Co, Mo and Ru proved to be highly CO-
tolerant demonstrating adequate stability in the H, oxida-
tion in the presence of 100 ppm CO.26¢

To remove (CO)aqs from the surface, it is necessary that
oxygen-containing groups be present in the neighbouring
surface sites and be capable of oxidizing the adsorbed
carbon monoxide to CO», thus freeing the platinum surface
sites required for hydrogen oxidation. The bifunctional
mechanism according to which ruthenium activates the
processes of water chemisorption and CO electrooxidation
on the neighbouring platinum atom was proposed 243
(Scheme 3) and confirmed later by many research
groups.?4%-267-271 Perhaps this mechanism also predomi-
nates for catalysts based on Pt—M alloys (M = Sn, Mo,
etc.)245,246,248,272,273 and also on platinum with the sur-
face modified with ruthenium,?74-276 molybde-
Aum 255-256,277-279 o1 tip 280283

Scheme 3

Pt—(CO)ygs t M—OH =Pt + CO, + H* + M + ¢

O
I cornt

INRY
RO

However, the bifunctional mechanism ignores the pos-
sible variations of the CO binding energy on platinum
associated with the presence of ruthenium and fails to
describe the effect of competitive adsorption of CO and
OH groups on the ruthenium surface. The origin of this
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effect is still unclear. On the one hand, according to the
model discussed by Camara et al.,?®? the Fermi level shifts.
As a result, the interaction energy between platinum and
(CO).gs changes. This ‘ligand effect’ 284-28¢ weakens the
Pt—CO bond and facilitates the electrooxidation of carbon
monoxide by OH groups on the platinum surface or,
alternatively, by means of activation of water chemisorption
on the platinum surface.

Lately, the cathodic catalytic schemes based on transi-
tion metal alloys with platinum that are tolerant to simple
organic fuels and have electrocatalytic characteristics com-
parable with those of platinum catalysts have been actively
elaborated.?®7-28° The higher electrochemical activity of
alloys in the oxygen reduction is mainly associated with
structural and electronic effects as well as with inhibition of
formation of (OH).qs groups.

According to certain data, 287301 the higher activity of
platinum-based alloys is associated with a decrease in
catalyst lattice parameters and, hence, in the distance
between the neighbouring platinum atoms. Presumably,
the decrease in the Pt—Pt bond length favours the forma-
tion of active sites more advantageous for oxygen adsorp-
tion. Thus, the formation of platinum alloys with certain
metals of smaller atomic radii enhances the catalytic activ-
ity. On the other hand, an increase in the lattice parameters
(as a result of introduction of metals with larger atomic
radii) impairs the catalytic properties (Fig. 16).2%0
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Figure 16. Catalytic activity vs. the distance between the closest
platinum atoms in alloys.??°

The relationship between the electronic structure of the
surface of intermetallic compounds PtsM (M = Ni, Co, Fe,
Ti, V) and their catalytic activity in the oxygen reduction
reaction was studied.?®! In the researchers’ opinion, to
exhibit higher catalytic activity, a platinum alloy should
meet two opposite requirements:

— provide considerably high energy for adsorption of
0, and intermediates (02—, O3~, H,0,, etc.);

— favour relatively low surface coverage with oxygen-
containing groups and specifically adsorbed anions.

When oxygen is strongly bound to the catalyst surface,
the rate of oxygen reduction is limited by the rate of oxide
removal from the surface. Conversely, if the catalyst binds
oxygen too weakly, its reduction is limited by the rate of
electron and proton transfer to adsorbed oxygen. These
effects usually correlate with one another. For instance, the
Pt3Ni(111) catalyst with an atomic platinum layer on the
surface exhibits high activity in the oxygen reduction, which
is 90 times higher than the characteristics of commercial Pt/
C catalysts. This is attributed to the joint effect of the
surface geometry, electronic structure and adsorption prop-
erties of this catalyst.?”?

According to experimental data,?!6-217-293-297 the opti-
mal ratio of elements in Pt —M alloys (M = Fe, Co, Ni, Mn,
Cr) is ~ 7:3. Tafel plots of oxygen reduction (Fig. 17)
suggest that in the presence of these alloys, the electrode
potential is 20—30 mV higher than in the presence of
platinum, which corresponds to a 2—5-fold increase in the
catalyst specific activity. A Pt—Cr alloy demonstrated the
best catalytic characteristics.?94

E/V (vs. SHE)

1.0

1
2
3
4
5
6

0.90

0.80

10 100
i/mA cm—2

1000

Figure 17. Tafel plots of oxygen reduction on various binary
platinum alloys (90 °C, 5 atm).?°* (1) Pt—Cr/C, (2) Pt—Ni/C, (3)
Pt—Co/C, (4) Pt—Mn/C, (5) Pt—Fe; for a comparison, the values
for a Pt/C catalyst are shown (6). Metal load: 0.3 mg cm 2.

