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1. Introduction

The development of efficient energy conversion devices has been one of the motivations for
scientific research for over a century. Among the various devices so far developed, Fuel cells
assume an important position since the efficiency of these devices can exceed even at times the
Carnot limitation. Among the various types of fuel cells, the Proton Exchange Membrane Fuel
Cells (PEMFC) have been advocated for a variety of stationary and mobile applications because
of its efficiency [1]. The obtained efficiency in the energy conversion process of these devices is
due to low operating temperature employed, low pollution emission, easy transportation feasibility
and high-power density. Though conventional PEMFC devices employ hydrogen as fuel at the
anode and oxygen/air as reductant in the cathode and Pt as the most active metal electrodes for
fuel cell reactions [2,3], alternate catalyst systems have also been examined at various times [4,5].
Among the various versions of the PEMFC, Direct Methanol Fuel cells (DMFC) have been
receiving extensive attention as promising energy conversion devices due to the fact that they
employ renewable liquid methanol as fuel which is safe for storage and transportation [6]. In
addition, DMFCs exhibit considerable anodic reaction rates since methanol oxidation does not
involve the C-C bond breakage and also methanol has a high energy density (6100 Wh kg™). In
spite of all these developments, the current level of technology of catalysts is insufficient to support
large-scale commercialization of these devices. The basic challenges involve addressing the
sluggish kinetic rates of methanol oxidation (anodic reaction) and the cathodic oxygen reduction
reaction (ORR) [7]. There is a phenomenon called methanol cross over from anode to the cathode
and thus affect adversely the cathodic reaction. The anodic electrodes employed in DMFC are s
most often poisoned or susceptible to the partial oxidation products like CO of methanol and it has
become necessary to eliminate or promote the complete combustion of these partially combusted
intermediates by adding another metallic component to the mostly employed platinum electrodes.
This has led to development of many multi-metallic catalyst systems in which the added
component normally promotes the oxidation of partial combusted products like CO which
otherwise blocks the Pt sites required for the oxidative adsorption of methanol [8, 9]. The factors
that are considered for the selection of another metal to be added to Pt are the adsorption enthalpy
and the electrode potential [9]. Since the energy required to form CO is less than that for CO», the
indirect reaction is favoured and in order to avoid the formation of CO on Pt electrodes binary or
hybrid alloys of Pt are employed as electrocatalytic materials on DMFC anodes [10-15]. It is
known that addition of Ru to Pt prevents the adsorption of CO by decreasing the oxidation over
potential of the anode [16]. It has become mandatory that the extent of loading of Pt must be
considerably reduced ( the total catalyst loading desirable in DMFC application is in the range of



0.2 to 0.5 mg/cm?) if these devices were to be affordable, thus it means that the existing electrode
material based on Pt should be combined with another less costlier element ( since the cost of Pt
is higher than $ 1600 per Oz). These efforts have led to a number of studies concerning the
fabrication of the Pt based electrodes, since the catalytic activity is dependent on the particle shape,
size and size distribution.[17]. However, the conventional methods of preparation of wet
impregnation and chemical reduction of the metal precursors do not always yield desired particle
shape and size [17]. Alternate synthesis methods have been developed based on microemulsion
[18], sonochemistry [19.20], and microwave irradiation [[21-25]. These methods can generate
controlled colloids and clusters on the nanoscale and with greater uniformity [26].  In addition
to these methods, other methods like surface functionalization of the carbon support,
electrochemical deposition, electroless deposition and other physical methods have also been
resorted to control the particle size of the metal anodes for DMFC application [27,28].

