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ABSTRACT

Carbon and other platinum-supporting materials have been studied as electrode catalyst
component of low-temperature fuel cells. Platinum (Pt) is commonly used as the catalyst
due to its high electro-catalytic activity. Current research is now focusing on using either
modified carbon-based or non-carbon-based materials as catalyst supports to enhance the
catalytic performance of Pt. In recent years, Pt and Pt-alloy catalysts supported on modified
carbon-based and non-carbon-based materials have received remarkable interests due to
their significant properties that can contribute to the excellent fuel cell performance. Thus,
it is timely to review this topic, focusing on various modified carbon-based supports and
their advantages, limitations and future prospects. Non-carbon-based support for Pt and
Pt-alloy catalysts will also be discussed. Firstly, this review summarises the progress to
date in the development of these catalyst support materials; from carbon black to the
widely explored catalyst support, graphene. Secondly, a comparison and discussion of each
catalyst support in terms of morphology, electro-catalytic activity, structural characteris-
tics, and its fuel cell performance are emphasized. All the catalyst support materials
reviewed are considered to be promising, high-potential candidates that may find com-
mercial value as catalyst support materials for fuel cells. Finally, a brief discussion on cost
relating Pt based catalyst for mass production is included.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Carbon 60, or Cgo, was discovered in 1985 [1] by applying high
temperature to graphite. Carbon atoms can bond together in
many different arrangements, which are called the allotropes
of carbon. Carbon is distinct among all chemical elements in
that it can be found in many different forms and with varying
micro-textures. The diverse morphologies of carbon make it
an attractive material that can be used in a wide range of
electrochemical applications. The interaction between a car-
bon support and platinum (Pt) plays a large role in the electro-
catalytic properties of Pt/C. This interaction can be improved
by modifying the carbon support surface to form suitable
functional groups and better chemical links at the Pt/C inter-
face [2]. To produce an ideal and active electrocatalyst, a car-
bon support with suitable properties (i.e., high surface area,
good crystallinity and high conductivity) should be considered
because it can significantly affect the preparation of sup-
ported catalysts and the performance of the fuel cells.
According to Antolini (2009) [3], it is very challenging to
develop carbon supports with high specific surface area, high
electrical conductivity, suitable porosity and high stability in a
fuel cell environment. Carbon supports can have a large
impact on the electrochemical activities of the fuel cells.
Carbon supports should possess a high proportion of meso-
porous regions (20—40 nm) to provide a large surface area that
is accessible to both the catalyst and the monomeric units of
the Nafion ionomer to help excite the diffusion of the chem-
ical species [3]. It has been reported that carbon materials with
good crystallinity and high specific surface area can provide
the maximum dispersion of Pt nanoparticles and at the same
time enhance the electron transfer, which can contribute to
better fuel cell performances [3]. In various forms, carbon is

above that potential (C + 2H,0 — CO, + 4H" + 4e”,
E = 0.207 V), which means that at higher potentials, carbon
tends to be thermodynamically unstable and corrodes easily
[4]. However, this limitation can be overcome via the oxidation
process of carbon itself, which can withstand the high po-
tential applied in fuel cell applications [5].

A catalyst is required to increase the rate of the particular
catalytic reaction [6] and Pt is the catalyst material used for
both anode and cathode in fuel cells, to catalyse the oxidation
and reduction reactions. However, the Pt catalysts are not
economically feasible due to low surface areas, therefore,
support materials are required to obtain a high dispersion
and a narrow distribution of catalyst that can also interact
and influence the catalytic activity. The catalyst support
materials greatly influence the cost, performance, and dura-
bility of polymer electrolyte membrane fuel cells (PEMFCs)
and direct methanol fuel cells (DMFCs) [4,7—11]. The dura-
bility of the catalyst is also greatly dependent on its support.
The requirements for catalyst support materials are (i) high
specific surface area (should be greater than 100 m? g~ %) [12]
so that the support materials are able to provide a
maximum substrate area for good dispersion of the Pt cata-
lyst nanoparticles; (ii) low combustive reactivity under dry
and damp air conditions at low temperatures (<150 °C); (iii)
high electrochemical stability when tested in fuel cell condi-
tions; (iv) high proton and electronic conductivity, as a good
conductive support material acts as a path that results in
better electron transport between the support itself and the
catalyst; (v) easily recoverable metal (Pt) in the used catalyst;
and (vi) strong interaction between catalyst and the support
material, which can influence the electronic nature of the Pt
catalysts, thus improving the catalytic properties and
enhance the electrocatalyst stability [3,7,13,14]. However,
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there are other criteria of a potential support material that
should be considered, such as suitable porosity and porous
structure, high stability in alkaline and acidic media,
compatibility with the electrodes, and the additional water
handling capability to prevent flooding in the catalyst layer
[15]. Some researchers have suggested that an electrocatalyst
support can be made more resistant to corrosion by
increasing the catalyst loading relative to the support loading.
In such case, the catalyst protects the underlying carbon
support from corrosion. It is well known that the carbon black
used as a support for PEMFC catalysts is easily oxidized at
higher potential (greater than 0.8 V vs. standard hydrogen
electrode) and that corrosion of carbon black increases in the
presence of Pt nanoparticles. This leads to detachment of Pt
from the support and agglomeration of the Pt nanoparticles,
as shown in Fig. 1.

Carbon black was among the earliest carbon-based sup-
ports used in fuel cell applications. Carbon black has been
used extensively due to its low cost, high availability and high
mesoporous distribution [2]. Pt and carbon black are the cur-
rent state-of-the-art catalyst and catalyst-support materials
in fuel cells due to their high electro-catalytic activities during
fuel cell reactions [16]. The carbon black should be activated
before being used as a catalyst support to increase metal
dispersion and its catalytic activity. There are two ways to
activate the carbon materials, i.e., chemical activation and
thermal treatment [3]. Chemical activation, also known as
oxidative treatment, can be performed using various oxidants
such as nitric acid, hydrogen peroxide or ozone gas. The
chemical activation of the carbon surface leads to the loss of
basic surface sites and the formation of acidic surface sites [3].
The increasing number of oxygen groups on the carbon sup-
port materials enhances the dispersion of the catalyst
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nanoparticles besides increasing the performance of fuel cells
[17]. This is reported by Poh et al. (2008) [18], who proved that
smaller nanoparticles of Pt formed on the acid-treated carbon
surface relative to the untreated carbon surface. Thermal
treatment is performed to remove impurities on the carbon
surface. The impurities that usually been removed during
thermal treatment are metallic impurities, amorphous car-
bon, multishell carbon nanocapsules and oxygenated func-
tional groups [19—23]. This impurities removal could help to
increase the ECSA of the electrocatalyst (due to the presence
of pores, etc.). Thermal treatment is applied to the carbon
under inert atmosphere (800—1100 °C) or in air/steam
(400—-500 °C) [3]. In recent years, modifications of carbon
support materials to enhance the interaction and chemical
links between the catalyst and the support have received great
interest. However, there are a few disadvantages of utilising
carbon blacks, such as insufficient electrochemical stability
and low catalyst utilisation, that eventually led to the devel-
opment of new carbon derivatives [19]. Carbon black catalyst
supports have the potential to corrode rapidly, especially
under transient load and on/off operation conditions [4]. Soo
et al. (2015) [16] stressed and highlighted a few issues that
might affect the performance despite the significant catalytic
activities of Pt supported on carbon black, such as low uti-
lisation of Pt when supported on carbon black, the poisoning
of Pt by CO, and the degradation of the catalyst support
through a support-corrosion mechanism. Due to those limi-
tations, functionalisations and modifications of carbon and
non-carbon supports have been widely explored in recent
years to produce highly reactive supports in fuel cell
applications.

This review will focus on the recent progress in the re-
searches and developments of catalyst support based on the

Fig. 1 — Illustration of a typical PEMFC fuel cell with the Pt catalyst on a carbon support and suggested degradation

mechanisms of Pt particles on a carbon support in fuel cells.
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carbon and non-carbon materials for Pt. Firstly, we shall
discuss the variation of catalyst support and its effect towards
the catalytic activities, as well as overall fuel cell perfor-
mances. Secondly, we shall discuss the effect of Pt nano-
particles size, prepared via various synthesis route toward the
catalytic activity and fuel cell performance. Finally, we shall
briefly discuss on the status and cost of the commercially
available catalyst and support.

Carbon catalyst supports
Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) were discovered in 1991 [20], which
appears like an elongated version of Cgo. CNTs consist of cyl-
inders made of graphite layers that are closed at both ends.
There are several types of CNTs, i.e., single-walled carbon
nanotubes (SWCNTs), which are single graphene sheets rolled
into cylinders; double-walled carbon nanotubes (DWNTSs);
multi-walled carbon nanotubes (MWCNTSs) [21], which consist
of several co-axially arranged graphene sheets rolled into a
cylinder; hollow-structured MWNT/CNFs; bamboo-structured
MWNT/CNFs; cup-stacked CNTs (CSCNTs), which have a
unique morphology of graphene layers (truncated conical)
that grant CSCNTs semiconducting behaviours; herringbone
CNFs; and many more. CNTs possess typical characteristics of
an outer diameter of 10-50 nm, an inner diameter of
approximately 3—15 nm and a length of approximately
10—-50 pm [3] that enable them to act as catalyst supports,
which is advantageous for a good dispersion of Pt nano-
particles [7]. Commonly, CNTs can be prepared through
chemical vapour deposition (CVD) methods because of their
low cost and simplicity in preparation [22]. By using this
method, Koziol et al. [22] reported that a very high yield of
nanotubes could be produced despite the nanotubes' ten-
dency to be structurally malfunctioning in comparison to
those produced by arc or laser evaporation methods. Through
this method, CNTs are produced from the carbon source,
usually in gaseous form, as it decomposes at elevated tem-
perature and passes over a commonly used transition metal
catalyst such as iron, cobalt, or nickel.

Briefly, CVD involves the pyrolysis of hydrocarbons
(methane, benzene, ethylene, etc.) that are diluted in the
stream of inert gas over the surface of the metal catalyst [23].
The catalyst material may be in the form of solid, liquid or gas
and can be placed inside the furnace or flowed in continuously
from outside [22]. Typical temperatures that are commonly
used for the synthesis are in the range of 500—1200 °C [24].
Koziol et al. [22] also reported that the four main parameters
for CNT growth in CVD are the atmosphere, carbon source,
catalyst, and growth temperature. The researchers mostly
preferred to use this method because the products obtained
tended to be purer, the growth of the CNTs occurred at a lower
temperature, and the metal catalyst can be held on the sub-
strate, which can lead to the growth of aligned nanotubes in a
desired direction with respect to the substrate. The advan-
tages of CNTs compared to carbon black are their unique
structure that provides high surface area, excellent electrical
conductivity, and high chemical stability; resulting in high

electrical conductivity and a specific interaction between
catalytic metals and the CNT supports. Moreover, CNTs have
fewer impurities compared to carbon black that can poison
the metal catalyst and are free from deep cracks that lead to
low catalytic activity [25]. The tubular form of CNTs makes
them absolutely unique among other forms of carbon and
allows them to be widely used as an alternative material for
catalyst support in heterogeneous catalysis, as reviewed by
Antolini (2009) [3].

SWCNTs and MWCNTs as Pt catalyst supports are also
capable of enhancing the oxygen reduction reaction (ORR) at
both high (150 °C) and normal temperature (60 °C to 80 °C)
PEMFCs and DMFCs [26—31]. In Kil et al. (2013) [26], the effect of
the addition of MWCNTSs to the catalyst layer (CL) on the cell
performance (in terms of adhesion strength) was determined
by analysing the pore structure and the pore volume of the CL
using Pt/C as the metal catalyst. The addition of MWCNTSs
changed the structure of the pores in the electrodes and
increased the volume of the secondary pores. It was also
shown that the volume of the primary pores (<100 nm) was
not clearly affected by the addition of 10% MWCNTs in the CL;
however, when the MWCNT content was further increased,
the volume of the primary pores started to decrease. In
contrast, the volume of the secondary pores increased when
the content of MWCNTSs increased. The authors concluded
that based on the results obtained, the optimum content of
the MWCNT support material for Pt/C in high temperature
(150 °C) PEMFC was only 10%, as the highest cell voltage was
discovered in the current density region below 0.5 A cm™2.
Overly high levels of MWCNTs displayed lower cell voltages,
which indicated that MWCNT contents greater than 10% did
not produce adequate primary pore volumes for phosphoric
acid distribution in CL, which could likely be attributed to the
secondary pores having been occupied by the acid. MWCNTSs
have also been investigated as catalyst supports for single Pt
or Pd and bimetal Pt/Au catalysts in various fuel cell applica-
tions [27,28,32]. Pt/Au-MWCNT showed a kinetic current
density that is 0.7 V higher than that of commercial Pt/C due to
the better electronic charge transfer provided by the MWCNT
support. Pt/Au-MWCNT also possessed better performance in
a single-cell fuel cell test; it was believed that the properties of
MWCNTs as a support could ease the transportation of water
and gas, allowing the reactants to reach the catalyst sites
effectively. MWCNTs can appear in two structures, i.e.,
bamboo-structured or hollow-structured. Bamboo-structured
MW(CNTs tend to possess faster electron transfer because the
axis of the graphite plane is at an angle to the nanotube, unlike
in the hollow structure in which the axis of the graphite plane
is parallel to the nanotube axis. The better catalytic activity of
electrocatalysts supported by bamboo-structured MWCNTSs is
aided by the higher percentage of graphitic sheets that
terminate at the surface of the tube, which increases the edge
plane-like defect sites [7,33,34].

