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ABSTRACT ARTICLE HISTORY
The synthesis of anode electrocatalyst with high activity and dur- Received January 21, 2020
ability for methanol oxidation reaction has been one of the main Revised June 10, 2020
focuses of researchers in recent years. Several works are reviewed ~ Accepted July 23, 2020
in this paper to summarize and compare the performance of KEYWORDS
electrocatalysts comprising of noble and non-noble metals. The Methanol oxidation;
effect of manipulating catalysts by introducing nanostructured COpoisoning; Supports;
morphology, metal alloys, support materials, acidic or basic elec- DMFC

trolyte, and synthesis methods are also examined. The paper finally

concludes with details of challenges that are generally faced in

making direct methanol fuel cell (DMFC) a reliable source of energy

for future prospects, and the approach to be taken to reduce the

complexity in synthesizing new generations of anode

electrocatalysts.

1. Introduction

The increase in human population and the growing importance of technol-
ogy have both contributed to the upsurge in the demand of energy. Data
obtained by the US Energy Information Administration (EIA) have shown
that energy utilization was roughly equal in 2007 between Organization for
Economic Co-operation and Development (OECD) and non-OECD coun-
tries. However, from 2007 to 2035, OECD countries have been estimated to
increase their energy use by 14%, while that of non-OECD countries is
forecasted to grow by 84%.!"! Currently, energy applications in the form of
electricity is predominant amongst electronic devices such as chargers for
laptops, cameras, and mobile phones. These chargers or rechargeable bat-
teries have a disadvantage of needing to charge using an external electrical
power source. This dependency is an obstacle to their usage due to the
requirement of an existing electrical source and the battery itself is limited
in capacity. Therefore, remote areas without any source of electric power
can face problems using devices operating on such batteries. Furthermore,
the sources of electric power are mostly derived from fossil fuels, which has
a negative impact on the environment as the number of technology users
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depending on electricity continue to escalate. It was reported that nearly
6.2 billion tons of carbon dioxide was released into the atmosphere in 2000
and out of this about 40% was due to emissions from electricity
production.” As a result, researchers are encouraged to find alternative
power sources that are renewable and eco-friendly.

Recently, advances in the field of direct alcohol fuel cells (DAFCs) have
been a trend amongst researchers and manufacturers to find an alternative
fuel in generating electrical energy. This is also due to a desire to exploit
the benefits of alcohol fuel cell technologies; particularly its environmen-
tally friendliness, low cost, portability, and the high-energy density of
alcohols such as methanol and ethanol. Direct methanol fuel cell
(DMEC), for example, requires no electricity to recharge, have low tem-
peratures operability, can be developed to have an extended lifetime, and
utilizes a swift refueling system.’™®! However, there are still challenges
presented by DMFCs that need to be addressed. The issues that are
encountered in DMFCs can stem from situations such as high cost,
methanol crossover issues through the proton exchange membrane, and
problems in managing heat and water and maintaining long-term stability
and durability in operation.”) Other challenges that arise can also include
the assembly of membrane electrode, catalyst loading, membrane thick-
ness, diffusion layer, and low power density. Moreover, the slow reactions
that occur on the cathode (oxygen reduction) and the anode (methanol
oxidation) have posed a challenge to direct methanol fuel cell operations.
Increasing the catalyst loading has been generally implemented to achieve
high methanol conversion in MOR in Micro-DMFC consisting of plati-
num-based catalyst. However, methanol crossover can occur due to higher
loading and there is also an increase in cost as more of platinum-based
electrocatalyst is used. To overcome this problem many studies have been
performed to identify catalysts with suitable functionality and cost to
enhance the operations and commercialization of fuel cells as alternative
sources of energy.

Synthesis of catalysts containing platinum has been studied by many
researchers as Pt promotes high catalytic efficiency, excellent electrical
properties and is highly resistant to corrosion. This, therefore, made it
extensively suitable to be used by chemical, petrochemical, pharmaceu-
tical, electronic, and automotive industries.’®*! However, because plati-
num being one of the noble and rare metals, recent studies have been
directed toward synthesizing catalysts containing reduced quantities of
platinum. This includes alloying platinum with other noble or non-noble
metals, such as ruthenium, palladium, nickel, iron, and cobalt, or
embedding platinum on metal oxides such as MnO, and RuO,. These
combinations help enhance the performance of the synthesized catalyst
in oxidizing methanol and improving the efficiency of DMFC.!'%7'¢
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Another reason to avoid the use of a pure platinum catalyst is that it has
been observed to be deactivated by the carbon monoxide generated
during the electro-oxidation of methanol. The adsorbed carbon monox-
ide intermediates degrade the platinum catalyst and reduce its lifetime
when used in fuel cells. Additional metals can prevent such circum-
stances and upgrade the anti-CO poisoning ability of a catalyst by
modifying the CO adsorption site.

Attention has also been given to the fabrication of nano-sized catalysts that
involve developing functional platinum-based materials with specified geome-
trical layout, shape, and composition. For example, incorporating porous
platinum-based nanostructures with narrow pore-size and extremely ordered
network arrangements offers an advantage over the solid or bulk counterparts.
This not only optimizes the surface area for great mass transfer efficiency of
reactant molecules, but also enhances the mobility of electrons in the solid
ligaments.

The addition of catalyst supports that are mesoporous and conductive
are frequently conducted to promote catalyst durability and charge
transfer efficiency. The categories of support materials include carbonac-
eous materials, such as carbon nanotubes, activated carbon and gra-
phene, and noncarbonaceous materials, namely metal oxides and
mesoporous silica. Pores can also be introduced to the support materials
of electrocatalysts, however control is required to obtain the right pore
size. Although small pores can increase the surface area, they can reduce
the mass transport rate. Overall, the support materials must possess
certain key characteristics, as listed below, to make them suitable for
practical applications ['7);

Good electrical conductivity

Large surface area

Strong link between the support and the catalyst
e Mesoporous structure

Excellent water handling

Acceptable resistivity toward corrosion

Simple catalyst recovery

In this review paper, the focus will be given to the various electrocatalysts
recently synthesized that are comprised of noble or non-noble metals for
methanol oxidation reactions (MOR) occurring on the anode of DMFC. In
addition, the influences of catalyst size and shape, electrolyte conditions
(acidic or alkaline), the type of support materials, as well as the effect of
synthesis method will also be reviewed. Recent challenges encountered in
the development of micro-DMFC for commercialization will also be discussed
in this paper.
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2. Mechanism of methanol oxidation reaction

Within the direct methanol fuel cell, the electro-oxidation of methanol occurs
on the anode. This anodic reaction can be depicted by the following equation:

CH;OH + H,0 — 6H' + CO, + 6e~ (1)

Complex reactions are involved in producing carbon dioxide indirectly, where
several intermediates are formed following various pathways.!'®
A representation of the possible reaction pathways along with their inter-
mediates is shown in Figure 1.

Based on Figure 1, it can be observed that a pair of proton and electron are
produced from each carbonaceous compound. There are also intermediate
species undergoing reactions that do not generate electron/proton pair, which
are illustrated by the light blue arrows. The water molecules present in the
medium surrounding the anode also produce electron/proton pair in the form
of hydroxyl groups and get combined with some of the intermediates. Carbon
monoxide is one of the intermediates being produced that restricts the rate of
methanol oxidation in the anode due to its relatively higher stability."*! After
a series of adsorption and deprotonation that takes place on the anode catalyst
carbon monoxide is formed that blocks the active sites of the catalyst.*) The
presence of CO suppresses any other reaction from occurring and their forma-
tion is represented on Figure 2. The formation of CO occurs as a result of an
indirect mechanism in which CHO or COH are directly dehydrogenated. Such
incidents are not observed in the direct mechanism. When formyl or COH has
been formed from formaldehyde or hydroxymethylene that undergoes hydro-
gen abstraction, a proton/electron pair is taken away from a water molecule that

Deprotonation—> 1,2,3,4,5,7, 8,
9,10,11,13, 14,
16,17,18, 21,
22,23,24

Hydroxyl group addition > 6, 12, 15,
19,20

CHOO CO+OH ~ “\._COOH

Figure 1. The possible reaction products and reaction paths (reaction scheme) for methanol
oxidation.
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CH;0H > CH,0H > CHOH > COH > CO
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Figure 2. An illustration of the successive stripping of hydrogen atoms during methanol oxidation.

leads to OH group being formed. The OH group then combines with the
carbonaceous species that causes di-oxygenated species (e.g. dihydroxycarbene
(C(OH),) or formic acid (HCOOH) to be produced. Dehydrogenation then
follows the OH addition to form either carboxyl (COOH) or formate (HCOO),
that lead to the production of CO, after subsequent dehydrogenation. CO,
production can also occur through an alternative direct pathway. Through this
pathway a proton/electron pair is stripped off of water and the hydroxyl that is
formed is added to formaldehyde to produce H,COOH. This intermediate can
then become formic acid or dioxymethylene (H,COO) as it gets dehydroge-
nated. Further dehydrogenation of dioxymethylene produces formate that also
undergoes the same reaction to ultimately form CO,.

A possibility of removing carbon monoxide from the catalyst surface can be
accomplished by oxidizing this intermediate with species such as water (or
OH' ions) containing oxygen which can get adsorbed onto the surface of the
catalyst. Water gets dissociated separately to produce OH on the surface. The
two surface species can then react together to produce carbon dioxide in
a similar way to that of water-gas-shift reaction.?*?! Hence, many studies
have been carried out with other metals or by incorporating those along with
platinum to create catalysts that do not only enhance catalyst activity, but that
are also not susceptible to carbon monoxide poisoning.?*~*°!

It is also vital to understand the kinetics and the thermodynamics
involved in modeling DMFC in which MOR occurs. Several tools exist that
should be considered to evaluate the overall performance of a cell and to
comprehend the kinetics involved in MOR, and they are described in the
following sections.
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2.1. Polarization curve

This curve is a plot of cell voltage against current density. In this curve both the
cathode and anode losses are summed together and the information related to
each half-cell is lost. Common data regarding the performance of the cell and
the different losses occurring in the system are identified using the polarization
curve.

The various losses that can be determined from a polarization curve are
mass transport, ohmic, and activation losses, which are illustrated in Figure 3.
Mass transport loss occurs due to the lack of reactants present near the catalyst
sites. The loss is remarkably notable at high values of current density where
high demand for reactants at the catalyst sites cannot be achieved. Observing
Figure 3, the value of the limiting current density is at 600 A m > at which the
concentration of either methanol at the anode catalyst layer (ACL) or oxygen
at the cathode catalyst layer (CCL) are markedly reduced. The loss in mass
transport becomes the leading cause of voltage loss near the point where
limiting current density is reached. Ohmic losses involve the loss of potential
due to resistance in the flow of electric charges (ions or electrons) as they move
through a medium. In direct methanol fuel cells, this type of loss mostly
originates from the ionic (H") transport in the membrane layers and the

Cell eguilibrium potential

V92| 203 V & f=0 A/m?

Activation bosses

08

(L6

Cell Voltage (V)

4

Ohmic loss =
Cell polanization curve
Mass-transport loss

‘J 1 4 4 - S i

1] 10M) 2000 3N 40) 500 G
I (A/m™)

Figure 3. A schematic representation of a polarization curve. Reproduced with permission from
Elsevier 26!
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catalyst. The gas diffusion layer has an electron conductivity of O(1000 Q'
m™") that is almost 2 order of magnitude larger than the membrane’s proton
conductivity, O(10 Q' m™"). Hence, an ohmic loss that is due to the transport
of electron is generally neglected. The third type of loss in direct methanol fuel
cells is the activation loss which is the primary contributor to the loss of cell
voltage at lower values of current density. It is the potential that is needed to
shift the reaction from the equilibrium conditions. The anode activation loss
might be a little bit greater than that of the oxygen reduction because of the
slow kinetics of methanol oxidation.?”!

2.2. Kinetics

This term describes the rates of electrochemical reaction for nonequilibrium
conditions. In DMFC, two common approaches exist, the Butler-Volmer
equation and the Tafel assumption. These are the very basic models used to
describe electrochemical kinetics. There is also the non-Tafel kinetics which
will also be described subsequently.

2.3. Butler-volmer model of kinetics

This model can be used to explain the kinetics of reactions taking place in both
the cathode and anode electrodes. For a generic equilibrium electrochemical
reaction of the form

O+ e 2R (2)

Arrhenius equation may be used to display the backward or forward reaction
rate constant (k, m* s™'):

k= A.exp (;%ﬁ) (3)

Where,

A = frequency factor, m” s~

T = temperature, K

R, = universal gas constant, ] K™' mol ™’

E, = activation energy, ] mol ™’

When the basic concept of activation overpotentials is applied into the
Arrhenius equation and the mass transport limit is neglected, **! the
kinetics of Equation 2 can be presented by the Butler-Volmer relation as

RuT RuT

1
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Where,
a = electrochemically active area per unit catalyst volume, m™
] = reaction rate, A m™>
Jo = exchange current density, A m™~
n = overpotential, V
a = transfer coefficient
Subscripted ‘a’ = anodic reaction (backward, n > 0)
Subscripted ‘c’ = cathodic reaction (forward, n < 0)
In Equation 4:

1

2

o, +a. = 1 (5a)

n o=V — Ve (5b)

Tafel kinetics refers to the situation in which the reaction in Equation 2 shifts
in a preferential direction so that one of the terms on the right hand section of
Equation 4 is way smaller than that the other. For the oxygen reduction
reaction, the Tafel kinetics is attained by incorporating the mass-transport
considerations '** as well as assuming insignificant oxidation (backward)
reaction of the equilibrium half-cell reaction in the cathode catalyst layer
that has the equation:

3/20, + 6H" + 6e"D 2 3H,0 (6)

The Tafel kinetics obtained is then as follows:

COz OCCF
Jo, = a0, (CToef>-eXP (—mﬂc) (7)

3

Where,

C = concentration at the reaction sites, mol m"~

Superscripted ‘ref’ = reference value

Aside from the continuous usage of Tafel kinetics for MOR, | it is not
a suitable assumption for the sluggish methanol oxidation reaction. For MOR,
the Tafel kinetics is obtained in a similar way to that of Equation 7 and it is as

follows:
B Cymeon o, F
JMeor = & Jo MeOH- <UT> . €xp <RMT’1> (8)

29-38]

MeOH

Although a negativity in anodic reaction rate is observed in Equation 4, from
the mass transport modeling point of view, the absolute value of the rate is
what matters.

It is essential to understand the relation between the phase potentials
and the overpotential () before moving on to the non-Tafel kinetics for
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Figure 4. A schematic representation of potential distributions for a direct methanol fuel cell in
nonequilibrium (I = 0 A r]n‘z) and equilibrium (I = 0 A m™) conditions. Reproduced with
permission from Elsevier 26

methanol oxidation reaction. In Figure 4, a conceptual illustration of the
overpotential is presented by differentiating the local potential distribu-
tions for the nonequilibrium (I # 0 A m~?) and equilibrium (I =0 A m?)
conditions. In the same figure the membrane potential is denoted by ¢,
and the electrode potential is represented by ¢.. An assumption is also
made that there is no methanol crossing through the membrane. All of
the potential lines are horizontal when the cell is at equilibrium. This
means that there is no voltage loss and is represented by dashed lines in
Figure 4. The difference in electrode potential (¢.) between the 2 ends of
the cell, which is between points A and B in Figure 4, is termed as the
overall cell equilibrium voltage. It has the equation:

Vet = Beclpa = Bealan = Ve — VI ©)

Based on the fundamental thermodynamics principles, the equilibrium half-
cell potentials of both the anode (V,?) and cathode (V,°) at standard tem-
perature (25 °C) and pressure (1 atm) can be achieved according to the change
in standard Gibbs free energy (G) for the corresponding half-cell reaction as
follows:

—AG G
Ve = 7 £=0.016V & V4 = 7 £ =1.229V (10)

a
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Where,

F = Faraday constant

Hence, the value of the equilibrium cell voltage (VI.y) is 1.213 V. During
situations in which the cell is under a load, (I # 0 A m™?), losses are experi-
enced by the potential as the protons and electrons flow through the corre-
sponding transport medium (represented by continuous lines in Figure 4).
The overpotentials of the cathode and anode in the layers of the catalyst are
interpreted as follows:

o= = (fec = 8 — V27) (11)

= —<¢c,a - V;‘f) (11b)

2.4. Non-Tafel kinetics for methanol oxidation

This type of kinetics is generally used for studying a reaction as a collection of
multistep reactions. The Butler-Volmer kinetic model previously described is
still utilized for each individual step. Different sets of multistep reaction of
methanol oxidation reaction have been reported.**=*!! Non-Tafel kinetic for
methanol oxidation reaction that is most common is attained by taking into
account the elementary and intermediate reactions that are as follows *:

CH30HRgeservoir — CH30HacL (12a)
CH3OHacy + Pt — CH;OH,gp( (12b)
CH;3OH,apt — COugpt + 4H' + 4e” (12¢)

H,O + Ru2 OHuare + H™ + € (12d)

COudpt + OHugre — CO, + HY + e + Pt + Ru (12e)

Where,

Subscripted ‘ad’ = adsorption to the corresponding catalyst surface

When the Butler-Volmer relation is used for each step while assuming
a methanol solution that is dilute and carrying out some mathematical mod-
ifications, the extensively implemented non-Tafel kinetics of the methanol

oxidation reaction is obtained as follows “!):

CMeOH

o,F
Jmeor = &Jo meoH Y XP (R T 71) (13a)
Cumeon + I'exp (gZT q) u
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Where the symbol T’ is the kinetic constant and has the following
equation L4,

ﬂv) (13b)

F:Kexp(R 7 Va
u

The constant ‘K’ is calculated according to the reaction rate constant found in
Equations 12¢ and 12e.

When the Tafel and non-Tafel kinetics of Equations 8 and 13a are com-
pared the non-Tafel kinetics is exhibited to give a significant concentration
dependency for the kinetics of MOR that is Cyreon/(Cpeon + Iexp (a,Fn/Ry
/T)). Tafel kinetics linearly links the rate of reaction and the concentration of
methanol by providing a reference value, C*\jcop, that must be fitted using
experimental data.

3. Types of catalyst for MOR

One of the most important factors that contribute to the reliability of
DMEC is the electro-catalyst used to enhance its performance. The motiva-
tion to search for an effective and eflicient cathodic or anodic catalyst has
presently become predominant amongst researchers seeking alternative
materials that bring about more attractive features to replace the generally
used noble metal-based catalysts (e.g. platinum-based). New catalysts that
are relatively cheaper and easier to synthesize, which possesses a highly
superior activity, anti-CO ability, and durability are more favorable for
catalyzing reactions such as methanol oxidation. Hence, catalysts containing
lesser amount of Pt noble metal and more non-noble metals that may be
supported or not, are widely studied and developed for operation in DMFC
and a number of them will be examined in the following paragraphs. The
types of catalysts discussed are categorized into those containing noble
metals, such as platinum (in pure, alloyed, or supported form), rhodium
(in pure and supported form), palladium (in supported form), and non-
noble metals that include nickel (as nickel oxides and in supported form),
cobalt, and copper. Their performance are analyzed based on the methanol
oxidation peak (or current density) at a given onset potential that is
generally identified using cyclic voltammetry and based on catalytic stability
commonly studied using chronoamperometry. Other useful parameters
such as mass specific current densities and peak area will also be stated
to assist with comparison between different catalysts. In addition, charac-
teristic parameters playing important role in determining the electrochemi-
cal performance, for example, morphology, composition, thermal stability,
durability, electrochemical active surface area, and endurance toward poi-
soning species (e.g. CO) are also presented from different studies.
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3.1. Catalysts based on noble metals

3.1.1. Platinum and alloys of platinum

Catalysts synthesis research incorporating minimum quantity of platinum
have also considered exploring and optimizing structures at nanoscales as an
effective way to increase the available surface area, such as mesoporous
platinum [">*2%¢] and as well to maintain this area for an extended time
period.!*7#!

