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26.1 INTRODUCTION

The “fossil fuel depletion” became a great concern toward

the end of the 20th century because of the alarming rate

of increase in its usage and it also encompassed the issue

of “global warming” since the main culprit is the CO2

which gets emitted during the burning of any hydrocarbon

fuel. The serious debates and discussions among the sci-

entific community to solve these two issues have led to

the identification of “the fuel for the future,” viz., “H2,”

the most abundant element in the universe. Hydrogen,

which is not available freely in nature, exists in the form

of water and in the form of hydrocarbons in plenty.

Hydrogen being identified as the “future fuel,” the next

question was about the technology which could convert

the chemical energy stored in the fuel to useful electrical

energy. The conventional technology involves a three step

conversion, viz., (1) chemical energy to heat energy by

combustion process, (2) heat energy to mechanical energy

using an engine, and (3) mechanical energy to electrical

energy using a generator. The three-step conversion pro-

cess limits the overall efficiency of conventional technol-

ogy to less than 30%. The Fuel Cell Technology which

involves the direct conversion of chemical energy of the

fuel into useful electricity by electrochemical means has

efficiencies of the order of 50% due to its single-step con-

version. This very high efficiency of the fuel cell makes

them a strong candidate for the chemical energy conver-

sion of hydrogen into electrical energy. Hence, a lot of

interest was shown by the scientific community on this

technology by the end of the last century and a lot of

research has taken place resulting in lots of publications

and patents up to now.

The fuel cells are similar to batteries in their construc-

tion and their working. Both of them directly convert the

chemical energy into electrical energy by electrochemical

means. Similar to batteries, a fuel cell also has two elec-

trodes and an electrolyte connecting them. The nomencla-

ture of the fuel cells basically comes from the type of

electrolyte which is used in that particular fuel cell. Based

on the type of electrolyte used, fuel cells are classified as

shown in Table 26.1.

Based on the temperature of operation they also can

be classified as high, medium, and low temperature fuel

cells. Lots of interest is shown in the development of pro-

ton exchange membrane fuel cells (PEMFCs) due to the

solid nature of the fuel cell and the low operating temper-

ature which makes the handling of such cells much easier.

26.2 PROTON EXCHANGE MEMBRANE
FUEL CELL

PEM fuel cells get their name because the electrolyte

used in such cells is a membrane which has the unique

property of conducting protons through it. Due to its low

temperature operation (,80�C) they are suitable for quite

a lot of applications, viz., portable, stationary, and auto-

mobiles. Since the entire fuel cell is made of solid compo-

nents the handling of PEM fuel cells is much easier. The

main components of a PEM fuel cell are

1. Proton exchange membrane (PEM): A proton

exchange membrane acts as the electrolyte in such

fuel cells. It is made up of perflurosulfonic acid iono-

mer which gives the unique ability to conduct H1 ions

through it. It acts as a good electrical insulator and

also prevents the gases to pass across it. The mem-

brane should be always in hydrated state for the ionic

conductivity to happen.
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2. Catalyst: The best catalyst for the anodic and cathodic

reactions in a PEM fuel cell is the platinum supported

on carbon. Almost half the cost of a single fuel cell is

due to the costly platinum that is used as catalyst. The

support material ensures that the platinum catalyst is

uniformly distributed across the entire catalyst layer

and also the electrons that are formed during the elec-

trochemical reaction are also carried away from the

reaction site for further reactions to occur.

3. Carbon electrodes: Porous carbon either as paper or

as cloth is used as electrodes on both cathode and

anode side of the fuel cell. They are also known as

“gas diffusion layer,” as they have to uniformly dis-

tribute the gas over the entire catalyst layer. They also

need to conduct electrons and also need to carry away

the heat that is generated during the electrochemical

reactions. They are made hydrophobic in order to take

away the liquid water formed during the continuous

operation of the fuel cell. The electrolyte membrane,

the catalyst layers, and the carbon electrodes are hot

pressed together to form a single unit called mem-

brane electrode assembly (MEA).

4. Flow field plates: The flow field plates are made of

graphite and have flow channels machined on them

for the hydrogen and oxygen gas to flow through

them. The flow channel designs used help in uni-

formly distributing the reactants over the entire active

area of the fuel cell at minimum pressure drop. The

flow channels also have a big role to play in the water

management inside the fuel cell. The graphite plate

also helps in conducting away the heat produced

during the operation of the fuel cell.

5. Current collector plates: Copper plates with gold

coating are used for current collection. The current is

drawn from the fuel cell through these plates for

powering the devices.

6. End plates: The end plates made of aluminum are

used to hold the entire fuel cell assembly together

using bolts and nuts.

A single cell gives an open circuit voltage of around 1

volt and while extracting power the cells typically operate

at voltages of 0.5�0.6 V. In order to power devices

requiring higher voltages, the cells are connected in series

so the voltage gets added up. The unit consisting of single

cells connected in series is called the “stack.” The work-

ing principle of the PEM fuel cell is the reverse of water

electrolysis. Water gets separated into hydrogen and oxy-

gen and gets evolved at the electrodes by the supplied of

an electrical potential to the electrodes in water electroly-

sis. Hydrogen and oxygen are supplied to the respective

electrodes and electrochemically combined together pro-

ducing an electric potential in a PEM fuel cell. The

anodic and cathodic reactions in PEM fuel cells are

H2-2H1 1 2e2 (26.1)

2H1 1

2
O2 1 2e2-H2O (26.2)

The performance and the cost of the PEM fuel cell are

mainly dependent on the catalyst used in the fuel cell.

Even though a lot of research is going on in developing

an alternate to platinum catalyst, platinum continues to be

the best catalyst at present. Effective utilization of the

platinum catalyst is another area in which a lot of studies

are being carried out at present, in which the support

material for the platinum catalyst has a big role to play.

26.3 TRIPLE PHASE BOUNDARY

In general, the hydrogen oxidation reaction (HOR) and

oxygen reduction reaction (ORR) occur only at confined

spatial sites, called triple phase boundaries (TPBs). The

TPB of a fuel cell is the region of contact between the

three phases necessary for electrochemical reactions at

the electrode: ion conducting phase, electron conducting

phase, and gas phase [1]. A simplified schematic

diagram representing the TPB is shown in Fig. 26.1.

Quantification of active TPBs is important in terms of the

TABLE 26.1 Fuel Cell Types

Name of the Fuel Cell Electrolyte Operating Temperature (�C)

SOFC Yttria-stabilized zirconia 600�1000

MCFC Potassium/sodium carbonates in molten form 500�700

PAFC Phosphoric acid 170�200

AFC Potassium/sodium hydroxide 80�100

PEMFC Proton exchange membrane 50�80

SOFC, solid oxide fuel cell; MCFC, molten carbonate fuel cell; PAFC, phosphoric acid fuel cell; AFC, alkaline fuel cell; PEMFC, proton exchange membrane
fuel cell.
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determination of the structure and composition to yield

maximum electrochemical performance of PEM fuel

cells. Several methods and models have been introduced

to increase the number of three phase boundary sites.

Centi et al. introduced defects on carbon nanotubes

(CNTs) by ball milling method. The Pt nanowires were

grown on carbon cloth from an aqueous solution of

H2PtCl6 and formic acid at room temperature followed by

ionomer deposition using THF solution of Nafion

(Fig. 26.1) [2].

The gas diffusion layers (GDLs) were tested as cath-

odes in a 25 cm2 at 65�C and durability of the prepared

material was studied by Du et al. [3]. Wang et al. devel-

oped an MEA with incorporation of porous polytetrafluor-

oethylene (PTFE) matrix. The electrochemical active area

was increased at the cathode side due to the porous struc-

ture of the PTFE matrix. The electrochemical studies

showed three-fold increase in cathode electrochemical

surface area (ECSA) leading to improved catalytic activ-

ity. The overall performance of the cell was found to be

20% higher than typical MEAs. Fig. 26.2 shows an

expanded view of the embedded PTFE matrix within the

MEA [4,5] mixed Nafion solution and nanoporous SiO2

and the prepared solution was coated between the elec-

trode and solid electrolyte. The nanoporous SiO2 was act-

ing as a self-humidifying agent and the coated layer

between electrode and solid electrolyte expanded three-

dimension electrochemical reaction area. This also

improves the back-diffusion of water from cathode to

anode, so that the total performance also increased the

power density 1.5 W/cm2 under 0.2 MPa.

26.4 CATALYST MATERIALS USED IN PEM
FUEL CELLS

The most common catalyst used in commercial PEM fuel

cells is platinum nanoparticles dispersed in carbon materi-

als. Conventionally, platinum salts are reduced chemically

using a reducing agent for the synthesis of Pt catalyst

materials. Subsequently, these particles are adsorbed by a

high-surface area carbon to make a Pt/C powder [6]

which allows for the reactions between hydrogen and

oxygen. So far, Pt-based materials are the best-performing

FIGURE 26.1 A schematic diagram of triple phase boundary

model.
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FIGURE 26.2 A scheme of preparation method for

the MEA with enhanced membrane/electrode inter-

face. MEA, membrane electrode assembly. Reprinted

from L. Wang, S.G. Advani, A.K. Prasad, Membrane

electrode assembly with enhanced membrane/

electrode interface for proton exchange membrane

fuel cells, J. Phys. Chem. C, 117, (2013), 945�948.

r2013 American Chemical Society.
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catalysts for both anode and cathode of PEM fuel cells.

The first-generation Pt catalyst was Pt black. A large

quantity of catalyst was required to generate substantial

power output in a cell. For better operating efficiency,

catalysts are now made of nanoparticles supported on car-

bon black or CNTs. There are some commonly used

methods to prepare Pt (or Pt alloy)/C catalysts. In wet-

chemical method, Pt and other metal nanoparticles are

prepared by a reduction reaction in a solution containing

salts of these metals. Carbon supports (carbon black with

high surface area or CNTs) are dispersed into the sol and

metal nanoparticles adsorb onto the carbon surface. After

washing, drying, and reducing in H2 (depends on metal

type), nanocatalysts having diameter B3�4 nm can be

obtained [7,8]. In situ reduction also is found to be a very

efficient method, where carbon supports are first dis-

persed in salt solution, and then a reducing agent is intro-

duced into this hot suspension dropwise. Grigoriev et al.

[9] used ethylene glycol and formaldehyde as reductants

to reduce H2PtCl6 in a suspension of Vulcan XC-72. The

Pt nanoparticles were deposited onto carbon nanoparticles

during reduction. Rajalakshmi et al. [10] developed Pt/

multiwalled CNTs (MWCNTs) catalyst by dispersing

CNTs into H2PtCl6 solution. NaBH4 in the presence of

NaOH was used to reduce Pt salt. Plasma sputtering is

another physical method used to deposit a Pt layer.