Liu et al. (2015) [35] reported MWCNTs fabricated with
silicon nanowires (SiINWs) as a support for an Au metal-
based catalyst. Using chemical vapour deposition, silicon
nanowire—carbon nanotubes were synthesised. Based on
the SEM images, Au formed distinct nanoparticles on the
MWNT surfaces with increasing particle sizes when the
deposition thickness was increased. At a deposition
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thickness of 6.5 nm, the Au nanoparticles appeared to be
extended along the axes of the MWNTs; clearly different
from the particles formed under 2 and 4 nm thicknesses.
The Au nanoparticles showed a highly intermittent struc-
ture; indicating weak Au-MWNT interactions and low
binding energy. The Au nanoparticle size decreased, with a
concomitant decrease in size distribution, when the thick-
ness of the Au layer decreased. For an Au deposition
thickness of 2 nm, 77% of the particles obtained were
smaller than 11 nm, while for 4 nm thickness, 90% of the
particles were in the range of 11-20 nm, and for a deposi-
tion thickness of 6.5 nm, 83% of the particles were in the
range of 15—50 nm. Liu et al. (2015) [35] concluded that due
to the low nucleation density and high diffusion rate, Au
atoms consolidated into segregated large particles, while
the SINW morphology could be controlled by adjusting Au
layer thicknesses [35]. The thicker Au layers could produce
highly active catalysts for SINW growth and small SINW
diameters.

For CNTs, the diameters and the number of carbon shells
generally play a vital role in the performance of the electro-
catalyst. SWCNTs usually have diameters in the range of
0.4—3 nm, while MWCNTs are in the range of 1.4—100 nm.
Theoretically, in terms of specific surface area, SWCNTs are
better than MWCNTSs because the smaller the diameter, the
higher the surface area, which can provide better dispersion of
catalyst nanoparticles. Wu et al. (2007) [36] reported that Pt
supported by SWCNTs exhibited better performance for
methanol oxidation compared to Pt supported by MWCNTSs,
not only because of their higher surface area with an abun-
dance of oxygen-containing surface functional groups but
also due to their higher graphitic crystallinity to which is
attributed the better charge transfer at the electrode and
electrolyte interface [36]. However, CNTs without surface
modifications displayed lack of binding sites for anchoring
precursor metal ions or metal nanoparticles, which can lead
to deficient dispersion and agglomeration of metal nano-
particles, especially at high loading conditions [3].

Currently, many researchers are looking towards produc-
ing better electrocatalysts with various modifications. One
such modification involves nitrogen- or other heteroatom
(sulphur, phosphorus)-doped CNTs that are preferable for use
as a support for metal catalysts and transition metals (in the
form of oxides and carbides) due to their low cost, stability,
long-lifetime, high electrical conductivity, and ability to
enhance ORR activity [37—41]. Nitrogen itself has an extra
electron in the delocalised = orbital of the carbon framework,
rendering it a beneficial defect in the structure of carbon
materials. Surface defects play a very important role in
enhancing the ORR in fuel cells. A higher degree of surface
defects can increase ORR activity by exposing more edge-
plane nitrogen groups, such as pyridinic and pyrrolic nitro-
gen, relative to the baseline ORR activity anticipated from
their lone pair electrons only [37]. Explorations of other po-
tential metals such as iron, cobalt, or nickel as an alternative
better electrocatalysts to Pt are becoming intensive to address
the high cost of Pt and the quick decline in the activity of the Pt
catalyst [38]. Owing to those circumstances, ongoing research
is focusing more on identifying and developing alternative

materials that can reduce the cost and at the same time
extend the life of fuel cells.

Diamond

Carbon that has a cubic crystal structure in which each atom
uses sp> bonding to form four strong, covalent bonds is called
diamond. The hardness and high melting point of diamond
are contributed by these bonds. Diamond has been studied
and characterised physically and electrochemically in its
powder and thin film forms [42]. Diamond in nano size has
been found to be a promising material for a robust and
chemically stable catalyst support in fuel cells [43]. Diamond
has gained great interest as a catalyst support because of its
facile optimisation to achieve desirable attributes, via gas-
phase chemical vapour deposition, and low-cost fabrication
[44]. Additionally, diamond also acquires metal-like conduc-
tivity when doped with high concentrations of boron; result-
ingin an ideal electrode material due to its chemical inertness
and corrosion resistance. A few reports have described dia-
mond use as a catalyst support in direct methanol fuel cells,
including boron-doped diamond (BDD) powder [45] and p-type
silicon/boron-doped diamond (p-Si|BDD) [46].

Recent studies have also shown that BDD could be used as
an electrocatalyst support material in fuel cells to improve
conductivity, electrochemical stability, and corrosion resis-
tance in an acidic and an alkaline media. BDD in powder form
was investigated as a catalyst support for fuel cell applications
by Salazar-Banda et al. (2007) [45]. A boron-doped diamond
powder modified with metallic oxides via a sol-gel method
was created to prepare high-surface-area and stable elec-
trodes for the methanol oxidation reaction. Their study
showed that the Pt-RuOyx supported on the BDD powder
exhibited good electro-catalytic activity towards methanol
oxidation (in DMFC) with an onset potential that is 20 mV
lower than that of a Pt-Ru/C commercial catalyst. Electro-
chemical evaluation in an acidic medium has shown that the
high purity of the deposited particles allowed a good electrical
contact with the diamond powder surface.

Silicon is one of the most common substrates for diamond
film studies, as the two materials possess similar properties
[44]. Halima et al. (2014) [46] synthesised p-Si|BDD with Pt
nanoparticles as the electrocatalyst for the methanol oxida-
tion reduction. The substrate used for the electrode was highly
doped metal-like p-Si. This type of Si represents the worst-
case scenario in term of its instability with respect to passiv-
ation and therefore offers a good basis for rapid corrosion
testing. Due to the rapid oxide formation kinetics on degen-
erate Si, this material is highly suitable for the destructive
testing involved. Stability tests were conducted on the p-
Si|BDD|Pt by two methods, i.e., (1) long-term aqueous acidic
medium exposure (280 h) and (2) continuous cycling between
0 mV and —400 mV in 1 M H,SO,. The hydrogen evolution re-
action (HER) occurring with an onset potential at —240 mV for
the electrode indicated that the Pt coated on the diamond
electrode was stable under these conditions. The activation
sweep curve was not notably changed after 1000 cycles.
Compared to Montilla et al. (2003) [47], a tremendous decrease
in current and high instability of the Pt-coated BDD due to
dissolution of a significant fraction of the Pt nanoparticles was
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observed. The dissolution was caused by the continuous
cycling to the oxygen evolution reaction (OER) potential.

Based on the accelerated long-term stability tests, the BDD
support was more stable than MWCNTs and the conventional
support material Vulcan XC-72 [48]. Moreover, boron has a low
charge carrier activation energy of 0.37 V, which make it the
most preferable dopant to produce conducting diamond
electrodes [49]. The diamond itself is capable of acting as a
semimetal or an extrinsic semiconductor, depending on the
level of boron doping. With low levels of boron doping, dia-
mond tends to act as an extrinsic semiconductor, while with
high levels of boron doping, diamond tends to act as a semi-
metal [50].

Graphite

Graphite is a crystalline form of carbon and is the most stable
form of carbon under standard conditions. It is regarded as a
semimetal and is often used to prepare conductive films on
electrode substrates because of its excellent intrinsic con-
ductivity [51]. Modifications of the structure of graphite make
it capable of functioning as an effective catalyst support for
fuel cell applications, typically in PEMFCs [10,52,53] and dye-

a
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00000000000«
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sensitised solar cells (DSSCs) [54,55]. Graphite materials with
different structures such as nanoscale graphite, graphite
nanofibres (GNFs), graphite sub-micron particles (GSPs),
graphite nanosheets (GNSs), and graphite nanoballs (GNBs)
have been examined for their capabilities as potential durable
catalyst supports in fuel cells [10,52—54,56—58|. GNFs exhibi-
ted increased corrosion resistance over Vulcan XC-72, and the
catalytic effect of Pt on GNF corrosion was remarkably
decreased compared to that on Vulcan XC-72. GNF support
has also shown less Pt surface area loss during continuous
cycling in durability tests compared to that of commercial
Vulcan XC-72, which demonstrated that GNF is a more dura-
ble catalyst support than Vulcan XC-72 in PEMFCs [52].

As mentioned, graphite support materials can be modified
to various structures and forms such as nanosheets, nano-
balls, nanofibres, nanoscale graphite, crystalline oxides, and
sub-micron particles depending on their applications
[10,54,56—59]. Schematic illustration of the different carbon
structure and the diameters of some modified graphite ma-
terials (GNF, GNS and GNB) are shown in Fig. 2.

In Fig. 2(b), the highest diameter is that of GNF (80 nm),
followed by GNB (30 nm), and GNS (12 nm). However, from
Raman and FTIR results, GNB tends to have the most inner

Carbon nanotubes

Nanodiamond

Fig. 2 — Schematic illustration of the (a) different type of carbon structure and (b) diameters of graphite materials (GNF, GNS

and GNB). Reproduced with permission [54,301].


https://doi.org/10.1016/j.ijhydene.2018.02.154
https://doi.org/10.1016/j.ijhydene.2018.02.154

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 43 (2018) 7823—7854

7829

defects on the sp® planes compared to GNF and GNS, with the
presence of edges, vacancies and hydroxyl functional groups
on the plane [54]. Defects on carbon support materials
enhanced the electron transfer and functioned as electro-
catalytic reaction sites [25,33,60—62]. Different graphite
structures have been compared as support catalysts in DSSCs.
To the best of our knowledge, however, no research has been
performed using modified graphite such as GNBs in fuel cell
applications. With the most inner defects, the GNB-based
DSSC showed the highest power conversion efficiency (n) of
7.88%, while the GNS-based and GNF-based DSSCs showed n
values of 2.99% and 3.60%, respectively. Based on the results
reported in the literature, the n of the GNB-based DSSC is the
closest to the n of the Pt-based (compared to GNF, GNS, and
graphite sheet), which is 8.38%. Moreover, cyclic voltammetry
and Tafel polarization analysis showed that a GNB counter
electrode (CE) possessed the highest values of cathodic peak
current density (Jp) at 1.24 mA cm ™2 compared to GNF and
GNS at 1.06 mA cm~2 and 0.08 mA cm ™2, respectively, along
with the highest exchange current density (Jo) of 4.48 mA cm 2
compared to GNF and GNS at 0.21 mA cm 2 and 0.06 mA cm 2,
respectively. The smallest charge transfer (R.) for electro-
chemical impedance spectroscopy (EIS) and Tafel polarization
analysis of 2.87 Q@ cm? was obtained on GNB as compared to
GNF and GNS, which showed significantly different R, values
of 65.88 @ cm? and 203.60 Q cm?, respectively.

Therefore, the electro-catalytic activity of the GNB-based
DSSC was higher than those of the other graphite materials,
GNF and GNS; demonstrating its potential to replace Pt. It was
shown that the inner defects on the sp? planes, which in turn
determine the electro-catalytic ability of the graphite mate-
rials, did not depend on the GNB particle size [54]. According to
this study, the power conversion efficiency (n) of a graphite-
based DSSC was limited because the active sites of graphite
were restricted to the contribution of the edge planes. To
overcome this issue, various treatments were applied to in-
crease defects in the structure of graphite, including chemical
exfoliation under strongly acidic or toxic environments,
because increased levels of defects increases the active sites
of the graphite and thus, increases the reaction rate [55,61].

To overcome this limitation of the DSSC performance, the
active sites of the GNB should be increased by surface func-
tionalisation with the addition of conductive polymers, as
conductive polymers have been proven to exhibit good
electro-catalytic performance [63,64]. Examples of the con-
ducting polymers are polyaniline, polyacetylene, polypyrrole
and poly(3,4-ethylenedioxythiophene), known as PEDOT,
which is a derivative of polythiophene [54,65]. Another
method to increase GNB's active sites is by doping with het-
eroatoms such as nitrogen, boron and sulphur since they are
among the most effective and widely used dopants given their
similar atomic size to carbon [66,67]. Nitrogen atoms provide
an additional lone pair when doped into the graphite open
framework that could enhance the process of electron dona-
tion from graphite to oxygen, thus increasing the efficiency of
oxygen reduction and the electronic properties of the graphite
[68—72]. The electron transfer could be further improved when
single or multiwall CNTs were added to GNB and could thus
enhance the conversion efficiency of the related cell [73].

