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ABSTRACT

Highly dispersed platinum or platinum-based catalysts on a conductive
support are commonly used as electrode materials in low-temperature fuel
cells, particularly the hydrogen PEMFC and the direct methanol PEMFC.
The performance and durability/stability of these catalysts strongly
depend on the characteristics of the support. Catalysts supported on
high surface area carbon black are widely used in low temperature fuel
cells. However, the corrosion of carbon black has been recognized as one
of major causes of performance degradation and durability issues of low-
temperature fuel cells under high-potential conditions. So the need for
alternative supports with outstanding physical and mechanical properties
to carry out the successful reaction in catalyst layer and give a longer
lifetime for the electrocatalysts is inevitable. The emergence of
nanothechnology and development of nanostructure materials in recent
years has opened up new avenues of materials development for low-
temperature fuel cells. This paper presents the performance with a variety
of non-carbonaceous nanostructured based materials, e.g metal oxides
and carbides nanowires (NWs), nanorods, the nanostructer of conductive
polymers e.g. PAni / PPy nanofibers, and PAni / PPy nanowires as well as
composites of these nanostructured catalyst support materials. So the
present paper provides an overview of these nanostructured materials as
low-temperature fuel cell catalyst supports. The improved characteristics
of the nanostructured supports with respect to commercially used carbon
black (Vulcan XC-72) and their effect on the electrochemical activity are
highlighted. Additionally it reviews the literature on the synthesis of
nanostructured-supported Pt electrocatalysts for proton exchange
membrane (PEM) fuel cell catalyst loading reducing through the
improvement of catalyst utilization and activity. The features of each
synthetic method were also discussed based on the morphology of the
synthesized catalysts.  2014 Trade Science Inc. - INDIA
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INTRODUCTION

In recent years, the concept of green energy has
attracted considerable attention. The aim of green en-
ergy is to explore techniques and methodologies that
reduce or eliminate the generation of products or
byproducts that are hazardous to human health or the
environment. Nowadays, green energy is becoming one
of the main goals of designing new processes and reac-
tions in the emerging areas of nanoscience and
nanotechnology[1,2]. Fuel cells are electrochemical con-
version devices used for power generation in portable,
stationary/residential and transportation applications. As
a �green/clean� electric power source, fuel cells can be

used to power vehicles, back-up the power supply for
electric devices, and store electricity in power stations
by converting water into hydrogen and oxygen during
off-peak hours. The only by-products are water and
heat. Among various types of fuel cells proton exchange
membrane fuel cells (also called polymer electrolyte
membrane fuel cell, PEMFCs) have been considered
to be a promising energy source because they offer a
highly efficient, low operation temperature (below 100
°C), higher power density, rapid start up/shut down,

low weight, compactness, potential for low cost and
volume, long stack life, suitability for discontinuous op-
eration and environment friendly technology for energy
conversion without the carnot limitations of combustion
engines[3-7]. However, while great progress has been
made in the last several decades in the research and
development of PEM fuel cells[8-10]. For wide-scale com-
mercialization of PEMFCs it should overcome several
technical challenges including reducing the cost of com-
ponent, optimizing the utilization of electrocatalyst at all
current densities, improving the performance and dura-
bility/stability of the membrane electrode assembly
(MEA), the crucial part of the fuel cell system. As the
key component in PEMFC, the electrocatalyst layer is
the place where the electrochemical reactions take place
and the electrical energy is produced, exhibiting a great
influence on the total performance and durability. The
main processes that occur in the catalyst layer include
mass transport, interfacial reactions at electrochemically
active sites, proton transport in the electrolyte phase,
and electron conduction in the electronic phase. The
PEM fuel cell MEA utilizes precious metal catalyst (such

as Pt or Pt alloy) dispersed on support. These catalysts
are estimated to contribute to as much as 50% of total
fuel cell cost. It was emphasized that in order to reach
the DOE (department of energy) cost reduction ob-
jects, among other component cost reductions, the cur-
rent state of the art platinum loading (~0.4 mg/cm2) of
PEM fuel cell electrodes, the total Pt catalyst loading in
a MEA must be reduced to levels lower than 0.1 mg/
cm2 to come across the target for commercialization[11].
Similarly, durability targets for these applications have
not been mentioned for catalysts, but MEAs are ex-
pected to endure for >40,000 and 3,000 hours for sta-
tionary and portable applications respectively, with low
degradation rates.

Several strategies have been explored with the pur-
pose of reducing the cost and increase the performance
of a fuel cell. These active approaches toward the re-
duction of Pt usage in PEMFC catalyst can generally
be listed as:
(i) Reducing Pt usage by alloy with other transition

metals (either as bimetallic or ternary catalyst sys-
tems) and non-noble electrocatalysts[12-19].

(ii) Reducing the Pt loading in fuel cell electrodes by
using ultra-low loading catalyst methods[20-25]

(iii) Thinning the active layer thickness ( 25 microme-
ter)[26-33]

(iv) Reduction the electrocatalyst nanoparticle size
and improvement of PPEMFC performance by
optimization of operating parameters[34].

(v) Improving electrocatalyst dispersion by using
novel fabrication techniques (e.g. The National
Research Council of Canada�s Institute for Fuel

Cell Innovation (NRC-IFCI), Reactive spray
deposition technology (RSDT))[35-42].

(vi) Developing MEA fabrication methods to enable
better catalyst dispersion and utilization[43-52]

(vii) Developing novel nano-structured thin-film Pt
(e.g. 3M�s Nonconductive Whiskers or NSTF -

based electrode)[53].
(viii) Improving the performance of carbon-based

electrocatalyst support and exploring novel non-
carbonaceous electrocatalyst support materials
by employing the concept of nanotechnology for
increasing the surface area and other properties[54-

61]

It is very difficult to keep or improve catalyst layer
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performance when the catalyst loading is reduced. In
order to attain that, great effort must be put on Pt utili-
zation and the enhancement of catalyst activity. Differ-
ent two routes have been explored for enhancing the
utilization of platinum catalyst in PEMFCs, either by
reduction the particle size of catalyst or by uniform dis-
tribution on the surface of support materials.

The prominence of the support materials in fuel cell
catalysis is well documented. Typically, the support pro-
vides a physical surface for dispersion of small metal
particles, which is necessary for accomplishing high sur-
face area. Carbon is commonly used for supporting
nanosized electrocatalyst particles in low temperature
fuel cells because of its large specific surface area, high
electrical conductivity, and pore structures[62,63]. In spite
of the high surface area of the carbon black particle it
has two main problems. Carbon black persuades sig-
nificant mass transfer limitations due to its dense struc-
ture (the pore size and pore distribution of carbon black
affects the interaction between Nafion ionomer and the
catalyst nanoparticles), resulting failure of launching
three-phase boundaries among gas, electrolyte and
electrocatalyst which lead to a very low Pt utilization.
Additionally carbon black is known to endure sever
electrochemical oxidation, forming surface oxides which
reacting finally to CO

2
 (C+2H

2
OCO

2
+ 4H++ 4e-) at

the cathode of the fuel cell. The formation of CO2 or
corrosion can be accelerated at lower pH and higher
potential, humidity and temperature so the life time of
potential electrocatalyst can be reduced by poisoning
and sintering. The standard potential for the electro-
chemical oxidation of carbon to carbon dioxide is 0.207
V vs. RHE at 25 °C[64]. During the start up/shut down
cycle, the cathode potential of vehicle�s fuel cell be-

cause of slow oxygen reduction reaction (ORR) may
increase to 1.2 - 1.5 V or even higher, therefore, under
such PEMFC cathode operation conditions, carbon
corrosion is not only thermodynamically viable due to
the high potentials (>1.2 V) and high O2 concentra-
tions, but also kinetically enhanced by the elevated tem-
peratures (50�90 °C). As carbon black (Vulcan XC-

72) corrodes, noble metal nanoparticles (e.g., Pt) on
carbon black will isolate from the electrode and possi-
bly combine to larger particles, resulting in Pt surface
area loss, which subsequently lowers the durability of
PEM fuel cells[65-67]. Accordingly, corrosion of the sup-

port may affect the performance of the PEMFC. There-
fore prompted by the thermodynamic instability of car-
bon, tremendous efforts have been made to identify and
develop alternative support materials that show good
stability up to voltages of 1.4�1.6 V and improve dura-

bility and performance.
Nanostructure materials have attracted great inter-

est in recent years because of their exceptional charac-
terization such as high catalytic activity, mechanical and
electrical properties, all of which are obtained by ob-
structing their dimensions. It is well known that the physi-
cal, electrochemical, and electronic properties of
nanostructured materials are not the same those of bulk
materials. In terms of nanotechnology methodologies
towards improving clean energy solution, numerous in-
novative nanomaterials as a catalyst supports for
PEMFCs have been actively investigated. In this con-
text the role of the nanostructure in carbon supports
like carbon nanotubes (CNTs), carbon nanofibers
(CNFs), carbon arogels, nanoplates of graphene was
much highlighted which well reviewed by our another
paper(under publication).The higher catalytic activity of
Pt and Pt-based catalysts supported on CNTs and
CNFs than that of the same catalysts supported on car-
bon blacks was ascribed to their unique structure and
properties such as high surface area, good electronic
conductivity and chemical stability[68-72]. Tests carried
out in PEM fuel cell conditions indicated that these
materials can be more durable and can outlast the life-
time of most widely used Vulcan XC-72[73-75]. More
recently, a wide range of nanostructure of ceramic ma-
terials and conducting polymers (CPs), such as oxides
and carbides nanowires (NWs), nanorods, PAni
nanofibers, and PPy nanowires and etc, has been in-
vestigated as alternatives to carbon. The main purposes
for using nanostructure-supported Pt catalysts are to
reduce Pt loading through increasing the catalyst utili-
zation, and improving the catalyst activity and total per-
formance.

Ceramic materials such as conducting oxides are
emergent candidates as oxidation resistant catalyst sup-
ports. These materials are thermally and electrochemi-
cally stable in fuel cell environment and present admi-
rable resistance to corrosion in various electrolytic me-
dia. In addition to their high stability in the fuel cell envi-
ronment, unlike carbon, which does not increase
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electrocatalytic activities, but runs only as a mechanical
support, many metal oxide materials can act as co-cata-
lysts. In reality, it is well known that metal oxides such
as TiO

2
, SnO

2
 and WO

3
 enhance the catalytic activity

of platinum for fuel oxidation[76-81].
Given their conductive and firm three dimensional

structure, conducting polymers can act as suitable sup-
ports for polymer electrolyte fuel cell catalysts. CPs
with porous structures and high surface areas are em-
ployed as a medium to integrate noble metal catalysts
for some electrochemical reactions of prominence for
application in fuel cells such as hydrogen and methanol
oxidation and oxygen reduction[82]. The principal pur-
pose for integrating metallic particles into porous poly-
meric mediums is to increase the specific area of the
active surface and thereby improve catalytic effi-
ciency[83,84]. Moreover, CPs are not only electron con-
ducting, but also proton conducting materials, there-
fore they can substitute Nafion in the catalyst layer of
fuel cell electrode and supply improved performance.
In this situation, supposedly only a two-phase bound-
ary is required for electron and ion transfer during re-
actions in fuel cells compared to the three-phase bound-
ary indispensable when carbon is used as support[85].

