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ABSTRACT

Palladium (Pd) and Palladium-Ruthenium (Pd-Ru) nanoparticles supported by various carbon
nanomaterials which include graphene oxide (GO), reduced graphene oxide (rGO) and multi-
walled carbon nanotubes (MWCNTS) with their hybrids were prepared in this work. The
synthesized nanoparticles were used as electrocatalysts for direct methanol fuel cell. The graphene
was synthesized by modified Hummer’s method and subsequently, the support materials were
doped with nitrogen using melamine. The electrocatalysts were synthesized using modified polyol
method. The synthesis method of the electrocatalyst was also modified by adjusting the pH of the
electrocatalyst. The structural characterization of all the support materials was carried out using
Fourier Transform Infrared (FT-IR) Spectroscopy and Brunauer-Emmett-Teller (BET) Technique.
The FT-IR results revealed that all the support materials contain the functional groups which serve
as the binding sites for the deposition of Palladium nanoparticles while the BET results revealed
that the surface area ranges from 3.36 to 9.20 m?/g for the graphene based support materials and
14.32 to 67.45 m?/g for MWCNTs, N- MWCNTs and CNFs support materials. However, when
the support materials were doped with nitrogen, the surface area improved which ranges from 6.45
to 41.92 m?/g for graphene based and 219.50 m?/g for N-MWCNTSs support materials. Meanwhile,
the surface area of the hybrid support materials was found within the range of 62.91 and 144.21
m?/g. The structural characterisation of the mono supported Pd catalysts, hybrid supported Pd
catalysts and binary (Pd-Ru) electrocatalysts was also done using X-ray diffraction (XRD) and
High resolution transmission electron microscopy (HR-TEM). The XRD confirmed that all the
electrocatalysts are crystalline and exhibit face-centered crystal (fcc) structure of Pd while the HR-
TEM images showed spherical and agglomerated catalyst nanoparticles dispersed on the various
support materials. The particle size and crystallite size of the prepared electrocatalysts were
determined using HR-TEM images and XRD spectra respectively. From HR-TEM images, the
particle sizes of mono supported Pd catalyst are 5, 19, 5 and 12 nm for Pd/GO, Pd/ rGO, Pd/NGO
and Pd/NrGO respectively while particle sizes of PA/MWCNTSs, Pd/N-MWCNTs and Pd/CNFs
were found to be 6, 6, and 2 nm respectively. The hybrid supported Pd catalysts particle sizes were
also found to be 8, 9, 3, 7, 4 and 9 nm for PA/MWCNTs-CNFs, Pd/N-MWCNTs-CNFs, Pd/NGO-
MWCNTs, Pd/GO-MWCNTs, Pd/GO-N-MWCNTs and Pd/rGO-MWCNTSs respectively.
Meanwhile, the particle sizes of Pd-Ru binary electrocatalysts were all found to be 1 nm except
for Pd-Ru/CNFs which is 11 nm. The crystallite sizes of all the synthesized electrocatalysts are
similar to their respective particle sizes. The mono supported and hybrid supported Pd catalysts
crystallite sizes ranges from 0.1 to 19 nm and 4 to 10 nm respectively while that of Pd-Ru binary



electrocatalysts lies within the range of 0.5 and 11.7 nm. The elemental analysis was also carried
out using energy dispersive spectroscopy (EDS). The EDS results validated the presence of N-
doped in NGO, NrGO and N-MWCNTSs support materials while the Pd loading in monocatalysts
was found to be 37.67 % but the Pd and Ru loading in binary catalysts was found to be 15.11 and
15.83 % respectively. The electrochemical characterization of all the electrocatalysts was carried
out using cyclic voltammetry (CV), Electrochemical impedance spectroscopy (EIS) and
chronoamperometry (CA). The CV results revealed that the electroactive surface area (ECSA)
values of Pd/GO, Pd/rGO, Pd/NGO and Pd/NrGO are 1.60, 1.24, 1.84 and 1.53 m?/g respectively
while the ECSA values of PA/MWCNTSs, Pd/N-MWCNTSs and Pd/CNFs were found to be 1.81,
5.53 and 0.42 m?/g respectively. For hybrid supported electrocatalysts, Pd/MWCNTs-CNFs,
Pd/N-MWCNTs-CNFs, Pd/NGO-MWCNTs, Pd/GO-MWCNTs, Pd/GO-N-MWCNTs and
Pd/rGO-MWCNTSs exhibited ECSA values of 2.92, 2.89, 3.99, 4.57, 2.66 and 2.03 m?/g
respectively while in binary electrocatalysts, Pd-Ru/GO, Pd-Ru/NGO, Pd-Ru/MWCNTSs, Pd-
Ru/N-MWCNTSs and Pd-Ru/CNFs showed ECSA values of 0.05, 0.28, 0.14, 0.04 and 0.03 m?/g
respectively. Therefore, Pd/N-MWCNTs, Pd/GO-MWCNTs and Pd-Ru/NGO electrocatalysts
have exhibited the highest electroactive surface area of 5.53, 4.57 and 0.28 m?/g among mono
supported, hybrid supported and binary electrocatalysts respectively. The electroactivity towards
methanol oxidation of mono supported, hybrid supported and binary electrocatalysts was also
examined using cyclic voltammetry. The CV results showed that Pd/N-MWCNTSs, Pd/GO-
MWCNTs and Pd-Ru/NGO provided better evidence towards methanol oxidation among mono
supported, hybrid supported and binary electrocatalysts with current density of 22.22, 4.43 and
0.72 mA/cm? respectively. This enhanced performance can be ascribed to better electroactive
surface area and the presence of dopant nitrogen which serves as the defect sites to amplify the
nucleation of the Pd nanoparticles in PA/N-MWCNTSs and Pd-Ru/NGO and better electroactive
surface area in Pd/GO-MWCNTSs. Furthermore, chronoamperometry showed that electrocatalyst
supported with N-MWCNTs, GO-MWCNTs and NGO among mono supported, hybrid supported
and binary electrocatalysts respectively have proved to exhibit better stability with current density
of 0.84, 0.19 and 2.01x102 mA/cm? respectively while electrochemical impedance spectroscopy
(EIS) showed that Pd/N-MWCNTSs, Pd/GO-MWCNTSs and Pd-Ru/NGO among mono supported,
hybrid supported and binary electrocatalysts with charge transfer resistance (Rct) values of 0.35,
0.54 and 3.49 kQ respectively have proved to exhibit better chemical kinetic compared to other
carbon supported catalysts examined. This can also be accorded to a better electroactive surface
area in Pd/GO-MWCNTSs and the presence of dopant nitrogen in Pd/N-MWCNTSs and Pd-Ru NGO

with the synergistic interaction between the metal nanoparticles and these support materials.



After the modification of the mono supported electrocatalysts by adjusting the pH to 13, the
electrocatalysts exhibited similar particle size except for Pd/rGO and Pd/NrGO which decreased
to 6 and 5 nm respectively. However, their crystallite sizes were maintained except for Pd/rGO
and Pd/NrGO which reduced to 6.2 and 5.8 nm respectively. The CV results revealed the ECSA
values of Pd/GO, Pd/rGO, Pd/NGO and Pd/NrGO as 1.70, 3.52, 3.87 and 3.78 m?/g respectively
while the ECSA values of PA/MWCNTSs, Pd/N-MWCNTSs and Pd/CNFs were found to be 1.70,
1.78, 0.69 m?/g. Therefore, Pd/NGO exhibited the highest electroactive surface area of 3.87 m?/g
and highest electrochemical impedance with charge transfer resistance (Rct) values of 0.71 KQ
while Pd/NrGO showed highest activity towards methanol oxidation with current density of 4.88
mA/cm? and highest stability with current density of 0.14 mA/cm?. This enhanced performance in
Pd/NGO and Pd/NrGO can be ascribed to a good electroactive surface area, presence of dopant
nitrogen which also serves as the defect sites to amplify the nucleation of the Pd and the synergistic
interaction between the metal nanoparticles and this support material. However, the electroactivity
of the modified electrocatalysts did not improve when compared with their counterparts that were
synthesized by modified polyol method. Hence, N-MWCNTs, GO-MWCNTs and NGO have
proved in this study to be the best support materials for mono supported, hybrid supported and
binary electrocatalysts respectively when the catalysts were prepared by modified polyol method.
In all, N-MWCNTSs has displayed the best performance among all the synthesized support
materials since the Pd catalyst supported by this material showed the best electroactivity and
stability in basic electrolyte compared to other synthesized supported catalysts. In conclusion, after
all the results obtained from the physical and electrochemical characterisation of mono supported
Pd catalysts, hybrid supported Pd catalysts and mono supported Pd-Ru binary catalysts were
compared, it can be inferred that modification of electrocatalysts synthesis method by increasing
the pH to 13, hybridization of the support materials and alloying of Pd nanoparticle with Ru
nanoparticles in ratio 1:2 to form the catalyst mass loading, which is the same as the mass loading
used for Pd monocatalysts, did not improve the activity of the support materials generally since
the mono supported Pd catalysts synthesized by modified polyol method exhibited better
electroactivity than others.
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CHAPTER ONE
1 INTRODUCTION

1.1 Background of the study

As a result of exponential increase in fossil fuel consumption leading to increase in environmental
pollution caused by emission of carbon monoxide, the need to generate alternative source of energy
has become a major concern (Gavidia et al., 2017; Wang et al., 2016). These have drawn the
attention of government and researchers on how to develop, improve and commercialize greener
alternative, renewable and sustainable sources of energy (Wang et al., 2016). Fuel cell technology
has been recommended to be one of most active areas associated with this green energy (Abaza et
al., 2021; Priya et al., 2014; Ramli & Kamarudin, 2018; You & Kamarudin, 2017). It offers a lot
of benefits more than fossil fuel combustion engine which include production of non-hazardous
by-products which are mainly water and heat unlike carbon monoxide produced during the burning
of fossil fuel which is hazardous to human health and ecological environment. It is therefore
imperative for the development of fuel cells which has become a prospective candidate for
replacing the conventional combustion engine in powering devices and transportation applications
(Antolini, 2009; Kamarudin et al., 2007, 2009; Wongyao et al., 2011).