Another approach using graphite as a catalyst support was
studied by Zhang et al. (2010) [10], who proposed low-cost
graphite sub-micron particles (GSPs) as a possible long-
lasting catalyst support for PEM fuel cells. Pt nanoparticles
were deposited on Vulcan XC-72 carbon black, CNTs, and GSPs
via an ethylene glycol reduction method. The crystallinity and
the morphologies were studied, and based on XRD and TEM
analysis, the GSPs showed the most highly ordered graphitic
structure, which indicates that the GSPs exhibited the highest
electrical conductivity [74]. The average diameters of the Pt
nanoparticles in the Pt/XC-72, Pt/CNT, and Pt/GSP were very
close, i.e., 2.2 nm, 2.3 nm, and 2.2 nm, respectively; as such,
these results cannot directly indicate that the lowest diameter
Pt nanoparticles would provide the highest electro-catalytic
ability. The electrochemical surface area (ESA) of Pt was
calculated by coulombic charges accumulated during
hydrogen absorption and desorption, and the ESA values were
52.2,49.5, and 50.2 m? g~ * Pt for Pt/XC-72, Pt/CNT, and Pt/GSP,
respectively. Zhang et al. (2010) [10] also investigated the
degraded percentage of the ESA of the catalysts in the dura-
bility test under potential steps (1.4—0.85 V) for 22 h. The re-
sults showed that the ESA degradation for Pt/XC-72, Pt/CNT,
and Pt/GSP was 58%, 47%, and 32%, respectively. The higher
stability of the GSP support due to its unique morphology and
high crystallinity granted Pt/GSP higher durability, which
contributed to higher corrosion resistance.

Based on the reports above, various modifications and
functionalized graphite materials have been studied and
explored for use as catalyst supports in fuel cell applications.
In summary, a few important criteria must be considered to
allow the graphite support to exhibit excellent electro-
catalytic activity in fuel cell applications. For instance, a
higher surface area of the graphite materials along with more
defects can increase the durability of the electrode along with
the catalytic sites for the reaction in fuel cells. However, the
authors felt that the study of different forms of graphite as
catalyst supports was critical and worth exploring.

Graphene

Graphene is a two-dimensional (2D), one-atom-thick planar
flat sheet of sp? tightly bonded carbon atoms with a thickness
of 0.34 nm. It is considered to be the fundamental foundation
(basic block) for all fullerene allotropes [75]. It is the thinnest
and strongest material ever discovered [76]. Graphene can be
reshaped into a few forms, ie., wrapped into zero-
dimensional (0D) spherical buckyballs, rolled into one-
dimensional (1D) CNTs, or stacked into three-dimensional
(3D) graphite [75]. Graphene has the potential to act as a
support for both metals [77—82] and non-metals [77,83—85]
due to its high surface area [86], which is required to achieve
high metal nanoparticle dispersion [3]; good thermal proper-
ties [87,88] and high electrical conductivity [89]. Graphene can
also be modified chemically or structurally to alter its func-
tionality and hence contribute to its potential applications,
such as use in fuel cells, energy storage or generation, elec-
trochemistry, supercapacitors, and batteries [90—92]. Fig. 3
depicts an illustration of the synthetic route used to obtain
the graphene nanosheets (GNSs), while Fig. 4 shows their SEM
images [93].
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Fig. 3 — Illustration of the synthetic route used to obtain GNSs. Reproduced with permission [93].

Fig. 4 — SEM images of conversion graphite to GNSs via the processes of chemical oxidation and thermal oxidation

(exfoliation). Reproduced with permission [93].

The first graphene sheets were discovered in 2004 by me-
chanically extracting monolayer sheets from the 3D graphite
[94]. Graphene can be synthesised using several methods such
as chemical vapour deposition [95], solvothermal synthesis
with pyrolysis [96], chemical reduction [36] and electrochemical
methods [97]. Those are the synthesis methods of graphene
without the formation of graphite oxide (GO), Stankovich et al.,
2007 [36] decided to prepare GO as an intermediate to synthe-
sise graphene sheets. However, the most common, easy, rapid,
and low-cost method that is widely used is the oxidation of
graphite to graphene oxide using a strong oxidising agent and
strong mineral acid, followed by exfoliation in water and
reduction of GO to GNS using strong reducing agents. Reduction
is the mostimportant step in synthesising graphene sheets as it
removes the oxygen functional group from GO and restores the
electrical properties of the synthesised graphene [36]. During
the reduction process, the brown dispersion of GO turned black,
started to agglomerate, and finally produced a precipitate,
which indicated that the reduced GO (r-GO) had become less
hydrophilic due to the removal of the oxygen functional groups
[36,98]. In the same study by Stankovich et al. (2007) [36], they
found that the best reducing agent to produce very thin gra-
phene was hydrazine hydrate (H,NNH,-H,0). The r-GO had a
significant increase in carbon/oxygen (C/O) atomic ratio to 10.3
compared to that of the GO precursor, which was only 2.7;
proving that hydrazine hydrate was highly effective in
removing oxygen functional groups [98].

Li et al. (2009) [99] reported a route to synthesise Pt/gra-
phene nanocomposites using reduction in a one-pot method
of graphite oxide and chloroplatinic acid that has opened new
approaches to study the use of graphene-supported Pt cata-
lysts for low-temperature fuel cells. The development of gra-
phene for use as a catalyst support for Pt catalyst has been

explored recently by numerous researchers because it has
high stability and electro-catalytic ability and, most impor-
tantly, allows high catalyst loading [100]. Graphene-supported
Pt has received wide attention as an electrocatalyst in fuel
cells, especially PEMFCs, due to its lower cost (relative to Pt)
and strong performance [9,101,102]. A study on the effects of
adding carbon black to the graphene sheets found that it
enhanced the mass transport and at the same time increased
the availability of Pt nanoparticles for the electrochemical
reactions in fuel cells [101,102]. The addition of carbon black
as a spacer between graphene sheets could increase the Pt
consumption. This has improved the effectiveness of Pt
nanoparticle utilisation for the electrochemical reactions in
fuel cells, because the existence of the spacer could trigger the
disruption of the horizontally stacked graphene sheets and
make them disperse in the catalystlayer randomly [77]. On the
other hand, Yoo et al. (2009) and Cheng et al. (2014) [9,103]
focused on the characterisation of graphene as a catalyst
support in the form of nanosheets. Yoo et al. (2009) [103], re-
ported that graphene nanosheet-supported Pt (Pt/GNS) ex-
hibits higher catalytic activity compared to Pt/C due to the
maximum vacancies of carbon and defects in GNS that cause
Pt clusters to interact strongly with GNS and Pt particles.
Chenget al. (2014) [9], who studied GNS with pores, found that
it has greatly enhanced electrochemical activities because the
pores can increase the mass diffusion speed and contribute to
the increase in the rate of reaction (in terms of diffusion of
species). Fig. 5 shows the schematic of the reactive process at
the cathode in PEMFC; (a) dispersion of Pt nanoparticles on
graphene sheets (b) the transfer of reactive species is only
through the edges of the GNS and (c) the transfer of reactive
species is more ease through the pores in GNS. In addition, the
ESA analysis showed that Pt-supporting porous GNS exhibited
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Fig. 5 — (a) Dispersion of Pt nanoparticles on graphene sheets (b) the transfer of reactive species is only through the edges of
the GNS; (c) the transfer of reactive species is more ease through the pores in GNS. Reproduced with permission [9,104].

higher value (74.4 m? g %) than Pt-supporting GNS (64.7 m? g %)
and Pt-supporting carbon black (61.2 m? g~%).

Literature reports reveal that graphene has received such
great interest among researchers recently due to its superior
physical and chemical properties, which could contribute to
high performance of electro-catalytic activities in fuel cell
applications. It has strong potential to support either metal or
non-metal catalysts, and further studies should explore how
graphene could be used to enhance or trigger the best per-
formance in fuel cells.

Heteroatom-doped carbon supports

Modifications of either carbon-based or non-carbon-based
supports clearly lead to higher specific surface area and
higher electronic conductivity that can definitely enhance fuel
cells performance, especially in alkaline media. However, the
activity of the carbon catalyst support could be enhanced to a
greater extent by doping with heteroatoms such as nitrogen,
sulphur, boron, which has been intensely studied
[37,83,105—110]. These functional groups could modify the
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Fig. 6 — Schematic illustration of heteroatoms doped graphene. Reproduced with permission [111].

nucleation and kinetics growth during the dispersion of metal
catalyst nanoparticles to provide more homogeneous distri-
bution and smaller size of catalyst nanoparticles; modify the
electronic structure of the metal nanoparticles resulting in
better intrinsic catalytic activity; enhance the metal-support
interaction/chemical binding to provide higher durability
[105]. Fig. 6 shows the schematic illustration of various het-
eroatoms doped on graphene sheets.

Nitrogen-doped CNTs

The doping of CNTs with heteroatoms has been intensively
investigated over the recent years because the doping was
proven to enable the tuning of both physical and chemical
properties of the CNTs that modify their electronic structure
[67,83]. Nitrogen is the most widely used heteroatom because
of its large electronegativity value (3.04) in comparison with C
(2.55) [112]. Nitrogen atoms provide additional lone pairs of
electrons when incorporated into a carbon network that could
facilitate the electron transfer process from carbon to oxygen
which can enhance the electronic properties of the carbon
materials that lead to enhanced ORR activity and this was
proven based on model simulations by Strelko et al.
[37,67—69]. There are two methods to dope the N into CNTs
which can be divided into two; (i) “in-situ” doping (direct
doping) and (ii) post doping (post-treatment of CNTs with N
precursors such as nitrogen gas, ammonia gas, etc.) [67,113].
The “in-situ” doping method is the most common method to
synthesis N-CNTs [114]. “In-situ” doping method can be cat-
egorised into two; (i) high temperature synthesis method and
(ii) low temperature synthesis method [114]. High temperature
synthesis method includes arc-discharge and laser ablation
[115—119]. Low temperature synthesis method includes CVD
[37,109] and other modified CVD methods (floating catalyst

CVD [120], plasma enhanced CVD [121,122], pyrolysis-type
CVD [123] and aerosol assisted CVD [124]).

Chen et al. (2009) [125] studied on the electrochemical
stabilities of Pt/CNTs and Pt/NCNTs with different nitrogen
contents and melamine (200 mg, 800 mg and 2000 mg). Pt
nanoparticles were deposited on the CNTs and NCNTs using
ethylene glycol reduction method. The increment of nitrogen
contents caused the Pt nanoparticles sizes to decrease which
provide higher specific surface area for the reaction to take
place. The well-dispersed of Pt nanoparticles on NCNTs can be
attributed to the defects on the surface structure, enhanced
wettability and increase of surface active sites by the N doping
[126]. Chen et al. (2009) [125] also studied the reactivity of the
Pt/CNTs and Pt/NCNTs by evaluating the electrochemical
surface area (ESA). After 4000 voltammetric cycles, only 20.2%
of the initial ESA of Pt/NCNTs (1.5 at% N) remained, and as the
nitrogen content increased, the remaining initial ESA also
increased 26.6% and 42.5% for Pt/NCNTs 5.4 at% N and 8.4 at%
N, respectively. Thus, indicating that the stability increases
when the nitrogen content increases.

Sharing the same objectives, Guo et al. (2015) [127] also
studied on the Pt supported N-doped CNTs (Pt/NCNTSs). They
investigated on how the embedding of Pt nanoparticles into
the NCNTSs could be done efficiently by using in situ reduction
method (heat treatment). Guo et al. (2015) found out that the
NCNTs provided the pathway in for the electrolyte to reach
the Pt surface and at the same time retained the better elec-
tron transfer of CNT by evading the damage of structure of the
CNTs. Moreover, NCNTs play a big role by preventing the Pt
nanoparticles from agglomerations, dissolutions and migra-
tions during accelerated durability test (ADT) or during heat-
treatment process [127]. The addition of NCNTs as support
to Pt catalyst showed significantly increased cathodic current
density and enhanced sensitivity towards ORR, specifying


https://doi.org/10.1016/j.ijhydene.2018.02.154
https://doi.org/10.1016/j.ijhydene.2018.02.154

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 43 (2018) 7823—7854

7833

that oxygen can efficiently reach the Pt nanoparticles surfaces
[127].

Nitrogen-doped graphene

Nitrogen-doped graphene is another popular carbon material
doped with heteroatom N, acts as an efficient catalyst and
catalyst support in fuel cell applications. Possessing indistin-
guishable properties to CNTs including structure, good elec-
tronic states and good mechanical properties, graphene is an
appealing candidate for an efficient catalyst support where
the CNTs have been exploited [128]. Moreover, the 2D struc-
ture of graphene could facilitate the transfer of electron [129].
When an N atom is incorporated into graphene network, it
usually has three common bonding configurations within the
carbon lattice; pyridinic N, pyrrolic N and graphitic N (or
known as quaternary N) [84]. Briefly, pyridinic N (sp? hybri-
dised) bonds with two carbon atoms at the edges of the gra-
phene (defects) and donates one p electron to the 7 system.
Unlike pyrrolic N (sp® hybridised) which the N atoms donate
two p electrons to the « system. Graphitic N (sp? hybridised)
refers to N atoms that replace the C atoms in the hexagonal
ring [84,113,130]. Nitrogen-doped graphene can be syn-
thesised by using a few methods such as CVD [128,131],
thermal treatment [132—134] and plasma treatment [135,136].