Being the use of carbon nanostructured materials,
ceramic or polymer nanostructured materials not en-
tirely satisfactory, in the last years hybrid polymer�
carbonasous nanostructured materials and ceramic�
carbonasous nanostructured materials have been pro-
posed as fuel cell catalyst supports. These hybrid
nanostructured materials, possessing the properties of
each component, or even with a synergistic effect, would
present improved characteristics with respect to the in-
dividual nanostructured components.

Although there have been many reviews dealing with
the synthesis of noncarbon-based material[85-87] and their
characteristics as a novel catalyst support in catalyst
preparation, a comprehensive review of the literature
on the noncarbon-based material nanostructured sup-
port which have emphasized the PEM fuel cell applica-
tion based of our knowledge has not been tried.

This review will focus on some recent developments
and investigations of noncarbon-based nanostructure
materials and composite of these nanostructured mate-
rials with carbon-based nanomaterials for application
as support for preparation of electrocatalyst for MEAs

purpose, excluding electrolyte membrane and other parts
of fuel cell. The structure, dispersity and morphology of
the supported catalysts, which are closely related to
utilization and performance, are strongly influenced both
by the support property and the method by which Pt
nanoparticles can be deposited into the support. In this
study, the development of low-temperature fuel cell
catalysts in recent years is reviewed, primarily focusing
on the two most active areas, i.e. support materials es-
pecially supports with tailored nanostructural, surface
chemical and electronic properties by employing the
concept of nanotechnology and nanoscience in designs
and production techniques and Pt-based material depo-
sition approaches.

Considering the recent move of a large variety of
the public converging to NWs and CPs related synthe-
sis techniques, we have restricted broadly to mention-
ing the title of production methods of these material in
the present study rather than a focused opus, which
would have been another useful option if one considers
numerous research articles about synthesis and pro-
cessing techniques of the nanostructure of these mate-
rials that have been published in this 10 years span. So
where necessary, the reader will be addressed to more
specific recent review papers and books. After some
simple background information the structure of each of
these materials, the basic deposition techniques of Pt-
based metals onto the support materials along with the
surface functionalization of these nanostructures, char-
acterization and other features of resulted supported
electrocatalyst such as morphology, electrochemical
activity as well as electrochemical surface area will be
described. Next, it will be continued by describing fab-
rication processes of MEA fuel cells containing
nanostructures. This is will be followed by investigation
the improvement of utilization of elctrocatalyst and per-
formance in single cell measurements. Finally, we give a
summary of the stability/durability of the nanostructure-
based fuel cell electrodes. Our focus will be on low-
temperature fuel cells including only hydrogen and
methanol fuelled polymer electrolyte membrane fuel cells
(H-PEMFCs [hydrogen fuel cell] and DMFCs [direct
methanol fuel cells]). The direct ethanol fuel cell (DEFC)
is also sometimes comprised in low-temperature fuel
cells. The term �PEMFC� has been used often to cover

the circumstances where DMFC is also applicable un-
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less otherwise specifically mentioned separately.

Inorganic oxide/ carbid nanostructure-supported
pt-based electrocatalysts: synthesis, characteriza-
tion and performance of pem fuel cell

Inorganic metal oxides have been studied to deter-
mine whether they can serve as high corrosion resistant
supports. Regrettably, substituting carbon with tradi-
tional metal-oxides is problematic, due to their electri-
cal-insulating natures at temperatures below 200 °C.

However, substoichiometric metal oxides, such as re-
duced oxidation state titania (e.g., Ti

4
O

7
 and Ebonex),

doped metal oxides(e.g. doped TiO
2
 and SnO

2
) and

nanostructured metal oxides, such as TiO
2
 nanotubes

and WO
3
 nanorods, have been proposed as electri-

cally conductive support materials with high corrosion-
resistant properties. Recently Antolini and Gonzalez[105]

and Sharma and Pollet[106] have published a detailed
reviews on the use of ceramic based materials and Non-
Carbonaceous (inorganic oxide/ carbid) support respec-
tively in various aspect of fuel cells and the readers are
invited to referred to them. but in this section because
of the aim of present study on the use of nanostructure

of formentioned materials as support for fuel cell appli-
cation we only focuses on these materials namely just
nanowires, nanorod and nanotube structure of these
materials.

Nanoscale one-dimensional (1D) materials have in-
spired great interest due to their importance in basic
scientific research and potential technology applica-
tions[88-90]. Nanowires, nanobelts, nanorods, etc are a
novel quasi-one dimensional materials that have been
attracting a great research interest in the last few years.
These non-carbonaceous materials have been estab-
lished to show superior electrical, optical, mechanical
and thermal properties, and can be used as fundamen-
tal building blocks for nano-scale science and technol-
ogy, ranging from chemical and biological sensors, field
effect transistors to fuel cell applications. Nature maga-
zine recently published a report titling that �Nanowires,

nanorods, nanowhiskers, it does not matter what you
call them, they are the hottest property in
nanotechnology� (Nature 419 (2002) 553). As an ex-

ample, Figure 1 shows a collection of various
nanostructures of ZnO synthesized by thermal evapo-
ration of solid powders[91].

Figure 1 : A collection of nanostructures of ZnO synthesized under controlled conditions by thermal evaporation of solid
powders[91]
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Nanowires

Structure and synthesis methods for nanowires

Nanowires (NWs), like CNTs, are also one-di-
mensional and well-defined crystalline structure with a
high aspect ratio. NWs have demonstrated superior
electrical, optical, mechanical and thermal properties[92-

95]. Unlike CNTs, NWs are noncarbon based materials
that can consist of metals, semiconductors, or inorganic
compounds. The unique feature of nanowires, compared
to other low dimensional systems, is that they have two
quantum confined directions while still leaving one un-
confined direction for electrical conduction. This allows
nanowires to be used in applications where electrical
conduction rather than tunneling transport is required.
Because of the unique density of electronic states
nanowires in the limit of small diameters are expected
to exhibit significantly different optical, electrical and
magnetic properties from their bulk 3D crystalline cor-
responding item[96]. The broad choice of various crys-
talline materials and doping methods make the elec-
tronic and optical properties of NWs adaptable with a
high degree of freedom and precision. With the devel-
opment of new synthesis methods, NWs have attracted
more and more attention for fuel cell applications. There
are a few papers[95,97] and books[98-101] dealing with the
synthesis, characterization, properties and applications
of NWs. A great challenge is to integrate NWs into
multi-function assemblies in order to fabricate nanoscale
electronic and photonic devices as well as biosensors.

Previously, nanowires with different compositions
have been explored, using various methods including
vapor phase transport process[102-104], chemical vapor
deposition[105,106], arc-discharge[107] solution[108,109] and
template-based method[110,111] Recently, a variety of 1D
nanostructures with different compositions such as ZnO,
SnO

2
, WO

3
, In

2
O

3
, CdO, MgO

2
, MnO

2
, TiO

2
 and

PbO
2
 were successfully synthesized[112-114]. Unlike

CNTs, nanowires (NWs) can be made of various com-
positions of materials with solid cores. For example,
monometallic Pt, Au and Ag nanowires[115-117] and Pt
nanowire networks[118] synthesized in highly ordered
SBA-15 silica have been reported.

NW-supported pt-based electrocatalysts, MEA
fabrication and performance of PEM fuel cell

Using NWs, especially metal and metal oxide NWs,

as supports for Pt nanoparticles have unique advan-
tages for real applications. First, unlike carbon black,
metal oxide materials have catalytic properties. Sec-
ond, there is a very strong interaction between Pt
nanoparticles and the metal oxide surface. Third, gas
permeability is expected to be high with the 3D elec-
trode structure with nanowires that are grown on fuel
cell backings like carbon paper. Finally, doping various
elements into nanowires can be easily carried out to
improve electronic conductivity, corrosion resistance,
and thermal stability. Therefore, it is expected that inte-
grated three-dimensional, nanowire-based, fuel cell
electrodes will be ideal materials for providing a higher
catalytic performance, higher catalyst utilization, a more
efficient mass transport, and a longer fuel cell opera-
tional life. More recently, various metal oxides have been
explored as catalyst support[119-122]. Among of them,
SnO

2
 particles as Pt support have been used for

PEMFCs and DMFCs and have revealed high cata-
lytic activities toward methanol oxidation[123,124] and their
combination with Pt metal catalyst significantly enhanced
the overall catalytic activities. Moreover, there is a strong
metal-support interaction between Pt nanoparticles and
metal oxide surface[125]

While all of these studies utilized its form of the par-
ticles, Saha and coworkers[126] interests, for the first
time, was to directly grow SnO

2
 nanowires (NWs) on

fuel cell backings as catalyst support for fuel cells in
order to build 3-D electrode structure. They success-
fully deposited Platinum�ruthenium (Pt�Ru)

Figure 2 : Cyclic voltammograms of Pt�Ru nanoparticles

electrodeposited on SnO2 NWs/carbon paper and GC elec-
trodes in Ar-saturated 1M H2SO4 + 2M MeOH aqueous solu-
tion. Potential scan rate: 50 mV/s[126]
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nanoparticles on the surface of SnO
2
 nanowires grown

directly on carbon paper (Pt�Ru/SnO
2
 NWs/carbon

paper) by potentiostatic electrodeposition method.
According to their paper the electrocatalytic activities

of these composite electrodes for methanol oxidation
were investigated and higher mass and specific activi-
ties in methanol oxidation were exhibited as compared
to Pt�Ru catalysts deposited on glassy carbon elec-

Figure 3 : (a) SEM image showing high coverage of SnC NWs grown on fibers of carbon paper; (b) Higher magnification SEM
image showing the tip of nanostructure array[132]

Figure 4 : (a) Comparison of single cell performance of MEAs
made with Pt/SnC NW/carbon paper composite (0.21mgPt /
cm2) and conventional Pt/C electrode (0.20mgPt /cm2) as
cathodes for H2/O2 at 80 °C, Nafion 112 membrane, 25/30

psig anode and cathode back pressure, respectively. Anodes
were E-TEK gas diffusion electrode with a Pt loading of
0.5mgPt/ cm2; (b) Comparison of the iR-free Tafel plots for
oxygen reduction reaction[132]

trode. Figure 2 shows a comparison of catalytic activi-
ties for Pt�Ru nanoparticles supported SnO

2
 NWs/car-

bon paper and GC electrodes in 2 M CH
3
OH/1 M

H
2
SO

4
 at a scan rate of 50 mV/s.