Caillard et al. [11] reported sputtering of platinum onto

carbon nanofibers (CNFs), which resulted in the forma-

tion of nanoclusters (3�8 nm) on the periphery of the

CNFs. Microwave-assisted polyol process can be

employed to synthesize carbon-supported Pt catalysts for

fuel cells. In a study by [12], a polyol (ethylene glycol)

solution containing catalyst precursor salt, H2PtCl6 and

carbon support was irradiated in a microwave for 60 sec-

onds. Pt/C catalyst was synthesized with uniform sized

(3.5�4 nm) Pt nanoparticles. Gruber et al. [13] used sput-

tering method to deposit Cr as a sublayer for Pt coating.

Addition of a thin layer of chromium underneath the cata-

lyst layer showed an improved performance due to its

change in morphology. Pd�Co�Mo ternary alloy catalyst

was prepared by [14] for PEMFC. The catalytic activity

was compared with Pt, Pd�Co�Au, and Pd�Ti which

resulted in an optimum composition of Pd:Co:

Mo5 70:20:10 and exhibited improvement in catalytic

activity. A sequential reduction method was followed by

[15] to prepare Fe2O3@Pt core shell nanoparticles on car-

bon support. This study proved that the catalyst effective-

ness depends mainly on the thickness of the catalyst

material deposited. Crossing the thickness beyond a

threshold level disturbs the electrochemically active sur-

face area, oxygen reduction kinetics, and polarization

characteristics. Nanowire network of platinum were syn-

thesized by [16] via chemical reduction of a platinum

complex in the presence of a template formed by

cetyltrimethylammonium bromide in a water-chloroform

two-phase system. Lee et al. [17] fabricated nanoscale

platinum fibers via electrospinning Pt precursor/polymer

composite fibers followed by subsequent thermal anneal-

ing. The conductivity of synthesized Pt nanofibers was

found to be B104 S/cm, which showed an improved con-

ductivity than bulk Pt. Ahn et al. [18] fabricated a 3D

nanostructured CNT array/PtRu nanoparticles for micro

fuel cells. Improved catalytic activity and stability was

observed in methanol electro oxidation. In order to over-

come agglomeration issues [19], prepared surfactant free

gold ultrafine clusters and other metal clusters (Pt, Pd) on

reduced graphene oxide (rGO) without any shielding mol-

ecule and reductants for cathode catalysts. An uniform

dispersion of particles were found on the graphene flakes

and the electrocatalytic activity of the as-synthesized Au

cluster, Pt, Pd/rGO were compared with same size of Pt/

C, rGO sheets, Au nanoparticle/rGO hybrids, and thiol-

capped Au clusters, which showed a comparable onset

potential to Pt/C catalyst and superior stability. Zhao

et al. [20] produced Pt and Pt�Ru nanowire (B30 nm)

array electrodes by electrodeposition of Pt and Ru into

the pores of an anodic aluminum oxide template on a Ti/

Si substrate [21,22]. Most often, template method was

used to make Pt wires. Zhang et al. [23] performed an

electrodeposited Pt�Cu alloy nanowire in nanochannel

alumina templates and dealloyed the Cu component, to

make porous Pt nanowire arrays. An enhancement in elec-

trocatalytic activity and stability was found in these

porous nanowire nanostructure Pt electro-catalysts. By

using nanoimprint lithography an orderly arrays of Pt

nanowires having controlled diameter and length, with

dimensions of 20-nm width, 5-nm height, and 12-μm
length on planar oxide thin films of silica, alumina, zirco-

nia, and ceria were produced by [24]. Peng et al. devel-

oped an N-doped carbon catalyst along with graphene for

ORR. The ORR performances of the catalysts were evalu-

ated electrochemically. The MEAs with an active area of

5.0 cm2 were fabricated using the catalyst-sprayed mem-

brane and its performance was checked. The catalyst

shows high stability after 10,000 cyclic voltammetry

cycles and showed maximum power density of

0.33 W cm2 at 0.47 V. Peng et al. and Choi et al. [25,26]

fabricated platinum nanowires using template method by

electrodeposition of platinum within pores of a track-

etched polycarbonate membrane. These wires showed an

improved electrochemical methanol oxidation than sup-

ported or unsupported Pt nanoparticles with high loading

of Pt. Lu et al. [27] synthesized platinum nanowires on

CNTs templates through sonochemical method with the

diameters of 60�70 nm. The limitation of these wires was

their large diameter, which caused increased Pt mass utili-

zation. Zhou et al. [28] fabricated a one-dimensional

metal nanowire crystals using surfactant, ambient, free
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synthesis technique. Pt nanowires had a higher ORR

activity as compared with that of Pt nanoparticles. Teng

et al. [29] synthesized bimetallic Au48Pt52 and Au25Pt75
nanowires with heterogeneous structure having average

length of 100 nm and average diameter of 2.6 nm via

wet chemistry approach. Xie et al. [30] suggested a

template-free synthetic route for production of porous Pt

nanocrystals. The structure could be spheres, rod-shaped,

knot-shaped, and so on. Chen et al. [31] reported the

synthesis of Pt nanotubes (PtNTs) and Pt�Pd nanotubes

by galvanic replacement reaction of silver nanowires.

ECSA of the PtNTs decreased about 20% after 1000

cycles in the durability test, while the platinum-black and

Pt/C catalysts lost about 51% and 90% of their platinum

ECSA, respectively. The increase in platinum nanoparti-

cle size from 2�5 to 10�20 nm was the primary cause of

platinum ECSA loss in the Pt/C catalysts. So it was iden-

tified that the supportless one-dimensional structure of Pt

wires made them considerably more durable than zero-

dimensional Pt nanoparticles. Fenske et al. [32] made

short length Pt nanowires by aggregation of quasispheri-

cal particles. The nanowires obtained had a diameter

approximately 2 nm and a length of 20�50 nm. The

nanowires were found to be stable up to 140�160�C. Lee
et al. [33] prepared Pt and W supported Pt nanorods by

direct growth along the h1 1 1i axis on the surface of Pt

or W gauze. These Pt nanowires supported on Pt gauze

showed an enhanced electrochemically active surface area

with improved activity toward the methanol oxidation

reaction. Chen et al. inferred that the addition of a small

amount of iron species (Fe21 or Fe31) to the polyol pro-

cess could notably alter the reduction kinetics of a Pt pre-

cursor and subsequently induce the Pt nanorods

formation. Sun et al. [34] developed a wet-chemical pro-

cedure to synthesize single-crystal Pt nanowires and their

flower-like assemblies on carbon black via reduction of

hexachloroplatinic acid by formic acid (HCOOH) at room

temperature which showed 50% higher mass activity than

the commercial cathode.

26.5 CATALYST SUPPORT MATERIALS

Platinum is the most commonly used catalyst material for

ORR and HER reactions occurring in PEMFCs, but, the

high cost and low natural abundance of this noble metal

hinders the large-scale commercialization of this technol-

ogy. To reduce the quantity of platinum, various support

materials with excellent physical and structural properties

have been investigated. In order to bring down the cost of

material, many researchers have focused their attention in

obtaining high catalytic activity and catalyst utilization.

In addition, uniform dispersion of the catalyst particles on

the porous support material is an important requirement

for the catalytic activity improvement. In general, the fuel

cell commercial electrocatalysts are prepared by dispers-

ing catalyst nanoparticles (2�5 nm) on carbon supports.

An ideal catalyst support material must meet the impor-

tant requirements of large specific surface area, mesopor-

ous structure, electronic conductivity, water handling

ability to avoid flooding, high electrochemical stability in

acidic or alkaline medium, and easy recovery of electro-

catalysts to improve the catalytic efficiency and catalyst

loss [35]. The following sections describe the develop-

ment of recent advances in inorganic metal oxide-based

catalyst support materials as well as carbon-based support

materials, such as graphite nanofibers, graphene, CNTs,

and mesoporous carbon etc., used in PEMFCs.

26.6 NONCARBONACEOUS AND
INORGANIC CONDUCTIVE OXIDE/
CARBIDE SUPPORTS

Many conductive or semiconductive oxides and carbides

have been studied as catalyst supports to address the

activity and durability issues. The noncarbonaceous oxide

supports such as TiOx, WOx, SnO2, SiO2, indium-doped

tin oxide (ITO) are considered as more appropriate mate-

rials for this application due to their inertness in strong

oxidative conditions [36�40]. The following sections

give an account of various noncarbonaceous: metal oxide/

carbide/boride and hybrid support materials of PEMFCs

which have gained a lot of attention during the last few

years.

26.7 TITANIUM OXIDE

Titanium oxide or titania (TiO2) materials are regarded as

the most extensively adopted conductive metal oxides due

to their outstanding corrosion resistance in different elec-

trolyte media. The high electrochemical stability and cor-

rosion resistance established by these oxides have the

potential to perform as catalyst supports in fuel cells

[41,42]. Additionally, TiO2 is an easily available, low

cost, and nontoxic material that can mainly exist in three

different forms such as, rutile, anatase, and brookite [43].

Anatase titania is identified as a more efficient photocata-

lyst compared to rutile structure. Typically, stoichiometric

titania (band gap 4.85 eV) is resistive and the occurrence

of Ti31 ions is necessary for improving electronic con-

ductivity. Ti31 ions can be produced by subjecting TiO2

into heat in a reducing environment to create oxygen defi-

ciency (to obtain TiO22x or TinO2n21) or by adding

dopants in the lattice. For instance, Ti4O7 shows higher

electrical conductivity of 1000 S/cm at room temperature

than graphitized carbon (727 S/cm) [44,45]. In addition to

that, these oxides have high electrochemical stability in

acidic condition. Furthermore, the presence of labile
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protons in the titanium oxide indicates the pronounced

proton conductivity, hence these mixed electronic and

protonic conductivity can be more favorable for the for-

mation of the electrochemical TPB [46,47]. However,

when it is exposed to fuel cell condition, substoichoi-

metric titania becomes stoichiometic and forms a resistive

TiO2 layer at the three-phase reaction interface [48,49].

Huang et al. synthesized Pt (3�5 nm) supported on high

surface area (266 m2/g) mesoporous TiO2 (7�15 nm)

using a template-assisted method as an electrocatalyst for

PEMFC cathode. Their accelerated degradation test

(ADT) revealed higher ORR performance and high dura-

bility for Pt/TiO2 compared to commercial Pt/C (45.9 wt.

% TKK) [36]. Similarly, an optimal concentration of Pt/

Pd (70:30) electrocatalysts on TiO2 support material was

prepared and studied for electrochemical activity by

Huang et al. [50]. Kim et al. [51] evaluated the ORR

activity by studying the effect of additives on TiO2 as

support for Pt electrocatalyst. They modified the elec-

tronic characteristics of TiO2 supports with various addi-

tives, such as urea, thiourea, and hydrofluoric acids using

hydrothermal treatment. Hydrofluoric acid treated TiO2

support samples were found to be the most effective addi-

tive with spherical shapes and the catalysts were more

uniformly dispersed with a smaller particle size compared

to other samples.