The type of morphology that is suitable to maintain long-term stability is
known to be the self-supported one-dimensional architecture.'**°*2! With
this structure it is possible to avoid the problem of catalytic activity loss
commonly faced by platinum catalysts due to oxidation/dissolution process.
This issue is also largely found in materials such as carbon-supported
platinum.””>** In addition, the structure also promotes smooth transfer of
electron and prevents damage to the catalyst structure.°>>®! Li et al have
earlier invented a novel “electrochemical micelle assembly” soft-template
method to produce a mesoporous platinum of controlled pore size, and to
better control the type of shape for platinum-based materials, such as one-
dimensional nanowires and two-dimensional films.!">*”**) Implementing
a mesoporous design can improve the electrochemically active area and
build a concave surface to provide more active sites for reactions to take
place. They then expanded the micelle assembly method to prepare different
mesoporous platinum nanowires of varying lengths and diameters. This was
made possible by activating the extension of mesoporous platinum within
polycarbonate membrane channels. The various types of mesoporous plati-
num nanowires synthesized possess ideal design of a catalyst with large surface
area and good facile mass transportation via the mesoporous structures pre-
sent in the nanowires. The one-dimensional mesoporous platinum nanowires
displayed great durability, largely due to the self-assembled one-dimensional
morphology that allows the presence of a large electrochemically active sur-
faces suitable for methanol oxidation.!*”’

3.1.1.1. Pure platinum. Jiang’s research group utilized a different approach
to produce mono-dispersed mesoporous architectures and, for the first
time, employed a synthetic route that incorporates a slow reduction reac-
tion with a surfactant (one-pot method).!"?) The mesoporous platinum are
produced in the form of nanospheres that also have a large number of
active sites being created by the selective adsorption of bromide ions
Figure 5a. In addition to the high-quality electrochemical performance of
the mesoporous platinum nanospheres (MPNs) as a catalyst for methanol
oxidation, it also demonstrates tremendous structural thermostability. This
characteristic is an extremely important element related to the practical use
of the catalyst as the performance is determined by their potential to
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Figure 5. (a) Low-magnification TEM image of mesoporous Pt nanospheres. (b) CV curves (at
50 mV s~ scan rate) and (c) CA curves (at 0.6 V) for (i) MPNs with interconnected mesopores, (ii)
DPNs, (iii) PtCarbon-20% and (iv) PtBlack catalysts in 0.5 M H,SO,4 + 0.5 M CH5OH. (d) TEM and (e)
HRTEM images of Pt@GO-PVP NPs. (f) CV curves of Pt@GO NPs, Pt@PVP NPs and Pt@GO-PVP NPs at
a scan rate of 50 mV s~ (in 0.5 M H,S0, + 0.5 M methanol nitrogen-saturated solution). (g) CA
curves of Pt@GO-PVP NPs, Pt@PVP NPs and Pt@GO NPs at 0.39 V potential (in 0.5 M H,SO,4 + 0.5
M CH3OH nitrogen-saturated solution). Reproduced with permission from Royal Society of
Chemistry "%, Reproduced with permission from Elsevier "

achieve and retain their initial structure and shape. To test this result, Jiang
et al treated the MPNs, dendritic platinum nanoparticles (DPNs),
PtCarbon-20% and PtBlack at 250 °C or 350 °C for 3 hours.!'? Plots of
their cyclic voltammetry were obtained after calcination (at a scanning rate
of 50 mV s ', in 0.5 M H,SO, solution) and their relative platinum
electrochemical active surface area (ECSA) values were calculated
Figure 5b. Comparison have shown that MPNs managed to preserve 97%
of their original ECSA even when exposed to 350 °C, while for DPNs,
PtCarbon-20%, and PtBlack their values were 82%, 38%, and 23%, respec-
tively. The reason for this distinct characteristic of MPNs is due to the
resistivity of the mesoporous structure toward particle aggregation. Such
behavior is not observed in DPNs as their stability is impaired at high
temperature when their structure wither.*>**! PtCarbon-20% and PtBlack,
on the other hand, suffer an enormous drop in their ECSA values that can
be explained by the aggregation of nanoparticles and carbon support dis-
integration at high temperatures.

3.1.1.2. Platinum alloy. Recent studies have also involved platinum and its
alloys with other metals to optimize the activity of catalysts for methanol
oxidation reaction. Metals with which platinum were combined include
ruthenium, bismuth, copper, cobalt, and nickel prepared through various
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synthesis methods to obtain a highly satisfactory bimetallic catalytic activity in
comparison to those of catalysts present commercially.[>~¢%!

A study performed by Taylor et al. covered the preparation of a series of Ru-
Pt bimetallic catalysts (Ru on commercial monometallic Pt/C catalyst), using
electroless deposition technique, in which their activities were analyzed
according to their surface composition.'®! With electroless deposition, the
surface composition could be accurately controlled and is a less costly method
to deal with the sensitivity of activity toward the surface coverage. It was
observed that a maximum activity occurred at about 50% monodisperse
ruthenium surface coverage (or 0.51 monodisperse coverage Oy, (on plati-
num)) of 20 wt% platinum and 1.1 wt% ruthenium and this activity, based on
a mass of platinum, was 7 times greater than that of a pure platinum.
Moreover, in comparison to the commercial bimetallic catalysts consisting
of a bulk 1:1 atomic ratio of ruthenium to platinum, the maximum activity was
3.5 times more and the quantity of ruthenium metal present in the catalyst is
reduced as a result of the single-layer coverage of ruthenium on platinum.

Lu and coworkers published a study that focused on the creation of bime-
tallic platinum-based nanodendrites to make use of their large surface areas
and low densities.!®* Ruthenium was again the accompanying metal used
alongside platinum and the resulting catalyst was synthesized using coreduc-
tion of platinum and ruthenium precursors in oleylamine by H, (one-pot
synthesis). The catalytic activity and durability of PtRu nanodendrites for
methanol oxidation was also compared with nanocrystals of PtRu, of plati-
num, and commercial platinum/carbon catalyst and was proved to be far more
superior. This is to a certain degree due to the enhanced electrochemical active
surface area (ECSA), as a result of the dendritic shape. Furthermore, the
catalyst’s morphology, such as the presence of multiatomic corners, multiple
branched arms, and surface cavities plays an important role in providing
adequate catalytic sites for methanol molecules. Another point to consider is
that when compared with the platinum nanoparticles in Pt/C the nanoden-
drites of PtRu are slightly resistant toward dissolution and aggregation. In
terms of the bimetallic composition, alloying platinum with ruthenium modi-
fies the electronic configuration of platinum that assists in breaking the bond
between carbon and hydrogen in methanol molecules at lower potential.
Simultaneously, the existence of a lattice mismatch between platinum and
ruthenium atoms creates a strain effect that reduces the binding energies of
intermediates such as carbon monoxide, hence increasing the catalyst’s toler-
ance toward such intermediates. Ruthenium also has the capacity to efficiently
oxidize carbon monoxide by delivering species carrying oxygen at lower
potential.[¢?-72]

3.1.1.3. Supported platinum. Platinum may also be combined with certain
supporting materials to enhance its catalytic performance and resistivity
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toward deactivating species. Using Graphene oxide (GO), for example,
introduces electrochemical stability, and provides greater surface area, con-
ductivity, and elasticity. Another material called Polyvinylpyrrolidone (PVP)
is also assumed to have a good potential as a support as it possesses
nontoxicity and chemical durability as well as very good solubility in several
polar solvents.”>”?! A hybrid of GO and PVP may then be able to further
magnify the electrocatalytic activity of catalysts when they are used as
a support. To support this view, Dasdelen et al synthesized shape-
controlled platinum nanoparticles supported by GO and PVP hybrid, to
serve as DMFCs’ anode materials, through an eco-friendly method that
combines sonochemical and Dimethylamine-borane (DMAB) reduction
methods."! During their studies the effect that the hybrid has on activity
and durability was compared with that of Platinum@GO (metal-carbon)
and Platinum@PVP (metal-polymer) catalysts. In comparison to these cat-
alysts, it was observed that there is an increased adsorption rate of metha-
nol molecules due to relatively more active surface area being present on
the hybrid catalyst. In addition to larger surface area, the hybrid support
assisted in minimizing electrocatalytic reduction in the methanol oxidation
reaction. For these reasons, the hybrid supported catalyst functioned with
greater catalytic activity than the other individual catalysts synthesized.
Cyclic voltammetry experiment in an acidic medium (0.5 M H,SO,)
showed 2 distinct high oxidation peaks in both forward and backward
potential scans (50 mV s™! scan rate) Figure 5f. The methanol oxidation
peak in the forward scan is approximately 0.38 V that has a peak current
density of 43 mA/cm® The oxidation current then dropped when about
0.59 V is reached, and this is due to the production of platinum oxides. In
the backward scan, an oxidation peak at about 0.05 V is observed as the
oxidized carbonaceous species produced in the forward scan is removed
and as methanol is oxidized. The activity performance of the hybrid-
supported catalyst during comparison were found to be about 2.87 times
more than Platinum@GO nanoparticles and about 1.53 times more than
Platinum@PVP nanoparticles. In addition, chronoamperometry displayed
a better catalytic stability and efficiency through a higher current value for
the hybrid-supported catalyst when experimented for 1000 cycles (at
0.39 V) Figure 5g. Moreover, other detailed studies on catalysts based on
platinum have also been performed to analyze their performance on the
oxidation of methanol. They include catalysts such as Pt-Ru-Ni/C, '
Pt-Sn, ¥ Pt-WC/C, °! and Pt-Mo0O,/C.2*

3.1.2. Rhodium

Fuel cells comprising of alkaline media, such as alkaline direct methanol
fuel cells, have lately been analyzed because of their potential to boast
enhanced reaction kinetics for both methanol oxidation and oxygen
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reduction reactions. In addition, there is a broader usage of nonprecious
metals, such as carbon and perovskite-type oxides as cathode electro-
catalysts in alkaline medium. This helps substitute expensive platinum-
based materials as catalysts and reduce the cost of commercializing
DMFEFCs. Furthermore, the issue of managing water system in DMFCs
previously mentioned can also be tackled and simplified using an alka-
line medium.®*~%°

3.1.2.1. Pure rhodium. Rhodium-based electrocatalyst that are relatively
cheaper than Pt have recently been synthesized by Kang’s team to study
its catalytic activity toward methanol oxidation reaction in an alkaline
medium.®® They demonstrated the controlled synthesis of rhodium nano-
dendrites with nanosheet subunits, using an effective and facile diethylene
glycol reduction method in presence of polyethyleneimine (PEIL a surfactant
and a complex-forming agent) Figure 6(c - k). The specific nanodendrite
morphology selected displayed an unexpectedly fine stability and catalytic
activity characteristic when exposed to an alkaline medium. To support the
findings, the catalyst was tested alongside the commercial electrocatalysts,
and rhodium nanoaggregates that are formed when the rhodium nanocrys-
tals vastly aggregate in the absence of PEL. The chronoamperometry results
obtained for both rhodium nanodendrites and rhodium nanoaggregates
showed that the current on rhodium nanodendrites sustained a value of
nearly 20.5 times greater than that of rhodium nanoaggregates, even after

Figure 6. (@) TEM and (b) HRTEM images of ultrathin rhodium wavy nanowires. Rhodium
nanodendrites’ images obtained using (c) SEM, (d) TEM, (e) HRTEM, (f) HAADF-STEM and their
(g) SAED pattern. (h) Rhodium nanocrystal subunits’ HRTEM image along with the magnified
version of different sections. (i) SEM image of rhodium nanodendrite (magnified). Images of
strongly ultrasonic-treated rhodium nanodendrites obtained using (j) HRTEM and (k) AFM.
Reproduced with permission from Springer Nature®5#”!



142 A. YUDA ET AL.

6000 seconds. This means that rhodium nanodendrites possess a reduced
decay rate (great stability) and fairly higher oxidation current (highly
active) in comparison to rhodium nanoaggregates for methanol oxidation
reaction. The finer characteristic can also be due to the effect of area and
the two-dimensional ultrathin nanosheet structure. Furthermore, tests data
obtained from cyclic voltammetry and chronoamperometry of commercial
rhodium black, palladium black, and platinum black still indicate that the
catalytic activity of rhodium nanodendrites are far better.

Generally, electrocatalysts based on rhodium have low values of ECSA.
For instance, mesoporous rhodium NPs and nanodendritic rhodium pos-
sess ECSA values of 50 m* g™' and ~43 m? g™', respectively.**#! The
employment of ultrafine nanostructures is a possible way of enlarging
ECSA to enhance the activity of catalysts. However, with this morphology
achieving stability in harsh operating conditions is difficult because of the
occurrence of Oswald ripening processes as well as due to aggregation.
A number of research work has been performed in past to study the
capabilities of rhodium in the form of ultrathin wavy nanowires by Huang
et al and Fu et al for various reactions.*”®"! Ultrathin wavy rhodium
nanowires showed an outstanding performance for catalytic oxidation of
benzyl alcohol to benzaldehyde.”® In another study ultrafine wavy rho-
dium nanowires, with 2 to 3 nm diameters, were synthesized to effectively
catalyze MOR in alkaline media Figure 6(a, b).*”) The ultrathin wavy
rhodium nanowires displayed significantly higher mass activity of
722 mA mg ' (at 0.61 V potential vs. RHE) that is greater by more
than 2.5 times the values obtained for other rhodium nanomaterials
previously tested.*®*%°°) The rhodium-based nanowire catalyst also
demonstrated an ultrahigh ECSAco value of 144.2 m* g~'. This enhance-
ment may be explained by the presence of large specific surface area and
rich surface defects that could serve to improve catalytic performance by
demonstrating a higher mass activity.®” In addition, there is also the
advantage of the one-dimensional nanowire geometry in promoting
charge transport.

3.1.2.2. Supported rhodium. Kang and coworkers introduced a hybrid elec-
trocatalyst of rhodium nanosheets on reduced graphene oxide (RGO) via
a one-pot hydrothermal method Figure 7(a - g).°"! Its behavior for methanol
oxidation reaction in alkaline media, in terms of electrocatalytic activity,
prevailed over single-component rhodium nanoparticles and rhodium nano-
particles/RGO hybrids. The enhancement is due to the presence of the two-
dimensional structure of rhodium nanosheets as well as the outstanding
chemical/physical property of the reduced graphene oxide. Experimental
measurements using cyclic voltammetry and chronoamperometry have con-
firmed that the hybrid catalysts function more actively than the commercial
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Figure 7. (a) Schematic representation of the synthesis of (arrow a) Rh-NSs/RGO hybrids, (arrow b)
Rh-NPs/RGO hybrids and (arrow ¢) Rh-NPs. Images of (b) Rh-NPs/RGO hybrids and (c) Rh-NPs
acquired via TEM. (d) Rh-NSs/RGO hybrids’ SEM image along with their SEM-EDX elemental
mapping (carbon mapping (red) and rhodium mapping (green)). (e) Rh-NSs/RGO hybrids" TEM
image and its SAED pattern (inset image). (f) Image of Rh-NSs/RGO hybrids obtained using HRTEM
along with the magnified version of a region in red square (inset image). (g) Image of Rh-NSs/RGO
hybrids acquired using AFM. (h) Cyclic voltammograms of Rh-NSs/RGO hybrids and Pt/C catalyst at
50 mV s~ scan rate (in 1 M KOH solution). (i) Metal mass-normalized and (j) ECSA-normalized cyclic
voltammograms of Rh-NSs/RGO hybrids and Pt/C catalyst at 50 mV s™' scan rate (in 1 M KOH + 1
M CH3OH solution). (k) Chronoamperometry data of Rh-NSs/RGO hybrids and Pt/C catalyst at
0.61 V potential (in T M KOH + 1 M CH3O0H solution). Reproduced with permission from American
Chemical Society™”

PtCarbon electrocatalyst. Although records from cyclic voltammetry showed
that the hybrids have slightly lower ECSA value (48.66 m® g ') than that of
commercial PtCarbon (which was 51.04 m* g~'p,), however a negative shift of
around 120 mV in the onset potential of rhodium nanosheets/RGO hybrid was
observed in comparison to the commercial PtCarbon for methanol oxidation.
The current value for the hybrids was also 3.6 times greater than the value for
commercial PtCarbon electrocatalyst at a potential of 0.61 V (264 A g~ 'y, and
73 A g'p for rhodium nanosheets/RGO and PtCarbon, respectively)
Figure 7i. Besides, chronoamperometry experiments showed a higher current
value for the hybrids relative to PtCarbon that decays very slowly within
6000 seconds Figure 7k. This further provides a strong evidence that not
only the synthesized hybrids have higher activity for an extended time period,
but also stability that makes it invulnerable to poisonous carbonaceous species
such as carbon monoxide.
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3.1.3. Palladium

Palladium as a catalyst has also recently been used as an alternative to
platinum. Its nanostructural form that has greater number of active centers
and specific surface area has attracted the attention of researchers with interest
in exploring their electrochemical reaction behaviors for industrial applica-
tions. The synthesis of various palladium structures made up of nanowires,
nanoplate arrays, °*! nanoflowers, °*! nanoparticles, **! and nanotrees **! by
research teams in the past have discovered that their electrocatalytic activities
for both methanol and ethanol oxidations are predominantly excellent. With
regards to palladium having nanoporous structures that are expected to show
an incredible performance compared to other palladium structures previously
mentioned, not enough research has been performed. In addition to their
bicontinuous, three-dimensional, interpenetrating nanosized ligament-
channel arrangement they also contain increased surface area, open porosity,
and structural durability with no agglomeration that can be utilized to better
advance various reactions. Nevertheless, the difficulty or complexity of opera-
tion such as the time-taking dealloying process and the great dealloying
driving force required are some of the downsides faced by previous studies
that needs to be overcome.

3.1.3.1. Supported palladium. Wang’s group managed to develop nanoporous
palladium (NP Pd) rods electrocatalyst through a simplified method of deal-
loying a binary AlgyPd,, alloy in a solution of 5 wt% hydrochloric acid solution
under free corrosion conditions.'”®! These nanoporous rods, when observed
under scanning electron microscopy and transmission electron microscopy,
were revealed to have the standard bicontinuous, three-dimensional, inter-
penetrating ligament-channel system that are 15 to 20 nm in length. These
newly synthesized materials were further mixed with Vulcan XC-72 Carbon
powder to form NP Pd/C catalyst for the testing of methanol oxidation
reaction in alkaline media. 1 M KOH and 0.5 M methanol solution were
used with Hg/HgO reference electrode (MMO) and the cyclic voltammetry
data showed that the catalyst activity depends on the metal loading on the
glassy Carbon (GC) electrode. Metal loading values of 0.2, 0.4, 0.6, 0.8, 1.0, and
1.2 mg cm~* were used on the GC electrode and a loading 0.4 mg cm™
displayed the best catalytic performance for MOR. Under this loading, the
onset potential (E,p) was —401 mV, the forward scan oxidation peak current
density (J,) was 223.52 mA mg_1 (oxidation peak potential (E,) of —42 mV),
and the backward scan oxidation peak current density (J,) was
146.18 mA mgf1 (oxidation peak potential (E,) of =123 mV) (10 mV st
potential scan rate). On the contrary, testing with methanol concentration of
more than 2 M in the KOH solution results in a decrease in the oxidation
current density because of the increased competition in adsorbing hydroxyl
(OH,g4s) and methoxyl ((CH30)a4s) intermediates.”®! Overall, the catalytic
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activity of NP Pd/C catalyst for MOR is a diffusion-controlled reaction and in
comparison, to other palladium nanostructures it is a promising electrocata-
lyst that can be implemented industrially such as in direct methanol fuel cells.