Since metal and metal oxide nanowires have rela-
tively poor corrosion resistance[127,128] it seems that the
synthesize nanowires coated with carbon may be good
idea to overcome this problem. It has been reported
that carbon was coated on Sn or Sn-based oxide
nanoparticles to promote their electrochemical perfor-
mances[129-131]. On this basis Saha et al.[132] reported a
three-dimensional core/shell heterostructure, consisting
of a Sn nanowire core and a carbon nanotube shell
(SnC), was grown directly onto the carbon paper back-
ing. Compared with the conventional Pt/C catalyst layer,
the SnC nanowire-based CL showed a higher oxygen
reduction performance and excellent stability in a fuel
cell environment. The results demonstrated that the
core/shell nanowire-based composites were very prom-
ising supports in making cost-effective electrocatalysts
for CLs in fuel cell applications. Figure 3 shows the
SEM images of the SnC NWs grown on a commer-
cially available carbon paper backing used in fuel cell
applications. In respect to performance improvement
by this unique structure Figure 4a shows the single cell
performance of the MEA made with Pt/SnC NW/car-
bon paper composite electrode as the cathode and stan-
dard E-TEK electrode as the anode for H

2
/O

2
. For

comparison, the polarization curve of the conventional
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MEA made with two E-TEK electrodes is also pre-
sented. Polarization characteristics were compared at
80 °C with 25/30 pisg backpressure for the anode and

cathode, respectively (100% humidification condition).
As seen in Figure 4 a, the MEA made with Pt/SnC
NW/carbon paper composite electrode shows higher
performance compared to that conventional E-TEK
MEA throughout the whole potential range. Compari-
son of the iR-free Tafel plots for oxygen reduction is
presented in Figure 4 b. The mass activity (current den-
sity normalized on the basis of Pt loading) at 900 mV
(activation-controlled region) for the Pt/SnC NW/car-
bon paper composite is 308.6 mA /mg Pt, which is 2.5
times higher than the value of 121.0 mA/mg Pt for the
Pt/C electrode, indicating a higher activity toward oxy-
gen reduction at Pt/SnC NW/carbon paper compos-
ite. According to authors this improvement attributed
to the higher dispersion of Pt nanoparticles on the sur-

face of SnC NWs as well as the unique 3D structure of
Pt/SnC NW/carbon paper composite. Moreover, the
improved performance and power density are achieved
at higher current density region using the Pt/SnC NW/
carbon paper composite. The improvement at higher
current density region clearly indicates a better mass
transport for the Pt/SnC NW/carbon paper composite
electrode. The power density of a Pt/SnC NW/carbon
paper composite electrode and Pt/C electrode, both
were normalized to the Pt loading at 0.6 V, were 2.14
and 1.70 W/mg Pt, respectively, showing an improve-
ment of about 0.44W/mgPt in power density for the Pt/
SnC NW/carbon paper composite electrode. They also
evaluated the stability of SnC NWs on carbon paper
(before Pt nanoparticles deposition) by immersing the
composite electrode in 0.1 M H

2
SO

4
 solution over a

period of 1500 h at 50 °C. After the test, TEM obser-

vations of the composite indicated that SnC NWs was

Figure 5 : TEM images of Pt nanoparticles deposited on theW18O49 NWs/carbon paper from different concentrations of Pt
precursor (a) 1mM, (b) 2mM and (c) 4mM in glacial acetic acid. The corresponding Pt loadings on the NWs are 0.08, 0.17 and
0.31mg/cm2[133].

Figure 6 : Polarization curves and power density curves in
single cell PEMFC of MEA�s made with Pt/W18O49 NW/

carbon papercomposite (0.17mgPt /cm2) and conventional Pt/
C electrode (0.20mgPt/ cm2) as cathodes for H2/O2 at 80 °C,

Nafion 112 membrane,25/30 psig anode and cathode back
pressure, respectively. Anodes were E-TEK gas diffusion elec-
trode with a Pt loading of 0.5mgPt /cm2[133]

still on the surface of carbon fibers with same density,
diameter, and length. Further TEM inspection showed
that both the tin core and carbon shell remained original
morphology. Therefore these results suggest that the
adhesion of SnC NWs to the carbon paper is strong
and the stability of SnC NWs is high.

On the use of tungsten oxide nanostructure mate-
rial as support again Saha and coworkers[133] reported
directly grow W

18
O

49
 NWs on fuel cell backings as

fuel cell catalyst supports to build three-dimensional (3D)
electrode structures. This time the Pt nanoparticles were
deposited on W

18
O

49
 NWs/carbon paper by reduc-

tion of Pt precursor with glacial acetic acid. Well-dis-
persed Pt nanoparticles, with a size distribution from 2
to 4 nm, were observed on the surface of W

18
O

49
 NWs

by TEM studies Figure 5. In comparison to conven-
tional Pt/C electrocatalyst, the Pt/ W

18
O

49
 NW/carbon
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Figure 7 : Representative TEM images of Pt nanostructures with shapes of (a) wire [134], (b) tube [135], (c) dendrite [143], and
(d) cage[144], by using templates during synthesis

TABLE 1 : Theoretical Pt loadings of Pt/S89M72BP[224]

TABLE 2 : Characterization of Pt/CeW18O49 NWs/carbon paper and commercial 30 wt.% Pt/C electrodes[134]
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paper composite exhibited higher electrocatalytic ac-
tivity toward the oxygen reduction reaction and better
CO tolerance in a single cell polymer electrolyte mem-
brane fuel cell and the Pt/ W

18
O

49
 catalyst gave roughly

4-fold higher current than the Pt/C reference for nearly
the same Pt loading. In terms of activity per mass of Pt
at 900 mV, the Pt/ W

18
O

49
 catalyst gave 0.63 Amg

Pt
-2

vs. the 0.13 Amg
Pt

-2 for the Pt/C reference in this work.
According to authors the enhancement in the activity
for oxygen reduction on Pt/ W

18
O

49
 NWs/carbon pa-

per composite is attributed to the uniform dispersion of
smaller Pt particles, an improved catalyst-support bind-
ing and a synergistic effect of W

18
O

49
 NWs as catalyst

support Figure 6.
In another report, Saha and coworkers[134] extended

their previously study by carbon coating the tungsten
oxide nanowires grown directly on carbon fiber of a
carbon paper by chemical vapor deposition method and
Pt nanoparticles were deposited on the nanowires (Pt/
C- W

18
O

49
NWs/carbon paper) to form the composite

electrode. The electrocatalytic activities of these com-
posite electrodes for oxygen reduction reaction (ORR)
were investigated and the Pt/C- W

18
O

49
 NWs/carbon

paper composite has the mass specific surface area (m2/
gPt, TABLE 2) of 63.5, about 36% higher than that of
the commercial Pt/C electrode (40.6 m2/gPt).

Synthesis of Pt nanostructures

Both chemical and physical templates have been
used in producing platinum nanostructures, usually in
polycrystalline forms. These templates offer confined
spaces and/or functionalized structures for the growth
of platinum. There are two major categories: hard and
soft templates. The commonly used hard templates,
which are composed of spatially well-defined physical
structures, include anodic aluminium oxide (AAO)[135-

137], mesoporous silica[138], and lithographically patterned
templates[139]. By electrodepositing Pt metal into the
AAO membranes followed by removal of these hard
templates, Pt nanowires could be produced Figure

Figure 9 : Schematic illustration of the experimental procedure for the Pt nanowire preparation from the PCTE template
membrane to the working electrode fabrication for CV measurements[158]

Figure 8 : SEM images of carbon fibres in the carbon paper in situ coated with Pt nanowires[157]
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7a[136]. A further surface modification of the AAO mem-
branes before electrodeposition can lead to the forma-
tion of Pt nanotubes, as shown in Figure 7 b[137]. The
soft templates include those self-assembled and
selforganized structures in solution, such as micelle, re-
verse micelle, microemulsion, and liposome. Surfactant
molecules which have hydrophilic heads and lipophilic
long carbonchains are commonly used. They are used
in the synthesis of higher-ordered Pt nanostructures,
such as dendrites and cages[140]. Platinum nanorods have
been produced from crystalline complexes containing
both CTA+ and Pt(II) species in the presence of
cetyltrimethylammonium bromide (CTAB)[141]. A range
of sheet-like and three-dimensional textured Pt
nanostructures have been generated by using liposomes
as templates Figure 7c-d[142-145].

Pt nanowires and composited hybrid
electrocatalyts of Pt-based nanoparticles and
nanowires for low temperature polymer electro-
lyte fuel cells

Pt nanowires

Up to now, highly-dispersed Pt-based nanoparticles
(NPs) having approximately 2�3 nm on carbon sup-

ports have been used as the state-of-the-art
electrocatalysts with advantages of high EAS and large
3-phase boundaries (gas�electrolyte�catalyst) in the fuel

cells[146]. Nevertheless, even the highly optimized
electrocatalytic system using the Pt-based NPs still of-
fers large opportunities to mitigate impediment of mass
transport and decrease charge transfer resistance in the
electrodes where a number of interfaces are present
between NPs each other or between NPs and poly-
meric binders[147]. Moreover, nano-sized particle mor-
phologies have high surface energies, thereby inducing
to agglomeration of the NPs during electrode reaction.
Thus, one-dimensional (1D) nanostructures, i.e., rods,
tubes, and wires, of platinum would be recognized as a
new promising electrode catalyst for improving the per-
formance of the PEMFCs due to several favorable fea-
tures resulting from their shape anisotropy on the elec-
trochemical oxidations at electrodes.

Recently, there have been several reports[136,148-152]

that demonstrated the Pt or Pt-based nanowires as the
electrocatalysts for the methanol oxidation; for instance,
Pt and Pt�Ru nanowire array electrodes prepared by

electrodeposition over an anodic alumina oxide (AAO)
template on Ti/Si substrate[148] and Pt�Ru nanowire

network synthesized in a SBA-15 silica template[149].
Pt nanowires formed directly in a Nafion membrane via
electrodeposition was also reported and the mass-based
activity was compared per gram of Pt between the
nanowire and nanoparticle morphology using a single
Pt loading of approximately4mg/cm2[153].

Xia and co-workers have directly grown Pt
nanowires on Pt or W gauze by a polyol process in the
presence of Fe2+ or Fe3+ and poly(vinyl pyrrolidone)
(PVP). The products indicated a higher tolerance to
CO-like intermediates and showed a great activity to-
ward methanol oxidation. However, this method needed
a high temperature of 110 C with surfactant and polyol
as solvent[154]. Recently, Sun and co-workers devel-
oped a facile wet-chemical method to grow single-crys-
talline Pt nanowires on the nanospheres of a carbon
black via a simple chemical reduction of
hexachloroplatinic acid (H

2
PtCl

6
) with formic acid

(HCOOH) at room temperature in aqueous solution.
Such Pt nanowire/C nanocomposites showed an im-
proved catalytic activity for the oxygen reduction reac-
tion (ORR) compared with a conventionally Pt/C cata-
lyst made of Pt nanoparticles[147]. The method has also
been used to synthesize 3D flower-like platinum
nanostructures on carbon paper[155], or to prepare ur-
chin like Pt nanoelectrocatalysts at 30 C in the pres-
ence of PVP[156].