A fuel cell is an electrochemical device that converts the chemical energy of a fuel (such as
hydrogen, methanol, and ethanol etc.) and an oxidant (such as air and pure oxygen) in the presence
of a catalyst into electricity, heat and water (Abaza et al., 2021; Chalgin et al., 2020; Karim et al.,
2015; Sharma & Pollet, 2012). Fuel cells generally consist of three main components which are
refers to as membrane electrode assembly (MEA). The first part is the anode, the positive electrode
of the fuel cell which conducts the electrons that are released from the hydrogen molecules such
that they can be used in the external circuit. It contains channels etched which release the hydrogen
gas equally on the surface of the catalyst used. The second part is the cathode, the negative
electrode of the fuel cell. It also has channels etched in it which distribute the oxygen to the surface
of the catalyst used. The electrolyte, which is the proton exchange membrane (PEM), is the third
part of the MEA. It conducts the positively charged ions but prevents electron flow. The membrane
must always be hydrated for it to function effectively and remain stable in proton exchange
membrane fuel cells (PEMFCs) (Abaza et al., 2021). The catalyst, which is a part of the fuel cell,
is a unique material that increases the reaction rate of oxygen and hydrogen. In most cases,
Platinum nanoparticles which are finely coated on carbon blacks are used. The catalysts are usually

rough and highly porous such that their maximum surface area is exposed to the hydrogen and
1



oxygen. When hydrogen collides with the catalyst, it splits into protons and electrons. The protons
move straight to the cathode while the electrons move through an external circuit. Consequently,
the electrons power a motor or device before combining with the protons again and oxygen on the
cathode side to eventually produce water as illustrated in Figure 1.1. In as much as fuel and oxygen
are supplied steadily, fuel cells can produce electrons to power a motor or device for a long time
consistently (Bahrami & Faghri, 2013).
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Figure 1.1: Schematic diagram of Proton Exchange Membrane Fuel Cells.

Source: https://en.wikipedia.org/wiki/Fuel cell.

1.2 Types of fuel cells

There are different types of fuel cells which include:
o Alkaline fuel cells (AFCs)
e Proton exchange membrane fuel cells (PEMFCs)
e Phosphoric acid fuel cells (PAFCs)
e Solid oxide fuel cells (SOFCs)
e Direct methanol fuel cells (DMFCs).
e Direct ethanol fuel cells (DEFCs)
e Direct formic acid fuel cells (DFAFCs)


https://en.wikipedia.org/wiki/Fuel_cell.

The difference in these various fuel cells is based on the type of the electrolyte used as illustrated
in Table 1.1 (Seselj et al., 2015). The DMFCs produce high energy density and is easy to transport.
Also, it uses methanol as fuel that could be produced from biomass which is non-hazardous to the
environment (Hasegawa et al., 2010; Seselj et al., 2015) Therefore, for the purpose of this study,

our discussion shall be limited to DMFCs.

Table 1.1: Overview of electrochemical reactions, electrolyte and electrode catalysts in different
types of fuel cells.

Types of fuel cells and reaction Electrolyte  Catalyst Ref.
AFCs Aqueous A: Pt, Ru, Pd, Rh, Pt- (Spendelow &
alkaline noble metal alloys, Wieckowski, 2007)
A:2H, + 40H™ - 4H,0 + 4e” . .
solution Raney nickel.
c.o 2H,0 4e” 40H™ .
2+ 20+ de o (KOH) C: Perovskites and

spinels, Silica, Ag, C.

PEMFCs Polymer Aand C: Pt, Pt-M alloy (Gasteiger et al., 2005;
. electrolyte (M =Pd, Cu, Fe, Ru, Mehta & Cooper,
A H 2H™ + 2e” [
2 7 ¢ exchange Ni) 2003)
C:1/,0, + 2H* + 2¢™ > H,0 [Yemprpne
(proton
exchange
membrane).
PAFCs Phosphoric A and C: Pt, Pt-M alloy (Watanabe et al.,
acid (M =Cao, Ce, Al, Si, Ti, 1994)
A H 2H* 2e”
27 e SILW, P, V)
C:0, + 4H* + 2e¢~ - H,0
SOFCs Solid oxide A and C: Rh, Ni, Ru, (Minh, 1993)
(Ca, Zr) or Ru/CeO,
A'H, + 0; - H,0 + 2e” .
ceramic
C:1/,0, + 27 > 05
DMFCs Proton Aand C: Pt, Pt-M alloy  (Seselj et al., 2015)

exchange (M =Pd, Au, Ru)

A: CH;0H + H,0 —» 6H + 6e™ + CO,
membrane

C:3/,0, + 6H* + 6e~ > 3H,0



DEFCs Proton A: Pt, Pt M alloy (M = (Ermete Antolini,

exchange Mo, Ru, Co, Fe, Sn, Ni) 2007)
A:C,H;OH + 3H,0 - 12H* + 12¢~ +

membrane

co, C: Pt, Pt-Co, Pt-Ni

C:30, + 12H* + 12¢~ — 2H,0

DFAFC Proton A: Pt-Ru, Pt-Pd (Yu & Pickup, 2008)
exchange

A: HCOOH — CO, +2H* + 2e~ C: Pt, Pt-M (M = Au,
membrane

Ru, Pd)
C:1/50, + 2H* + 2¢7 > H,0

Source: (Seselj et al., 2015)

1.3 Direct Methanol Fuel Cells (DMFCs)

A DMFCs is a low temperature PEMFCs that make use of liquid methanol as fuel. This methanol,
which serves as the fuel, can be produced from biomass which is non-hazardous to the environment
(Hasegawa et al., 2010). The operating principle of a DMFCs comprises five major porous layers
which include anode gas diffusion layer (AGDL), anode catalyst layer (ACL), polymer electrolyte
membrane (PEM), cathode catalyst layer (CCL) and cathode gas diffusion layer (CGDL) as shown
in Fig. 1.2. The methanol fed into the anode diffuses through the AGDL to ACL where it is
oxidized as shown in equation 1.1. During the cell operation, equation 1.1 proceeds forwards to

form carbon dioxide, protons and electrons (Bahrami & Faghri, 2013).

CH;0H + H,0 - CO,+ 6H* + 6e~ Equation 1.1

The reaction in the ACL occurs in three-phase boundary which include catalyst particles, carbon
support and electrolyte (membrane). The electron produced at ACL are transferred through the
carbon support to the AGDL where they move through the external circuit and converted to electric
current while the remaining unconverted electrons move to the cathode side of the fuel cell.
However, the proton generated are transferred through the ACL ionomer phase to the membrane.
The membrane is impermeable to the electron and gaseous species. At the cathode, oxygen gas is
being forced in as it diffuses through the CGDL to CCL where it is reduced to heat and water in
the presence of electrons and protons as shown in equation 1.2 (Bahrami & Faghri, 2013). These
prominent features enable DMFCs to be considered as a promising device to supply power in
portable devices (Géalvez et al., 2013; Gavidia et al., 2017; Tang et al., 2010).



30, + 12H* + 12e~ - 6H,0 Equation 1.2

Se CH,OH+H.O
Membrane Cathode

Agglomerate of.
carbon particles r‘"'-""'
L CO,+6e+6H"
- Carbon supported
- catalyst particles
o« Hlazs
P . L_;;]‘:i;]‘:\alcr at
<: lonomer phasc at
catalyst layer
= Current collector
O  CO, bubbies
1 .5():*‘61' Methanol solution
|Diffusion layer: 3H,0O
Figure 1.2: Schematic of a DMFCs during normal operation.
Source: (Bahrami & Faghri, 2013).
The net equation for DMFCs reaction can be summarized as:
2CH;0H + 30, - 2C0, + 4H,0 Equation 1.3

The aim of DMFCs research is to develop low cost, high performance and durable cells that can
power portable devices (Ramli & Kamarudin, 2018). A lot of research has been carried out with
the intension of reducing the cost and increasing the performance of the fuel cells using different
strategies. Some of these strategies include reducing the electrocatalyst loading in fuel cell
electrodes, developing novel nanostructured thin-film Platinum such as 3M’s nanostructured thin
film (NSTF) electrode, decreasing the electrocatalyst nanoparticles size, reducing Platinum
dependence by developing metallic alloy either as binary or as ternary and Platinum-free
electrocatalysts, improving electrocatalyst dispersion using novel fabrication methods, developing
membrane electrode assembly (MEA) fabrication methods to enable better catalyst dispersion and
utilization, using new techniques to increase mass-transport at the fuel cells electrode surface,
improving the performance of carbonaceous electrocatalyst supports and exploring novel non-
carbonaceous electrocatalyst support materials (Ramli & Kamarudin, 2018; Sharma & Pollet,
2012).

http://etd.uwc.ac.za/



1.4 Support Materials

At this juncture, it is imperative to mention that high performance of DMFCs also depend majorly
on the properties of the support materials used (Munjewar et al., 2017). Electrocatalyst support
materials play a crucial role in enhancing electrocatalyst activity during DMFCs operation.
Through their electronic and atomic structure, they provide a good surface area for homogenous
dispersion, better particle size and also promote the stability of the catalyst nanoparticles (Basri
et al., 2010; Ju et al., 2008; Priya et al., 2014; Rodriguez-reinoso, 1998; Sharma & Pollet, 2012;
Wang et al., 2016; Wang et al., 2013). Since the instability of the catalyst support materials results
to detachment of catalyst nanoparticles from the support materials causing the loss of activity of
the electrocatalysts, the support materials can therefore significantly influence the activity of the
catalysts and prolong their stability (Khotseng et al., 2016; Li et al., 2015). Therefore, the activity
and stability of electrocatalysts are function of the type of support materials used (Zhao et al.,
2016). Supported metal catalysts have been discovered to show higher stability and activity

compared to the unsupported ones (Li et al., 2015).

Furthermore, ideal support materials are expected to possess the following features namely: good
catalyst support interaction; large surface area, ability to maximize the triple-phase boundary
(TPB) ( i.e. the mesoporous structure should enable the ionomer and polymer electrolyte to bring
the catalyst nanoparticles close to the reactant), enhance high electroactive areas caused by better
dispersion of nanoparticles, improve electroactive species diffusion through the porous structure
of carbon supports, promote electronic transfer either for the presence of surface functional groups
or decrease in Fermi level of the catalyst, good electrical conductivity, give the reactant gas easy
access to reach the electrocatalyst, possess good water-handling capability where water is
generated at the anode to avoid flooding, exhibit a very high resistance to corrosion, must be
chemically and electrochemically stable and easy recovery of the catalyst (Li et al., 2003;
Munjewar et al., 2017; Shaari & Kamarudin, 2017; Tang et al., 2010; Wang et al., 2016).