Zhao’s research team synthesized a palladium-based electrocatalyst that is
supported by multiwalled carbon nanotubes modified by Mn;0,4 (Pd-Mn;0,
/MWCNTs) via a wet impregnation method Figure 8(a — e).’”] The electro-
chemical performance of the resulting catalyst for MOR was analyzed using
CV, LSV, and CA. It was determined that the composites have better endur-
ance toward poisoning CO,q4, species and possess the greatest active surface
area compared to PA/MWCNTs and Pd/XC-72 catalysts. Based on the CV
results of the 3 different types of catalyst toward MOR the onset potential of
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Figure 8. (a) A diagram representing the steps involved in the preparation of Pd-Mn30,/MWCNT
composites. Images of (b) Mn30,/MWCNTs and (b) Pd-Mn30,/MWCNTs acquired through SEM. (d)
Mn304/MWCNT and (e) Pd-Mn30,/MWCNT TEM images. (f) CV curves (at 50 mV 57" scan rate) and
(g) CA curves of Pd/XC-72, Pd/MWCNTs, and Pd-Mn30,/MWCNTs catalysts in 0.5 M NaOH + 1
M CH5OH nitrogen-saturated solution. Reproduced with permission from Elsevier!®”!t!
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Pd-Mn;O0,/MWCNTSs’ methanol oxidation peak shifted negatively by more
than 160 mV relative to the value for PdA/MWCNTs. In addition, for a given
oxidation current density, the potential value of Pd-Mn;O,/MWCNTs is
comparatively lower. This signifies the relatively greater catalytic performance
of Pd-Mn;0,/MWCNTSs toward MOR at all the values of potentials used (i.e.
potentials of —1.0 V until —0.2 V) Figure 8f.°®! The recorded values of the
methanol forward oxidation mass specific peak current for Pd-Mn;O,
/IMWCNTs, PA/MWCNTSs, and Pd/XC-72 were 715.8 mA mgflpd, 3324
mA mg 'pg, and 236.1 mA mg 'pg, respectively. The high value exhibited by
Pd-Mn;0,/MWCNTs is most probably due to the behavior of Mn;O,4 nano-
particles as a catalytic-activity-modifier and as a promoter of the appropriate
condition to form Pd nanoparticles °” and of methanol oxidation. Relative to
the other catalysts, Pd-Mn;O,/MWCNTs displayed the most stable character-
istic as well as the best tolerance toward poisoning. Chronoamperometric
analysis for 1800 seconds (in 0.5 M NaOH + 1.0 M CH;OH) was implemented
to prove these points when it recorded a current density of 284.14 mA mg 'pq
for Pd-Mn;0,/MWCNTs, 101.03 mA mgflpd for PA/MWCNT, and 77.25
mA mg 'y for Pd/XC-72 Figure 8g.

A multifunctional catalyst in which palladium NPs are supported by nitro-
gen and sulfur-doped graphene (Pd/NS-G) was produced by Zhang et al in
their study."'® The production steps involved a thermal treatment process to
integrate both nitrogen and sulfur atoms into graphene. In addition,
a solvothermal approach was performed to allow the controlled growth of
palladium NPs onto the support. These combinations resulted in a catalyst
possessing fine synergistic effects in addition to its unique structure that allows
it to be used to oxidize both methanol and formic acid. Improvement in
performance, compared to Pd/Vulcan XC-72 R and Pd/undoped graphene
catalysts, included relatively high anodic peak current and greater stability. CV
analysis in 0.5 M NaOH and 0.5 M methanol displayed a weak cathodic peak,
but a strong anodic peak by all the catalysts. The former can be due to the
removal of the intermediate carbonaceous species, while the latter is the result
of the oxidation of chemisorbed methanol.'®'°? Amongst the 3 catalysts
analyzed, Pd/NS-G achieved the highest specific activity value of 11.3
mA cm™ and a mass activity value of 399.3 mA mg '. The high mass activity
exhibited by Pd/NS-G can be explained by increased utilization efficiency of
palladium in the hybrid catalyst. LSV data also showed that Pd/NS-G performs
better compared to the other catalysts and showed lower potential for a given
oxidation current density. The long-term stability of the catalysts was studied
using CA and the slowest decline in current was demonstrated by Pd/NS-G
for MOR.

Other potential catalysts for MOR, that comprises of palladium, have also
been explored by researchers in the past and their examples include PANPs/
PVP-graphene, ') NPPd, "° Pd/TiO,-C, "'*! and Pd/CNE.['*!
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Summary: To conclude, several synthesis methods have been utilized to
incorporate noble metals as anode catalysts. A morphology of self-supported
one-dimensional architecture can assist in preventing catalytic activity loss in
carbon-supported platinum while enhancing the transport of electrons as well
as improving the long-term stability. Employing a mesoporous design through
the novel “electrochemical micelle assembly” soft-template method could help
in increasing the electrochemically active area by providing concave surface.
Some authors also reported enhanced durability for platinum nanowires
possessing one-dimension mesoporous architecture that also has larger active
surfaces. A great structural thermal stability along with improved electroche-
mical performance was demonstrated by mesoporous platinum nanospheres
designed through a slow reduction reaction in presence of shape directing
surfactants. MPNs could retain 97% of their original ECSA when subjected to
a temperature of 350 °C as a result of their resistivity against particle aggrega-
tion. Alloying commercial monometallic Pt/C with ruthenium through an
electroless deposition method allows maximum activity to be achieved at
approximately 50% monodisperse ruthenium surface coverage. In comparison
to pure platinum the activity was sevenfold higher. Nanodendrites of platinum
and ruthenium alloy, synthesized through coeduction of the metals in oleyla-
mine by hydrogen, can assist in obtaining improved ECSA in the form of
multiatomic corners, branched arms, and cavities for better oxidation of
methanol molecules. In addition to resistivity toward dissolution and aggrega-
tion, combining ruthenium with platinum adjusts the electronic configuration
of platinum for easy bond breaking between hydrogen and carbon and creates
a strain effect that decreases intermediates’ binding energies. Supporting
platinum with a hybrid of graphene oxide and polyvinylpyrrolidone enhances
methanol adsorption rate and minimizes electrocatalytic reduction in MOR.
Relative to platinum@GO and platinum@PVP nanoparticles the performance
of the hybrid-supported catalyst were approximately 2.87 times and 1.53
times, respectively.

Rhodium, one of the cheaper alternatives to platinum, with nanodendritic
morphology could demonstrate great activity and reduced decay rate in alka-
line medium. Its performance has been demonstrated to be far superior
relative to platinum black and palladium black. Implementing ultrafine nanos-
tructures could prevent low ECSA characteristic generally found in rhodium-
based electrocatalysts. An ultrathin wavy rhodium nanowire could display
a high mass activity and in turn better catalytic performance that may be
due to the availability of rich surface defects and large specific surface area.
A difficulty is, however, faced in maintaining stability due to Oswald ripening
and aggregation under extreme operating circumstances. Introducing RGO as
a support for rhodium nanosheets could help promote enhanced chemical/
physical properties that allow it to perform better than rhodium NPs/RGO
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hybrids and single-component rhodium NPs toward MOR. It could also
demonstrate a very slow decay in comparison to commercial Pt/Carbon
when analyzed through CA experiments. This proves that the hybrid structure
is not only capable of maintaining fine activity for long durations, but it also
could endure the poisoning effect of carbonaceous compounds.

Palladium nanostructures, as a noble metal, possess many active centers and
large specific surface area. Those with nanoscale porous structures show
bicontinuous, three-dimensional, interpenetrating ligament-channel system
with large surface area, open porosity, and structural stability to be suitable
for improving different reactions. Introducing composites to a support, as
demonstrated by MWCNT supports modified by Mn3;O, to support palla-
dium, could promote better endurance toward poisoning CO compounds and
enhance active surface area. The improved characteristics enable Pd-Mn;0,
/MWCNTs to perform better than PA/MWCNTSs and Pd/XC-72 catalysts by
displaying higher methanol forward oxidation mass specific current and high
current density during CA analysis of 1800 seconds. Combining palladium
NPs with sulfur and nitrogen-doped graphene could generate fine synergistic
effects in the resulting catalyst and assist in oxidizing both formic acid and
methanol. Relative to Pd/Vulcan XC-72 R and Pd/undoped graphene catalysts,
Pd/NS-G possesses the highest mass activity that could be due to the improve-
ment in usage efficiency of palladium.

3.2. Catalysts based on non-noble metals

3.2.1. Nickel

Previously, it has been noticed that one of the advantages of alkaline DMFC is
the capability of utilizing electrocatalysts based on non-noble metals. This
possibility has, in recent years, motivated researchers to find alternative mate-
rials belonging to the category of non-noble metals to avoid the high-cost and,
in some cases, the decaying activity of noble metals as anode catalysts.
Transition metal oxides are the type of non-noble metal based materials
where many attempts have been made. Transition metal oxide such as nickel
oxide (NiO) has received a number of recognitions and has been used as
lithium ion batteries, ! supercapacitors, ' and catalysts '*~''"); and
reported to perform well electrochemically.

3.2.1.1. Nickel oxide. Sponges that are available commercially consists of uni-
form-sized macro-pores and have hierarchical macro-porous nature that can
behave as a template to yield extraordinary electrodes.''?! However, because
of the lack of commercial sponge being utilized as a template to synthesize
nickel oxide nanostructures, Tong’s team developed a novel catalyst of NiO
nanoparticle/nanoflake grown on a tube of Ni-P alloy via a sponge template
method Figure 9a.!'"*' With this method amorphous Ni-P undergoes
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Figure 9. (a) Schematic representation of the synthesis of microspherical NiO (EP-M) and nanoflake
NiO (EP-F). (b, c) EP-M, (d, e) EP-F and (f, g) CBD-NiO TEM and HRTEM images (inset images are the
magnified images and the SAED patterns). (h) The pore size distributions of EP-M, EP-F, and CBD-NiO
from nitrogen adsorption-desorption method at a temperature of 77 K. (i) CV curves (at 50 mV s™'
scan rate) and (j) CA curves (at 0.5 V and 20,000 s) of EP-M, EP-F, and CBD-NiO in 0.5 KOH + 1
M methanol. Reproduced with permission from Elsevier'''*!
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electroless plating on sponge and an annealing process occurs in air at 500 °C.
The purpose of the annealing is to remove the templates, allow Ni-P to
crystallize, and produce nanostructures of NiO on the external surface of Ni-
P tubes. Microspherical NiO (EP-M) or nanoflake NiO (EP-F) decorates the
surface of the tubular Ni-P system and any of the two NiO structures can be
generated depending on the electroless plating time Figure 9(b - g).
Comparison of their functions as electrocatalysts for methanol oxidation (in
alkaline solution) was also performed with porous NiO nanoflakes produced
via the chemical bath deposition (CBD-NiO). Hence, three types of NiO-based
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catalysts are created, and their surface areas and porous structures were
analyzed through nitrogen adsorption-desorption method (at 77 K tempera-
ture) Figure 9h. Amongst the samples EP-M (containing 16.2 wt% Ni-P and
83.8 wt% NiO) displays the largest specific surface area value of 210.03 m* g ™"
Cyclic voltammetry result of EP-M for MOR in alkaline solution (0.5 M KOH
and 1.0 M CH;OH at 50 mV s~' scanning rate) recorded a relatively greater
current density of about 467 Ag™' (or 28.56 mA cm °) Figure 9i.
Simultaneously, the newfound catalyst demonstrated a long stability duration
(more than 20,000 seconds) when tested with chronoamperometry Figure 9j.
These incredible characteristics of EP-M suggest that it can perform better
than many other modern catalysts possessing NiO, such as GC/MnO,/NiOy
(8.21 mA cm 2, in 0.5 M NaOH + 0.5 M CH;O0H at 50 mV s~ ') and GC/NiO,
(5.38 mA cm™2, in 0.5 M NaOH + 0.5 M CH;OH at 50 mV s 1).1''* Other
reason for its superiority can be due to the powerful electronic interaction of
both Ni-P and NiO toward each other. Al-Enizi and coworkers have developed
a nickel oxide (NiO) catalyst supported by carbon nanofibers that are uniform
and highly doped with nitrogen (N-CNFs).!""") The N-CNFs support was
generated through a method that involves the electrospinning of solution
mixture comprising of polyaniline, polyacrylonitrile, and graphene.
Annealing was then performed at a temperature of 1200 °C. The loading of
nickel oxide onto N-CNFs, to form NiO/N-CNFs hybrid, was done via
chemical precipitation of Ni(OH), and treatment at 400 °C temperature.
Results obtained from CV and CA investigations have shown that NiO/
N-CNFs catalyst is capable of outperforming other nickel-based catalysts. It
displayed greater mass and specific activities for MOR along with a less
positive shift in the methanol oxidation potential. The observed improvement
can be due to the existence of mesoporosity, high contribution of nitrogen
functionality, and the fine interaction between both NiO catalyst and CNFs
support.

3.2.1.2. Supported nickel. Das et al published a work that involved catalyst
supporting matrices used alongside nickel metals."" ' They experimented with
3 types of supports that included partially sulfonated polyaniline (SPAni),
polyaniline (PAni), and Vulcan Carbon for methanol oxidation. Ni catalyst
nanoparticles supported by SPAni (Ni/SPAni) proved to be the best for
dispersion, deposition, utilization, and distribution that promoted high mass
specific current densities and output area. Characterization of Ni/SPAni
included using cyclic voltammetry (CV) (potential ranges of 0 V to +0.8 V)
and linear sweep voltammetry (LSV) (potential ranges of 0 V to +2.0 V) in
a solution of 2 M CH;0H and 0.05 M H,SO, (with a scanning rate of 100 mV
s~'). Data from CV generated mass specific current densities and forward peak
area of 6.1 mA g~' and 306 uA cm ™, respectively. The CV current records for
Ni/SPAni are much higher than that for Platinum-Ruthenium/C, with mass
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specific current densities of 0.6 mA g~ ' and forward peak area of 25.6 uA cm ™2,

The enhancement in value can be explained by the presence of -SO;H groups
on the PAni matrix that intensifies nickel catalysts’ efficiency and decreased
the reverse peak current density. In comparison to Ni/PAni, furthermore, Ni/
SPAni’s mass specific current densities and forward peak area values were
greater by 1.61 mA g~ and 85.2 uA cm >, respectively. In addition, LSV plots
provided more evidence for Ni/SPAni’s improved efficiency when it generated
a higher maximum current density by 0.65 mA cm > compared to Ni/PAni
and by 0.37 mA cm™> compared to Pt-Ru/C at +0.2 V. The plots of chron-
oamperometric analysis were also reported and the test occurred within the
same solution at an anodic potential of +0.4 V. After an initial drop in the
current density, LSV shows a steady decay where Ni/SPAni demonstrated
a relatively greater stability with a current density of 121 pA cm™? (after
700 seconds) compared to other types of catalyst experimented with. This
value is even almost double than that of the commercial Pt-Ru/C catalyst, with
a value of 62 uA cm 2. This is possibly because of the enhanced proton uptake
capacity of the catalyst support promoted by -SO;H groups that enhances the
anti-poisoning effect on the catalyst. The results determined from this study
provided sufficient data that the use of Pt-Ru can be substituted by nickel and
suitable support matrices such as partially sulfonated polyaniline can facilitate
in creating an effective catalyst as an anode for DMFCs systems in oxidizing
methanol.!"'”) Wang’s group has also prepared a supported-nickel catalyst in
the form of ordered mesoporous Ni/AlLO5."*®! A solvent evaporation induced
self-assembly (EISA) method was implemented for preparation and the per-
formance for MOR was analyzed via CV and CA. An enhancement in the
electrocatalytic activity of the synthesized catalyst was observed for MOR in
alkaline electrolytes. The reason for the improved performance can be
explained by the synergetic effects generated by high nickel dispersion and
ordered mesoporous structure that promotes methanol and product diffusion

3.2.2. Cobalt

Cobalt and cobalt oxides (Co;04 and CoO) have been used as an emerging
catalyst owing to their exceptional intrinsic characteristics such as excellent
structural flexibility, tunable chemical properties and higher activity. The
outstanding catalytic performance of cobalt oxide is attributed to the abundant
electroactive surface sites and tailored electronic structure that can be achieved
through cost-effective synthesis methods. Subsequently, cobalt has been
reported as a primary catalyst and also as a cocatalyst in many methanol
oxidation reactions so far.

Jafarian and coworkers prepared cobalt hydroxide modified glassy carbon
electrodes using anodic deposition and tested its activity for electro-catalytic
methanol oxidation reaction. The proposed mechanism showed the presence
of cobalt in multiple valence state where Co(IV) was found to be the most
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active site for methanol oxidation reaction.!*! Xia’s group fabricated three-
dimensional (3D) ordered mesoporous cubic Co;0, using KIT-6- and SBA-
16-templating strategies. 3D ordered mesoporous Co;O, possessed much
higher activity than nonporous Co;0, due to the presence of high surface ad
species concentration, larger surface area (118-121 m*/g) and lower reduci-
bility temperature.!"*"! Zafeiratos conducted a simple study on the geometrical
structure effect of spinel (Co;0,4) and rocksalt (CoO) oxides, in which the
former one had more mobile lattice oxygen that favors the partial oxidation of
methanol to formaldehyde.!"*") In order to improve the catalytic activity and
stability of cobalt, various techniques have been employed including functio-
nalization, incorporation of hetero atoms and carbon-based materials. Thamer
et al introduced co incorporated nitrogen doped carbon nanofibers using
electrospinning technique as a functional electrocatalyst with excellent adsorp-
tion capacity and smaller electron transfer resistance. The effect of nitrogen
content in the catalyst was studied by varying the amount of urea (0, 1, 2, 3, 4,
and 5 %). It was evident that there was enhanced activity for Co/N(4%)-CNFs
with maximum current density of 100.84 mA cm 2, that is much higher than
undoped sample (63.56 mA cm 2).!"*?! Shahid and his group, reported the
hydrothermal technique for the synthesis of Co3;O,4 nanocubes incorporated
over reduced graphene oxide (rGO-Co30,) and it showed enhanced current
density of methanol oxidation when compared to rGO, Co;0,4 nanocube and
bare Pt particles. The rGO content was optimized to 2%, with a maximum
oxidation peak current of 362 mA cm > during the forward scan, along with
a better reversibility with retention current of 108% and excellent stability for
methanol oxidation.!’]

Shenashen’s group reported the fabrication of heterogeneous mesoarch-
itectures of N-Co3;0,@C unit blocks oriented axially on basic nanoscale
structures such as nanorod pellets (NRPs), nanoneedles (NNs), and crossed-
X nanosheets (X-NSs) with the exposure of highly active {112} crystal facets
and functional mesoporous surface topography to ensure rapid electron
transfer. The as-prepared nanostructures exhibit specific surface areas in
the increasing order of NNs (54.7 m* g™') < X-NSs (65.1 m* g”') < NRP
(82.5 m* g') as shown in Figure 10. Among the three nanoscale architec-
ture, nanorod pellets (NRPs) have densely exposed {112} crystal facets for
the faster adsorption and diffusion of charge carriers toward methanol
oxidation.*!

