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1. INTRODUCTION

In recent years, fuel cells, in particular the proton exchange
membrane (PEM) fuel cells, have been demonstrated to be
feasible energy converters that convert chemical energy of fuels
such as hydrogen directly to electrical energy with high power
density, high efficiency, and low to zero emissions. Their
applications have been identified in the power demanding areas
such as portable, transportation, as well as stationary. This fuel
cell technology has also been shown to be competitive with
conventional energy conversion devices such as internal combus-
tion engines and batteries, and therefore is expected to be an
important energy technology for the future.'~® However, there
are still several challenges that hinder fuel cell commercialization,
including insufficient durability/reliability and high cost. With
respect to both of these challenges, PEM fuel cell catalysts have
been identified to be the major contributors.

In terms of low durability of PEM fuel cell catalysts, the
corrosion of carbon support materials has been identified to be
the major contributor to the catalyst failure, in particular for
platinum (Pt)-based catalysts, although other failure modes have
also some contribution to the catalyst degradation such as Pt
dissolution, sintering, as well as agglomeration. With the current
state of technology, the state-of-the-art and the most practical
electrocatalysts for PEM fuel cells are still carbon-supported Pt
catalysts.” Unfortunately, carbon supports for these practical Pt-
based catalysts are not stable enough for fuel cell durability. For
example, during fuel cell operation, in particular for conditions of
dynamic load operation in automotive applications, the cathode
catalyst will experience high electrode potential in the presence
of oxygen at low to zero load during load cycling.'® Oxidation of
the carbon support to produce CO, can occur, resulting in the
separation of Pt particles from the carbon support and loss of
performance. These separated Pt particles would become elec-
tronically isolated, leading to a low Pt utilization as well as
degraded fuel cell performance. For the anode catalyst, the carbon
support can also be oxidized in the situation of fuel (hydrogen)
starvation.'' "> With respect to the instability of carbon materials
in fuel cell environments, as stated by Mathias et al,'° the carbon
materials (Vulcan XC-72R and Ketjen) currently used with fuel
cell catalysts do not meet the durability requirements for automotive
applications. Therefore, it is necessary to explore stable alternatives
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to replace carbon materials for the catalyst support to improve
the durability of PEM fuel cells.

Regarding catalyst supporting strategy, it is commonly recog-
nized that the catalyst su4pport plays a critical role in both catalyst
activity and durability."* ' To achieve a high performing fuel
cell catalyst, the catalyst support should have several important
properties including excellent electronic conductivity, high cor-
rosion resistivity, uniform particle size distribution, high surface
area, strong cohesive force to catalyst particles, easy formation of
uniform dispersion of catalyst particles on their surface, etc. For
example, the most used catalysts currently in PEM fuel cells are
Pt or Pt alloy-based catalysts supported on carbon materials,
which are porous conductive materials with a high specific
surface area of >100 m?>/g."” Unfortunately, although these
carbon supports are outstanding in some respects in terms of
their large surface area, high electrical conductivity, and pore
structures,'® ' the corrosion caused by electrochemical oxida-
tion in a PEM fuel cell operating environment has been identified
to be the major drawback in terms of catalyst durability and
reliability.

Currently, higher temperature PEM fuel cells are considered
to be the next generation of PEM fuel cell technology because
they have several advantages over cells operated at <90 °C.>*~**
These advantages can be summarized as: (1) improved fuel cell
reaction kinetics, especially for the cathode oxygen reduction
reaction (ORR); (2) small increased catalyst tolerance toward
contamination; (3) improved heat rejection capability; and (4)
improved water management. Unfortunately, when PEM fuel
cells are operated at higher temperatures (90—200 °C), catalyst
support corrosion is even more severe, leading to a higher
degradation of the performance. For example, during long-term
fuel cell operation (>500 h) at higher temperatures, the oxidation
of the carbon support has clearly been observed in our work.”>*
This was typically accompanied by a loss in electro-catalytic
surface area, suggesting that the Pt particles were either separated
from the carbon supports due to the oxidation of the carbon or
agglomerated into larger sizes. The situation became even worse
when the fuel cell was operated at an extremely high temperature
(300 °C). It was observed that the fuel cell performance was
degraded within hours of operation, and MEA diagnosis showed
significant corrosion of the carbon support.”” Therefore, devel-
opment of more durable catalysts and catalyst supports for PEM
fuel cells is required for higher temperature PEM fuel cell
operation, that is, >90 °C.

To address the issue of catalyst support corrosion, some
alternative support materials rather than the traditional carbon-
based supporting materials in PEMFCs,”*>* should be explored.
For these noncarbon materials for fuel cell catalyst supports,
some basic requirements should be met, including high surface
area, favored dispersion of catalytic metals, high corrosion
resistance under both dry and humid air conditions and at both
low and high temperature, low solubility in acidic or alkaline
media, high electrochemical stability under fuel cell operating
conditions, as well as high conductivity. In addition, the non-
carbon supporting materials should have a strong physicochem-
ical and electronic interaction with catalytic metals to improve
their catalytic activity and durability.”®*” With respect to the
exploration of noncarbon support materials for fuel cell catalysts,
considerable work has been done in the past decades. The
materials developed include metal,">*° 732 nitride,** carbide,>***
mesoporous silicas,*®*’ conducting polymers,**** as well as
metal oxides.** In this Article, the developments for several

Electrocatalyst

Figure 1. Components in the structure of a gas diffusion fuel cell
electrode. Reprinted with permission from ref 43. Copyright 2004 Royal
Society of Chemistry.

important kinds of noncarbon supporting materials in recent
years are reviewed. The challenges for developing noncarbon
supporting materials are analyzed, and the possible future
research directions, in particular the material preparation meth-
ods, are also proposed in this Article.

2.IMPACT OF CATALYST SUPPORT IN PEM FUEL CELLS

2.1. Relationship between Support and Electrode

Since Bacon®' found an appreciable current density using a
dual-porosity structured electrode in 1960, a lot of scientists have
attempted various electrodes to further improve the performance
of fuel cells. Each significant advance in materials development
has led to a new generation of fuel cells. Figure 1 shows the
structure and components of an electrode used in conventional
low temperature PEM fuel cells. These components of an
electrode are polytetrafluoroethylene (PTFE), high surface area
catalyst support (for example, carbon) loaded with precious
metal catalysts, a current collector, and possibly other minor com-
ponents.*” Typically, the electrochemical reaction in hydrogen—
oxygen fuel cells, which occurs at the anode, is

H, — 2H" + 2e (1)
and the complementary reaction occurring at the cathode is
0, + 4H" + 4e — 2H,0 (2)

In Figure 1, the sequential processes involved for the gas diffu-
sion fuel cell anode are the dissolution of hydrogen gas at the
gas—electrolyte interface, diffusion of dissolved hydrogen to
the electrolyte—catalyst interface, electrochemical reaction at
the catalyst—electrolyte interface, conduction of electrons by the
current collector, and proton transport across the electrolyte (for
PEM fuel cells, the electrolyte is a proton exchange membrane
such as Nafion). Chanetal et al.** have pointed out that there are
a number of factors that play a role in determining the best
electrode materials and structure to use. Such factors include the
chemical compositions and morphologies of components, high
surface area for maximum reaction rate and high porosity for fast
mass-transport, optimization of the solid phase and the contin-
uous liquid phase for best electronic and ionic transport, wett-
ability, gas—liquid interphase mass transport, and the stability,
length, and thickness of the three-phase boundry, etc. Perhaps
the most important issue for electrode performance would be the
choice of electrocatalyst for a given charge transfer reaction. In
particular, the support for the metal electrocatalyst turns out
to be as important as the nanoparticles for providing their
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dispersion performance and stability. In addition to electrical
conductivity and surface area, hydrophobicity, morphology,
porosity, and corrosion resistance are also important factors in
the choice of a good catalyst support. Because the platinum
precursor can be uniformly dispersed on its surface by the
hydrophilic morphology and porosity of support, Yu and Ye**
have obtained the optimized Pt particle size, dispersion, and
adhesion properties for a good catalyst.

2.2. Effect of Support on Catalytic Stability and Activity
Currently, PEM fuel cells are operated at low temperatures
usually less than 80 °C. At low temperatures, several issues have
been identified: PEM fuel cell reaction kinetics, in particular the
slow ORR, can hinder improvements in fuel cell performance
and require larger Pt catalyst loadings; the tolerance of the
catalyst toward contamination is insufficient; heat rejection is
slow; and water management in the system is difficult. Therefore,
to overcome these obstacles, it is desirable to operate at higher
temperatures above 80 °C. ORR kinetics becomes significantly
more rapid at hégh temperatures, while the water flooding issues
are reduced.**® However, the degradation of the catalyst and the
support will also be accelerated. During long-term PEM fuel cell
operation, the oxidation of the carbon support and growth of the
Pt catalyst particles with a correspondin7g decrease in electro-
catalytic surface area is clearly observed.*” Long-term operation
can also change the MEA properties from hydrophobic to
hydrophilic resulting in electrode flooding, which will signifi-
cantly decrease performance. Figure 2 showed the possible
degradation mechanisms.***® The proposed mechanism of Pt
particle growth in Figure 2a showed that platinum ions transport
through the liquid and/or ionomer while electrons transport
through the carbon support. Free electron concentration in
carbon is quite high. Thus, transport of electrons through carbon
support is rapid and is not rate limiting. That is, when in contact
with carbon, the particles will essentially be at the same electro-
static potential. The overall reaction may then be given by a
dissolution and a precipitation as follows:
(1) Pt° (smaller particle) — Pt (liquid and/or ionomer) +
2e (carbon).
(2) Pt** (liquid and/or ionomer) + 2e (carbon) — Pt°
(larger particle).
It is clear from Figure 2b that in most typical anodes, Pt
(or Pt and Ru) supported on carbon particles is prone to
degradation during fuel starvation due to reaction 3, the
oxidation of carbon, which is catalyzed by the presence of
platinum.* This reaction proceeds at an appreciable rate
at the electrode potentials required to electrolyze water
in the presence of platinum (greater than approximately
1.4 V°9).

C + 2H,0 — CO, + 4H" + 4e” (3)

The carbon catalyst support is converted to CO,, and Pt and/or
Ru particles may be lost from the electrode, resulting in loss of
performance.

Besides carbon oxidation, catalyst sintering or agglomeration
is another problem for the reduction of a PEM fuel cell’s
durability®" when operated at higher temperatures. The catalyst
sintering could reduce the electro-active surface area of the Pt
catalyst, lower the Pt utilization, and degrade its catalytic activity.
In particular, carbon support oxidation is only one of the factors
that leads to catalyst agglomeration. To avoid this problem, the

(a) Precipitation

Dissolution M

(b) aH'

PH+RU
Crystals

. Substrate
Degradation of carbon

Loss of Pt/Ru

Figure 2. Schematic representations of Pt agglomeration and carbon
corrosion. (a) Reprinted with permission from ref 48. Copyright 2007
Electrochemical Chemical Society. (b) Reprinted with permission from
ref 25. Copyright 2004 Elsevier B.V.

1 5254
usage of a noncarbon support such as metal oxides or other

materials has proved to be very important and significant to
obtain good PEM fuel cell performance.

The use of noncarbon supports can not only reduce the
amount of noble metal like Pt but also enhance catalytic activity
and stability. To further improve catalytic activity, developing
promising noncarbon catalyst supports is necessary in the design
and synthesis of new electrocatalysts. In recent years, a lot of
researchers have devoted themselves to the fundamental under-
standing of the ORR mechanism catalyzed by novel material-
supported Pt electrocatalysts because the dominant polarization
in a PEM fuel cell comes from the slow cathodic oxygen
reduction reaction (ORR) rather than the anodic hydrogen
oxidation reaction (HOR). Recently, Filhol et al.>® used first-
principle analysis and pointed out that on a fully hydrated
Pt{111} surface, electron transfer could precede protonation of
the absorbed O, molecule. Through a pattern of hydrogen
bonding, the proton would bond to the adsorbed O, molecule
in the form of H;O". Their results were also applied to explain
the initial stages of O, adsorption and activation as a function of
applied potential on well-defined pure Pt and metal-supported Pt
and were validated by experimental results.*® In 2008, Norskov
et al.>” reviewed how the catalytic activity could be affected by the
electronic structure and geometric distribution of the nanocom-
ponents in the catalyst. On the basis of Norskov’s theoretical
research on ORR catalysts, Stamenkovic et al.>® found that metal-
supported Pt electrocatalysts involving 3d metals were better
than pure Pt catalyst because the electronic structure on the
surface of metal-supported Pt could be slightly modified. This
provided useful information for developing and understanding
the factors controlling the ORR kinetics with the use of non-
carbon-supported Pt catalysts.

2.3. Interaction of Pt with Support

In a supported Pt catalyst system, the physicochemical and
electronic interaction between Pt and the support plays an
important role in both the catalytic activity and the stability.
In general, in the supported Pt PEM fuel cell catalysts, the
interaction between the Pt particle with its support can be
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attributed to the presence of electronic effects. For the catalytic
ORR, the metal—support interaction is through electron trans-
fer from platinum clusters to oxygen atoms adsorbed on the
support surface.*”* In many cases, chemical bonds can be formed
with the charge transfer taking place between the contacting
phases.

