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The significance of research methodology and the development of different nanostructured electrode
catalysts for the study of direct methanol fuel cells (DMFCs) applications. In this article which has
explained that the multi-disciplinary electrode materials (Carbon fiber, MWCNT, graphene oxide,
metal nanoparticles, bimetallic nanoparticles, metal oxides, conducting polymers and nano composites
etc.), Analyses and electro analytical technologies were applied in a variety of scientific communities.
These kinds of fabricating electrode catalysts have opened the possibilities of the discussed
morphological properties (Size and shape of the particles) and electrochemical parameters like
operating conditions, power density, BET surface area and electrode performance etc. In addition that,
we have more focus on the simple fabrication techniques, compact design, low-cost electrode catalyst,
reliability, stability and improved their energy density of DMFCs.

Keywords: Electrocatalysts, Effect of parameters, Electrochemical techniques, Methanol oxidation,
Direct methanol fuel cells.

1. INTRODUCTION

Direct methanol fuel cells (DMFCs) are promising alternative for power generation
technologies; they transformed chemical energy into electrical power energy due to the simplicity in
device fabrication, high power density and good portability [1-4]. The different carbon based electrode
materials such as carbon fiber, fullerene and MWCNT electrodes have tremendously improved their
(Physical and chemical properties) wide range of applications [5-6]. This article can reflect the three
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generations (Past and future) of different electrode catalysts were used in DMFC analysis. The
electrocatalytic activity of Au-Pt alloy particle modified with cauliflower-like microstructure of Pt/Au
ratio electrodepostion on indium tin oxide (ITO). The electrochemical parameters have been optimized
during the electrolysis of methanol oxidation. Such as electrochemical surface area, peak current
density and electron transfer coefficient (o) [7]. A facile synthesis of carbon supported pseudo-
core@shell PdCu@Pt nano catalyst has been explored extensively studied for DMFCs, such
PdCu@Pt/C composite may lead to the development of enhanced specific activity and large-scale
production [8]. Developing of PtRu catalyst can modified with three different carbon supported
electrode (Vulcan, graphitized carbon nanofiber (GNF) and few-walled carbon nanotube (FWCNT))
with controlled the highest open circuit voltage (OCV) and current densities in DMFC applications.
The non-optimized PtRU/GNF MEAs exhibit good stability and novel carbon supported catalyst for
stable fuel components [9]. Samant et al [10] proposed appropriating synthesis of Pt and Pt-Ru catalyst
using HY zeolite supported electrodes with an anodic oxidation of methanol in an acidic condition.
The zeolite contained electrode catalyst displayed a significant enhanced electrocatalytic activity in the
following orders like HY<Pt/C<Pt(HY)<Pt-Ru/C<Pt-Ru(HY). Although several reviews have been
used to investigate their different electrode materials, fabrication techniques, different environmental
conditions and optimized their mechanical aspects of methanol oxidation in DMFCs applications [11-
15]. Hollow graphitic carbon spheres (HGCSs) has been successfully synthesized through
carbonization of hollow polymer spheres obtained by the polymerization of core-shell structured
pyrrole micelles. In addition that, the catalyst commonly used in DMFCs application and
observed/improved their electrocatalytic activity of HGCSs [16]. Especially, methanol oxidation fuel
cell catalyst was prepared in a way that highly catalytic active Pt supported on sulphated
SnO,/MWCNT (S-SnO,/MWCNT) composite provides a better catalytic activity and CO tolerance for
fuel cell applications [17]. Abida et al [18] found that hydrogeno titanates (HTNs) were prepared from
TiO, powder by hydrothermal (At 30° C for 20 hrs) method. The Pt/HTNs catalyst further annealed at
500° C under air atmospheric conditions for 2 hrs. The nitrogen adsorption-desorption isotherm of
multi-walled nano tubular structure, the BET surface area value significantly increased from 43 to 246
m? g*. In addition, the nano porous structure of CuO/ZnO/AI20; allows for enabling better
electrocatalytic performance of methanol oxidation and increased their BET surface area values [19].
The different morphological electrode materials provided with various potentially electrochemical
applications in energy storage devices (Super capacitor and solar cell) [20-22], pesticide sensor [23]
and biosensors [24, 25] respectively. Palladium nanoparticle supported carbon black (XC-72R) and
TiO,/C electro catalysts have been synthesized by organic colloidal method. The electrode materials
were optimized at 170° C and the electrochemical active surface area (ECSA) value decreased from 22
to 18 m? g™ [26]. Similarly, a novel bamboo charcoals (BC)-supported titanium oxide/tungsten carbide
(TiO,/WC/BC) catalyst that has attracted attention for electro catalysis in DMFCs application. The
resulted synergetic effects between Pt, TiO, and WC, BC act as the new carbon based electrode
materials which taking the role of the intermediate between the other components [27].