By a minor modification of facile formic acid method,
Du[157] demonstrated a very simple and effective wet-
chemical route to prepare GDEs for PEMFCs, by
growing Pt nanowires in situ on GDLs, which were
performed by simply immersing carbon paper in a mixed
solution of hexachloroplatinic acid, formic acid and PVP
at room temperature in aqueous solution. The as-pre-
pared GDEs were used as cathodes and tested in 25
cm2 PEMFCs fed by hydrogen/air. Figure 8 shows the
SEM images of the surface morphology of the Pt/car-
bon paper integrated GDE. As it can be seen the packed
nanowire arrays were densely grown on the fiber sur-
face, with a length of 100�150 nm and a diameter of a

couple of nanometers.
Choi et.al[158] prepared platinum nanowires via a

template-synthesis method by electrodeposition of plati-
num within pores of a track-etched polycarbonate
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Figure 10 : FESEM images of the Pt nanowires embedded in the PCTE after RIE (a), the Pt nanowires present on Si substrate
after separated from the polymer membrane by chemical etching (b), and the impregnated Pt nanowires on the glassy carbon
substrate with (c) and without Nafion® ionomer (d)[158]

Figure 11 : The long-term cycle stability of Pt/C and Pt-NWs
electrodes in 0.5M H2SO4 +2M CH3OH electrolyte solution
at a scan rate of 30Mv/s1. The Pt loadings were ca. 3mg/
cm2[158]

Figure 12 : Degradation plots shown by the current densities
at 0.7 V in each voltage scan cycle versus cycle numbers for
both types MEAs with (a) the commercial cathode GDEs of E-
TEK ELAT GDE LT 120E-W and (b) the as-prepared cathode
GDEs with in-situ grown Pt nanowires[159]

(PCTE) membrane Figure 9, which has advantages in
that the polymer template could be easily removed and
cleaned without contaminating and morphologically
changing the nanowires formed, followed by chemical
etching to separate the Pt nanowires from the polymer.

They investigated the electrochemical activities of the
Pt nanowires for the hydrogen and methanol oxidation
by cyclic voltammetry (CV) measurement, which were
compared per unit gram of the Pt with those of the com-
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mercial 40 wt% Pt/C and high surface area Pt black
revealing a polycrystalline phase with nanowire dimen-
sion up to 6 µm long and ca. 47±9.8 nm of diameter. In

their experiments the unsupported Pt nanowires showed
the better electrochemical mass activities over the
methanol electro-oxidation than supported or unsup-
ported Pt nanoparticles under the high Pt content-loaded
conditions that is normally required for direct methanol
fuel cells. This enhancement ascribed to its unique physi-
cochemical and electrical properties resulting from the
intrinsic anisotropic one-dimensional (1D)
nanostructure, such as charge transfer facilitation by
reducing number of particle interfaces and more effi-
cient use of Pt by lessening fraction of embedded cata-
lysts. Field-emission scanning electron microscopy
(FESEM) taken over the Pt nanowires as shown in Fig-
ure 10. Figure 11shows the long-term cycle stability of
the Pt nanowire and Pt/C catalysts, which was investi-
gated in the 0.5M H

2
SO

4
 +2M CH

3
OH aqueous solu-

tion.
Recently Du and coworkers[159] investigated the ef-

fect of varying Nafion ionomer loadings coated on the
surface of gas diffusion electrodes (GDEs) with in-situ
grown single crystal Pt nanowires and their durability in
PEMFCs. In their experiments GDEs were fabricated
by growing Pt nanowires directly onto the gas diffusion
layer (GDL) surface with a simple one step wet chemi-
cal approach at room temperature. The samples were
then coated with various Nafion ionomer loadings and
examined as cathodes in a 25 cm2 PEMFC hardware
with Hydrogen/Air. The data were compared to com-
mercial GDEs. Performance evaluations showed that
the as-prepared GDEs with Pt nanowires required higher
Nafion ionomer loading coating compared to the com-
mercial ones. Accelerated ageing tests (500 cycles of
voltage scan) were performed in views of evaluating
the as-prepared GDE durability. The experimental data
showed that the as prepared GDEs exhibited much
larger current densities at 0.7 V (where the Nafion
ionomer loading coating for the commercial and the as-
prepared GDEs are 0.9 mg/ cm2 and 1.2 mg/cm2 re-
spectively) but higher degradation rates compared to
commercial GDEs, indicating that the as-prepared
GDEs gave poor durability Figure 12. According to
authors this was due to the difference in GDE surface
nanostructures influenced by the electrolyte ionomer

loading coating. A schematic illustration of the Nafion
ionomer coating on the GDE surface, based on the MEA
measurement and SEM results in order to understand
the mechanism of this effect of electrolyte ionomer load-
ings on the GDE performance is presented in Figure
13. This effect is further discussed in their paper.

Nanowires versus nanoparticles

Zhou et.al[160] showed that the morphology of
nanostructured Pt catalysts affect significantly the ki-
netics of various reactions. Their report was on a pro-
nounced morphology effect in the electrooxidation of
ethanol and carbon monoxide (CO) on Pt nanowires
and nanoparticles in an acidic solution. The high resolu-
tion transmission electron microscopy analysis in their
devoted study showed the intrinsic morphology differ-
ence between these two nanostructured catalysts.
Voltammetric and chronoamperometric studies of the
ethanol electrooxidation revealed that these nanowires
had a higher catalytic activity by a factor of two relative
to these nanoparticles Figures 14,15. The rate for CO
monolayer oxidation exhibits similar morphology-de-
pendent behavior with a markedly enhanced rate on
the Pt nanowires. The morphology-induced change in
catalytic activity and selectivity in ethanol electrocatalysis
is discussed in detail in related paper. Theyrecorded all
current data after the catalysts were immersed at 0.07
V under potential control and then stepped to reaction
potentials. Currents are normalized to the measured Pt
surface area.

Composited hybrid of Pt NPs and NWs

One-dimensional (1-D) nanostructures such as
nanowires (NWs) have been demonstrated as new
electrocatalysts to overcome the weaknesses of NPs
in fuel cell electrodes [161-164]. The nanowire
electrocatalysts can provide numerous advantages like:
(i) supplying facile pathways for charge transfer with a
high conductivity of anisotropic NWs, (ii) reducing
embedded sites of electrocatalysts from the continu-
ously-connected 1-D nanostructure, and (iii) facilitat-
ing effective mass transfer by networking the anisotro-
pic morphology. In spite of such qualities, the nanowire
structured electrocatalysts have still suffered from much
smaller specific surface area than supported NPs.
Therefore, if the NPs and NWs can be effectively
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Figure 13 : SEM images and schematic illustration of the Nafion ionomer chain coated on the surface of the commercial
cathode GDEs of E-TEK ELAT GDE LT 120E-W with commercial spherical catalyst nanoparticles ((a) and (c)) and the as-
prepared cathode GDEs with in-situ grown Pt nanowires ((b) and (d))[159]

Figure 14 : Voltammetric curves for (a) Pt nanowires and (b) Pt nanoparticles in 0.1 M HClO4 solution. Scan rate: 50 mV/ s1.
Currents are normalized to the measured Pt surface area (Hads charge after double layer correction). Typical HRTEM
images are highlighted of Pt nanowires (c) and Pt nanoparticles (d)[160]
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composited to strengthen the advantages but alleviate
the disadvantages of both nanostructures, the fuel cell
performance could be considerably improved.

Kim et.al[165] reported a new and highly improved
electrocatalytic system of a composited hybrid elec-
trode with Pt-based nanoparticles (NPs) and nanowires
(NWs) for low temperature polymer electrolyte fuel
cells. Pt based NWs have been take in as an option
that can provide facile charge transport with a high ac-
tivity for oxidation of fuels, for overcoming the disad-
vantages of Pt-based NPs as the state-of-the-art
electrocatalysts. A special electrode structure like grid
using the anisotropic morphology of Pt-based NWs can
also supply efficient mass transport and moderate inept
use of Pt by reducing embedded catalyst particles.
Herein, they demonstrated that an advanced and very
efficient hybrid structure of electrode, composited with
highly-dispersed Pt-based NPs and NWs, shows sig-
nificantly improved performances both in the CH

3
OH-

fueled and H
2
-fueled fuel cells through synergistic ef-

fects by assimilating advantages of two different mor-
phologies.

Figure 16 shows scanning electron microscopy
(SEM) images of a commercial Pt NPs catalyst sup-
ported on carbon, Pt NWs catalyst, and hybrid Pt NPs/
NWs. These images represent their actual morpholo-
gies after they are loaded onto carbon paper as an an-
ode electrode for the fuel cell.

The single fuel cell performances evaluation over

Figure 15 : Comparison of current�time plots for ethanol

oxidation activity on Pt nanowires (black) and nanoparticles
(red) in 0.2 M ethanol in 0.1 M HClO4 solution at 0.65 V for
3600 s reaction time. Inset shows comparison of current den-
sities measured at three different potentials (0.55 V, 0.60 V
and 0.65 V) at 500 s reaction time[160]

Figure 16 : SEM images of (a) supported Pt NPs on carbon, (b) Pt NWs, (c) hybrid composites of Pt NPs/NWs, (d) hybrid
composites of PtRu NPs/NWs on carbon paper; inset figures of (a) and (b) are their TEM images[165]
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Figure 19 : (A)Cyclic voltammograms of (a) Pt/WO3 nanorods, (b) Pt/C (Johnson Matthey) and (c) WO3 nanorods in 1M
H2SO4/1M CH3OH at 50mV/s1.(B) Current density vs. time curves at (a) Pt/ WO3 nanorods and (b) Pt/C (Johnson Matthey)
measured in 1M H2SO4 +1M CH3OH. Potential stepped from rest potential to 0.6V vs. Ag/AgCl[167]

Figure 18 : XRD patterns of (a) Pt/WO3 nanorods and (b)
WO3 nanorods[167]

Figure 17 : Polarization curves of H2-fueled PEMFCs using
Pt NPs, Pt NWs, and hybrid Pt NPs/NWs (NPs:NWs =
50:50metal wt%)[165]

the hybrid composites of Pt-based NPs/NWs were car-
ried out for the actual effects in the anode electrodes
after fabricating MEAs. Figure 17 presents the polar-
ization curves over Pt NPs, NWs, and hybrid PtNPs/
NWs for PEMFCs with pure H

2
 gas at the anode and

O
2
 gas at the cathode. Although the Pt NPs have a

higher maximum power density of ca. 225 mW/cm2

than that of Pt NWs however, the hybrid composite
systems of Pt NPs/NWs electrocatalyst show again a
significantly improved maximum power density of ca.
325mW/cm2, which are higher by at least 50% com-
pared even with the optimum PEMFC catalyst of Pt
NPs. The significant enhancements of the single cell
performances on PEMFCs, by integrating two differ-
ent morphologies of nanoparticles and nanowires cata-
lysts, may be achieved via combining their advantages
but relieving of their disadvantages like a poor conduc-
tivity over NPs and a small active area over NWs. These
results evidently demonstrate that the hybrid
electrocatalytic system with NWs and NPs could suc-
cessfully improve the overall performances of low tem-
perature polymer electrolyte fuel cells. The synergistic
effects of hybrid structure system are realized on the
fuel cell electrodes and demonstrated in the related
work.