When Pt—M alloys are used, the electrode potential
increases by 20—40 mV for M = Ti, Mn, Fe.?°7 For these
alloys, the effective Tafel slopes were found to be similar,
which points to related mechanisms of oxygen reduction on
the catalysts made of these alloys and pure platinum. The
electrocatalytic activity of thin Pt—Ni, Pt—Co and Pt—Fe
films synthesized by magnetron sputtering was
studied.?°4297-299  The highest current density at
E =0.76 V was demonstrated by binary platinum alloys
containing ~30 mass % of Ni, 40 mass% of Co and
50 mass % of Fe. The current densities on these alloys
exceeded the corresponding value for pure platinum by
factors of 10, 15 and 20, respectively. Thus, under the
conditions of fuel cell operation, Pt alloys can exhibit
specific catalytic activity higher than pure platinum.

The mechanisms of oxygen adsorption and reduction on
PtsM (M = Co, Ir) catalysts with the core—shell structure
were studied by quantum chemical calculations based on the
density functional theory.3%0 The challenge was to find the
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way for designing a nanostructured catalyst for fuel cells
that would reproduce the highest electronic and morpho-
logical properties of the best catalysts and provide durable
operation of fuel cells. Such experiments were carried out by
several Russian scientists. Thus highly efficient catalysts
containing platinum, cobalt and chromium or platinum,
cobalt and palladium were synthesized by Tarasevich and
co-workers.301 =304 Acid treatment of the catalysts resulted
in the removal of cobalt and chromium from the surface to
form a typical core—shell structure. The shell should be
relatively loose and have a large surface area. Catalyst
samples successfully passed lifetime trials:33 despite their
substantially lower platinum content (approximately half),
they surpassed their commercial analogues in the activity.
Samples of nanostructured catalysts based on platinum-
coated transition metals were synthesized (Fig. 18).3%° The
electron diffraction patterns of such materials demonstrated
reflections from both the transition metal and platinum
coating crystal lattices.

Figure 18. Electron microscopic image of a copper particle in a
platinum shell.

When comparing the data obtained to date, one can
draw a more substantiated conclusion on the origin of the
higher activity of bimetallic catalysts in the oxygen reduc-
tion and their tolerance to CO traces. Insofar as the active
surface of such catalysts is formed by platinum, the possi-
bility that the effect of bifunctional catalysis manifests itself
is virtually zero. Hence, it seems more justified that the
main contribution to the improvement of properties of these
catalysts is made by the shift of the Fermi level of outer d-
electrons as a result of the ‘ligand effect’ from the more
active metal.

4. Nanostructured carbon supports

The activity and stability of a catalyst strongly depends on
its support. At present, a variety of nanostructured carbon
materials were proposed as the supports for electrocatalysts,
namely, single- and multi-walled nanotubes, fibres, full-
erene soot, etc. The length of fibres can reach several
micrometres and their diameter is 10—200 nm; the diameter
of carbon nanotubes can amount to 0.3—10 nm and their
length reaches several hundreds of micrometres.

It is assumed that conducting carbon nanotubes or
nanofibres with large specific surface areas could replace
the conventionally used graphite and specially treated
carbon black. The use of nanostructured carbon materials
can increase the efficiency of catalysts, reduce the consump-
tion of platinum group metals, extend the service life of
catalysts 305 and decrease their sensitivity to carbon mon-
oxide.300-309 The maximum efficiency was demonstrated by
catalysts based on ‘stack’-type carbon nanofibres.?! In
addition, success was achieved in the development of
carbon supports with the graphite structure3'! and also of
amorphous supports.3!?