Pt supported nitrogen-doped graphene has been widely
studied due to the excellent properties of the graphene itself
and the N-doping that could greatly enhance the durability
and the catalytic activity of the Pt catalyst [90,125,137]. Jafri
et al. (2010) [135] investigated the performance of Pt catalyst
supported graphene (Pt/G) and Pt catalyst supported nitrogen-
doped graphene (Pt/NG) for ORR in PEMFC. The Pt/NG was
synthesised by using nitrogen plasma treatment which
created pyrrolic N defects (sp® hybridised) that could provide
good anchoring sites for the Pt nanoparticles deposition. The
MEA fabricated with Pt/NG as the ORR catalyst showed a
maximum power density of 440 mW cm ™2 which is higher
than Pt/G (390 mW cm™?). The performance enhancement in
Pt/NG as the ORR catalyst was attributed to the efficient Pt-
carbon binding and the improved electrical conductivity due
to the N-doping [135]. Besides the N defects, the O defects in
the surface of graphene that appeared due to the exfoliation of
graphite also could act as the anchoring sites for the better Pt
nanoparticles deposition. Not only that, the doping of nitrogen
could also increase the binding energy of Pt nanoparticles to
the substrate. The binding energy gets stronger when there
are more N atoms that are closer to the C atoms which bond
directly to the Pt particles [135,138]. The doping of nitrogen
with carbon materials was also capable to decompose reactive
intermediates such as H,0, to O, during the ORR [139].

Jafri et al. (2015) [79] further studied on Pt/NG using two
different methods; hydrothermal method (Pt/NG) and thermal
solid state method (Pt/NGA) for ORR in PEMFC and also for
MOR. In both catalysts, MWCNTs were added as spacer to
prevent the agglomerations of the graphene sheets. The
adding of MWCNTSs not only improved the utilisation of cat-
alytic Pt sites, but also the catalyst layer with nice coating can
be attained because MWCNTs have good dispersion in water
and this was proven by the MEA results. The MEA results of Pt/
NG and Pt/NGA showed the maximum power density of

366 mW cm™ and 328 mW cm™2 respectively. When
MW(CNTSs were added to the Pt catalysts, the maximum power
density increased to 704 mW cm™? and 650 mW cm 2,
respectively.

The N-doping with graphene is not only being explored as
catalyst and catalyst support for PEMFCs but also other ap-
plications such as DMFCs [140,141], lithium battery [142,143]
and biosensors [144,145]. The wide interest was gained
because the larger surface area of graphene and the N-doping
showed a much better catalytic activity, long term operation
stability and tolerance to crossover and poison effects than
the commercial Pt/C [128]. Besides, the study of the N-doped
graphene to support the Pt catalyst could lower the cost as the
loading of the Pt will be reduced instead of Pt catalyst without
any carbon support and heteroatom doping. It is clearly
proven that doping carbon materials with heteroatom N was
able to produce an active electrocatalyst for fuel cell applica-
tions. More active catalysts could reduce the generation of
H,0, by producing water as by-products from the reduction of
oxygen doped-carbon surface by a four-electron pathway.

Boron-doped graphene

Heteroatom boron (B) is another element that is being used
widely as a dopant to carbon materials for various applica-
tions, mainly in fuel cells due to its similar properties as the
nitrogen, because the difference of valence electron of boron
and nitrogen is only one compared to carbon [146]. The dif-
ference causes the emergence of valence band when the po-
sition of C atoms in the graphene network localized states
below the Fermi level were substituted with boron atoms
[147]. This initiates the ability of carbon to react with donor-
type molecules (boron) and could be pondered as p-type
conductor because of the localized states that caused by the
appearance of holes in the structure [146]. Moreover, B-
doping retains the planar form of the graphene which has
high specific surface area and good for the Pt nanoparticles
dispersion.

Thermal annealing, sodium borohydride reduction, polyol
and modified polyol methods are among the common
methods used to synthesis Pt supported on B-doped graphene
(Pt/BG) [148,149]. Sun et al. (2015) [148] reported on Pt/BG and
its performance towards methanol electro-oxidation reaction.
They found out that Pt/BG exhibits higher peak current density
compared to Pt/G and Pt/C, indicating that Pt/BG undergoes
better MOR activity. This is because the d-band center of Pt
was lowered due to the enhanced electronic interaction be-
tween Pt nanoparticles and the BG thereby reducing the
adsorption of carbon monoxide (poisoning active intermediate
by-product). The formation and the strong adsorption of car-
bon monoxide (CO) will block the active sites of the catalyst
thus affecting the MOR to be very slow [150]. Sun et al. (2015)
conducted CO stripping experiment in order to investigate the
reason of the enhanced MOR activity of Pt/BG. The results
show negatively shifted of peak potential and onset potential
of Pt/BG and Pt/G by 60 mV and 23 mV, respectively, which
indicate that the oxidation of adsorbed CO occurred more
easily on catalyst Pt/BG compared to Pt/G [148]. Therefore, they
concluded that the excellent tolerance of CO contributes to the
excellent MOR activity of Pt/BG. The oxidation of the adsorbed
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CO is further studied through XPS analysis. XPS results
revealed that the percentage of oxygen of Pt/BG is lower than
Pt/G which is 8.7% and 9.1%, respectively. It is widely stated
that the CO oxidation increases due to low strength of CO
absorption and more oxygen functional groups [148]. Howev-
er, the XPS results did not support that the high CO oxidation
on Pt/BG is attributed to more oxygen functional groups.

A few other ideas on the influence of B-doped graphene
have been discussed, one of the most interesting studies is
Pullamsetty et al. (2015), who investigated the Pt/BG through
different reduction methods (sodium borohydride reduction,
polyol and modified polyol method). They found out that
modified polyol method is a competent method to synthesis Pt
nanoparticles on the BG with less agglomeration, highly well
dispersed and optimum nanoparticles sizes and hence give
the best performance compared to Pt/BG.

Sulphur-doped graphene

Sulphur-doped carbon materials are infrequently investigated
because the successfulincorporation of S atoms to carbon matrix
is still a big challenge [151]. S-doping is more difficult to happen
compared to N-doping because of the sulphur atomic size and its
different binding behaviour [152]. There are a few successful
approaches of S-doping such as thermal annealing [153,154] and
CVD [155] to intrinsically embed the S atom into the carbon
matrix. Yang et al. (2012) reported that S-doping graphene can
occur when annealing process was carried out at 500 °C — 1000°C
to form thiophene-like S and oxidized S either at the edges or on
the plane of the graphene [151]. Daietal. (2009) [156] reported that
S-doped graphene and B-doped graphene have similar O,
adsorption energy, thus theoretically S-doped graphene could
exhibit good catalytic activity as B-doped graphene [157]. To the
best of our knowledge, reports on S-doped graphene as support
to Pt catalyst are very few and countable [158—161].

Wang et al. (2013) [160], Park et al. (2014) [158] and Higgins
etal. (2014) [159] are among the three latest reports on S-doped
graphene as support to Pt catalyst (using three different syn-
thesis methods; formic acid preparation technique, thermal
treatment and modified ethylene glycol technique, respec-
tively) for ORR in fuel cell application. The three reports
revealed that the Pt supported S-doped graphene (Pt/SG) could
increase the catalytic activity with higher limiting current
density and higher durability compared to Pt/G and Pt/C.

Generally, sulphur acts as an electron donor and compared
to N-doping and B-doping, S-doping displays varying changes
at the electronic density of states [146]. The existence of the
lone pair electrons could enhance the local reactivity of S-
doped graphene. Sulphur (100 p.m.) has larger radius than C
(70 p.m.) compared to N (65 p.m.) and B (85 p.m.) that makes
the substitution of S into sp? lattice difficult because the
planar structure will be distorted. Denis et al. (2009, 2011, 2013)
[162—164] scrutinized this issue thoroughly and presented the
substantial findings regarding the S-doped graphene. They
mentioned that the S-doping is possible because it modifies
the electronic structure of the graphene (but depends on the S
content). They further studied that the S content influences
the band gap, as graphene has zero-band-gap semiconductor
behaviour, via S-doping, the band gap can be opened thus it
enhanced the electronic properties.

Non-carbon catalyst supports
Silicon carbide (SiC)

Silicon is a widely used as non-carbon support in various ap-
plications such as fuel cells (i.e., PEMFCs) and sensors
[11,165,166]. However, the relatively low electronic conduc-
tivity of Si hinders its commercial application. One significant
approach has been the addition of carbon into silicon carbide
(SiC) that acted as an electron conductor to boost the elec-
tronic conductivity [165,167]. SiC has been found to be a
unique catalyst support due to its high specific capacity, low
discharge voltage and good resistance to electrochemical
oxidation [165,168,169].

Lv et al. (2010) [165] used SiC as an electrocatalyst support.
Using an ethylene glycol reduction method, a dispersion of Pt
nanoparticles was deposited on B-SiC (Pt/SiC). SiC showed no
change in the redox reaction region after oxidation treatment
for 48 h; proving that there were insignificant surface oxides.
However, under the same oxidation, a clear change was
observed on Vulcan XC-72, where visible current peaks
appeared in the redox reaction region resulting from the for-
mation of surface oxides. This verified that SiC was more
resistant to electrochemical oxidation than Vulcan XC-72. The
electrochemical properties of catalysts were also evaluated in
their study. Pt/SiC displayed significant hydrogen and oxygen
adsorption and desorption peaks, with no additional current
peak observed. These results demonstrated that the SiC sup-
port was electrochemically inert and could act as a conductor
in the PEMFC electrodes [170]. However, low ESA values
revealed that Pt/SiC cannot stand on its own to provide high
performance in fuel cells. Si/C itself has low electrical and
thermal conductivity, which would diminish the catalytic
ability of the Pt catalyst [165,169,171]. Furthermore, based on
the ADT, Lv et al., 2010 [165] discovered that the low electrical
conductivity of Pt/SiC was caused by a silicon oxide insulator
layer that covered the SiC surface.

To overcome this limitation, carbon (Vulcan XC-72) was
added into the Pt/SiC catalyst (Pt/SiC/C) to enhance its electro-
catalytic performance. The activities of the Pt/C and Pt/SiC/C
were compared. For the Pt/C catalyst, Pt particles agglomer-
ated on the carbon supports after the ADT, caused to a
decrease in Pt particles on the support, an increase in bare
carbon surfaces and an increase in the average particle size
from 3 to 8 nm. In contrast, only slight agglomeration of Pt
particles was observed on Pt/SiC/C with the average particle
size increased to a lower extend, from 3 to 6 nm. The slower
agglomeration of Pt particles on Pt/SiC/C demonstrated its
higher electrochemical stability compared to Pt/C [165].

Titanium dioxide (TiO,)

In addition to silicon, TiO, has also been investigated as a
catalyst support in fuel cell electrodes, especially PEMFCs
[4,167,171], given its high stability in an acidic and an aqueous
media [167]. However, the same limitation in SiC was also
observed in bulk TiO,, where these non-carbon supports are
expected to possess low electro-catalytic activity due to their
relatively low electrical conductivity. The important criteria
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for good oxide catalyst support are high bulk and surface
structural and electronic stability and high bulk and surface
electronic conductivity. TiO, however is not electrically con-
ducting [4]. To overcome this limitation, various approaches
have been attempted such as the addition of carbon materials
and cations to TiO, [4,167,172].

In work by Kraemer et al. (2008) [167], based on TEM results,
demonstrated that the added carbon formed quite homoge-
neous mixture with Pt/TiO, aggregates, despite a small portion
of isolated carbon. This was shown to enhance the local elec-
tronic conductivity and increase the cell performance
remarkably to alevel comparable to that of a Pt/C catalyst. This
can be attributed to the increase in direct contact between Pt
and carbon during the addition of carbon to Pt/TiO,. Interest-
ingly, the addition of carbon to Pt/TiO, resulted in higher
thermal stability when tested at 170 °C and 210 °C for 41 days
16hand 166 days 16 h, respectively, in comparison to Pt/Vulcan
XC-72. The latter showed higher degradation rate when tested
in the same conditions. Fig. 7 shows the comparison of TEM
results of Pt/TiO,/C with varied Pt to Ti atomic ratios. The
samples of (2:1) Pt/TiO,/C-750 showed the highest ECSA. It is
believed that the ECSA for Pt would increase with the increase
of TiO, content due to the decrease-particle-size effect [173].
However, the lower ECSA of (1:1) Pt/TiO,/C-750 compared to
(2:1) Pt/TiO,/C-750 might be due to higher quantity of TiO, that
enclosed the active sites of Pt nanoparticles [173]. In addition to
the addition of carbon materials, cations such as tungsten (W)
and ruthenium (Ru) have also been used as modifications in Pt/
TiO, to produce nanoparticles with the required porosity and
high surface area to enhanceits conductivity and thusincrease
the performance of the fuel cell [4,172].