Nanorods

Recently, one-dimensional (1D) nanorods have at-
tracted remarkable attention owing to their unique prop-
erties and potential for various novel applications[166].
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Nanorods have large specific surface areas, so metal
oxides such as WO

3
 in a nanorod form could be an

efficient support for fuel cell catalysts. Maiyalagan and
Viswanathan[167] synthesized tungsten oxide (WO

3
)

nanorods from phosphotungstic acid H
3
PW

12
O

40
 in

methanol solution using an anodisc alumina membrane
as a template by infiltratring the colloidal suspension
into the membrane under vacuum by a wetting method
and subsequently platinum nanoparticles were supported
on the nanorods by conventional impregnation method.
The diameter of the nanorods was found to be around
200 nm according to SEM observation. The size of the
Pt nanoparticles was in the range of 3�4 nm. The XRD

patterns for the as-synthesized tungsten oxide nanorods
and platinum-loaded tungsten oxide nanorods are given
in Figure 18 (a) and (b), respectively.

A film of Pt/WO
3
 nanorods on a glassy carbon elec-

trode exhibits good electrocatalytic activity towards the
oxidation of methanol than the commercial Pt/C cata-
lyst by a factor of two Figure 19(A). The
chronopotentiometric results of methanol oxidation in
1M H

2
SO

4
 and 1M CH3OH at 0.6V in the stability

measurements are presented in Figure 19(B). The Pt/
WO

3
 nanorods electrode not only exhibit higher initial

activity but are also more stable than the Pt/C elec-
trode. According to authors high electrocatalytic activi-
ties and good stabilities are attributed to a synergistic
effect between Pt and WO

3
 that avoids poisoning of

the electrodes.
Rajeswari et al.[168] synthesized WO

3
 nanorods by

pyrolysis of tetrabutylammonium decatungstate
((C

4
H

9
)

4
N) 4W

10
O

32
 at 450 °C. They reported a sur-

factant directed large-scale synthesis of single crystal-
line WO

3
 nanorods formed by a single step pyrolysis of

surfactant encapsulated tungsten oxide clusters. The
employed route was template free, contaminant free,
easy, economical and required a low temperature for
the fabrication of WO

3
 nanorods. The proposed mecha-

nism for the formation of WO
3
 nanorods is shown in

Scheme 20:
Na

2
 WO

4
 and tetrabutylammonium bromide

(TBABr) reacted to form the precursor compound
((C

4
H

9
)

4
N) 4 W

10
O

32
. In the precursor compound, in-

organic metal oxide clusters (W
10

O
32

4") are charge bal-
anced with the surfactant group (TBABr). TBABr con-
trols the irregular arrangement of the metal oxide clus-

ters by providing a steric environment around them. This
led to the formation of 1D array of metal oxide clusters.
During pyrolysis at 450 °C, removal of the surfactant

species ((C
4
H

9
)

4
N+) and decomposition of the W

10
O

32

led to the formation of pure, single crystalline WO
3

nanorods. Figure 21a-d shows the high resolution TEM
images of nanorods of WO

3
 in high yield sand platinum

loaded WO
3 
nanorods. The dimensions of the nanorods

calculated from the TEM images varied in the ranges of
130�480 nm and 18�56 nm of length and width, re-

spectively. And the size of the Pt nanoparticles calcu-
lated was in the range of 4�6 nm.The used so-fabri-

cated WO
3
 nanorods as supports for platinum

nanoparticles (Pt/WO
3
 nanorods) in methanol oxida-

tion and the catalytic activity of this system has been
compared with that of commercially available Johnson
Matthey carbon supported 20% Pt-Ru catalyst (Pt-
Ru/C (J.M.)) and bulk WO

3
 supported 20% Pt (Pt/

bulk WO
3
) using electrochemical measurements Fig-

ure 22.

Nanotubes and nanofibers

Much of the current interest in nanotubular materi-
als was initiated by the discovery of carbon nanotubes,
which are promising for many applications, particularly
in the field of fuel cell. Although noncarbonacous
nanotubes were identified in the early 1990s, relatively
little research has been carried out on their synthesis
and characterization. Noncarbonacous nanotubular
materials possess unique combinations of physico-
chemical properties, and are often easier to synthesize
than carbon nanotubes. These properties and compara-
tively low synthesis costs can render noncarbon
nanomaterials attractive for technological applications.
Nanostructured TiO

2
 materials, with a typical dimen-

sion less than 100 nm, have recently invented. Such
materials include spheroidal nanocrystallite and
nanoparticles together with elongated nanotubes,
nanosheets, and nanofibers. During the last few years,
many reports on physicochemical properties, pointing
particular applications, have been published. Bavykin
and et.al[169] reviewed the TiO

2
 nanostructured materi-

als.
Titanium dioxide, which is well known for its high

catalytic activity, stability in acidic or alkaline solutions
and non-toxic properties, has been extensively used as
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Figure 20 : Fabrication of WO3 nanorods[168]

Figure 21 : (a) TEM of WO3 nanorods (inset: an electron diffraction pattern obtained from the WO3 nanorod), (b) HRTEM
image of a WO3 nanorod, (c) a low magnification HRTEM image of Pt/WO3 nanorods, and (d) HRTEM image of a Pt
nanoparticle on WO3 nanorod[168]

photocatalysts to carry out oxidation of methanol[170-

172]. Recently, it had also been demonstrated that Pt�
TiO

2
/CNTs had higher electro-catalytic activity and CO-

tolerance for ethanol oxidation[173]. Titania nanotubes
(TNT) prepared from TiO

2
 nanoparticles have some

pronounced potential as materials with novel proper-
ties that are not found in TiO

2
 nanoparticles.

Song et.al[174] selected novel titanate nanotubes as
the cocatalyst to promote Pt/C (E-TEK; 20 wt.% Pt
on Vulcan) catalyst for ethanol electro-oxidation and
compared it with Pt/C and TiO

2
/Pt/C catalysts in terms

of the electrochemical activity for ethanol oxidation us-
ing cyclic voltammetry (CV), chronoamperometry and
CO stripping voltammetry at 25 °C in acidic solutions.

The results demonstrated that the TNT can greatly en-
hance the catalytic activity of Pt for ethanol oxidation
and increase the utilization rate of platinum. The CO
stripping test showed that the TNT can shift the CO
oxidation potential to lower direction than TiO

2
 does,

which is useful for ethanol oxidation.
Various methods for the synthesis of TiO

2
 nanotubes

have been developed in recent years, including anodic
oxidation[175,176], template synthesis[177] and hydrother-
mal synthesis[178]. In respect to their high stability, high
surface area and moderate electrical conductivity, tita-
nium dioxide nanotubes (TONTs) have been investi-
gated as fuel cell catalyst support[506�509]. In relation to
methanol oxidation and oxygen reduction processes in
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DMFCs, Pd and PtRu, and PtNi and PtCo supported
on TONTs were investigated for the methanol oxida-
tion reaction (MOR)[179,180] and the oxygen reduction
reaction (ORR)[181] respectively.

Macak and coworkers[180] explored oxidative
electrocatalytic properties of a system consisting of bi-
metallic Pt/Ru nanoparticles dispersed over a nanotubular
self-organized TiO

2
 matrix. This nanotubular TiO

2
 sup-

port provided a high surface area and it significantly
increases the electrocatalytic activity of Pt/Ru for metha-
nol oxidation. Annealed to anatase, the TiO

2
 nanotubular

support exhibited even higher enhancement effect dur-
ing electrooxidation of methanol than when used in the
��as-formed�� amorphous structure. Figure 23 shows

SEM images of annealed nanotubular TiO
2
-layer in the

top (a) and cross-sectional (b) views. It is apparent
from the images that the TiO

2
 layer consists of arrays of

nanotubes having a length of approximately 500 nm and
the average nanotube diameter of 100 nm. The spacing
between the tubes is approximately 150 nm, and the
wall thickness is about 15 nm.

Figure 24 shows cyclic voltammetric and
chronoamperometric curves for annealed compact and
nanotubular TiO2 in 1 mol/ dm3 H

2
SO

4
 containing 1

mol/ dm3 CH
3
OH. As can be seen for the same loading

of Pt/Ru nanoparticles and under the same experimen-
tal conditions, the voltammetric currents related to the
oxidation of methanol are almost seven times higher (at
0.8 V) for the catalyst supported on the nanotubular
TiO

2
 matrix when compared to the system supported

on compact TiO
2
. Accordingly the electrocatalytic cur-

rents recorded vs. time (at 0.3 V) under the
chronoamperometric conditions are also much higher
for nanotubular TiO

2
 than for the compact TiO

2
.

Wang et al.[179] investigated the electro-oxidation
of methanol in sulfuric acid solution using palladium well-
dispersed on titanium nanotubes. TONTs were pre-
pared by the alkaline hydrothermal method reported in
elsewhere[182]. HRTEM results show uniform nano-sized
TiO

2
 nanotubes with 10nm in diameters Figure 25.

Pd/TONT catalysts were synthesized at 120 °C

using the ethylene glycol reduction method. Pd dispersed
on titania nanotubes, which leads to high surface area
substrates, showed higher catalytic activity for the MOR
than that of pure Pd and Pd supported on TiO

2

nanoparticles Figure 26. It is clear that the titania
nanotube catalyst is the most active, followed by the
nanoparticles and then the pure Pd. The palladium well
dispersed on titania tubes with Nafion membrane is the
best catalyst because TiO

2
 nanotubes have a small size

in diameter and therefore higher specific surface area
inside and outside, which is desirable for the
electrocatalyst.

Chen et.al[183] synthesized PtNTs and PtPdNTs (50
nm diameter, 5�20 mm long and 4�7 nm wall thick-

ness) and tested their suitability as catalysts for ORR in
PEMFCs. The SEM and TEM images Figure 27 A, B
showed the uniform diameter (45 nm), wall thickness

Figure 23 : SEM images of annealed nanotubular TiO2 layer: (a) top-view, (b) cross-sectional view, and (c) top-view following
immobilization of Pt/Ru nanoparticles. The inset to figure (c) shows the latter image at low magnification. The cross-
sectional image is taken from mechanically cracked sample[180]

Figure 22 : Cyclic voltammograms of (a) 20% Pt/WO3
nanorods, (b) 20% Pt-Ru/C (J.M.), and (c) 20% Pt/bulk WO3
in 1M CH3OH�1M H2SO4 at a scan rate of 25mV/s[168]
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Figure 24 : (a) Cyclic voltammograms recorded for annealed nanotubular (p-TiO2) and compact TiO2 layer (c-TiO2) with Pt/
Ru nanoparticles (loading:1.35 mg) in 1 mol/ dm3 H2SO4 + 1 mol /dm3 CH3OH with a scan rate of 50 mV /s1; (b)
chronoamperometric current�time curves recorded at 0.3 V for the corresponding samples[180]

Figure 25 : High-resolution TEM images of TiO2 nanotubes

Figure 26 : Cyclic voltammograms in 1M CH3OH+1M
H2SO4 for a Pd catalyzed (reduction of PdCl2 by glycol etha-
nol) TiO2 nanotube dispersed with Nafion solution on Ti: (a)
pure TiO2 nanotubes; (b)pure Pd: (c) 3wt% Pd�TiO2

nanoparticles; (d) 3wt% Pd�TiO2 nanotubes. Scan rate 50

mV/s.