Optimal properties are obtained when the catalyst is
formed directly on a carbon support. To strengthen the
bond between the catalyst and the support material, the
surface of the latter is pre-modified. The most widely used
modification method is treatment of the carbon material
surface with acids.3%°=313 The best characteristics were
demonstrated by samples prepared with the use of carbon
nanotubes or nanofibres treated with a mixture of nitric and
sulfuric acids. Such pretreatment gives rise to the maximum
number of oxygen-containing groups on the support sur-
face. The treatment with potassium persulfate proved to be
an efficient oxidation method giving a good yield of
carboxyl groups.?!* The electrochemical modification of
carbon nanostructures aimed at their covalent binding to
diazonium salts or phenol derivatives was also used.3!3-316
Another version of surface modification by creating surface
defects is plasma treatment of the surface.317-321

The procedure of catalyst preparation on such materials
involves the deposition of platinum complexes on the
modified support surface followed by their reduction
(Fig. 19). Metal clusters measuring ~2 nm are uniformly

distributed over the surface of carbon nanotubes
(Fig. 20).322,323
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Figure 19. Scheme of the synthesis of platinum clusters.3??
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Figure 20. Photomicrographs of platinum on multi-walled carbon
nanotubes (a) 3?2 and carbon black (b).3?3

Lately, the attention of scientists was focused on the
development of the colloidal method of preparation of
platinum catalysts.323-326 The reduction of platinum is
carried out in solutions of highly viscous substances (e.g.,
ethylene glycol) or in the presence of surfactants. Due to the
more uniform distribution of particles in solution, this
provides an additional possibility of controlling the size
distribution of catalyst clusters.327 329 Platinum can also be
deposited on carbon supports by electrochemical methods.
For example, platinum catalysts were synthesized 330-331 by
an electrochemical procedure according to which platinum
was deposited on a porous carbon paper impregnated with
dispersed carbon particles, Teflon and Nafion.

5. Oxide-based supports

Unfortunately, carbon materials are insufficiently stable in
the oxidative medium of fuel cells. In connection with this,
the search is carried out for non-carbon support materials.
The growing number of recent studies have been devoted to
metal oxides (MO,), which are not only more corrosion-
resistant in oxidative media than carbon materials but also
may act as promoters in the oxygen electroreduction (for
example, MnO,, SiO,, WO,, NbO,, Ti0;)332343 or
methanol and CO oxidation (for example, RuO2, SnO,,
TiO,, NbyOs).344-350 Nanoparticles of MO, can be either
dispersed on the support surface together with platinum
particles 343:351-354 or used as the supports for cata-
lysts.355,356

The oxides used as the supports are most often semi-
conductors. To enhance their electronic conductivity, it is
the practice to use non-stoichiometric compositions (e.g.,
TisO7), doped tin and titanium dioxides, nanostructured
oxides (e.g., TiO2 nanotubes, WO3 nanorods), etc. Some-
times, the support represents a non-conducting oxide with
the addition of a conducting phase (e.g., soot, tungsten
carbides and nitrides, etc.).

Platinum catalysts deposited on nanostructured tita-
nium dioxide (nanorods, nanoribbons, nanowires, etc.)
were shown 3377366 to exhibit high catalytic activity in oxy-
gen reduction and methanol oxidation and also high elec-
trochemical stability. The authors 363366 attributed this to
the high stability, large specific surface area and adequate
conductivity of nanostructured TiO,. Moreover, the sup-
port nanostructure may provide a better distribution of the
catalyst and formation of a catalytic layer having a porous
structure, which makes easier the access of reactants to the

electrochemical reaction zone and enhances the catalytic
activity.3¢7

Titanium dioxide is a wide band gap semiconductor with
a band gap of 3.23 eV.3%8 The electronic conductivity of
TiOz is low (~10—'3 Scm~—!) but it increases as it is
partially reduced. The reduction products with the general
composition Ti,02,_; are known as the Magnelli phases.
The electronic conductivity of a commercial electrode
material based on TisO7 (Ebonex, manufactored by Atra-
verda Ltd, UK) is close to 103 S cm—!, which is comparable
with the conductivity of graphite. This material proved to
be electrochemically stable in sulfuric acid solutions in the
potential range from 0 to 2 V vs. SHE in 1 M sulfuric acid at
room temperature.36%-370

The oxide Ti4O7 was used as the support for a platinum
catalyst.3’% The characteristics of the synthesized catalyst
within a hydrogen—air fuel cell proved to be comparable
with the characteristics of a commercial catalyst manufac-
tured by E-TEK Company (Fig. 21). Insofar as TisO7 is
formed upon the high-temperature (~ 1000 °C) reduction of
titanium dioxide, its nanoparticles are difficult to prepare;
this is responsible for additional complications in the
improvement of the corersponding catalysts.370371