Recently, more development on cobalt based materials triggered the search
for improving the chemical and physical features of the cobalt, through
replacing some atoms of Co with new ternal atoms. Nickel, copper, cadmium,
tungsten, etc. are the most used metals for the replacement. Asgari and cow-
orkers worked on the coating of Ni-Co alloy on glassy carbon electrode as an
anomalous process. Their results showed that methanol oxidation over Ni-Co
/GCE was catalyzed through the redox couples Ni(II)/Ni(III) and Co(II)/
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Figure 10. (a) Schematics on the design of one-pot-simple hydrothermal process to prepare
mesoporous N-Co30,@C catalysts with controlled surface morphologies and hierarchical architec-
tures of nanorod pellets (NRPs), nanoneedles (NNs), and crossed-X nanosheets (X-NSs) (b) N,-
adsorption/desorption isotherms for specific surface area and (c) the corresponding pore size
distribution analyzed by using nonlocal density functional theory (NLDFT) of nanorodpellets
(NRPs), nanoneedles (NNs), and crossed-X nanosheets (X-NSs) measured at 77 K. (d) Cyclic
voltammogram of mesoporous N-Co30,@C catalysts recoded in 1.5 M methanol. (e)
Chronoamperometric current-time profile of the catalysts measured in 1.5 M methanol at
a fixed potential of 0.52 V (vs. Hg/HgO) for 250 min. Reproduced with permission from Elsevier''>*

Co(IV) over the catalysts layer within the pH layer of 10 to 12 and follows
a first order kinetics on methanol oxidation.!"**) Menggqi et al followed a one-
pot additive free solvent thermal decomposition route coupled with a post
calcination treatment for the successful preparation of coral-like nickel cobalt
oxides with hierarchical pores. CV results revealed that coral-like NiCo,0,
exhibited much higher current density than moss-like NiCo,0,4. The chron-
oamperometry results showed that the current density decayed to
7.140 mA-cm? from its initial 9.844 mA cm™? (72.53% retention) for coral-
like NiCo0,0,, whereas the initial current density drops to 0.105 mA cm 2 from
7.166 mA cm ? (1.47% retention) for moss-like NiCo0,0,, which could be due
to the amorphous nature of moss like NiC0,0,.1'?°! Sun and Xu studied the
composition dependence in Ni-Co hydroxide and oxides by adjusting the ratio
of precursor solution. They found that the oxidation reaction in Ni-Co
hydroxide increases with increase in Ni content, and in case of Ni-Co oxide
it followed a volcano profile with Ni 46% showing the highest activity, lowest
charge transfer resistance, lowest onset potential, and smallest Tafel slope.!'*”]
A binder free direct growth of Co;0, with different morphology on Ni foam
using simple hydrothermal method followed by calcination was studied in
detail by Rajeshkhanna and Rao.!"*®! Microflowers, microspheres and nano-
grass morphologies of Co3;0, were prepared by varying the anion precursors
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to chloride, sulfate and acetate salts of cobalt, respectively. Based on CV and
CA results, all the three catalysts show low onset potential, but the oxidation
current increases in the order of 28 A g' < 34.9 Ag ' <36.2 A g ' for micro
flower, nanograss and microsphere respectively. Wang et al highlighted the
study on NiCo,0, nanosheets and nanocloth arrays supported over Ni foam
prepared using a mild hydrothermal method. NiCo,0O4/nanocloth exhibits
excellent performance, including high current density (134 mA cm™>), lower
onset potential and stability with 88% of current retention after 100 cycles.!'*’!
Tae-Hoon et al reported a facile synthesis of NiCo,O, with average size of
6 + 2 nm homogeneously decorated over MWCNTs to form a core/shell like
morphology. NiCo,0,/MWCNTs exhibited a high current density of
327 mA cm > and a low onset potential (0.128 V). They displayed excellent
stability by retaining a current density of 76% even after 250 cycles **! . Tonga
and coworkers proposed a new series of Ni-Co-P-O compound prepared using
one-pot solvothermal technique for methanol oxidation in alkaline environ-
ment. The final chemical composition, crystallographic structure and mor-
phology of the Ni-Co-P-O composite were highly influenced by the molar
ratio of Co”*/Ni**. They conducted a detailed study on optimization and
found that Co®*/Ni** of 0.81 (NiCoPO-2) exhibits larger surface area
(540.5 m* g') and bimodal pore distribution that contributed to the highest
oxidation current density of 1567 A g~ with excellent stability over more than
20000s. They noticed the presence of electron tunneling junctions between the
metal phosphides and phosphates that triggers the fast transport of methanol
and its products in and out of the catalysts.!"*") In the same year, Vernickaite
and team studied the effect of composition and structure of cobalt-tungsten
composite prepared through electrodeposition technique toward the methanol
oxidation reaction in acidic medium. While varying the tungsten content from
3 and 18 atomic % to 30 atomic %, the structure of Co-W changed from
crystalline to amorphous nature. They found that Co-W with 3 and 18% of
W content was inactive for methanol oxidation due to the dissolution of Co-W
alloy in acidic medium, while Co-W with 30% of W showed catalytic perfor-
mance by coating the active surface with W that avoids the dissolution of
alloyed particles."*?! Barakat and coworkers developed Cd-doped cobalt
nanoparticles decorated over graphite shell using simple sol-gel technique.
The prepared catalyst showed considerably high current density (70
mA cm?), lower onset potential (~600 mV vs. NHE) and good stability due
to the graphite sheathing.!"**! Other similar examples of cobalt-based electro-
catalyst using different precursors and supporting materials have been also
reported and shows satisfactory performance in methanol oxidation.!'**3#!

3.2.3. Copper
Copper is another class of electrocatalyst that received wide attention due to
excellent reactivity, low cost, low to moderate stability and ease of synthesis.
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Cu shows much lower selectivity for carbon monoxide (CO) than any other
well-known metal catalysts such as Pt, Pd, Ru, and Rh.["**'*%! This is beneficial
for the long-term stability run, where CO is formed as possible intermediate
products that generally poison or deactivate the active sites of the catalyst and
thereby reduces the activity of the catalyst in long-term runs. Some of the
selected Cu-based catalyst for methanol oxidation reaction is discussed in the
following section. Cu alone as a catalyst shows low activity; however, Carugno
and coworkers developed some simple treatment method such as electro
corrosion and electrodeposition that generate some micro- and nano-
structure to enhance the methanol oxidation reaction. The pretreatment
helps in the increase of effective surface area and the exposure of more active
sites toward the reaction "),

Han and his group reported a seed mediated approach for the preparation
of bimetallic CuPt alloy with different morphologies and proved that mor-
phology and electronic coupling effect greatly influences the electrochemical
properties. While varying the Cu/Pt ratio during synthesis, it causes a rapid
inter diffusion of Cu and Pt which results in the formation of three different
morphologies of polyhedral, stellated, or dendritic bimetallic CuPt. Dendritic
CuPt shows highest activity for methanol oxidation owing to its abundant
atomic steps, edges, and corner atoms on the surface, while polyhedral CuPt
shows the best CO tolerance owing to a strong coupling between Cu and Pt
that is capable of promoting better electron transfer mechanism."*?! Ren et al
synthesized Pd particles with a thickness of ~50 nm that are uniformly
decorated over ultra-long copper nanowires with an average diameter of
100 + 20 nm and thickness of 35 + 5 nm through a facile hydrometallurgy
technique. The developed binary shell-core structured Pd-Cu exhibited higher
activity and stability when compared with Pd-Cu, and also the Tafel analysis
shows that the first charge transfer is the rate determining mechanism for
methanol oxidation."**) In 2015, Duhong’s group synthesized star-like PtCu
for the first time using copper (II) chloride dehydrate as the precursor instead
of copper (II) acetylacetonate. The mean sizes of platinum particles were also
calculated using the Scherrer equation as well as the diffraction peak of Pt
(111) that was determined from XRD analysis. The calculated mean sizes were
found to be in the range of 14.3 nm for PtCu/rGO. The star-like PtCu
supported over reduced graphene oxide (PtCu/rGO) revealed excellent cata-
lytic activity and durability (2.3 times) than PtCu/XC72 and Pt/rGO. They
proposed the reasons for the higher activity for star-like PtCu as: (a) Special
star-like structure provide a strong synergetic effect between Pt and Cu, (b) the
unique electronic property and metal interaction with rGO enhances the
electrocatalytic effect, (c) choosing Cu as the second doping element in
the Pt alloy influences the activity through providing oxygen-containing
species for the oxidation of CO at lower potentials than Pt and translating
the electronic properties of Pt for the adsorption of CO as well as for
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dissociative adsorption of methanol."**! In order to maximize the activity of

PdCu, Xu et al added TiO, as a supportive material in which more oxygen-
containing group can be generated on its surface that could enhance the
catalytic activity and reduce the CO poisoning. The surface morphology
shows that TiO, nanoneedles are distributed randomly and densely over the
surface of the nanoporous PdCu. The oxidation current for PdCu/TiO, was
measured to be 381 mA mg~', which is 7.04 times higher than pure nanopor-
ous Pd and 1.41 times higher than nanoporous PdCu.""*"! Vertically grown
reduced graphene oxide decorated with PdCu nanoparticles with average
particle size of 8.7 nm shows a significant activity improvement by taking
advantage of the orientation of reduced graphene particles. The electrochemi-
cal characterization shows that the overall performance is dependent on Cu
content, with an optimized atomic ratio between Cu and Pd to be 1:4.42, in
order to balance the Pd and Cu active sites to enable an optimal electrocatalytic
performance and stability. For pure Pd, incompletely oxidized CO gets
adsorbed onto the active sites of Pd atom and causes poisoning of the Pd
atoms, thus reducing the activity and stability. While doping Cu into Pd, the
intermediate CO gets more attached to Cu than Pd, because Cu is much more
active for Cu oxidation than Pd. Moreover, alloying Cu and Pd modify the
electronic structure of Pd through shifting the d-band center upward to the
Fermi level, thus increasing the reactivity. Nevertheless, the presence of excess
Cu atoms in the catalyst reduced the activity through blocking the active sites
of Pd for adsorption-activation-dissociation of methanol molecules.!'**! Later
in 2017, Subramanian et al conducted a similar study on optimizing the ratio
of PdCu nanoalloy, by employing different stoichiometric ratios of PdCu of
1:1, 1:3, and 3:1 using simple coreduction technique. Cyclic voltammetry and
chronoamperometric result of PdCu with optimized ratio of 3:1 showed better
current density of 778.98 mA mg ™' and are 1.95, 22.4, and 3.64 times higher
than that of 1:1, 1:3, and Pt/C respectively.!"*”) The reason for much lower
activity for 1:3 was due to the presence of more Cu that masks the active site of
Pd as explained by Yang et al.l'*®!

Chang et al developed ternary tip-cracked PtPdCu nanodendrites (NDs)
with tailored morphology. Cylindrical PtPdCu nanowires (NWs) array was
first electrodeposited inside aluminum anodic oxide (AAO) channel and
followed by the wet chemical modification of NWs into NDs with cracked
tips with the effect of Cu on the galvanic cell reaction as intermediates. They
marked Cu as an intermediate for NW to ND transformation, along with the
tailoring of the tip cracking morphology. The enhanced methanol oxidation is
benefited from the synergetic effect between porous tip-cracked morphologies
and Pd dopants, and the specific and mass activity of methanol oxidation
reaction was found to be ~2.14 and ~1.78 times higher than commercial
Pt/C.1"*8) In the same year, Xiaogin et al reported another CuPtPd dendrites
prepared through the direct reduction of metal ions and proved that ternary
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catalyst shows better catalytic and anti-poisoning activity when compared to
Pt/C and Pd/C."*! Zheng’s group used copper wire as a template for the
preparation of platinum—-ruthenium-coated copper nanowires using galvanic
displacement reaction. XPS analysis showed that more electron transfer from
Cu or Ru to Pt leads to lowering its d band center and weakened the binding
with the adsorbate (CO). Moreover, the presence of Cu in PtRu/Cu NW
altered the optimum ratio of PtRu, due to the electronic effect induced by
Cu on Pt."**I Recently, Liu and his group developed a 3D urchin-like titanium
copper nitride as a Pt support that demonstrated impressive mass and specific
activity of 0.84 A mg™'p; and 1.46 mA cm™’, respectively, which were approxi-
mately 3 times higher than commercial Pt/C. The TEM image shows that a Pt
nanoparticle with an average size of 3.3 nm was well dispersed over Ti,;Cuy 3
N. HRTEM analysis confirms the presence of fcc-Pt (111) facet and TiN (111)
plane with a d-spacing of 0.227 nm and 0.249 nm, respectively Figure 11.1**")
More than bi and tri-metallic catalyst, researchers took effort in developing
more active multimetallic catalyst such as PtCuCoNi, ** PtRuCuOslr, !
PtRuCuW, "** in order to improve the activity, stability and durability toward
methanol oxidation reaction.!**

Few works were recently reported on the Pt-free Cu-based catalyst for
methanol oxidation. Ali Doner’s group successfully fabricated alkaline lea-
ched CuZn/Cu electrode using electrodeposition method. CuZn/Cu delivers
an oxidation current of 297.14 mA cm' that was higher than Cu/Cu
electrode (235.65 mA cm™'). The reason for that was claimed to be due
to the presence of greater surface area, higher surface porosity and strong
electronic interaction between Cu and Zn.'®® Yue and coworkers
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Figure 11. (a) Low and (b) high magnification TEM image of Pt/Tiy7CuqsN (inset — HRTEM of the
yellow circle portion) (c) HAADF — STEM image of the Pt/Tip;CugsN and the corresponding
elemental mapping of Ti, N, Cu, and Pt. d) Cyclic voltammogram of three catalyst in N,-
saturated 0.1 M HCIO, solution. (e) Mass activities, (f) specific activities in 0.1 M HCIO, + 0.5
M CHsOH solution (inset — selected area with a potential range of 0.2e0.5 V), and (d) Overall
performance of the three catalysts represented in bar plot. Reprodcued with permission from
Elsevier'>!
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fabricated Cu trapped in CoO, cage on a carbon layer that has specific
activity and mass activity of 150.41 mA cm > and 467.94 mA mg ', respec-
tively, and which possesses the highest MOR activity so far reported for
noble metal free catalyst. In-situ X-ray absorption spectroscopy (XAS) was
used to understand the reaction mechanism as the CoOy cage can provide
Co*" as an active site that can easily oxidize methanol, while Cu can act as
a methanol adsorption center. The overall methanol oxidation can be
performed by a synergetic capturing-catalyzing reaction on core-cage
morphology.!'*® Izabela’s group reported an activity loss in the hybrid
material due to the incorporation of Cu. They synthesized Ni, Cu, and Cu-
Ni nanoparticles using simple coprecipitation method and embedded it
over ultrathin two-dimensional C5N,. Ni/C3N, shows the highest activity
and they recommended the reason for sluggish kinetics of Cu-Ni as the
irreversible reaction of Cu” to Cu® and Cu®", that resulted in the segrega-
tion of CuO and increase in the redox potential of MOR. In addition to the
above discussion, several other groups also reported Cu-based catalysts that
show excellent ultrahigh performance toward methanol oxidation.!*”~1¢%

Summary: In conclusion, the availability of non-noble metals to serve as
catalysts for MOR creates a great possibility to avoid the use of expensive
noble metals as well as take advantage of the stability of non-noble metals
as anode catalysts. Reports indicate nickel oxide with micro-spherical
structure demonstrates a large specific surface area compared to NiO
nanoflake and porous nanoflakes structures. Synthesizing the micro-sphere
catalyst through growth on a Ni-P alloy tube (via sponge template method)
results in a powerful electronic interaction between NiO and Ni-P that
improves performance toward MOR with incredible stability. Supporting
NiO on nitrogen doped carbon nanofibers enables the achievement of high
mass and specific activities for MOR. A more negative change in the
methanol oxidation potential could be observed in presence of a good
interaction between NiO and the support, with high meso-porosity, and
addition of nitrogen functionality. Partially sulfonated polyaniline (SPAni)
is another promising support in enhancing the properties of nickel as anode
catalysts for MOR. The combination could help achieve a high dispersion
of active sites required to attain high mass specific current densities.
Furthermore, CV analysis have shown that Ni/SPAni displays significantly
better mass specific current densities and forward peak area relative to
carbon supported platinum-ruthenium catalyst.

Cobalt is another potential option as a catalyst material to achieve
outstanding MOR catalytic performance. Methods such as functionaliza-
tion, hetero-atoms integration, and carbon-based material incorporation
could be implemented to improve both the catalytic activity and stability
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of cobalt. Introducing cobalt into nitrogen doped carbon nanofibers is
appropriate for attaining less resistance for electron transfer and remark-
able adsorption capacity. Oxides of cobalt alloyed with nickel could be
fabricated to have hierarchical pores and coral-like structures that have
been demonstrated using a one-pot additive free solvent thermal decom-
position method along with a post calcination treatment. The electroche-
mical behavior of the synthesized catalyst could surpass the current
density and current stability recorded using other structures of nickel-
cobalt alloys. As reported by some authors, combining nickel-cobalt oxide
and nano-cloth or CNTs could also generate a catalyst with high current
density, low onset potential, and long-term stable performance. NiCo,0,
supported over MWCNTs has exhibited a high current density of
327 mA c¢cm” in addition to low onset potential. The percentage of
current density retained by this catalyst after 250 cycles is 76%.
A compound of Ni-Co-P-O is reported to contain electron tunneling
junctions between the phosphates and metal phosphides resulting in
quick transfer of both methanol and its products in and out of the
catalysts.

Copper could also be considered as an appropriate non-noble metal
substitute that is best for achieving long-term stability with low selectiv-
ity toward carbon monoxide compared to noble metals such as palla-
dium, ruthenium, rhodium, and platinum. Copper by itself is less active
as a catalyst and certain modifications (by alloying as well as by changes
in the nanostructure) could be employed to improve its behavior toward
MOR. Copper alloyed with platinum with dendritic morphology demon-
strates the better activity toward MOR relative to those with polyhedral
or stellated structure. This fine performance could be due to the pre-
sence of many atomic steps, edges, and corner atoms on its surface. The
catalyst with polyhedral morphology, however, displays the best endur-
ance toward CO due to the better electron transfer promoted by the
strong coupling between copper and platinum. Palladium could also be
alloyed with copper and adding TiO, as a support material to the
combination can generate additional oxygen-containing group to mini-
mize CO poisoning and improve catalytic activity. Alloying copper with
zinc, to form CuZn/Cu, could also create MOR catalyst with large sur-
face area, high surface porosity, and strong electronic interaction
between the two metals that contribute to an oxidation current density.
Copper trapped in CoOy cage on a carbon layer is reported to have the
highest activity, in non-noble metal electrodes, with specific activity of
150.41 mA cm™* and mass activity of 467.94 mA mg~'. This is due to the
presence of Co*" being provided by the CoO, cage that serves as an
active site for easier methanol oxidation. Copper, on the other hand, acts
as a center for methanol adsorption.
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4. Effects of various parameters on methanol oxidation reaction
4.1. Shape and size

Based on the research findings described in the previous sections majority of
the catalysts synthesized that produced superior performance are those pos-
sessing nanostructured systems. For instance, compared to the bulky arrange-
ments, porous nanostructures of rightly controlled pore size, embedded into
platinum-based materials, can enhance both mass transfer surface area and
electron mobility in the solid ligaments. Porous materials having mesoporous
arrangements, furthermore, introduces a concave surface that increases the
active sites available for methanol oxidation reactions. As previously men-
tioned, combining such structures into platinum nanowires with a one-
dimensional morphology improves not only the activity of the catalyst, but
also its durability. The same improvement in performance can also be
observed when mesoporous systems are implemented on platinum nano-
spheres. The unique characteristic generated from the resulting catalyst is
the stability toward high temperatures as a result of the structure’s ability to
withstand particle aggregation.

Tang and coworkers published a work in 2013 that specifically focused
on investigating the effect of size and shape of electrocatalysts on MOR
and oxygen reduction reaction (ORR).!"®*! They applied a robust chemi-
cal-tethering approach for the purpose of immobilizing gold (Au) nano-
particles onto surfaces of transparent indium tin oxide (ITO). Three types
of Au nanostructures were tethered onto the ITO and they were 20 nm x
63 nm nanorods (NRs), 45 nm nanospheres (NS45s), and monodisperse
20 nm nanospheres (NS20s). Although the resulting electrodes displayed
a great electrocatalytic performance toward both MOR and ORR, there is
still a dependency of their mass current densities on the particles’ shapes
and sizes. From the study performed on MOR it was determined that for
particles that have the same shape, such as NS20s and NS45s, the para-
meter that distinguishes their performances in terms of mass current
densities is their sizes. Hence, NS20s (with peak position at 11.00
mA mg ') perform better than NS45s (with peak position at
5.59 mA mg ') and the reason is that the smaller the size of the particle
the larger the catalytic current densities per unit mass due to larger
surface-to-volume ratio. On the other hand, when particles exhibit differ-
ent sizes, it was their crystalline structure or shape that dictated their
electrocatalytic performance. Experimental data recorded that the mass
current density of NRs (with peak position at 0.91 mA mg ') was lower
than that of NS45 because the dominant (111) facets in NS45 were
exposed. Generally, it can then be deduced that both shape and size
play an important role in affecting the performance on MOR of different
electrocatalytic electrodes.
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4.2. Type of electrolyte (acidic and alkaline media)

Methanol oxidation by electrocatalysts can also be affected by the type of
electrolyte where the reaction takes place. The effectiveness of electrodes
containing platinum, for example, is improved in alkaline medium due to
the weak binding of the products on the surface of the catalyst. Such
situation is not observed in acidic medium, where a strong binding of the
products on the catalytic surface causes the anodic potential to be rela-
tively higher. In an alkaline medium, hydroxide ions are also present that
can easily get absorbed to cause methanol oxidation even at lower
potential. '**~%81 To further take the advantages of alkaline media, the
use of alkaline membranes in place of alkaline solutions should be con-
sidered. There are also many potential advantages of alkaline membrane
that have been previously reported in literatures.!"**~”*l The first advan-
tage is that there more possibilities to obtain appropriate anodic catalysts
for use in alkaline media than in acidic media. Secondly, the kinetics of
the cathode reaction (i.e. oxygen reduction) is well known to be more
fitting in alkaline media in comparison to acidic media. The third advan-
tage is that the charge carrier in membrane in an alkaline membrane
direct methanol fuel cell is cation and it flows to the anode from the
cathode during the operation of the fuel cell. This is opposite to the flow
of the proton in acidic membrane.