Electronic interaction between the Pt catalyst particle and the
support has been investigated by conventional physical, spectro-
scopic, and electrochemical studies. For example, electron-spin
resonance (ESR) studies have demonstrated the electron dona-
tion by platinum to the carbon support.®" This has been further
supported by X-ray photoelectron spectroscopy (XPS) studies®
showing that the metal can act as an electron donor to the
support, and the interaction is dependent on the Fermi level of
electrons in both. In the XPS studies, the Pt 4{7/2 signal for the
carbon-supported pure Pt catalyst was found to be shifted to
higher binding energies with respect to that of unsu;)ported
platinum due to the platinum-support electronic effect.”>** For
carbon-supported PtRu catalyst, Antolini et al.*° revealed a
further shift to high energy values for the Pt 4£7/2 signal of
PtRu/C by 0.2—0.3 eV with respect to a pure Pt/C catalyst. This
further shift for PtRu/C was attributed to the strong platinum—
support interactions or small particle effect. Furthermore, the
presence of Ru precursors and their decomposition could also
affect the acid—base properties of the carbon support. This effect
should produce a strong metal —support interaction, which then
affects the electronic nature of the platinum sites. Goodenough
and Manoharan®® combined the observation from XPS, extended
X-ray absorption fine structure (EXAFS), and ESR measure-
ments on a carbon-supported PtRu catalyst and concluded that
the synergistic catalytic effect could result from an intra-alloy
electron transfer from Ru to Pt. McBreen and Mukerjee®” studied
the Pt X-ray absorption near-edge structure (XANES) at 0.0,
0.24, and 0.54 V at the respective Pt L3 and L2 edge using both
Pt/C and PtRu/C catalysts and observed that alloying with Ru
could cause electronic effects on the Pt. Kim et al®® studied a
pure Pt—Ru bimetallic alloy and analyzed the surface chemical
composition and oxidation state of each metal by Pt 4f and Ru 3p
XPS spectra, and they observed the electron transfer between Pt
and Ru. Lim et al.'* instigated a TiO, nanotube-supported Pt
catalyst by XPS. Although the Ti peak was not detected due to
the Pt coating layer (~20 nm outside of the TiO, nanotube), the
binding energy of Pt 4f7/2 in the XPS profiles for the Pt/TiO,
nanotube catalyst was found to slightly shift in the positive
direction, which was thought to be the Pt—TiO, nanotube
interaction. This Pt—support interaction was considered to be
beneficial to the enhancement of both the catalytic activity and
the stability improvement of the electrocatalyst.”>”® According
to Bogotski and Snudkin,”* the change in electrocatalytic activity
was attributed to the electronic state of Pt when deposited on a
carbon support. In their explanation, an electrical double layer
can be formed on the support where the microdeposited (Pt)
particle is located, thereby resulting in an increase in electron
density on the platinum. This rise in electron density can be
significant only if the particle size of the microdeposit (Pt) is
comparable to the thickness of the double layer.”> Therefore, the
particle size of the catalyst metal crystallite does influence the
catalyst support interaction and/or synergism.

Additionally, it was reported”*’* that during supported Pt
catalyst formation, the interaction of the Pt precursor with
the support is crucial and can affect the Pt particle size and
dispersion, as well as adhesion properties. For a carbon-

supported Pt catalyst system, the reduction of H,PtCls precuser
into a Pt(Il) complex on the carbon particle surface plays an
important role in forming active catalysts.”””’> On the other
hand, the carbon surface basic sites can act as anchoring sites for
the hexachloroplatinic anion, which is considered responsible for
the strong adsorption of platinum on carbon. The carbon surface
basic sites are frequently associated with pyrone-like structures,
which would have a strong electronic interaction with the surface
carboxyl groups. According to other researchers,”® % the surface
basic sites are essentially of the Lewis type and are associated with
-electron rich regions within the basal planes. Leon et al.”®
thought that the protonation of such oxygen-free basic carbon
sites would lead to an electron—donor—acceptor complex.
Lambert and Che”® provided an alternative formulation of the
model for the strong adsorption of PtCls”~ using the mechanism
of inner-sphere adsorption. In their model, surface groups would
replace some of the original ligands (Cl ™) of the transition metal
in solution.

3. METALS AS CATALYST SUPPORTS

To reduce the usage of expensive Pt and at the same time to
improve the catalyst activity toward fuel cell reactions, one of the
approaches is to develop some cost-effective metal-supported Pt
catalysts. A typical metal-supported catalyst contains metal
support particles and the metal catalyst particles. In the art, the
metal support particles provide a physical surface for dispersion
of smaller catalyst particles to achieve a high surface area. In some
synthesis cases, the formed catalysts might be sintered at high
temperatures to increase the attachment between the support
and the catalyst particles. This process can produce some degree
of alloying between the catalyst metal and the metal support,
leading to improved catalyst activity and durability. The strong
physicochemical and electronic interaction between the metal
support and the catalyst particles can generate a bifunctional
mechanism for catalytic reaction, benefiting the reaction kinetics.
For example, when Pt and Ru form alloying catalysts, the catalytic
activity of the alloy catalyst toward methanol or CO oxidation
becomes much faster. With respect to this, a great amount of
research on Pt—Ru alloys has been reported in the literature
since the 1960s,°° %% in which ruthenium has been identified to
be the best promoter for Pt catalytic activity toward the electro-
oxidation of methanol. For Pt-based catalysts in PEM fuel cell
reactions,®> ®” several metals have been explored for metal
supports, including Ru, Pd, Ag, Ir, Rh, Au, Re, Os, as well as Co.

Frelink et al.*® deposited Ru on Pt (111) electrode and
examined the framework of a bifunctional mechanism for CO
adsorption and electrooxidation by IR spectroscopy. It was found
that adsorbed CO on Pt—Ru could be oxidized at a potential
more negative than that on pure Ru, leading to higher activity for
CO electrooxidation. An electrochemical quartz crystal micro-
balance (EQCMB) technique was also employed to probe the
bifunctional mechanism of CO electrooxidation catalyzed by
Ru—Pt catalyst.* In addition, the Ru surface coverage on the Pt
was also optimized with respect to the catalytic activity. It was
found that the optimum amount of Ru surface coverage for both
CO and CH;OH electrooxidation was about 15%. Later, Chrza-
nowski and Wieckowski’® prepared some ultrathin Ru ultrathin
films on platinum single crystal surfaces, Pt(100), Pt(111), and
Pt(110), respectively, using a spontaneous deposition method.
Electrochemical measurements indicated that all such Ru films
were stable in the electrode potential range before the platinum

7628 dx.doi.org/10.1021/cr100060r |Chem. Rev. 2011, 111, 7625-7651



Chemical Reviews

oxidation potential. An alternative approach was to deposit Pt on
Ru. The electrocatalysts made by this approach could not only
reduce the Pt usage as compared to that of pure Pt catalysts but
also improve catalytic activity. Brankovic et al.”"** reported a
Pt—Ru bimetallic electrocatalyst, in which Pt was deposited on a
Ru(0001) single crystal surface. A strong interaction between Pt
and Ru was found and attributed to the electronic modification of
the Pt adlayer by the Ru substrate. The electrochemical behavior
of Pt/Ru bimetallic surfaces shows a distinct dependency on the
thickness and morphology of the Pt deposits, which could be of
interest for the design of Pt/Ru catalysts. The electrocatalytic
properties of this supported Pt/Ru catalyst showed some en-
hanced CO tolerance at a considerably lower Pt loading than that
of commercially available Pt/Ru catalysts.

Besides Ru, Sasaki et al.”> prepared a Au(111)-supported Pt
electrocatalyst, in which a Pt submonolayer was deposited on Au
nanoparticles. The voltammetry curve obtained on this surface
indicated the presence of both Pt and Au on the surface. Zhang
et al.”* synthesized some catalysts, in which Pt monolayers were
deposited on a Pd(111) surface to form ORR catalysts. The ORR
kinetics was studied using a rotating disk-ring electrode tech-
nique in acidic solution. The experimental results showed a
significant enhancement in the ORR catalyzed by the Pt mono-
layer on the Pd(111) surface when compared to that catalyzed by
Pt(111). The noble metal mass-specific activity of this Pt—Pd
catalyst also was 2 times higher than that of Pt/C catalyst.

On the basis of an investigation of Pt morphology and struc-
ture on metal supports, Stamenkovic et al.” found that the
ORR kinetics were strongly dependent on the arrangement of
Pt on the surface region of metal support. For example, bulk
Ni-supported Pt (PtNi) and Co-supported Pt (PtCo) alloy
surfaces have a Pt-skeleton surface and Pt-skin surface, respec-
tively. Here, due to the thermodynamics of surface segregation,
annealed alloy surfaces could form the outermost Pt surface layer,
which then served as the Pt-skin surface.”>”® The Pt-skin surface
formed in ultrahigh vacuum (UHV) were found for all three
Pt;M alloys (M = Co, Ni, Fe, etc.), which were very stable in
terms of physicochemical properties when they were immersed
in an acidic solution. Other Pt surface, called Pt-skeleton surface,
could also be formed when a Pt—M alloy (M is a transition
metal) was exposed to the acidic environment. In this acidic
environment, transition metal atoms in the surface layer could be
dissolved, resulting in an outermost layer, only containing Pt.””®

Stamenkovic et al.” believed that the arrangement of Pt on the
surface of a metal support becomes very important for catalytic
activity, and that the catalytic activity at different surfaces was in
the order of Pty < Pt-skeleton < Pt-skin-monlayers. Their
results showed that, as compared to Pt(111) catalyst, a 10-fold
improvement in the oxygen reduction reaction (ORR) activity
was obtained using bulk Ni(111)-supported Pt catalyst. This
catalyst gave a 90-fold greater activity than current state-of-the art
Pt/C catalysts for PEM fuel cells. The bulk Ni(111)-supported
Pt catalyst like Pt3Ni has been studied as the most active
cathode catalyst.”

Zhang et al.'% also deposited a Pt monolayer on either a
Au(111), Rh(111), Pd(111), Ru(0001), or Ir(111) surface to
form ORR catalysts. The ORR activity of these catalysts showed a
volcano-type dependency on the d-band center of the platinum
monolayer structures. Their results showed that for a better ORR
electrocatalyst, both the breaking of the adsorbed O—0O bond on
the catalyst surface and the hydrogenation of the corresponding
reactive intermediates have to be facile. Theoretical studies on
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Figure 3. Relationship between kinetic current at 0.80 V and the
repulsive 60 interaction in seven different (Pt;M)ML/Pd(111) (2 x 2)
unit cells, as compared to PtML/Pd(111), characterized by the calcu-
lated interaction energy between two OHs, or OH and O. Reprinted
with permission from ref 101. Copyright 1990 American Chemical
Society.

the ORR mechanism catalyzed by a metal-supported PtM layer
indicated that the removal of adsorbed OH from the Pt surface
could be the rate-determining step in the overall ORR process.'*"
They also showed that for PtM with M = Rh, Ir, Ru, Os, or Re,
OH coverage on Pt can be reduced effectively, leading to faster
ORR kinetics. Figure 3 shows the kinetic currents as a function of
effective repulsion energy between two OHs, or between the O
and OH, on a mixed PtM monolayer (M = Au, Pd, Rh, Ry, Ir, Re,
or Os) deposited on a Pd(111) surface. A linear correlation in
this figure indicates that the reduced OH overage on Pt can be
attributed to a lateral repulsion between the adsorbed OH on Pt
and the adsorbed OH or O on the neighboring M metal atom. As
a result, the kinetic current density for the ORR on this mixed
PtM monolayer becomes more than 3 times larger than that on a
pure Pt monolayer. This is in agreement with the fact that the
ORR activity of such a Pt monolayer is more active than that of
pure Pt(111). The oxidation of Pt in this mixed PtM monolayer
could be highly suppressed, only occurring at a significantly
higher potential greater than 1.17 V (vs SHE).

In addition to Pt, other transition metals such as Pd, Ag, Ir, Ru,
Rh, Au, Re, and Os have also been explored as a deposited
monolayer on the surfaces of other metal to increase catalytic
activity and at the same time to reduce noble metal loadings.
Naohara et al.'® synthesized Pd thin-layer coated Au particles
and tested them for ORR activity. The catalgrsts formed exhibited
a strong ORR activity. Brankovic et al.'"®> deposited Pd on a
Ru(001) single crystal surface with the amount of deposited Pd
indirectly controlled by the Pd ion concentration in the solution.
The initial Pd growth involved formation of an ordered mono-
layer, while further growth resulted in the formation of a three-
dimensional Pd deposit. Using a Cu adlayer as a template, this
group'® also prepared three other electrocatalysts, Pt—Au,
Pd—Au, and Ag—Au, respectively. The formed Pt submonolayer
was two-dimensional with partially interconnected nanoclusters
of monatomic height. However, Pd formed a uniform, but
textured monolayer, while Ag formed a bilayer. The deposition
layer of each metal uniformly covered the entire gold surface
without preferential deposition along the step edges. Addition-
ally, they also deposited other transition metal such as Ir, Ru, Rh,
Pd, Au, Re, or Os as a monolayer on the surfaces of Pd(111)
single crystals. High ORR activity of these catalysts was achieved,
demonstrating a new way of synthesizing ORR catalysts through
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the modification and control of the surface reactivity of catalyst
metal monolayers.

4. NITRIDES

Recently, transition metal nitrides, some of which also possess
catalytic activity that are similar to those of noble metals like Pd
and Pt, have been reported as catalyst supports.'*> "’ However,
in terms of fuel cell applications, so far, there are not many
publications dealing with metal nitrides as catalyst supports.
Among different metal nitrides, titanium nitride (TiN) seems to
be the most widely studied.'® The nanostructured TiN has
proven to be a promising material for super capacitors,109 and its
application as an electrode material has also been reported in the
literature."%~''® Because of its higher electrical conductivitgr and
outstanding oxidation and acid corrosion resistances," "¢~ "'* TIN
should be a useful catalyst support for PEM fuel cells, especially
for high temperature PEM fuel cells, to replace carbon materials.
In the literature,"** Musthafa and Sampath reported that electro-
deposited Pt on TiN film coated on a stainless steel substrate
showed a higher activity than the conventional electrocatalyst for
methanol electrooxidation. According to Datta and Kumta,'"°
the Pt/Ru alloy supported on TiN as an anode catalyst shows a
high catalytic activity in direct methanol fuel cells (DMFCs).
Recently, Avasarala et alt'® reported TiN nanoparticles as a
catalyst support for Pt-based catalysts for the PEM fuel cell
anode. Transmission electron microscopy (TEM) analysis for
the Pt/TiN electrocatalyst showed that the average particle size
was ~2 nm, as shown in Figure 4, with a distribution range of
1—3 nm, and the X-ray mapping suggested an uniform distribu-
tion of Pt on the TiN support. In electrochemical measurements,
this Pt/TiN catalyst exhibited a higher catalytic ORR activity
than that of commercially available 20 wt % BASF Pt/C catalyst.
Unfortunately, in terms of long-term stability, the chemical
stability of TiN in acidic solution appears to be too poor to be
used as a catalyst support for PEM fuel cells where the reaction
medium is acidic. According to Avasarala et al,'"” some factors
such as concentration and type of acid media can strongly
influence the TiN surface. Passivation behavior was observed
for TiN due to surface hydrolysis, which could be affected by
both the temperature and the concentration of the acid electro-
lyte, for example, perchloric acid.