Though Pt has been the most effective catalyst system so far studied for Methanol Oxidation
Reaction (MOR), addition of another metal like Fe, Co, Ni, Ru, Rh and Sn to Pt Is considered
desirable to overcome the poisoning effect arising due to adsorbed CO [7]. Generally, the
bifunctional mechanism and ligand effect (electronic factor) are proposed to account for the
increased electrocatalytic activity of Pt-Me systems for MOR. It is conceived that methanol
adsorption and oxidation take place on Pt sites and the added metal facilitates the dissociation of
water at lower potential and thus promote the oxidation of adsorbed CO. In terms of the ligand
effect, the added metal alters the electronic property of Pt and lowers the adsorption energy of
adsorbed CO thus promoting the oxidation of adsorbed CO at a lower electrode potential. This
means that the d and sp band structures of metallic Pt or in other words the Density of States (DOS)
in these two bands constituted by the frontier orbitals of the metal is the critical factor. The density
of states of d and sp band for Pt is shown in Fig.1. It is seen that the orbital character at the Fermi
surface is composed of mainly sp orbital character with the d level participation is below the Fermi
level. This type of directional character of the filled and unfilled orbitals at the Fermi surface may
be responsible for the observed poisoning by adsorbed CO.

T
BE-E,, /

Fig 1 The density of states of d and sp orbitals of Pt. Note that at the Fermi level the shape of d
and sp bands [Figure reproduced from web and also adopted from ref.29]



2. DMFC Reactions

The reactions that take place in a DMFC can be represented by the following equations

Pt/Ru
At the Anode: CH3;OH () + H,O(l) —> COx(g) +6H" + 6 E°=0.02V (1)

At the Cathode: (3/2)0, + 6H" + 6¢ Pt » 3H20 (D) E°=123V (2
Overall Reaction: CH30H(1) +(3/2)02(g) — , COx(g)+2H.0(1) E°=121V  (3)

It is essential to comprehend the working of a practical DMFC. The components and reactions
taking in the respective electrodes are shown in Fig.2.
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Fig.2. Schematic and reactions taking place in the respective electrodes in DMFC [adopted and
reproduced from ref [30]].

It is known that the widespread application of these cells employs mostly Pt or Pt based electrodes.
However, most of these tried alternative electrode materials perform at low levels and hence
immediately cannot replace the use of platinum. In addition, as stated above, the formation and
accumulation of the surface intermediate species of the oxidation of methanol such as CO.q¢ and
CHOagq are adsorbed on Pt surfaces and hence limit the efficiency of the electrode reactions due to
the poisoning of the active Pt sites. In order to develop electrodes with greater tolerance to CO, a
second metal which will promote the oxidation of CO is usually associated with Pt, the choice of
the second metal is based on the fact that the added metal lowers both the adsorption energy for
COa.q as well as promotes the oxidation of CO at lower potential possibly by adsorbed OH species.
This has to be associated with the electronic structure or more precisely the density of states at or
near the Fermi surface of the added second metal and that of Pt. Therefore, it seems that the
modification or optimization based on monometallic Pt catalyst may be a feasible option than to
search an altogether alternative non-noble metal-based electrode. This strategy is schematically
shown in Fig.3.
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Fig.3.Schematic representation of the modification of monometallic Pt catalyst for efficient DMFC
application.

The poisoning effect of CO on Pt surfaces is due to shift of the d orbital DOS to lower energies as
a result of by hybridization of the orbitals of CO and the d states of Pt. The most probable
configuration for adsorbed CO is on top the surface Pt cluster and hence the adsorption bond is
strong due to occupancy of the hybridized orbital. This aspect has recently been probed
simultaneously by two techniques namely Resonant Inelastic X-ray scattering (RIXS) and
Ultraviolet Photoelectron Spectroscopy (UPS) [31]. These two techniques probe selectively the
occupancy of Pt DOS (RIXS) while UPS indicates the occupancy of the s and p DOS states of the
adsorbed species. This shift to lower energy side favours the strong bond between surface cluster
and adsorbed CO. This adsorption is most pronounced in the atop configuration.