When low-conducting titanium dioxide is usded as the
support, a high-conducting phase, e.g., carbon black or
titanium nitride, is added after the deposition of plati-
num.372:373 The corrosion resistance of the materials pre-
pared in this way was shown to be higher.343.372.373 Ag
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Figure 21. Voltammograms of membrane-electrode blocks based
on 20% Pt/C E-TEK catalyst (/) and 5% Pt/Ti4O7 catalyst (2) (a)
and analogous data vs. specific surface area of platinum (b).37°
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carbon black is being added, the oxygen reduction current
on such catalysts increases to become comparable with the
currents observed on platinum/carbon catalysts.343

Yet another method for improving the conductivity
characteristics of titanium dioxide is its doping with an
electron-donating substance, for example, niobium, vana-
dium or tantalum. The high-temperature synthesis
(~1000 °C) of solid solutions Nb,Ti;_,O> was reported
to produce a material with electronic conduction and a
moderate specific surface area.’’* At ~700 °C, the mixed
oxide undergoes a phase transition from anatase to less
catalytically active rutile,3”> which may diminish the pro-
moting effect of the support.

It was shown 37¢ that TigoNbg ;0> is more resistant to
oxidation than TisO;. The thermal oxidation of TizO7
already begins at 400 °C; moreover, this material turned
out to be electrochemically unstable at potentials of oxygen
evolution. The presence of a defect-free oxygen lattice in
Tio.oNbo.1O> accounts for its thermal and electrochemical
stability.

The activity of catalysts based on niobium-doped tita-
nium dioxide in the reactions of oxygen electroreduction
and methanol oxidation was studied.?”7-37° Nanocrystal-
line niobium-doped titanium dioxide with the average grain
size of 10—20 nm was prepared.376-378.379 Platinum par-
ticles with the average size of 3 nm were deposited on its
surface. Presumably, the high degree of dispersion of
platinum and the metal—support interactions are respon-
sible for the higher catalytic activity of this material as
compared with platinum on carbon black. A platinum —ru-
thenium catalyst supported by nanocrystalline Tip 9Nbg ;02
is also more active than the commercial Pt—Ru/C catalyst
manufactured by E-TEK.3”7 When used in a fuel cell,
Pt—Ru/TipoNbg 10, catalysts generated a current 46%
higher as compared with the Pt — Ru/C E-TEK catalyst.

A one-step synthesis of a nanocomposite consisting of
TiO: (in the anatase form) nanoparticles coated with carbon
and then with platinum deposited on the carbon surface was
proposed.380 The carbon layer thickness was 2—4 nm. The
electronic conductivity and the specific surface area of this
composite material were higher as compared with Vulcan
XC72 carbon black. The activity and stability of the catalyst
based on TiO> nanoparticles in methanol electrooxidation
were higher that the activity of a carbon-supported plati-
num catalyst; this was attributed not only to proper support
characteristics but also to the high-degree dispersion of
platinum on this material. The increase in the degree of
dispersion and the activity of platinum catalysts in the
presence of titanium dioxide was also noted by other
scientists.340-381 The size of catalyst grains was 1—2 nm,38!
which is smaller than the size of Pt — Ru alloy particles on
carbon black (3—4 nm). Moreover, the catalytic activity of
the new material in methanol oxidation was found to be
higher as compared with the commercial Pt—-Ru/C catalyst
(E-TEK).

Sulfur-doped platinum catalysts based on carbon nano-
tubes coated with titanium dioxide (Pt/S—TiO,/C) were
proposed.?82:383 [t was shown that the activity of such
systems in methanol oxidation and their tolerance to poi-
soning with carbon monoxide surpass the corresponding
characteristics of Pt—TiO,— C composites.

Platinum catalysts deposited on ruthenium-doped tita-
nium dioxide were proposed.3$4 385 It was shown that mixed
oxides Ru,Ti;_,O, exist as solid solutions up to x = 0.5.

Depending on their composition, the conductivity of
Ru,Ti;_yO, varied from 0.1 to 100 Scm~!. The
Ruyg 71 Tip.2902 support proved to be most efficient, provid-
ing twice higher specific activity of catalysts than the
commercial Pt/C catalyst (E-TEK).

Of high interest are supports based on tin dioxide. It is
well known that on the surface of this oxide, the chemi-
sorption of water molecules to form surface OH groups
occurs at lower potentials than on the platinum surface.
This is why the electrooxidation of CO38¢ and low-molec-
ular-weight alcohols such as methanol3%7-3%% and etha-
nol 37 proceeds more readily on the neighbouring
platinum atoms. Doping with antimony can increase the
SnO; conductivity up to 10-0.1 S cm ' as compared with
10-3-10-° S cm ! for undoped SnO,.3893%

Based on the results of studies by cyclic voltammetry, it
was shown 3°° that hydrogen adsorption—desorption proc-
esses for Pt and Pt/SnO; catalysts (1 M H2SOy4 solution as
the electrolyte) proceed in the same manner, whereas the
anodic current for the platinum oxide film formation (at
potentials >0.8 V) and the cathodic current for its reduc-
tion are lower for Pt/SnOs.