Boron nitride (BN) is another potential candidate for a
catalyst support. This chemical with a hexagonal structure, as
shown in Figure 5, is similar to that of graphite.'”*"*" Its thermal
properties, such as thermal stability, thermal conduction, and
thermal transport, and chemical inertness with respect to less
dissolution and chemical reactivity are promising for applications
under harsh conditions. Recent research'**'** showed that finely
ground BN powder, which had high thermal conductivity within
arange of 4—6.2 W/cm - °C,"** thermal stability under 1000 °C,
high acid—base and oxidation resistances (the conditions for
oxidation resistance should be determined by the chemical
reactivity between BN and air/other oxide compound material),
and appropriate mechanical resistance, suggesting enough
strength and stable mechanical property to be used as a support-
ing material for electrocatalysts, could be used as a support for Pt
catalysts. To increase the high surface area of BN powder,
Perdigon-Melon et al.'** prepared porous BN samples using
different chemical precursors. They found that porous BN
obtained by the sol—gel deposition method was a better support
for a highly dispersed Pt catalyst than BN powder directly

Figure 4. TEM image of Pt/TiN particles. Dark spots are Pt particles
(scale bar: S nm). Reprinted with permission from ref 118. Copyright
2009 Royal Society of Chemistry.

Figure 5. Comparison of graphite structures for both BN and C. The
lattice spacing, ¢/2, is 3.33 A for BN and 3.35 A for C. Reprinted with
permission from ref 121. Copyright 1990 American Chemical Society.

synthesized from a precursor mixture. More platinum could be
scattered on the surface of the support powder, which was
confirmed by both elemental analysis and XPS measurements,
as shown in Table 1.

In addition, molybdenum nitride (Mo,N) and molybdenum
carbides (Mo, C) were reported to be active for the water gas shift
(WGS) and methanol steam reforming (MSR) reactions.'>*~'3°
These materials also possess some catalytic properties that are
similar to those of noble metals like Pd and Pt.'%'%” For
example, Setthapun et al.** synthesized some promising MSR
catalysts using a parallel synthesis system, in which some metals
including Co, Cu, Fe, Ni, Pd, Pt, Ru, and Sn were supported onto
a high surface area Mo,N or Mo,C support.

5. CARBIDES

Carbides are compounds composed of carbon and a less
electronegative element. According to chemical bonding types,
all carbides exhibit some level of covalent character. They can be
classified into four categories as follows: (1) salt-like, (2)
covalent compounds, (3) interstitial compounds, and (4) “inter-
mediate” transition-metal carbides (TMCs)."*' Among these
categories, TMCs, which are stable in acidic and basic solutions,
of low cost, and are CO tolerant in the temperature range of
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Table 1. Results from Characterization of the BN-Supported
Pt Catalyst Samples”

XPS measurements (wt %)

surface L. classical
sample (m? gfl) (nm) measure (wt %) B N Pt
A 110 3.7 4.1 44.4 472 0
B 500 1.6 1.6 374 44.3 1.5

“A: A direct synthesis of platinum supported on BN powder starting
from a precursor mixture. B: A two-step preparation from a BN powder
obtained from P I followed by an impregnation using a sol—gel method.
Reprinted with permission from ref 125. Copyright 2004 Elsevier B.V.

353—373 K,'** are identified as promising substitutes for noble
metal catalysts due to their similar, and in some cases better
catalytic activity as compared to noble metals.'®>"**"** In the
following, carbides used as supports for noble metal catalysts are
reviewed.

5.1. Boron Carbide (B,;C)

Boron carbide (B4C), which is considered a “covalent car-
bide”, is a hard material and refractory. In 1963, boron carbide
was first mentioned as an electrode material due to its good
conductivity, corrosion resistance, and oxidative stability.'"®
During 1965—1966, Grubb and McKee'**'** showed that boron
carbide when used as a catalyst support for platinum could
enhance the platinum catalytic activity in phosphoric acid fuel
cells. Furthermore, platinum on boron carbide was found to be
more resistant to sintering than platinum on graphite at an equal
surface coverage. It was also observed that the catalyzed adsorp-
tion of hydrogen that normally occurs on graphitic carbon did
not occur on boron carbides. In 1969, McKee et al.'*¢ tested a
carbide-supported catalyst (Pt/Ir supported on boron carbide) in
ammonia/oxygen alkaline fuel cells. The fuel cells were operated
at 100—120 °C using 54% potassium hydroxide as electrolyte.
The cell resistance was observed to be higher if the boron carbide-
supported Pt/Ir alloy catalyst was used, that is, 0.3—0.35 Q2 versus
0.2—0.25 Q. When used as an anode in a cell, boron carbide-
supported Pt/Ir alloy catalyst showed lower open-circuit potentials
(0.180 vs 0.255 V) and lower polarization performance than the
graphite-supported Pt catalyst. Unfortunately, the anodes cata-
lyzed by boron carbide-supported Pt/Ir catalyst, as compared to
those catalyzed by graphite-supported catalyst, were generally less
reproducible because of the ammonia—deuterium exchange and the
gas-phase decomposition of ammonia. The exchange of ammonia
with deuterium took place at a rapid rate over the iridium black
at 25 °C.

5.2. Titanium Carbide (TiC)

Titanium carbide was investigated as a useful electrode
material in electrolytic cells.'®® It was known that titanium
carbide was stable in the electrolytic oxidation of manganese
sulfate to MnO, at current densities exceeding 100 A/ft”.">” Up
to now, there is only limited literature reporting titanium carbide-
supported catalysts. Jalan et al.'*® showed that titanium carbide
with a relatively large average surface area of 25—125 m*/g could
be prepared by putting titanium tetrachloride in a gas flow stream
containing unsaturated hydrocarbon and hydrogen in the range
of 500—1250 °C. In this process, a titanium carbide was formed
with a desirable chain-like structure and favored open porosity as
well. The open porosity can maintain electrical contact and

RHE)
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*2[  Solid lines: iR included
Dashed lines: iR corrected
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Figure 6. Potential—current density plots for oxygen reduction on
electrodes (0.6 mg Pt/cm®) using platinum supported on silicon carbide
electrocatalysts in 98 w/o phosphoric acid at 190 °C. Reprinted with
permission from ref 142. Copyright 1988 Electrochemical Chemical
Society.

provide paths for oxygen diftusion. The Pt surface area was found
to be in the range of 20—90 m”> g~ for the TiC-supported Pt
catalyst. It was expected that this support could improve both the
electrochemical corrosion resistance and the catalytic activity in

fuel cells.

5.3. Silicon Carbide (SiC)

With high-temperature stability up to 1200 °C in an oxidative
environment,"*® hardness, as well as chemical inertness, silicon
carbide has been proposed to be an interesting possible catalyst
support."*”* In 1988, Honji et al.'** prepared SiC-supported Pt
catalysts by chemically reducing chloroplatinic acid with metha-
nol in the presence of both silicon carbide powder and a surface
active agent. Silicon carbide was thought to be less electronically
conducting due to its low conductivity around 10° §/cm,'* so
to further improve electronic conduction in the fabrication of the
electrode, a carbon black was also used to support the Pt/SiC
catalyst. The result showed that platinum particles were well dis-
persed on the SiC surface, and that among the catalysts synthe-
sized, 23 wt % Pt/SiC on the carbon substrate showed the best
polarization, 0.7 V vs RHE at 220 mA cm 2 (iR corrected, see
Figure 6). This value is almost the same as that of a carbon-
supported platinum catalyst. In addition, Rao et al."*>'** at-
tempted to prepare a nano-SiC-supported Pt nanoparticle cata-
lyst in which nano-SiC was obtained from coarse SiC in a thermal
plasma. Their electrochemical measurements indicated that the
ORR activity and the degradation of performance of the Pt/SiC
catalyst were similar to that of the commercially available Pt/C
(E-TEK) catalyst, as shown in Table 2. However, according to
Krawiec and Kaskel,'*® commercially available silicon carbide
with a low specific surface area (S, < 25 m* g~ ') is not appro-
priate for a catalyst support. Considerable efforts have been
made'**~"*" with a hope that high surface area of SiC would
become a valuable catalyst support for fuel cells.

5.4. Tungsten Carbides

Tungsten carbide (WC) is an important industrial material and
is widely used, for example, as a coating material for cutting tools.
Tungsten carbide was suggested to possess 1promising cata-
lytic activity in sulfuric acid solutions by Bohm'** and was later
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Table 2. Estimated Pt Loadings, Pt Particle Size, Specific Surface Areas, and Oxygen Reduction Activities for As-Synthesized

Pt/SiC and Commercially Available Pt/C Catalysts*

Pt loading” Pt particle®
catalyst (wt %) (nm)
as-synthesized Pt/SiC 18.4 3.5+0.6
commercial Pt/C (E-TEK) 19.7 3.7+02

specific surface area

electroactive surface ORR activity at

of Pt (m* g~ ") area? (m? g™") +0.85 Vvs NHE (A g™ ')
76 £ 1.5 78 £8 125
81+10 85+5S 141

“ Reprinted with permission from ref 143. Copyright 2008 NISCAIR. ” From spectrophotometric measurements. * From TEM measurements. ¢ From

cyclic voltammetry measurements.
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Figure 7. Relationship of electroactivity to Pt loading in the Pt/WC
catalyst. Reprinted with permission from ref 176. Copyright 2007
Elsevier B.V.

confirmed by Levy and Boudart.'® A Ptlike behavior was
observed in several catalytic reactions, indicating that tungsten
carbide itself could become a promising electrocatalyst or catalyst
support due to its unique chemical and physical properties.'>* ¢!
In recent years, a large number of results have been reported
on developing tungsten carbide as a support for fuel cell
electrocatalysts.

It is well-known that tungsten carbides show some special
properties, such as high selectivity with respect to catalytic
hydrocarbon reactions, 1624 hexane isomerization, ®> as well as
dehydrogenation in hzfdrazine decomposition,'** good elec-
trical conductivity (10° S/cm for WC at 20 °C),"*>'® and high
stability in acid solutions."®” In general, tungsten carbide exists
in different phases, of which the most important are tungsten
monocarbide (WC) and tungsten subcarbide (W,C)."*® As
compared to WC, W, C is thermodynamically unstable at lower
temperatures below 900 °C,'*>'**'7° WC is produced by
traditional metallurgical routes, the obtained WC has a low
surface area, which is a major drawback when using it as a
catalyst support.

For WC-supported Pt catalysts, tungsten carbides promote
catalytic activity through synergistic effects with Pt in fuel cells. In
2003, Liu et al."”" demonstrated the synergistic effect of WC and
Pt on catalytic activity toward the dissociation of methanol,
water, and hydrogen. Later, the catalytic activity of WC-sup-
ported Pt catalyst toward the dissociation of methanol and
hydrogen was also observed by Barnett et al'*® and Zellner
etal."”* Both WC and W, C were used as supports for Pt catalysts
in the methanol electrooxidation reaction and showed high
Pt-like activity and insolubility in acid solutions."”*'”* In addi-
tion, the Pt/W,C electrocatalyst also has a strong resistance to
catalytic poisons such as carbon monoxide."*’
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Figure 8. Cyclic voltammogram of (a) commercially available 20 wt %
Pt/C (E-Teck) and (b) 7.5 wt % Pt/mesoporous WC in (1) a 1 M
H,SO, solution and (2) a 1 M H,SO, solution purging with 1% Co and
99% H, gas for an hour under a scan rate of S0 mV/s at 298 K. Reprinted
with permission from ref 177. Copyright 2008 Elsevier B.V.

The surface area of WC powder is critical for catalyst activity
when used as a support, indicated by Chhina et al.'*® Hara
et al.'"”>'7® synthesized some tungsten carbides by carburizing
of W,N and WS, precursors, respectively. Their results indi-
cated that WCs, which were prepared from W(CO)4/S and
(NH,),WS,,'” give a higher surface area (80 mz/g) than those
obtained from the conventional direct carburization of WOs;.
Figure 7 illustrates the relationship between the electroactivity
(mass activity) and the amount of Pt loading in a Pt—WC
catalyst system. It can be seen that the mass activities increase in
proportion to the amount of Pt loading. To improve the surface
area, Ganesan et al.'”* synthesized two types of mesoporous
tungsten carbide as supports for Pt catalysts, which had surface
areas of 95 and 76 m®/g, respectively. These mesoporous
tungsten carbide-supported Pt catalysts showed higher activity
(2 times higher mass activity) for electrochemical oxidation of
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Table 3. Electrocatalytic Activities and CO Tolerances of Pt/WC and Pt/C Catalysts for Hydrogen Electrooxidation”

condition of

electrochemical

specific activity at mass activity at

catalyst electrolyte surface area (m”/g-Pt) 0.0 V (mA/cm?) 0.0 V (mA/mg-Pt)
7.5% Pt/WC without CO 377 20.5 136
with CO 351 193 128
20% Pt/C without CO 106 28.3 71
(E-Teck)
with CO 85 23.5 59

“ Reprinted with permission from ref 177. Copyright 2008 Elsevier B.V.

methanol.'’*'”” They also showed improved resistance to CO
poisoning in the hydrogen electrooxidation reaction when
compared to that catalyzed by a commercially available Pt/C
catalyst. Figure 8 and Table 3 compare the CO tolerance of 20
wt % Pt/C (E-Tek) and 7.5 wt % Pt/WC. It is shown that the
current density and ESA value of 20 wt % Pt/C catalyst can be
decreased by ca. 20% when 1% CO and 99% H, gas were
introduced into a 1 M H,SO, electrolyte solution. However, for
a 7.5 wt % Pt/WC catalyst, the difference in current density
between the presence and absence of CO is only 6—7%.