3. Pt as electrodes (catalysts) in DMFC

Poisoning by reaction intermediates, low kinetic rates of MOR and the cost are the three factors
which limit the use of pure Pt as anode in DMFC. To overcome these limitations, attempts have
been consistently made to examine as electrodes with two or three component systems by partially
introducing another metal to platinum thus lowering the usage of Pt [32-34]. The average particle
sizes of the Pt employed in DMFC applications are in the range 2-5 nm as revealed by high
resolution microscopic techniques [35]. Among the various bimetallic systems studied for DMFC
applications, the PtRu (1:1 though other proportions are reported [36]) is the most active system
which is supposed to be operating by the bifunctional mechanism but the toxicological effect of



the addition of Ru metal still remains uncertain [37]. Among the binary alloys consisting of Pt
with Ru, Rh, Au, Sn, Ni, Co, Fe, the systems containing Ru, Rh or Sn are considered to exhibit
higher catalytic activity.

The addition of Ni to Pt promotes some structural and electronic modification which is responsible
for better reaction performance of the resulting system. Similarly, the addition of Au into Pt
enhanced the electrocatalytic activity, this enhancement effect has been accounted for in terms of
the changed electronic structure and alterations in the electrochemically active area (ECSA) [38].
The enhancement effect observed is attributed to control of poisoning of Pt sites by adsorbed CO
which is considered to be facilitated by the extent of donation from the 5c orbital of CO and
backdonation to 17* orbital due to alterations in the Fermi energy level of Pt alloying with another
metal [39]. Though this picture is the accepted proposal, the alteration of the internuclear distance
in CO may also have contributed to the weak bonding of CO on alloyed surfaces. The enhancement
of the effect of addition of second metal like Sn or Co to Pt has also been attributed to the activation
of water creating -OH ions and other O» containing species to oxidize CO-intermediate species on
Pt site [40]. The reaction mechanism which may also be applicable to other transition metal
addition to Pt for MOR can be conceived in terms of the following reaction sequence.

Pt + CH30H — Pt-COugs +4H" +4e”  (4)
M +H0 — M(OH)us + H + ¢ (5)
PtCOags + M(OH)ags — CO2 +Pt +M+H" + ¢ (6)

As a consequence of this exercise, ternary and quarternary metallic systems with Pt like PtRuSn
[41], PtRuNi [42], PtRuMo [43], PtRuOslIr [44], PtRulrSn [45] have also been tried for MOR and
also for effective removal of adsorbed CO intermediate. Though it has been reported that addition
of a third or a fourth component to Pt system enhances MOR activity, the optimization of the
catalyst composition and morphology are still not yet established [35]. Alternate synthesis
approaches have also been adopted to generate various architectures of the nano states like core-
shell, mesoporous nanospheres, nano-onions in the case of binary bimetallic systems (PtM). The
nano-state systems generated have shown better catalytic activity for MOR [46]. In addition, the
generation of the metallic catalyst systems involves a reduction reaction and this step can be
achieved in a number of ways (using a chemical reducing agent like NaBH4, or employing gaseous
Hydrogen) and the systems generated showed improved performance in some cases [47].

It is still an interesting exercise to find a substitute for noble metals like Pt, Pd, Rh and Ru for
certain chemical and electrochemical reactions like oxidation of hydrogen, CO, and alcohol and
the reduction of oxygen. Transition metal carbides (TMC) especially tungsten carbide (WC) have
been shown to have better tolerance to CO poisoning in methanol electrooxidation [48]. WC is
also known to be a more active for the formation of methoxy group (CH30-) as compared to Pt
[49]. In recent times, researchers are exploring the potential of Pt supported on WC as ideal
electrode catalyst for DMFC [50].

Transition metal nitrides are also considered as ideal support for Pt due to its excellent electrical
conductivity (metallic), hardness and good electrochemical stability in fuel cell operating



conditions. Pt supported on titanium cobalt nitride showed excellent electrochemical activity
towards Oxygen Reduction Reaction (ORR) due to greatly improved ECSA. A high performance
and durable electrocatalyst in the DMFC application is obtained using large surface area
Pt(Ru)/TiN system. This system showed electrochemical activity toward MOR with nearly 52%
improvement of catalytic activity and good stability/durability compared to commercial JM-
Pt(Ru). In nitride supported systems, the particle size of Pt appears to be optimum for MOR and
is also well dispersed. Possibly the electronic coupling may be the reason for the observed good
synergistic effect of the system. Similarly, the non-carbon TiN nanotubes supported Pt catalyst
showed enhanced activity for MOR compared to the commercial Pt/V catalyst [35].