A comparative study of the electrochemical properties
of Pt/Snp.9sSbp.020 (platinum deposited on an antimony-
doped tin dioxide film with the average grain size of
~ 10 nm)3%7 and platinum electrodes demonstrated higher
steady-state currents of methanol electrooxidation for the
platinum oxide electrode. The effect of the platinum load in
the Pt/Sn;_.Sb,O, electrode on its catalytic activity and
stability in methanol and ethanol electrooxidation processes
was studied.?*1-393 A decrease in the platinum load was
shown to favour the optimization of the size of platinum
particles on the oxide support. The best compositions
contained ~ 5 mass % —10 mass % Pt. The stability and
activity of Pt/Sn;_,Sb.O, catalysts proved to be higher
than the analogous characteristics of Pt/C catalysts. It is
interesting that metal oxide catalysts with the optimal
content of platinum were more active as compared with
Pt/C, despite the much lower conductivity of Sn;_,Sb,O,
(~0.1-4Scm™1) as compared with carbon
(~100 S cm—1). This also points to the activating effect of
the oxide support on the electrochemical process. The data
confirming the high activity of catalytic systems based on
antimony-doped tin dioxide was also reported -else-
where, 394397

The properties of catalysts supported on ruthenium-
doped SnO> were studied.3%3-398-401 The introduction of
ruthenium into tin dioxide was shown to enhance the
activity and stability of platinum catalysts on these sup-
ports. Presumably, the interaction between RuO, and SnO
favours the formation of hydroxyl groups that activate the
oxidation of catalytic poisons strongly adsorbed on plati-
num (for instance, CO) and also provide easier methanol
electrooxidation.

An interesting consequence of the metal—support inter-
actions was reported 4°2 for the Au—SnO, system. Gold
nanoparticles deposited on SnO, catalyze the four-electron
reaction of oxygen electroreduction, whereas gold deposited
of carbon black preferentially catalyzes the two-electron
process to form hydrogen peroxide.

Indium —tin oxide may serve as yet another example of
non-carbon supports based on nanocrystalline doped
oxides.403-404 Thus, it was shown4%3 that the electroche-
mical and thermal stability of the synthesized oxide material
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is much higher as compared with commercial catalysts
Hispec-4000 (Johnson Matthey) and platinum on carbon
black. Platinum supported on nanocrystalline tin dioxide
doped with indium was reported to exhibit a higher catalytic
activity in methanol electrooxidation.*04~409

Promising materials to be used as catalyst supports
include ruthenium,3#? iridium,37# silicon4!° and cerium 4!!
oxides, hydrated ruthenium oxide RuO,-nH>0O, which
exhibits proton conduction, and anhydrous RuO,, which
is an electronic conductor.#!'> The activity of a RuO,-
supported platinum —ruthenium catalyst in methanol elec-
trooxidation was shown to be comparable with the activity
of a Pt—Ru catalyst on Vulcan XC72 carbon black,
whereas the former catalyst supported on RuO,-nH,O
was inactive 410, 412-415

The use of iridium oxide as an individual support and as
an additive to tin or ruthenium dioxide made it possible to
substantially increase the catalytically active surface of
platinum and made it more CO-tolerant.416-420

The Pt/SiO, catalysts are ~4 times more active in
ethanol electrooxidation than platinum black. The support
prepared by etching silicon dioxide was shown to be
corrosion resistant in acidic media and only weakly suscep-
tible to poisoning with ethanol oxidation products.*?!~425

According to experimental data,*!!-426-429 the catalysts
supported on cerium oxide and mixed cerium—zirconium
oxides (Pt—Ce,Zr;_,02/C) and also on sulfonated zirco-
nium oxide (Pt/S—ZrO,) are sufficiently stable and exhibit
higher activity in methanol and CO electrooxidation as
compared with Pt/C.