A study previously performed by Tripkovi¢ et al on MOR by platinum and
Pt/Ru catalyst (with different metal loadings), have similarly deduced that the
platinum-based catalysts performed better in alkaline medium (0.1 NaOH)
compared to acidic medium (0.5 M H,50,4).['°! For instance, at 295 K
platinum catalyst of 47.5 wt% exhibited a mass-specific current density value
of 1.3 mA mg 'p, in the acidic medium, whereas it displayed a value of 17.6
mA mg_lpt in the alkaline medium at the same temperature. This can occur as
a result of the competitive adsorption of OH,4 against bisulfate anions with
varying pH. Temperature also contributed to the improved performance in
alkaline medium as the mass-specific current densities in alkaline solution at
333 K had a value of 78.6 mA mgflpt for Platinum and a value of 84.1
mA rng_lpt for Pt,Ru; (at 0.5 Vryg). These values are much higher than
those determined at a lower temperature of 295 K in the same alkaline medium
for both platinum and Pt,Ruj; catalysts with values of 17.6 mA mgflpt and 14.8
mA mg 'p,, respectively.

Yang published a study that analyzed the catalytic capabilities of
a nanoparticle-type of catalyst comprising of platinum and bismuth in both
acidic and alkaline media.*® The catalyst was produced via a simple potentio-
static deposition, and characterization was performed using cyclic voltamme-
try and chronoamperometry. It was determined that methanol
electrooxidation using PtBi catalyst has lower onset potentials (reaction
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starting point) than platinum itself in the two different media. However,
through the experiments performed it was also deduced that the acidic med-
ium triggered a contradictory effect on methanol electrooxidation kinetics at
higher overpotentials with both PtBi and platinum. The activity of platinum
was observed to be more satisfactory than PtBi above 0.460 V (vs reversible
hydrogen electrode (RHE)) in acidic medium, which is due to there being only
a small number of continuous platinum sites available on PtBi for adsorption
and dehydrogenation of methanol molecules. Alkaline medium, on the other
hand, generates a different result in which the oxidation current on PtBi are
significantly greater than that on platinum for overpotentials above 0.768 V (vs
RHE). A reason for this can be attributed to the presence of Bi,Ojs sites on the
surface of PtBi where OH,q is adsorbed and platinum sites remain vacant for
methanol dehydrogenation. From the recorded data, PtBi nanoparticles seem
more favorable to be utilized as a catalyst for MOR than platinum nanopar-
ticles in alkaline conditions.

A DMFC operating with alkaline aqueous solutions is unstable as these
solutions could also give rise to drawbacks such as carbonation. During the
initial development of DMEFCs, liquid alkaline electrolytes were preferred,
however they have practical limitations that include the formation of sodium
or potassium carbonate and their precipitation in the catalyst pores. A regular
regeneration of the electrolyte is required for maintaining the DMFCs perfor-
mance that adversely affects the catalysts membrane assembly leading to
leakage of the liquid electrolyte through the electrode. These disadvantages
add up to major drawbacks for proton-conducting electrolyte-based DMFCs
such as fuel crossover and slow reaction kinetics. Some of the challenges
related to the performance of alkaline electrolytes in fuel cells can be avoided
by implementing more robust anion exchange membranes. Wang et al. per-
formed a study that looked at the disadvantages of direct methanol fuel cell
operating with an alkaline media.!"”®! The drawbacks arise from the pH
changes that occur in anodic region due to carbonation that will thermody-
namically cause a voltage loss to the fuel cell. The pH difference occurs due to
the following reactions that are expected to take place in an alkaline medium
methanol fuel cell that utilized OH™ from anion-exchange membrane:

CH;0H + 60H™ 2 CO, + 5H,0 + 6e (at the anode) (14)

3/20, 4+ 3H,0 + 6e” 2 60H (at the cathode) (15)

The OH™ anions produced at the cathode are transported to the anode
through the membrane. The hydroxide ions originally present in the anode
section may form CO;>/HCO;~ due to their reaction with CO, being pro-
duced at the anode. Therefore, during the steady state operation of the fuel cell
the anions electrostatically neutralizing the charge present in the anode section
will mostly be a mixture of HCO;~ and CO,”. The cathode section, on the
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other hand, will have constant production of hydroxide ions. Thus,
a difference in pH will develop between the anode and cathode sections during
the operation that will thermodynamically lead to a reduction in voltage.

The same group performed a theoretical estimation of pH difference across
the membrane in an alkaline membrane direct methanol fuel cell using
equilibrium reactions that are linked to anode section’s pH value as
a starting point. The equilibrium reactions are as follows:

CO, + H,0 + COs* 2 2HCO;~ (16)
CO;*” + H,0 2 HCO;™ + OH™ (17)
H,0 2 H" + OH™ (18)

CO, + OH™ 2 HCO3~ (19)

CO, + 20H™ 2 CO;*” + H,0 (20)
CO, + H,0 2 H,CO; (21)
H,CO; + OH 2 H,0 + HCO;~ (22)
H,CO; + 20H™ 2 2H,0 + COs*" (23)

Out of the eight reactions above only three are independent reactions that
govern the pH in the anode section. These reactions are those in Equations
16-18 and are used to calculate the pH in the anode region at steady state.
Figure 12 illustrates the calculated difference in pH across the membrane
(curve 1) and the potential loss due to the difference (curve 2) as functions
of temperature, with an assumption of 1 atm. of carbon dioxide pressure,
and accounting for the temperature dependence of equilibrium constants.
The anions concentration in the alkaline membrane was assumed to be
1 mol/L or 0.1 mol/L during the analysis and both gave the same results as
presented in Figure 12. A large pH difference of 6.1 was observed at a low
temperature of 20°C, which corresponds to a thermodynamic potential loss
of around 360 mV. It was also noticed that as the temperature increases the
difference in pH and voltage losses decrease.

This shows that the operation of an alkaline membrane direct methanol fuel
cell is favorable at high temperatures. This requirement however is not prac-
tical as high temperature is not suitable for the structural stability of
membranes.!””!
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Figure 12. A graph representing pH difference ApH = pHcathode - PHanodge (curve 1) and the
appropriate potential loss AE (curve 2) as functions of temperature. Reproduced with permission
from Elsevier'’®!

4.3. Support

The type of support being used for electrocatalysts can influence the stability,
morphology, and dispersion of the metal nanoparticles being placed upon
them. A number of materials possessing a characteristic of a high surface
area and strong interaction with the loaded metal NPs are necessary provide
a wider dispersion that is also stable. In addition, there is the need for high
electrical conductivity to assist with the transfer of electrons when the
reaction occurs on the electrode. Another important support property is to
hold the composites’ structural integrity (stability) to withstand severe elec-
trochemical conditions. In addition to the properties previously mentioned,
porosity, morphology, corrosion resistance, and hydrophobicity should also
be considered to provide a good support for the catalyst being synthesized.
Materials with such characteristics have been experimented in the past and
they are discovered to be capable of magnifying the performance of catalysts
significantly. An appreciable number of these studies are concentrated
toward carbon as well as noncarbon materials and some of their results
will be reviewed in this section. The different catalyst supports discussed in
this section are classified into conductive polymer supports, carbon-based
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supports (e.g. carbon black, carbon nanofiber, mesoporous carbon, carbon
nanotubes, and graphene), and mesoporous silicas (e.g. Santa Barbara
Amorphous 16 (SBA-16) and Mobil Crystalline Material (MCM-41).
Various characteristics possessed by the support materials that contribute
in determining the overall catalyst performance are also discussed. These
characteristics include the surface area, interaction with the support, elec-
trical conductivity, porosity, morphology, CO resistivity, and environmental
and thermal stability. Furthermore, main parameters such, as methanol
oxidation peak (or current density) at a given onset potential, stability
current, and power density, that are vital in determining the electrochemical
performance are discussed.

4.3.1. Conductive polymer supports
The exploitation of conductive polymer supports such as polyaniline (PAni)
was previously studied by Kim et al "”*) and Choi et al " to support PtRu-
based catalysts. With this type of support a similar methanol oxidation current
as carbon-supported PtRu catalyst can be achieved. Furthermore, catalytic tests
performed by Kim’s group on PtRu/PAni and PtRu/Carbon catalysts provided
the reasons for the improved catalytic performance of the PAni-supported
catalyst."”®) They include, (i) the presence of larger electrochemical surface
area, (ii) enhanced diffusion of ions, and (iii) the support’s high electrical
conductivity property. A combination of carbon and PAni as a support for
PtSn was synthesized by Amani et al via the impregnation method."*
Different Pt:Sn atomic ratios were used in the study and the C-PAni-
supported catalyst with Pt:Sn ratio of 30:70 performed relatively better for
MOR. When compared to Pt/C-PAni catalyst the current density was around
50% greater, while in comparison to PtRu/C catalyst it was around 40% higher.
Additional advantages promoted by the newly synthesized catalyst also
included enhanced stability and CO resistivity as well as reduced methanol
crossover. A modified form of PAni in the form of partially sulfonated polyani-
line (SPAni) was synthesized by Das et al as a supporting matrix that paved the
way for developing new type of catalysts."'®! SPAni is an aromatic conductive
polymer (ACP)-based matrix created by partial sulfonation of polyaniline with
chlorosulfonic acid (CSA) that could have properties, such as high surface area
and electronic conductivity, low weight, better interaction of their heteroatoms
with catalyst particles, and environmental and thermal stability.""8! %) With
nickel nanoparticles as the metal being supported, the catalyst exhibited high
mass specific current densities due to enhanced dispersion of active sites.
Improved stability was also observed for Ni/SPAni catalyst that could be
described by the presence of -SO;H groups that increased the support’s proton
uptake capacity to further aid the catalyst against poisonous species.

Another type of polymer, known as polypyrrole (PPy), have also been used by
Selvaraj and Alagar as a support material to synthesize a catalyst comprising of
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Pt-Ru nanoparticles."*”! During the synthesis, PPy was combined with multi-
walled carbon nanotubes using the in situ polymerization of PPy on CNTs that
involved ammonium peroxydisulphate (NH,)S,Og as an oxidizing agent (with 0
to 5 °C temperature range). To better study the performance of the produced
PtRu/PPy-CNT catalyst another PPy-CNT-supported catalyst was loaded with
platinum to form Pt/PPy-CNT via a chemical reduction technique. Results from
the study have shown that PtRu/PPy-CNT catalysts demonstrated greater sta-
bility and finer catalytic activity for MOR relative to Pt/PPy-CNT catalyst.

4.3.2. Carbon-based supports

Catalysts made of platinum or platinum-based alloy are generally supported
on carbon black, such as Vulcan XC-72 R, when used in fuel cells. The
frequency of their use as a support is due to certain beneficial properties
they possess including high specific surface area (BET surface area of
~250 m* g '), greater stability in alkaline or acidic media, and good electric
conductivity (2.77 S ecm ™), etc..!'®8 The latter is necessary to reduce the
resistance of electrode as well as to prevent oxidation."®*! The carbon materi-
als that support the catalysts in fuel cells will largely determine performance
parameters (metal nanoparticle stability, electronic conductivity of catalyst
layer, mass transport, and surface area) during operations.'"*”! Wide variety of
carbonaceous nanomaterials such as carbon nanofiber (CNF), carbon nano-
coil (CNC), nano carbon black (CB), single/multiwalled carbon nanotubes
(SWCNT/MWCNTs), carbon mesoporous (CMS) and graphene/graphene
oxides (G/GOs) with several nanometers are the possible choice for enhancing
the electrocatalytic activity. Various carbon-based electrocatalyst that demon-
strated exceptional electrocatalytic performance for methanol electrooxidation
reaction are systematically explained in this section.

4.3.2.1. Carbon black. Carbon black is a widely used electrocatalyst carbon
support owing to its low cost, large surface area, high electrical conductivity,
high availability, surface functionality, large and stable pore volume where
Vulcan XC-72, Ketjen Black, acetylene black, etc., are the commonly used
ones. Out of these, Vulcan XC-72 has a relatively satisfactory electronic
conductivity and greater specific surface area when compared to others.
Carbon black is a promising supportive agent for NPs with controllable size
and shape.

Performance evaluation of Pt-Ru supported over different carbon materials
for direct methanol fuel cell was conducted by Salgado and coworkers.!"*! The
carbon black functionalized with HNOj provides the highest power density
due to the presence of oxygenated group in carbon black. Abdel and Sherif
reduced Ni nanoparticles with different weight percentage (10, 20, 30, 40, and
60%) over Vulcan XC-72 R carbon black using microwave irradiation.!*! Ni/
C-30 showed the higher electrocatalytic activity, approximately 5.2 times
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higher than Ni/C-10. The physiochemical characterization shows that sphe-
rical carbon black particles with average diameter of 45 nm have lower metal
loading of Ni 10% and there is a formation of a dense deposition of particle if
the weight percentage increases to higher value (Ni 60%). Ni 30% is found to
be an optimum loading of Ni particles to uniformly deposit over the carbon
black. Wang et al designed a hybrid Pd/g-C;N,/carbon black using low-
temperature heating treatment followed by a wet chemistry route.'**! Due
to the synergetic effect of the individual components, Pd/g-CsN,/carbon black
exhibits an exceptional forward peak current density of 1720 mA mg 'pq for
methanol oxidation and shows an outstanding performance. In effect, Pd/g-C;
N,/carbon black with exceptional activity and stability was reported as the best
choice for the practical application in high-performance portable fuel cell
systems. Yabei et al prepared Sn-doped TiO, mixed with carbon black (Tix
Sn; 1O,-C) as a hybrid Pt support that was used as a promising candidate for
methanol oxidation.""**! An optimization study was conducted to identify the
best ratio for Ti,Sn; O, to carbon ratio and Sn doping content to obtain high
performance. Pt nanoparticles supported over TipoSng;0,-C exhibited the
highest activity when compared to Pt/TiO,-C and commercial Pt/C catalysts.
Pt nanoparticles in the range of 2 to 3 nm size were mostly deposited on the
edge of the Ti,Sn; ,O,—-C and they cause the formation of special triple
junction that improves the overall ECSA. Moreover, the high content of OH
group on Ti,Sn; ,O,-C strengthened the metal-supports interactions that is
expected to have immense scope of higher electrocatalytic activity. Amin et al.
tested the electrocatalytic methanol oxidation of Ni and Pd-Ni loaded over
Vulcan XC-72 R carbon black prepared via impregnation method with NaBH,
as a reducing agent in alkaline medium.""**! Pd-Ni/C electrocatalyst reported
in their work shows improved performance when compared to other Pt-Ni
based catalyst. Xiaoqing and coworkers synthesized hollow PtCu nanostruc-
ture deposited on commercial carbon black that shows specific and mass
activity of 1.77 mA cm™> and 0.889 A mg™'p,, respectively, which are far better
than solid PtCu/C.["*¢!

4.3.2.2. Carbon nanofiber (CNF). Although carbon black support can contri-
bute in improving the electrical conductivity of fuel cell electrodes, 7/ it still
offers relatively unsatisfactory performance in terms of reduced utilization of
the deposited metal and weak durability.!"*®) CNFs are cylindrical graphene
layered nanostructure with an average diameter of 80 to 200 nm and
50-200 um length with a specific surface area between 10 and 200 m* g~
and are usually in the shape of a cup, ribbon, platelets, tubes, and herring
bones to provide a higher surface area. HyeLan and coworkers synthesized
octahedral Co3;O,/carbon nanofibers composite-supported Pt catalysts
sequentially using electrospinning, hydrothermal, and chemical reduction
technique with three different ratios of Co precursors (0.05, 0.1, and 0.2 M)
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to the solution."*”! Co precursor with 0.1 M concentration exhibited a higher
electrocatalytic activity (~415.6 mA mg, ') and excellent stability when
compared to commercial Pt/C and Pt/conventional CNF due to optimal size
octahedral Co;0, growth in CNF support that maximizes the dispersion of Pt
nanoparticle. Yudai and coworkers demonstrated ultrahigh performance of
TiO, embedded on carbon nanofiber (TECNF) as an excellent support of PtRu
catalyst toward methanol oxidation.**”’ The mass activity of PtRu/TECNF
with optimal Ti/C ratio is found to be 4 folds higher than PtRu/C. Moreover
PtRu/TECNF with % PtRu loading delivered two times higher power, when
compared to commercial PtRu/C. The obtained excellent performance can be
attributed to the superior support to metal interaction between TiO,/CNF and
PtRu nanoparticles. Bimetallic Pt@Ni supported over CNF shows superior
specific and mass activities for methanol oxidation. They studied the effect of
weight ratio of nickel precursors to polyacrylonitrile (PAN) as 1:10, 3:10, and
5:10 in the overall performance. The specific surface area (234.1 m* g ') and
total pore volume (0.157 cm’ g™') is higher in Niso/CNFs, that facilitate the
high dispersion of larger number of Pt nanoparticle in the average size of 3.8
nm than compared to other catalyst as shown in Figure 13. Subsequently, Nis,
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Figure 13. (a) lllustration of the synthesis process of Pt/Ni/CNFs (b) TEM and (c and d) HRTEM of
Niso/Pt/CNFs, (e) anodic peak current densities of at different scan cycles of methanol oxidation, (f)
chronoamperometric analysis of Pt-Ni-CNF catalyst at 0.45 V vs Ag/AgCl in 0.5 M H,SO4 + 1 M CH;
OH acidic solution, and (g) HRTEM and TEM (inset) of Co-coal-CF h) cyclic voltammogram and
chronoamperometric profile of Pt/CF, Pt/coal-CF, Pt/Co-CF, and Pt/Co-coal-CF for methanol oxida-
tion. Reprodcued with permission from American Chemical Society'*®", Reproduced with permis-
sion from Elsevier'??!
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/Pt/CNFs showed an excellent electrocatalytic performance with a maximum
current density of 10.9 mA cm ™', with slightly slower current decay over time
and higher CO poisoning-tolerance.**"! Xue et al proposed the fabrication of
Co embedded coal-based carbon nanofiber as a promising support of Pt
nanoparticles for electro-oxidation of methanol.?’*! Novel well-dispersed Pt/
Co-coal-CF shows excellent catalytic activity and stability, and the mass
activity of Pt/Co-coal-CF (78.5 A g' Pt) is almost 50% higher than Pt/CF
(46.0 A g~' Pt), Pt/Co-CF (49.0 A g~' Pt), and Pt/coal-CF (40.8 A g~' Pt). Pt/
Co-coal-CF provides a well-dispersed smallest-Pt size distribution on highly
graphitized CNF support due to the presence of more nucleation sites that
provides homogeneous deposition of Pt nanoparticles when compared to Pt/
Co-CF as shown in Figure 13. Dempsey et al proposed a new strategy to
improve the utility by allowing an effective dispersion and excellent decoration
of Pt nanoparticle inside and outside the functionalized carbon nanofibers.
The proposed idea thereby shows an excellent response toward methanol
oxidation and causes strong resistance to the poisoning species during elec-
trocatalytic reactions.!*”!

Barakat and his team synthesized Co/Cu-decorated carbon nanofibers in
which the CNF were prepared from the graphitization of high carbon-
containing poly(vinyl alcohol) that shows excellent activity and stability.!***
The physiochemical properties showed that metallic Co nanoparticles are
shielded with the highly crystalline thin layer of graphite that enhances the
adsorption property of the carbon and enhances the active catalyst surface
area. Zafar Khan et al introduced Co/SrCO; nanorods-decorated carbon
nanofibers prepared using sol-gel technique as novel promising catalysts for
electro-oxidation of methanol in alkaline medium.*® They studied the
effect of methanol oxidation and presented that the current density
increases with increase in methanol concentration; moreover the introduced
catalyst shows the lowest onset potential among the other reported non-
precious catalysts at that time. Same group reported a study on Co/CeO,
decorated carbon nanofibers as an effective electro-catalyst for methanol
oxidation.!*°®! Recently, Miloud and his group worked on the facile and
rapid synthesis of Ni nanoparticles supported over the CNF/poly(para-
phenylenediamine) (PpPD) using simple electrochemical methods.**”! The
electrochemical result shows that the synergetic effect of each component
leads to a high methanol oxidation reaction with ultrahigh durability and
stability.

4.3.2.3. Mesoporous carbon. While considering the electrochemical reactions
with the molecule diffusion and ion transportation, micropores of less than
2 nm are extremely small to access the active ions and macropores of
greater than 50 nm are much larger that reduces the specific surface area,
and to balance both it is better to take the benefit of mesoporous materials.
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Highly ordered mesoporous carbon with high surface area, tunable porosity
(2-50 nm), narrow pore size distribution and interconnected channels for
the absorption and diffusion of electroactive species have been widely used
for many electrochemical applications.!2°8~21°!