TiO2 nanofiber mat was developed and as-synthesized

mat was immersed in the mixture of ethylene glycol,

H2PtCl6, and polyvinyl pyrrolidone (PVP) which results

in the deposition of Pt nanoparticles on to TiO2 nanofi-

bers. Formo et al. [52] found that the Pt nanoparticle den-

sity increased proportionally with the duration and this

deposited Pt act as seeds which leads to the formation of

nanowires. Titania supported nonprecious metals (polya-

niline (PANI)-treated TiO2 nanoparticles with Fe nano-

particles) also have been investigated to improve the

electrocatalytic performance [53] of ORR. In order to

explore the roles of TiO2, iron, and nitrogen from PANI,

the ORR performance of the prepared electrocatalyst was

compared with PANI�Fe supported on commercial car-

bon black. The authors claimed that the ORR activity is

due to increase of electronic conductivity and the pres-

ence of anatase phase. The 40 wt.% Pt supported on gra-

phene/TiO2 composite electrocatalyst have been studied

for ORR. In which the polyol method was used to deposit

Pt on titanium dioxide functionalized graphene nanosheets

and the ORR were evaluated in both acidic and alkaline

medium. Though it follows four electron reduction of

oxygen to H2O, the accelerated durability test results

showed slightly lower stability as compared to Pt/C [54].

Similarly, TiO2 nanofibers wrapped with rGO (h-

rGO@TiO2�rGO) was synthesized using hydrothermal

method followed by the Pt nanoparticle deposited using

polyol method. Fig. 26.3 shows the synthesis scheme of

the electrocatalyst and their cyclic voltammetry (CV)

result showed the ECSA value of 30.95 m2/g [55].

Huang et al. [50] studied the cathode catalytic perfor-

mance of Pt/Pd supported on TiO2. Their observation

revealed that the catalytic activity has been increased with

30% of bimetallic alloy and beyond that composition, the

activity was found to be reducing due to the blocking of

Pt active sites by a large amount of Pd. Their halve cell

study demonstrated that Pt70Pd30 had similar activity of

Pt/C (TKK) and fourfold increase in ORR activity.

Interestingly, Huang et al. produced Pt supported TiO2

thin films on fluorine�doped tin oxide glass by screen

printing method. Further they claimed that the synergetic

effect of mesoporous thin film and stronger interaction of

Pt�TiO2 promoted the higher activity and stability of

ORR in acidic medium [56]. Xu et al. [57] enhanced the

ORR activity of Ru85Se15/C electrocatalyst by modifying

them with TiO2. Their results showed higher electrochem-

ical stability in Ru85Se15/TiO2/C. The initial activity of

Ru85Se15/TiO2/C is similar to Ru85Se15/C, but final poten-

tial of Ru85Se15/TiO2/C is higher than the potential of

Ru85Se15/C. Fig. 26.4 shows the stable single-cell testing

performance of Ru85Se15/TiO2/C compared to Ru85Se15/

C. They found that TiO2 prevented Ru85Se15 nanoparticle

aggregation due to the effects such as anchoring, steric

hindrance, and stabilization of Se, which is considered as

an excellent antioxidant for Ru.

Chevallier et al. proposed a highly active and

stable Pt/5%Nb�TiO2 carbon-free cathode electrocatalyst

for PEMFC. Similarly, Wu and Yang established a

two-step approach of electrospinning and atomic layer

deposition method for the synthesis of Pt@Nb�TiO2

nanofiber-based electrocatalyst for ORR. Fig. 26.5 shows

the two-step preparation method scheme of atomic layer

FIGURE 26.3 A schematic of the preparation method of Pt/h-rGO@TiO2 hybrid electrocatalyst. rGO, reduced graphene oxide; TiO2, titanium oxide

or titania. Reprinted from W. Zhuang, L. He, J. Zhu, R. An, X. Wu, L. Mu, et al., TiO2 nanofibers heterogeneously wrapped with reduced graphene

oxide as efficient Pt electrocatalyst supports for methanol oxidation, Int. J. Hydrogen Energy 40 (2015) 3679�3688. Available from: https://doi.org/

10.1016/j.ijhydene.2015.01.042 r2015 Elsevier.
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deposition of Pt on electrospun Nb�TiO2 nanofibers [58].

The area-specific ORR activity of the Pt@Nb�TiO2 was

0.28 mA/cm2
Pt at 0.9 V and accelerated-stability test

showed that it has very high stability [59].

Akalework et al. [60] reported the preparation of TiO2-

coated MWCNTs support material with an excellent elec-

trical conductivity for improving the kinetics of ORR. The

Pt-based MWCNT@TiO2 electrocatalyst was showing an
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FIGURE 26.5 Schematic illustration of the preparation process of Pt@Nb�TiO2 catalyst membrane: (A) preparation of Nb�TiO2 fiber-woven mem-

brane by electrospinning technique and pyrolysis; and (B) deposition of Pt nanoparticles onto Nb�TiO2 by atomic layer deposition technique. TiO2,

titanium oxide or titania. Reprinted from Q. Du, J. Wu, H. Yang, Pt@Nb_TiO2 catalyst membranes fabricated by electrospinning and atomic layer

deposition, ACS Catal. 4 (2014) 144�151. Available from: https://doi.org/10.1021/cs400944p. r2014 American Chemical Society.

FIGURE 26.4 Cell performances of (A) Ru85Se15/C MEA and (B) Ru85Se15/TiO2/C MEA before and after the acceleration durability test for 1000

cycles between 0.6 and 1.0 V vs reversible hydrogen electrode (RHE). MEA, membrane electrode assembly; TiO2, titanium oxide or titania. Reprinted

from T. Xu, H. Zhang, H. Zhong, Y. Ma, H. Jin, Y. Zhang, Improved stability of TiO2 modified Ru85Se15/C electrocatalyst for proton exchange mem-

brane fuel cells, J. of Power Sources 195 (2010) 8075�8079. Available from: https://doi.org/10.1016/j.jpowsour.2010.07.019. r2015 Elsevier.
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ECSA of 285.5 m2/g, which is comparatively higher than

Pt/MWCNT (188.2 m2/g) and Pt/C (153.4 m2/g) and the

ORR polarization results of Pt�MWCNT@TiO2 displayed

more positive onset potential.

26.8 TITANIUM DIBORIDE

A highly stable, electrically conducting and corrosion

resistant ceramic TiB2 has also been used as support

material for Pt catalyst PEMFC. TiB2 is a ceramic mate-

rial that has good electrical conductivity, corrosion resis-

tance and thermal stability in acidic medium [61]. For the

first time in 2010, Yin et al. [62] showed an electrochemi-

cal stability of TiB2 supports which is four times higher

than commercial Pt/C. In contrast, the same authors also

prepared Pt/TiB2 electrocatalyst from Nafion stabilized Pt

nanoparticles (Fig. 26.6) and extensively studied the per-

formance of PEMFCs. The performance obtained was

comparatively similar to their next work [63].

In 2011, Yin et al. supported the Pt electrocatalyst on

surface-stabilized TiB2 with Nafion for more

stable performance. The schematic diagram of the electro-

catalyst preparation method is shown in Fig. 26.7.

Though the initial ECSA of Pt/TiB2 (37.5 m2/g) is lower

than a commercial 20 wt.% Pt/C catalyst (61.4 m2/g), the

ORR results showed higher reduction current of 0.3 mA/

cm2 at 0.9 V for Pt/TiB2 as compared to 0.12 mA/cm2 at

0.9 V.

Huang et al. [64] investigated the effect of pretreated

TiB2 with HCl, H2O2, ammonia, and NaOH for the use of

catalyst support in fuel cell applications. Their CV and

polarization curves indicated that the H2O2 pretreated

showed higher ECSA (26.7 m2/g) and current density

(0.77 mA/cm2) as compared to other materials.

26.9 TITANIUM NITRIDE

Another well studied Ti-based material is TiN and this tri-

ple bond transition metal compound is corrosion resistant

and it has high electrical conductivity (4000 S/m) and

high mechanical hardness [65,65a,66]. These excellent

properties of TiN make it a more suitable electrocatalyst

support material for PEM fuel cells. For example,

Musthafa and Sampath developed a well dispersed Pt on

TiN as an electrocatalyst support system [67] and

Avasarala and Halder [68] reported the preparation of Pt/

TiN using commercial TiN nanoparticles as an anode cat-

alyst support for PEMFCs. Though the results are com-

paratively higher than commercial Pt/C catalyst, it

suffered in terms of long-term stability in acidic medium.

Recently, the same group studied the durability and stabil-

ity of TiN nanoparticles under fuel cell conditions. They

supported Pt nanoparticles on commercial TiN nanoparti-

cles (particle size of 20 nm and specific area of

40�55 m2/g) using the polyol process. Their study was

carried out in sulfuric acid electrolyte at various operating

temperatures and results showed that an active behavior

of Pt/TiN was observed for optimal conditions of 0.5 M

H2SO4 and at 60�C. Pan et al. [69] described the synthesis

route for the development of TiN nanotubes-based

FIGURE 26.6 A schematic of the Pt/

TiB2 catalysts with perfluorosulfonic acid

Nafion as a stabilizer of Pt particles (A),

transmission electron microscopy (TEM)

image of the Pt colloid particles (B), and

scanning electron microscopy micrograph

of TiB2 powders (C). Reprinted from

S. Yin, S. Mu, H. Lv, N. Cheng, M. Pan,

Z. Fu, A highly stable catalyst for PEM

fuel cell based on durable titanium dibor-

ide support and polymer stabilization,

Appl. Catal., B 93 (2010) 233�240.

Available from: https://doi.org/10.1016/j.

apcatb.2009.09.034. r2010 Elsevier.
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support material for Pt electrocatalyst. Their accelerated

durability test (ADT) showed higher stability and also

showed minimum ECSA loss compared to commercial

catalyst. They claimed that the performance and stability

was mainly due to the hollow structure and porous walls

and strong interaction between Pt and TiN nanotubes sup-

port. Similarly [70], also demonstrated the electrochemi-

cal activity and durability of Pt-supported TiN

electrocatalyst toward ORR. They obtained the mass

activity of 0.29 A/mg for 10 wt.% Pt/TiN and their polari-

zation curve displayed only 6.2 mV difference of half

wave potential (Fig. 26.8), whereas Pt/C showed 24.2 mV

which suggested that TiN-based electrocatalyst was more

durable for ORR.

Jiang et al. [106] attempted to replace precious noble

metals by preparing a hybrid of TiN and nitrogen doped

carbon on SiC for PEMFCs reaction. The claimed that the

activity and durability was mainly attributed because of

the synergetic effect of TiN and nitrogen doped carbon

[71]. studied the effect of shape specific electrocatalytic

activity by changing the morphology of TiN catalysts

from nanoparticle to nanotubes and they showed remark-

able performance. Surprisingly, Kim et al. [72,73]

reported the preparation Pt supported TiN nanofibers

using electrospinning method for PEMFCs electrodes.