Considerable attention of scientists is attracted to plati-
num catalysts supported on tungsten and molybdenum
oxides. A substantial increase in the stability of Pt/WOs;
catalysts as compared with the commercial Hispec-4000
catalyst was noted.*30~ 432 The catalytic activity of the
oxide material in the oxygen reduction exceeded the activity
of the carbon-containing catalyst Hispec-4000 both before
and after the oxidation cycles. The oxides WO, and MoO,
are not only corrosion resistant but can also increase CO
tolerance. Thus, Pt/MO, (M = Mo, W) catalysts supported
on carbon were shown 263.349.433-439 t5 be more stable in
fuel cells than the Pt— Ru/C catalysts. This was explained
by the bifunctional mechanism and(or) the spillover
effect.436.438

The Pt/MoO, catalyst proved to be more CO tolerant
(for the CO content in hydrogen of 80 ppm) than Pt-Ru
catalysts.40-441 However, the resistance to poisoning in the
presence of CO was substantially lower for the former
catalyst than for the latter. According to voltammetric
studies, the surface coverage with adsorbates formed in the
CO oxidation on Pt/MoO, is more complete than on
Pt—Ru; this is why the electrooxidation of hydrogen on
Pt/MoO, is partly inhibited.

The Pt/WO, systems are also catalytically active in the
oxidation of the H> + CO mixture, although this effect is not
so high as for the use of the Pt—Ru catalyst.3? 442
Tungsten oxides actively catalyze the reactions occurring
in fuel cells. The catalytic activity of WO, is attributable to
the fast change in the tungsten oxidation state and the
involvement of the redox pairs WO /W4T (Ref. 443) or
Weo+ /W3+ (Ref. 438) in the process.

The efficient operation of electrodes requires not only
the adequate catalysis of the electrode process but also
favourable conditions for the electron and proton transport.

In the majority of cases, this is achieved by introducing a
proton-conducting polymer into the electrode composition.
However, in this case, a part of platinum becomes inacces-
sible for the gas. This problem can be solved by replacing
the three-phase boundary by a two-phase boundary. For
this to happen, the oxide should exhibit both electronic and
proton conduction, for example, like non-stoichiometric
tungsten compounds H,W(3.239,443, 444

The use of tungsten oxide nanofibres as the supports for
platinum catalysts proved to be sufficiently efficient.#4>
Platinized fibres synthesized on alumina supports are char-
acterized by the high stability and catalytic activity in the
methanol electrooxidation reaction. Tungsten oxide is also
known to promote the action of other catalysts in the
reaction of oxygen electroreduction.?33-432.443 A catalytic
mechanism was proposed according to which tungsten
oxide accelerates the decomposition of the hydrogen per-
oxide intermediate.443

An interesting trend in the development of catalysts for
oxidation of CO and organic fuels is the synthesis of
platinum catalysts deposited on composite supports based
on ion-conducting heteropoly compounds, for example,
heteropolyacid salts M5_ . H,PM;,04, (where M’ = K, Cs,
Rb, NH4; M = W, Mo), i.e., inorganic solid electrolytes
with high proton conductivity.#4¢~453 These catalytic sys-
tems exhibit high activity in many chemical and electro-
chemical reactions. The possibility of using platinized
heteropoly compounds as the catalysts of anodic processes
in low-temperature hydrogen—air fuel cells was demon-
strated.*33 436

6. Carbide-based supports
Back in the early 1960s, it was observed that carbides of
certain transition metals such as tungsten, tantalum and
titanium exhibit the catalytic activity in oxygen electro-
reduction in acidic media.*#¢-437-458 Moreover, carbides
exhibit high electronic conductivity and corrosion resist-
ance; hence, they can be used as platinum-free catalysts 4>
and also as supports for platinum.*6°

Tungsten carbide holds the greatest promise for the use
in fuel cells, as it has the highest catalytic activity among
metal carbides and high corrosion resistance.*3%-4%0 It was
noted 4¢! that the catalytic activity of platinum on WC after
30 electrochemical oxidation cycles in the range of
0.6—1.8 V decreased by 20%, whereas the Pt/Vulcan XC72
catalyst almost completely lost its activity as soon as after
ten cycles. It was assumed that after oxidation cycles, the
tungsten surface is partly covered by conducting WO, film.
Meanwhile, the oxidation of carbon leads to liberation of
gaseous CO and CO», destruction of the support and the
loss of catalytic activity of the platinum surface. The
stability and activity of WC-supported catalysts in the
oxygen reduction can be considerably enhanced by doping
tungsten carbide with tantalum.#62-463