A lot of research has been carried out on large number of carbon support materials. Due to their
high availability and low cost, carbon black materials have been widely explored as support
materials for Pt and Pt alloyed electrocatalysts in low temperature fuel cells such as DMFCs
(Antolini, 2009; Chen et al., 2008; Li et al., 2003; Priya et al., 2014; Sahoo et al., 2015; Song et
al., 2015; Tang et al., 2010; Wang et al., 2016; You & Kamarudin, 2017). Among the carbon black
support materials developed include Vulcan XC-72, Black Pearls 2000, Acetylene Black, Ketjen



Black and Mascorb and they all exhibit high surface area (>100 m2g™?) and good electrical
conductivity (>1Scm™). Among these carbon black support materials, Vulcan XC-72 with BET
surface area of 250 m2g?, mesoporous and macroporous percentage of 54% and electric
conductivity of 2.77 Scm™ has been reported to show a significant performance in fuel cell
environment (Alexeyeva et al., 2011; Priya et al., 2014; Tang et al., 2010; Wang et al., 2016).
Furthermore, carbon materials with high nanoarchitectural graphitic structures such as multi-
walled carbon nanotubes (MWCNTS) and carbon nanofibers (CNFs) have also been critically
examined. This is as a result of their unique features as they offer better crystalline structure, high
electrical conductivity, excellent corrosion resistance with high level of purity. MWCNTS in
particular, is of great interest because of the specific structural, mechanical and electrical properties
they exhibit (Antolini, 2009; Khotseng et al., 2016). Mesoporous carbons (MCs) which include
ordered mesoporous carbons (OMCs) have also been extensively studied as support materials for
Pt and Pt alloyed electrocatalysts (Antolini, 2009; Wang et al., 2016). Compared to carbon blacks,
mesoporous carbon materials possess higher surface area with little or no micropores which
facilitate the high dispersion of the catalyst nanoparticles on their surface and their pores. This
results in large effective surface area of the electrocatalyst with high catalytic activity. Mesoporous
structure with mesoporous size of 2-50 nm enhance easy mass transport, producing high limiting
current value (Maiyalagan & Scott, 2010; Park & Baker, 1998, 1999; Park et al., 2007; Steigerwalt
et al., 2001; Stein, 2003; Wang et al., 2016).

Recently, research interest has also been diverted, towards prominent 2D graphene and its N-
doped derivatives (Farooqui et al., 2018). This attraction is due to their unique graphitic forms,
high charger-carrier mobility (up to 105 cm?V-1S?), super conductivity, ambipolar electric field
effect, quantum Hall effect at room temperature, high mechanical strength (130 GPa) and high
surface area (2600 m?g) (Seselj et al., 2015). Graphene surface area contains enough oxygen
functional groups which give it a better advantage over other support materials. This enables
graphene to disperse any metal nanoparticles easily and efficiently. It also possesses the ability to
remove a lot of accumulated carbon monoxide which act as a poison during the adsorption of the
catalyst nanoparticles thereby increasing the electrocatalytic activity of the catalyst (Antolini,
2003; Choi et al., 2011; Muneendra Prasad et al., 2012; Nirmala Grace & Pandian, 2006; Selvaraj
et al., 2009). Moreover, N-doped graphene has also been discovered to be a good catalyst support
material due to its ability to introduce chemically active sites for reaction and anchoring sites for
metal nanoparticles deposition, modify electronic properties and give carbon materials a metallic

character (Dector et al., 2013). Doping of graphene with nitrogen, which serves as a strong metal-
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support link, facilitate reduction in COags accumulation on the surface of the electrocatalyst,
thereby increasing the catalyst poison tolerance, high electrocatalytic activity and long durability
(Seselj et al., 2015). Other carbon supports that have been investigated as support materials for
electrocatalysts include carbon gels (CGs), carbon nanohorns (CNHs), carbon nanocoils (CNCs),
activated carbon fibers (ACFs) and boron-doped diamonds (BDDs) (Bulushev et al., 2004; Kasuya
et al., 2002).

1.5 Problem Statement

Despite a lot of research has been carried out on catalyst support materials for DMFCs, DMFCs
still suffer from slow electrode kinetics, support corrosion and short term stability which are
technical barriers restricting their commercialization (Jhaetal., 2011; Khotseng et al., 2016; Priya
et al., 2014; Ramli & Kamarudin, 2018; Gavidia et al., 2017). This is because none of the
developed carbon support materials has been able to meet all the prescribed requirements for ideal
support materials as stated earlier. Also, since electrocatalyst support materials can enhance the
electrocatalyst performance, the choice of support material is very vital in determining the
performance, stability and cost effect of the electrocatalyst and the fuel cell as a whole (Sharma &
Pollet, 2012). It is therefore imperative to develop robust nanostructured carbon support materials
and modify the existing ones to be extremely resistant to corrosion with high degree of CO
tolerance under critical and aggressive fuel cell condition (Tang et al., 2010). Hence, this research
work is focusing on the modification of nanostructured carbon supports materials that can
withstand the challenges of corrosion, instability and low durability in order to improve the activity

of the catalysts and take DMFCs to a commercial level at low cost.

1.6 Research Rationale and Motivation of the study

Increase in global population and technological advancement has led to high rate of fossil fuel
consumption over the years. Therefore, there is need to source for alternative ways of generating
energy (Rivera Gavidia et al., 2017b). DMFCs have been discovered as a prospective substitute
for high power source especially for low-to-medium portable power applications (Géalvez et al.,
2013). However, DMFCs is still limited by cost, low performance of electrocatalysts due to
methanol crossover, CO poisoning, slow anode kinetics and corrosion which has jeopardized its
commercialization. Mostly, electrocatalysts of DMFCs suffer degradation which include
dissolution, agglomeration and detachment of catalyst nanoparticles. Acute corrosion of supports

does facilitate this electrocatalyst degradation thereby destroying the loading sites and debilitate
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the synergistic interaction between the support materials and the catalyst nanoparticles (Du et al.,
2016). Also, carbon support materials, if properly developed with features of ideal support
materials can help to reduce the amount of catalyst used thereby reducing the cost and also improve
the catalyst activity so that DMFCs can be taken to commercial level. As a result of this, the
development of novel nanostructure carbon support materials is imperative to minimize these
challenges. This study therefore investigated the performance of different nanostructured
carbonaceous support materials using Pd and Ru catalysts with the aim of improving the activity
and stability of the electrocatalyst. Pt catalyst, which is the best suited catalyst for direct methanol
fuel cells (DMFCs) (Priya et al., 2014) is easily poisoned at low temperatures with CO species (Li
et al., 2009; Priya et al., 2014). This poisoning usually results to instability as well as reduction in
DMFCs performance which has posed a great challenge and reduce its commercialization. Hence,
Palladium (Pd) is used in this study as alternative to Pt due to its lower poisoning effect, similar
electronic configuration and lattice constant. Pd is also more abundant in nature than Pt and
exhibits the capacity to enhance the oxidation of several alcohols in alkaline media with significant
electrochemical stability (Bianchini & Shen, 2009). This study is focused on modifying the

existing carbon support materials for direct methanol fuel cells.

1.7 Thesis statement

Novel catalyst supports can be obtained by modifying the existing carbon support materials which

could enhance the catalyst performance during direct methanol fuel cells operating conditions.

1.8 Research questions

The following research questions were generated to be addressed in this study:

e Can the functionalization of MWCNTSs in the presence of oxygen improve its activity
towards methanol oxidation reaction?

e Will the use of melamine as nitrogen precursor amplify the performance of the support
materials?

e Can the modified support materials boost the electron kinetics of the catalysts?

e Will the modified support materials enhance methanol oxidation reaction than the
conventional support materials?

e Will the modified support materials increase the catalysts stability under real DMFCs

operating conditions?



1.9 Research Aims and Objectives

The aims of this study is to develop novel carbon support materials for catalysts in DMFCs in
order to reduce the cost, improve the activity and durability of the catalysts. To actualize this, the
following objectives were set up:
e Synthesize various support materials which include MWCNTSs, CNFs, Graphene oxide
with their reduced, nitrogen-doped and hybrids counterparts.
e Examine the surface area of the synthesized support materials using BET technique.
e Elucidate the crystallinity of the structure of the synthesized electrocatalysts using XRD.
e Determine the electroactive surface area (ECSA) of the synthesized electrocatalysts using
Cyclic Voltammetry
e Determine the activity of synthesized electrocatalysts towards methanol electrooxidation
in alkaline medium (KOH) using Cyclic Voltammetry
e Evaluate the kinetics of the electrocatalysts in the presence of methanol in alkaline medium
(KOH) using electrochemical Impedance Spectroscopy
e Determine the electrochemical stability of the supported catalysts in the presence of

methanol in alkaline medium (KOH) using Chronoamperometry.

1.10 Thesis Delimitation

Conventionally, MWCNTs have been functionalized in saturated nitrogen in acidic medium.
However, in this study MWCNTSs were functionalized in the presence of air to ensure that more
oxygen can be introduced into the surface of the support materials thereby increasing the binding
sites for the Pd nanoparticles.

1.11 Thesis Overview

This thesis is divided into eight (8) chapters including this current chapter 1. The thesis structure
is as follows:

Chapter 1 contains introduction which provide background information to the study, outlines the
problem statement, aims and objectives of the study, thesis delimitation and thesis overview.
Chapter 2 presents an overview of all the related literature on various carbon and non-carbon
support materials with their hybrids. A comparative study of different synthetic methods and
support materials is made with more attention on carbon support materials.

Chapter 3 focuses on all the materials, methods used and the chemical characterization. It gives

the experimental details of the synthesis procedure of the various mono and hybrid support
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materials produced with their respective catalysts. The catalyst film, chemical characterization and
the electrochemical evaluation procedures were also stated.

Chapter 4 showcase the results obtained from the characterization of graphene based support
materials and their catalysts. A comparison of the surface area of the support materials was made.
This chapter further shows and compares the electrochemical evaluation results of all the
synthesized graphene supported Palladium electrocatalysts. A conclusion was drawn on the best
among them.

Chapter 5 features the results obtained from the characterization of non-graphene based support
materials and their catalysts. A comparison of the surface area of the support materials and the
performance of their catalyst was made. This chapter also compares the results of PdA/NGO with
Pd/N-MWCNTs as they exhibited the best electrocatalytic activity among their respective
counterparts and conclusion was drawn on the best between the two.

Chapter 6 This chapter presents and compares the results obtained from the characterization of
hybrid support materials and their catalysts. The electrochemical evaluation results of all the
synthesized hybrid supported Palladium electrocatalysts are also presented and compared. A
conclusion was drawn on the best among them.

Chapter 7 features the results obtained from the characterization of binary catalysts. Their
electrochemical evaluation results are also presented and compared. A conclusion was drawn on
the best among them.

Chapter 8 provides the final conclusion of this research work based on the results obtained and

recommendations for future study.
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CHAPTER TWO
2 REVIEW OF RELATED LITERATURE
2.1 Introduction

Low-temperature fuel cells using hydrogen, methanol, ethanol and other fuel is a technology which
has drawn the attention of many researchers because they serve as means of generating power by
direct conversion of the fuel and oxygen into water, electrochemically (Antolini, 2009; Gomez et
al., 2016). The aim of DMFCs technology is to develop high performance, low cost and durable
fuel cell device (Ramli & Kamarudin, 2018; Sharma & Pollet, 2012). In contrary, the present
DMFCs system is very expensive (mainly due to catalyst used) with low performance and less
durability. One of the major factors to be considered in designing high performance and more
durable DMFCs is the catalyst support materials (Bianchini & Shen, 2009; Chalgin et al., 2020)
since they have been discovered to reduce the cost, improve the catalytic activity and durability of
DMFCs if properly developed (Du et al., 2016).