The synthesis process and their X-ray powder diffraction

results of TiN nanofibers is shown in Fig. 26.18. Their

durability results (Fig. 26.9) obtained from polarization

and CV curves suggested that the TiN nanofibers-based

electrocatalyst was more stable as compared to commer-

cial Pt/C.

26.10 TUNGSTEN OXIDE

Tungsten is an adaptable element which can possibly

form various oxides (oxidation states from 21 to 16)

and carbides. Tungsten oxide is an n-type semiconducting

material with a band cap of 2.6�2.8 eV. Particularly, Pt

or Pt alloy supported on tungsten oxide-based electrocata-

lysts give good performance and more resistance to corro-

sion. The most stable state is hexavalent tungsten oxide,

WO3, which has poor electronic conductivity due to its

large bandgap [74,75]. The intrinsic electric conductivity

of tungsten oxide arises from its nonstoichiometric com-

position, oxygen-vacancy defects in the lattice formed

donor level [76]. A detailed review on tungsten-based

support materials in various aspects of fuel cells have

published by [77]. Even though a variety of synthesis

routes such as sol�gel [78,79], coelectrodeposition [80],

FIGURE 26.8 ORR polarization curves before and after ADT for (A) 10 wt.% Pt/TiN catalyst and (B) 20 wt.% Pt/C catalyst in O2-saturated 0.1 M

HClO4 with a scan rate of 10 mV/s and a rotation rate of 1600 rpm. ORR, oxygen reduction reaction; ADT, accelerated durability test. Reprinted from

S. Yang, D. Young, Y. Tak, J. Kim, H. Han, J. Yu, et al., Electronic structure modification of platinum on titanium nitride resulting in enhanced cata-

lytic activity and durability for oxygen reduction and formic acid oxidation, Appl. Catal., B 174�175 (2015) 35�42. Available from: https://doi.org/

10.1016/j.apcatb.2015.02.033. r2015 Elsevier.

TiB2
TiB2

TiB2
TiB2
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Adsorption

Reduction

Nafion molecule Pt ion Pt nanoparticle

FIGURE 26.7 A schematic illustration of the preparation method of Pt/

TiB2 catalysts. Reprinted from S. Yin, S. Mu, M. Pan, Z. Fu, A highly

stable TiB2-supported Pt catalyst for polymer electrolyte membrane fuel

cells, J. Power Sources 196 (2011) 7931�7936. Available from: https://

doi.org/10.1016/j.jpowsour.2011.05.033. r2011 Elsevier.
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cosputtering [81], and freeze�drying [82] have been

adopted for the Pt/WOx, sol�gel method gives numerous

benefits including higher surface area, easy synthesis, and

smaller particle size. Various morphologies of tungsten

oxide like microsphere and nanorods have also been stud-

ied as catalyst support for PEMFCs and direct methanol

fuel cells [37,83]. Although a Pt-based tungsten oxide

electrocatalysts exhibits higher stability [98], tungsten dis-

solution is still observed [84]. The WO3 chemical instabil-

ity in acidic medium is still persisting as the major issue

that restricts its application in fuel cells. There have been

lot of efforts made to improve the suitably by adjusting

the conditions of its preparation, for instance the incorpo-

ration of Ti41 with a minimum concentration in the WO3

framework, enhances the stability of WO3. This, further,

decreases its ohmic resistance with the increase in the

Ti41 substitution in the WO3 framework [14]. Carbon-

coated tungsten oxide nanowires as a cathode electrocata-

lyst support material was prepared by [85]. The nanowires

were directly grown on carbon paper using CVD process

and the Pt nanocatalyst was deposited using glacial acetic

acid as the reducing agent. An electrochemical study

revealed that the as-prepared support material had higher

mass specific surface area compared to commercial Pt/C

electrode. In addition to that, 1100-mV potential shift

was also observed in the onset potential for the ORR and

also displayed 75% higher mass activity and higher ORR

current than that of commercial Pt/C. In order to study

the effects of tungsten oxide supports in the electrodes,

different thickness level of WOx (0�40 nm) were pre-

pared with and without Pt (3 nm) electrocatalysts using

thermal evaporation method (Fig. 26.10). The anode reac-

tion (HOR) has been performed with and without spray-

ing of Nafion onto the electrodes. The measurement

showed that the higher surface area of Pt on thicker tung-

sten oxide thin films was suggested for the benefit of

limiting current in the HOR. Moreover, a less ECSA was

observed in the electrode without Nafion content [86].

Hengge et al. [37] described the two-step template-free

approach for growing highly porous networks of Pt nanor-

ods on WO32x. Their study revealed that the overall

ECSA was increased with the longer time of reduction

process. Liu et al. [78] prepared nanosized tungsten oxide

crystals followed by the Pt deposited via galvanic dis-

placement of a Cu layer by Pt using electrochemical

method. In which the working electrode was initially cov-

ered with Cu monolayer by underpotential deposition and

further placed into aqueous solution of K2PtCl4 and

H2SO4 for 4 minutes to replace Cu with monolayer Pt

particles. They clearly showed the degradation mecha-

nism of WO3 and the detachment of Pt nanoparticles and

also suggested the alternative structures, such as Pt�WC

or Pt�WO3 core shell structures, for the improvement of

ORR activity.

26.11 TUNGSTEN CARBIDE

Tungsten carbide is well known for its hardness, good

electrical conductivity (105 S/cm for WC at 20�C), and it

is resistant to chemical attack. However, it undergoes sur-

face oxidation and dissolution when it is exposed to air

and water. The Fermi level of tungsten carbide is near

and the electronic state of tungsten carbide is similar to

those of platinum metal, in its noble form [87,88].

Because of these similar properties, tungsten carbide has

received more attention as catalyst supports, co-catalysts,

as well as electrocatalysts [59,83,89]. Generally, most

important tungsten carbide phases are tungsten monocar-

bide (WC) and tungsten subcarbide (W2C). W2C is

thermodynamically unstable at lower temperatures below

900 �C when compared to WC [90]. Tungsten carbides

also enhanced ORR at the cathode [91]. Most commonly

FIGURE 26.9 Schematic illustra-

tion of TiN nanofiber synthesis

route and scanning electron micros-

copy images of the prepared TiN

nanofibers. Reprinted from J. Kim,

Y.-S. Chun, S.-K. Lee, D.-S. Lim,

Improved electrode durability

using a boron-doped diamond

catalyst support for proton

exchange membrane fuel cells,

RSC Adv. 5 (2015) 1103�1108.

Available from: https://doi.org/

10.1039/C4RA13389G; H. Kim,

M.K. Cho, J.A. Kwon, Y.H. Jeong,

K.J. Lee, N.Y. Kim, et al.,

Highly efficient and durable TiN

nanofiber electrocatalyst supports,

Nanoscale 7 (2015) 18429�18434.

Available from: https://doi.org/

10.1039/C5NR04082E. r2015

Royal Society of Chemistry.
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used tungsten carbides are WC and W2C. The study con-

ducted by [92] shows that WC remained stable at an

anode potential of 0.6 V in 0.5 M H2SO4. Different pore

size of three-dimensionally ordered macroporous tungsten

carbide was prepared by Bosco et al. adopting the

“inverse-opal” method [89]. Zhou et al. [93] also prepared

Pt nanoparticle supported on mesoporous tungsten carbide

by coassembly followed by sodium borohydride reduction

method. Interestingly, the WC nanofibers structure with

Pt nanoparticles were prepared by electrospinning fol-

lowed by pyrolysis process using ammonium metatung-

state and PVP as precursor materials. The ORR

performance and kinetic results revealed that it follows

more stable performance and four electron pathways in

alkaline solution (KOH). However, achieving optimal Pt

particle size and dispersion on these carbide structures are

still a challenging task, which need to be addressed. Nie

et al. [94] also demonstrated the catalytic activity of the

Pt�WC/C electrode for ORR which is higher than that of

Pt/C and they claimed that it is due to the synergistic

effect between Pt and WC. These results indicate that

tungsten carbides are promising for catalyst supports.

Some other studies were also carried out on Pt�Ru alloy

catalysts supported on tungsten carbide to show the suit-

ability [95,96]. Moreover [97], also made a comparison

between Pt/WC and Pt/C, suggesting that Pt/WC pos-

sessed a higher stability and cell performance in a fuel

cell environment, while the effective catalytic surface

area was lower than that of Pt/C. Even though it has more

benefits on catalytic activity and durability, but still there

are some challenges in carbides as it appears too poor to

be used as catalyst support material. For instance, the

ECSA of Pt/WC is considerably low, which indicates that

the controlling of particle size is very important [98,99].

Hence, controlling the size and dispersion of the electro-

catalyst on WC needs to be thoroughly investigated to

attain the feasible performance. Pt and Pt�Ru alloy cata-

lyst supported on WC were studied as electrocatalysts for

FIGURE 26.10 Scanning electron microscopy

images of the as-prepared Pt/WOx thin film model

electrodes deposited on GDL. GDL, gas diffusion

layer. Reprinted from B. Wickman, M. Wesselmark, C.

Lagergren, G. Lindbergh, Tungsten oxide in polymer

electrolyte fuel cell electrodes—a thin-film model

electrode study, Electrochim. Acta 56 (2011)

9496�9503. Available from: https://doi.org/10.1016/j.

electacta.2011.08.046. r2011 Elsevier.
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PEMFCs by Lust et al. The micromesoporous texture

with high surface area (2116 m2/g) of WC showed the

current density of 150 A/m2 with four-electron pathway

mechanism. Surprisingly, a novel route was adopted by

[100] to develop nanosized tungsten carbide using ion

exchange mechanism with Pt as an electrocatalyst and

their results displayed an electrochemical mass activity of

257 mA/mgPt at 0.9 V. Han et al. [101] reported the prep-

aration of tungsten carbide and CNT�graphene

(CNT�GR) supported Pd electrocatalyst for HOR. It was

found that Pd/WC/CNT�GR electrocatalyst showed high

ECSA (36.3 m2/g) and maximum power density

(464 mW/cm2) compared to other prepared Pd-based WC

catalysts. Similarly, the composites of WC also modified

with materials, such as carbon black, MWCNTs, hybrid

ordered mesoporous carbon (OMC), hollow microspheres,

nitrogen-doped carbon and PANI coating for improving

the performance and durability [102�106].