Using electrochemical half-cell measurements in combination
with X-ray photoelectron spectroscopy (XPS) to monitor
changes in surface composition, Zellner and Chen'”* confirmed
that in an electrochemical environment or exposure to air, W,C
was not stable and immediately oxidized to form surface W,O,
species, while WC was stable at anode potentials below 0.6 V.
Chhina et al." found that the electrochemical stability of WC-
supported Pt was still significantly higher than carbon-supported
Pt for accelerated oxidation cycling. For a Pt/WC catalyst, WC
could be oxidized to a substoichiometric tungsten oxide (WO,
on the particle surface, which still remained moderately con-
ductive, with little loss in Pt surface area. However, the carbon
support is gasified to CO and CO, when it is oxidized, causing Pt
to be physically disconnected from the carbon support, leading to
a low Pt surface area and rapid de%radation in fuel cell perfor-
mance. Additionally, Zhang et al.'’® also made a comparison
between W,C,-supported Pt and carbon-supported Pt, suggest-
ing that Pt/W,C, possessed a higher stability and better cell
performance in a fuel cell environment, although its effective
catalytic surface area was lower than that of Pt/C.

6. BORIDES

Titanium diboride (TiB,) as a typical boride is a material of
growing interest that is being considered as the base material for a
range of technological applications.'””"® TiB, is one of the metal
diborides (MB,, M = Be, Al, Nb, Mo, Ta, Ti, Hf, V, and Cr) and
has the same structure as MgB,. No superconducting phase in the
stoichiometric composition was identified during investigations in
the 1970s except for metal-deficient diborides of NbB,.'*' TiB,
was reported for the first time by Yin et al.'®” as a catalyst support
because of its many superior properties such as a high melting
point (>3000 °C), exceptional hardness (approximately 25—35 GPa
at room temperature, more than 3 times harder than fully hardened
structural steel), good electrical conductivity (~10° S/cm), high
thermal conductivity (~65 W m~ ' K '), excellent thermal
stability, and corrosion resistance in acidic medium;**¥'%* these
excellent properties make it a promising support material for
PEM fuel cells. This novel catalyst (Pt/TiB,) was obtained by
a colloid route, and highly dispersed Pt nanoparticles on the

TiB, support were stabilized by Nafion functional polymers. The
electrochemical properties of Pt/TiB, were investigated by
the rotating disk electrode (RDE) technique in a 0.5 M H,SO,
electrolyte at 25 °C. It was found that the Pt/ TiB, catalyst shows
a higher reduced current of 0.29 mA cm ™~ at 0.9 V vs SHE as
compared to Pt/C (0.11 mA cm > at 0.9 V) for the same Pt
loading. After 5000 cycles, the Pt/TiB, ESA loss rate was 4.08 X
10> m* g~ ' for every average cycle, whereas the ESA loss rate of
the Pt/C was 1.56 x 10> m” g~ for every average cycle. The
electrochemical stability of the Pt/TiB, catalyst is approximately
4 times higher than that of the commercial Pt/C catalyst, as a
result of the support and also possibly from Nafion stabilization
effects, which enhanc both the metal—support interaction and
the steric hindrance effect of the surface Pt nanoparticles.

7. MESOPOROUS SILICAS

Mesoporous silicas are of great interest for use as electro-
catalyst supports in fuel cell applications because they have both a
large surface area and uniform hexagonal pores even though their
conductivity is low (~10~7 S$/cm)."®* Using the conventional
pore filling impregnation method, Eswaramoorthi and Dalai*®
prepared some SBA-15-supported Pd—Zn nanocatalysts for the
production of H, from CH3;OH by partial oxidation and steam
reforming reactions, in which various amounts of Pd and Zn in
the ratio of 1:1.5 were loaded on a calcined SBA-15 support.
Table 4 lists the physicochemical characteristics of the Pd—Zn/
SBA-15 catalyst and pure SBA-15. As seen in Table 4, SBA-15 has
a large surface area of 818 m?/ g, and its average pore diameter is
9.8 nm. The resulting PdZn alloy on the support was found to be
stable. Initial results indicate that mesoporous silicas show great
promise as a catalyst support for fuel cell applications.

8. ELECTRONICALLY CONDUCTING POLYMERS (ECPS)

Electronically conducting polymers (ECPs) are important
materials because of their unique optical, electronic, chemical,
and mechanical properties,'®® simple preparation, and feasible
application in electrochemical energy conversion. Some poly-
mers such as polyaniline, polypyrrole, and polythiophene have
been extensively studied as supports to disperse metallic Earticles.
The physical and chemical properties of these polymers'®’~'** are
well-known and allow the preparation of electronic conductive
polymer-supported electrocatalysts. With reasonable stability over
3 days in acid media such as 1 M hydrochloric acid, these polymer
supports provide the possibility of higher surface areas and higher
conductivity in the potential range where the organic polymer
molecule can be oxidized. Platinum dispersion onto and inside
such a polymer support to form supported catalysts can reduce the
amount of noble metals used and improve the catalytic activity
for the oxidation of hydrogen,'** small organic molecules such as
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Table 4. Physico-chemical Characteristics of PdZn/SBA-15 Catalyst and Pure SBA-15 Support”

BET surface micropore
catalyst Pd (wt %) Zn (wt %) area (m>/g) area (m’/g)
1 0.5 0.75 768 45
2 1.5 2.25 683 53
3 3.0 45 596 33
4 4.5 6.75 524 21
N $.5 825 507 23
SBA-15 818 95

pore volume average pore CO uptake” H, uptake”
(cc/g) diameter (nm) (umol/g) (umol/g)

1.18 9.7 12.7 8
1.02 9.9 193 13.7
115 103 267 24
1.13 10.07 38.2 32
1.0 9.9 40.6 35.2
1.85 10.3

“ Reprinted with permission from ref 36. Copyright 2009 Elsevier B.V. * Per gram of catalyst.
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platinum, and, especially, a decreased poisoning effect.

8.1. Polyaniline (PANI)

8.1.1. Conventional PANI. Polyaniline (PANT, see Figure 9a) is
an attractive material to be used as catalyst support because of its high
conductivity in its partially oxidized state”>** (e.g, emeraldine,
which features an equal number of imine and amine nitrogens in the
free-base form, while the polymer is an insulator in the neutralized
free-base form). PANI also has high uniformity, and good adhesive-
ness to some substrates such as carbon nanotubes,®”’” glass fiber
surfaces,”®® and pol?rstyrene,zo9 as well as high chemical stability in
aqueous solutions.” °*' In general, the conductivity levels of neat
polyaniline compositions can be as high as 100 S/cm.*" Polymer
blends containjn§ polyaniline compositions have a conductivity
range from 10~ "% to 10" S/cm (melt processing) and 10 S/cm
(solution processing). PANI-supported Pt and Pt alloy catalysts are
an effective way to reduce the cost and enhance the efficient use of
bulk metals. In general, Pt and Pt alloys can be supported on a PANI
support through two main types of procedures: (1) the catalyst
particles are incorporated into the polymer film during the electro-
polymerization of a suitable monomer from a solution containing
both monomer and a metallic precursor salt; and (2) the catalyst
particles are electrodeposited on a previously prepared polymer film
using a solution containing a metallic precursor salt.”***'* Using the
first method, Laborde et al”** reported the preparation of Pt-
modified polyaniline electrodes. The obtained electrodes showed a
higher electrocatalytic activity toward methanol oxidation than bulk
platinum electrodes. The poisoning effect was also drastically
decreased as proved using in situ electrochemically modulated in-
frared reflectance spectroscopy (EMIRS) studies. Using the second
method, some research groups found that Pt dispersed in the PANI
film showed better electro-catalytic activity for electrooxidation re-
actions such as hydrogen,216 formic acid,'***'7 CO,2!821? glycerol,220
formaldehyde,221 etc., and the reduction of oxygen,222 as well as the
hydrogen evolution reaction (HER) 223224 1t seems that no matter
which method was used, the catalytic activity of the modified
electrode was strongly dependent on the catalyst 5particle size and
its distribution onto and inside the polymer film.**

To increase the CO and/or methanol tolerance in a direct
methanol fuel cell (DMFC), and reduce the usage of expensive Pt
metal, Pt alloys were also deposited onto and into the PANI
support to form supported catalysts. For example, Hable and
Wrighton®*® prepared two PANI-supported alloy electrocata-
lysts by electrochemical deposition, that is, Pt—Ru/polyaniline
and Pt—Sn/polyaniline, repectively. They found that the activity
of Pt—Ru/polyaniline catalyst for MeOH or EtOH oxidation was
higher than that of polyaniline-coated electrodes modified with
Pt alone and that Pt—Ru/polyaniline was more active than the
Pt—Sn/polyaniline catalyst. To further improve the activity of
PANI-supported Pt—Ru binary catalysts, Lima et al.**” incorpo-
rated a third metal, X (Au, Co, Cu, Fe, Mo, Ni, Sn, or W), to
obtain PANI-supported Pt—Ru—X ternary metallic catalysts. A
comparative study on the catalytic activities of several ternary
alloys toward methanol electrooxidation showed that Pt—Ru—
Mo/PANI could not only result in an increase in current density
up to 10 times higher than Pt—Ru/PANI in the same potential
range but also was very stable at potentials lower than 550 mV vs
RHE. By analysis of in situ infrared reflectance spectroscopy,”*®
they found that CO, was produced from methanol oxidation at
350 mV vs RHE on Pt—Ru—Mo/PANI, which was 100 and 200
mV less negative than that on Pt—Ru/PANI and Pt/PANI
catalysts, respectively. Therefore, molybdenum seemed to have
the ability to improve the activity of PANI-supported platinum
catalyst toward the oxidation of some small organic molecules
when it was added into the platinum as an alloy element or a
compound.”**~*** Unfortunately, molybdenum and its compounds
were not stable and could be dissolved in acidic solutions.”** Instead
of Mo, hydrogen molybdenum bronze (H,Mo0O5)****** was also
used to develop a Pt—H,MoO;/PANI catalyst for methanol oxida-
tion. This catalyst also showed both improved catalytic activity and
stability for methanol oxidation. Regardin% other metals such as Os
and Pd, Kessler et al.>*® and Grace et al.**’ prepared Pt—Ru—Os/
PANI and Pt—Ru—Pd/PANI catalysts. The Pt—Ru—Os/PANI
catalyst showed better catalytic activity than that of Pt—Ru—Mo/
PANI for the electrooxidation of both adsorbed CO and methanol.
In addition, the Pt—Ru—Pd/PANTI catalyst showed good activity
toward the oxidation of glycerol due to the dispersion of metal
nanoparticles onto PANI.

8.1.2. Nanostructured PANI. Nanostructured PANI sup-
ports with different morphologies were sg'nthesized using various
techniques such as teménlate synthesis,”" self-assembly,”” emul-
sion polymerization,”*’ as well as interfacial polymerization.”*'
The first attempt to use PANI nanotubes (200 nm outer
diameter) as a fuel cell catalyst support showed promising
result.”** In the process, PANI nanotubes, synthesized by a
template method on commercially available carbon cloth, were
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Figure 10. Transmission electron microscope (TEM) images of Pt/C (a) and Pt/PaniNFs (b); histogram of Pt nanoparticle diameter of Pt/C (c) and
Pt/PaniNFs (d). Reprinted with permission from ref 244. Copyright 2006 Institute of Physics and IOP Publishing.

used as the catalyst support for Pt particles, and the catalyst
obtained was tested for methanol electrooxidation. The results
obtained by Rajesh et al.*** showed that for the template-based
Pt/PANI-tubes electrode, the catalytic actvitiy was increased
from 10 to 80 mA/cm” with increasing Pt loading from 10 to
80 g/cm”. However, the catalytic activity was reduced by about
19.0% after 2 h of testing. However, for a conventional Pt/PANI
electrode, the catalytic activity was increased from S to only
26 mA/cm? for the same increase in catalyst loading, and the
activity degradation was as high as 75% after 2 h of testing. This is
even worse than for a conventional 20 wt % Pt/VulcanXC-72R
carbon catalyst, which showed about a 50% activity reduction. So
the Pt/PANI-tubes electrode had excellent catalytic activity and
stability as compared to both the 20 wt % Pt supported on the
VulcanXC 72R carbon and that supported on the conventional
polyaniline electrode. The conventional PANI with a granular
structure was synthesized by a galvanostatic method (GM), a
cyclic voltammetric method (CVM), or a potentostatic method
(PM). In 2004, Zhou et al.>** showed that nanofibular PANI
prepared by modified galvanostatic technology, that is, the pulse
galvanostatic method (PGM), showed better conductivity and a
higher specific surface area than granular PANI, resulting in a
considerably higher electrocatalytic activity toward the methanol
oxidation reaction. Further development was carried out by
Chen et al.”** and Liu et al.>** who prepared a PANI nanofi-
ber-supported Pt catalyst and a PANI nanowire-supported Pt
catalyst, respectively. They found that nanostructured PANI-
supported Pt could give enhanced electrochemical active surface

area and improved catalytic activity for methanol oxidation when
compared to bulk Pt electrodes. According to XRD and TEM
measurements (Figure 10),>** the supported Pt nanoparticles
had an average particle size of 1.5—5 nm with a narrower particle
size distribution. Liu et al.** found the effective dispersion of Pt
particles was about 10—20 nm, and they believed that this
particle size range could facilitate the easy access of methanol
to the catalytic sites. Being interested, Michel et al.**® con-
structed electrodes for fuel cells by sequential spraying. The
incorporation of functionalized polyaniline fibers (Pt/PANI-F)
in layer-by-layer (LBL) structures gave an enhanced PEM fuel
cell performance due to the high conductivity of PANI-F as well
as facilitated ion/gas transport through fibrous morphology.