In the present study, we have discussed about various types of preparation methods and
different electrode materials for use towards methanol oxidation reactions. Subsequently, we have
highlighted the size and shape of the morphological structures and the optimized electrochemical
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parameters such as annealing effect, effect of morphology and BET surface. The major aim of this
article has been used to investigate the mechanistic aspects, new kinds of methodology and recent
invented electrode catalysts to improve their electrocatalytic performance of DMFCs and its power
density values.

2. ELECTRODE CATALYSTS

2.1. Carbon based catalyst

100 nm

Figure 1. FHR-TEM images of (a) Silica template, (b) Silica—carbon composite after drying, (c)
Silica—carbon composite after aging, (d) Sea-urchin-like three-dimensional carbon, (e) Image
of sea urchin Echinometra mathae. SEM images of (f) Single sea-urchin-like three dimensional
carbons and (g) Cross-section of three-dimensional carbon. ("Reprinted with permission from
(ACS catalysis 4 (2014) 3393-3410). Copyright (2014) American Chemical Society”).

One of the nitrogen doped nickel incorporated carbon nanofiber can be used for direct
methanol fuel cell (DMFCs) applications. The fabricated electrode catalysts have been calcinated from
nickel acetate tetrahydrate (NiAc), polyvinyl alcohol (PVA) and urea under argon conditions at 750° C.
Figure.1 shows FHR-TEM a Pt supported sea-urchin-like three dimensional mesoporous carbons based
materials were prepared by a nano casting method. This kind of carbon materials which can be used as
an emerging catalytic activity in biomass transformation application [28]. The electroactive modified
carbon ceramic platinum nanocomposite has been explored extensively for methanol and ethanol
oxidation. The fabricated catalysts were exhibited long term stability and good reproducibility under
ambient conditions [29]. Aarnio et al [30] have used three different carbon supported (Valcan,
graphitized carbon nanofiber (GNF) and few-walled carbon nanofiber (FWCNT)) electrode materials
fabricated with PtRu catalyst in a direct methanol fuel cell applications. The electrochemical
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performance shows that, PtRu/GNF catalyst reached highest current density than PtRu/FWCNT.
Similarly, the other types of four different Pt-Ru based carbon supported catalyst can be used in
DMFCs, such as functionalized (HNOj3) carbon black, mesoporous carbon (CMK-3), a physical
mixture of TiO, & carbon black and a reference carbon thermally treated in a helium atmosphere
(HeTT). Especially the above kinds of catalysts, the three modified electrodes were obtained better
electrocatalytic activity than the reference HeTT and also the reported highest power density values of
carbon treated with HNO3 (65 mw cm™ / 300 mA cm™) catalyst at 90° C [31]. Another hybrid ordered
mesoporous carbon (OMC) supported tungsten oxide composite has been synthesized by impregnation
of phosphor tungstic acid (PWA) on to OMCs followed by the thermal decomposition under nitrogen
atmosphere at three different temperatures. Specifically, at 500° C catalyst (Pt/OMC-WO3-500)
showed better electrocatalytic activity and significant mass-specific enhancement through methanol
oxidation reaction [32]. A simple method has been the galvanostatic displacement reaction between
carbon supported pseudo-core@shell with PAdCu@Pt (PdCu@Pt/C) catalyst used in DMFCs. In this
facile synthesis is very simple, economical, low cost and it may obtain large scale production [33].
One-dimensional carbon nanofiber supported graphite paper have been prepared by a controlled
enhanced chemical vapor deposition (CVD) method and it was characterized by field emission gun
scanning electron microscopy and XPS. A general observation made from cyclic voltammetry in
H,SO, and H,SO, with methanol to estimate the electrocatalytic activity and its stability [34].