Iridium oxide (IrO,)

Iridium oxide (IrO,) is another non-carbon catalyst support
that gained a good interest among researchers as it is widely
known to have high stability corrosion tolerance, outstanding
electronic conductivity properties and good stability at high
anodic potential [174—176]. However, due to high cost of the Ir
and the short electrode lifetime, the use of pure IrO, is
restricted that caused the expansion of a mixed oxides on the
basis of the cheaper and more electrochemically stable carrier
oxide containing Ir is clearly hindered [174,177]. One of the
roles addingIrO, or other mixed oxides such as TiO,, SiO,, SnO,
and etc. to Pt catalyst is to allow the reduction of Pt catalyst in
the electrode without a remarkable decline in the catalytic
activity and electronic conductivity [174]. Studies on Pt sup-
ported IrO, have been presented by a few researchers, mainly
in Unitized Regenerative Fuel Cells (URFC) [178-180]. Pt/IrO,
tends to possess poor interdispersion and low bifunctional
catalytic activity because of the dispersion of Pt/IrO, in the
solvent and was found out to be weak [174]. Pt/IrO, was usually
being used as catalyst for ORR and oxygen evolution reaction
(OER). Basically, ORR is the measurement of the current density
normalized by the Pt mass while the OER is the measurement
of the current density normalized by the catalyst mass [174].
Escalante-Gracia et al. (2010) discovered that Pt/IrO,
exhibited lower ORR activity but higher overpotential towards
OER. However, Pt/IrO, is recognized as the most efficient
metal oxide for OER in URFC due to its long-term stability to

corrosion and it is noticed that the electrocatalytic activity of
Pt towards ORR is not affected by the presence of the metal
oxide (IrO,) [179]. The lower ORR activity of Pt/IrO, might be
attributed to their low conductivity because of the agglomer-
ations of IrO, that contain higher ohmic resistance thus
inhibiting the electronic pathways between the Pt nano-
particles [174]. This poor conductivity could still be detected
although the noble metals loading is increased. To overcome
this limitation, one effective approach has been developed to
increase the conductivity of the non-carbon support IrO,, that
is adding Ir nanoparticles to the IrO, [181,182].

Kong et al. (2012) [181] presented the preparation of Pt
supported on Iry(IrO,)10., by using Adams fusion method. The
Pt/Ir5(Ir0,)10;  catalyst displayed the highest ECSA
(24.74 m? g7, the highest ORR activity (21.71 mA mg* at
0.85 V) and the enhanced OER activity (42.35 mA mg ' at
1.55 V). The improved performance of the Pt/Ir;(IrO,)10; cata-
lyst was obviously contributed by the incorporation of Ir into
IrO, that increase the electronic conductivity. By using a
microwave-assisted polyol method, Ir nanoparticles could also
be deposited successfully on the surface of IrO, [182]. As ex-
pected, the Pt/Ir-IrO, exhibited higher ORR activity compared
to Pt/IrO,, and their OER activities were comparable. The
enhanced performance of Pt/Ir-IrO, was not only due to the
increased electronic conductivity, but also ascribed to the
interaction between Pt nanoparticles and Ir nanoparticles that
prevent the agglomeration of Pt (increase stability of Pt) [182].

Tungsten oxide (WOs)

Tungsten oxide (WOs) or also known as tungsten trioxide is an
n-type semiconductor with a wide band gap of 2.5-3.2 eV
[183,184]. Tungsten has several oxidation states, usually 0 to
+6, and it tends to appear in various forms, thereby making it
compatible with different applications. WO; is water soluble
and thermally stable, and due to its distinctive physico-
chemical properties, WO3 has gained interest to be applied as
catalyst support in fuel cell applications recently. Pt supported
on WOj3; has been studied by Chhina et al. (2007) for PEMFC
[185]. The study discovered that Pt/WO; exhibited higher
stability in acidic medium for ORR compared to that Pt/XC-72.
Although Pt/WO; showed a better performance towards ORR
than pure Pt, its catalytic activity towards methanol oxidation
reaction (MOR) is still low [186]. It is believed that the low MOR
is due to the agglomeration/aggregation of the Pt/WOs.

Addition of carbon materials to the Pt/WO; has been
extensively investigated by most research groups to overcome
the agglomeration issue of the Pt/WO; [186—190] and at the
same time to maximize the utilisation thus enhance the elec-
trocatalytic activity of the Pt/WOj3. This modification to Pt/WO;
would not only improve the MOR activity but also enhance the
ORR activity. The enhanced performance of Pt/WO,/C towards
ORR and MOR is believed to be attributed to the increase of
specific surface area of the Pt/WO3/C and the better dispersion
of the nanoparticles after the addition of the carbon.

Tin oxide (SnO,)

Tin oxide (SnO,) is another non-carbon catalyst support with
n-type semiconductor properties (with varied electrical
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Fig. 7 — TEM images of Pt/TiO,/C with varied Pt to Ti atomic ratios: (a) Pt/C, (b) Pt/C-750, (c) (3:1) Pt—TiO,/C-750, (d) (2:1)
Pt—TiO,/C-750, and (e) (1:1) Pt—TiO,/C-750. Reproduced with permission [173].

conductivity from 0.1 to 107® S cm™%), a structure that is
almost similar to TiO, which has also been used as support to
Pt catalyst in fuel cell applications [183,191—-193]. Various
forms of SnO, were reported such as mesoporous SnO, by
using neutral-surfactant template-assisted method, nanowire
SnO, by using thermal evaporation method and nanocluster
structure SnO, by using hard template method [193—195]. Pt
nanoparticles were deposited on the mesoporous SnO,,
nanowire SnO, and nanocluster structure SnO, by using
modified polyol method, electrochemical deposition and pol-
yol method, respectively. The mesoporous SnO, studied by
Zhang et al. (2010) [193] revealed the average size of SnO,
nanoparticles to be ~6.1 nm and the average of Pt nano-
particles size to be ~5.2 nm. When Pt nanoparticles were
deposited onto the SnO,, BET analysis showed the decrease in

specific surface area, pore size and pore volume because the Pt
nanoparticles were incorporated within the pores of the SnO,
thus blocking the pores passages. Not only Pt/SnO, showed a
good performance towards ORR, it also showed enhance sta-
bility compared to Pt/C. Pt/SnO, lost only 50% ECSA after 5000
cycles while Pt/C lost almost 90% ECSA after 1000 cycles. Pt/
SnO, has good dispersion of Pt nanoparticles and can create
strong interaction between Pt metal and SnO, support which
leads to an excellent ORR activity [193].

Unlike other oxides, SnO, can serve as an independent
catalyst support without requiring a modification (e.g. addi-
tion of carbon material). We believe that it is due to the good
interaction between SnO, and Pt metal (prevent agglomera-
tions to occur, provide high surface area), high CO tolerance
and other remarkable physicochemical properties of the SnO,
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support itself. Therefore, SnO, can be considered as an effi-
cient and a robust catalyst support to Pt metal in various fuel
cell applications.

Pt nanoparticle sizes and fuel cell performance of
modified carbon-based and non-carbon-based
support

The morphology of each electrocatalyst and the average size
of Pt nanoparticles can be determined through SEM and TEM
analysis, which are the two most commonly used methods to
characterize the physical properties of electrocatalysts. Table 1
shows the average diameters of the Pt nanoparticles, ranged
from that are dispersed on each modified carbon-based and
non-carbon-based catalyst support from different synthesis
routes.

The smallest Pt nanoparticle size was obtained when GNS
was used as the support (Table 1). Despite the theoretical
specific surface area of graphene of 1019 m? g ?, it has been
reported elsewhere that its surface area is in fact much higher,
i.e., 3400 m? g7, making graphene a desirable carbon candi-
date for catalyst support [196,197]. Meanwhile, CNTs only
exhibit specific surface areas between 50 and 1315 m? g *,
while graphite and diamond display specific surface areas
between 7 and 380 m? g * and 8 and 52 m? g *, respectively
[198—200]. For non-carbon-based supports, SiC, TiO,, IrO,,
WO; and SnO, exhibit relatively low specific surface areas,
which range from 81 to 135m? g™, 150 m? g™, 120-203 m? g%,
50 m? g~ and 23—194 m? g~* respectively [201—206]. It should
also be noted that a catalyst support should have a specific
surface area equal to or greater than 100 m? g~ for the good
dispersion and utilisation of Pt nanoparticles to attain high
performance in fuel cells [200].

The size of Pt nanoparticles and Pt conformation are two of
the most important factors that could greatly influence the ac-
tivity and durability of fuel cells [207,208]. The smaller the Pt
particles size, the lower the durability towards load cycles
[208—211], the higher the fraction of surface atoms interacting
with the support (carbon atoms) compared to the larger parti-
cles thus improve the charge transfer and enhance the catalytic
activity [212]. Matsutanietal. (2010) [213] reported that when the
Pt nanoparticles size increased from 2—3 nm to 4—5 nm due to
the heat treatment, an improved durability of Pt towards PEMFC
load cycle was observed. However, based on a few reports, heat
treatment could also broaden the particles size distributions,
which could affect the fuel cell performances [207,210]. Other
than that, increasing the size of Pt nanoparticles could also in-
crease the vacancy availability of Pt sites for the adsorption of
oxygen and cause the reactive intermediates to form [211]. Due
to these issues, Li et al. (2014) [211] argued that, to exhibit high
specific catalytic activity, a catalyst should exhibit not only low
nanoparticles size and high surface area of support but also
several other features: (i) Pt nanoparticles must be uniform in
size; (ii) uniform dispersion of Pt nanoparticles on the support;
and (iii) electrochemical condition used for “pre-conditioning”
of nanoparticles for determining the ECSA and the catalytic
activity must follow the same route.

As mentioned earlier, it is widely known that the particles
size of Pt has a great influence on the fuel cell performance.

However, there are a few factors that need to be considered in
order to obtain the optimum Pt nanoparticles size such as Pt
precursors, the methods applied and the reducing agents
used. The most common Pt precursors used by researchers are
hexachloroplatinic acid (H,PtClg), tetraammineplatinum (II)
chloride (Cl,H1,N4Pt) and ammonium hexachloroplatinate
(NH,),PtCle. They are soluble in water and have low decom-
position temperatures of 350 °C, 375 °C and 320 °C, respec-
tively [214,215]. The ethylene glycol reduction method (also
known as polyol method) is one of the most common, simple
and straightforward methods used to synthesis Pt-based
electrocatalyst  [10,28,125,216,217]. Ethylene glycol is
preferred because it acts not only as a reducing agent but also
as a dispersing agent to the catalyst. It is also mild and envi-
ronmental friendly [218]. Studies revealed that when ethylene
glycol was used as the solvent and reducing agent, the
nanoparticles obtained tend to be smaller in size and dis-
played better dispersion on the support
[10,56—58,101,165,219]. Besides ethylene glycol reduction
method, heat treatment is another method that is usually
used by researchers to synthesis Pt-based electrocatalyst
[103,137,220]. However, the heat treatment method normally
gives rise to uneven dispersion and bigger size of Pt nano-
particles onto the support that causes the mass activity to
decline with the operation time [221].

When Pt catalyst is supported with carbon-based supports
(CNTs, graphite, graphene, etc.), their interaction is believed
not only to modify the physicochemical properties and its
electronic conductivities but also at the same time enhancing
the catalytic activity and stability of the electrocatalyst. The
modifications of the carbon support increase the specific
surface area that will provide a good basis for the dispersion of
the Pt nanoparticles. That is the main reason why carbon-
based support gained an extensive interest. In oppose to the
non-carbon supports (SiC, TiO,, WO3 and etc.), they have very
low electronic conductivity that limits their contribution on
the catalytic activity. Moreover, their specific surface area that
are obviously lower than carbon-based supports is another
reason why the usage of non-carbon supports is still hindered.
The addition of carbon to the non-carbon supports in order to
enhance the electrical conductivity in a few studies revealed
that non-carbon supports still do not have the ability to be an
independent support. However, non-carbon supports (espe-
cially metal oxides) displays good corrosion resistance and
good thermal and mechanical stability, thus showing a high
potential to be a good catalyst support for fuel cell applications
[183]. Intensive studies on the modifications of non-carbon
supports should be emphasized in order to make them an
efficient catalyst support and have sufficient properties of fuel
cell materials.

In fuel cells, especially PEMFCs and DMFCs, the ORR occurs
at the cathode side. The ORR can be evaluated in either an
alkaline or an acidic media depending on purposes and ap-
plications. The ORR can occur via two major pathways, i.e., a
2-electron pathway (preferable in industries such as microbial
production, hydrogen peroxide production, textiles, etc.)
[222—224] and a 4-electron pathway (preferable in fuel cell
applications) [225]. 2-electron pathway is not preferred in fuel
cells because the H,0, is produced as the intermediate prod-
uct. It is considered as a poisonous substance that will
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Table 1 — Average size, fuel cell performance and durability of Pt nanoparticles supported on carbon-based and non-carbon-based supports.