The use of tungsten carbides as supports for platinum
catalysts is efficient due to their high corrosion resistance
and intrinsic catalytic activity and also because of the
synergistic effect that enhances the activity of platinum in
contact with carbide.#®* The enhanced efficiency of catalysts
supported on tungsten carbides as compared with activity of
Pt/C catalysts was reported.#6>-4%6 The current density of
oxygen reduction on the Pt/W,C —C catalyst is two orders
of magnitude higher than on Pt/C.
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Tungsten carbide-supported catalysts are highly active
not only in oxygen reduction but also in the processes of
methanol and hydrogen electrooxidation in the presence of
CO.467-469 The higher activity of the Pt/WC catalyst in the
methanol electrooxidation as compared with pure platinum
and also its higher resistance to CO poisoning were noted,
which can be associated with weaker adsorption of CO on
Pt/WC.4¢7 The increase in the carbon monoxide tolerance in
the reaction of hydrogen electrooxidation carried out in
hydrogen mixed with CO was also observed for Pt—Ru/
W>C and Pt— Ru/WC systems.470-471

The catalytic activity of composite structures based on
palladium nanoparticles supported on tungsten carbide
modified with multiwalled carbon nanotubes in the reaction
of ethanol electrooxidation exceeded the activity of the Pt/C
catalyst by a factor of five, which was interpreted 472473 as
being due to the structure of carbon nanotubes and the
appearance of synergism between the noble metal and the
carbide. The synthesized composites also exhibited high
catalytic activity in methanol and ethylene glycol electro-
oxidation.

Fairly efficient platinum catalysts on the supports based
on tungsten carbide microspheres were proposed.*’* The
activity of this material in methanol electrooxidation
exceeded several times the activity of a standard catalyst
manufactured by E-TEK. One of the factors determining
the efficient operation of this catalyst was the ability of
platinum to form finer dispersions on the microspheres as
compared with carbon supports.

7. Supports based on conducting polymers

Conducting polymers such as polyacetylene, polypyrrole,
polyaniline and their derivatives attract attention as a new
class of synthetic materials which can be used as supports.
The properties of polyaniline were studied most thoroughly.
It is characterized by high electronic conductivity in its
protonated form and the chemical and electrochemical
stability. The conditions of synthesis of polyaniline are
sufficiently simple and reproducible. Due to the listed
qualities, this polymer is promising for electrocatalysis as a
component of membrane-electrode blocks.*”5 Polyaniline is
used as a coating of bipolar plates,*’® for modifying
polymer membranes4’7 and as a catalyst support.#’® In
several studies, it was shown that polyaniline exhibits
intrinsic electrocatalytic activity in electroreduction of oxy-
gen and electrooxidation of methanol and hydrogen.479480
A polyaniline catalyst served for the design of a fuel-cell
prototype that contained no platinum-group metals and
had a power density of ~5 mW cm 2 (Ref. 481).

The majority of publications are devoted to polyaniline
used as the support for catalysts in direct methanol fuel
cells. The merits of these supports include not only their
intrinsic electrocatalytic activity in the reactions involved
but also the enhanced stability against the poisoning effect
of methanol oxidation products*%? and the advantageous
use of platinum crystallites dispersed throughout the poly-
mer matrix.*®3 For instance, catalysts prepared by electro-
deposition of platinum on polyaniline with relatively low
metal loads (0.1 mg cm—?2) exhibited the activity in meth-
anol electrooxidation comparable with the platinum activ-
ity; moreover, they were more CO tolerant.#84-48¢ The
higher activity of platinum and palladium particles on
polyaniline films as compared with Pt/Pt or Pd/Pt catalysts
in electrooxidation of methanol, CO and formic acid was

attributed 487 to the interaction between metal and polymer
particles. Thus, the activity of palladium on a polyaniline
film in the electrooxidation of formic acid exceeds more
than 20-fold the activity of Pd/Pt catalysts prepared by
electroplating of palladium on smooth platinum.

The stability and catalytic activity of polyaniline-sup-
ported catalysts can be enhanced by using platinum alloys
in place of pure platinum.*®8-492 Polyaniline-supported
catalysts based on Pt—M (M = Cr, Ni, In, Co, Sb, Bi, Pb,
Mn) were studied.*®® The anodic current of methanol
electrooxidation, which characterizes the activity of these
catalysts, strongly depends on the morphology and elec-
tronic conductivity of polyaniline synthesized by electro-
polymerization of aniline from acid solutions (H2SOg,
HNOs;, HCIO4, HBF4 and HCI). The strongest activity
was exhibited by catalysts on polyaniline films deposited
from solutions in sulfuric acid. The activity of all polyani-
line-supported metal catalysts studied was higher as com-
pared with catalysts applied directly on glassy carbon
electrodes (Fig. 22). The highest current density of meth-
anol electrooxidation was reached for the Pt—Sn/polyani-
line catalyst.
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Figure 22. Diagram of activity of polyaniline-supported catalysts.
(1) Pt/M, (2) Pt—M/polyaniline.