2.1.1 Carbon Supports
Several carbon support materials have been investigated. Previously, carbon blacks such as Vulcan

XC-72, Black Pearls 2000, Acetylene Black, Ketjen Black and Mascorb were used extensively as
catalyst support materials for Pt and Pt alloy electrocatalysts in low temperature fuel cells such as
DFMCs due to their high availability and low cost (Antolini, 2009; Chen et al., 2008; Li et al.,
2003; Priya et al., 2014; Sahoo et al., 2015; Song et al., 2015; Tang et al., 2010; Wang et al., 2016;
You & Kamarudin, 2017). In the recent years, nanostructured carbon materials have been
investigated and tested as support materials in order to improve the electrochemical activity and
stability of the fuel cell catalysts. Some of these support materials include, multi-walled carbon
nanotubes (MWCNTS) (Akalework et al., 2012; Daoush & Imae, 2012; Lee et al., 2006; Sahoo et
al., 2015; Zhang et al., 2018; Zhu et al., 2008) carbon nanofibers (CNFs) (Antolini, 2009;
Boskovic et al., 2005; Knupp et al., 2008; Yuan & Ryu, 2004), graphene or reduced graphene
oxide (rGO) (Anwar et al., 2019; Avouris & Dimitrakopoulos, 2012; Bharti & Cheruvally, 2017;
Emiru & Ayele, 2017; Park et al., 2018; Seselj et al., 2015; Shaari & Kamarudin, 2017), graphene
oxide (GO) (Bojarska et al., 2019; Chen et al., 2012; Farooqui et al., 2018; Gupta et al., 2017;
Pandey et al., 2017; Sohail et al., 2017; Zakil et al., 2016) among others with their nitrogen-doped
counterparts such as N-MWCNTSs, NGO and NrGO (Chen et al., 2011; Du et al., 2008; Higgins
et al., 2010; Long et al., 2010; Maiyalagan et al., 2005; Narreddula et al., 2019; Vinayan et al.,
2012; Wang et al., 2012; Wei et al., 2012; Xiong et al., 2013; Xu et al., 2013) and hybrids (Anwar
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et al., 2019; Jafri et al., 2010; Jha et al., 2011; Aravind et al., 2011; Lee et al., 2006; Li et al.,
2015; Pham et al., 2016; Ramesh et al., 2008; Wang et al., 2014; Zhao et al., 2016).

Support materials has been discovered to play a vital role in the performance of catalysts as they
provide high dispersion surface area and stability for the catalysts nanoparticles (Khotseng et al.,
2016). They are also important in enhancing mass transfer management in a fuel cell, improve
electroactive species diffusion through the porous structure of the carbon supports, promotion of
the electronic transfer either for the presence of surface functional group or the decrease in Fermi
level of the catalyst and enhancement of high electroactive area caused by a better dispersion of
catalyst nanoparticles (Calderdn et al., 2012; Du et al., 2016). Therefore, catalysts are usually
supported on electronic conductive and porous materials due to the fact that supported catalysts
have been discovered to exhibit higher activity and better stability than unsupported catalysts
(Sharma & Pollet, 2012). Hence, one of the means of increasing the activity of the catalyst is to

modify and upgrade the support materials (Wang et al., 2016).

Since activity and stability of direct methanol fuel cells (DMFCs) are anchored on the strong
chemical synergistic interaction between the catalysts and the supporting materials which
determines the proper dispersion of the catalyst nanoparticles at low metal loading (Wang et al.,
2016), ideal catalyst support materials should therefore contain the following features among
others: sufficient electrical conductivity, large surface area, high resistance to electrochemical
corrosion, suitable porosity and porous structure, strong stability in acidic or alkaline medium,
good proton conductivity and crystallinity, good compatibility with electrodes, good water
handling to avoid flooding and easy recovery of catalysts which all result into strong chemical
synergistic interaction between the support and the catalyst nanoparticles as shown in Fig 2.1
(Antolini, 2009; Anwar et al., 2019; Li et al., 2003; Wang et al., 2016). Carbon support materials
have been reported to be the best choice as catalyst support due to their large specific surface area,
strong and better corrosion resistance and relatively low price (Tang et al., 2010).
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Figure 2.1: Properties of an ideal catalyst support
Source: (Anwar et al; 2018)

2.1.2 Carbon Supported Catalysts used in Direct Methanol Fuel Cells.

Electrocatalysts has been noted to play a significant role in DMFCs architecture and have been
extensively explored to enhance the rate of electrochemical reactions in order to get desirable
results (Samad et al., 2018). These catalysts are either used as anode catalyst where oxidation
reaction occurs or as cathode catalyst where reduction reaction takes place. They could be
developed as electrode itself or coated on the surface of the electrode. Platinum and Palladium are
mostly used in DMFCs as pure metal doped on carbon support materials or as alloyed with other
metals (Antolini et al., 2008; Ermete Antolini, 2018; Bianchini & Shen, 2009).

Platinum has been extensively used in DMFCs being the known most active metal for methanol
oxidation reaction and oxygen reduction reaction among other pure metals when supported on a
conductive carbon material (Antolini et al., 2008; Samad et al., 2018). However, the activity for
the methanol oxidation reaction of Pt metal alone is very low (Ermete Antolini, 2018) as it suffers
kinetic limitation and also readily poisoned by CO specie, a product of methanol oxidation at low
temperature (Gottesfeld & Zawodzinski, 2008; Pollet et al., 2012). This poisoning effect usually
result to instability as well as reduction in DMFCs performance. Hence, the use of additional metal
with Pt such as Ru, Ni, Co, and Mo as alloy has been developed (Shukla et al., 2004; L. Xiong &
Manthiram, 2004). The bifunctional mechanism explains that the second metal supplies oxygen to
oxidised the Pt-adsorbed methanol oxidation intermediate specie, while the electronic effect states
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that the second metal modifies the Pt electronic configuration, thereby weakening the adsorption
of the methanol oxidation intermediate specie on Pt (Ermete Antolini, 2018). It is also known that
the corrosion of carbon black increases in the presence of Pt nanoparticles. This results to
detachment of the Pt from the support and the agglomeration of the Pt nanoparticles (Samad et al.,
2018).

Significant efforts have been made to develop new catalyst for DMFCs anode with little or no Pt
metal and are able to tolerate poisoning by CO specie with fast kinetics (Bianchini & Shen, 2009).
Pd has aroused notable interest in electrocatalysts since it is more abundant in nature than Pt and
exhibits the capacity to enhance the oxidation of several alcohols in alkaline media with significant
electrochemical stability (Bianchini & Shen, 2009). The attraction of Pd-based electrocatalyst
emanated from the fact that, unlike Pt-based electrocatalyst, they can be highly active for oxidation
of large variety of substrate in alkaline medium. The alloying of Pd with non- noble metal in
catalytic architecture capable of rapidly and stably oxidizing alcohols in anode electrodes is
expected to decrease the cost of the membrane electrode assembly (MEA) so as to boost the
commercialization of DMFCs (Bianchini & Shen, 2009) but their performance was still found to
be lower than expected (Antolini et al., 2008).

Therefore, performance of different modified carbonaceous support materials using Pd catalyst
with the aim of improving the activity and stability of the electrocatalyst has been investigated in
this research. Pt catalyst, which is the best suited catalyst for direct methanol fuel cells (DMFCs)
(Priya et al., 2014), has been known to suffers kinetic limitation and easily poisoned at low
temperatures with CO species (Li et al., 2009; Priya et al., 2014). This poisoning usually results
to instability as well as reduction in DMFCs performance. This has posed a great challenge and
reduce its commercialization. Hence, Palladium (Pd) is used in this study as alternative to Pt due
to its lower poisoning effect, similar electronic configuration and lattice constant. Pd is also more
abundant in nature than Pt and exhibits the capacity to enhance the oxidation of several alcohols
in alkaline media with significant electrochemical stability (Bianchini & Shen, 2009).

2.2 Types of Carbon Support

2.2.1 Carbon Black
For the past decades, conductive carbon black have been used as catalyst support materials for

DMFCs (Ermete Antolini, 2009) and polymer electrolyte membrane fuel cells (PEMFCs) (Wang
et al., 2016) because of their low cost and are readily available (L. Li et al., 2015b). Several types
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of carbon black have been extensively studied and reported which include Acetylene black, Ketjen
black, Oil-furnace black and Vulcan XC-72 (Antolini, 2009; Munjewar et al., 2017; Wang et al.,

2016). The structure of carbon black is shown in Figure 2.2.

Figure 2.2: Structure of Carbon black
Source: (Tessonnier, 2017)

Among the various carbon black materials that have been investigated, Vulcan XC-72 has been
reported as the most widely used support material for DMFCs catalyst which may be due to its
more abundant defect sites and organic-surface groups which lead to a more homogenous metal
dispersion and high electronic conductivity (Li et al., 2015; Munjewar et al., 2017; Tang et al.,
2010). It has also been known to possesses high mesoporous and macroporous distribution, good
graphite character with a high surface area of 250 m?g™* which can meet the requisites of a good

support for catalyst (Munjewar et al., 2017; Tang et al., 2010).

A lot of research has been carried out on the effect of the characteristic of carbon black on
dispersion and electrocatalytic activity of supported catalyst (Antolini et al., 2002; Antolini, 2010;
Fraga et al., 2002; Gharibi et al., 2005; Rao et al., 2005; Wang et al., 2016). (Uchida et al., 1995)
has reported the effect of specific surface area of various carbon supports on Platinum particle size
of Pt/C catalyst. It was revealed that the Platinum particle size reduces with an increase in specific
surface area of the carbon black support (Antolini, 2009). However, the Platinum particles in these
pores are not contributing to the reaction taking place in the PEMFC as the ionomer particles are
bigger than the diameters of the pore and the Platinum particles will have no contact with the
ionomer. Meanwhile, pores with size lesser than 3 nm always reduce the methanol oxidation. Since
the pore size is too small, there will be no efficient supply of fuel which will reduce the activity of

the catalyst. Hence, pores with size 3-8nm are very useful for the diffusion of methanol fuel
16
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(Antolini, 2009; Wang et al., 2016). (McBreen et al., 1981) also reported the dispersion of
Platinum deposited by colloidal method on Vulcan XC-72, Regal 600R, Monarch 1300, CSX98
and Mogul L. It was revealed that Vulcan XC-72 and Regal 600R show better Platinum dispersion
than others. The high Platinum dispersion on VulcanXC-72 was assigned to its high internal
porosity while that of Regal 600R was assigned to surface properties of the carbon support which
led to a very strong Platinum-Carbon synergistic interaction. The comparison between Vulcan XC-
72R and high surface area graphite (HSAG) 300 Lonza materials has also been reported. Results
showed that catalyst supported on Vulcan XC-72R has higher active surface area than the one
supported on HSAG (Antolini, 2009).

2.2.1.1 Activation of Carbon Black

In general, it is expected that inert catalyst support materials are activated before their use in order
to increase their catalytic activity and metal dispersion. This can be done in two ways namely:
physical activation or thermal treatment and chemical activation or oxidative treatment (Antolini,
2009).