Another set of Pt electrocatalysts supported on nano-state transition metal oxides have been
examined for MOR since these systems can promote the oxidation of the intermediate COags as
well as prevent the agglomeration and corrosion of Pt [35]. Though in principle, any oxide that
can be fabricated in nano state (nanotubes, hallow mesoporous or microporous oxides) can be used
for loading Pt, TiO2, WO3, SnO; and many other oxides are being extensively employed with Pt
as DMFC anodes. From the catalytic activity point of view, it can be stated that the addition of
these metal oxides enhances the electrocatalytic activity of DMFC. The incorporation of these
conducting metal oxides together with Pt catalyst could also facilitate the oxidation process of CO
intermediates In a recent study, PtRu/TiO,-CNF system has been examined for single cell
performance and it has been found to be 5.5 times higher than the commercial electrocatalyst. The
higher activity is due to the nanofiber architecture of TiO> and also due to strong metal support
interaction (SMSI) which may be responsible for reducing the poisoning aspect of adsorbed
intermediate COags [51]. Hence, these types of metal oxides supported Pt systems have high
potential to be used as anode electrodes in the near future.

4. Carbon supports for Pt electrocatalysts

In order to effectively utilize the maximum amount of the noble metals in electrochemical reaction,
it is customary to support the metal on a conducting material like carbon. The choice of carbon for
these applications stems from the high surface area offered by carbon materials and their stability
in both acidic and basic media. It is believed that carbon materials can influence the electrocatalytic
properties such as metal particle size, morphology, metal dispersion, alloyed degree, and stability.
Carbon supports can also affect the performance of supported catalysts in fuel cells, such as mass
transport and catalyst layer electronic conductivity, electrochemical active area (ECSA), and metal
nanoparticle stability during the operation in the fuel cell.

In recent times, , a great effort is focused on the development of a variety of carbon materials with
greater stability and also to function as conducting support for noble metals. Supported materials
of nanoparticles are considered to be the promising materials for catalytic activity in fuel cells,
including the DMFC systems. As stated above, mostly Pt has been traditionally used as the noble
catalysts for many fuel cells application. However, the high cost and low reserve are in the way
for commercialization of this technology. This has driven the researchers to make the effective
use of the catalyst. So the major effort has been expanded towards nano-scaling of the catalyst
nanoparticles to form more active sites per mass unit. The morphology, structure, and activity of
the catalyst, and correspondingly the whole lifetime of a cell, thus strongly depend on the catalyst



support. Various morphologies of carbon materials like graphene, single and multi-wall nanotubes,
and nanofibers have been employed as support for anode electrodes in fuel cell applications.

The reduced graphene oxide (rGO), graphene and modified graphene have been employed as
support for Pt and these systems exhibited high electrocatalytic activity toward methanol
electrooxidation (MOR) process. In these supported- systems the particle size distribution and size,
morphologies are optimum and catalytic activities of Pt and Pt alloys using graphene (surface area
in the order of 2600 m? g!) as supporting material showed improvement in fuel cell performance.
It has also been reported that nitrogen substitution in graphene carbon layer facilitates the
dispersion of Pt at the appropriate size on anchoring sites of the support. In addition to increased
electrochemical activity (nearly 3 times current density as compared to commercial Pt/C), the onset
potential for MOR is shifted negatively by about 150 mV and showed better Co tolerance [35].