Tianbao et al prepared mesoporous carbon support with large specific
surface area and high pore size diameter by carbonizing soybean and used it
as an active medium for the fine dispersion of Pt nanoparticle.”'"! The
prepared Pt supported mesoporous shows significantly high activity and dur-
ability when compared to Pt/Vulcan carbon XC-72, owing to the supportive
effect and better dispersion of Pt(0) nanoparticles with unique morphology in
mesoporous support. Similarly, Jing and coworkers developed graphitic meso-
porous carbons (GMC) with two different carbon precursors (resorcinol and
formaldehyde) and varied the pore size and surface area by adjusting the
amount of iron nitrate as the graphitization catalyst.”’*! PtRu-GMC-2,
where GMC-2 with larger amount of pore of 20 nm facilitates a smooth
transfer of reactants and products between the catalyst layers, exhibits a high
power density that is 26% higher than commercial PtRu-XC. Wang et al
successfully synthesized 2D hexagonally ordered mesoporous carbon-
tungsten carbide (OMC/WC) nanocomposite with high surface area using
soft-template method for the first time.*"*! Pt loaded ordered mesoporous
self-supported metal carbides offered a specific mass activity of 3.2 times
(per mg metal) and 2.4 times (per mg Pt) higher than commercial PtRu@C.
The enhancement in the activity was not only because of synergetic effect
between OMC/WC and Pt, but also due to the highly ordered nanostructure
with larger surface area that enhances the utilization efficiency of well-
dispersed Pt nanoparticle with desirable product and reactant transfer.
Chengwei et al successfully fabricated 3D ordered mesoporous carbon sphere
array (OMCS) supported Pt nanoparticles, where Pt with mean size of 1.6 nm
was finely dispersed over the walls of mesoporous carbon sphere as in
Figure 14.7' Pt/OMCS possesses higher electrochemical surface area
(ECSA), activity and durability than Pt/Vulcan carbon and commercial Pt/C.
They found that the hierarchical structure with ordered mesopores and
macropores can facilitate the mass transport and improve the dispersion of
Pt nanoparticles

Gui-fa and coworkers used nitrogen-doped ordered mesoporous carbon
supported (NOMC) with Pt to study the effect of carbon size and metal
loading.!*'*! They found that the size of mesoporous carbon support has
considerable effect on the narrow and uniform distribution of fine Pt
particles. The size of Pt nanoparticle formed was smaller over 2D-NOMC
than 3D-NOMC, with a 10% of metal loading. XRD and XPS data revealed
that there existed a strong interaction between the Pt and support, which is
strong enough to form Pt-N bond on the surface. These strong coupling
tavored the electrochemical reaction and demonstrated a surprisingly high
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Figure 14. (a) Schematic illustration on the synthesis of Pt/OMCS catalysts. (b) XRD profile of the
Pt/OMCS, Pt/XC-72 R, and commercial Pt/C. (c) TEM image of the OMCS. Inset: Higher magnifica-
tion image of single mesoporous carbon spheres, (d) TEM and (e) higher magnification TEM image
of the Pt/OMCS, and (f) HR-TEM image of the Pt particles on the mesoporous carbon spheres and
(g) cyclic voltammograms (CVs) of the catalysts in Ar-saturated 0.5 M H,SO,; (h) Ar-saturated 0.5
M H,S50, and 1 M CH;OH. Reproduced with permission from American Chemical Society'¥

activity and stability when compared to commercial Pt/XC-72. In order to
provide better facility for the oxidation of CO species and reduce poisoning,
oxygen containing support was also impregnated with Pt and other precious
metals particles, and recently, Qiang’s group reported the MOR of highly
dispersed Pd-CeO, catalyst supported over N-doped core-shell mesoporous
carbon sphere (NMCS) support with excellent activity, CO resistance, and
stability in alkaline medium.®'®! They studied the significance of the atomic
ratio of Pd/CeO, in catalytic activity and optimized it to 20:20 (Pt(200

:CeOy(200)/NMCS) that exhibits ~6 times higher peak current density than
commercial PtRu/C. Density functional theory calculations were also per-
formed showing a strong electronic interactions between palladium and the
surrounding CeO, and the N, dopants existing in supports significantly
decreases the adsorption energy of the carbon monoxide at the surface of
palladium. This, therefore, improves the tolerance of Pd-CeO,/NMCS
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catalyst toward CO and further enhances the activity of methanol oxidation
reaction. Moreover these, there were more detailed studies reported on the
mesoporous carbon structure such as PtFe/OMC, ! PtRu-CMK3, 1*'#
Pt/BLC, 21 Co-N-OMC %! etc., for the methanol oxidation reaction.

4.3.2.4. Carbon nanotubes. Carbon nanotubes are made of single sheets of
carbon atoms that are arranged hexagonally and that are rolled to produce
a two-dimensional cylindrical nanostructure. In addition to their mechanical,
electronic, and magnetic properties they are also capable of capturing atoms
belonging to other elements in their molecular structure.'**!) The two cate-
gories into which carbon nanotubes are usually distributed are single-walled
carbon nanotubes (SWCNTs), cylindrical structures of diameters as small as
0.4 nm; and multiwalled carbon nanotubes (MWCNTSs), tubes nested into
a concentric set. MWCNTs offer greater conductivity while SWCNTSs provide
higher surface area.

A number of studies implementing carbon nanotubes as supporting mate-
rials have been reported. One of them was the synthesis of activated MWCNT's
by Wang’s team that utilized an activating agent of solid potassium hydroxide
in an alkali treatment.”??”! Palladium is then loaded onto chitosan (CS)-
functionalized aCNT's along with La,0Oj3 via a reduction reaction that involves
NaBH,. A high catalytic activity was observed in the resulting Pd-La,0;/C
catalyst that can be attributed to the better dispersion of metal particles by CS
and greater presence of palladium. Another research carried out by Jha’s group
also involved the production of MWNTs that employed chemical vapor
deposition.'”! The prepared support material was then loaded with platinum
and platinum-ruthenium via chemical reduction method to synthesize Pt/
MWNT and Pt-Ru/MWNT, respectively. Data recorded regarding the perfor-
mances of the synthesized catalysts demonstrated a temperature dependency
of power density. At 80 °C, the power density displayed a maximum value of
39.3 mW cm> with a current density of 130 mA cm > The high values
attained can be explained by the accessibility and enhanced scattering of
both Pt-Ru and MWNT in the electrocatalyst. Based on the studies performed
on CNTs it can be seen that they are capable of improving electrocatalytic
activity when used as a support, however their production method still faces
cost restrictions and is not suitable for large scale.

Yang et al fabricated Pd-Pt nanoparticles with an average size of 3.4 + 0.5
nm that were uniformly deposited over side walls of the CNTs using ultrasonic
assisted method that exhibits higher activity toward methanol oxidation.'**’]
The results show that the catalytic activity of Pd-Pt nanostructure is highly
influenced by the Pt content, where PdPt;/CNTs gives the highest activity with
a maximum mass current of 1.0 A mg™' that could be attributed to the
synergetic interaction of well-alloyed Pd-Pt nanoparticles with the CNTs.
High quality nanohybrid Pt/CeO,/CNTs with smaller particles and fine
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dispersion was synthesized by Lou’s research group via layer-by-layer
assembly.[?** The presence of CeO, in the nanocomposite effectively reduces
the aggregation of Pt nanoparticle and the oxophilic nature of CeO, helps in
the elimination of CO,4, poisoning from the active Pt site by donating the OH
bond from the CeO,-OH, thereby oxidizing the CO-like species at lower
potential. However, Pt/CeO,/CNTs exhibited a higher activity and stability
when compared to commercial catalyst. Zhan and coworkers developed
a hybrid CNTs@TiCoN support with tunable composition for the deposition
of small-sized well-dispersed Pt nanoparticle.”**) CNTs@TiCoN utilized the
advantage of high conductivity of CNTs and good corrosion resistance of
external TiCoN coating and it shows superior activity and stability as com-
pared to commercial Pt/C. Pd nanoparticles decorated over the carboxyl-
functionalized MWCNTs using one-pot thermal decomposition method was
demonstrated by Yiran and his team.*?®! The carboxylic group effectively
disperses the Pd nanoparticle by anchoring it to the CNTs, which was attrib-
uted to the highest current density toward methanol oxidation reaction. The
presence of COOH group in PA-MWCNT (Pd-MWCNT-COOH) enhanced
the mass current value by two folds higher than normal Pd-MWCNT and it
demonstrated the significance of functionalizing CNTs with carboxyl group
which gives the uniform distribution of Pd and that promised a strong inter-
action between the nanoparticle and support.**®! Xiang et al exploited the use
of hemin as a binder for Pt nanoparticles deposited on carbon nanotubes.!?*”!
Hemin acted as a catalyst as well as a binding agent that enhances the activity
of the nanohybrids used for methanol oxidation. Pt/Hemin-MWCNT dis-
played higher current density (425.0 mA mg™') and electrochemical surface
area (67.46 m* gfl) than Pt-MWCNT in the absence of hemin. Lizhen et al
described the in-situ growth of 3D tungsten carbide-CNTs with W30, as
a starting agent at different holding temperature set at 700, 800, 900, and
1000 °C, in which W;30,49 not only acts as a source of tungsten, but also as
nucleation sites for CNT formation./**®! The resultant WC-CNTs acts as
a support for the deposition of Pt and was tested for its electrochemical activity
toward methanol oxidation that gives a maximum peak current density of
1350 mA mg ™' Pt for optimized Pt/WC-CNT-900 sample. MWCNTSs deco-
rated with MoS, and Ti;C, T, quantum dots (MoS,QDs@Ti;C,T,
QDs@MMWCNTs) was reported as an excellent Pt-free bifunctional catalyst
for oxygen reduction reaction and methanol oxidation reaction. MoS,
QDs@Ti;C,T,QDs@MMWCNTs provides a maximum methanol oxidation
current density of 160 A g~' at 2.2 V and are comparable with commercial
Pt/C .12

The catalytic activity of the CNTs was further improved by applying
some doping strategies. Some of them are acid oxidation and side wall
functionalization, which is complex and may, impair the mechanical
properties of CNTs and also cause the addition of some unwanted species
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that can adversely affect the catalytic activity. However, doping the CNT
surface with some heteroatoms such as boron, nitrogen, phosphorous and
sulfur can effectively enhance the physical and chemical properties of
CNT.123%231 1 Mei et al used nitrogen-doped carbon nanotubes (CN,-
NTs) as a supportive medium for the effective dispersion of Pt
nanoparticle.”*?! They studied the effect of pyrolysis temperature (600,
700, 800, or 900°C) on the particle characteristics and in turn its influence
toward methanol oxidation reaction and reported that Pt/CN,-NTs-800
exhibits the highest activity owing to the morphology of nanotube and
high nitrogen content. High nitrogen content creates an environment for
better dispersion and anchoring of nanoparticle, where the nanotube
morphology forms a flexible open network bound to the catalyst for the
smoother pathway for mass transfer. Apart from these results, many
other works have also been reported with CNTs including Pt-Ru
/c-MWCNT, 31 ptCo/MWCNT, ***1 Co@Pt/MWCNTs, ***! PtNi/
MWCNT, 2} pdsnNi/CNT, *1 and Pd,,_Ag,/CNT ***! as promising
carbon-supported catalysts.

4.3.2.5. Graphene. Graphene have recently been used as well to act as
a support to take advantage of its good chemical stability, structural flexibility,
high surface-to-volume ratio, electrical conductivity, ultrathin appearance,
and the presence of distinctive porous systems.'***~2*!l In addition, it is
a material that is highly resistant toward poisonous species. A study conducted
by Liu et al involved a preparation of three-dimensional graphene aerogel
(3DGA) through an efficient and facile hydrothermal technique in absence of
palladium NP catalyst template and surfactant.!***) Merging both palladium
and DGA generates Pd/3DGA nanocomposites having a high surface area that
could produce an ECSA of 425 m” g ' that is 3.4 times greater than that
obtained for commercial Pd/C.

Functional groups containing either boron or nitrogen can also be doped
onto graphene to finely adjust the size of particles and distribution of
loaded materials to enhance the performance of supported catalysts on
MOR. Doping graphene with nitrogen, for example, can finely alter the
physical and chemical characteristics of carbon-based materials when used
for MOR. This is because the doped nitrogen atoms are capable of promot-
ing better electrical conductivity via partial structure recovery. In addition,
there will be more efficient anchor sites made available for the greater
dispersion of metallic NPs over the carbon support.?**! Graphene-doping
modification was at one time performed by Lu et al to support PtRu that
employed a single-step heat treatment approach.?**! CV results obtained
from the study showed that, at a scan rate of 50 mV s ', PtRu/NG
(Nitrogen-doped) has a peak current density of 328.1 A g~' at a potential
of approximately 0.7 V. This value is higher than that of commercial PtRu-
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C-HS catalyst on MOR, with a value of 307.8 A g™' 2*>%] Nonetheless,
PtRu/BG (Boron-doped) exhibited a relatively higher forward current den-
sity on CV in comparison to both PtRu-C-HS and PtRu/NG catalysts.

Graphene doped with nitrogen and loaded with platinum was synthesized
by Zhao’s group through a facile single-step technique.’”**! Using this
approach, graphene oxide is simultaneously reduced to graphene which is
functionally doped further with nitrogen. Platinum nanoparticles are then
loaded onto the doped graphene with the help of ethylene glycol and
N-methyl-2-pyrrolidone mixture. In comparison to the catalyst in which the
graphene support is not doped, there is a narrower distribution of particle size
in addition to the enhanced performance of the synthesized catalyst.
Moreover, test data of Pt/N-graphene catalyst obtained using CV showed
peak current densities (platinum mass normalized) that are two times greater
than Pt/undoped graphene catalyst for MOR. Tests using CA in an electrolyte
solution of 0.5 M H,SO, and 1 M methanol (at 0.6 V potential) also provided
further proof for the superiority of Pt/NG catalysts. It displayed a slower rate
of decay and a steady-state limiting current that is nearly 2 times the value for
Pt/G catalyst.

Zhao and coworkers implemented a solution dip-coating method to synthe-
size three-dimensional hierarchical nitrogen-doped graphene frameworks
(3D-NG).**”] The method utilizes commercial sponges as the initial template,
and this prevents the restacking of graphene plates during the annealing
process. Furthermore, a polyol reduction technique was employed to fabricate
the final Pt/3D-NG catalyst. Relative to Pt/G, the newly produced catalyst
demonstrated a catalytic activity that is 2.3 times greater with an improved
stability property by 10% for MOR. The reason for this enhancement can be
explained by the presence of large pore volume, great specific surface area,
high level of nitrogen doping, and platinum NPs that are homogeneously
dispersed.

Zhao et al also synthesized frameworks of nitrogen-doped three-
dimensional porous graphene (NGAs) via a supramolecular assemblyassisted
method that utilized graphene oxide as the building block.!*** Supramolecular
aggregate of self-assembled melamine and cyanuric acid was also adopted to
reduce graphene nanosheets from restacking, as a self-sacrificial pore-forming
agent, and a source of nitrogen to promote simultaneous doping of nitrogen.
The function of supramolecular aggregates is to form free-stacking and loose
porous structure and to direct the fabrication of a special three-dimensional
structure. When the resultant Pt/NGA catalyst was used to catalyze MOR it
exhibited an excellent behavior, both in terms of stability and catalytic activity.
CV experiments performed in 0.5 M H,SO, and 0.5 M methanol provided an
oxidation current density value of 507.5 mA mg ' for Pt/NGA. This value is
actually 1.5 times greater than the value exhibited by commercial Pt/C
(336.8 mA mg_l). CA analysis (at 0.6 V potential), on the other hand, showed
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that Pt/NGA has greater stability and the catalyst displayed a low decay in
current throughout the CA experiment with a final value that is about 3 times
greater than that of commercial Pt/C.

The hybrid support of graphene oxide and Polyvinylpyrrolidone produced
by Dagdelen’s research group, as a support for platinum nanoparticles, facili-
tated in reducing the electrocatalytic reduction in MOR.!*"! Also, in compar-
ison to platinum supported individually by GO and PVP supports (Pt@GO
and Pt@PVP, respectively) there was an enhanced methanol molecules
adsorption rate provided by the larger active surface area present on the
catalyst.

Although previous studies have shown that graphene can be a suitable
support material to promote improved electrocatalytic oxidation of methanol
there are still challenges facing with its utilization. Issues include severe
accumulation of platinum nanoparticles on the surface of graphene and the
restacking of graphene layers because of Van der Waal forces.**” In addition,
due to the inert nature of graphene and its insolubility in aqueous solutions or
organic solvents it is still difficult to deposit metals on graphene surfaces.

4.3.2.6. Other carbon-based supports. Supported catalysts have also included
the use of carbon in other unconventional forms. One of these types is the
carbon paper (CP) that was used by Amini’s research team in their study to
support an alloy of platinum and gold.'***! The synthesis method implemented
was the repeated copper underpotential deposition (UPD) redox replacement
process which involve loading different quantity of platinum onto the support.
Amongst the various platinum coverage utilized PtAu/CP catalyst possessing
an almost similar thickness to a monatomic platinum layer exhibited the best
Pt utilization efficiency toward the oxidation of methanol. Another type of
nonmainstream carbon-based support is the carbon aerogel (CA) and it was
previously exploited by Wei et al to synthesize a new form of supported
catalyst.'**”! Carbon aerogel of different pore structures was analyzed to obtain
a uniform dispersion of platinum. In addition, Pt/CA demonstrated the high-
est mass specific current value for MOR in comparison to E-TEK 20% Pt/C
catalyst (118.4 mA mg ') by showing a value of 395.3 mA mg™'. Zhang’s group
has also, in the past, produced a platinum-loaded catalyst supported by
a carbon material consisting of a single-crystalline Cgo.!*! By modifying the
reaction variables, they managed to selectively synthesize various Cqp nanos-
tructures that included nanoplates, hollow nanobowls, nanorings, nanowires,
and nanorods. Experimental results obtained during the MOR study have
shown that Pt/Cs, nanobowls generated a less positive onset potential of
0.10 V (vs. SCE) compared to Pt/Cgy-solid-nanoball catalyst (0.29 V vs.
SCE). This finer phenomenon can be explained by the availability of high
surface area to volume ratio posed by the Cq, hollow nanobowl. Carbon
materials of nanospherical morphology are also useful in providing improved
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properties when used as supports such as fine chemical durability and electro-
nic conductivity, proper mass transport porosity, and high surface area. Liu
and coworkers utilized carbon nanosphere (CS) in their investigation to
support platinum and observed the performance of the resulting electrocata-
lyst to that of commercial Pt/C containing Vulcan XC-72 R Carbon.!**!
Experimental data from their research showed that the newly synthesized
catalysts exhibited a wider active surface area of 56 m*> g~' relative to com-
mercial Pt/C that has a value of 28 m* g~'. As a result, the peak current density
gave a higher reading by 2.6 times at a lower potential with a difference of
100 mV compared to commercial Pt/C catalyst. Another CS-based catalyst
with an active surface area of 89.2 m” g~ was synthesized by Zhang et al that
possessed a honeycomb-like mesoporous structure and that was also doped
with nitrogen.'?*?! This special support was once again loaded with platinum
to form Pt/MNCS and the combination demonstrated a stronger durability
and an extremely high catalytic activity for MOR valued at 1007 mA mg" peak
current density. A suitable reasoning for such enhancement could be a positive
alteration in the electronic structure, growth behavior, platinum nucleation as
well as the fine binding between both the metal catalyst and support by the
honeycomb-like mesoporous arrangement and nitrogen doping. Xie et al
fabricated a catalyst supported by carbon spheres embellished with binary
and ternary layered double hydroxide using a one-pot method."*** Platinum
nanoparticles (average particle size of ~1.6 + 0.2 nm) were deposited on the
carbon spheres via a microwave-assisted polyol process that creates a fine
particle distribution. From the MOR electrochemical analysis implemented in
their study, it was found that the newly fabricated catalyst (Pt/C@NiRu layered
double hydroxide) managed to achieve a mass activity of 2032 mA mg 'p; in
an alkaline solution (1 M KOH + 1 M methanol) and a mass activity of
686 mA mgflpt in an acidic solution (0.5 M H,SO, + 1 M methanol).
Doping with cerium to form Pt/C@NiRuCe layered double hydroxide, how-
ever, generates a much better result than the undoped type of the catalyst. For
instance, in an alkaline solution a mass activity of 2475 mA mg 'p, was
observed by Pt/C@NiRuCe-LDH while in an acidic solution a mass activity
value of 725 mA mg ™', was exhibited.'***! The enhancement demonstrated by
the two synthesized catalysts in both acid and alkaline medium shows that they
are capable of performing with better CO resistivity and electrocatalytic
activity compared to home-made Pt/C-H (665 mA mg_lpt in alkaline medium
and 273 mA mg 'p; in acid medium). One of the factors that could contribute
to the improvement can be due to the provision of many OH species by the
layered double hydroxide to promote the oxidation of poisonous intermediate
species and the strengthening of Pt-support interaction. Furthermore, the
inclusion of cerium accelerates not only the catalytic activity, but also the
transfer of charge. Niu’s research team synthesized a catalyst of sulfur-doped
carbon microsphere (S-CMS) that has small palladium NPs encapsulated
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inside it and studied its activity and durability for MOR.**! The synthesis of