2.2.1.1.1 Physical Activation

The physical activation involves thermal treatment or heating of carbon support which is done
under inert atmosphere (800-1100 °C) or in air/steam (400-500 °C) with the intension of removing
any impurity present at the surface of the support. It was reported by (Oliveira-Netoa et al., 2003)
during their research on the preparation of carbon-supported Platinum using Vulcan XC-72
powder, Shawinigan black and fullerene soot that thermal treatment was carried out on these
supports under two conditions: argon atmosphere at 850 °C for 5 hours followed by steam at 500
°C for 2 % hours. Cyclic voltammetry (CV) measurement revealed, after the two treatments, that
all the carbon supports exhibit an increase in capacity current because of removal of surface
impurities. Due to this treatment, the Platinum catalyst showed an increase of about 50% active
surface area for both Vulcan and Shawinigan carbon supports. It was noted that the active surface
area for Platinum supported on Shawinigan carbon was smaller compared to that of Platinum
supported on Vulcan carbon. However, Platinum supported on Shawinigan and fullerene supports
exhibit similar active surface area which is smaller than that of Platinum supported on Vulcan
support. Tafel plots for oxygen reduction showed that the catalyst supported on Vulcan and
Shawinigan show similar activities and both are superior to catalyst supported on fullerene support
(Antolini, 2009).
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2.2.1.1.2 Chemical Activation

Chemical activation is an oxidative pre-treatment of catalyst supports which has become
indispensable in determining the catalytic activity of carbon-supported catalysts. It has been
reported that the surface chemistry of carbon i.e. surface functional groups, is of paramount
importance in determining the catalytic activity of carbon support materials. This chemical
activation increases their catalytic activity and metal dispersion (Derbyshire et al., 1986). The
oxygen-containing functional groups introduced into the surface of the carbon supports as surface
oxides during oxidative treatment such as carboxylic, lactonic, phenolic and etheric groups among
others, provide binding sites or anchor for the catalyst particles and they are also responsible for
both the redox and acid/base properties of the supports (Li et al., 2015; Poh et al., 2008;
Rajalakshmi et al., 2005; Sepulveda-Escribano et al., 1998; Wang et al., 2006). However, they do
not increase the quantity of the metal particles binding to the supports (Coloma et al., 1994;
Ehrburger et al., 1976). Meanwhile, the effect of oxidative pre-treatment of carbon support
materials on Pt group metal dispersion has resulted into contrasting and antithetical results in
literature reports. According to some researchers, (Antolini, 2009; Torres et al., 1997), the
dispersion of the metal nanoparticles increases as the number of the oxygen surface groups in the
support materials increases. It has been reported that the treatment of the carbon supports with
oxidizing agents such as HNO3z/H2SOs4, H20, Oz and O result into the formation of surface acidic
sites but destroying surface basic sites. (Torres et al., 1997) revealed that the effect of these
oxidizing agents can be attributed to the nature of the functional groups present on the surface of
the carbon supports. Carbon supports treated with HNO3z/H2SO4 have shown a high density of both
the strong and weak acid sites whereas those treated with H>O2 and O3z showed a high concentration
of weak acid sites. The isotherm of H2PtCle catalyst in the liquid phase at 25 °C revealed a stronger
binding interaction of the precursor of the metal with a carbon of low acidic properties such as
those treated with H2O2 or O3 than with high acidic carbon treated with HNOs. The carbon supports
treated with a weak oxidizing agent, which form moderate acidic sites and exhibit strong
interaction with H2PtCls during impregnation would facilitate Platinum dispersion on the surface
of the carbon supports (Torres et al., 1997). It has also been argued that the size and the loading
efficiency of metal clusters depend on the surface characteristics of the carbon supports and their
method of preparation (Kim & Park, 2006). Carbon supported Platinum, treated with a base, has
also been reported to show the smallest particle size and highest loading among the carbon-
supported Platinum catalyst that were chemically treated. It was noted that the electroactivity of
the catalyst was improved when the carbon supports were treated with basic or neutral agents. The

reverse was the case for acid-treated carbon support Platinum which experience decay in their
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electroactivity (Antolini, 2009). (Suh et al., 1993; Fraga et al., 2002; Torres et al., 1997) have
reported that the dispersion of metal particles increases with increasing number of oxygen surface
group in the carbon supports but (Coloma et al., 1994; Ehrburger et al., 1976; Roman-Martinez et
al., 1995) reported that the presence of surface oxygen-containing functional group on supports
reduces the metal particle dispersion. This was buttressed by (Guerrero-Ruiz et al., 1998) that
micro-calorimetric measurement of CO adsorption showed that the presence of oxygen surface
groups reduces the metal-support interaction. The reduction in the Platinum particles dispersion
with an increase in the total surface oxygen is as a result of the decrease in the number of surface
basic sites which happens to be the centers for strong adsorption of the metal particles. The
dependence of Platinum dispersion on oxygen and the total surface oxygen content of the support
has also been reported. The quantity of Platinum particles deposited and retained on the support
depends on the oxidative treatment of the carbon support materials (Fraga et al., 2002).The surface
of carbon supports can also be functionalized by citric acid treatment. This results in the formation
of functional groups like carboxyl which produces acidic sites and hydroxide which produces basic
sites (Poh et al., 2008). They also found that Platinum nanoparticles which were deposited on
Vulcan XC-72 carbon by microwave-assisted polyol process after being functionalized by citric

acid treatment showed smaller particle size than those deposited on unfunctionalized carbon.

The activity of methanol electro-oxidation of Pt-Ru catalysts supported by ozone-treated Vulcan
XC-72 and untreated carbon has been examined. The cyclic voltammetry of CH3OH/H2SO4
solution revealed that the catalytic activity of Pt-Ru catalysts supported on Os-treated carbon for
methanol oxidation is higher than that supported on unfunctionalized carbon (Wang et al., 2006).
Some researchers have also reported that carbon black functionalized using C2F radio frequency
plasmas is very useful as electrocatalyst support for PEMFC catalyst. They reported that the
hydrophobic state of the support and the distorted electronic state of the supported Platinum
particle are responsible for the improvement of the catalytic activity (Shioyama et al., 2006).
(Fuente et al., 2006) submitted that CO oxidation depends on the nature of the support instead of
the nature of the Platinum particle when investigated the effect of chemical modification of Vulcan
XC-72R on the activity for Ho/CO oxidation of Platinum nanoparticles. Above all, the oxidative
pre-treatment of support materials using HNO3/H>SO4 has been discovered to be the best among
others as this has been widely used and reported with better positive results (Gui et al., 2013;
Khotseng et al., 2016; Malek Abbaslou et al., 2009; Moraes et al., 2011; Ramli & Kamarudin,
2018; Wang et al., 2005).
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2.2.1.2 Disadvantages of Carbon Black

The synergy between the features of carbon black supports and its effect on the stability of both
the supports and the supported metals has been reported. Sintering of Platinum particles and
Platinum release from the carbon black support materials is usually caused by the instability of
carbon black support materials which affects the loss of Platinum surface areas. (Stonehart, 1984;
Uchida et al., 1995; Wang et al., 2007; Watanabe et al., 1988). (Uchida et al., 1995) carried out a
durability test on carbon black support materials in sulphuric acid solution at 60 °C and observed
that there was a change in the colour of the sulphuric acid solution which indicated the dissolution
of carbon black support materials. The colour from carbon blacks with the larger surface area were
darker than those from carbon black with small surface area and those from the furnace blacks
were darker than those from acetylene blacks. Therefore, the furnace black with a larger surface
area is likely to be more soluble and unstable. X-ray fluorescence measurement showed that some
impurities were present in the acetylene blacks. However, Ca, S, Fe, and Cl were discovered as
impurities in the furnace black which could affect the solubility of the carbon blacks (Uchida et
al., 1995).

(Wang et al., 2007) have also argued that Vulcan XC-72 has a higher corrosion resistance than
black pearl 2000 (BP-2000) when investigated the effect of carbon black support corrosion on the
stability of Pt/C catalyst. It was noted that Pt/Vulcan performed better than Pt/BP-2000. The result
of XPS analysis revealed that fewer Platinum particles were retained on the Pt/BP-2000 compared
to Pt/Vulcan catalyst after durability test. XRD result also revealed that Pt/BP-2000 catalyst
exhibits higher Platinum size growth. The decrease in the performance of Pt/BP-2000 was due to

its low corrosion resistance.

The effect of pH value during impregnation of Platinum precursor on carbon black support
materials with thermal treatment at high temperature has been reported. It was noted that the lower
the pH, the lower the activation energy of the particle growth. The mechanism of Platinum particle
growth and the stability of metal particle depend on the acid-base surface properties of the carbon
black support materials. The oxygen-containing functional groups present at the surface of the
carbon black support materials act as a binding site for metal particles thereby promoting their
dispersion (Antolini, 2009).

Despite the advantages offer by carbon blacks, they still suffer some limitations. Acetylene black

could not exhibit highly dispersed surface area; although, Ketjen black exhibit better surface area
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for highly dispersed nanoparticle catalysts, it still suffers setback in mass transportation and high
ohmic resistance during fuel cell operation (Raghuveer & Manthiram, 2004) while Vulcan XC-72
still suffers from high carbon corrosion and degradation of the catalyst due to its large number of
defect sites and long term DMFCs working condition (Li et al., 2015; Ranganathan et al., 1999;
Shaari & Kamarudin, 2017; Wang et al., 2016) and its nanoparticles are not monodispersed
(Antolini, 2009). Other setbacks of carbon black support materials include deep crack surface
(Raghuveer & Manthiram, 2004) side reactions which produces H.O2, low surface area, low
resistance to corrosion caused by electrochemical oxidation of the carbon surface (Antolini, 2010)
and poorly connected micropores in the amorphous particles of carbon black which prevent the
smooth supply of the methanol fuel. This usually result into limited mass transfer and low catalytic

performance (Wang et al., 2016).