Supported Synthesis Metal loading/ Average Pt Fuel cell performance and durability Measurement conditions  Ref.
Catalyst routes wWt% particle size
(nm)*
Pt/C Wet oxidation, 20 2.8 (PEMFC): Accelerated durability test: Pt/CNT- ESA decreases 26.1%, Pt/C- ESA 192 h, 0.5 M H,S04, 20 + 1 °C, [25]
Pt/CNT reduction 2.7 decreases 49.8%; degradation rate Pt/C larger (1.9 times) than Pt/CNT. scan rate 0.01 V s, electrode
area 2.3 x 2.3 cm?
Pt/GSP Ethylene glycol 20 2.3 (PEMFC): ESA values are 50.2, 49.9 and 52.2 m? g~ * for Pt/GSP. Pt/CNT and P/ 0.5 M H,SO, (10 mV s~ %), N, [10]
Pt/CNT reduction XC-72 respectively; ORR current only degrades 19% for Pt/GSP at 0.9 V atmosphere
Pt/XC-72 compared to 40% and 57% for Pt/CNT and Pt/XC-72 respectively.
Pt/MWCNT Ethylene glycol 10 2.0-5.0 (DMFC): Limited current density of 434 and 309 mA cm ™2 for PYMWCNT and 90 °C, methanol concentration  [28]
Pt/XC-72 reduction Pt/XC-72 respectively; maximum power density of 103 and 70 mW cm 2 for Pt/  of 1.0 M, flow rate of
MWCNT and Pt/XC-72 respectively. 1.0 mL min~?, 0.2 MPa O,
Pt/MWCNT Ethylene glycol 30 2.5 (PEMFC): Corrosion only 5.7% for PtYMWCNT and 9.0% for Pt/XC-72 after 60 °C, N, purged 0.5 M H,SOy, [217]
reduction 1000 h; loss of Pt surface (MWCNT) is 37% and (XC-72) is 80% after 168 h 09V
oxidation treatment.
Pt/NCNT Ethylene glycol 30 4.2 (PEMFC): Initial ESA Pt/NCNT, Pt/CNT and Pt/C retain 42.5%, 11.2% and 4.6%, 0.5 M H,SOy, scan rate [125]
reduction respectively after 4000 cycles. 50 mVs~*
Pt/NCNT Ethylene glycol 30 4.2 (PEMFC): P/NCNT showed current density of 0.230 A cm ™2 higher than Pt/CNT 0.5 M H,SO,, scan rate 5mV s™*  [216]
reduction (0.144 A cm?), Maximum power density of Pt/NCNT (0.876 W cm?) larger
than Pt/CNT (0.470 W cm—?).
Pt/NCNT In situ reduction 13 3.0-4.0 (PEMFC): For ADT test, after 1500 cycles, Pt/NCNT specific activity is 0.141 vs 0.1 M HClO,, scan rate [127]
0.150 mA cm 2 and its mass activity is 0.1085 vs 0.1110 mA pg *, whichis 1.6 10mV s !
and 4 times larger than Pt/C, respectively.
Pt/NCNT Hydrothermal 3.95 at% 6.0 The conversion of cinnamaldehyde using Pt/NCNT as catalyst (at 2.5 MPa of  Hydrogen with pressures of 2.5 [137]
treatment pressure and 300 min of total time of reaction) increased up to 6 times with ~ and 5 MPa and 100 °C with
respect to the value obtained with MWNTs-NCNT and MWCNTSs. The 100 mL of isopropanol as
conversion increased further with a pressure of 5 MPa for the same Pt/NCNT solvent, 2 g
catalyst, reaching 80% in just over 200 min. of cinnamaldehyde
Pt/NG In situ one step 14 2.5 (DMEC): The mass specific oxidation current for Pt/NG-300, Pt/G-300 and Pt/G- 1M H,SO4and 1 M CH;0H, scan  [140]
method 800 is 40 mA mg %, 41 mA mg ' and 34 mA mg ?, respectively. rate 20 mV s~ *
Pt/NG Electroless 6.58 at% 2.0-6.5 (DMEC): The onset potential for methanol oxidation is about 0.4 V for Pt/NG 1 M CH30H and 0.5 M H,SO4, [141]
deposition route and about 0.5 V for the Pt/G, indicating higher MOR activity for the Pt/NG with scan rates of 10, 20, 50,100
catalyst. The anodic current peak occurs at around 0.67 V for both samples and 200 mV s~ *
and the peak current for methanol electrooxidation increases with increasing
scan rate. At a scan rate of 50 mV s %, the forward peak current for Pt/NG is
about 4 times higher than that of the Pt/G.
Pt/NG Ethylene glycol 0.063 mg cm 2 ~8.0 (Biosensor): Pt/NG showed the increase in oxidation current of homocysteine N, atmosphere, at room [145]
reduction at 0.63 V, 210 mV less positive potential shift and 3 times higher oxidation temperature, scan rate
current compared to Pt/G. 50 mV s !
Pt/BG Sodium 35 8.0 (PEMFC): 2.2 times higher performance compared to Pt/G, maximum power 0.1 M HClO,, scan rate [149]
borohydride density of 373 mW cm 2 at 70 °C without 15 psi back pressure. 50 mV s !
Pt/BG Polyol 35 5.0 (PEMFC): 2.4 times higher performance compared to Pt/G, maximum power 0.1 M HClO,, scan rate [149]
density of 412 mW cm 2 at 70 °C without 15 psi back pressure. 50 mV s !
Pt/BG Modified polyol 35 4.3 (PEMEFC): 3.3 times higher performance compared to Pt/G, maximum power 0.1 M HClOy, scan rate [149]
method density of 565 mW cm 2 at 70 °C without 15 psi back pressure respectively. 50 mV s !

Delivers the current density of 320 mA cm 2 at 0.5 V for 50 h (durability test).
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Pt/BG

Pt/SG

Pt nanowire/SG

PtAU/MWCNT

PtRU/SWCNT

Pt-RuO,/BDD

PtRu/BDD

Pt/B-UNCD

Pt/BDD

Pt/GSP

Pt/GNF

Pt/NFGNF

Pt/NSG

Microwave-
assisted polyol

Modified

ethylene glycol
Solvothermal

Reverse micro-
emulsion
Single-pot
Sol-gel method

Sequential

electrodeposition

Wet chemical
method

Electroless
method

Ethylene glycol
reduction

Ethylene glycol

Ethylene glycol
reduction

Ethylene glycol

40

20

50

20

0.4 mgcm™

20

20

20

20

20

50

20

350 pg cm™

2

2

2.7

ND

2.0

2.0
NA

500.0 nm and
5.0 pm (SEM)
374.0—-774.0
(SEM)

4.0-5.0

30.0-50.0 (SEM)

2.2

3.0

2.0-5.0

2.3

(DMEC): Onset potential and peak potential for CO oxidation negatively
shifted about 60 mV and 23 mV, respectively (compared with Pt/G)
Initial ESA for Pt/BG retains 76.5% and 61.0% for Pt/G.

ND

(PEMFC): After 3000 cycles, PtNW/SG loses only 42% of its initial ECSA,
whereas the losses in ECSA for PtNW/G and Pt/C are 72% and 99%,
respectively.

PtNW/SG showed a very high specific activity of 0.675 mA cm ™%, compared to
PtNW/G and Pt/C that displayed the specific activity values of 0.543 and
0.250 mA cm %, respectively.

(PEMFC): Max power density: PtAW/MWCNT is 625 mW cm 2 at 0.426 V, Pt/C is
355 mW cm * at 0.499 V.

(DMFC): Max methanol oxidation current is 50—60 mA cm ™2 power density of
45 mW cm 2 greater than PtRu (28 mW cm?).

(DMFC): Methanol oxidation with onset potential 20 mV lower than
commercial Pt-Ru/C.

(DMFC): The characteristic current features for platinum, hydrogen
adsorption and desorption (100 to —250 mV), Pt oxide formation (700

—1000 mV), and Pt oxide reduction (550 mV).

The maximum current densities for methanol oxidation were in the range of
190—101 mA cm ™2 and 176—78 mA cm 2.

(PEMEC): The exchange current density is 1.14 x 10~° A cm 2, the mass
activity of the conductive diamond powder supported Pt is 0.09 (A mg ’py)
comparable to reported for carbon-supported Pt.

B-UNCD powder exhibits less Pt surface area loss without sacrificing catalytic
activity.

(PEMFC): Reduction peak at 0.4 V, fast decay of ECSA of only 7% is observed,
followed by a quite stable ECSA after 200 potential cycles, exhibited high
sensitivity towards H,O, detection in the range of 1-400 pM with the detection
limit of 9.0 uM.

(PEMEC): The values of ESA are 52.2,49.5, and 50.2 m? g~* for Pt/XC-72, Pt/CNT,
and

Pt/GSP, respectively.

The ORR activity at 0.90 V is 17.3, 16.7, and 20.4 A g~* for Pt/XC-72, Pt/CNT, and
Pt/GSP, respectively.

The ESA degraded by 58%, 47% and 32% for Pt/XC-72, Pt/CNT, and Pt/GSP,
respectively.

(PEMFC): Loss of Pt surface (GNF) is 40.2% and (XC-72) is 68.9% after 150 cycles
oxidation treatment.

(PEMFC): Pt/NFGNF showed the peak power density of 867 mW cm 2 at 70 °C
and 2-bar pressure.

For the Pt/C and Pt/GNF catalysts, the loss in ECSA after 10000 potential cycles
is ~67%, whereas the losses in ECSA are about 29% and 12% for Pt/NGNF and
Pt/NFGNF catalysts, respectively.

(PEMFC): Mass activity loss is 45.3% (Pt/XC-72 loss 84.2%) after 1500 cycles.

0.5 M H,S0O,4, scan rate
50 mV st

0.1 M HCIO, electrolyte at 30 °C,
scan rate 50 mV s !

0.1 M HCIO,, scan rate

50 mVs~*

0.5 M H,SO,4, scan rate

100 mV s~2

70 °C, 1 M H,SO4, N, purged

30 min, scan rate 20 mV s+
0.5 M methanol in 0.5 M H,SO,

1M CH3O0H in 0.5 M H,SO4, scan
rate 500 mV s~ !

0.5 M H,S0,, scan rate 5mV s~ *

0.5 M H,SQ,4, scan rate
50 mV st

0.5 M H,SQ,4, scan rate
50 mV st

80°C, 1.2V

0.5 M HClO,4, 50 mV s~ *

0.1 M HClOy4, N, purged, room
temperature, sweep rate
20mvs '

[148]

[159]

[220]

(27]
(31]
[45]

[235]

[236]

[237]

[10]

[52]

[57]

[58]
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Table 1 — (continued)

ov8L

Supported Synthesis Metal loading/ Average Pt Fuel cell performance and durability Measurement conditions  Ref.
Catalyst routes Wt% particle size
(nm)?
Pt/MGO Pulse- ND 3.5 (PEMFC): CV results showed that the initial ECSA of Pt/MGO catalyst is 0.5 M H,S0y4, scan rate [56]
microwave- 29.0 m? g~ 'pt, higher than Pt/CB (11.7 m? g~'pt). For durability test, after 1000 10 mV s~*
assisted polyol CV cycles, the ECSA loss of the Pt/MGO catalyst is 2.07%, much lower than
route those of the Pt/CB catalyst and Pt/GC catalyst (23.08% and 19.61%,
respectively).
Pt/GNS Simultaneous 20 1.2 (PEMEFC): Displayed current density of 0.9 mA cm 2. 0.1 M HCIOQy, scan rate [238]
reduction by 10 mvVs™t
ethylene glycol
Pt/GNS Chemical 80 <3.0 Current density of methanol electrooxidation of Pt/GNS catalyst was at least 0.5 M H,SO,, scan rate [93]
oxidation and twice as large as observed in Pt/C catalyst. Pt/GNS catalyst also maintained 50 mV s*
subsequent high Pt mass activities with increased Pt loading on the working electrode,
thermal ranging from 0.2 to 2.0 mg cm 2.
exfoliation
Pt/GNS Pyrolysis 20 2.0-3.0 Methanol oxidation reaction: CO oxidation peak not observed after 30 s CO 0.05 M H,S04 room [103]
flow. temperature, sweep rate
S5mVs?
Pt/TPGO Colloidal method 20 3.0 (PEMFC): Pt/rPGO displays 15.5 times mass diffusion rate than that of the Pt/ 0.5 M H,SO,, scan rate [9]
GO causes the Pt/rPGO catalyst to exhibit 1.5 times higher in Pt mass activity 50 mV s’
toward ORR compared with the Pt/rGO. After H, thermal treatment, the mass
activity of the Pt/rPGO increases to 1.9 times that of the Pt/rGO.
Pt/rPGO catalyst provides higher ECSA (74.4 m? g™") than that of the Pt/rGO
and Pt/C catalysts (64.7 m? g * and 61.2 m? g, respectively), after 3000 cycles,
ECSA of Pt/rPGO remains 40.7% (higher than Pt/rGO, 25.6%).
Pt/G Reduction in one 45 5.0—6.0 (DMEC): ECSA for the Pt/G was higher than Pt/Vulcan (44.6 and 30.1 m?* g *Pt, 0.5 M H,SO,, scan rate [99]
pot respectively), the peak current density of Pt/G at the potential of 0.652 V was 50 mV s *
199.6 mA mg ! Pt. During the forward potential scanning.
process on Pt/G, which is nearly twice of that on Pt/Vulcan (101.2 mA mg~* Pt
at 0.664 V), while its current-peak potential is about 12 mV lower than that of
Pt/Vulcan.
Pt/G Reduction by 10 5.0 (DMEC): Limiting current of 0.2 V; ending current of 55.5 mA mg ' after 1200s. 0.5 M H,S0,, room temperature, [239]
NaBH, scan rate 20 mV s~ *
Pt/G/CB Ethylene glycol 20 2.0-6.0 (PEMFC): The mass activity was 3.9 times higher and 65% improvement of the The cathode was cycled at [101]
reduction performance measured at E..; = 0.4 V was achieved when CB was added. 50 mV s~ ! between 0.02 and
1.1V vs. SHE
Pt/FGS Impregnation 20 2.0 (PEMFC): ESA decrease (62.4% of initial ESA value) after 5000 cycles 0.5 M H,S0Qy4, scan rate [240]
method degradation. 50 mvVs !
Pt/SiC Ethylene glycol 20 ~3.0 (PEMFC): Pt/SiC-no visible H adsorption and desorption peak after 1000 cycles; 0.5 M H,SO,, scan rate [165]
Pt/SiC/C reduction 3.0-8.0 ESA value of 13 m? g% 50 mVs™t
Degradation of Pt/SiC/C was 42.7% after 1000 cycles; ESA value of 48 m%/g;
22.5% of initial ESA remains after 4000 cycles.
Pt/SiC-NS Polyol method 20—22 4.0-5.0 (PEMFC): ESA values of Pt/SiC-NS and Pt/SiC-SPR are 55.8 and 35.6 m? g™, 0.5 M HClOy, scan rate [11]
Pt/SiC-SPR 5.0-8.0 respectively. 50 mV s !
Pt/TiO, Colloidal method 0.4 mg cm 2 6.2 (PEMFC): Max power density is 0.94 W cm 2 no corrosion and potential loss 75 °C, flow rate H, and O, [171]

after 200 h; ESA loss is 20% after 80 h.