26.12 TIN OXIDE

SnO2 is a transition metal dioxide with rutile structure

and is normally considered as an oxygen deficient n-type

semiconductor. The profound chemical properties include

the adsorption of OH species at low potentials and ability

to induce electronic effect with Pt has accelerated to per-

form SnO2 as a challenging fuel cell electrocatalyst sup-

port [77]. The Sun et al. group demonstrated the directly

grown SnO2 nanowires on carbon paper with an electro-

chemically deposited Pt and Pt alloy (PtRu) nanoparticles

as the fuel cell support material. The SnO2 nanowire-

based electrode showed an enhanced electrocatalytic

activity toward fuel cell reactions as compared with com-

mercial Pt/C (30 wt.% ETek) [107]. Similarly, Zhang

et al. [108] prepared mesoporous SnO2 with high surface

area (205 m2/g) and oxidation resistant support material

using neutral surfactant template-assisted method and the

Pt nanocatalyst was distributed using modified polyol pro-

cess. They studied and compared the performance and

stability of Pt/SnO2 system with commercial Pt/C (Vulcan

XC-71 and Ketjen Black EC 300J). Their comparative

results showed similar electrochemical activity and nota-

bly enhanced electrochemical stability in Pt/SnO2 espe-

cially at high potential. Furthermore, tin oxide-based

support materials are also expected to get the better dura-

bility. The Nakkada and their group predicted that SnO2

mainly influenced the oxidation and reduction behavior of

supported Pt. The authors claimed that this is due to the

strong interaction of SnO2 and Pt, which makes the Pt

more durable. Surprisingly, the author found its instability

due to the redox properties under electrochemical condi-

tions [109]. SnO2 nanowire-based structures also have

been tried with electrochemically deposited Pt [107]. The

SnO2 nanowires were directly grown on the carbon fibers

of carbon paper using thermal evaporation method with

an electrochemical deposition of Pt and the results

showed comparatively improved ECSA for Pt/SnO2

nanowire-based electrode (54.7 m2/g) over commercial

Pt/C (E-TEK) (33.6 m2/g) in acidic medium. The ORR

results showed a positive shift (50 mV) in the onset poten-

tial and reduction peak current of 13.3 mA/mgPt which is

1.6 larger than Pt/C electrode. Surprisingly Cavaliere

et al. reported the preparation of antimony-doped SnO2

loose tubes using an electrospinning method for the cata-

lyst support material of PEMFCs electrodes. In this, the

polyol method was adopted to deposit Pt nanoparticles

with an optimal dopant (Sb) concentration of SnO tubes.

They found Pt/SnO2 tubes showed higher ORR mass

activity and stability as compared to commercial Pt/C

[110]. Similarly, they also prepared niobium-doped SnO2

tubes from an electrospinning method and obtained the

highest electrical conductivity of 0.02 S/cm. Further, they

suggested the use of support material due to its unique

properties, such as surface area, electrochemical conduc-

tivity, and electrochemical stability at high potential

[111]. Niobium- and antimony-doped SnO2 aerogels have

been prepared to improve the electrical conductivity (1 S/

cm) which is nearer to Vulcan XC-72 (4 S/cm), and they

claimed that the high surface area (60 m2/g) with meso-

porosity can form the uniform dispersion of catalyst for

the possible use of electrodes in fuel cells [112].

Pt�SnO2 with nitrogen-doped CNT hybrid electrocatalyst

also have been tested as support material for the

stable performance of PEMFCs [113]. The detailed study

performed by [38] on SnO2-mesoporous carbon (CMK-3)

composite with platinum support material showed the

ORR current density of 3.40 mA/cm2 at an electrode

potential of 0.9 V vs RHE and it followed predominantly

the four-electron pathway. Moreover, ITO also has got

significant attention over the past few decades as a elec-

trocatalyst support material for PEMFCs. Chhina et al.

recently studied the potential of ITO toward oxidation-

resistant catalyst supports in PEM fuel cells. Even though,

it is showing more resistance to oxidation compared to

Vulcan XC-72R, the catalytic activity is not found toward

ORR [40]. Chang et al. analyzed the electrocatalytic prop-

erties of Pt nanoparticles supported on ITO and Pd nano-

particles supported on ITO for PEMFCs reaction. The

oxygen reduction performance of both electrocatalysts

was shown to be similar to that of bulk Pt and Pd, respec-

tively. These reveal that ITO can be a promising support

for fuel cell catalysts [114,115].

26.13 SILICON DIOXIDE

Silicon dioxide or silica is generally known for its hard-

ness and exists in both amorphous and various crystalline

forms. Generally the silica was used in fuel cells for the
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preparation of self-humidifying membranes. Very

recently, Seger et al. [39] studied silica as a support mate-

rial for the cathode electrocatalyst. Sodium borohydride

was used as a reducing agent to prepare Pt nanoparticles

on a colloidal silica substrate. They found that the lower

concentrations of Pt produced uniform Pt dispersions

(4 nm) with interconnected particle-network enabling

higher conductivity and higher surface area. The authors

compared the performance of as-prepared core-shell Pt/

SiO2 with commercial E-TEK. The results showed higher

electrocatalytic active area, and improved charge transfer

kinetics for Pt�SiO2. Interestingly, the carbon nitride-

modified SiO2 support material with Pt electrocatalyst

was prepared by [116] for ORR. The composite support

was prepared via in situ polymerization using calcinations

of polypyrrole (PPy)-coated SiO2 and the Pt nanoparticles

were dispersed using polyol process. The report displayed

that as-prepared support material showed an ECSA of

89.6 m2/g which is comparatively higher than Pt/C and

also exhibited much higher durability. They claimed that

the improved activity, durability, and performance of the

composite support was due to the synergetic effect of

oxophilic behavior of SiO2, N species, and the strong

interaction of catalyst and the support.

26.14 CARBON-BASED SUPPORT
MATERIALS

Various carbon materials, such as Vulcan XC-72R [117],

MWCNT [118�120], graphite nanofibers [119], activated

carbon [21,22,121,122], carbon black, and graphite [121],

are being extensively used as support materials for Pt

nanocatalyst particles for PEM fuel cells. In recent years,

metal-free electrocatalysts in the form of mono, binary, or

ternary N-, S-, B-, and P-doped carbon nanomaterials,

such as graphene, CNTs, CNFs, have been introduced for

enhanced catalytic activity for fuel cell reactions due to

the conjugation between the π electrons of carbon and the

lone pair electrons from dopants [33,123,124]. These

metal-free electrocatalytic materials have gained great

attention in fuel cell reactions because of their unique

properties, such as high activity, low price, and high sta-

bility [125�127].

26.15 CARBON BLACK

Generally, when the carbon containing materials undergo

heat treatment processing under inert or oxygen-free envi-

ronment they are called carbon black. The spherical-

shaped amorphous carbon usually will be below 50 nm in

size. The particles can agglomerate and the size can vary

up to 250 nm. The carbon black particles are constituted

by individual building blocks of graphitic layer and each

crystallite are turbostratic layers having an interlayer

spacing of 0.35�0.38 nm. The applicability of Pt-

supported carbon black as an electrocatalyst has attracted

researchers’ attention due to its easy availability, low

cost, high surface area, and good electrical conductivity.

Commercial electrocatalysts for PEMFCs include

Cabot Corporation (Vulcan XC-72R, Black Pearls BP

2000), Chevron (Shawinigan), Ketjen Black International,

Denka, and Erachem [128]. The most extensively used

carbon blacks (especially Vulcan XC-72) are usually sup-

ported with Pt or Pt-alloy catalysts for fuel cells.

Interestingly, Ag nanoparticles decorated with Pt were

synthesized by [129] for ORR. The Pt/Ag bimetallic

mixed alloy catalyst supported on carbon black was pre-

pared by thermal treatment at 300�C. Dodelet et al. [130]
prepared Pt nanowires (PtNWs) on CB supports using the

mixture of chloroplatinic acid and formic acid with differ-

ent amounts of Vulcan XC-72. The results suggested that

the mass ratio between carbon and the Pt precursor and

decreasing the time duration are the factors for controlling

the growth density and the length of the nanowires.

They also observed that 50% PtNWs loaded on carbon

black displayed greater activity compared to commercial

catalysts which is due to the specific crystallography

of PtNWs and the presence of surface defects.

Electrocatalysts of Pt supported on nitrogen-doped carbon

black (Pt/NCB) was prepared by Zhang and Chen [131].

They found an increased dispersion of Pt nanoparticles on

NCB compared to that on pristine CB which exhibited

high surface area and specific activity for ORR [132].

Recently, Bae et al. [133] also developed NCB electroca-

talyst from acetonitrile pyrolysis for HOR. In order to

improve the stability of the support material [134], made

an attempt to produce hybrid support material of

zirconia�carbon for Pt catalysts. Their accelerated dura-

bility tests revealed that ZrO2�C composites displayed

more stability compared to Pt/C. Interestingly, Kakaei

reported the preparation of Pt/Vulcan carbon-PANI (Pt/

VC-PANI) fiber for cathode electrocatalyst of PEMFCs.

The performance of Pt/VC-PANI was found to be 1.82

and 1.3 times higher than commercial Pt/C (E-TEK) and

Pt/C (E-TEK)1 PANI catalyst (Fig. 26.2) [135].

Similarly, Memioǧlu also investigated the electrochemical

stability of PPy/carbon composites based support material

for PEMFC applications [136]. Senthil Kumar et al. pre-

treated Vulcan XC-72 with HNO3, H3PO4, KOH, and

H2O2 to change the surface chemical properties and sur-

face area. They found that the surface area and pore vol-

ume of 5% HNO3 and 10% H2O2 treated samples were

drastically reduced due to their oxidative nature. On the

other hand, treatment with 0.2-M KOH and 0.2-M H3PO4

removed 50% of sulfur Vulcan XC-72 support without

altering the surface area and micropore volume [137].

However, carbon black generally suffers major problems,

such as deep micropores (which trap the catalyst and are
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further inaccessible to reactants), presence of organo-

sulfur impurities, carbon corrosion, Ostwald ripening, and

Pt dissolution, which lower the activity and durability of

the electrocatalysts during long operations [138]. These

smaller pore sizes also affect the interactions between cat-

alyst and ionomer particles (Nafion micelles .40 nm)

which leads to no contribution in electrochemical activity.

Elaborate studies on novel electrocatalysts, such as CNFs,

mesoporous carbon, CNTs, graphene, have been discussed

in the following sections. The unique property of each

material provides high ECSA, improved catalyst effi-

ciency, and better durability. Hence, these properties are

extremely desirable for reducing catalyst loadings and

thereby greatly lower the overall cost of the fuel cells.

26.16 CARBON NANOTUBES

During the past few decades, both single-walled CNTs

(SWCNTs) and MWCNTs have been broadly explored

for the application of support material in PEMFCs. The

pristine CNTs are chemically inert and the functionaliza-

tion with harsh acidic treatments (HNO3, H2SO4,

K2Cr2O7, H2O2, etc.) or electrochemical reactions are

needed to introduce functional groups [carboxyl

(�COOH), hydroxyl (�OH), or carbonyl (�C5O)] on

the surface for improving the catalyst support interactions

[139,140]. Another important functionalization of CNTs

to uniformly disperse nanoparticles is based on ultrasound

treatment. Based on this [141], demonstrated the role of

ultrasonic, sonochemical, and sonoelectrochemical meth-

ods for the preparation of carbon support with catalysts of

mono- and bimetallic nanoparticles for fuel cell electro-

des. The surface modified CNTs have been employed as

the support for monometallic, bimetallic (Pt�Ru, Pt�Ag,

Pt�Co, Pt�Fe, etc.), and even for trimetallic

(Pt�Ru�Pd, Pt�Ru�Ni, Pt�Ru�Os, etc.) catalysts.