8.1.3. Modification of PANI. Recently, new approaches have
focused on the modification of PANI supports for Pt catalyst in an
effort to prepare improved electrocatalysts for fuel cells. Regarding
the modified structure of PANI supports, two fluorinated poly-
anilines, that is, poly(2-fluoroaniline) and poly(2,3,5,6-tetrafluoro-
aniline),”*’ were prepared and used as materials for electrocatalytic
anodes in bacterial fuel cells. The results showed that some stable
fluorinated polyanilines could improve the catalytic activity of
platinum toward the oxidation of hydrogen when compared to a
conventional polyaniline support.

Considering the support effect of a mixture of polymers, other
polymers such as poly(styrene sulfonic acid) (PSS),”* >*° poly-
sulfone (PSF),*" poly(acrylicacid) (PAA),** or Nafion*>**** were
also studied as the second component in a PANI-based support
matrix for Pt catalysts. Huang et al.**® prepared a Pt/PANI-PSS
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catalyst via a doping—dedoping—redoping process. This Pt/
PANI-PSS composite electrode exhibited a much higher electro-
catalytic activity for methanol oxidation than Pt/PANL It was
thought that the long chains of PSS could align with the chains of
conducting PANI to form an aligned configuration, enhancing
the mechanical properties of the support matrix and resulting in
improved electrochemical stability of the composite electrode.”*’
Later, Liu et al.”*° prepared a Pt—Ru/PANI—PSS composite
using a different electro-deposition sequence for Pt and Ru.
Deposition of Ru before Pt was found to result in a superior
electrocatalytic activity for methanol oxidation than that formed
by depositing Pt first. Taking into account the advantages of
nanostructured PANI, they also prepared a mixed film of
polyaniline nanowires (nano-PANTI) and PSS and used this as a
support for Pt catalysts. The obtained Pt/nano-PANI-PSS cata-
lyst with a spatial distribution of Pt particles showed an improved
catalytic activity toward the oxidation of methanol when com-
pared to the conventional Pt/PANI catalyst. In addition to PSS
other polymers such as PSE,”*' PAA*** or Nafion,*** when used
as the second component for a mixed support for Pt catalysts,
also showed improved electrocatalytic activity for both the
hydrogen and the methanol oxidation reactions. For example,
Yang et al.*** developed a Pt/PANI-Nafion catalyst using a
photochemical method for oxygen reduction cathodes. An elec-
trode with a limiting current of 7.6 mA/ cm” was achieved at a low
Pt loading of 14 ug/ cmz, and the total electron transfer number
was found to be four.

8.2. Polypyrrole (PPY)

8.2.1. Pure PPY. Polypyrrole (PPY) is a mechanically and
chemically stable conducting polymer, and it is easy to prepare. It
is permeable to gases and water and exhibits both electronic and
ionic conductivities as well.*>* The ionic conductivity of PPY is
typically less than 0.1 S/cm in solution and would be expected to
be much less than this value in the PPY matrix.”>® However, the
electrical conductivity of PPY in the oxidized state can reach u
to 500 S/cm under appropriate polymerization conditions.”>”
These properties potentially make PPY a feasible catalyst support
for PEM fuel cell applications.

Polypyrrole was first synthesized at the beginning of the 20th
century”>® (Figure 9b). In 1979, some continuous films of PPY
were synthesized by anodic oxidation.”** Today, there is a
tremendous amount of literature on the material properties of
this conducting polymer. PPY is considered one of the most
attractive conducting polymers to support highly dispersed
platinum particles because of its high electronic conductivity
(~500 S/cm**®), porous structure, higgh stability, and its proces-
sability under ambient conditions."””***"2** The promoting
effect of the PPY support in Pt/PPY catalysts has been confirmed
in a number of studies for methanol oxidation.**?****%* In addi-
tion to improved electrocatalytic activity, Bouzek et al.**® and
Strike et al.'”” also found that PPY-supported Pt catalyst was
very stable in H,SO, solution (0.5 or 1 M) containing 1 M
MeOH at 25 °C. Beside Pt, PPY can also be modified with other
metals including Pd, Pt, Pb, Cu, Ni, Ru, Sn, and Au to produce
electrocatalysts.”*”*%® Hammache et al.**” prepared a Cu/PPy
catalyst on a Au electrode, which showed a high electrocatalytic
activity for methanol oxidation in a DMFC. Chandler and
Pletcher®®” studied the effect of PPY films on the kinetics of
nucleation and growth of several metals such as Pd, Pt, Pb, and
Ru. Sigaud et al.*”® and Trueba et al.””" also prepared PPY-
supported catalysts with some metals such as Pd, Ru, Rh, and Ir.
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Figure 11. Field emission scanning electron microscopy (FE-SEM)
images of the PPY nanowires (a) and the Pt/PPY nanocomposite (b) on
bare GCE. Reprinted with permission from ref 272. Copyright 2007
Electrochemical Society.

Their results showed that these electrocatalysts played an imp-
ortant role in improving electrocatalytic activity toward both
the hydrogen evolution and the CO, reduction reactions.
Becerik et al.*®' found that both Pt and Pd supported on
PPY showed high catalytic activity for the electrooxidation of
D-glucose in neutral media and could reduce the poisoning
effect of CO as well.

In addition to connentional PPY films, nanostructured PPY
film materials have also attracted special attention, due to their
large surface area, high electronic conductivity, and unique
charge transport properties. For example, Li and Lin*"* studied
the electrocatalytic activity of PPY nanowire/Pt nanocluster
composites on a glassy carbon electrode (GCE) toward the
ORR as well as the methanol oxidation reaction (MOR), using
both cyclic voltammetry (CV) and chrono-amperometry meth-
ods. Figure 11 shows the sponge-like matrix of PPY nanowires on
the GCE surface with a nanowire diameter of about 60 nm. With
the embedding of Pt nanoclusters, the diameter of the PPY
nanowires can be expanded to 100—120 nm. This PPY-sup-
ported Pt catalyst on an electrode exhibited larger surface area
and higher electrocatalytic activities for both the ORR and the
MOR than that for a pure Pt modified electrode. This is due to
the high dispersion of Pt nanoclusters on a large surface area of
PPY nanowires, as well as the synergistic effect of the Pt core and
PPy shell.

8.2.2. Modified PPY. For further improvement in both
electronic and ionic conductivities, PPY has also been modified
by adding a second conductive polymer to form a composite.
For example, Qi et al.>** produced a mixed support of PPY and
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polystyrene sulfonate (PSS) for Pt catalyst and tested it as the gas
diffusion electrodes (GDE). They observed that the mixed
support PPY/PSS had improved electron and proton conductiv-
ity and could be used in the process of producing large quantities
of standard PEM fuel cell electrodes.”’”> Nafion membrane
modified by PPY has also been used as a catalyst support. For
example, Lee et al.”’* modified Nafion membranes using PPY
and used this modified Nafion as the support for Pt deposition. Li
et al.””® employed PPY modified Nafion as a support for Pt
catalyst using a similar impregnation method. The membrane
electrolyte assembly (MEA) for a DMFC, prepared from this
Pt/PPY-Nafion with an anode Pt loading of 0.67 mg cm™ > and a
cathode Pt loading of 0.56 mg cm ™, showed optimal perfor-
mance, suggesting a promising method for MEA preparation in
DMEC applications. Pt supports based on PPY—Nafion compo-
sites have also been used for applications involving microfabri-
cated fuel cells.””®

8.3. Other Polymers

Besides PANI and PPY, other conducting polymers can also
be used as catalyst supports in fuel cell applications. Drillet
et al.*”’ explored the use of poly(3,4-ethylene-dioxythio-
phene) (PEDOT) as shown in Figure 9c as a Pt catalyst support
for DMFC anodes. It was found that the partially oxidized
PEDOT polymer could enhance the catalytic activity of the Pt
catalyst for methanol oxidation. This was believed to be due to
the change in the morphology of the PEDOT polymer, result-
ing in an improvement in methanol diffusion within the
reaction layer. To investigate the stability of PEDOT-supported
Pt catalyst, Drillet et al.”’”*”® studied the degradation of
PEDOT. Some degradation was noted after electrochemical
experiments in 1 M H,SO, solution containing 2 M of CH;OH
at room temperature. Infrared spectroscopy and EDX showed
partial decomposition of the thiophene ring and attenuation of
the ethylenedioxy group, suggesting that both the sulfur and the
oxygen content in the polymer matrix were decreased.””” In
general, PEDOT is a good catalyst support because it has high
compatibility with other materials, excellent film forming proper-
ties, high conductivity (~200 S/cm in the oxidized state), a high
extent of doping, as well as high thermal stability.”””~**" Thermal
studies of PEDOT***** showed that continuous degradation
only starts to occur at >150 °C and that complete decomposition
occurs at >390 °C.

Kuo et al.””” modified PEDOT using PSS to form PED-
OT—PSS support with a network structure for the Pt catalyst
(Pt/PEDOT—PSS) when a small amount of Pt particles was
embedded into the PEDOT —PSS matrix; a higher electrocata-
lytic activity toward the oxidation of methanol could be achieved
as compared to that catalyzed by a bulk Pt electrode. The PEDOT—
PSS matrix provides a pathway for proton migration within the
DMEC catalyst layer. Pt alloy catalysts such as Pt—Ru have also
been supported on PEDOT—PSS by other researchers.”****> As
compared to PtRu supported on Vulcan carbon, Arbizzani et al.”**
found that PtRu/PEDOT—PSS catalyst had better stability in
lifetime tesing using a DMFC. This polymer-supported catalyst
was also tested for both hydrogen and methanol oxidation as
well as the oxygen reduction reaction, demonstrating that
PEDOT—PSS could be an effective support for both Pt and
PtRu catalysts in PEM fuel cells.

Poly(2-hydroxy-3-aminophenazine) (PHAPH) has also been
explored as a support for Pt and PtSn catalysts. This polymer is
an electrochemically active material with a redox potential around
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Figure 12. Switching reaction of PHAPH. Reprinted with permission
from ref 286. Copyright 1999 Springer.
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Figure 13. Molecular structures of electronically conducting polymers:
(a) electrochemically doped PVF, (b) PVK, and (c) P4VPCz. Reprinted

with permission from refs 287 and 288. Copyright 2008 and 2003
Elsevier B.V.

0.1 V vs SHE, as shown in Figure 12. According to Kelaidopoulou
et al,*® Pt dispersed in PHAPH is much more active than smooth
Pt for the electrooxidation of both methanol and formic acid in
aqueous perchloric acid solutions. The catalytic activity of the Pt
particles could be further enhanced when Sn was codeposited in the
PHAPH film. Another polymer, poly(vinylferrocenium) (PVF"),
was also explored as a support material for Pt-based catalysts by
Celebi et al,*® as shown in Figure 13a for the electrochemically
doped PVF. The Pt/PVF" catalyst was synthesized by two steps.
In the first step, poly(vinylferrocene) (PVF) was electrodeposited
at +0.7 V vs Ag/AgCl on the electrode surface by electrooxidizing
a 1.0 mg mL~"' PVF solution in methylene chloride containing
0.1 M TBAP. In the second step, Pt particles were incorporated
into the polymer matrix via cyclic voltammetric scans in an
aqueous 2 mM K,PtCl, solution without supporting electrolyte.
In addition to poly(vinylferrocenium), Choi et al.** have tested
two other conducting polymers, poly(N-vinyl carbazole) (PVK,
see Figure 13b) and poly(9-(4-vinyl-phenyl)carbazole) (P4VPCz,
see Figure 13c), as supports for PtRu catalysts for methanol
oxidation.

In general, with respect to fuel cell performance, it appears that
polymer-supported Pt or PtRu catalysts have less activity as
compared to carbon-supported catalysts, particularly for DMFC
applications. With respect to this aspect, more effort should be
placed on increasing the surface area of the polymer supports. In
addition, polymer supports may not be suitable for high tem-
perature PEM fuel cell applications above 100 °C due to serious
thermal degradation issues.
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9. CONDUCTING METAL OXIDES

Conducting metal oxides are considered to be emerging can-
didates for catalyst support in fuel cell applications. With reason-
able surface area, mechanical strength, thermal, and hydrother-
mal stabilities, some conducting metal oxides have already been
demonstrated as catalyst supports. They have resulted in uniform
dispersion of catalyst particles, effective metal —support interactions,
as well as reasonable catalytic activities for fuel cell performance.