150 mL min %, 1.2 V
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Pt/TiO,/C

Pt/TiO,/Ru

Pt/TiO,/W

Pt/IrO,

Pt/IrO,

Pt/Ir-IrO,

Pt-Ir/TiC

Pt/WO,

Pt/WO;

Phase transfer 10
synthesis

Borohydride 20
reduction

Suspend the 25
oxide in

methanol

solution of

H,PtCls,

reduction in

excess NaBH,

(under N, purge)
Chemical 5
reduction

Ultrasonic polyol  22.75
method

Microwave-

assisted polyol 50 mol% Ir

Modified 26.7
ethylene glycol
colloidal

Microwave- 20
assisted ethylene
glycol

2

Modified
ethylene glycol
colloidal

10 pg cm™

50 mol% Pt and

1.8-3.0

3.0

NA

5.0

3.0-6.5

2628

5.3

7.0

1.9

(PEMFC): Pt/TiO,/C composite, with a total loading of 10 wt% Pt and 50 vol% C,
was highly stable during the thermal treatment of 1000 h in 170 °C followed by
4000 h in 210 °C. Enhanced double layer capacitance in the electrode.
Increased ORR current density when carbon content is increased because of
the sufficient high macroscopic electronic conductivity in Pt/TiO,/C.

(PEMFC): ESA 30 m? g %; onset potential and half wave potential shift to
positive potentials by ~45 mV; mass activity of 167 mA mg~* at 0.9 V; specific
activity of 558 pA cm 2 at 0.9 V.

(PEMFC): The RDE curve of Pt/TiO,/W is identical to Pt/C and also showed
activity that was very similar to the Pt/C.

(UREC): The fuel cell power density is 1160 mW cm 2 at 2600 mAcm 2. The
overall performance is close to that with the commercial Pt/C and about 1.8
times higher than that with the conventional Pt/IrO2 catalyst. The cell
performance for water electrolysis is also slightly improved, which is due to
the lower interparticle catalyst resistance with 5 wt% Pt on IrO, compared to
no Pt on IrO,.

(URFC): Maximum current density of 540 mA cm™2 at terminal cell voltage of
1.8 V and shows a limiting current density of 342 mA cm 2.

(URFC): Pt/Ir-IrO, catalyst possesses the highest ECSA (24.74 m? g~*) and the
highest activity towards ORR (21.71 mA mg ™" at 0.85 V) and also high activity
towards OER (42.35 mA mg * at 1.55 V). Kinetic analyses indicate that ORR on
Pt/Ir-IrO, catalyst follows four-electron mechanism.

(PEMFC): Chronopotentiometry studies revealed no short term degradation of
the TiC support. LSV results of Pt-Ir/TiC showed the highest kinetic current
per mass of metal (164 mA mg *eta1) at 0.9 V during ORR. However, for OER
activity at 1.55 V, the supported Ir/TiC had one to two order of magnitude
higher kinetic current per mass of metal than unsupported Ir black and Pt-
based electrocatalysts, respectively. Pt-Ir/TiC also showed 65% round-trip, a
far superior electrocatalyst activity compared to the bifunctional
electrocatalysts for URFC systems literature.

(DMFC): Peak potential of methanol oxidation on Pt/WOj3 is 50 mV more
negative than that of commercial Pt/C. The difference between the potentials
for the forward and backward sweeps is smaller on Pt/WOj3 (160 mV) than on
commercial Pt/C (258 mV). Pt/WO5 also showed a higher mass activity

(684 A g~ ! Pt) which is 2.3 times of that of commercial Pt/C catalyst.

(DMEFC): The oxidation of methanol started near 0.378 V and reached a peak at
about 0.656 V. The Pt:W ratio of 1: 1 showed the highest peak current density
of 1.2 Amg ' Pt.

Polarization curves were
recorded with 100% H, flowing
over the CE (10 mV s™") but in
the cyclic voltammetry
measurements the CE was fed
with 5% H, in Ar (100 mV s™?)
25 °C, N, purged, 0.5 M HCIOy,
sweep rate 20—100 mV s,
rotation rate 1600 rpm

0.1 M H,S0,

80 °C with H,/O, at pressure of
0.2 MPa

At room temperature, feeding
dry H, and air at a flow rate of
50—150 scc min™*

0.5 M H,S0y,, scan rate 5 mV s~*

0.1 M HClO,, scan rate
50 mV st

0.5 M H,S0,—0.5 M
CH30H solution, scan rate
20mV s~ *

0.5 M H,S0O,, scan rate
50 mV st

[167]

[172]

(4]

[180]

[178]

[181]

[241]

[242]

[219]

(continued on next page)
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Table 1 — (continued)

Supported Synthesis Metal loading/ Average Pt Fuel cell performance and durability Measurement conditions  Ref.
Catalyst routes wt% particle size
(nm)*
Pt/WO3 Reduction with 40 13.2 (crystallite (PEMFC): The activity of IrO, was stable over the 100 oxidation cycles. 0.5 M H,S0y4, 30 °C [185]
methanal size from XRD
analysis)
PtPd/WO3-CNF  Borohydride 20 7.8 (PEMFC): PtPd/WO3-CNF showed higher current than that of PtPd/WO; coated 0.2 M H,SO;, electrolyte [188]
reduction carbon black. PtPd/WO;-CNF also displayed highest Ohmic resistance values
of 0.363 and 0.713 Q@ cm 2 at the voltage 0.2 and 0.4 V, respectively.
Pt/WO5-C Chemical 1.76 mg cm 2 2.0-3.0 (PEMFC): Maximum power density obtained was 221 mW mg . 0.5 M H,S0y4, scan rate [187]
method ESA value of 82 m? g * higher than Pt/C (74 m* g %). 50 mV st
Pt/WO5-C Co-impregnation 20 4.6 (DEFC): Pt/WO3-C catalyst prepared by co-impregnation/ethylene glycol 1M CH3CH,OH and 0.5 M H,SO,4, [189]
reduction method showed the significant anodic peak current density at peak potential separately. Scan rate of
of 1.0 V vs. NHE during the positive potential sweep of CV curve 0.05Vs?
(32.6 mA cm?), 1.4 and 2.9 times as high as those of the other two catalysts
prepared by co-impregnation/NaBH, and co-impregnation/HCOOH reduction
methods, respectively.
Pt/WO5-C Colloid- 12-19 ~5.0 (DMFC): The oxidation peak of ethanol for 0.5 M H,S0,—0.5 M [190]
reduction Pt/WOs-C is higher than Pt/C. During the backward sweep process, an anodic = C,HsOH solution, scan rate
peak is detected at 0.56 V for Pt/WO3-C which is higher than Pt/C (0.52 V). 50 mV s*
Pt/WO3-CNT Thermal 16.5 pg cm 2 5.0 (DMEC): The onset of methanol oxidation starts around +0.1 V and peaks at 1 M H,SO4—1M CH5OH solution, [186]
treatment +0.7 V with a peak current density of 98.5 mA cm 2 which is higher than Pt/ scan rate 50 mV s~*
CNT without W03 (14 mA cm?).
Pt/Sn0O, Polyol method 14 1.0-3.0 (PEMEFC): The Pt/SnO, catalyst reserved 89.7% of its initial ECSA under 10 h 0.5 M H,S0y4, scan rate [195]
potential hold at 1.6 V. The polarization curves indicated a comparable cell 50 mV st
performance with Pt/SnO, anode and the commonly used Pt/C anode. Even at
high current of 1 A cm 2, the voltage of the single cell with Pt/SnO, anode
remains very close to that with Pt/C.
Pt/SnO, Colloidal method 20 3.0 (PEMEFC): ECSA of Pt/SnO, remained above 10 m? g * even after 10,000 cycles 0.1 M HClO,, scan rate [243]
The kinetic current density remained more than one-half of the initial values 50 mV s~*
after 4000 cycles
Pt/Sn0O, Impregnation 60 6.3 (PEMFC): Both the anodic current due to the adsorption of oxygen and the 1.0 M H,S04, scan rate [191]
method formation of the platinum oxides (>ca .0.8 V) and the cathodic current due to 50 mV s™*
the reduction of platinum oxides and the desorption of oxygen (>0.7 V)
gradually decreased.
Pt/Sn0O, Impregnation 20 3.4 (PEMFC): Pt/Sn0O, and Pt/C catalysts were degraded with the presence of COin Cell temperature of 75 °C [192]
method hydrogen. However, the degradation of Pt/SnO, with 100 ppm CO was
insignificant as compared with that of Pt/C.
Pt/Sn0O, Electrochemical 0.12 mg cm 2 4.0-6.0 (PEMFC and DMEC): The ORR peak current of Pt/Sn0, is about 13.3 mA mg *Pt 0.1 M H,SO,, scan rate [194]
deposition which is 1.6 times larger than that of Pt/C electrode. The specific activity of Pt/ 50 mV s *

SnO, is 0.025 mA cm 2 Pt that is slightly higher than the conventional Pt/C
electrode (0.023 mA/cm 2 Pt). For MOR activity, two oxidation peaks related to
the oxidation of methanol and intermediates appeared at ca. 0.68 and 0.51V,
respectively. The MOR peak current for the Pt/SnO, carbon paper electrode is
about 71.5 mA mg * Pt, which is higher than that of the Pt/C electrode

(65.0 mA mg ' Pt).

[4¢:74
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[193]

50 mV st

(PEMFC): The current density of Pt/SnO, at 0.7 V reached to 0.61 A cm 2 with 0.5 M H,SO,, scan rate

maximum power density of 0.74 W cm 2. The fuel cell performance of the Pt/
SnO, was comparable to that of the Pt/C catalyst (current density and

maximum power density of 0.72 A cm 2 and 0.81 W cm 2, respectively).
Pt/SnO, catalyst lost almost 50% if initial ECSA after 5000 cycles, whereas Pt/C

lost nearly 90% of the initial ECSA after only 1000 cycles.

8 5.2

0.5 mg cm

Modified polyol

method
solid phase reaction, B-UNCD-boron-doped ultrananocrystalline diamond, NSG — nanoscale graphite, FGS- functionalized graphene sheet, ESA-electrochemical surface area, DEFC- direct ethanol

& Based on TEM analysis, MGO- microcrystalline graphite oxide, GNS- graphene nanosheets, rPGO- reduced pore graphene oxide, CB-carbon black, NS- reaction of carbon with silicon monoxide, SPR-
fuel cell.

Pt/Sn0O,

jeopardize the catalytic activity. In alkaline electrolyte, the
mechanisms of 2-electron and 4-elecron pathways are shown
as below [225]:

O, + H,O + 4e~ — 40H?
0, + H,O + 2~ — HO; + OH™
HO; + H,0 + 2e”~ — 30H™

In acidic electrolyte, the mechanisms of 2-electron and 4-
elecron pathways are as shown as below [225]:

O, +4H' + 4e~ — H,0
0O, + 2H* + 2e”~ — H,0,
H,0, + 2H" + 2e” — 2H,0

The ORR activity is recommended to occur at potentials as
close as possible to the reversible electrode potential with
sufficient reaction rate [225]. Mayrhofer et al. (2005 & 2008)
[226,227] revealed that the dependence of the potential of zero
total charge (pztc) is one of the ways to explain the effect of
particles size on the ORR performance. They compared the
ORR activity on the Pt nanoparticles and on the Pt supported
carbon (surface). When the particles size decreases, the pztc
shifted negatively from 0.285 V for Pt particles and 0.282 V for
Pt with carbon support to about 0.245 V with a mean diameter
of 1.25 nm. This shows that the anions adsorption energy
(OH7), was increased. In other words, decreased in particles
size results the surface coverage by oxygenated species at the
same potential increased. They also stated that the smaller
particles with high oxophilicity tend to cause the decrease in
surface area, due to the active sites blockage that is required
for the adsorption of O, or the splitting of the O—O bond. Based
on a few earliest studies on the Pt particles size, it can be
concluded that the optimum particles size for excellent ORR
activity was in the range 2—4 nm [228—-231].

Usually, the ORR kinetics in fuel cells without catalyst
presence are very slow. To achieve significant ORR perfor-
mance, an active cathode catalyst is required [225]. Pt-based
electrocatalysts are the current catalyst benchmark for ORR.
To improve further, some modifications on the Pt catalyst
have been performed such as alloying with other base metals
(Ni, Co) or introducing carbon supports (CNT, CNF, graphene)
[232—234]. Table 2 shows the fuel cell performances of Pt and
their durability tests on modified carbon-based and non-
carbon-based supports for fuel cell applications.