Interestingly, Du et al. [142] fabricated mesoporous

SnO2-coated CNT by a hydrothermal method as a

stable support material for Pt catalyst. At high potentials,

the anodic current of CNT@SnO2 core sheath nanocom-

posites are much lower than CNT support catalyst

(Pt/CNT) and also are more durable. Uniformly dispersed

Pt catalyst on SWNTs and C nanocomposites electrocata-

lysts was prepared by [143] for PEMFC. The performance

was evaluated with different weight percentage of Pt/CNT

and Pt/C which indicated that 50:50 gives better perfor-

mance. SWCNTs and platinum were used as support

material and catalyst, respectively. By means of electro-

phoretic deposition method, Pt and SWCNTs were cast

on a carbon fiber electrode (CFE). Lower charge-transfer

reaction resistance was observed than that of commercial

carbon black-based electrodes. Fuel cell testing results of

CFE/SWCNT/Pt-based electrodes showed higher maxi-

mum power density than the conventional electrodes

[144]. Tang et al. [145] prepared Pt nanodots (2�3 nm)

supported on CNTs as an electrocatalyst on carbon paper

by employing sputter deposition and in situ reduction

method. The combined system of GDL and catalyst layer

demonstrated maximum power density of 595 mW/cm2

for a catalyst loading of 0.04 mg/cm2. This result showed

significantly higher performance compared to commercial

electrocatalysts, e.g., Pt supported on Vulcan XC 72R-

based electrode (435 mW/cm2 for same loading of cata-

lyst). Shen et al. [146] attempted to reduce the catalyst

loading in electrodes of PEMFCs by developing the verti-

cally aligned CNTs grown on Al foil as the catalyst sup-

port material using plasma-enhanced chemical vapor

deposition method. Their results indicated that the maxi-

mum power density 697 mW/cm2 was achieved with Pt

loadings of 108 μg/cm2 at anode and 102 μg/cm2 at cath-

ode, which is 21% higher compared to that of the com-

mercial catalyst. Moreover, the introduction of conjugated

polymers such as PANI and PPy forming covalent bonds

between Pt atoms and N atoms makes strong linkage of

Pt nanoparticles with PANI [147�149]. Based on this

concept, He et al. [150] prepared Pt nanoparticles on

MWCNTs wrapped with PANI which demonstrated that

PANI acted as a bridging component between Pt nanopar-

ticles and MWCNTs (Fig. 26.11) and also revealed that

Pt/MWCNT functionalized with PANI showed an

improved electrocatalytic activity and better stability as

compared to carbon black support.

Chen et al. [151] studied the effect of nitrogen doping

on CNTs for improving the activity of ORR. The Pt

loaded on nitrogen-doped CNTs displayed higher ECSA,

current density, and power density of 41.8 m2/g, 0.230 A/

cm2, and 0.87 W/cm2, respectively, whereas Pt/CNTs

showed only 26.1 m2/g, 0.144 A/cm2, and 0.47 W/cm2.

Similarly, the composite nanostructure-based support

materials of nitrogen-doped CNTs coated with TiSi2Ox

was synthesized using the combination of chemical vapor

deposition and magnetron sputtering method for ORR in

PEMFCs. They found that TiSi2Ox formed an amorphous

layer with different thickness on CNTs and the electroca-

talytic properties of Pt supported on TiSi2Ox-NCNTs

showed a positive potential of 30 mV, higher mass, and

specific activity toward ORR [152]. Surprisingly, Long

et al. [153] prepared Pt-supported partially unzipped

CNTs as the catalyst support material for PEMFCs. The

CNTs were partially unzipped using strong oxidation with

KMnO4 and rapid heat expansion (Fig. 26.12). The pre-

pared material showed high specific area 168 m2/g com-

pared to parent CNTs (72 m2/g) which led to an increase

in the accessibility of outer and inner walls of CNTs. The

electrochemical performance of the Pt loaded on partially

unzipped CNTs showed higher ECSA of 129 m2/g as

compared to Pt/CNTs (64 m2/g) and Pt/Vulcan (71 m2/g).

The electron transfer number of ORR was 3.6 which indi-

cated the complete reduction of O2 into H2O through

the four-electron pathway. Recently, cobalt and its
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alloy-based nanomaterials supported on CNTs also have

been used for improving the performance of cathode elec-

trocatalyst in PEMFCs [154�156].

26.17 CARBON NANOFIBERS

CNFs are identified as more promising nanostructures

which have been used in tremendous applications, includ-

ing catalyst support, super capacitors, hydrogen storage,

energy storage, etc. The major differences of CNFs over

CNTs are the lack of a hollow cavity, bigger diameter,

and longer length. These interestingly shaped materials

possess stacking arrangements of graphene sheets having

three classified structures of platelet, herringbone, and rib-

bon (Fig. 26.13) [157]. The CNFs have been synthesized

mainly through various methods, including chemical

vapor deposition and electrospinning [158�160]. Three

types of Pt supported on CNFs with different ordering

degree, diameter, and structure have been used to investi-

gate the PEMFCs electrochemical activity [161].

Amongst all the methods, electrospinning is recog-

nized as an easy and low-cost method that is more

FIGURE 26.12 Schematic of the synthesis process

of Pt/partially unzipped CNT (A) and the scanning

electron microscopy images of CNTs (B), and par-

tially unzipped CNTs (C), and transmission electron

microscopy images of CNTs (D), O-CNTs (E), and

partially unzipped CNTs (F). CNT, carbon nanotube.

Reprinted from D. Long, W. Li, W. Qiao, J.

Miyawaki, S.-H. Yoon, I. Mochida, et al., Partially

unzipped carbon nanotubes as a superior catalyst

support for PEM fuel cells, Chem. Commun. 47

(2011) 9429�9431. Available from: https://doi.org/

10.1039/c1cc13488d. r2011 Royal Society of

Chemistry.
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FIGURE 26.11 Molecular interactions of Pt�PANI/CNT electrocatalyst and their transmission electron microscopy image and ECSA for various

potential cycles. CNT, carbon nanotube; ECSA, electrochemical surface area; PANI, polyaniline. Reprinted from D. He, C. Zeng, C. Xu, N. Cheng, H.

Li, S. Mu, et al., Polyaniline-functionalized carbon nanotube supported platinum catalysts, Langmuir 27 (2011) 5582�5588. Available from: https://
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capable and feasible for producing extremely long nanofi-

bers (Bhundreds of kilometers if the process is continual)

in large quantities with well-defined topologies. One of

the crucial properties of these materials is their graphitic

structure which facilitates higher thermal and electrical

conductivities. In addition, they have more resistance to

oxidation which makes them more durable support under

high potential conditions in fuel cells. Li et al. [162]

employed a polyol method to synthesize Pt nanoparticles

supported on stacked-cup CNFs (SC-CNFs) for PEMFCs

electrocatalyst and a unique filtration technique was used

to develop Pt/SC-CNFs-based MEAs. An electrocatalyst

with an optimized content of 50 wt.% Nafion ionomer

displayed higher performance than the commercial black

(E-TEK) with 30 wt.% Nafion. The results revealed that

the high aspect ratio of conductive network in the Nafion

matrix contributed to the performance enhancement. Similar

to CNTs, CNFs require functionalization with harsh reagents

such as HNO3, H2SO4, etc., for the attachment of catalysts

on the surface of the CNFs [163,164]. For instance, Li et al.

reported the functionalization of CNFs using H2SO4 (4 M)

and HNO3 (2 M) at 100�C followed by ethylene glycol

reduction method and found uniform distribution of Pt nano-

particles (2�4 nm) with loading range of 5�20 wt.% on

outer walls of CNFs (Fig. 26.14). Furthermore, their experi-

ment results also demonstrated that Pt loaded on CNFs

with Nafion content of 50% showed better performance than

Pt/CB with 30% Nafion [162].

Similarly, electrospun PAN-based CNFs were functio-

nalized with HNO3 and H2SO4 for 1, 3, and 5 hours fol-

lowed by deposition of Pt nanoparticles onto the

functionalized support. Even though the same catalyst

loading was applied in all supports, 5 hours treated

sample (294.7 mW/cm2) showed maximum power density

as compared to commercial Pt/C catalyst (151.8 mW/cm2)

which is due to the high surface area and more anchoring

sites [163]. Another study conducted by [165] was to

identify the effect of �COOH and �OH surface func-

tional group on the activity of Pt electrocatalyst. The

author found �OH containing CNFs have uniformly dis-

persed smaller particle size which exhibited better ORR

activity (Fig. 26.15) than �COOH-treated CNFs.

Interestingly, Balan et al. reported the functionaliza-

tion of CNFs by refluxing with H2O2 followed by Pt

deposition. The functionalization of CNFs induced the

formation of more anchoring sites which serves well dis-

tributed Pt nanoparticles (3 nm) into inner and outer walls

of the nanofibers. Moreover, the effect of microstructure

in CNFs on the ORR activity was thoroughly studied by

Zheng et al. [166,167] who attempted to replace precious

Pt catalyst with alternative electrocatalysts derived from

iron, PANI, and polyacrylonitrile using thermal decompo-

sition process The combined effect of porous structure

(specific surface area 355 m2/g) and nitrogen contents in

conductive network of the nanofibers provides an

enhancement in the ORR activity. Ren et al. [168] devel-

oped a core-shell structure of Fe3C embedded nitrogen-

doped CNFs from an electrospinning of FeCl3 and polyvi-

nylidene fluoride mixture followed by pyrolysis. Based

on the results, they claimed that the synergetic effects

between core-Fe3C, pyrrolic N-doped graphite with

porous structures of Fe3C@NCNF (treated at 900�C)
showed more efficient ORR performance (current density

4.79 mA/cm2) and better durability (Fig. 26.16) in both

acidic and alkaline medium which is slightly higher than

that of Pt/C (4.45 mA/cm2).

FIGURE 26.13 Transmission electron

microscopy images of (A) platelet, (B)

herringbone, and (C) tubular CNFs. CNF,

carbon nanofiber. Reprinted from M. Tsuji,

M. Kubokawa, R. Yano, N. Miyamae, T.

Tsuji, M.S. Jun, et al., Fast preparation of

PtRu catalysts supported on carbon nano-

fibers by the microwave-polyol method

and their application to fuel cells,

Langmuir 23 (2007) 387�390. Available

from: https://doi.org/10.1021/la062223u.

r2007 American Chemical Society.
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FIGURE 26.15 High resolution transmission electron microscopy images of Pt/CNF-OX (A) and Pt/CNF-OH (B) and their linear sweep voltamme-

try curve for ORR in O2-saturated 0.5-M H2SO4 (C). ʋ5 10 mV/s, ω5 1600 rpm. ORR, oxygen reduction reaction; CNF, carbon nanofiber. Reprinted

from R.S. Zhong, Y.H. Qin, D.F. Niu, X.S. Zhang, X.G. Zhou, S.G. Sun, et al., Effect of carbon nanofiber surface groups on oxygen reduction reaction

of supported Pt electrocatalyst, Electrochim. Acta 89 (2013) 157�162. Available from: https://doi.org/10.1016/j.electacta.2012.11.007. r2013

Elsevier.