The Pt particles supported on SWNT/MWCNT showed closer contact in spherical geometry of Pt
particles. The benefits of the SWCNT support are due to its greater electrochemical surface-active
area (ECSA) and easier charge transfer at the electrode/electrolyte interface because of the
graphitic crystallinity, high amount of oxygen-containing surface functional groups, and highly
mesoporous structure of SWNT. The electrodeposition technique used contributed to higher
utilization and more uniform dispersion of Pt particles on nanotube carbon support.

The use of single/multiple walled carbons as supports provides altered structural, surface, and
electrochemical properties of supported Pt and thus exhibit better performance in catalysis of
methanol oxidation (MOR) process [52]. However, as a comparison, SWCNT possess a high
degree of graphitization, highly mesoporous structure, and contain more oxygen-containing
functional groups at its surface sites. In relation with these properties, the SWCNT exhibits a
higher electrochemically accessible surface area and faster charge transfer rate at the
electrode/electrolyte interface [35].

Carbon nanotubes (CNTs) support also improves fuel cell performance; for example, Pt can be
fixed to the inner wall and the outer wall of CNTs and may cause improvement in the
electrocatalytic properties of platinum-CNTs [53]. It has been proposed that fuel cells suing CNTs
as the catalyst support showed higher current densities. It has been [54] proposed that the high
catalytic performance of Pt-Ru/CNT for MOR can be due to the presence of CNT as the support
because of the following factors: (i) the as-synthesized Pt-Ru/CNT electrocatalyst retains the
nanosized particles and composition, (ii) the presence of functional group on the CNT surface
increasing the hydrophilicity of CNT, which facilitates electrochemical reaction on the electrode,
and (ii1) the high electronic conductivity of the CNT support lowers the resistance in MOR. The
attributes of carbon nanotubes namely good electric conductivity, high surface area, good chemical
and electrochemical stability, quasi one-dimensional architecture and the morphology make them
as appropriate support for active Pt-based catalyst systems. In addition, the se supports contribute
for high dispersion of the active noble metals and thus aid in achieving high catalytic activity in
methanol oxidation (MOR) reaction.

Another support material which can sustain high dispersion of noble metals at the same prevent
the agglomeration of metal particles is carbon nanofibers. Nearly 50% increase in electrochemical
activity was reported for PtRu supported on carbon nanofiber as compared to PtRu Colloid anode
electrocatalyst [55].



It was reported that Pt/CNF nanocomposites obtained by the reduction of hexachloroplatinic acid
precursor with formic acid in aqueous solution of electrospun CNFs at room temperature showed
higher current density than systems like Pt/CNFs and was approximately 3.5 times greater than
that of the E-TEK Pt/C electrocatalyst [56]. There are also other similar reports on PtAu/CNF
systems and also on PtRu/CNF system prepared using reducing agents like sodium borohydride,
methanol and formate species [57,58].

Mesoporous carbon (MPC) support is another ideal candidate as an electrocatalyst support material
for DMFC and fuel cell applications. Mesoporous carbons are of two classes namely ordered
mesoporous carbons (OMCs), with uniform pore size and, nonordered mesoporous carbons with
irregular pores. A well-dispersed and ultralow Pt catalyst (PtFe) supported on ordered mesoporous
carbon (OMC) was prepared and showed superior catalytic activity. Kuppan and Selvam [59]
synthesized four types of Pt/ mesoporous carbon by using different reducing agents like NaBH4,
ethylene glycol (EG), hydrogen, and paraformaldehyde. Among these, one of the systems namely
Pt/mesoporous carbon synthesized using paraformaldehyde as reducing agent showed highest
current density due to small Pt particle size of ~5 nm and also large ECSA. These systems will be
useful when mass transfer limitations were encountered while using large molecules.

It is known that in carbon black is used in many commercial fuel cell applications. There are a few
types of carbon black like Vulcan XC-72, Black Peral 2000, Ketjen EC-3001 (the most used in
commercial devices) and a few others, because of their porosity properties and stability in the
medium of operation. The effect of several carbon black supports on the performance of DMFCs
has been investigated [60] and it has been shown that Ketjen Black EC-3001 is the most successful
support material by increasing ECSA. As is well-known that new varieties of carbon materials are
being introduced in recent times. As the new varieties of carbon materials are being developed
they will be examined as supports for fuel cell applications and the performance will be evaluated
in comparison to the normal carbon black materials as supports for noble metal catalyst systems
in fuel cells.