The high cost of Pt and the advantages of Pt-alloy catalyst

The selling prices of Pt

Large-scale commercialisation of fuel cells relies upon the
fulfilment of three criteria, i.e., affordable cost, high perfor-
mance and high durability [244]. Fig. 8 shows the worldwide Pt
prices chart. Almost all research and development of fuel cells
focuses on the performance enhancements of cathode cata-
lysts and electrodes since generally the cathodic ORR is six
orders of magnitude slower than the anode hydrogen
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Table 2 — List of the prices for Pt-based and non Pt-based catalyst (based on year 2017 price).
[@ ) Price (US$

atalyst Brand and product number Weight (g ) Surface area (m“ g °) Reference
Pt BASF 590078—2 10 1470.00 25-34 [247]
80% Pt on C PK catalyst 591778-2 10 1671.00 70 (total) [248]
Pt black HiSPEC 12755 5 1102.00 25-29.8 [249]
Pt black Aldrich 570280 5 1327.00 25-34 [250]
Pt black P1148-5 GM 5 1936.00 24 [251]
50% Pt on C PK Catalyst 591578—2 10 1339.00 110 (total) [252]
10% Pt on C PK Catalyst 591078—2 10 481.00 220 (total) [253]
10% Pt on C HiSPEC 43876 10 694.00 105 [254]
10% Pt on C Aldrich 738581 1 110.00 - [255]
PtPd black PK catalyst 3151626 5 1549.00 - [256]
50% PtRu black HiSPEC 41171 5 814.00 - [257]
20% PtPd on C PK catalyst 3151622 5 1179.00 = [258]
40% Pt 20% Ru on C HiSPEC 44172 10 1324.00 - [259]
20% PtNi on C PK catalyst 3152649 5 1089.00 - [260]
20% PtRu on C PK catalyst 592278—1 5 365.00 2-3 [261]
20% PtCuon C PK catalyst 3151656 5 1089.00 - [262]
20% PtSn on C PK catalyst 3151670 5 1089.00 - [263]
20% PtIr on C PK catalyst 3151628 5 1299.00 - [264]
20% PtCo on C PK catalyst 3151646 5 1089.00 - [265]
Pd black PK catalyst 3151620 5 524.00 40—48 [266]
Pd black P1002-5 GM 5 1230.90 = [267]
Pd black 00659 5 441,00 20 [268]
Ru black PK catalyst 3151606 5 719.00 34-38 [269]
20% Pd on C PK catalyst 3151612 5 396.00 - [270]
20% Ru on C PK catalyst 3151602 5 399.00 180 [271]
5% Ru on C R1622-5 GM 5 152.50 = [272]
20% Au on C PK catalyst 3151669 5 369.00 = [273]
20% Fe on C PK catalyst 3151684 5 590.00 = [274]

oxidation reaction (HOR), thus requiring the cathode catalyst
to contain eight-fold amount of Pt of the anode [245]. Cathode
component is clearly the limiting component of the fuel cell
[244]. Pt-based nanoparticles supported carbon is the current
benchmark catalyst in both anode and cathode components.
Table 2 shows the price comparison of Pt-based catalyst and
non Pt-based catalyst.

The high cost of Pt has been the major limitation for years,
and how to reduce the cost by reducing the cathode loading
without compromising the durability and performance is al-
ways the main research subject in the field. Fuel cell vehicles
cost millions to build and a typical electric car requires about
70—105 g Pt. For only 10 g of Pt it costs around 1000—2000 US$
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Fig. 8 — The worldwide price of platinum. Reproduced with
permission [246].

which explain why large-scale application of fuel cell is still
not realised. Besides the high cost, the other major problem is
the activation loss on the oxygen side (cathode) [275].
Numerous studies have been performed to develop catalyst
with high ORR catalytic activity. One of the most popular ap-
proaches is alloying Pt with other metals and suitable support.

Alloying Pt-based catalyst with other metals and nitrogen
supported carbon and non-carbon materials for the
enhancement of fuel cell performance

To address the aforementioned issue, two approaches can be
performed without compromising the fuel cell performance,
i.e., (i) reducing the Pt by alloying with transition metals such
as cobalt, copper, nickel, gold, iron, ruthenium, etc. [276—-283];
and (ii) adding heteroatom (nitrogen) to the Pt-alloy catalyst
[284—286]. Reducing the Pt catalyst loading in some structures
may lower the fuel cell performance, but the presence of a
modified carbon support doped with highly active hetero-
atoms (N, S, B or P) could create stronger metal-support in-
teractions and thus could maintain or increase the durability
and catalytic activity of the fuel cells even under reduced Pt
loading [120,287].

The improvement in the catalytic activity after introducing
the transition metals to the Pt catalyst is contributed by a few
aspects, i.e., (i) the shift in Pt-Pt interatomic distance; (ii) the
change in the number of Pt closest neighbours; (iii) the adjust-
mentin the vacancy of Pt 5d band; and (iv) the change in Pt metal
content on particle surface [288]. Antolini (2007) has reviewed
the capability of ternary catalysts formed by various selected
transition metals to further enhance the catalytic activity of
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Table 3 — Pt-alloy transition metals electrocatalyst and their structural characteristics.

Catalyst/Support Synthesis route Structural characteristics Reference

PtM/C (M = Ni, Co and Cu) Modified impregnation method Nanoparticles of PtNi/C, Pt/Co/C, and PtCu/C were well dispersed. [283]
The particle size was 4.3, 5.8, and 6.3 nm for PtNi/C, Pt/Co/C, and PtCu/C, respectively.

PtM/C (M = Fe, Co, Ni and Cu) Low temperature reduction The particle size was 3.7, 3.6, 3.7, and 4.3 for PtFe/C, PtCo/C, PtNi/C, and PtCu/C, respectively. [279]

PtAu/C Co-reduction method Presence of bimetallic PtAu. [277]
The particle size was 2.8 nm.

PtFe/C Modified polyol method Formation of Pt-Fe alloy catalyst. [278]
The average particle size was 3.6 nm

Pt/C/N-doped carbon (Pt/C/NC) Thermal annealing Pt/C/NC structure had uniformity. [295]
Formation of Pt/C covered with NC layers.
The crystallite size of Pt nanoparticles depends on the annealing temperatures: 3.3, 5.7, 6.6, 7.7, and
9.4 nm for Pt/C/NC400, Pt/C/NC500, Pt/C/NC600, and Pt/C/NC700 °C, respectively.

PtFe/NMGC Pyrolysis Stable quaternary N type was dominantly observed in the NMGC incorporated with Fe. [286]
Pt nanoparticles in the range of 2—3 nm were well distributed on Fe-NMGC.

PtCo/NCNT Pyrolysis Nitrogen doped CNTs were twisted, entangled and well-integrated thus provide a conducting network as [284]
a catalyst support.
Presence of Pt nanoparticles size in the range 7—10 nm, majority the nanoparticles consist of Pt but Co
particles were also observed on the NCNTs support.

PtFeCo/C Pyrolysis Chemically ordered intermetallics of PtFeCo were observed. [280]
The particle size is the range of 3—4 nm for PtFeCo/C.

PtC/Pt-TiO, Reduction Uniform dispersion of Pt particles on TiO, support. [296]
Particles size was measured to be 2.1 nm.

PtRu/graphene Modified polyol method Bimetallic PtRu particles were well dispersed on the graphene sheets with the average size less than [297]
10 nm.

PtFe/graphene Solution-phase self-assembly method PtFe nanoparticles with an average size 7 nm were assembled on the graphene sheets. [298]
PtAu/TiO,/C Post heat treatment Bimetallic PtAu formed a very stable structure when heat was applied. [299]
The average particles size is 3.4 nm.

PtNb/TiO, Hydrothermal synthesis and borohydride  Uniform distribution of the PtNb/TiO, was observed with an average particles size of 3 nm. [300]

reduction

Nb/TiO, showed dominant rutile crystal structure of TiO,.

NMGC-nitrogen doped mesoporous graphitized carbon.
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ORR Pt [288]. They reported that Pt-alloy catalyst either in
bimetallic or tri-metallic form, could possess high ORR catalytic
activity and at the same time lower the catalyst cost. Besides,
the addition of N to the catalyst could alter the local electron
density inside the electrocatalyst and initiate the N sufficient
related active sites for the reaction to occur efficiently [40].
Alloying Pt with transition metals supported carbon or non-
carbon based support is definitely an efficient way to enable
the commercialisation of large-scale fuel cell technology. Table 3
shows the Pt-based electrocatalyst alloyed with transition
metals supported carbon and non-carbon based support,
together with the synthesis route and structural characteristics.

Most of the modified carbon-based catalyst supports have
been studied given their (low cost, high specific surface area,
long-term stability, attractive mechanical and electrical prop-
erties, and high catalytic activity in the ORR) [33,289]. Even so,
most of the systems with Pt on modified carbon-based sup-
ports have exhibited outstanding performance only in alkaline
media and notin acidic media, which continues to inhibit their
full application in fuel cells. To overcome the existing gap,
some advanced approaches have been devised, such as doping
two heteroatoms such as sulphur and nitrogen to the modified
carbon-based support and developing bimetallic/bifunctional
or even tri-metallic (ternary) electrocatalysts [110,290—294].
Dual doping of heteroatoms into a modified carbon-based
support could increase the synergetic effect and improve its
catalytic activity in acidic media [110]. The development of an
active electrocatalyst that can exhibit excellent performance
in both alkaline and acidic media is extremely desirable to
facilitate large-scale fuel cell commercialisation.

Conclusion and future perspectives

Numerous studies of potential catalyst supports have been
performed, mainly focusing on carbon materials, with limited
studies on non-carbon materials. This is due to the mechan-
ical and chemical properties of the carbon material supports
being more robust in acidic and alkaline conditions. The ef-
fects of the carbon support and the interactions of the carbon
support, with Pt and Pt-alloy especially, are important to
improve the catalytic activity and enhance the long-term
durability of the electrocatalysts. The wide usage of carbon
materials as catalyst supports in fuel cells is also supported by
their high resistance to corrosion. This might be related to the
degree of the graphitic nature within the structure itself, i.e.,
higher graphitic structure translates to higher corrosion
resistance. Fewer studies have explored non-carbon catalyst
supports in fuel cell applications given their low surface area,
low electrical conductivity, and low thermal stability. Addi-
tional work in exploring new, potential catalyst supports is
suggested for future studies to produce eco-friendlier cata-
lysts with high resistance for high concentration conditions
and to achieve excellent electrochemical activity of fuel cells,
and energy-storage devices.

In this review, graphene appears to be the best state-of-of-
the-art catalyst support. Its high specific surface area, which
contributes to the excellent dispersion of catalyst nano-
particles, has attracted many researchers to explore the po-
tential of graphene as one of the most active carbon supports

in fuel cells. However, graphene easily lumped into multilayer
sheets that can cause lowering in the surface area, thereby
decreasing the electro-catalytic activity of the fuel cell. The
multilayer properties of graphene will also affect the disper-
sion of the catalyst nanoparticles on the support. To obtain
one-layer or few-layer graphene sheets, the stirring period can
be extended. Other recent reports reveal the development of
various routes to synthesise modified carbon-based supports
and how their strong interactions with metal catalysts can
enhance the performance of fuel cells. Future works to deter-
mine a suitable route for an effective electrocatalyst with a
modified catalyst support should consider three aspects:

1) Low cost. A low material and synthesis can significantly
reduce the total cost of the fuel cell and help to accelerate
the fuel cell commercialisation.

Efficient synthesis procedure that can lead to an active
electrocatalyst with high specific surface area and effective
modified catalyst support (either carbon based or non-
carbon based). The optimum parameters such as metal
weight ratio, temperature, or precursors should be
highlighted.

Molecular modelling. Modelling can provide insights into
the interaction between the metal catalyst and its support,
which includes the morphology, active binding sites, the
dispersion of metal nanoparticles, and the electronic
structure and conduction.

»

w
~

Although numerous effective electrocatalysts have been
studied, there were only a few that exhibited good perfor-
mance in acidic media. To overcome this limitation, recent
studies have focused more on discovering other modifications
of carbon material supports to grant enhanced capability and
stability in acid conditions, better thermal stability, strong in-
teractions with the catalyst that can enhance the electro-
catalytic activity and extended fuel cell lifetimes. Moreover,
studies of bimetallic electrocatalysts with suitable modifica-
tions and functionalisations of catalyst supports should be
emphasized, as they are expected to exhibit excellent electro-
catalytic activity in fuel cells because bimetallic electro-
catalysts are more stable and can better prevent demetallation
in acidic media relative to the single metal electrocatalysts.

In this report, we have reviewed the progress in the
development of carbon and non-carbon support materials in
fuel cell applications and how modifications enhance their
physical and chemical properties. The prices of Pt-based ma-
terials in the market and how to overcome the drawbacks
existed for fuel cell commercialisation have also been
reviewed. Briefly, alloying the Pt and reduce the Pt loading can
reduce the fuel cell cost while the suitable supporting mate-
rials can enhance the long-term durability and thus can ach-
ieve excellent catalytic performance.
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