2.2.2 Recent/Modern Carbon Materials

Various recent and modified carbon materials, which are nanostructured carbon materials, have
been investigated and reported as catalyst support materials in DMFCs because of their different
nanoarchitectural structures. These nanostructured carbon materials include multi-walled carbon
nanotubes (Akalework et al., 2012; Daoush & Imae, 2012; Lee et al., 2006; Sahoo et al., 2015;
Zhang et al., 2018; Zhu et al., 2008) carbon nanofibers (Antolini, 2009; Boskovic et al., 2005;
Knupp et al., 2008; Yuan & Ryu, 2004), graphene (Anwar et al., 2019; Avouris &
Dimitrakopoulos, 2012; Bharti & Cheruvally, 2017; Emiru & Ayele, 2017; Park et al., 2018; Seselj
etal., 2015; Shaari & Kamarudin, 2017), graphene oxide (Bojarska et al., 2019; Chen et al., 2012;
Farooqui et al., 2018; Gupta et al., 2017; Pandey et al., 2017; Sohail et al., 2017; Zakil et al., 2016)
among others with their N-doped counterparts (Chen et al., 2011; Du et al., 2008; Higgins et al.,
2010; Long et al., 2010; Maiyalagan et al., 2005; Narreddula et al., 2019; Vinayan et al., 2012;
Wang et al., 2012; Wei et al., 2012; Xiong et al., 2013; Xu et al., 2013) and hybrids (Anwar et al.,
2019; Jafri et al., 2010; Jha et al., 2011; Aravind et al., 2011; Lee et al., 2006; Li et al., 2015;
Pham et al., 2016; Ramesh et al., 2008; Wang et al., 2014; Zhao et al., 2016) . Their special
physicochemical structures have led to better stability and catalytic activity through their physical
and /or chemical modifications. Under despotic or severe chemical and electrochemical oxidation
conditions, these new carbon materials appear to prevent some durability matters like carbon
corrosion, Platinum dissolution and aggregation and Ostwald ripening owing to their unique
structures and synergistic relationship with metal nanoparticles during fuel cell operations (Li et
al., 2015; Wang et al., 2016). It is very important to note that the porosity and texture of carbon
materials play a vital role in the efficacy of electrocatalyst. Hence, the International Union of Pure
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and Applied Chemistry (IUPAC) has categorized pores to their width as micropores (< 2 nm),
mesopores (2-50 nm) and macropores (>50 nm). Though, carbon black exhibit large specific
surface area but comprises majorly micropores less than 1nm which makes the easy supply of fuel
a bit difficult thereby limit the electrocatalytic activity. When the average diameter of the pore is

less than 2 nm, smooth supply of fuel becomes a big challenge (Antolini, 2009).

It has also been reported that carbon support with high surface area and good crystallinity enhance
electron transfer despite providing high dispersion of metal nanoparticles resulting in better fuel
cell performance (Park et al., 2004). This has now led to more research focused on carbon-based
nanostructured materials with good porosity and graphitized structure such as carbon nanotubes,
carbon nanofibers, mesoporous carbon and graphene which have also been considered recently as
new catalyst support materials for DMFC catalysts. This is as a result of their specific
characteristics which include better crystalline structure with high electrical conductivity, high
surface area, good corrosion resistance, low CO poisoning, better purity, good pore length and
connectivity, better pore size distribution and relatively good stability in acidic and alkaline media
compared to the conventional carbon back during extended use and repeated cycling under fuel
cell operation (Antolini, 2010; Wang et al., 2016). They exhibit different morphology at
nanoscopic level with respect to their pore texture (such as mesoporous carbon) and at macroscopic
level with respect to their form (such as microsphere) compare to carbon black (Wang et al., 2016).
They can be synthesized in form of microsphere as in ordered mesoporous carbons (OMCs), using
spherical template (Ryoo et al., 2001) and carbon gels (Kim et al., 2006), or grow directly on the
surface of carbon (Su et al., 2006), polymeric (X.-J. Huang et al., 2006) or metal (Han et al., 2006)
microsphere as in carbon nanotubes. Carbon microspheres (CMSs) can be synthesized by
ultrasonic spray pyrolysis (USP) (Bang et al., 2007; Skrabalak & Suslick, 2006), template method
(Ryoo et al., 2001), hydrothermal method (Xu et al., 2007) and sol-gel method (Kim et al., 2006).
Carbon microspheres have a diameter of about 1-2um which is significantly higher than that of
carbon black (Antolini, 2009).

However, based on higher surface area, higher electrical conductivity, greater mechanical and
electrical properties, better crystallinity and stability, higher charge transport mobility, presence
of large oxygen containing functional group which can easily disperse catalyst nanoparticles and
oxidize accumulated CO thereby enhancing the electrocatalytic activity, better resistance against
carbon corrosion during fuel cell operation, higher tendency to introduce chemically active sites

for reaction and anchoring sites for metal deposition among others than other recent carbon support
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materials (Antolini, 2009; Farooqui et al., 2018; Guo & Sun, 2012; Munjewar et al., 2017; Priya
et al., 2014; Samad et al., 2018; Sharma & Pollet, 2012; Wang et al., 2016; Zhou et al., 2014),
carbon nanofibers, multi-walled carbon nanotubes and graphene with their nitrogen-doped
counterparts and hybrids were used as catalyst support materials in this study which are discussed

below.

2.2.2.1 Multi-walled Carbon nanotubes (MWCNTS)

2.2.2.1.1 Structural features

The MWCNTSs are hollow tubular structures with a highly graphite multilayer wall. As a result of
their unique structural and electrical properties, they have been discovered to be the best
nanostructured carbons with good result as catalyst support for DMFCs. They are more stable and
highly conductive because of their high crystalline status (Wang et al., 2016). MWCNTSs are more
stable and can outlast the lifetime of VVulcan XC-72 (Prabhuram et al., 2006). Special features of
MWCNTs which also make them useful as catalyst supports are their moderate outer diameter,
inner diameter and length. Research reports have also revealed that MWCNTS are better than
carbon black as catalyst support for DMFCs (Li et al., 2015). MWCNTSs are two-dimensional
cylindrical nanostructure tubes which are formed by rolled-up single sheet of hexagonally arranged
carbon atoms. They can exist as single-walled carbon nanotubes (SWCNTSs) or multi-walled
carbon nanotube (MWCNTS), depending on the structure. A SWCNTSs is a graphene sheet rolled
into a cylindrical shape and a MWCNTs is a coaxially arranged graphene rolled into a cylinder as
shown in Figure 4a and 4b respectively. The MWCNTS are stacked onto each other, accompanied

by many carbon nanoparticles and carbonaceous impurities (Antolini, 2010).

(a) (b)

Figure 2.3: The structures of SWCNTSs (a) and MWCNTSs (b).
Source: (Balasubramanian & Burghard, 2005)
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Studies have revealed that SWCNTSs provide larger surface area while MWCNTs are more
conductive when compare the two (Sharma & Pollet, 2012). According to (Serp, 2003), pores in
MWCNTSs are divided into inner hollow cavities of diameter between 3-6nm (narrowly distributed)
and aggregated pores of diameter 20-40 nm (widely distributed) formed by interaction of isolated
MWCNTs. MWCNTSs with small tube diameter and high surface area can be obtained using small
catalyst particles for synthesis (Wang et al., 2004). Theoretically, SWCNTSs can either be metallic
or semiconducting depending on the tube diameter and helicity (Saito et al., 1992). However,
scanning tunneling spectroscopy (STS) measurement revealed that MWCNTSs conductivity is due
to the outer shell which is usually larger than SWCNTs. Hence, MWCNTSs should exhibit
relatively high electrical conductivity (Kasumov et al., 1998). It has also been reported that
MWCNTSs are more active than the conventional carbon black (Vulcan XC-72) because of their
unique structural features (Antolini, 2009; Guo et al., 2008; Li et al., 2003; Maiyalagan et al.,
2005; Prabhuram et al., 2006; Wei et al., 2008) Furthermore, the nitrogen-doped multi-walled
carbon nanotubes (N-MWCNTS) have also been reported to improve the catalytic activity of
catalysts. N-MWCNTSs was reported to enhanced the catalytic activity of Platinum catalyst by ten
folds compared to the conventional Vulcan XC-72 supported catalysts (Maiyalagan et al., 2005).
This was ascribed to the higher dispersion and good interaction between the support and the
Platinum nanoparticles. According to the authors, the nitrogen functional group on the surface of
MWCNTSs intensifies the electron withdrawing effect against the Platinum and the decrease in
electron density of Platinum facilitate the oxidation of methanol fuel (Maiyalagan et al., 2005).
This optimum amount is about 10 % which implies that the isolated nitrogen sites favours the
better crystallite size (Antolini, 2009). The N-dopants in MWCNTS also serve as the defect sites
to enhance the nucleation of Platinum catalyst nanoparticles (Du et al., 2008).

In terms of stability, N-doped supported catalysts have been investigated and reported to be more
stable than the conventional supported catalysts. The N-doped MWCNTSs electrodes were
discovered to be the most stable for direct methanol electrooxidation. This was attributed to the
tubular morphology and the nitrogen functionality of the support which influenced the better
dispersion and enhanced stability of the electrode (Maiyalagan et al., 2005). The higher the
nitrogen functional group on the MWCNTs support materials which prevent the catalyst
agglomeration, the better the catalyst activity. A strong metal-support link which is induced by the
presence of nitrogen on the surface of the support materials resulted into decrease in accumulation
of carbon monoxide (COggs)) on the Platinum catalyst thereby increasing the catalyst poison

tolerance (B. Xiong et al., 2013)
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2.2.2.1.2 Synthesis methods

MWCNTSs can be synthesized using carbon-arc, discharge, laser ablation of carbon, chemical
vapour deposition (CVD) and plasma enhanced chemical vapour deposition (PECVD) (Chhowalla
et al., 2001; Hofmann et al., 2003; Li et al., 2003; Ren et al., 1998). Li et al prepared MWCNTSs
using high-purity graphite in a classical arc-discharge evaporated technique. However, due to high
curvature and inertness of MWCNTSs surface, it is difficult to bind metal nanoparticles to the
support surface (Li et al., 2015; Li et al., 2003). Pre-treatment of MWCNTSs has therefore become
imperative before metal deposition to obtain optimal and strong synergistic interaction between
the metal precursor and the support (Priya et al., 2014). Some oxygen-containing functional groups
like carbonyl, carboxyl, hydroxyl, phenolic, lactonic, etheric etc. and defect sites are introduced
onto the support surface by harsh acid oxidation such as refluxing in nitric and sulphuric acids at
varying temperature 90-140 °C (Alexeyeva et al., 2011; Prabhuram et al., 2006; Wei et al., 2008;
Xing, 2004). These serve as a nucleation center and binding sites for subsequent anchoring and
reductive conversion of precursor metal ions to metal nanoparticles so that the metal nanoparticles
can attach to the MWCNTSs surface easily (Rajalakshmi et al., 2005). Meanwhile, this activation
of MWCNTSs surface can take place not only before but also after the metal deposition on the

carbon supports (Antolini, 2009).

MWCNTSs has been previously prepared using sodium nitrite to produce intermediate diazonium
salts from substituted anilines, forming benzene sulfonic group on the surface of the MWCNTSs
which increases the solubility in water (Hudson et al., 2004; Stephenson et al., 2006). (Yang et al.,
2008) dispersed Palladium particles on the MWCNTSs which were functionalized in a mixture of
sulfuric acid and 4-aminobenzenesulfonic acid. TEM image revealed that Palladium dispersion on
unsulfonated MWCNTs is low and large Palladium cluster can be seen. However, higher
Palladium dispersion was observed on sulfonated-multiwall carbon nanotubes (S-MWCNTS)
despite little agglomeration of Palladium nanoparticles on the support. This is as a result of
chemically active and hydrophilic surface of MWCNTSs after benzene sulfonic treatment.
Although, this functionalization process introduces nucleation sites for the catalyst nanoparticles,
however, the introduction of defect sites and oxygen containing functional groups denature the
graphitized MWCNTSs surface. This reduces the conductivity of the MWCNTS and accelerates its
corrosion (Bojarska et al., 2019; Priya et al., 2014). These setbacks result to low efficiency in
catalytic performance (Li et al., 2015). Doping with heteroatoms such as nitrogen (Higgins et al.,
2010) to modify the support surface has also been found to improve the morphology of MWCNTS.