9.1. Ti,Sn-Based Oxides

9.1.1. Original Ti,Sn-Based Oxides. In recent years,
Ti,0,,_, (where n is between 4 and 10) has attracted attention
as a possible electrode material and/or support for electrocata-
lysts in several applications. In general, there exist several phases
in metal oxide structures including the “Magnéli” ghase in
titanium—oxygen and vanadium—oxygen systems.”® The
Magnéli phases are built up of TiO4 octahedra, which share
corner and edges to form slabs of rutile that can be extended
infinitely in two directions. For Ti,0,,_; structures, there is a
homologous “triclinic” phase. The triclinic phase consists of
rutile-like layers of TiO4 octahedra extending indefinitely in
the a—b plane and four octahedral thick along the ¢ axis. Among
the Ti,0,,_; series oxides, several oxides exhibit high electrical
conductivities at room temperature similar to that of carbon and
graphite materials,”****" However, these conducting oxides
show insignificant catalytic activity for both hydrogen and
oxygen evolution®”> > and are considered more suitable as a
catalyst support rather than an electrode or catalyst. Ti;O- and
TisOo, as two compositions of the Ti,0,,_; series, have proved
to be superior materials due to their outstanding combination of
high electrical conductivity and high chemical stability in corro-
sive media such as salt solutions, acid solutions, and alkali liquors.
For example, Ti40, substoichiometric titanium oxide, exhibits
the highest electrical conductivity above 10° S/cm at room
temperature,””® while the conductivity of TisOy is above 10*
S/cm at room tempera‘cure.295

Phase-pure microcrystalline Ti,O,>*® can be synthesized from
TiO, by a modified procedure,zg4 in which ultrafine rutile TiO,
was purged with argon in a tube furnace and reduced under H, at
1050 °C for 50 min, giving a single-phase Ti,O, powder. This
pure Ti,O; powder was used as a catalyst support for several
precious metals such as Pt, Ru, and Ir, and the obtained
supported catalysts showed both high catalytic activity and
stability in fuel cell applications.””® According to Ioroi et al.,**”
pure Ti4O; support shows a much less anodic corrosion current
at voltages >1.0 V vs RHE under PEM fuel cell operating
conditions as compared to that of a Vulcan XC-72 carbon
support. Furthermore, Ti,O,-supported Pt electrocatalyst shows
comparable specific activities for both the hydrogen oxidation
reaction (HOR) and the oxygen reduction reaction (ORR) as
compared to a conventional carbon-supported Pt catalyst at
80 °C under fuel cell operating conditions. To evaluate both
HOR and ORR activities, membrane electrode assemblies
(MEAs) with Nafion 112 membrane were prepared, and the
single cell performances (H,/0O,, 80 °C, atmospheric pressure)
with these MEAs were examined. Later, in a high-potential
stability test (1 h at an anodic potential of 1.0—1.5 V vs RHE),
Toroi et al”®® demonstrated a significant improvement in
catalyst stability when Pt/Ti;O, was used as a catalyst as
compared to Pt/XC72 catalyst. The change of electrochemi-
cally active area (ECA) with holding potential shown in
Figure 14 indicates that Pt/Ti O catalyst is stable within the
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Figure 14. Normalized ECA versus holding-potential plots for 5%
Pt/Ti O, and 30% Pt/XC72-HTT cathodes bonded to N115 mem-
brane. Reprinted with permission from ref 298. Copyright 2008 The
Electrochemical Society.

potential range examined, whereas 30% Pt/XC72-HTT catalyst
is not stable when the potential is higher than 1.3 V. The
instability of the Pt/XC72-HTT catalyst was thought to be
mainly due to carbon corrosion in the catalyst layer. A single cell
using a Pt/Ti O, cathode catalyst was also constructed and
tested at 80 °C using H,/O, for 350 h and validated the stability
of the metal oxide-supported catalyst.

As compared to pure Ti,O-, Ebonex, a commercial product
(Atraverda Ltd., Sheffield, UK), is an electrically conductive
ceramic composite with several reduced titanium oxide phases
consisting mainly of Ti;O; and Tis00.2%° This commercial
metal oxide was also explored as a catalyst support. For
example, Pollock et al.*®° attempted to add ruthenium or
platinum to the surface of Ebonex to form catalysts. However,
although Ebonex had high conductivity and good chemical and
mechanical stability, the electron transfer reactions were re-
ported to be very slow on its surface.*** ~>°® Fortunately, this
material has a porous microrough surface, which favors the
deposition of metal. For example, Ebonex-supported metal was
shown to have good quality and adhesive deposits, and as a
result the kinetics were similar to those on bulk metal.>*"*%*
Farndon et al.**® discussed the surface interaction between the
Pt particle and the as-supplied Ebonex support. A number of
researchers®®">?®3% have suggested that Ebonex could interact
with the deposited metal to change the catalytic activity, and
this was confirmed by Slavcheva et al.>*” They synthesized Pt
and PtCo nanoparticles supported on Ebonex by the borohy-
dride reduction method. Because of the metal—support inter-
actions, the PtCo/Ebonex catalyst was shown to facilitate the
oxygen evolution reaction, which started at lower overpoten-
tials. For the oxygen reduction reaction, this PtCo/Ebonex
catalyst gave a higher reaction rate than those catalyzed by
either Pt/Ebonex or bare PtCo catalysts. According to Vracar
et al.,306 the Pt/Ebonex catalyst showed a significant enhance-
ment in the catalyzed oxygen reduction reaction compared with
polycrystalline Pt. This result was believed to come from the
interactions of Pt nanoparticles with Ebonex support as well as
the d-band coupling mechnism where the surface reactivity is
given by the energy shift of the surface d-states with respect to
the Fermi level. Additionally, Farndon et al.**° and Chen
et al.**® investigated the electrochemical stability of Pt/Ebonex
catalyst in alkaline and acidic media, respectively. The results
showed that Pt/Ebonex-catalyzed electrodes with a Pt loading
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Figure 15. Polarization curves for PEM fuel cells with (a) Pt/TiO, and
(b) Pt/C electrocatalysts after the potential was held according to the
AST protocol for 0—200 and 0—80 h, respectively. The Pt loading was
0.5 mg/ cm? on the anodic side (LT140EW, BASF) and 0.4 mg/ cm” on
the cathodic side. Reprinted with permission from ref 308. Copyright
2009 Wiley Interscience.

of 2 mg/ cm® were stable in a flow electrolysis cell (1 M NaOH)
for 500 h. Unfortunately, the Pt/Ebonex catalyst had a short-
lived electrochemical stability under conditions of oxygen
evolution in an acidic solution (0.5 M H,SO,).

In recent work,**® Huang et al. focused extensively on the
improvement of fuel cell reliability and durability using TiO,-
supported Pt catalyst (Pt/TiO,), although TiO, had low elec-
trical conductivity. Considering the nonconductive materials as a
catalyst support, they used pluronic P123 as a surfactant to
prepare porous TiO, via a template-assisted route. They ob-
tained the Pt/TiO, electrocatalyst by mixing porous TiO,,
NaBH,, H,PtClys, and sodium dodecyl sulfate. Their results
showed Pt/TiO, exhibted more electrochemical stability and
performance than Pt/C. Figure 15 shows the polarization curves
for the Pt/TiO, and Pt/C electrocatalysts after the potential was
held at 1.2 V for 0—200 and 0—80 h, respectively. The polariza-
tion curves for Pt/TiO, were similar even after a corrosion time
(T.) of 200 h, while Pt/C showed a significant decrease in
performance after T. = S0 h due to carbon corrosion and
subsequent detachment and agglomeration. Table S summarizes
the size of the Pt particles and the electrochemical surface area
(ECSA) for two Pt electrocatalysts at T.. = 0 and 80 h. Clearly, a
4-fold increase in the particle size (dp; = 11.5 nm) relative to the
initial value (dp, = 2.5 nm) was observed for Pt/C due to carbon
corrosion and migration and agglomeration of Pt particles. As
shown in Figure 16, electrochemical corrosion is one of the most
important issues that affects the long-term stability of PEM fuel
cells. In the case of Pt/TiO,, however, there was only a slight
increase of the Pt particle size, suggesting the ultrahigh stability of

Table 5. Particle Size (dp,) and Electrochemical Surface Area
(ECSA) Measured for Two Pt Electrocatalysts after the
Potential Was Held at 1.2 V for 0 and 80 h”

dye (nm) ECSA (m*/g)
catalyst Oh 80 h 0h 80 h
Pt/TiO, 6.2 7.8 13.8 11.0
Pt/C 2.5 11.5 S3.1 3.8

“Reprinted with permission from ref 308. Copyright 2009 Wiley
interscience.
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Figure 16. Schematic representation of the effect of carbon corro-
sion on (1) agglomeration, (2) coalescence, and (3) loss of Pt
particles in the membrane electrode assembly (MEA) during opera-
tion of PEM fuel cells: (a) normal (corrosion-resistant) electrode and
(b) corroded electrode. Reprinted with permission from ref 308.
Copyright 2009 American Chemical Society.

the Pt/TiO, support at high positive potentials. The stability can
be attributed to the strong metal support interaction between the
Pt particles and TiO, support. It has been reported that TiO, can
anchor the Pt particles by interacting with Pt, thereb?r inhibiting
Pt migration and agglomeration.*® Sanchez et al.*'® prepared
Pt/TiO, catalyst via a one-step synthesis method. They directly
mixed a Pt precursor, platinum acetylacetonate, with Ti(OBut),
atapH of 3, and then dried the product at different temperatures,
such as 70, 200, 400, 600, and 800 °C. They obtained the Pt/
TiO, electrocatalyst without reducing the sample in hydrogen.
X-ray analysis showed that there were three nanophases: rutile
(the majority phase), anatase, and platinum. From the Rietveld
refinement of the crystalline structure of these phases, a platinum
weight concentration equal to its nominal value was determined
with most platinum segregated forming metallic platinum. Im-
portantly, it was concluded that platinum can promote the
formation of the rutile phase, even at a platinum concentration
as low as 0.1 wt %. Unfortunately, they did not measure the
electrochemical properties of the synthesized electrocatalysts.
Beside Ti-based oxide-supported catalysts, SnO,-supported
metal catalysts have also been investigated.”"' ~>"* It was demon-
strated that platinized tin oxide surfaces can give a high catalytic
activity for methanol electrooxidation.’''* For example,
Sekizawa et al.>'* prepared a SnO,-supported Pd catalyst and
found that the Pd/SnO, catalyst enhanced the catalytic activity
toward methanol oxidation. It was believed that the existence of
an interaction between the palladium and SnO, support material
as well as high dispersion of the active sites were responsible for
this activity enhancement. Furthermore, SnO,-supported Pt or
Pd was also found to be effective in the oxidation of CO.>**73"7
Okanishi et al.>'® emphasized the interaction between platinum
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Figure 17. Transmission electron micrograph (TEM) images of Vulcan
XC-72 (a and b) and Nb-TiO, (c and d)-supported Pt catalysts.
Reprinted with permission from ref 320. Copyright 2007 Elsevier B.V.

and tin oxide using a conventional Pt/C catalyst for comparison.
They found that both catalysts degraded in the presence of CO in
hydrogen. In the presence of 100 ppm CO in H,, the anode
hydrogen reaction can be significantly depressed if Pt/C catalyst
is used. However, if Pt/SnO, catalyst is used, this depression
becomes much smaller, indicatin§ that Pt/SnO, catalyst is a CO
tolerant catalyst. Baker et al.*"® studied gold nanoparticles
supported on hydrous tin—oxide (Au/SnO,) and described
strategies for optimizing catalyst preparation and oxygen reduc-
tion reaction electroactivity. Again, the interaction between the
metal and SnO,, was claimed to be responsible for a high catalytic
activity for the four-electron oxygen reduction reaction in an acid
electrolyte.

9.1.2. Metal-Doped Oxides. As discussed previously, tita-
nium oxides are promising as catalyst supports due to their
stability in fuel cell operation atmosphere, low cost, commercial
availability, stability in water, and the ability to control their size
and structure.>?® As their precursor, TiO,, one of the semicon-
ductors, has been explored as a catalyst support. To increase its
electronic conductivity, dopin% strategies have been developed
using Nb and Ru, respectively.”*"*** Using hydrothermal synthe-
sis, Park and Seol**° prepared a Nb doped TiO, nanostructure
support and synthesized Pt-based catalyst using this support
material for the oxygen reduction reaction. They found that the
formed catalyst (Pt/Nb—TiO,) had well-dispersed Pt particles
with an average sixe of ~3 nm supported on Nb—TiO,
nanostructure supports with a particle size of ~10 nm, as shown
in Figure 17. As compared to carbon-supported Pt catalyst, the
Pt/Nb—TiO, catalyst showed an excellent oxygen reduction
reaction activity due to the strong interaction between the oxide
support and the metal catalyst. Garcia et al.>** tested PtRu alloy
catalyst supported on Nb doped anatase TiO, support (i.e.
Nb, ;Tip50,) and found that this PtRu/Nby ;Tip O, catalyst
was electrically conductive and had reasonable activity toward
methanol oxidation. Chen et al.>*® reported that the Nbyg ; Tig o-
O, support had electronic conductivity in the range of 0.2—1.5
S/cm. Although the electrochemically active surface area of the
commercially available PtRu/C was slightly higher than PtRu/

Nby 1 Tig90O,, the catalyst current per active site of PtRu/
Nby 1 Tig 9O, catalyst was higher than the PtRu/C catalyst. Chen
etal > synthesized TipoNbg ;O,, a doped rutile compound, and
used it as a support for mixed metal catalysts containing Pt, Ir, Ru,
Os, and Rh. Because of its nondefective oxygen lattice, TigoN-
bo.10, was found to be more electrochemically stable than both
Ebonex and Ti,O-.

For a Ru doped TiO, (Ru,Ti,_,O,) support, Haas et al 32
found that the conductivity of the support could be increased
with increasing ruthenium mole fraction, with a content greater
than 27% required for good conductivity. The mixed oxides with
a particles size of about 200 nm were prepared using a sol—gel
routine, and Pt was deposited on this support using a chemical
deposition process. In a half-cell configuration containing 0.5 M
phosphoric acid electrolyte, cyclic voltammetry results showed
that the Ru doped TiO, support for Pt catalyst had an active
platinum surface area comparable to that of commercially avail-
able carbon-supported Pt catalysts. To further improve the
electrochemical properties of the Ru doped TiO, support, Wang
et al>** synthesized a Rug;Tig90O, nanopowder using TiN
nanoparticles and RuCl; precursors by the impregnation-thermal
decomposition method, and then deposited Pt nanoparticles on
the surface of this support to form Rug ; Tig 9O, catalyst. Fuel cell
testing using this catalyst in the cathode catalyst layer showed
fairly high catalyst performance and stability.