FIGURE 26.16 Electrocatalytic performance and durability studies of Fe3C@NCNF-900 prepared using electrospinning and thermal treatment

method. Reprinted from G. Ren, X. Lu, Y. Li, Y. Zhu, L. Dai, L. Jiang, Porous core -shell Fe3C embedded N-doped carbon nanofibers as an effective

electrocatalysts for oxygen reduction reaction, ACS Appl. Mater. Interfaces 8 (2016) 4118�4125. Available from: https://doi.org/10.1021/acsa-

mi.5b11786. r2016 American Chemical Society.

FIGURE 26.14 Transmission electron microscopy images of

Pt/SC-CNFs with the metal loading of (A) 5 wt.%, (B) 10 wt.%,

(C) 20 wt.%, and (D) 30 wt.%. CNF, carbon nanofiber; SC-CNF,

stacked-cup CNF. Reprinted from W. Li, M. Waje, Z. Chen, P.

Larsen, Y. Yan, Platinum nanoparticles supported on stacked-

cup carbon nanofibers as electrocatalysts for proton exchange

membrane fuel cell, Carbon 48 (2010) 995�1003. Available

from: https://doi.org/10.1016/j.carbon.2009.11.017. r2010

Elsevier.
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Lin et al. [8] prepared CNFs supported with binary

catalyst Pt�Pd by employing electrospinning and coelec-

trodeposition method. Their results showed that Pt50Pd50/

CNFs performed as the best electrocatalytic support mate-

rial for ORR in acidic medium. Interestingly, the com-

bined effect of CNTs and CNFs was studied for ORR by

[169]. Initially, Fe/CNF was obtained from carbonized

electrospun nanofibers of Fe(Ac)2/PAN and further sub-

jected to CVD process by injecting toluene (for the CNT

growth @750�C) or pyridine (for the NCNT growth

@780�C) to grow N-doped CNT on CNFs (Fig. 26.17).

By comparing NCNTs, CNT/CNFs, and commercial Pt/C

catalyst, the study stated that NCNT/CNF composite per-

formed as an effective electrocatalyst with long-term

stability.

The ORR performance of Pt supported with nitrogen-

doped CNFs were investigated by [170]. Oxygen and

nitrogen containing groups were introduced in the CNFs

by using sonochemical treatment carried out in the pres-

ence of mixed acids (H2SO4 and HNO3) and ammonia.

Based on their results, it was found that the ammonia-

treated sample was showing good results as compared to

acid-treated samples. This investigation suggested that the

increased activity of Pt/CNF-ON is mainly attributed to

the uniformly distributed smaller particle size and the

presence of nitrogen containing groups. Zheng et al. [171]

synthesized Ir�V nanoparticle supported on platelet

CNFs using the chemical reduction method and the ORR

results were compared with Ir�V supported on Vulcan

XC-72. The Ir�V/CNFs showed higher current density

(0.267 mA/cm2) as compared to Ir�V/C. Similarly the

Onset reduction potential for Ir�V/CNFs was about 0.53,

while that of Ir�V/C was about 0.45 V and it was stated

that the increase in activity might be because of the smal-

ler particle size and the stronger interaction between

metal particles and CNFs. Yuan et al. [172] followed a

different method to prepare CNTs and CNFs support

material from the catalytic decomposition of acetylene

using Ni�MgO catalyst prepared by a mechanochemical

(MC) process. The size and morphology of the CNTs and

CNFs were tailored by grinding time in MC process and

pyrolysis temperature in CVD process. The deposition of

Pt catalyst (20 wt.%) on the as-prepared support material

was carried out using polyol method. The twisted CNFs

with smaller diameter (65 nm) gave the best performance

with a fuel cell voltage of 645 mV at a current density of

500 mA/cm2. Padmavathi et al. [163] reported the functio-

nalization level optimization of electrospun CNF for

PEMFCs application. The single-cell performance of Pt

loaded on optimized nanofibers with SPEEK membrane

showed maximum open circuit potential (0.863 V) and

power density of 294.7 mW/cm2 as compared to Pt/C

(205.2 mW/cm2) with Nafion membrane. Similarly,

Zhong et al. [165] also studied the effect of carboxylic

acid and hydroxyl functional groups of CNFs on ORR

activity and their results indicated that hydroxyl group

had better electrocatalytic activity. Karthikeyan and Biji

[173] described the preparation of controlled mesopores

(20�40 nm) with high specific surface area (724 m2/g)

CNFs using electrospinning and thermally induced phase

separation method for PEMFC electrodes. The enhanced

properties of the mesoporous CNFs could afford large

number of active sites to improve the dispersion of Pt cat-

alysts, making proper contact between the catalysts and

the electrolyte by providing low resistance pathways and

influencing the diffusivity of the electrolyte and reactant.

Recently, Shin et al. [174] prepared nitrogen-doped CNFs

with Co metal nanoparticles via electrospinning and

pyrolysis method. The result shows the difference in elec-

trocatalytic activity of CNFs and N-CNFs. The calculated

FIGURE 26.17 Scanning electron microscopy

images of Fe/CNF (A), NCNT/CNFs (D), and CNT/

CNFs (F), and optical photos of NCNT/CNFs film

with good mechanical flexibility (B and C), and (E) is

the transmission electron microscopy image of NCNT/

CNFs. CNT, carbon nanotube; CNF, carbon nanofiber.

Reprinted from Q. Guo, D. Zhao, S. Liu, S. Chen, M.

Hanif, H. Hou, Free-standing nitrogen-doped carbon

nanotubes at electrospun carbon nanofibers compos-

ite as an efficient electrocatalyst for oxygen reduc-

tion, Electrochim. Acta 138 (2014) 318�324.

Available from: https://doi.org/10.1016/j.electac-

ta.2014.06.120. r2014 Elsevier.
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electron transfer number of ORR for Co�N-CNFs elec-

trocatalyst is 3.70 which is almost similar to Pt/C (3.85).

Similarly, Jiang et al. [170] used nitrogen- and oxygen-

doped synthesized CNFs using acid and ammonia treat-

ment from the ultrasonic method. The ammonia treated

sample showed higher ECSA, diffusion limiting current

density, and more positive (40 mV) half wave potential in

ORR as compared to acid treated CNFs.

26.18 GRAPHENE

In recent years, graphene-based nanomaterials have got

great interest as catalyst support materials for polymer

electrolyte membrane (PEM) fuel cell, especially for

ORRs [175,176]. Chemically synthesized graphene pos-

sesses surface functional groups (carbonyls, epoxides,

hydroxyls, etc.) and contains lattice defects in the inter-

layer structure of graphene (vacancies, holes). These func-

tionalities and lattice defects can anchor and immobilize

the metal nanoparticles with strong metal�support inter-

action; thereby the stability of electrocatalysts can be

enhanced for specific applications. So far, graphene struc-

tures have been engineered by different routes to attain

high performance in fuel cells. Hsieh et al. synthesized

highly crystalline platinum nanoclusters graphene

nanosheets by employing a pulse electrochemical deposi-

tion method for studying the performance of PEMFCs

[177]. Recently, Lu et al. [125] described the preparation

of PtPd catalysts supported on graphene and observed

enhanced electrocatalytic activity and more stability as

compared to commercial catalyst (Pt/C). Carbon atoms in

the hexagonal honeycomb lattice of graphene can be

replaced by doping with foreign hetero atoms, such as

boron, nitrogen, phosphorous, sulfur, iodine, etc. The

most commonly used synthesis method for doping of gra-

phene are CVD [178], arc-discharge [179], pyrolysis

[180], plasma treatment [117], solvothermal [120], hydro-

thermal [118], thermal annealing [119]. Interestingly Wen

et al. [121] studied the performance of microbial fuel cells

cathodes from electrocatalysts consisting of graphene

embedded with porous nitrogen-doped carbon and found

higher electrochemical activity compared to Pt/C cata-

lysts. Wet-chemical approach was employed by [21,22] to

prepare Pt�Pd nanodendrites supported on graphene

nanosheets for fuel cell applications. The synthesis

method of graphene nanosheet/Pt�Pd bimetallic nanoden-

drite is shown in Fig. 26.18. Initially, the exfoliated gra-

phene oxide samples were functionalized with PVP, and

further treated with H2PdCl4 and HCOOH to form gra-

phene/Pd hybrid material. The hybrid material was further

treated with PVP solution, ascorbic acid and K2PtCl4 to

convert graphene nanosheet/Pt�Pd bimetallic nanoden-

drite. The results showed that smaller sized Pt nano-

branches were supported on Pd NCs with porous structure

which were directly grown onto the surface of graphene

nanosheets. Moreover, they claimed that the electrocataly-

tic performance of the bimetallic nanodendrites with con-

trollable size or different numbers of Pt branches adhering

to graphene nanosheets have much higher catalytic activ-

ity than conventional E-TEK Pt/C.

26.19 ORDERED MESOPOROUS CARBON

According to the IUPAC nomenclature the pore size

between 2 and 50 nm is called mesopores. Based on the

structures and morphologies, the mesoporous carbon

(with pore sizes from 2 to 50 nm) can be divided into two

types: OMC (typically synthesized by nanocasting or

direct templating method) and disordered mesoporous

carbon (DOMC). So far, different synthesis methods

have been widely employed for preparing mesoporous

carbon materials as catalyst supports for PEMFCs

[74,75,122,181]. The two most extensively used methods

for preparing OMCs are hard-template (e.g., SBA-15,

MCM-41, and silica colloid) and soft-template (e.g.,

amphiphilic surfactants and triblock copolymers). In the

hard-template method, pores in OMS are mixed with a

PVP+hydrazine

Ammonia+heating

HCOOH H2PdCl4

K2PtCl4+PVP

Ascorbic acid

Graphene oxide Graphene

—OH

Pd NPs

—COOH PVP

Pt-on-Pd nanodendrite

FIGURE 26.18 Synthesis procedure of graphene nanosheet/Pt on Pd

bimetallic nanodentrite hybrids. Reprinted from L. Guo, V.M. Swope, B.

Merzougui, L. Protsailo, M. Shao, Q. Yuan, et al., Oxidation resistance

of bare and Pt-coated electrically conducting diamond powder as

assessed by thermogravimetric analysis, J. Electrochem. Soc. 157 (2010)

A19. Available from: https://doi.org/10.1149/1.3246410; S. Guo, S.