5. Conducting Polymer Supports

Conducting polymers like poly (N-vinyl carbazole. Poly (9-(4-vinyl phenyl) carbazole, polyaniline
(PANI), Polypyrrole and other systems have been employed as support for Pt based electrodes in
DMEFC applications. The performance of Pt based systems supported on conducting polymers is
due to (1) the high electrical conductivity of the polymer support (ii) the increase of electrochemical
surface area of the fabricated electrocatalyst (iii) the higher diffusion behavior of the electrolyte
(iv) increased CO tolerance [61]. The electrocatalytic performance of Pt/PANi/WC/C
electrocatalyst for methanol electrooxidation (MOR) and oxygen electro-reduction (ORR),were
studied and was shown to exhibit higher MOR activity, high CO resistance, and improved stability
compared to Pt/C electrocatalyst in the presence of methanol [62] The investigations on polymer
supported noble metal materials is not as extensive as that on carbon supported materials. In
addition, the performance of polymer supported electrodes were not good as carbon supported
noble metal electrodes. Future studies may improve the performance of conducting polymer
supported noble metal electrodes.

6. Evaluation of Pt based electrodes for DMFC applications

The major issues in the development of Pt based electrodes for DMFC applications is the slow
kinetics of MOR reaction, stability of the electrodes due to poisoning by partially oxidized
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products cross over of methanol which decreases the cell efficiency and also the high cost of the
Pt based materials. It is known that Pt is at present the most effective catalyst in spite of these
limitations, but the high cost of this material has promoted the search for alternate material for Pt.
In this direction, one of the approaches pursued is to look for materials which will have similar
electronic band structure and density of states of Pt .In this direction, carbide materials like WC
and possibly MoC have been tried as alternate to Pt or in combination with Pt in order to reduce
the amount of costly Pt in the electrode material [63,64]. A second approach is to add another
metallic component like in PtRu which will facilitate the oxidation of partial oxidized products
like CO and CHOag4s. Though the overall reaction sequence in DMFC can be represented in terms
of equations 1-3, the actual steps may be more complex.

H>,COOH—H,COO

/NN

CH30—CH,0—-CHO—HCOOH—CHO

A

CH30H—CH,0OH—-CHOH—COH—C(OH),—COOH—CO2

Ny L

— CO +OH

Fig. 4. Possible reaction net-work in the electrochemical oxidation of methanol [adopted from
Ref.35].

In Fig 4 the possible schematic representation of the reaction network in the electrochemical
oxidation of methanol is shown. CO is formed in a indirect route and is responsible for the
poisoning of the Pt sites. In order to facilitate the oxidation of adsorbed CO by the OH species
formed hybrid systems like PtRu, PtSn, PtMo, PtPb, PtCo, PtNi, PtRuMo, PtRuSn and PtRuNi are
employed as electrocatalytic material for DMFC applications. Essentially the addition of another
metal to Pt is to decrease the adsorption of CO on Pt by reducing the oxidation over potential of
the anode catalyst.

7. Degradation processes in DMFC

There are three main degradation processes namely carbon corrosion, Ru dissolution and cross
over and methanol cross over that need to be considered in the development of electrodes for
DMFC.

7.1. Carbon Corrosion.

In operating fuel cells, among the various electrochemical reactions, the Pt promoted carbon
corrosion (the potential for carbon-self oxidation is around 1.1 V vs RHE) is an issue and takes
place at a lower potential. New carbon materials like SWNT and others are more resistant to
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corrosion as compared to carbon black and hence new architectures of carbon materials are
employed as support for Pt as stated in this presentation.