Besides TiO,, SnO, has also been explored as a support for
electrocatalysts. Although SnO, itself is a poor electrical con-
ductor, doping SnO, using some metals such as Sb and Ru can
significantly increase the electrical conductivity, makin§ it pos-
sible to use as a catalyst support. According to Lee et al.,>** the Sb
doped SnO, can exhibit a conductivity around 0.11 S/cm at
room temperature, and the conductivity of the Ru-doped SnO,
film is about 2.5 x 10> $/cm.**° Besides the large surface area of
such a supported catalyst, the doping metals such as Sb also have
beneficial effects such as OH species adsorption and electronic
effects for improving the electroxidation of small alcohols.*®”
Santos et al.**” investigated the electrooxidation of methanol on
Pt microparticles dispersed on Sb—SnO, thin films. The Sb
doped SnO, films were found to be effective for the dispersion of
Pt microparticles due to their high roughness. Experiments
showed that Sb—SnO,-supported Pt catalyst exhibited a large
intrinsic electrocatalytical activity for methanol electrooxidation
due to factors such as a structural effect promoting high disper-
sion of Pt and the nature of the oxide film favoring electrooxida-
tion, and possibly the bifunctional mechanism. Lee et al.>** also
deposited Pt colloidal particles on Sb-doped SnO, (antimony
doped tin oxide, ATO) nanoparticles with various amounts of Pt
loading. Typical polycrystalline diffraction patterns for these Pt/
ATO catalysts are shown in Figure 18, indicating that the Sn ions
are replaced by Sb in the cassiterite SiO, ploycrystal structure
without forming any new phases of Sb compounds. The size of
the ATO nanoparticles calculated from the (110) peak using
Scherrer’s equation was ~5.2 nm. These catalysts were tested for
both methanol and ethanol electrooxidation, and it was found
that their catalytic activities were enhanced when compared to
that of a Pt/C catalyst. In addition, Pt/ATO catalyst also
exhibited a much higher electrochemical and thermal stability
than the Pt/C catalyst, when tested using direct alcohol fuel cells.
Besides Sb, Ru was also used as a doping metal for SnO,. Pang
et al**® prepared some Ru-doped SnO, nanoparticles by chemi-
cal precipitation and calcinations at 823 K. Ru-doped SnO,
nanoparticles were found to have high stability in dilute acidic
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Figure 18. XRD patterns of the ATO support and the prepared
electrocatalysts. Reprinted with permission from ref 325. Copyright
2008 Elsevier B.V.

solution. As compared to the Pt/SnO, catalyst, the Pt/Ru—SnO,
catalyst showed both improved electrocatalytic activity and
stability. It was also found that the optimal atomic ratio of Ru
to Sn in Ru-doped SnO, materials is 1/75.

9.1.3. Nanostructured Oxides. It is well-known that inor-
ganic oxide materials with a one-dimensional (1D) structure (i.e.,
nanowire, nanorod, nanotube, and nanofibers) have unique
physicochemical properties such as one-dimensionality, a crystal-
line phase state, nonlinear optical properties, quantum size
effects, hollow core structures, very large specific surface areas,
narrow inner pores, and active catalytic surfaces.’>”>*!

Such materials have a wide range of applications including
catalysis.”*>* For example, titanium dioxide nanotubes (TONTSs)
have been explored as a catalyst support®>> because of their open
mesoporous morphology and high specific surface area. It is
believed that the semiconducting properties of TONTSs can
result in a strong electronic interaction between the support
and catalyst, improving the catalytic activity for electrochemical
reactions. This propertiy plus the moderate electrical conductiv-
ity of these nanotubes make them attractive for catalyst applica-
tions in the PEM fuel cell catalysts. For example, Wang et al.>**
and Macak et al.>** found that TiO, nanotube-supported Pd
catalyst showed excellent catalytic activity for methanol oxida-
tion. In their research, conventional TiO, nanoparticles with an
average particle size of 10 nm and TiO, nanotubes with a 10 nm
diameters were used as the supports for Pd catalysts. The Pd/
nanotube—TiO, catalyst displayed a catalytic activity superior to
those of both pure Pd and conventional TiO, nanoparticle-
supported Pd catalysts. When bimetallic Pt—Ru nanoparticles
were dispersed over a nanotubular self-organized TiO, matrix,
Macak et al.>** found that the overall electrocatalytic activity was
strongly dependent on the morphology of the support. In
addition, TONTSs have been explored as a catalyst support for
the oxygen reduction reaction. For example, Kang et al.**°
developed some TONT arrays by electrochemical anodization
and used them as supports for Pt and alloyed Pt—Ni catalysts. As
compared to the as-deposited PtNi/TONT, annealed PtNi/
TONT catalyst showed a higher oxygen reduction reaction
activity. They believed that the d-electronic structure of Pt could
be modified by the formation of the Pt—Ni alloy catalyst, leading
to a favorable adsorption of O,. Furthermore, when the as-
prepared catalyst was heat-treated, a strong metal—support
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Figure 19. Typical ORR curves on PtCo/TONT with different ratios of
Pt to Co in O, saturated 0.5 M HCIO, electrolyte with a scan rate of
S mV/s. Reprinted with permission from ref 337. Copyright 2008 The
Electrochemical Society.

interaction effect could be observed, which might be associated
with electron transfer from the oxide support to the metal. Here,
the interaction means that the d-electron configuration of the Pt
particle can be modified upon its deposition on the support. This
effect was detected by the X-ray photoemission spectroscoyy
(XPS) spectra and was found to favor ORR activity. Kang et al.**’
also sputtered PtCo catalysts on TiO, nanotube arrays to form
catalysts with different Co contents. Figure 19 shows typical
oxygen reduction curves for different compositions of PtCo/
TONT with 30% (atomic) of Co showing the best activity with a
positive shift in the onset potential of 200 mV.

SnO, has also been found to exhibit other nanostructures such
as belts/ribbons, wires, and networks. In particular, SnO, nano-
wires (NWs) as a one-dimensional nanomaterial have demon-
strated electrical, optical, mechanical, and thermal properties
superior to those of the traditional bulk materials. Among various
kinds of nanowires, SnO, NWs have several unique advantages as
supports for dispersing noble metal nanoparticles such as Pt. By a
thermal evaporation method, Saha et al.**® developed SnO, NWs
and dispersed these NWs on the carbon fibers of carbon paper.
After that, they electrochemically deposited Pt nanoparticles
onto the surface of the SnO, NWs to form a catalyzed electrode.
In comparison with a standard Pt/C electrode, this composite
Pt/SnO, electrode exhibited a higher electrocatalytic activity for
both the oxygen reduction reaction and the methanol oxidation
reaction. The same researchers also®>” prepared a composite
electrode using Pt—Ru catalyst supported on SnO, nanowires
for electrocatalytic oxidation of methanol. Their results showed
both high mass and specific activities for methanol oxidation and
CO tolerance. In general, these methods for fabricating electro-
des have provided a new route to make metal oxide NWs-based
catalyst supports for PEM fuel cell applications.

9.2. Tungsten Oxides (WO,)

9.2.1. Pure WO,. Tungsten oxides (WO,), a commercially
available material, are often used as conducting oxides for smart
windows. Tungsten oxides are an n-type semiconductor with a
band gap of about 2.6—2.8 eV.>** Because of the oxidation states
from 2 to 6 on the tungsten side, they can have many forms for
various applications in electrochemical fields.>*' For fuel cell
applications, tungsten oxides have been explored as potential
noncarbon catalyst supports, such as Pt-based catalysts sup-
ported on sodium tungsten bronze (Na,WOj3) for phosphoric
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acid fuel cells (PAFCs).***** Because of the formation of a
phosphotungstate complex, this catalyst appears to be unsuccess-
ful. However, when tungsten oxide was used as a catalyst support
in DMFCs,*** the formed Pt/WO,, catalyst showed much higher
catalytic activity toward methanol oxidation. This activity en-
hancement was believed to be due to the formation of tungsten
bronzes, which favor the dehydrogenation of methanol. In
addition, the oxophilic nature of the oxide support may also help
in removing the adsorbed intermediates during the methanol
oxidation.”*> The enhancement effect in methanol eletro-oxida-
tion was believed to be due to the synergistic interaction between
Pt and WO, because this interaction can lead to the best CO g4,
tolerance if methanol electrooxidation proceeds via CO,4q
species.*****” To evaluate CO tolerance of the Pt/WO, catalyst,
Micoud et al.>** prepared a well-defined WO;-supported plati-
num catalyst (Pt/WO,) using the impregnation-reduction meth-
od in which a platinum salt was reduced to Pt nanoparticles and
then dispersed onto commercially available monoclinic WO,
support. By monitoring CO,q4, electrooxidation currents at
potentials as low as 0.1 V vs RHE, they demonstrated that
Pt/WO, catalyst had a higher CO tolerance than that of carbon-
supported Pt or PtRu catalysts. In addition, it has also been found
that tungsten oxides can help the proton transfer process during
methanol electrooxidation due to the formation of tungsten
trioxide hydrates.****%% Park et al.**" observed these effects for
methanol electrooxidation catalyzed by a PtRu—WOj catalyst.
In general, Pt loading on metal oxide supports is one of the
important controlling factors for catalytic activity enhancement.
Reducing Pt loading without compromising the catalyst activity
is always desired in terms of catalyst cost reduction. However, for
WOs-supported Pt catalysts, when Pt loading was greater than
50 wt %, the catalytic activity for methanol electrooxidation could
be as high as that of a pure Pt catalyst consisting of spherical Pt
particles with particle sizes ranging between 50 and 150 nm.***
For WO;-supported Pt catalysts, the morphology and struc-
ture of the WOj; support were found to be quite important in the
preparation of active Pt catalysts for methanol electrooxidation.
For example, Ganesan and Lee**® prepared WO; microspheres
as a Pt catalyst support, and the obtained catalyst showed higher
stable electrocatalytic activity for methanol oxidation as com-
pared to that for commercially available 20 wt % PtRu/Vulcan-
XC72 and 20 wt % PtRu/carbon-microspheres catalysts. Cui
et al.*** synthesized Pt catalyst supported on mesoporous WO,
particles. This mesoporous WO; support had a high surface area,
ordered pore structure, and nanosized wall thickness of about
6—7 nm. Figure 20 shows typical TEM images of this support. It
can be seen that WO; possesses a well-ordered mesoporous
framework in the (111) and (100) directions of cubic Ia3d
symmetry, which is a replica of the mesoporous structure of the
silica template, KIT-6. The energy-dispersive X-ray spectra
(EDS) pattern shown in Figure 20c proves that the silica
template was completely removed. The selected area electron
diffraction (SAED) pattern (Figure 20d) indicates that the
m-WOj; replica is well crystallized and has a polycrystalline
character. This Pt catalyst supported on mesoporous WO; was
tested for methanol electrooxidation, and the results showed that
the electrocatalytic activity of 20 wt % Pt/WO; was significantly
higher than that of the commercially avaialble 20 wt % Pt/C
catalyst and was comparable to that of 20 wt % PtRu/C catalyst in
the potential region of 0.5—0.7 V vs NHE. In addition, Barczuk
et al*>* immobilized the same amount of PtRu catalyst on three
different WO; matrices to form supported catalysts. The obtained

Figure 20. TEM images (a,b) of WO3 in (111) and (100) directions,
respectively, with SAED pattern of WOj as the inset in part b; EDS
pattern of m-WO; (c); TEM images of KIT-6 (d) in (111) direction and
in (100) direction (inset in d). Reprinted with permission from ref 344.
Copyright 2008 American Chemical Society.

catalysts with both nanoporous and microporous WO; matrices as
supports had high surface areas and significantly enhanced elec-
trocatalytic activity toward methanol oxidation as well.

Tungsten oxides as a Pt catalyst supports can also promote the
oxygen reduction reaction. For example, Chhina et al.**' showed
that the oxygen reduction activity of Pt/WOj3 catalyst remains
high, even after accelerated oxidation tests in deoxygenated
0.5 M H,SO, at 30 and 80 °C, respectively, while activity was
extremely degraded after the same accelerated oxidation tests
with a commercially available carbon-supported Pt catalyst
(Hispec 4000). Moreover, tungsten oxide was claimed to be
not only more thermally stable against oxidation than Vulcan
XC-72R but also extremely stable under the electrochemical
oxidation conditions at 30 °C. With respect to stability, McLeod
and Birss®® also evaluated Pt/WO, films as methanol exlec-
trooxidation catalysts. Using the sol—gel method, they synthe-
sized two types of WO,, using ethanol (Type 1) or water (Type 2)
as the solvent, respectively. Although both types of WO, exhibited a
low resistance, which is a necessary property for a fuel cell catalyst
support, Type 2 films showed more stable methanol oxidation
currents than did Type 1 films. This was believed to be due to the
loss of WO, from the Type 1 film. Therefore, WO, produced via the
Type 2 synthesis seemed to be more promising as fuel cell catalyst
support than Type 1 WO,. Although a Pt/WO, catalyst usually
exhibits high stability, tungsten dissolution has still been observed in
acid media,**® which is an issue for PEM fuel cell applications. To
improve the chemical stability of WO3 in acid media, Raghuveer and
Viswanathan®’ attempted to use suitable Ti*" substitution in the
WOj; framework. It was found that the stability of WOj3 in an acid
medium could be significantly improved when a small amount of
Ti*" was put into the framework. Unfortunately, Ti*" substitution
can increase the ohmic resistance of the WO; framework.

9.2.2. WO; Nanorods. One-dimensional (1D) nanorods of
WOj; have been explored for use as catalyst supports in electro-
catalyst applications. The results have demonstrated that the
deposition of Pt nanoparticles on the WO; nanorods can
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generate large specific surface areas and prevent agglomeration of
Pt nanoparticles. In particular, 1D WOj3; nanorod-supported
Pt catalyst can have a strong synergetic effect, which improves
the kinetics of methanol oxidation. Rajeswari et al.>>® prepared
WOj; nanorods by simply pyrolyzing surfactant encapsulating
tungsten oxide clusters. The obtained nanorods with a length
of 130—480 nm and a width of 1856 nm were used as the
supports for Pt catalyst. The formed catalyst was tested for
methanol oxidation and demonstrated both comparable catalytic
activity and stability to commercially available 20% Pt—Ru/C
catalyst. Maiyalagan and Viswanathan®*® employed a simple
template synthesis method to develop WO3 nanorods with a
200 nm size by directly calcinating phosphotungstic acid in the
channels of an alumina template. Pt particles were then dispersed
on these WO; nanorods to form Pt/WO; catalyst. A glassy
carbon electrode coated with this Pt/WOj5 catalyst showed high
eletrocatalytic activity for methanol oxidation and was used to
study the synergistic effect between Pt and WO5.