(7 nm), and length (10 mm) of the PtPdNTs. The inset
of figure 84 B shows an electron diffraction pattern of
the PtPdNTs. Their approach to a durable
electrocatalyst was to develop supportless platinum
nanotubes (PtNTs) and platinum-alloy nanotubes (e.g.,
platinum�palladium- alloy nanotubes (PtPdNTs)) as the

cathode catalyst. Because of their unique combination
of dimensions at multiple length scales, PtNTs and
PtPdNTs can provide high platinum surface area by
their nanometer-sized wall thickness without the need
for a high-surface-area support (e.g.,carbon black).
They performed durability tests by cycling the electrode
potential between 0 and 1.3 V versus a reversible hy-
drogen electrode (RHE) at a scan rate of 50 mV/s in an
argon purged 0.5 m H

2
SO

4
 solution at 60 °C. The cy-

clic voltammograms for Pt/C (20 wt% platinum on
Vulcan XC-72; E-TEK), platinum black (PtB; E-TEK),
and PtNTs showed a significant decrease of platinum
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ECSA for Pt/C and little reduction for PtNTs as the
number of cycles increases Figure 28 A. The platinum
ECSA of the PtNTs only decreases about 20% even
after 1000 cycles, while the platinum-black and Pt/C
catalysts have lost about 51 and 90% of their platinum
ECSA, respectively. The ORR curve Figure 28 B shows

that the half wave potential of the PtPdNTs is 0.851 V,
which is higher than that of the PtNTs, platinum black,
and Pt/C. The mass activity of the PtPdNTs is 1.4 and
2.1 times higher than that of Pt/C and platinum black,
respectively, and the specific activity of the PtPdNTs is
even 5.8 and 2.7 times higher than that of the Pt/C and

Figure 27 : A) SEM image of PtPdNTs. B) TEM image and electron diffraction pattern (inset) of PtPdNTs[183]

Figure 28 : A) Loss of electrochemical surface area (ECSA) of Pt/C (E-TEK), platinum-black (PtB; E-TEK), andPtNT catalysts
with number of CV cycles in Ar-purged0.5 m H2SO4 solution at 60°C (0�1.3 V vs.RHE, sweep rate 50 mV/s). B) ORR curves

(shown as current�voltage relations) of Pt/C, platinum black (PtB), PtNTs, andPd PtNTs in O2-saturated0.5 m H2SO4

solution at room temperature (1600 rpm, sweep rate 5 mV/s). Inset: Mass activity (top) andspecific activity (bottom) for the
four catalysts at 0.85 V[183]

platinum-black electrocatalysts, respectively, at 0.85 V.

Nanostrucured conducting polymers (CP) -Sup-
ported Pt-based Electrocatalysts: Structure, syn-
thesis, characterization and performance of PEM
fuel cell

Conducting polymers (CP) have been extensively
studied during the last 20 years in view of their potential
application for example as capacitors, sensors, the photo
degradation of semiconductor electrodes in galvanic
cells, supports for fuel cells or for protection against

corrosion, and for other applications. Conducting poly-
mers constitute a class of materials that possess prop-
erties of both organic polymers and inorganic conduc-
tors or semiconductors[184]. Conducting polymers are
rendered conductive through a conjugated bond sys-
tem along the polymer backbone. They are typically
formed either through chemical oxidation or electro-
chemical oxidation of the monomer. These conjugated
polymers have an extended p-orbital system, through
which electrons can move from one end of the polymer
chain to the other. Conduction is achieved by inducing
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a deficiency or excess of p-electrons in the
polyconjugated chain, a process called doping by anal-
ogy with the insertion of electrons or holes in 3D inor-
ganic semiconductors[185,186]. The electrical conductiv-

of various CP were carefully studied by many researches.
Porous structure and high surface area of many con-
ducting polymers promote their use as supporting ma-
terial for the development of new catalytic and
electrocatalytic materials. Because of a relative high elec-
tric conductivity of some polymers, it is possible to shuttle
the electrons through polymer chains between the elec-
trode and dispersed metal particles, where the
electrocatalytic reaction occurs. Thus, an efficient
electrocatalysis can be achieved at these composite
materials, and a great deal of attention was paid to the
use of conducting polymers as supporting matrices for
the immobilization of catalytically active noble metal
particles.

Figure 29 : Chemical structures of some conducting poly-
mers[189]

Figure 30 : (a) SEM of conventionally synthesized polyaniline. (b) SEM of the Pt particles on the conventionally synthesized
polyaniline[202]

Figure 31 : Variation of electrocatalytic activity of methanol
oxidation with Pt loading on nanotubule and conventional elec-
trodes. ~Electrocatalytic activity were evaluated from CV run
in 1 M H2SO4/1 M CH3 OH at 50 mV/s. The activity at 10.6
V vs. Ag/AgCl was taken for the measurement[202]

ity of these polymers is between 10-5 S/cm and 102 S/
cm while being doped, whereas common insulators
exhibit conductivities below 10-12 S/cm. Conducting
polymers are generally attractive as they have high
charge density and low cost (compared with the rela-
tively expensive metal oxides)[187,188]. Quite an exten-
sive range of these polymers is now known and the
maximum conductivity so far obtained is only a single
order of magnitude below that of metallic copper[189].

Metals conduct electricity through mobile electrons
in the conduction band that travel across atoms in the
lattice. The equivalent situation in organic materials is
provided by delocalized p-electrons. Electrically con-
ducting polymers have in common a significant overlap
of delocalised p-electrons along the polymer chain, and
several suitable structures are shown in Figure 29.

The physical and chemical properties (stability, con-
ductivity, morphology, structure and catalytic activity)
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Figure 32 : Typical procedure for the template synthesis of poly(3-methyl) thiophene nanocones and Pt incorporated poly(3-
methyl) thiophene nanocones[203]

Figure 33 : HR-TEM image of poly(3-methyl) thiophene
nanocones (withoutPt)[203] Figure 34 : Chronoamperometric response of CC/Naf/

PMTTemp-Pt, GC/20 wt.%Pt/C (E-TEK) and CC/Naf/PMT-
Pt electrodes in 1M H2SO4/1M CH3OH at +0.6V vs. Ag/
AgCl[203]

The polymers that are most commonly studied for
use as catalyst supports in fuel cell are polypyrrole
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(PPy), polyaniline (PAni), polythiophene (PTh) and their
derivatives (such as poly(3,4-ethylenedioxythiophene)
(PEDOT).) Results of these studies were presented in
numerous publications. Antolini, and Gonzalez[85] wrote
a comprehensive review article about the, polymer sup-
ports for low-temperature fuel cell catalysts in 2009.

CPs can be synthesized in the form of one-dimen-
sional nanostructures such as nanotubues, nanofibers,
and nanowires are of particular interest, as their prop-
erties significantly differ from the properties of the cor-
responding macroscopic materials. Some of these spe-
cial, physical, and chemical properties will render CPs
useful for new applications in nanodevices[190].

It is acknowledged that typical nanomaterials or
nanostructures have dimensions ranging from 1 to 100
nm. However, in the case of CPs this range is widened
to about 500 nm. Many different techniques and strat-
egies for formation of CP nanostructures have been
developed and employed-ranging from template syn-
thesis to no-template synthesis. For example recently
the synthesis of nanotube[191], nanofibers[192,193],
nanowires[194] and nanorods[195] morphology of
polyanilin, nanowire array of Ppy[196-198] and nanorod[199]

have been reported in literature. But as mentioned ear-

lier because of the scope of this paper here we just
report the results of nanostructure conductive polymers
that used as support for low temperature fuel cell.

Deposition of Pt on conductive polymers based
support

Metal particles can be included in the polymer ma-
trix by electrodeposition or electroless precipitation.
Electrodeposition of metals is the most widely used
method to prepare metal/polymer composites. In gen-
eral, there are two main approaches for electrodepos-
iting metal particles in CP layers: (1) polymer electro-
synthesis in the presence of metal precursors or pre-
formed metal particles (one-step methods), and (2)
polymer layer electro-synthesis (in the absence of metal)
followed by metal electrodeposition (two-step meth-
ods). All the usual experimental techniques for produc-
ing metal deposits on inert conducting substrates, e.g.,
potentiostatic, galvanostatic, potentiodynamic, and also
pulse techniques, have been applied for the second
metal deposition step. It has to be promptly pointed
out that, unlike carbon and ceramic materials, where
the catalyst is localized on the support surface (two-
dimensional array, 2D), in the case of polymer support,

Figure 35 : SEM and TEM (corner) images of polyaniline micro/nanostructures: (a) nanofiber, (b) nanotubes, (c) submicron
spheres, and (d) hollow microspheres. The reaction time for nanofibers and nanotubes is 90 min; the reaction time for
submicron spheres and hollow microspheres is 45 min. The scale bar of the TEM image is 500 nm for nanofibers and 200nm
for the others, respectively[204]
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the catalyst can be also dispersed inside the matrix (three
dimensional array, 3D), depending on the deposition
method, catalyst loading and polymer thickness[82].

It was demonstrated that the tubular and fibrillar
morphology of polymers plays an important role for the
enhanced charge transport across the electrode/elec-
trolyte interface and conductivity, compared to the con-
ventionally synthesized polymers[200,201] On these bases,
Rajesh et al.[202] investigated nanotubules of polyaniline
as catalyst support for Pt nanoparticles for methanol
oxidation by template method on commercial carbon
cloth. In their investigation the electropolymerization was
carried out on the template ~alumina membrane at-
tached carbon cloth and, subsequently, Pt particles were
electrodeposited before the dissolution of the template
by NaOH. The electropolymerization was carried out
by potentiodynamic method in 0.1M aniline and 1 M
H

2
SO

4
. The potential was swept between 20.2 and

11.0 V at a scan rate of 50 mV/s. The resulting com-
posite electrode was designated as CC/Naf/Al

2
O

3
 /

PANITemp ~before the dissolution of alumina mem-
brane. The platinum was electrodeposited by interrupted
dc ~galvanostatic square wave method in 1% H

2
PtCl

6

and 0.5 M H
2
SO

4
. The current density of 50 mA/cm2

was applied for a total period of 2 to 8 min to vary the
loading of Pt on the matrix. The pulse ~50 mA/cm2

was applied initially for 10 s and stopped for 10 s until
the total period was reached. The whole process of Pt
deposition was done before the dissolution of the alu-
mina membrane. The resulting configuration is desig-
nated as CC/Naf/Al

2
O

3
 /PANITemp-Pt. In order to

remove the template the host ~alumina membrane from
CC/Naf/Al

2
O

3
 /PANITemp and CC/Naf/Al

2
O

3
 /

PANITemp-Pt was immersed in 0.1 M NaOH for 15
min. The preparation of conventional polyaniline and Pt
deposited polyaniline was carried in the similar way as
it has been done for the template synthesis method. In
the conventional synthetic procedure, the polymeriza-
tion and the subsequent Pt deposition on carbon cloth
was done without the host alumina membrane. Figure
30a shows the SEM image of conventionally synthe-
sized polyaniline on nafion coated carbon cloth. The
image reveals the fibrillar and globular morphology of
the conventionally synthesized polyaniline. The fibrils
are randomly distributed without any orientation or align-
ment. Figure 30 b shows the SEM image of the Pt de-

posited on conventionally synthesized polyaniline. It is
evident from the figure that large clusters of Pt particles
of size around 100-150 nm are distributed throughout
the polymer.In view of electrochemical activity the ohmic
and the charge transfer resistances of the nanotube-
based electrode were considerably lower than the
polyaniline electrode synthesized by the conventional
route. The Pt incorporated polyaniline nanotube elec-
trode exhibited excellent catalytic activity and stability
compared to the 20 wt % Pt supported on the VulcanXC
72R carbon and Pt supported on the conventional
polyaniline electrode. Figure 31 shows the variation of
performance of methanol oxidation current densities with
Pt loading on CC/Naf/PANITemp-Pt and CC/Naf/
PANI/Pt electrodes.