Dong, E. Wang, Three-dimensional Pt-on-Pd bimetallic nanodendrites

supported on graphene nanosheet: facile synthesis and used as an

advanced nanoelectrocatalyst for methanol oxidation, ACS Nano 4

(2010) 547�555. Available from: https://doi.org/10.1021/nn9014483.

r2010 American Chemical Society.
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carbon source such as sucrose, resorcinol, or formalde-

hyde. The OMCs are obtained by subjecting into carboni-

zation followed by the removal of the silica template. In

the soft-template method, the carbon precursors are usu-

ally organic monomers which are polymerized with the

self-assembly of a surfactant in a liquid to form a

carbon�surfactant composite. The complete removal of

surfactant and further carbonization yield OMCs.

Schematic diagrams of the both hard-template and

soft-template method are shown in Fig. 26.19 [182].

The study by [183] suggested that the presence of 3D

interconnected porous structure in mesoporous carbon

facilitating the electrical conductivity, mass transfer, and

uniform dispersion of the catalyst particles. The catalysts

[Pt/Pt-alloy (or) non-Pt-based catalyst] supported on

mesoporous carbon have shown improved overall perfor-

mance in PEMFCs. For achieving high performance, the

fuel cell electrode must have more triple-phase boundary

sites. But conventional carbon support (carbon black) con-

tains only micropores (,2 nm) and deep cracks which

reduces the complete utilization of catalyst particles

[improper network between reactants and proton conduct-

ing electrolyte (e.g., Nafion) due to the smaller pore size].

Moreover, the larger pore sizes (.50 nm) of support

materials have low specific surface area and less electrical

conductivity [42,184]. Yu et al. [185] demonstrated that

PtRu catalysts supported on porous carbon with mesopore

size of 25 nm showed an excellent performance compared

to commercial catalyst material (E-TEK). This perfor-

mance enhancement was not only due to larger pore vol-

ume and higher surface area, but, also facilitated a larger

amount of uniform catalyst dispersion, ordered intercon-

nected pore structures (proper transport of reactants and

products). The above study suggested that the

performances of the supported catalysts depend on both

pore sizes, pore structure, electrical conductivity.

Although DOMC structure contains mesoporosity, it

failed to meet the support characteristics, such as electri-

cal conductivity, specific surface area, and mass transport,

which is mainly due to the isolated and irregularly inter-

connected structures. Moreover, the electrical conductiv-

ity of the Pt supported on mesoporous carbon is lower

than that of Vulcan XC-72. But, the electrical conductiv-

ity also can be improvised from the aromatic carbon

precursors, annealing temperature, and catalytic graphiti-

zation. Joo et al. [185a] initiated the application of OMC

materials for fuel cells application and they prepared uni-

formly dispersed catalyst (Pt) nanoparticles onto hexago-

nally mesostructured tube-type CMK-5 carbon by

impregnation method using Pt precursor (H2PtCl6) and

subsequent reduction with H2 gas. They found very much

smaller particle size (3 nm) and high catalytic activity

toward ORR which is comparably superior to the conven-

tional supports, such as carbon black, activated carbon,

and activated carbon fibers. The results suggested that the

high catalytic activity is mainly attributed to the high

metal dispersion and mesoporous structure of the CMK-5

carbon support. Ding et al. [186] prepared OMC sup-

ported catalysts from different approaches. In which the

cathode catalyst (Pt nanoparticles) were predeposited onto

the silica template prior to the formation of the carbon

structure. In the case of an anode catalyst PtRu, the polyol

method was adopted and subsequently, PtRu colloid was

adsorbed onto OMC support. Even though the particle

size of the Pt/CMK-3 catalyst was bigger than the

commercial catalyst, 10 wt.% Pt supported Pt/CMK-3

electrocatalyst displayed improved activity for the ORR.

Pt supported with mesoporous carbon material was

OMS
Surfactant micella

Adding

carbon precursor

OMC SiO2-C composite

Impregnation

Carbonization

Self-assembly

Removing surfactant

at low temperature

Carbonization

at high temperature

Etching with

HF (NaOH)

Carbon

precursors

(A) (B)

FIGURE 26.19 Schematic diagrams of (A) hard template and (B) soft template methods to prepare mesoporous carbon. Reprinted from K.L. Yeung,

W. Han, Zeolites and mesoporous materials in fuel cell applications, Catal. Today 236 (2014) 182�205. Available from: https://doi.org/10.1016/j.cat-

tod.2013.10.022. r2014 Elsevier.
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prepared by [187] which shows higher mass specific

kinetic current density and durability than commercial

catalyst. Viva et al. [188] prepared mesoporous carbon

support (pore size 20 nm and a pore volume of 0.99 cm3/

g) with Pt catalyst by impregnation method. Mesoporous-

based electrocatalyst showed lower over potential and

lesser peroxide (H2O2) generation with a yield of 0.25%

in ORR, which is much lower than the yield of 1.25%

from Pt/C. Recently, Banham et al. [189] studied the

importance of the OMC support dimensions (as opposed

to the pore diameter) on ORR activity of Pt/OMC cata-

lysts and found wall thickness of OMC is playing a cru-

cial role in the activity [190]. Ahn et al. [191] prepared

Pt/OMC using nanoreplication followed by incipient wet-

ness method and also investigated the effect of ionomer

content for the optimum activity (Fig. 26.20). They found

that Pt/OMCs require less ionomer (10 wt.%) than cata-

lysts based on carbon black support (20 and 30 wt.%).

Besides, Wang et al. [117] prepared ammonia-treated

OMC (nitrogen-doped) elctrocatalyst for ORR in acidic

media and found higher activity compared to commercial

material. Liu et al. [191a] reported the preparation of Pt

on OMC support material using organic�organic self-

assembly approach and results suggested that the meso-

porous carbon effectively precludes migration and/or

agglomeration of Pt nanoparticles which increased the

activity and durability. Graphitized OMC studded with

metals such as Fe, CO, and Ni were synthesized by [192]

by using M-SBA template for PEMFCs electrocatalyst

support. The fuel cell polarization result shows that Pt/Ni-

OMC performed better than Pt/OMC among other transi-

tion metal modified graphitized mesoporous carbon which

is due to the presence of defective graphitic structure.

Similarly, Cheon et al. [193] prepared ordered mesopor-

ous porphyrinic carbons (OMPC) (Fig. 26.21) and they

presented the electrocatalytic performance of nonprecious

metal catalysts based on OMPCs with metals, such as Fe,

CO, FeCo. The FeCo catalysts supported OMPC showed

better performance and high durability in acidic medium

compared to other nonprecious catalysts which indicates

Pt

Carbon

Ionomer

H2O

H2O

Low contents of ionomer

High contents of ionomer

Low current density region High current density region FIGURE 26.20 A schematic illustration for the effect

of ionomer contents in the low and high current density

regions. Reprinted from C.Y. Ahn, J.Y. Cheon, S.H. Joo,

J. Kim, Effects of ionomer content on Pt catalyst/ordered

mesoporous carbon support in polymer electrolyte

membrane fuel cells, J. Power Sources 222 (2013)

477�482. Available from: https://doi.org/10.1016/jjpow-

sour.2012.09.012. r2013 Elsevier.

FIGURE 26.21 (A) Schematic synthetic strategy and (B) transmission electron microscopy image of M-OMPC catalysts synthesized via a nanocast-

ing method that employed OMSs as templates and metalloporphyrins as the carbon source. OMPC, ordered mesoporous porphyrinic carbons.

Reprinted from J.Y. Cheon, T. Kim, Y. Choi, H.Y. Jeong, M.G. Kim, Y.J. Sa, et al., Ordered mesoporous porphyrinic carbons with very high electroca-

talytic activity for the oxygen reduction reaction, Sci. Rep. (2013) 1-8. Available from: https://doi.org/10.1038/srep02715. r2013 Nature.
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its weak interaction with oxygen, high density of active

sites, and the use of porphyrin precursors.

26.20 BORON-DOPED DIAMOND

It is well-known that the electrical conductivity of dia-

mond increases upon doping with most common ele-

ments, such as boron, phosphorous, or nitrogen. The

lowest activation energy (0.37 eV) of boron is more ideal

dopant in comparison with other elements. Moreover,

boron-doped diamond (BDD) is highly favorable for fuel

cell catalyst support material due to high electrochemical

stability and corrosion resistance in both alkaline and

acidic conditions. Particularly, this electrochemical corro-

sion in the support material causes high electrical resis-

tance which leads to weakening of the interactions of the

catalyst particles and support surface. For this particular

argument, BDD can be an alternative support material.

Typically, different routes have applied to deposit the cat-

alysts onto BDD such as implantation [194], thermal

decomposition, and codeposition using CVD and electro-

chemical deposition [194�196]. Salazar-Banda et al.

[196a] reported the preparation of BDD support material

from grinding of BDD, and the Pt catalyst was supported

using the sol�gel method. Salazar-Banda et al. [196b]

synthesized the electrocatalysts including Pt, Pt�RuO2,

Pt�RuO2�RhO2, Pt�SnO2, and Pt�Ta2O5 on BDD

using sol�gel method. Their results obtained from BDD

supported electrocatalysts exhibited excellent performance

toward electrochemical stability and corrosion resistance.

Kim et al. [72,73] prepared BDD (B200 nm size) by

electrostatic self-assembly method and they investigated

the morphological changes of support material during the

real operating conditions of PEMFCs. The accelerated

long-term stability study showed that Pt/BDD showed

more stable performance which implied that Pt detach-

ment was not occurring during long cycle operation.

Similarly, Swain et al. [196c] prepared support material

by overcoating of high surface area diamond powder with

thin layer of BDD. The reported results indicated that Pt

supported on BDD was more resistant to oxygen com-

pared to commercial catalysts. However, under real oper-

ating conditions, it is very difficult to recognize the

durability and degradation mechanisms of platinum sup-

ported on BDD. Electrophoretic technique was employed

for the deposition of Pt nanoparticles on nanodiamond

support but, agglomeration was observed [197]. The

dopants are more advantageous for enhancing the electri-

cal conductivity in diamonds. Meanwhile, these dopants

conversely deteriorate the stability of the support material.

Based on that, there was an interesting study conducted

by [198] in which they demonstrated Pd supported on

insulating, highly crystalline diamond as an alternative

catalyst support material for fuel cell. They also claimed

that these catalyst support materials can even possibly be

applied in conditions such as high temperature and high

pressure.

The utilization of carbon-based nanostructure materi-

als has unquestionably shown an improved performance

and better durability as the catalyst support material. But

still, carbon corrosion is deficient in these PEMFC sys-

tems which affects the overall performance. Though the

carbon corrosion is regarded as a significant reaction

problem, the complete exclusion of carbon corrosion has

not yet been practicable. Moreover, functionalization of

the carbon support is necessarily to be used to bind the

catalyst nanoparticles, which in turn leads to loss of elec-

trochemical active surface area. This also can diminish

the ionomer distribution thus affecting proton conductiv-

ity in the fuel cell electrodes. Consequently, there is a

need to make an attempt to prepare alternative supports to

overcome these issues.
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