Graphitization of the supports with small specific surface areas and chemical inertness is generally
adopted to effectively disperse Pt nanoparticles on such support materials and reduce the extent of
carbon corrosion. Functionalization of supports especially nitrogen-incorporated carbon materials
is known to enhance the support-metal (SMSI) chemical binding and modify the electronic
structure of the metal particles. These effects are considered to contribute to better dispersion and
stabilization of metal nanoparticles, thus leading to improved activity and durability of the
catalysts. Importantly, nitrogen doped carbon materials are shown to possess high electrocatalytic
activity for ORR, better than that of Pt/C, in alkaline medium. Alternatives to carbon materials,
including diamonds, oxides, carbides and nonconductive whiskers have also been examined as
supports for noble metals and are known to give better stability to the electrodes [7]. In addition
to carbon supports, TiO> has also received attention because of its inherent stability in an
electrochemical environment and beneficial interaction with metal catalysts. It is known that
carbon corrosion on can affect by agglomeration and coalescence of noble metal particles. Two-
dimensional (2-D) carbon material namely Graphene has been extensively employed as support
because of its unique structure, high surface area, and high electrical conductivity and possibly
less carbon corrosion. From the device point of view, it is desirable to have improved durability
without sacrificing mass activity.

7.2.Ru Dissolution and Crossover

Ru is added to Pt in order to effectively reduce the poisoning effect due to COa.g4s. The Ru sites
dissociates at low potentials and the adsorbed OH groups facilitate the oxidation of CO. However,
it is generally known that Ru is prone to dissolution under the DMFC environment. This dissolved
from the anode will be transported through the membrane and gets redeposited at the cathode thus
accounting the efficiency loss of the fuel cell [65]. It is still a concern the process by which Ru is
transported through the membrane and the type of species deposited at the cathode. In addition to
the demonstration of loss of activity for MOR and the reduction in CO tolerance, efforts have been
focused to stabilize Ru on the anode by adopting suitable fabrication process like hot pressing or
addition of another element like Au or TiO2 can possibly increase the oxidation potential of Ru
thereby reducing the Ru dissolution.

7,3, Methanol Crossover

Limited studies are reported on methanol crossover in the long-term performance of
catalyst however methanol crossover gives rise to substantial detriment in short-term performance
of DMFC:s. This aspect has been attended to in multiple directions namely (i) developing alternate
ionomeric membrane or modifying the Poly[perfluorosulphonic acid (PFSA) and other membranes
(i1) adopting alternate ways for the fabrication membrane electrode assembly (MEA) the design of
the cell and changing the operating parameters and (iii) introducing methanol tolerant cathode [7].
The strategy adopted is to increase the proton conductivity (s) and the control of methanol diffusion
coefficient (D) and thus the ratio s/D can be suitably adjusted with the use of alternative ionomeric
membranes, thus improving the performance. Altering the ion exchange capacity (IEC) of the
membrane or adjusting the concentration of methanol in the anode are the two ways the methanol
cross over can be reduced.
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8. Conclusion

In this presentation, it has been attempted to account why Pt is the highly active catalyst system
for methanol oxidation (MOR). Catalyst selection is usually based on a volcano type relationship
between the structural parameter and activity. One such relationship is shown in Fig.5 wherein
(ORR) the activity for oxygen reduction reaction is plotted against oxygen binding energy on
typical noble metal surfaces and it is seen that Pt surfaces shows highest activity among the noble
metals and the same may hold good for methanol oxidation catalysis. Similar type of volcano
type plots has been frequently utilized in literature for catalyst/material selection for a given
application. The volcano type relationship has also been shown to exist on Pt-M systems between
the intrinsic activity for ORR and d-band centre of these systems as shown in Fig 6.
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Fig.5. The relationship between the catalytic activity for ORR reaction and oxygen binding energy
[reproduced with permission from Ref.66].
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Considerable advances have been made in recent time in the development and optimization of Pt-
based catalysts mostly supported on a variety of carbons (nano and meso-structured) and
conducting polymers for DMFC anode electrode. although their applications face challenges in
terms of synthesis, metal loading, and electrode preparation. The limitations on the use of Pt
namely the cost and CO poison effect have been addressed already adequately in literature. The
solutions proposed in literature are using high surface area supports (varieties of carbon both
SWNT MWNT and other meso porous carbon support and conducting polymer support) and
increased dispersion of the noble metal and also alloying Pt with metals like Fe, Co, Ni, Ir, Ru, Rh
and Pd decreased the CO poison effect on bare Pt. It has been recently shown that the Platinum
nano-clusters (limited number of atoms single or multiple) [67] and also heteroatom anchored
platinum sites are effective for MOR reaction due to morphological [68,69], structural, durable
control of the electroactive sites on the electrode. It can be predicated that the modification of the
carbon surfaces (increasing hydrophobicity by surface functionalization) can be in future used as
effective support for Pt in DMFC applications.