In another study Rajesh and coworkers[203] reported
the electrochemical synthesis of conducting nanocones
of Pt incorporated poly(3-methyl) thiophene, employ-
ing alumina membrane templates and its use as an elec-
trode material for methanol oxidation. The activity (131
mA/cm2 at +0.4V versus Ag/AgCl for a Pt loading of
80 µg/cm2) of nanocone-based electrode was found to
be more than one order of magnitude higher compared
to the regular poly(3-methyl) thiophene electrode (12.2
mA/cm2 at +0.4V versus Ag/AgCl for a Pt loading of
80µg/cm2). The chronoamperometric response confirms
the better activity and stability of the nanocone-based
electrode compared to the commercial 20 wt.% Pt/C
(E-TEK) and template-free electrode. The XPS data
confirmed the presence of Pt in the metallic state. Ac-
cording to the authors the nanocone morphology of poly
(3-methyl) thiophene, helps in the effective dispersion
of Pt particles facilitating the easier access of methanol
to the catalytic sites. The details of the synthetic proce-
dure for the preparation of template synthesized poly
(3-methyl) thiophene and Pt incorporated template syn-
thesized poly (3-methyl) thiophene are illustrated in
Scheme 32.The HR-TEM image of poly (3-methyl)
thiophene (without Pt) shown in Figure 33 clearly re-
veals the nanocone morphology of poly(3-methyl)
thiophene with one cone inserted over the other
cone.Fig. 34 shows the activity of CC/Naf/PMTTemp-
Pt and CC/Naf/PMT-Pt with respect to time at
+0.6V.The percentage decrease of the catalytic activ-
ity of CC/Naf/PMTTemp-Pt was around 14.3% at the
end of 2 h (359�305.7 mA/cm2), whereas the corre-
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Figure 36 : Cyclic voltammogram curves of polyaniline mi-
cro/nanostructures in 1M CH3OH and 0.5M H2SO4 solu-
tions[204]

Figure 37 : Polarization curves of the DMFC using (a) XC-72
and (b) PANF supported Pt catalysts as anode. These catalysts
were produced with the addition of 10mg PANF or XC-72 in
the reaction solution[204]

sponding decrease for GC/20 wt.% Pt/C (E-TEK) was
25% (140�105 mA/cm2) and for CC/Naf/PMT-Pt was
44.6% (30�16.6 mA/cm2).The initial activity of CC/
Naf/PMTTemp-Pt is higher by nearly 12 times com-

pared to CC/Naf/PMT-Pt and 2.5 times compared to
GC/20 wt.% Pt/C (E-TEK) electrodes. The Pt loading
was kept at 80 µg/cm2 for all the electrodes.

Huang et.al[204] synthesized a series of micro/
nanostructured polyanilines including submicron
spheres, hollow microspheres, nanotubes, and
nanofibers Figure 35 and investigated their morphol-
ogy dependent electrochemical properties for acting as
a catalyst supporter for direct methanol fuel cell
(DMFC) applications.

Based on results in terms of electrochemical activ-
ity Figure 36 among the four micro/nanostructures,
polyaniline nanofibers (PANF) manifest their superior-
ity in high electrochemical active surface. Accordingly,
PANF is adopted as the catalyst supporter. Compared
with Pt/XC-72, the Pt/PANF electrode possesses
higher electrocatalytic activity and exhibits double power
density Figure 37.

Figure 38 : Polarization curves of the DMFC using (a) XC-72
and (b) PANF supported Pt catalysts as anode after a continu-
ous discharge at 0.3V and 50 °C for 5 h. These catalysts were

produced by adding 10mg of PANF or XC-72 in the reaction
solution[204]
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Moreover, Pt/PANF is superior to Pt/XC-72 in the
aspect of operation stability based on a continuous dis-
charge for 5 h Figure 38.

Furthermore more recently Zhiani et.al[205] fabricated
a novel nanostructure membrane-electrode assembly
(MEA) prepared by employing of the polyaniline
(PANI) modified anode for DMFC and characterized
by SEM and polarization curves in DMFC under dif-
ferent conditions. Figure 39 a and b demonstrates the
formation of PANI nanofibers within the anode catalyst
layer and confirms the PANI nanofibers formation within
the electrode.

The DMFC test results under steady state condi-

tions indicated that the novel nanostructure MEA ex-
hibited higher performance compared to the conven-
tional MEA in term of maximum power density and re-
sistivity against methanol crossover from the anode side
to the cathode side. Maximum power density of 105
mW /cm2 was obtained by new PANI modified anode
compared to 75 mW /cm2 by conventional anode in
the same conditions Figure 40. They attributed the en-
hanced performance to the higher activity of the PANI
modified anode and lower methanol crossover caused
by the PANI as barrier in the modified anode.

Composite nanostructure material -supported Pt
nanoparticles: Characterization and electrochemi-
cal activity performance as anode and cathode

Figure 39 : Top view of scanning electron microscopy (SEM)
image of the PANI modified anode (a). SEM image of the PANI
modified catalyst layer (b)[205]

Figure 40 : Performance of the novel MEA and conventional
MEA at 80°C and different methanol concentrations: 1, 2 and

3 M, PO2 : ambient, O2 flow rate: 0.2 ml/ min, anode and
cathode catalyst loading: 4 and 2 mg/ cm2, respectively[205]

Figure 41 : Comparison of Cyclic voltammograms using the
Pt/raw CNTs, Pt/AT-CNTs(acid-treated CNTs) and Pt/PPy-
CNTs(PPycoated CNTs) in 0.5 M H2SO4[218]
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catalysts for PEM fuel cell

Summarizing, the use of either carbon or ceramic
or polymer materials as fuel cell catalyst support is not
absolutely satisfactory. Thus, in the last years compos-
ite polymer�carbon, ceramic�carbon and polymer�ce-

ramic materials have been proposed as fuel cell cata-
lyst supports. These composite materials can possess
more suitable properties for their use as catalyst sup-
ports than their individual components. It was shown
that the combination of PAni with CNTs would offer an
attractive composite support material for electrocatalyst
to enhance its activity and stability based on morpho-
logical modification and/or electronic interaction be-
tween two components. The results of these works have
been congregated by Antolini�s review papers[206].

Among the hybrid of conducting polymers and
CNTs, the composites of PAni -CNT and Ppy-CNT
are the most investigated hybrid supports for fuel cell
catalyst and numerous papers have been reported the
improved of electrode properties by use of these mate-
rials as a support by different authors[207-218] They as-
cribed these improvements to the enhance the thermal,
mechanical, electrical and high available surface area
(the high catalyst dispersion to the charge from hydro-
phobic surface of pristine CNTs to more hydrophilic
polymer coated-CNTs surface) and easier charge trans-
fer at polymer/electrolyte interface allowing a high utili-
zation of deposited metal nanoparticles. These poly-
mers-CNT supported catalyst showed high activity for
methanol, formic acid oxidation and oxygen reduction
reaction as well. For example Oh and coworkers[218]

prepared Polypyrrole-modified hydrophobic carbon
nanotubes as promising electrocatalyst supports in poly-
mer electrolyte membrane fuel cells. In their study, how-
ever, the modified polyol process was used to deposit
Pt nanoparticles on PPy-coated CNTs without lower-
ing the Pt utilization. In addition, the thickness of the
PPy coating was precisely controlled and its effects on
the performance of fuel cells and the sintering of Pt
nanoparticles were explored. As an alternative to oxi-
dative acid treatment, a hydrophobic graphitized car-
bon nanotube (CNT) was functionalized with 1-4 nm
thick polypyrrole (PPy) prior to application as catalyst
supports in polymer electrolyte membrane (PEM) fuel
cells. Unlike oxidative acid treatment, the PPy coating
method converts the hydrophobic surface of a CNT to
a hydrophilic one without creating defects on the sur-
face of the CNT. As a result, Pt nanoparticles depos-
ited on the PPy-coated CNTs showed an improved
distribution, which significantly enhanced the fuel cell
performance while preserving the intrinsic properties of
the CNTs, i.e., resistance to electrochemical carbon
corrosion. The ESA of the Pt/raw CNTs, as determined
by a CV experiment in Figure 41, was calculated to be
39.4 m2/ g, which is lower than the others because of
the poor distribution of Pt nanoparticles. The ESA of
the Pt/AT-CNTs was 56.7 m2 /g, and it was further
increased to a value of 65.1 m2/ g when the Pt
nanoparticles were deposited on the PPy-CNTs.Figure
42 shows the performance of PEM fuel cells prepared
with the different cathode catalysts, Pt/raw-CNFs, Pt/
AT-CNTs and Pt/PPy-CNTs. The cathode catalyst
loadings were maintained at 0.4 mg /cm2. At a cell po-
tential of 0.6 V, the current density of the Pt/PPy-CNTs
was 1.71 A /cm2, which is higher than that of the Pt/AT-
CNTs (1.61 A /cm2) and significantly enhanced in com-
parison to that of the Pt/raw CNTs (1.09 A/ cm2). This
attributed to the improved distribution of Pt
nanoparticles and high ESA for the Pt/PPy-CNTs.

The preparation of carbon�ceramic nanostructure

materials has generated a great deal of interest since
they demonstrate properties that cannot be attained by
their individual components. As an example, the forma-
tion of nanocomposites with carbon and ceramic
nanomaterials has been found to enhance the mass ac-
tivity and chemical properties of the latter. In the ex-
periments that conducted by Bauer and coworkers[219]

Figure 42 : Comparison of MEA performance using the Pt/
raw CNTs, Pt/AT-CNTs and Pt/PPy-CNTs[218]



Mohsen Jahanshahi et al. 255

Review
NSNTAIJ, 8(6) 2014

Nano Science and Nano Technology

An Indian Journal

platinum catalyst nanoparticles (20 wt.%) were depos-
ited on a mixed support, which consisted of 25 at.%
Nb doped TiO

2
 nanofibers and carbon agglomerates

Figure 43.
The catalyst was characterized electrochemically

with respect to durability and oxygen reduction activity.
Based on cyclic voltammetry tests Figure 44, the Nb�
TiO

2
/C supported catalyst was more stable compared

to a commercially available carbon supported Pt cata-
lyst (E-tek) over 1000 cycles. The apparent active Pt
area decreased by 5% due to cycling, whereas in the
case of Pt/C the decrease was 23%. The oxygen re-
duction performance was comparable for both cases.
For example, during the anodic sweep the mass activ-
ity at 0.9 V vs. the reversible hydrogen electrode (RHE)
was 19 A /gPt and 20 A /gPt for the freshly prepared
in-house prepared and commercial catalysts, respec-
tively. After the durability experiment both types of cata-
lysts yielded a mass activity of 17 A /gPt. They also
examined fuel cell tests with a single cell configuration
with the Nb�TiO

2
/C supported catalyst on the cathode

side (gas diffusion electrode). The measurements were
yielded a peak power density of 0.34 W /cm2 at 75 °C

when pure oxygen was supplied on the cathode side
Figure 45.