Platinum —ruthenium catalysts pertain to the most effi-
cient catalysts. They exhibit high catalytic activity in meth-
anol electrooxidation on carbon supports and, being
supported on polyaniline, demonstrate resistance to con-
tamination with CO. The optimal ruthenium content in the
alloy for the methanol electrooxidation was shown to be
32 at.%.%!

Platinum catalysts deposited on polyaniline nanofibres
hold promise for direct methanol fuel cells.*83-492 Platinum
nanoparticles supported on polyaniline nanofibres have a
smaller average diameter and a narrower size distribution as
compared with carbon black supports. Hence, as opposed
to Pt/C catalysts, a Pt/polyaniline catalyst has larger elec-
trochemically active platinum surface area and demon-
strates higher activity in methanol electrooxidation.

An efficient platinum catalyst based on composite
structures involving polyaniline and multiwalled carbon
nanotubes was prepared.*®> As a result of mofidication
with nanotubes, the electronic conductivity of polyaniline
increased by more than an order of magnitude. Moreover,
the catalytic activity of this composite material in methanol
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electrooxidation also increased. Based on IR spectroscopic
studies, it was assumed that in the prepared composite, the
charge transfer interaction between nanotubes and polyani-
line takes place, which results in stabilization of quinoid
units.

Among conducting polymers which proved to be suit-
able as the fuel-cell catalysts, attention should also be
drawn to poly(3,4-ethylenedioxythiophene). Platinum cata-
lysts supported on this polymer exhibit high stability and
catalytic activity in both oxygen reduction and methanol
electrooxidation reactions.#94495 After 1500-h trials in an
air electrode, this catalyst showed no signs of degradation
and retained the activity with respect to oxygen reduc-
tion.337 It is interesting that the activity of these catalysts
in the methanol electrooxidation increases after their long-
term storage in air.*°¢4%7 This is associated with the
increase in the material porosity, which makes platinum
active sites more accessible to methanol.

IV. Conclusion

Hydrogen power engineering is a modern knowledge-inten-
sive branch which actively uses the achievement of different
scientific fields including materials science, polymer chem-
istry, membrane transport, electrochemistry, catalysis,
nanotechnology. The fast ionic transport in proton-con-
ducting membranes becomes possible due to self-assembling
processes to form pores and channels with characteristic
sizes of 2—5 nm in the membrane matrix. The acceleration
of ion transport, especially at low humidity, was achieved
due to incorporation of various nanoparticles, first of all, of
the inorganic origin. The best results are obtained upon the
modification of nanoparticles aimed at imparting acidic
properties to them.

High performance operation of a fuel cell requires that
the size of platinum catalyst particles be about several
nanometres. This favours its maximum activity and reduces
the consumption of expensive platinum. Yet another way to
increase the efficiency of operation of fuel cells and reduce
their cost is gradual changeover to polymetallic systems
aimed at the enhancement of the carbon monoxide toler-
ance of the catalyst. According to modern views, this can be
achieved via the redistribution of electron density of the
metal and also by the formation of two closely located
catalytic sites that provide acceleration of CO oxidation.
Often, it proves to be most advantageous to use nanosized
bimetallic particles with the core—shell structure.

An important role belongs to the gas-diffusion layer,
i.e., the support for the platinum catalyst, which provides
the efficient current drainage and the delivery of reacting
gases to the catalyst. Lately, the role of the gas-diffusion
layer was mainly played by various forms of fine-grain
carbon for which the introduction of nanosized materials,
particularly, nanotubes, proved to be efficient. A modern
trend is the transition to non-carbon supports, first of all,
conducting oxides of transition metals. Supports can be
made of other compounds, e.g., carbides or conducting
polymers, particularly, polyaniline.

Note in conclusion that the rapid development of nano-
technologies made it possible to substantially enhance the
efficiency of fuel cell operation and decrease their cost.
These two factors were the obstacles to the development of
hydrogen power engineering, which is very attractive due to

the low hydrogen density and high environmental safely of
fuel cell operation. Bearing in mind the aforementioned, one
can expect acceleration of the development of this impor-
tant field in the nearest decades and the use of its achieve-
ments in the national economy, first of all, in the energy
supply of vehicles (cars, airplanes, efc.) and portable devi-
ces.
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