Pd NPs inside S-CMS was achievable through a one-pot hydrothermal tech-
nique that involved reduced glutathione (r-GSH) to act as a capping and
reducing agent. A simple carbonization process was then performed that
overall resulted in the fine dispersion of Pd NPs within S-CMS that exhibited
an architectural feature similar to the plum pudding model. Analysis per-
formed on the catalyst showed the presence of greater effective surface area
(ECSA of 32.09 m* g_l) toward MOR in comparison to commercial Pd/C
catalyst (ECSA of 20.76 m*> g '). In addition, a higher mass activity value
(11.78 mA mg' from CA) is demonstrated by the catalyst that is 5.9 times
greater than that of Pd/C (1.99 mA mg ' from CA), an improvement attrib-
uted to the tiny size of Pd NPs along with the great interaction between the
heteroatom-modified CMS coating and these Pd particles. Stability is also
attained during continuous start-stop operation by the confined Pd NPs that
indicate the capability of the new-found catalyst to be a potential anode
material for DMFCs. A study that involved the employment of carbon quan-
tum dots to support platinum catalysts was previously reported by Pan
et al.*>! The synergistic behavior between the Pt metals and the carbon
quantum dots are analogous to that of a bicomponent catalyst (e.g. PtRu).
The synthesis of carbon quantum dots derived from Vulcan XC-72 carbon
black first involved mixed acid etching. The soaking of carbon black (Vulcan
XC-72) in a solution of carbon quantum dots is then followed that occurs
for several days (1, 3, 5, and 7 days) in order to generate carbon quantum
dots-modified carbon black (XC-72-CQDs). Different XC-72-CQDs sup-
ports were produced, depending on the soaking days, and they were XC-72-
CQDsl, XC-72-CQDs3, XC-72-CQDs5, and XC-72-CQDs7. The synthesis
method is then concluded with a simple chemical reduction method to
place Pt catalysts onto the XC-72-CQDs supports. The performance of the
resultant Pt/XC-72-CQDs catalysts toward MOR was also evaluated using
CV, where XC-72-CQDs were found to be far superior than the commer-
cial PtRu/C (30% Pt + 15% Ru) catalyst. From the analysis, Pt/XC-72-
CQDs5 catalyst exhibited a high specific activity value of 1.06 mA cm ?p, as
well as a mass activity of 477.6 mA mg 'p. These activity values surpass
those that are found for commercial PtRu/C (specific activity of
0.77 mA cm *p, and mass activity of 280.6 mA mg_lpt). Another factor to
note that contributed to the improvement of catalytic performance was that
CQDs can help enhance the oxidation of chemisorbed CO to CO, by
providing a swift pathway for the activation of water.!>>"!

In addition to the results noted above, many other groups designed
other carbon-supported catalysts that displayed enhancement in electro-
chemical performance which was highly dependent on the unique hier-
archical structures. Most of the relevant catalysts reported in the last
4 years are presented in the following Table 1. The listed parameters are
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known to be the primary factors governing the overall catalytic activity
in methanol oxidation reaction, in addition they also give an idea about
the active sites and chemical kinetics of the reaction.

4.3.3. Mesoporous silicas

In terms of noncarbon support materials, mesoporous silica nanoparticles
(MSNs) are commonly used as inorganic supports for various
applications.**”! Examples of MSNs include Santa Barbara Amorphous
16 (SBA-16), synthesized in acidic media, and Mobil Crystalline Material
(MCM-41), synthesized in alkaline media.*!?!

4.3.3.1. SBA-16. SBA-16 possess the most suitable properties to act as
a support such as three-dimensional large pores, good thermal stability
owing to its thick wall, and normally based on a synthesis method that is
economical using cheap silica sources.*'") Its ideal structure is made up of
a spherical body-centered nanocages with cubic arrangement where each
sphere is linked to eight other spheres via smaller pore apertures.'*'?
Furthermore, its synthesis involves triblock copolymer surfactants
Pluronic F127 in acidic medium.®'*! Recently, the preparation of SBA-16
mesostructure of controlled shape and morphology is reported to utilize
cetrimonium bromide (CTAB) as a cotemplate.”'**'*) Hydrothermal synth-
esis of SBA-16 in presence of an acidic medium have also been performed
by Azizi’s team that employed a gel of SiO/F127/BuOH/HCI/H,0O .
Dispersion in a 0.1 M nickel chloride solution is used to load nickel (II)
to produce Ni/SBA-16, which is then further modified into a final Ni/SBA-
16CPE catalyst through mixing with carbon paste. The large pore number
and increased porosity of SBA-16 in the final structure provides a large
surface area of active sites for Ni** ion, conversion to NiOOH that results
in a high activity for MOR. In addition, experiments performed on Ni/SBA-
16CPE displayed an enhancement in the anodic oxidation current.

4.3.3.2. MCM-41. Another type of MSNs obtained in alkaline media is Mobil
Crystalline Material (MCM-41). It is made of an arranged hexagonal system of
cylindrical mesopores whose pore diameter can be adjusted and comprises of
a large pore volume and surface area as well as a sharp distribution of pore
(316] Its use was undertaken by Hassans research team whose work
covered the preparation of Ni-MCM-41 with 5 wt% nickel through an impreg-
nation technique.”®'”? The synthesized catalyst was then mixed with conduct-
ing carbon black in a suitable ratio in various NaOH concentrations.
Experimental evaluations displayed an increasing current density in Ni-
MCM-41 catalyst with an increase in NaOH concentration. CV results sig-
nified that MOR begins at a potential of approximately +500 mV (MMO
reference electrode), that is accompanied by NiIOOH formation. Besides, this

size.



CATALYSIS REVIEWS (&) 183

value is the maximum value at the peak potential in the anodic direction. From
the result it can be deduced that manipulating Ni-MCM-41 catalysts via Ni**
solution immersion helps improve the catalysis for MOR that is much better
than the unmodified electrode. The presence of channels and pores in MCM-
41 as well as the large surface area it provides facilitate in enhancing the
efficiency of oxidation and the electrolytic diffusion in the electrode.”'”! It
should also be known that MCM-41 is also capable of creating an anti-
poisoning effect when it is used as a support for nickel.

Summary: Catalyst supports are used to upgrade the properties of the final
material, particularly stability and conductivity, under the operational condi-
tions. Properties such as good electrical conductivity can improve electron
transfer while large surface area and strong interaction can help attain a wider
dispersion and stability, respectively. It is necessary to employ materials that
are capable of maintaining stability of the composite to endure the extreme
electrochemical environment. Conductive polymer supports such as polyani-
line (PAni), for example, could improve catalytic performance by introducing
enhanced ion diffusion, greater electrochemical surface area, and high elec-
trical conductivity. Using PAni as a support for PtSn also offers advantages
such as reduced methanol crossover and carbon monoxide resistivity. Another
conductive polymer support, known as polypyrrole (PPy), could be used to
support multiwalled carbon nanotubes and enhance the catalysts overall
stability and activity for MOR.

Carbon-based supports such as carbon black have been used as a promising
material for nanoparticles possessing controllable shape and size.
Functionalizing carbon black with HNO; has shown to increase the power
density as a result of oxygenated group being present in carbon black. Mixing
carbon black with Sn-doped TiO, and using them as a support for Pt has also
been reported to improve the overall ECSA as a result of the formation of
special triple junction. The interaction between metal and support could also
be enhanced because of the high content of OH group present on the support.
Carbon nanofiber is also another carbon-based support that could be com-
bined with TiO, to as a support for metal alloy of PtRu. The mass activity of
the resulting catalyst was observed to be four times than that of a PtRu/C, with
a twofold power delivery than that of PtRu/C possibly due to improved fine
interaction between the support and the metal. Support containing cobalt
embedded on coal-based carbon nanofiber could also promote excellent elec-
trochemical performance. A fine dispersion of platinum is seen on highly
graphitized carbon nanofiber because of the presence of more nucleation
sites that further results in uniform platinum deposition. In addition,
a signification improvement in mass activity compared to Pt/CF, Pt/Co-CF,
and Pt/coal-CF were reported. Utilizing mesoporous carbon with large pore
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size diameter and specific surface area as a support for platinum could
positively influence the activity and durability of the whole -catalyst.
Comparatively better performance than that of Pt/Vulcan carbon XC-72 is
observed due to better Pt(0) nanoparticles’ dispersion as well as supportive
effect. Ordered mesoporous carbon, when doped with nitrogen, creates
a strong interaction between the support and the deposited Pt metal.

The synthesis of nano-hybrid catalysts of carbon nanotubes combined with
Pt and CeO, could have a number of advantages, with the possibility of
minimizing Pt nanoparticle aggregation and eliminating poisoning by the
adsorbed carbon monoxide that is achieved by the donation of OH bond
from the CeO,-OH for the oxidation of CO-like species at low potential.
Multiwalled carbon nanotube can be easily functionalized by carboxyl groups
when used to support palladium. This assists in effectively distributing the
palladium nanoparticles by anchoring them to the carbon nanotubes that
turther leads to high current density for MOR. The COOH group could also
improve the value of mass current by two times the value obtained for Pd-
MWCNT. Doping carbon nanotubes with nitrogen can help attain effective
dispersion of metals such as platinum. This is because high nitrogen content
can serve as an environment for better distribution and anchoring of nano-
particles. Graphene is another carbon-based support that is useful in obtaining
structural flexibility, chemical stability, good electrical conductivity, and poi-
son resistivity. Doping graphene with either nitrogen or boron can enable the
adjustment of particle size and finely disperse the loaded materials for
improved MOR performance. In addition, the benefit of doping with nitrogen
can promote enhanced electrical conductivity that is achieved through
a partial structure recovery and introduces more efficient anchor sites for
better metal dispersion over the support. Using nitrogen-doped graphene
frameworks for supporting platinum could lead to a remarkable enhancement
in stability and activity compared to Pt/G. Although graphene could offer
several advantages as a support, there are issues that may arise such as
difficulty in depositing metals on its surfaces due to its inert nature and
insolubility in organic and aqueous solvents.

In terms of noncarbon support materials, mesoporous silica has been used
as an alternative support. SBA-16 loaded with nickel (II) and modified by
mixing with carbon paste could produce a catalyst with large exposed surfaces
and increased porosity. These characteristics introduce a wide and active
surface for Ni** ion conversion to NiOOH to achieve improved activity for
MOR. MCM-41, another noncarbon support material combined with nickel
could be modified through an immersion in Ni** solution to enable the
improvement of catalysis for MOR. Furthermore, enhanced electrolytic diffu-
sion in the electrode and oxidation efficiency could be obtained due to the
large surface area and channels and pores provided by MCM-41. Using MCM-
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41 as a nickel support could also help build an anti-poisoning effect necessary
for better electrocatalytic performance.

4.4. Synthesis method

To optimize the performance of electrocatalysts for MOR in fuel cells, con-
sideration of the preparation method is vital as it dictates the final surface
morphology, particle size, electrocatalytic activity, and composition of the
catalyst that can influence the performance of fuel cells.!*'®-*2!l Synthesis
methods such as codeposition, electrodeposition, hydrothermal, template,
microwave, and impregnation methods are some of the techniques already
implemented in the past with each offering different performance levels to
catalysts for MOR. This section will discuss the findings of various contem-
porary researches on MOR electrocatalysts that specifically focus on the effects
of different synthesis methods or conditions on the performance of the
resulting catalyst products.

Catalysts that are nickel-alloyed or that are purely nickel-based can be
prepared by various methods which include codeposition and electrodeposi-
tion. These two methods are allow the production of thin films on materials
such as glassy carbon, polymers, and graphite.[*®*?*3%8) Techniques also exist
that do not rely on solutions in their procedure such as spray pyrolysis '*!
and decomposition of precursors at high temperature.’**’!

4.4.1. Aqueous-phase precipitation method

Simple methods that involve few steps are generally preferable. The aqu-
eous-phase precipitation technique (NaOH- or NH,OH-induced) is one of
the most simplified and frequently used with soluble nickel salts. With this
method a variety of nickel-based catalysts possessing different physical
properties have been reported.*°-**3! Spinner et al have earlier performed
a study to observe the performance and physical characteristics of nickel
oxide catalysts, produced through different aqueous-phase synthesis techni-
ques, for alkaline media MOR."***l Amongst the synthesized catalysts, reflux
precipitated reflux-NiO and reflux-Ni(OH), were formed under reflux
involving Ni(NO3),.6H,O and NH,OH. On the other hand, nickel oxide
powders and nickel hydroxide precursors were also prepared via NaOH-
induced precipitation at the solution boiling point (~102 °C) and room
temperature (~20 °C) that incorporated NaOH pellets and also
Ni(NO3),.6H,0. Hence, through NaOH-induced precipitation four types
of catalysts were formed and they were, for simplification, designated as RT-
NaOH-NiO and RT-NaOH-Ni(OH), (for room temperature prepared) and
BT-NaOH-NiO and BT-NaOH-Ni(OH), (for boiling temperature pre-
pared). The electrolyte for electrocatalytic performance evaluations con-
sisted of either potassium hydroxide or sodium carbonate solution. When
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NaOH-precipitated NiO and Ni(OH), synthesized at both room and boiling
temperature were analytically compared in CV and EIS (electrochemical
impedance spectroscopy) no significant differences in values were observed.
However, reflux-precipitated NiO and Ni(OH,) demonstrated weaker stabi-
lity and poor electrocatalytic activity in comparison to RT NaOH-NiO and
NaOH-Ni(OH,) due to their morphological difterences. Between the two
room temperature-prepared NaOH-precipitated catalysts, the one com-
prised of NiO proved to exhibit better electrochemical activity and
durability.

The average current density determined in sodium carbonate based elec-
trolyte were relatively greater than in sodium hydroxide electrolyte by about
three to four times within the same alkalinity (11.5 pH).[33 4] Furthermore, data
records from EIS displayed that the charge transfer resistance in carbonate was
about 85% lower than that for hydroxide.!***! Degradation of catalysts can also
occur in sodium hydroxide solution due to high pH that can be prevented in
the moderate alkalinity of carbonate medium. From this comparison, it can be
assumed that electrocatalysis in carbonate electrolyte may be comparatively
advantageous than in hydroxide solution to perform MOR.

Synthesis of catalyst particles with nano-sized and well-dispersed character-
istics has also been attempted as a means to improve the activity of MOR
electrocatalysts. Examples of methods usually employed to obtain well-
dispersed nanoparticles include thermal decomposition, ***%¢! electrochemi-
cal synthesis, **” chemical reduction, ***-**°! vapor deposition, **"! and the
impregnation method.**>***! Amongst these techniques, the impregnation
method is widely used due to the simple procedures involved.

4.4.2. Impregnation method
Scibio and coworkers implemented impregnation method to synthesize
a catalyst for MOR in H,SO, consisting of 40 wt% platinum and 9 wt%
CeO,, which showed better stability and activity than an unmodified Pt/C
catalyst.*** Microwave Irradiation Method: Microwave irradiation method,
also known as microwave irradiation, relies on microwave sintering technique
that offers fast reaction, high efficiency, uniform heating, and clean energy.
Pt/WO;-C catalysts have been reported to be synthesized by Ye et al involving
the preparation of WO;-C hybrid materials via intermittently microwave-
pyrolysis and deposition of platinum NPs on WO;-C by microwave-assisted
polyol process.!*** The resulting catalyst was then calcined at 200 °C and was
found to be highly active for carbon monoxide oxidation at a lower potential
value by 60 mV in comparison to Pt/WO;-C and Pt/C that had not been
microwave heat-treated.

Amin’s group studied the effects of generating Pt-NiO/C electrocatalysts via
the microwave and impregnation method for performance comparison on
MOR."**) The synthesis procedure included supporting NiO on Vulcan XC-
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72 R carbon black using the precipitation method and chemically reducing Pt
precursor salt with NaBH, following microwave heating or simple impregna-
tion without microwave heating. The current density on Pt-NiO/C catalyst
with microwave technique showed threefold increase than that produced with
impregnation method. However, there was a positive shift in potential by
53 mV relative to the low-performing catalyst. In another study, Amin et al
utilized copper oxide in place of nickel oxide to observe the effects of synthesis
using microwave irradiation and impregnation methods.**”! Characterization
using TEM identified a homogenous distribution of smaller size catalyst
particles when microwave method was applied. CV and chronoamperometry
analysis were included in the study to investigate the catalysts’ oxidation of
methanol in an acidic medium (0.5 M H,SO,). Based on the test results
generated, Pt-CuO/C electrocatalyst from the microwave method displayed
an oxidation current density that was double the value of the catalyst synthe-
sized through the impregnation method. Still comparing with the catalyst
from the impregnation technique, there was also a negative shift in the
potential of the first and second oxidation peak, by 69 mV and 36 mV,
respectively, for the catalysts prepared by the microwave irradiation technique.
In addition, chronoamperometry analysis of the catalyst produced using the
same microwave method provided a proof that the catalyst was capable of
withstanding surface poisoning during MOR as it showed a slow fall in current
density after 4800 seconds operation. A list of various catalysts discussed above
and their corresponding electrochemical performance are summarized in
Table 2.

5. Challenges and outlook

Recent progress in DMFCs so far has been targeted toward the search for an
efficient catalyst and optimum operating condition to allow them to be used as
a reliable alternative source of energy in future. Attention has been given
toward the synthesis of an appropriate catalyst as it plays an important role
in governing necessary outcomes that include activity, efficiency, stability, and
especially the cost. With the appropriate catalyst the kinetics of anodic reac-
tions can be enhanced that will further assist in obtaining the optimum
condition for DMFC operations.'! A slow reaction kinetics is one of the
critical challenges being faced with the use of fuel cells that reduces the
reaction rate and consequently a higher catalyst loading is commonly used
for Micro-DMFC operating with platinum-based catalyst to counter against
the reduction in kinetics for MOR. However, as the catalyst loading increases,
problems related to methanol crossover to the cathode section of the cell starts
to disappear. However, due to the expensive cost of electrocatalysts based on
platinum, a high loading is unfavorable acting as a barrier for micro-DMFC
commercialization.
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Another commonly encountered challenge is seen with the production of
carbon monoxide intermediate that contributes to the degradation of catalysts
and needs to be prevented or oxidized. Platinum catalysts in DMFCs, for
example, are generally poisoned by such intermediate species when they are
adsorbed on the platinum catalyst surface during MOR.**®! Hence, the utili-
zation of catalysts with great resistivity toward poisoning species such as
carbon monoxide is generally desired to increase the catalytic life-cycle in
tuel cells. In addition to slow kinetics and carbon monoxide poisoning there
are other issued experienced in DMFCs that should be highlighted. The
following paragraphs will take a closer look at the types of issues that continue
to be a challenge for MOR in DMFCs.

5.1. Lifetime and durability of DMFC

With regards to a fuel cell’s operational flexibility to function in wider operat-
ing conditions, it is necessary to consider the estimated and specified unex-
pected conditions during the cell’s operating life. Various examples of these
conditions are temperature and pressure during operation and of the environ-
ment, the composition and flow rate of the reactant, the required peak load
and turn-down ratios, humidification levels, the necessary transient responses
rate, and duty-cycle characteristics. Although not much information is avail-
able on micro-DMFCs’ expected lifetime, it is generally known that operating
conditions, such as temperature and fuel flow rate, can have an influence on
how long cells last.***) Micro-DMFC products are still limited in the market,
however, prototypes have been displayed by companies such as Motorola and
Toshiba to outline its potential for commercialization. There is also a reliance
toward the use of pure gold as layers for current collector as it is reported to be
capable of achieving long performance life for DMFCs.?**"!