Hu and coworkers [220] have prepared Pd
nanoparticles on tungsten carbides modified multiwalled
carbon nanotubes (Pd-WC/MWCNT) catalysts by an
intermittent microwave heating (IMH) technique. The
Pd-WC/MWCNT catalysts were evaluated and
showed an improved kinetics for the ethanol oxidation.
It is recognized that the significant increase in the cata-

lytic activity for ethanol oxidation on Pd-WC/MWCNT
is attributed to both the synergistic effect between Pd
nanoparticles and the WC support and the structure
effect of the MWCNT. They proposed this type cata-
lyst can be universally used as the oxygen reduction
catalyst in fuel cells and sensors both in alkaline and
acidic solutions.

Metal oxide coated carbon nanotube (CNT) was
successfully used as a support for fuel cell catalyst. On
this basis Du and coworkers[221] prepared a novel
CNT@SnO

2
 nanocomposite (in which the inner layer

was comprised of CNT and the outer layer was SnO
2
,

forming a core-shell structure) as a stabilizing support
for catalysts of proton exchange membrane fuel
cells.Figure 46 presents a TEM image of the
CNT@SnO

2
 nanocomposite for catalyst support ma-

terial of PEMFCs. Clearly, uniform dark SnO
2
 sheath

could be observed on the surface of the CNT core,
reflecting that the CNT had been completely coated by
a SnO

2
 layer. The CNT@SnO

2
 composite showed a

much lower anodic current than the CNT Figure 47,
especially at high potentials, representing the
CNT@SnO

2
 was more corrosion resistant.

The Pt/(CNT@SnO
2
) catalyst was electrochemi-

cally active and exhibited comparable activity for the
oxygen reduction reaction to the CNT supported cata-
lyst (Pt/CNT). More importantly, the long-term stabil-
ity of the Pt/(CNT@SnO

2
) catalyst was significantly

higher than that of the Pt/CNT catalyst, which might be
mainly due to the fact that the CNT@SnO

2
 was more

corrosion resistant and mesoporous SnO
2
 was benefi-

cial to restrict the Pt migration and aggregation (Figure

Figure 43 : TEM micrographs of Pt dispersed on the mixed Nb doped TiO2 nanofiber�carbon substrate. The micrographs

show examples of regimes with relatively low (a) and higher (b) carbon content, respectively[219]
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Figure 44 : Voltammetric stability experiment conducted with Pt supported on the Nb�TiO2 nanofiber�carbon composite (a)

and Pt supported on commercially avail-able carbon (E-Tek) (b). Conditions: 0.5 M H2SO4 (N2 purged), potential scan rate =
100 mV/ s[219]

Figure 45 : Fuel cell polarization tests. Conditions: 100%
relative humidity, 75 °C, oxidant flow rate = 1 l/ min, hydro-

gen flow rate = 0.5 l /min, no backpressure applied[219]

Figure 46 : TEM image of the CNT@SnO2 core�sheath

nanocomposite prepared by the hydrothermal method[221]

48). Based on these results they concluded that the
CNT@SnO

2
 would be a promising durable catalyst

Figure 47 : Steady-state corrosion currents of the
CNT@SnO2, SnO2 and CNT in N2-purged 0.5 M H2SO4
solution as a function of polarization potential[221]

Figure 48 : Normalized active catalyst surface areas of the
Pt/(CNT@SnO2) and Pt/CNT catalysts versus the cumula-
tive number of potential cycles in N2-purged 0.5 M H2SO4
solution. Inset: Polarization curves of the Pt/(CNT@SnO2)
and Pt/CNT catalysts in 0.5 M H2SO4 solution saturated
with O2 using a rotating disk electrode at 2500 rpm[221]
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support for PEMFCs.
Regarding the Graphene-CNT hybrid

electrocatalyst support material Jha et.al[222] prepared
Nanostructured PtRu and Pt dispersed functionalized
graphene -functionalized multi walled carbon
nanotubes (PtRu/(f-Gef-MWNT)), (Pt/(f-Gef-
MWNT)) nanocomposites. Electrochemical studies
have been performed for the methanol oxidation using
cyclic voltammetry (CV) and chronoamperometry
technique. Fuel cell measurements have been per-
formed using PtRu nanoparticles dispersed on the mix-
ture of functionalized graphene (f-G) and
functionalized multi walled carbon nanotubes (f-
MWNT) in different ratios as anode electrocatalyst
for methanol oxidation and Pt/f-MWNT as cathode
catalyst for oxygen reduction reaction in direct methanol
fuel cell (DMFC). Figure 49 a shows CV of
electrocatalysts after 50 cycles of activation indicat-
ing two methanol oxidation peaks, corresponding to
oxidation of methanol in forward scan and its interme-
diates in reverse scan. Value of peak current and area
under the CV curves are proportional to methanol
oxidation activity of the electrocatalyst. Ratio of for-
ward anodic peak current (If) to reverse anodic peak
current (Ib) shows the tolerance ability of
electrocatalysts to accumulation of carbonaceous
products. Chronoamperometry has been performed
to measure catalytic stability of the electrocatalysts
Figure 49 b. The current measured for PtRu/ (50 wt%
f-MWNT +50 wt% f-G) is much higher compared to
other electrocatalysts during the whole testing time
indicating higher stability of the catalyst. Hence one

can conclude that the hybrid material with f-MWNT
and f-G in equal ratio is the best alternative for anode
catalyst support.

CONCLUSION

Fuel cells have been known for a long time and still
are under development. Several challenges to wide-
spread implementation of PEM fuel cell technology are
needed, although novel inexpensive and long-term
electrocatalysts materials are key factors in design and
development. In all fuel cells including low temperature
fuel cells the overpotential for the reduction of oxygen
at operating currents is significantly high due to the slow
oxygen electrochemical kinetics. As a result of this slug-
gish kinetics, cell voltage is decreased and therefore
fuel cells loss in efficiency. Therefore the high
overpotential for oxygen reduction is a foremost prob-
lem and, so far, research on the fundamental process of
oxygen reduction and catalysis has not yielded a break-
through by the current fuel cell cathode catalyst. Thus,
new alternatives for finding materials with lower
overpotential are needed. Recent advances in applica-
tion of nanostructured carbonaceous-based and also
non carbonaceous-based materials have suggested the
possibility of using these materials as novel
electrocatalysts supports. Studies have shown that Pt
nanoparticles supported on nanostructured carbon-
aceous-based and also non carbonaceous-based ma-
terials display remarkably higher electrocatalytic activ-
ity toward the reduction of oxygen than Pt nanoparticles
supported on carbon black, which would contribute to

Figure 49 : (a) CV of anodic electrocatalyst in 1 M methanol + 1 M H2SO4, Scan rate was 50 mV/s (b) Chronoamperometry
curve of anodic electrocatalyst in 1 M methanol + 1 M H2SO4[222]
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substantial cost reduction in PEM fuel cells. The finite
size of nanoscale materials positively influences the ther-
modynamics and kinetics of oxygen reduction due to
their length scale and specific properties. In general,
their unique characteristics encourage the use of nanosize
electrocatalysts materials instead of their bulk counter-
parts to enhance the oxygen electroreduction perfor-
mance.

This article reviewed various non-carbonaceous
nanostructured based materials as a catalyst support
including metal oxides and carbides nanowires (NWs),
nanorods, the nanostructer of conductive polymers e.g.
PAni / PPy nanofibers, and PAni / PPy nanowires as
well as composites of these nanostructured catalyst sup-
port materials as substitute of carbon black to improve
the performance and durability of electrodes through
increasing electrocatalytic activity and Pt
utilization.Various preparation methods for active
electrocatalyst have been examined with some consid-
eration from practical points of view associated with
each preparation method. Types of catalyst supports
and their structure (also.properties) along with some
synthetic strategies for selected support types have been
also explored based on the recent literature for low tem-
perature fuel cell application. It was started by intro-
ducing NWs and nanostructure CPs with unique struc-
tures and excellent mechanical, thermal and electric
properties which have been explored as novel catalyst
supports for PEM fuel cell catalyst. For the synthesis of
NWs and nanostructure CPs supported Pt catalyst sev-
eral synthesis methods were discussed. These studies
have reveled that the morphology and catalytic activity
of Pt/NWs and Pt/CPs catalyst are seriously affected
by their corresponding synthesis methods. These were
all closely related to the utilization and performance of
the catalysts in fuel cells. We also discussed about the
durability issues of PEM fuel cell by using NWs and
nanostructure CPs based electrode which have been
considered of the major barriers to the commercializa-
tion of fuel cell. Metal oxides (eig. tungusten oxides)
and metal (e.g Pt nanowires) based nanostructure also
investigated and have shown interesting results and have
strong potential for further development. It was reported
that the nanowire-based electrode exhibited higher
electrocatalytic activity both for the oxygen reduction
reaction and the methanol oxidation reaction as well as

enhanced the CO tolerance in comparison to a stan-
dard Pt/C electrode[223]. Therefore, it is expected that
integrated three dimensional nanowire-based fuel cell
electrodes will be ideal materials for providing a higher
catalytic performance, higher catalyst utilization, effi-
cient mass transport, and a longer fuel cell operational
life. The use of nanostructured morphology of CPs like
PAni and PPy NFs and NWs recently have received
great interest. Nanostructure of CPs regardless their
extraordinary properties thanking of their morpholo-
gies considering their capabilities of proton and elec-
tron conductivity, water and gas permeability, these sorts
of supports may be considered as ideal supports in the
near future. It is hypothesized that the electrodes that
are made using CP nanostructure catalyst would need
less nafion in the catalyst layer. Interest in
nanothechnology has greatly stimulated research on
carbonaceous materials, such as CNTs/CNFs and
graphene NPs. Development of nanostructures afforded
by ceramic and CP proceeds independently and in-
cludes the nanotubes, nanofibers and nanowires as well
as coating of various substrates with a thin polymer film.
The combination of both types of materials on a nanosize
level is thus an obvious challenge. So the use of hybrid
supports can bring the best of both carbonaceous sup-
ports. These approaches are illustrated by the coating
of CNT with CP and CNT-ceramic materials system in
this review.

In conclusion nanotechnology is evident in the re-
cent developments for PEM fuel cells. Whilst much is
reported on the preparation of highly dispersed Pt and
Pt-alloy catalyst, it is recognized that improvements can
be made to the nanostructured electrocatalysts support.
In this context non-carbonaceous nanostructured based
materials, e.g metal oxides and carbides nanowires
(NWs), nanorods, the nanostructer of conductive poly-
mers e.g. PAni / PPy nanofibers, and PAni / PPy
nanowires as well as composites of these nanostructured
catalyst support materials proved to be better alterna-
tives than the high surface area and conductive carbon
black.
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