Nitrogen-doped multi-walled carbon nanotubes (N-MWCNTS) has been investigated and found to
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exhibit a bamboo-like structure with diameter over 100 nm, BET surface area of about 870 m?/g
in which 450 m?/g was discovered to be electrochemically accessible. The presence of nitrogen
atom enhances the mass transfer and catalyst loading sites and stability (Hung et al., 2016; B.
Xiong et al., 2013).

(C. Kim et al., 2004; K. Lee et al., 2006; Matsumoto et al., 2004) reported the synthesis of
MWCNTs and nanofibers-supported Platinum catalysts for PEMFC. It was noted that without
functionalization, most MWCNTSs are deficient of enough binding sites for anchoring precursor
metal ions which resulted to poor dispersion and agglomeration of metal ions especially at high
loading conditions. Only less than 30 wt% Pt/MWCNTSs catalyst was obtained due to high
Platinum loading on untreated MWCNTSs which tend to agglomerate. It can be seen that most of
the support, after pre-treatment by purification and slow oxidation in a mixture of HNO3 and
H>SO4, are isolated and virtually no carbon nanoparticle agglomeration is observed. Deposition,
distribution and crystalline size of metal nanoparticles supported on MWCNTSs are mainly affected
by synthesis method, metal precursors and oxidative treatment. (Moraes et al., 2011) investigated
the electrochemical effect of acid functionalization of MWCNTs to be used in sensors
development. It was revealed that acid (HNO3s/H2SQO4) functionalization significantly improves the
electrotalytic properties of the multi-walled carbon nanotubes. This was also corroborated by
(Malek Abbaslou et al., 2009) when they investigated the effect of pre-treatment on physico-
chemical properties and stability of MWCNTSs supported Iron Fischer-Tropsch catalyst. It was
noted that the acid treatment increased the number of defects which were considered as anchoring
site for metal particles. (Gui et al., 2013) also reported in their study on multi-walled carbon
nanotubes modified with (3-aminopropyl)triethoxysilane for effective carbon dioxide adsorption
that more amine groups were well attached covalently on the MWCNTS surface due to the presence
of high binding sites as a result of the acid pre-treatment. Hence, the mixture of HNO3/H>SQO4 acids

was used for pre-treatment of the carbon support materials in this study.

Despite MWCNTSs is one of the preferred supports for catalysts, its synthesis, metal loading and
electrode preparation still have challenges in DMFCs development. Another challenge of
MWCNTSs as catalyst support is how to use them to fabricate high-performance working electrode.
Using MWCNTS’ properties like electrical, mechanical and structural could be of good help in
developing new electrode structure (Anwar et al., 2019). This aspect was part of the focus of this

study.
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2.2.2.2 Carbon nanofibers or Graphite nanofibers

2.2.2.2.1 Structural features

Carbon nanofibers (CNFs) or Graphite nanofibers (GNFs) have also been discovered as new
nanostructure support materials for electrocatalyst. They show high surface area to volume ratio
when used in different applications (Munjewar et al., 2017). Due to their unique structure, their
application as catalyst support in fuel cells has drawn a lot of attention (Bessel et al., 2001; Park
& Baker, 1998, 1999; Park et al., 2007; Steigerwalt et al., 2001). CNFs have also been reported to
show better electrical conductivity and higher surface area than carbon black. There are various
types of CNFs which include platelet, ribbon, tubular, fishbone, herringbone or cup-stacked, spiral
etc. depending on the atomic structure as shown in Figure 2.4. Platelets and herringbone structures

show surface oxygen groups for metal anchoring (Antolini, 2009; Anwar et al., 2019).

() (b)

Herringbone

Figure 2.4: The schematic representations of (a) the platelet, (b) ribbon and (c) herringbone or cup-
stacked structures of CNFs
Source: (Ermete Antolini, 2009; Tessonnier, 2017)

In CNFs, only the edge regions are exposed unlike in graphite and nanotubes materials where the
basal plane is also exposed. CNFs also lack hollow cavity and are used as supports without any
chemical pre-treatment (unlike graphite and nanotubes) due to the presence of highly active edge

planes on which the electrocatalyst nanoparticles are bonded (Antolini, 2009).
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2.2.2.2.2 Synthesis methods

Synthesized CNFs are new support materials obtained from decomposition of carbon-containing
gases over some metals surface. A lot of investigations have been carried out on CNFs by
researchers using thermal CVD at temperature between 600-660 °C. CNFs was synthesized on the
surface of carbon fibers in an ethylene-hydrogen environment using copper-nickel catalyst in
ration 3:7 at 600 °C. The introduction of carbon nanofilaments on the surface of the fibers
strengthens the surface by forming interlocking networks and by increasing the surface area (Down
& Baker, 1995). (Boskovic et al., 2005) synthesized CNFs on a carbon fiber cloth using plasma
enhanced chemical vapour density (PECVD) from a gas mixture of acetylene and ammonia. Cobalt
colloid is used as catalyst to enhance better coverage of nanofibers on the surface of the carbon
fibers in the cloth. The CNFs formed exhibit bamboo-like structure, showing higher degree of
crystallinity and graphene layers with characteristic interlayer spacing of 0.34 nm. Three types of
CNFs have been prepared by CVD method namely ribbon, spiral and platelet-like CNFs. Their
surface area was 85, 45 and 120 m?g? respectively while the diameter and length varied from 100-
50 nm and 5-50 pum respectively (Park & Baker, 1998, 1999) . (Gangeri et al., 2005) also obtained
CNFs by CVD on two different types of micro-shaped carbon fibers support. Low magnification
TEM image revealed the absence of hollow cavity in some parts, showing no metallic particle
because they were covered by carbon. High magnification TEM image however, showed that
CNFs were herring-bone. Some authors have also reported the synthesis of CNFs-supported
catalysts in fuel cells; their metal dispersion and electrocatalytic activity were compared with that

of commercial carbon (Gangeri et al., 2005; Yuan & Ryu, 2004)

2.2.2.3 Graphene

2.2.2.3.1 Structural features

Graphene has recently been discovered as a highly prospective support in PEMFCs applications
due to its unique conductivity, high charge-transport mobility, better transparency, high
mechanical flexibility, good elastic properties, large surface area and thermal properties (Farooqui
et al., 2018; Guo & Sun, 2012; Priya et al., 2014; Samad et al., 2018; Zhou et al., 2014) . Itis a
two dimensional one-atom thick planer sheet of hexagonally arrayed, 2-D sp? carbon atom which
can provide resistance against carbon corrosion during PEMFC operation (Priya et al., 2014;
Samad et al., 2018). Graphene surface contains oxygen functional groups which can easily
disperse catalyst nanoparticles and oxidized accumulated CO thereby enhancing the
electrocatalytic activity (Priya et al., 2014). However, the relatively inert and hydrophobic nature

of their surface does not enhance the deposition of Platinum nanoparticles (Li et al., 2015).
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2.2.2.3.2 Synthesis methods

Graphene can be synthesized by several techniques which include chemical reduction (Stankovich
et al., 2007), electrochemical method (Tripathi et al., 2013), solvothermal synthesis with pyrolysis
(Choucair et al., 2009) and chemical vapour deposition (Avouris & Dimitrakopoulos, 2012).
Graphene oxide (GO) can also be synthesized by different methods but the most widely used,
common and low-cost technique is the oxidation of graphite to GO using a strong oxidizing agent
and strong mineral acid followed by exfoliation in water as shown in Fig. 2.5 (Farooqui et al.,
2018). This facilitates good dispersion of catalyst nanoparticles and reduces the challenge of
stability. To synthesize graphene nanosheets (GNS) however, the exfoliation stage is followed by
reduction of GO to GNS using strong reducing agent. The most important step in GNS synthesis
is the reduction stage as it removes the oxygen functional group from GO and reinstate the
electrical features of the synthesized graphene (Stankovich et al., 2007). During this process of
reduction, the brown dispersed GO particles turned black, agglomerated and eventually formed
precipitates. This implies that the reduced graphene oxide (rGO) had become less hydrophilic as a
result of the removal of oxygen functional groups (Stankovich et al., 2006, 2007).

GRAPHITE
GRAPHITE OXIDE

GRAPHENE OXIDE

Figure 2.5: Synthesis of graphite oxide and graphene oxide (GO) from natural graphite
Source: (Farooqui et al., 2018).

(Stankovich et al., 2007) synthesized GO as an intermediate product to produce reduced graphene
oxide (rGO). They discovered hydrazine hydrate (H.NNH2.H20) as the best reducing agent to
produce a very thin graphene. The rGO showed a notable increase in carbon to oxygen atomic
ratio of 10.3 as against GO with 2.7. (Cheng et al., 2014; EunJoo Yoo et al., 2009) reported the
features of graphene as catalyst support in a nanosheets form. It was noted that graphene
nanosheets (GNS) exhibit better catalytic activity compared to commercial carbon because of the

higher carbon spaces and defects in GNS, causing good synergistic interaction between the metal
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nanoparticles and the support materials (EunJoo Yoo et al., 2009). GNS with pores was further
examined and discovered that it significantly enhanced the electrochemical activity due to increase
in the mass diffusion rate and reaction rate caused by the pores (Cheng et al., 2014). However,
since the inert and hydrophobic nature of graphene surface does not enhance the deposition of
catalyst nanoparticles, graphene can be functionalized with heteroatoms like B, N, P, S and Se.
Among these heteroatoms, nitrogen has the larger electronegativity (Groves et al., 2012).

Nitrogen-doped graphene (NG) has been discovered as a prospective carbon support material in
fuel cells. This is due to its good mechanical properties, ability to introduce chemically active sites
for reaction and anchoring sites for metal nanoparticles deposition, modify electronic properties
and give carbon materials a metallic character (Qu et al., 2010; Wang et al., 2012). In addition,
the extent of dispersion of the catalyst nanoparticles increases with increasing nitrogen content
(He et al., 2013; Muhich et al., 2013; Wu et al., 2008).. When compared with commercial
supported catalyst, the performance of nitrogen-doped (N-doped) supported catalyst was twice that
of commercial supported catalyst (Li et al., 2015). N-doped graphene oxide has also been noted
to exhibit good stability and oxidation current overtime (Xiong et al., 2013). It’s 2D-structure has
been reported to enhance electron transfer (Wu et al., 2007). The incorporation of dopant nitrogen
atoms which exhibit electronegativity with carbon atoms in the graphitic lattice could result into
polarization in the SP? hybridized network and regroup of the electronic state (Zhao et al., 2020).
This dopant nitrogen present on the surface of the graphene significantly influenced the growth
mechanism of the catalyst NPs which is not limited to controlling the size and shape of the catalyst
nanoparticles (NPs) but also enhance the uniform dispersion of the catalyst NPs (Kuniyil et al.,
2019). This in turn enhances the chemical activity, electrical conductivity and adsorption potential
of the graphene materials thereby increasing the catalytic activity (Zhao et al., 2020). Hence,

nitrogen from melamine was used as the doping element in this research work.