9. Prospects and outlook

There are many issues in which clarity have to evolve. The possible prospects of this technology
are listed as points below:

1. The poisoning effect of partially oxidized product namely CO is rationalized in terms of reaction
to the reactive species OH formed from water on Ru sites. This reaction may take place by spillover
mechanism of the adsorbed species. However, the molecular level. Mechanistic details have yet
to evolve.

2. In order to alter the binding energy (mostly decrease) of oxygen (for ORR or MOR) on the
active Pt systems, d-band centre needs to be shifted downwards. It should be established the extent
of this shift by the addition of the second metal to Pt

3. Another aspect is that the bi- or multi-metallic systems should have morphological specificity
like equi-distribution of the components at least skin depth or other architectures like core-shell
morphology of the multi-component systems. It has to be established how the morphological
specificity accounts for the increased activity and durability.

4. The optimum composition of bi- or multi-component systems and structures should be
established such that the oxidation potential of the active component namely Pt is improved.

5. The self-stability of the support and the modifications taking place in the active component in
the electrochemical environment should be established.

6. The extent of interaction and also the alterations that are possible in this interaction and the
operation of SMSI effect should be clearly understood.

7.1t must be ensured that the improved durability of catalysts is taking place without the loss in
catalytic activity.

8. One must ensure that the ratio of performance to cost is a respectable number, so that the
marketability of DMFC technology is feasible.
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9. The positive advantages of the special morphology of the metal loaded systems have to be
established [70, 71].

10. The appropriate functionalization of the support and geometrically controlling the texture of
the support and the interaction with the metal nanoparticles have to rationalized.

11.The rationalization of the optimum compositions (atomic ratio) of bi- and multi-metallic
systems for MOR has to be possible for predicting future anode electrodes [72-74].

12. There are a variety of techniques like electroless and electrodeposition, chemical reduction
methods have been adopted for metal loading, it is necessary that these techniques have to be
properly evaluated and appropriate one has to be formulated [75].

The challenges that one has to face in the commercialization of this technology are:

1. Heat and water management in the cell — The reaction between methanol and oxygen
produce heat and this heat facilitates the methanol crossover. This will lead to a concept of
mixed potential and this situation lowers the efficiency of the cell. This has to be optimized
through appropriate design of the cell.

2. Water transport restrictions — This limitation imposes on the concentration of methanol to
be used in the cell. The flooding in the methanol fuel cell in terms of oxygen supply in
the cathode side has to be addressed.[76]

The DMFC technology will meet the commercialization opportunities in the coming years due to
various factors like the possibility of utilizing the existing infra-structure for outlets, favourable
situation with respect to supply-demand, price fluctuations, regulations [77] investor confidence,
with regional market dynamics. The analysis of important questions regarding the market value in
region-wise is given in ref.78.  Alternate electrode materials like oxides [79] and other materials
similar to the electronic structure like platinum namely carbides have been tried and till date they
have not yet attained the efficiency of Pt anode based DMFC technology.

In essence, all these studies indicate that the penetration in the energy conversion market by DMFC
technology is not only feasible but it will take place in the near future.
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