9.3. Sulfated Oxides (S—Zr0O,)

Sulfated zirconium oxides (S—ZrO,) have also been explored as
catalyst supports for many chemical reactions.***** Normally, the
ZrO, structure has monoclinic and tetragonal crystalline phases.*"
These phases sometimes give different physical and/or chemical
properties, and therefore different catalytic activities when used as a
catalyst support. However, after modification by sulfonation to form
S—ZrO,, a solid superacid, the S—ZrO, gave superior catalytic
activity in many reactions.****°' For example, Hara and
Miyayama®* employed different synthesis methods and synthe-
sized three desired sulfonated zirconia (S—ZrO,) samples. They
found that the electronic polarization induced by such SO, mod-
ification could improve the Lewis and Brensted acidities on Zr,
leading to higher proton conductivities. This electronic polarization
(resonant process) occurs in a neutral atom when the electric field
displaces the electron density relative to the nucleus it surrounds. All
of the S—ZrO, samples showed strong bonding between SO, and
Zr on a heat-treated S—ZrO, surface. Wagif et al.** tested the
stability of sulfated samples at various temperatures in the presence
of methanol and water. S—ZrO, was found to retain a high
activity at 300 °C for the dehydration of methanol. When used
in fuel cells, sulfated zirconia-supported Pt catalyst gave a high
cell performance.****% As compared to Pt/C, Pt/S—ZrO, can
provide proton conductivity to help catalytic processes and
improve fuel cell performance. Also, the content of the Nafion
ionomer in the catalyst layer may be able to be reduced if using
S—ZrO, as the support.

For example, Suzuki et al.*** synthesized sulfated zirconia-
supported Pt (Pt/S—ZrO,) using ultrasonic spray pyrolysis
(USP). They found that Pt was dispersed on the S—ZrO, surface
as nanoparticles with a diameter of ~8 nm. The cell performance
of Pt/S—ZrO, cathode was higher than that of Pt/C if both of
the catalyst layers were not impregnated with Nafion ionomer.
This indicates that the Pt/S—ZrO, catalyst could reduce the
usage of Nafion ionomer in the catalysts layer. USP is one of the
one-step synthesis methods to directly prepare some materials
like metal oxides-supported metal electrocatalyst with high sur-
face area support. Recently, USP has been also demonstrated as a
facile and novel method to prepare meso- and macroporous
supports including carbon for electrocatalysts.>*® In a typical
USP procedure as shown in Figure 21, a humidifier ultrasonically
nebulizes a precursor solution producing a mist of micrometer-
sized droplets. The aerosol droplets are then carried by argon gas
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Gas
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Figure 21. Ultrasonic spray pyrolysis (USP) experimental apparatus.
Reprinted with permission from ref 367. Copyright 2007 American
Chemical Society.

into a furnace where solvent evaporation and precursor decom-
position occur. Bubblers collect the support, and byproducts
remain dissolved in the bubbler collection solvent or are flushed
out of the system by the carrier gas.*”” Theoretical studies®*®
indicate that the solubility of the precursor is very important for
the direct preparation of some material-supported metal electro-
catalysts. If the difference in precursor solubility is large, then the
solute of lower solubility will precipitate first. Depending on whether
the particle can continue to shrink, the other solutes will segregate to
its surface where they will heterogeneously nucleate. The composite
particle will consist of relatively larger crystallites of the first phase
surrounded by smaller crystallites of the second phase.

Zhang et al.**® synthesized a self-humidifying membrane based
on sulfonated poly(ether ether ketone) (SPEEK) hybridized with
sulfated zirconia-supported platinum (Pt/S—ZrO,) catalyst for fuel
cell applications. The SPEEK/Pt—S—ZrO, membrane exhibited
higher water uptake and proton conductivity as well as higher single
cell performance under dry operation than the plain SPEEK
membrane. Moreover, the enhanced open circuit voltage (OCV)
up to 1.015 V and the decreased area ohmic resistance further
demonstrated that Pt/S—ZrO, in the membrane could effectively
suppress reactant crossover and improve membrane self-humidifi-
cation as well.

9.4. Other Oxides

9.4.1. RuO, - xH,0. Ruthenium oxide (RuO,) has also been
explored as a catalyst support.*® The Pt/RuO, catalyst shows
the bifunctional mechanism in methanol oxidation,””**”" in
which the presence of Ru—OH bonds on the RuO, surface plays
a beneficial role in catalytic activity enhancement for methanol
oxidation. It is believed that Ru—OH,_4 can facilitate Pt—CO_ 4
oxidation at a lower potential by providing adsorbed OH,q4
groups adjacent to active Pt atoms. To further exploit this
beneficial property of the Pt/RuO, catalyst, new strategies for
synthesizing novel RuO, xHZO—su}%)orted Pt catalyst have been
proposed. For example, Chen et al.>’* employed a solution-phase
method to synthesize hydrous ruthenium oxide-supported pla-
tinum catalyst (Pt/RuO,-xH,0). This catalyst showed higher
catalytic reactivity toward methanol oxidation than that of
E-TEK Pt—Ru black catalyst.

9.4.2. Si-Based Oxides (SiO;). Recently, SiO,-supported
Pt catalyst was explored in the preparation of self-humidifying
membranes in PEM fuel cells. For example, Zhu et al.**® and
Wang®”® developed novel self-humidifying reinforced com-
posite membranes. They found that fuel cell performance
could be improved due to the presence of hydrophilic Pt/SiO,
catalyst. Several beneficial effects when the membrane was
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modified by this Pt/SiO, material were observed such as
membrane resistance reduction,®’> anode self-humidification
improvement, cathode polarization reduction, as well as OCV
value increase.** For this Pt/SiO, catalyst, a high catalytic activity
toward the oxygen reduction reaction was also observed, which
was attributed to the uniform dispersion of Pt on the intercon-
nected particle network of SiO,, maximizing the available electro-
chemical active area. Seger et al.*”* demonstrated that Pt/SiO, was
a better cathode catalyst for PEM fuel cells than was Pt-black
catalyst. Unfortunately, the electronic conductivity of SiO, is quite
low, limiting its practical usage as a catalyst in PEM fuel cells. More
effort should be put on how to increase its conductivity using
innovative approaches such as doping.

9.4.3.Indium Tin Oxide (ITO, Sn—In,03). Indium tin oxide
(ITO) is a degenerated n-type semiconductor with a wide band
gap, which is formed by replacing In** by Sn** in the cubic
bixbyite structure of indium oxide. This replacement produces
free electrons enhancing its conductivity and correspondingly
influences the optical and electrical properties of the ITO
film.>”>*¢ ITO is a commercially available material often used
as a transparent conducting oxide (TCO) for smart windows.
Chhina et al.*”” prepared an ITO-supported Pt catalyst as a
potential noncarbon catalyst support and studied its thermal and
electrochemical stability. The Pt on ITO (38 nm particle size)
had an average crystallite sizes of 13 nm. Electrochemical mea-
surements, in which the electrode coated by this Pt/ITO catalyst
was cycled between +0.6 and +1.8 V vs SHE for 100 cycles, showed
that this catalyst was much more stable than those of both com-
mercially available Hispec 4000 and Pt/Vulcan XC-72R. TGA
tests for thermal stability confirmed that the Pt/ITO was stable
with only ~1 wt % loss of ITO material versus ~57 wt % loss of
Hispec 4000 at 1000 °C.

10. CONCLUSIONS

To date, carbon-based supporting materials including various
nanostructured carbon materials for Pt-based catalysts have
proved to be the most practical catalyst supports for PEM fuel
cell catalysts. However, carbon oxidation or corrosion driven
by the presence of O, and/or high electrode potential has been
identified as one of the major failure modes for PEM fuel cell
degradation, in particular at higher temperature operation
(95—200 °C). To address this issue of carbon oxidation, great
effort has been placed in recent years on developing alternative
noncarbon materials for catalyst supports. Unfortunately, up to
now, there has been no major breakthrough in this area. Under
the strong driving force for fuel cell commercialization, the
demand to replace carbon supports using other intrinsically
stable materials becomes more necessary and urgent.

This review has extensively reviewed the current technical
state and the progress in the areas of catalyst support material
selection, synthesis and characterization, as well as fuel cell
validation. The reviewed noncarbon materials include nitrides,
carbides, mesoporous silicas, conducting polymers, and metal
oxides. As compared to carbon-based supports, some noncarbon
materials and their supported Pt-based catalysts have shown
unique structures, suitable physical and chemical properties, and
high catalytic activity toward fuel cell reactions such as the oxygen
reduction reaction and small alcohol electrooxidation. In terms of
catalyst stability, some noncarbon materials have intrinsic inert-
ness to high temperatures and corrosive electrochemical environ-
ments, significantly improving the stability of the supports as well

as their supported catalysts, leading to high durability for the fuel
cell. In comparison with commercially available carbon-supported
Pt or Pt alloy catalysts, some noncarbon-supported Pt or Pt alloy
catalysts have shown superior performance in both activity and
stability and strong poison-tolerance capability. Regarding these
activity and stability enhancements, as well as poison-tolerance
capability, the synergistic interaction between Pt and noncarbon
support has been identified as the major contributor to these
beneficial effects. Moreover, the uniform distribution of metal
catalyst particles on nanostructured noncarbon supports can also
make a contribution to the catalytic enhancement.

In comparison with carbon supports, some significant draw-
backs still exist for noncarbon-based supports. First and foremost
is the electronic conductivity because it appears that almost all
noncarbon materials have lower electronic conductivity when
compared to carbon materials. The second drawback is solubility
because the majority of noncarbon support materials have higher
solubility than carbon materials in aqueous environments, parti-
cularly in the acidic environment in which PEM fuel cell reactions
occur. The third drawback is electrochemical and chemical
stability because some noncarbon support materials, such as
WC, are easier to oxidize at oxygen electrode potentials than
carbon materials, leading to failure. The fourth drawback is
thermal stability because some noncarbon support materials
such as conductive polymers are not stable at higher tempera-
tures, that is, >100 °C. Finally, the fifth drawback is low surface
area because it seems that almost all noncarbon supports have
lower surface area when compared to carbon materials. For an
effective fuel cell catalyst, large surface area is often a necessary
factor determining the catalyst activity. Therefore, to make
noncarbon-supported Pt-based catalysts practically feasible in
PEM fuel cells, material improvements in electronic conductivity,
solubility, chemical/electrochemical and thermal stability, and
surface area are required. Materials trade-offs will likely be
required for noncarbon catalyst supports because it will be very
difficult to meet all of the required materials improvements. To
meet some of these material requirements, the following research
areas can be proposed:

(1) Developing novel synthesis methods to modify and
create new support materials, which have improved
electronic conductivity, insolubility, electrochemical and
thermal stabilities, as well as high surface area. For
example, material doping strategies have been proved to
be an effective way to improve conductivity, solubility,
and electrochemical and thermal stabilities. Modifying the
composition of support materials such as the ratio of
components can also improve the material’s properties
and make them feasible catalyst supports. Regarding
support surface area improvement, synthesis of nano-
structured material particles such as nanotubes, nano-
spheres, nanorods, nanofibers, and nanohiearchial
structures should be an effective way to achieve high
surface areas and improve the catalytic activity.

(2) Developing catalyst deposition strategies to make a
uniform dispersion of Pt or Pt alloy particles on the
support, and a strong synergistic interaction between
the catalyst and support particles. This strategy could
produce positive electronic and chemical interactions
between the catalyst particle and the support. Interac-
tion enhancement of metals like Pt or Pt alloy catalysts
with noncarbon supports through various experimental
approaches would be an interesting research area in the
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effort to improve both the stability and the activity of
noncarbon-supported Pt-based catalysts in PEM fuel
cell applications. The research objectives would be
(a) improving the electronic conductivity of the sup-
port, (b) increasing the surface area of the support,
(c) enhancing the physicochemical stability of the
support, and (d) developing catalysts with a highly
uniform distribution of Pt or Pt alloy.

(3) Establishing a fundamental understanding of the non-
carbon support through both experimental and modeling
approaches, for example, exploration of morphology
effects of noncarbon-supported catalyst on both the
catalytic activity and the stability, as well as the interaction
between the catalyst and support particles for the oxygen
reduction reaction. Theoretical modeling such as quan-
tum chemical calculation should provide some guidance
for the down-selection of new supports and their sup-
ported catalyst designs.

(4) Optimizing fuel cell design and operation to avoid the
catalyst drawbacks and promote the advantages of the
catalyst material. As mentioned previously, it will be
extremely difficult to have a catalyst material that can
meet all requirements.

It is unlikely that any support system will be able to address all
requirements (high electronic conductivity, low solubility, high
chemical/electrochemical and thermal stability, and high surface
area) at the same time. Some trade-offs may be reasonable in
solving this support material problem. We believe that the trade-
offs are strongly dependent on the individual materials and their
supported catalysts as well as fuel cell application requirements.
However, to realize the real commercialization of PEM fuel cells,
current technological gaps must be closed, and a suitable
electrocatalyst for oxygen reduction is a key goal. Noncarbon
supports for Pt-based electrocatalysts seem to be an effective and
necessary way (may be the only way) to eliminate carbon support
corrosion and oxidation during PEM fuel cell operation, parti-
cularly at high temperatures (95—200 °C). It is clear that a more
intensive research effort should be put on the development of
noncarbon-supported catalysts.
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