The stability of NG supported catalyst has also been examined and reported. Pt/NG stability was
tested by running a membrane electrode assembly (MEA) which was assembled a Pt/C anode
catalyst for 100 hours at a voltage of 0.5 V at 60 °C without ant back pressure. The MEA with
Pt/NG as the cathode catalyst showed no degradation performance throughout the period of the
testing. This showed that doping of graphene with nitrogen atoms result in strong binding between
the metal nanoparticles and the graphene surface which prevent the detachment of the metal
nanoparticles from the graphene support materials and their agglomeration during the fuel cell

operation thereby enhancing the long term stability of the electrode. Therefore, the synthesis of
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nitrogen-doped materials with larger amount of nitrogen atoms on graphene surfaces is highly
important for enhancing the activity and stability of the Pt/NG catalyst (Li et al., 2015).

In summary, the main features of carbon materials and carbon supported catalyst are reported in
Table 2.1

Table 2.1: Specific surface area, porosity and electronic conductivity of the different carbon

materials and properties of supported catalysts.

Carbon Specific Porosity Electronic Supported Refs.
Materials Surface Area Conductivity Catalyst
(m%gY) (Scm?) Properties

Vulcan XC- 254 Mesoporous 4.0 Good metal (Spendelow &

72R dispersion, Wieckowski,
low gas flow  2007)

oMC 400-1800 Mesoporous 0.3x102-1.4 High metal (Calvillo et al.,
dispersion, 2007)
high gas flow,
low metal
accessibility

Carbon gel 400-900 Mesoporous >1 High metal (Jobetal.,
dispersion, 2006)
high gas flow,
high metal
accessibility

CNTs 400-900 Microporous 10-10* depending  Good metal (Prabhuram et

(SWCNTSs) on the nanotube dispersion, al., 2006; Wang
(SWCNTs) alignment high gas flow. et al., 2006)
200-400
(MWCNTS) Mesoporous 0.3-3 Low metal
(functionalized accessibility,
(MWCNTS) MWCNTS) high metal
stability

CNH, CNC 150 Micro/mesoporous  3-200 High metal (Sano & Ukita,
dispersion, 2006; Sevilla et
high gas flow, al., 2007)

ACF >1000 Microporous 13 Good metal (De Miguel et
dispersion, al., 2002; H. X.
low gas flow, Huangetal.,
high metal 2008; Jang &
stability Ryu, 2006;

Eunjoo Yoo et
al., 2008)
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CNFs 10-300 Mesoporous 102-10* High metal (Bessel et al.,
dispersion, 2001; Kim &
high gas flow, Park, 2006;
high metal Serp, 2003;
stability Yuan & Ryu,

2004)

Graphene >2000 Mesoporous 103-10* Good metal (Lee et al.,
dispersion, 2012; Lietal.,
high gas flow.  2015)

BDD 2 _ 1.5 Low metal (Fischer &
dispersion, Swain, 2005)
low metal
stability, high
metal stability
on BDD

Source: (Antolini, 2009; Wang et al., 2016).

2.2.3 Hybrid Supports Materials

Several carbonaceous support materials such as carbon blacks (CBs), multi-walled carbon
nanotubes (MWCNTS), graphene, graphene oxides, carbon nanofibers (CNFs) and mesoporous
carbon among others have been explored as electrocatalyst support materials in DMFCs.
Unfortunately, DMFCs applications still suffer some setback such as high cost, low electronic
conductivity, insufficient electrochemical activity, thermal instability, catalyst degradation,
corrosion and short term durability. In order to alleviate some of these challenges, attention has
now been drawn to the development of hybrid supports (Yin et al., 2013) with different carbon
supports such as graphene-CB, graphene-MWCNTs, SWCNTs-MWCNTs (Li et al.,, 2012;
Ramesh et al., 2008) or combined non-carbon and carbon supports like SnO2-MWCNTSs (Du et
al., 2009), TiO2-MWCNTSs (Xia et al., 2012), IrO.-MWCNTSs (Wang et al., 2013), TaNbTiO>-C
(Li et al., 2015) and ITO-graphene (Kou et al., 2011) which are now considered as prospective
catalyst supports for fuel cell electrocatalyst applications (Li et al., 2015).

2.2.3.1 Carbon Black-Based as Hybrid Support Materials
(Li et al., 2012) impregnated carbon black (CB) particles with reduced graphene oxide (rGO)
sheet which was obtained via Hummer’s method with the intention of avoiding stacking rGO sheet

and improve the frequency of electron transfer in the graphene sheet and across the Platinum
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nanoparticles-rGO interface. They discovered that the well mixed rGO/CB composite structure
did not only aid the catalytic activity but also improve the durability of the catalyst. The accelerated
degrading testing (ADT) revealed that the final ECSA of the Platinum nanoparticles on the hybrid
rGO/CB support with rGO-CB ratio 1:1 showed almost 100% of the original value after 20,000
ADT cycles which is much higher than the commercial catalyst. This excellent performance was
attributed to the flexible 2-dimentional structure of rGO may act as mesh which prevents leaching
of soluble Platinum nanoparticles into the electrolyte and the ability of CBs to regain and
renucleate Platinum clusters (Li et al., 2012; Zhao et al., 2016). Carbon black has also been
combined with metal oxide in order to obtain higher corrosion resistance, better metal support
interaction and enhanced hydrophilicity with higher electrical conductivity. (Han et al., 2009) as
reported by (Anwar et al., 2019) examined hybrid support comprises carbon and ruthenium oxide
(C-RuOy). It was noted that C-RuO- enhanced catalytic activity better than commercial carbon
when RuO, was kept below 8%. RuO. was discovered to act as voltage buffer during current
fluctuation. (Wang et al., 2014) as reported by (Li et al., 2015) synthesized C-TaNbTiO> support
for Pt-Pd alloy catalyst for ORR. It was found to have higher specific surface area, favouring the
homogenous distribution of Pt-Pd alloy nanoparticles and sufficient electronic conductivity for
electron transfer between the Pt-Pd alloy nanoparticles and the support of the ORR compared to

TaNbTiO2 or pure carbon.

Hybrid polymer CBs supports have also been investigated. The electrochemical activity of the
catalysts supported on hybrid polymer-CBs especially Vulcan XC-72, was noted to be higher than
the same catalyst supported on single CBs or single polymer (Antolini, 2010). (Ermete Antolini,
2010) also reported that (Xu and co-workers, 2008) proposed PANI-C as hybrid support material.
It was noted that the anti-poisoning ability of the hybrid support was three times higher than the
Vulcan XC-72. The presence of PANI enhanced the water absorption on the catalyst and formation
of active oxy-compound Pt-OHags) which facilitate CO oxidation to CO.. To buttress this, (Kakaei,
2012) also examined PANI-C to enhance the interface properties for ORR. It was noted that PANI-
C hybrid support showed higher ECSA and higher conductivity which enhance catalytic activity
better than the commercial carbon. (Gharibi et al., 2010) synthesized hybrid PANI-C support by
adding Vulcan XC-72 and pre-synthesized PANI doped with trifluoromethane sulfonic acid. The
results revealed that PANI facilitate electron and proton conductivities at the electrode, doubled
methanol diffusion coefficient and reduced the onset potential of methanol oxidation and catalyst
vulnerability to poisoning (Antolini, 2010). (Aghabarari et al., 2013) examined chitosan

derivative-CB as electrocatalyst support through Michael method with amidation process. The CB
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was coated with chitosan derivative which served as protective layer in severe acidic condition
and also provide amine groups. The amine groups showed attraction towards the metallic ions and
cations formation. The BET surface area of the carbon reduced with increased chitosan materials
which resulted into lower ECSA compared with commercial carbon. Despite the lower ECSA,
chitosan derivative-CB still exhibited similar catalytic enhancement as commercial due to the
better interaction between the support and the catalyst nanoparticles, ease of proton transfer as a
result of formation of amine group and increase in electron transfer due to the presence of nitrogen
atoms. Despite all these efforts, CB-based hybrid support materials still suffer from corrosion and
short term stability (Anwar et al., 2019).

2.2.3.2 Multi-Walled Carbon Nanotubes-Based as Hybrid Support Materials

A lot of efforts have been made to combine multi-walled carbon nanotubes (MWCNTS) with other
materials like single walled-carbon nanotubes (SWCNTSs), conducting polymers such as
polyaniline (PANI) and nitrides (such as WN & TiN). For instance, (Ramesh et al., 2008)
investigated SWCNTs-MWCNTSs hybrid as catalyst support. The SWCNTs-MWCNTs hybrid
exhibited higher mass activity than SWCNTs because the addition of MWCNTSs enhanced the
mass transport in the catalyst layer. (Wang et al., 2007; Wu et al., 2006) synthesized PANI-
SWCNTSs by electrochemical polymerization of aniline with SWCNTSs. (Wu et al., 2006) noted
that PANI-SWCNTs nanocomposite film exhibited higher polymeric degree, lower defect density,
increase accessible surface area, higher electronic conductivity and better charge transfer at
polymer electrolyte interface compared with pure SWCNTSs. (Wang et al., 2007) also discovered
that PANI-SWCNTSs showed more porous structure, higher surface area, better dispersion and
stability of catalyst nanoparticles for methanol oxidation. Furthermore, (Shi et al., 2007)
synthesized PANI-MWCNTs nanocomposite via electro-polymerization of aniline with
MWCNTSs. It was noted that the electrical conductivity and porosity of the PANI-MWCNTSs
nanocomposite was significantly higher than the pristine PANI due to the addition of the
MWCNTSs. This higher porosity in composite enhanced the dispersion of the catalyst nanoparticles
on the composite film. The solubility and poor compatibility of MWCNTSs with polymer however
restricts the synthesis of polymer-MWCNTs composites. To resolve this, (Zhu et al., 2008)
synthesized homogenous PANI-MWCNTSs nanocomposite by electrochemical polymerization of
aniline with pre-functionalized MWCNTSs via diazotization reaction. The nanocomposite was
found to exhibit higher mass activity and long term stability than only MWCNTS. (Santhosh et
al., 2006) in their own case grafted PANI into amine-functionalized MWCNTS by electro-

polymerization to produce PANI-MWCNTS nanocomposite. The grafting of MWCNTS surface
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with PANI create uniform surface with positively charged protonated amine/imine sites. This
stabilizes the catalyst nanoparticles and prevents their aggregation. (Kuo et al., 2012) synthesized
hybrid support material made of N-doped carbon and surface coated MWCNTSs by polymerization
and oxidation of PANI over MWCNTSs surface. It was reported that the mass activity and
electrochemical conductivity of NC-MWCNTSPANI was higher than the commercial carbon due
to the surface coating which invariably influ