5.2. Assembly of membrane electrode (MEA)

Establishing a proper and effective MEA is necessary in order for a DMFC to
be used as a reliable cell to generate electricity. In this section, a number of
components of MEA will be examined based on findings from previous
research works and they include catalyst loading, membrane thickness, and
diffusion layer.

5.3. Catalyst loading

Increasing material loading on a catalyst has its advantages with one of them
being a greater active surface area. However, it is practically inconvenient
when a thin catalyst layer is desired. Hence, techniques such as decal
method, doctor-blade method, and brushing technique cannot be relied
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upon to produce a homogenous layer of catalyst on mini-cells such as micro-
DMEC. In addition, systematic errors can occur during preparation and this
further poses a challenge to catalyst reproduction. It is possible that perfor-
mance can increase with higher loading, nevertheless there comes a point
when increasing the loading will no more enhance the performance of
a catalyst. The performance then may either become constant or decline
consequently.**!! Another adverse effect of excess loading is the higher mass
transport resistance toward the supply of methanol to the anode as well as
toward the removal of CO, and other products from the anode.***! The
consequences of the effects of higher loading was researched in the past by
Shimizu et al when they experimented with Pt-Ru catalyst (anode) and Pt
catalyst (cathode).**"! Increasing the loading of Pt/Ru and Pt catalyst
beyond the optimum (2.5 mg cm™?) significantly reduced the performance
of the cells.

5.4. Membrane thickness

An increase in membrane thickness can actually reduce the chances of metha-
nol crossing over. However, a consequence arises from the increase in which
the power density declines as a result of high ohmic loss.*>*! A study per-
formed by Liu et al focused particularly on the influence of membrane thick-
ness on a passive micro-DMFC’s performance.** Various series of Nafion
having different thicknesses were utilized; such as Nafion 112 (50 um thick-
ness), 115 (125 pm thickness), and 117 (175 pm thickness). When a cell
containing a low methanol concentration of 2 M was tested with the three
types of membranes, it was concluded that a good performance was exhibited
by the thicker membrane at low current densities. On the other hand, the
thinner membrane performed better at higher current densities. Testing with
higher concentration of methanol suggested a preference for thicker mem-
branes operating with higher methanol concentration for better cell efficiency
with limited methanol crossover.

Another parameter that could be affected by membrane thickness is the
operating time. To test this hypothesis Nafion 115 and Nafion 117 was used for
comparison and the corresponding results showed that there is an inverse
proportionality between operating time and methanol consumption rate. In
other words, with increased thickness of the membrane the electric load
decreased that is accompanied by an increase in operating duration.
Therefore, through this comparison it is evident that thicker membranes are
more suitable for micro-DMFC as it does not only promote an increase in
efficiency through reduced methanol crossover, but also longer operating
duration.
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5.5. Diffusion layer

This layer commonly exists to aid with the transfer of electrons to and from the
catalyst layer. Effective diffusion of reactants to the layer of the catalyst is also
achieved due to its porous characteristic. In addition, the diffusion layer allows
water to reach the membrane and be held on it for hydration. Carbon materials
such as carbon cloth are usually used as a gas diffusion layer. However, it is being
gradually replaced by stainless steel cloth, as better performance is reported,
possibly due to the higher conductivity and porous structure. Liu’s group
performed a study involving implementation of a gas diffusion layer made of
sintered stainless steel fiber felt.*>*! Relative to carbon paper a higher perfor-
mance was observed with the stainless steel-based material because of its high
electrical conductivity. Using this metal can also lead to easy supply of methanol
due to the possible hydrophilic characteristic of the metal fibers that are present.

5.6. Heat and water management

A passive micro-DMFC has an optimum methanol concentration of approx.
1M, which is considerably greater than that of an active cell. Two factors play
a role in promoting the relatively higher concentration; one is the slow
characteristic of methanol mass transport rate in a passive cell that is based
on natural convection only, and another being an increase in the cell tem-
perature because of methanol oxidation at the cathode as a result of crossover.
The higher the concentration of methanol the greater will be the amount to
crossover that increases the temperature of the cell and in turn the reaction
kinetics at the two electrodes. In addition, out of the total energy available in
a micro-DMFC, electricity is produced by only less than 30% of the energy
with the remaining given off as heat.*>®! A fast removal of the generated heat is
necessary as heat buildup is potentially dangerous for any portable systems.

With regards to the management of water in micro-DMFC, a number of
attempts have been made in the past that usually involve wet-proofing the gas
diffusion layers of cathode with a PTFE coating. This is done to ensure that
pores present on the layer are not clogged with water. The design of a system
that implements water recycle from the cathode to the anode have also been
achieved by Yao et al to assist in reducing the amount of water being supplied
externally.'**”) Furthermore, their system had an overall volume of 1 cm® with
up to 10 mW of net output produced (35% energy efficiency) by it. Within the
compact fuel cell other features are also present that include micro-pump and
passive liquid-gas separator (CO, removal unit) as well as layers of hydro-
phobic-hydrophilic coating.
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5.7. Low power density issue

The ideal type of system for micro-DMFC should be a passive one (with
unsteady-state operation) that requires the removal of various sections from
the design, such as the air blower and fuel pump. Only a built-in fuel reservoir
is necessary to supply the methanol-containing fuel to the anode, and hence an
external peripheral is not required. Although this design may be simple it can
lower the performance of the system as a difficulty is faced when attempting to
achieve a continuous supply of fuel to the anode. The bubbles generated from
CO, production, if not removed due to the absence of a flowing force, can
cause a buildup and prevent fuel from being oxidized further at the anode.
Furthermore, there is a buildup of water droplet at the cathode that can
obstruct the active surface and lower the supply of oxygen.

The optimum concentration of methanol for a passive micro-DMFC was
previously reported by Bae’s group to be 5 M .1***! When the concentration of
methanol exceeds this value, a decline in performance can occur as a result of
rising overpotential at the cathode. A higher concentration can cause
a methanol crossover problem that results in a mixed potential and degen-
erates the neighboring cathode catalyst through poisoning. With 5
M methanol a power density of 45 mW cm ™ could be achieved. It must also
be known that DMFC applications in small or micro-size devices are restricted
due to the fact that as a system becomes smaller the energy density will fall
dramatically.

5.8. Methanol crossover issue

Methanol crossover results from the high concentration of methanol in the
anode that diffuses to the cathode through the electrolyte membranes.
These methanol molecules are then directly oxidized by oxygen present
on the surface of the cathode catalyst. When there is an increase in the
current density the crossover rate will decrease because methanol is being
consumed at the anode at an elevated rate. Other factors such as low
methanol concentration (or using diluted methanol solutions) in the feed
as well as high operating temperatures can also contribute to the reduction
in crossover rate. Diluting the methanol solution can, however, significantly
decrease the energy density of the DMFC. Hence, the concentration of
methanol should be diluted to a suitable level before it get to the anode
catalyst layer to prevent severe methanol crossover. There are experiments
that have shown that the optimized concentration of methanol is 1 to
2 mol/L (3 to 6 wt%) for active DMFCs and it is approximately 3 mol/L
(10 wt%) for passive DMFCs.***3%¢!] The methanol crossover phenom-
enon further creates a methanol concentration gradient across the mem-
brane from the anode to the cathode. In addition to the diffusion transport
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mechanism, an electro-osmotic transport mechanism also takes place as
methanol gets carried by proton (via ion-dipole interaction). There are
two practical repercussions from the crossover; an excessive drop in voltage
at the cathode and a methanol self-discharge that generates heat.
Commercially available polymer electrolyte membranes, including Nafion,
are still challenged by both the issues of high electro-osmotic drag coeffi-
cient and methanol permeability.***! To overcome such challenges, pro-
gress has been made in developing new polymer membranes for conducting
proton that are suitable for DMFCs. Examples of these polymers are
polyphenylquinoxalines, polybenzimidazoles, polyetheretherketones, poly-
phenylene sulfides, polyether imides, polysulfone, and polyamides.!***
However, as reported by Schaffer et al, these polymers still possess the
disadvantage of low ionic conductivity.>**

Ren et al. performed a study related to the advancement of direct methanol
fuel cells that also focused on resolving, to a large extent, the methanol cross-
over problem through a suitable cell design.!**® The rate of crossover could be
reduced by lowering the concentration gradient of methanol that controls the
flux of methanol under steady state operating conditions. Two factors that can
significantly lower methanol crossover are lowering the concentration of
methanol in the feed and optimizing the cell design. The results of Ren et al.
shown in Figure 15 illustrate together the performance of DMFC stack (cur-
rent density at 0.45 V) and fuel usage ((cell current)/(cell current + crossover
current)), at a temperature of 60 °C and ambient air pressure of 3 times the
stoichiometric flow. Figure 15 displays that the combination of high fuel usage
(more than 90%) and high cell performance (near to 0.2 A/cm? at 0.45 V)
could be achieved with optimized cell structures even with implementation of
rather “leaky” membrane. This also means that remarkable overall energy
conversion efficiencies could be achieved in a direct methanol fuel cell, even
before employing advanced membranes with way lower methanol permeabil-
ity and high protonic conductivity.

It is also possible to produce hybrid membranes by combining the
various polymers previously mentioned to prevent methanol crossover.
For instance, combining both phosphate and zirconium have demonstrated
the capability of the inorganic compound to minimize methanol perme-
ability, with the phosphate layer causing water to permeate instead of
methanol.**®) However, utilizing inorganic metals such as tantalum and
palladium in the hybrid may cause electrochemical charge transfer over
potentials that leads to losses.*®* The reason is because hydrogen ions
mainly transport charges in a fuel cell and a reduction of hydrogen ions can
occur on the metallic layer surface facing the anode, which could pass
through the metallic layer in the atomic state. Oxidation then takes place
on the metallic layer surface at the cathodic section. As a result, instead of
a flow of hydrogen there is a diametric cross of an electric compensation
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Figure 15. The utilization of combinations of direct methanol/ambient air cell components
and operating conditions to obtain both high fuel utilization and cell performance (at 0.45 V
and 60 °C cell operation). Examples A-E are five varied cell structures. The top chart
illustrates the data for 0.5 M methanol feed stream and the bottom chart is for 1
M methanol feed stream. Bars in light gray correspond to the cell current density at
0.45 V (left axis), the black bars correspond to the rate of crossover in terms of current
density (left axis), and the dark gray bars corresponds to fuel usage (right axis). Example D in
the top figure represents the best combination that displays 0.18 A/cm? at 0.45 V and >90%
fuel utilization data. Reprodcued with permission from Elsevier>!,



CATALYSIS REVIEWS (&) 199

current through the metallic layer. Besides, as long as the metallic layer is
not defective, methanol present in the electrolyte at the anodic side will not
be able to react or cross the metallic surface.

With regards to Nafion, it is possible to prevent methanol crossover by
selectively enclosing the water-rich domains, through which methanol
diffuses, present on its surface in addition to hydrophobic regions.
These water-rich domains are made of -SO;~ clusters and can be blocked
by utilizing palladium nanoparticles without any negative effects on
Nafion’s proton conductivity. This is because palladium can demonstrate
high permeability toward hydrogen and block the proton exchange mem-
brane from methanol. Tang et al have previously demonstrated one such
combination in their research.**”) They observed that only about
1.3 x 107"° mol cm™? s™' of methanol permeated across the palladium-
modified Nafion (1.73 pg cm™ Pd loading). On the other hand, an
unmodified membrane of pure Nafion displayed a relatively higher metha-

nol permeation of 1.4 x 107" mol cm > s~ .

6. Future prospects and conclusions

The production of anode electro-catalysts with a satisfactory performance
to efficiently and effectively catalyze methanol oxidation reaction is vital
for the wider commercialization of DMFC. Various factors should be
regarded by researchers to help with their search for new electrocatalysts
in future investigations. The introduction of support materials, especially
having nanostructured morphology, onto which different metals are loaded
can aid in achieving catalysts with enhanced electrical conductivity, mass
transport, larger surface area, and stability. The resulting synergistic effects
from the combination not only promotes finer performance for the exist-
ing catalyst materials, but also help progress the synthesis of new types
with optimal performance quality. In addition, the durability of the metal
and support composites will also be improved that allows them to be
practically used as DMFCs for future applications. It is suggested that
the implementation of nonplatinum metals is more preferable than using
platinum. Although nonplatinum metals may not perform as well as
platinum, the chances of carbon monoxide poisoning can be lowered to
enhance the catalytic life cycle. Research should also focus on developing
new catalysts for alkaline media. This is due to the possibility of having
wider selections of catalyst materials, including supports, for the develop-
ments. Another important aspect to consider is to ensure that the materials
that have been selected for catalyst synthesis are economical in order to
fabricate products that are attractive for commercialization. With the
growing market for portable electronic devices it is predicted that a great
demand in portable power systems with large power density will be the
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norm in coming years. With several studies being performed on DMFC
technology, there is a good possibility that it could significantly contribute
in this market because of the advantages such as quick refueling and high
energy density. However, progress is still required to overcome the tech-
nical barriers discussed earlier in previous sections. Here are some of the
key considerations for future DMFC catalyst design:

¢ A higher catalyst loading is helpful in achieving high methanol conversion
in MOR in Micro-DMFC consisting of platinum-based catalyst, however,
methanol crossover can occur due to higher loading and a prudent
approach in catalyst loading is required to generate higher current den-
sity, minimize the methanol crossover and lower the overall cost.

e Noble metal catalysts such as Pt, are expensive and tend to deactivate
quickly in presence of carbon monoxide generated during methanol
oxidation. Alloying Pt with other metals e.g. Ru, or replacing Pt comple-
tely using transition metals or alloys could help destabilizing the CO
intermediate increasing the life-cycle of the catalysts. Catalysts materials
reported for water-gas-shift reaction (CO+H,O = CO,+ H,), can be
particularly helpful for dissociating water and converting the intermediate
CO into CO, and thereby removing the poisonous effect of CO formation.

¢ Use of nano-dendrites and porous nanostructures also offer a high mass
transfer efficiency along with a large surface area. An optimized approach
is required for porosity as the small pores can increase the surface area,
they may also reduce the mass transport rate and compromise the overall
conversion of methanol. Mesoporous structures with 1-D Pt nanowires,
2-D Pt nano-sheets, 3-D Pt nano-spheres, and nano-dendrites of Pt and
Rh have been reported to display great durability owing to their morphol-
ogy that allows the presence of a large electrochemically active surfaces
suitable for methanol oxidation. The mesoporous nano-spheres of Pt are
also reported to demonstrate exceptional thermal stability.

e Hybrid electrocatalysts such as Pt@GO, Pt@PVP, and Rh@RGO have
shown to be specifically active for MOR by providing dispersed active
sites and high conductivity. Use of nitrogen and sulfur doped graphene as
a support for Pd has also been reported to perform exceptionally well,
showing high current density and very slow deactivation rate.

¢ Choice of support for DMFCs is critical as they influence the stability,
dispersion, and overall conductivity of electrode-catalyst assembly.
Resistance to corrosion, interaction with the metal and hydrophobicity
are few other important considerations for long term stable perfor-
mance. So far conductive polymers, carbon based support and mesopor-
ous silica have been the most widely studied support for DMFC
applications. A combination of conductive polymer PAni and carbon
has shown to improve the MOR current density and CO resistivity
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owing to enhanced diffusion of ions, large active surface area and
reduced methanol crossover. Partial sulfonation of polyaniline has the
potential of better interaction with the active metal sites resulting in
superior thermal stability.

Among the carbon based supports: carbon nanofiber (CNF), carbon nano-
coil (CNC), nano carbon black (CB), single/multiwalled carbon nanotubes
(SWCNT/MWCNTs), carbon mesoporous (CMS), and graphene/gra-
phene oxides (G/GOs) are the possible choices for enhancing the electro-
catalytic activity. A hybrid structure combining two or more forms of
carbon also seems promising as the results on blending g-C;N,/carbon-
black for Pd nanoparticles led to exceptional oxidation current for MOR.

Overall, the information presented in this review, including the recent findings
on different materials for anode catalysts as well as the effects of different
parameters, is expected to provide a guidance on the advancement of excellent

alter

native technology for future applications.

Abbreviations
3DGA Three-Dimensional Graphene Aerogel
3D-NG Three-Dimensional Hierarchical Nitrogen-Doped Graphene
AAO Aluminium Anodic Oxide
ACL Anode Catalyst Layer
aCNT Activated Carbon Nanotube
ACP Aromatic Conductive Polymer
AFM Atomic Force Microscopy
BET Brunauer-Emmett-Teller
BG Boron-Doped Graphene
BT Boiling Temperature-Prepared
CA Chronoamperometry
CA Carbon Aerogel
B Carbon Black
CBD Chemical Bath Deposition
CcCL Cathode Catalyst Layer
CF Carbon Fiber
CMS Carbon Mesoporous
CNC Carbon Nanocoil
CNF Carbon Nano Fibers
CNT Carbon Nanotube
CN,~NTs Nitrogen-Doped Carbon Nanotube
CcP Carbon Paper
cs Carbon Nanosphere
CSA Chlorosulfonic Acid

CS-functionalized Chitosan-functionalized

CTAB Cetrimonium Bromide

v Cyclic Voltammetry

DAFC Direct Alcohol Fuel Cells

DFT Density Functional Theory
DMAB Dimethylamine Borane

DMFC Direct Methanol Fuel Cell

DPN Dendritic Platinum Nanoparticles

(Continued)
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(Continued).

ECSA Electrochemical Active Surface Area

EIS Electrochemical Impedance Spectroscopy
EISA Evaporation Induced Self-Assembly

EP-F Nanoflake Nickel Oxide

EP-M Microspherical Nickel Oxide

FCC Face Centered Cubic

G/GO Graphene/Graphene Oxide

GC Glassy Carbon

GMC Graphitic Mesoporous Carbon

GO Graphene Oxide

HAADE- STEM High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy
HRTEM High-Resolution Transmission Electron Microscopy
ITO Indium Tin Oxide

LDH Layered Double Hydroxide

LSV Linear Sweep Voltammetry

MA Mass Activity

MCM-41 Mobil Crystalline Material

MEA Membrane Electrode Assembly

MOR Methanol Oxidation Reactions

MPN Mesoporous Platinum Nanospheres

MSN Mesoporous Silica Nanoparticles

MWCNTS Multi Walled Carbon Nanotubes

N-CNF Nitrogen-Doped Carbon Nano Fiber

ND Nanodendrite

NG Nitrogen-Doped Graphene

NGA Nitrogen-Doped Three-Dimensional Porous Graphene
NLDFT Nonlocal Density Functional Theory

NMCS N-doped Mesoporous Carbon Sphere

NN Nanoneedles

NOMC Nitrogen-Doped Mesoporous Carbon

NP Nanoparticles

NR Nanorod

NRP Nanorod Pellets

NW Nanowire

OECD Organisation For Economic Co-Operation and Development
OMC/WC Ordered Mesoporous Carbon-Tungsten Carbide
OMCS Ordered Mesoporous Carbon Sphere

ORR Oxygen Reduction Reaction

PAN Polyacrylonitrile

PAni Polyaniline

PEI Polyethyleneimine

PpPD Poly(Para-Phenylenediamine)

PPy Polypyrrole

PTFE Polytetrafluoroethylene

PVP Polyvinylpyrrolidone

RGO Reduced Graphene Oxide

r-GSH Reduced Glutathione

RHE Reversible Hydrogen Electrode

RT Room Temperature-Prepared

SA Specific Activity

SAED Selected Area Electron Diffraction

S-CMS Sulfur-Doped Carbon Microsphere

SEM Scanning Electron Microscopy

SEM-EDX Scanning Electron Microscopy — Energy Dispersive X-Ray Spectroscopy
SPAnRi Sulfonated Polyaniline

SWCNTS Single Walled Carbon Nanotubes

TECNF Tio, Embedded On Carbon Nanofiber

TEM Transmission Electron Microscopy

UPD Underpotential Deposition

WC-CNT Tungsten Carbide-Carbon Nanotube

XAS X-Ray Absorption Spectroscopy

XC-72-CQD Carbon Quantum Dots-Modified Carbon Black
X-NSs Crossed-X Nanosheets

XPS X-Ray Photoelectron Spectroscopy

XRD X-Ray Diffraction
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