2.2. Carbon nanotube based catalyst

The preparation of a Pt supported LaFeO3 nanoparticle can be modified with carbon nanotube
and chitosan (GC/Pt NPs-LaFeO3 NPs-CNT-CH) composite catalyst by a rapid microwave-assisted co-
precipitation method, for investigating of its electrocatalytic oxidation of methanol. In addition of
LaFeO3; and CNT on Pt nanoparticle, the electrode surface was more porous and to enhance the
catalytic performance of methanol oxidation [35]. Tsai et al [36] investigated the methanol oxidation
using Pt supported dense carbon nanotube and ruthenium nanoparticle (Pt-Ru/CNT) catalyst by
thermal vapor deposition and pulse-mode potentiostatic electrodeposition method as the electro
catalyst in an 0.5 M sulphuric acid conditions. The catalyst exhibits good stability and better
electrocatalytic (1038.25 A g'lpt) activity. Moreover, the electrochemical oxidation of methanol has
been reported on a nanostructured PtRu and Pt dispersed functionalized graphene modified with
functionalized multi-walled carbon nanotube (PtRu/(f-G-f-MWNT)) composite. The carbon nanotube
catalyst has been electrochemically studies for the methanol oxidation by cyclic voltammetry and
chronopotentiometry methods. The electrode fabrication ratios of PtRu/(50 wt % f-MWNT + 50 wt %
f-G) and Pt/(50 wt % f-MWNT + 50 wt % f-G) were acting as an anode and cathode, the observed
power density value of 68 mW cm [37]. Zhao et al [38] reported the preparation of electro active
binary composite Ni@Pd core-shell nanoparticle coated on multi-walled carbon nanotube
(Ni@Pd/MWCNT). The catalyst surface was characterized by SEM analysis, in figure.1.shows that,
tangled, ropes and smooth surface. The core-shell nanoparticle of MWCNT average diameter was
evaluated to be 6-8 nm. The electrochemical test at methanol oxidation reaction conditions showed that
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Pt/Mn3O,-MWCNT catalyst prepared by a simple and low cost method resulted in an electrocatalytic
activity towards the methanol oxidation. Pt/Mn3zO4,-MWCNT composite, which was 1.78 times higher
than that of PUMWCNT and 2.3 times higher than that of PtRU/MWCNT composites [39]. The anodic
catalyst of Pt supported MWCNT modified with methylene blue (Pt/f;-MWCNT) by ultraviolet
irradiation method and it can be used for methanol oxidation fuel cell applications [40]. The efficient
electrocatalytic properties of methanol oxidation on Pt-Ru supported carbon fiber electrode modified
with single-walled carbon nanotube (CFS/SES-SWCNT/Pt-Ru) and CFE/carbon nanofiber (CNF/Pt-
Ru) catalysts have been investigated by SEM and galvanostatic polarization method as shown in Fig.2.
[41].

P
-

~N
Power density, mW cm®

Cell Voltage, V
e ° ©
w ES o

——

e
~N
T

=

01}

O ™05 16 15 20 25 30 35 a0
Current, mA cm”

Figure 2. (A) Scanning electron micrograph showing carbon fiber electrode (CFE) deposited with
SWCNT (B) Power density and galvanostatic polarization data at 25° C of an MEA prepared
using (a) CFE/SES-SWCNT/Pt-Ru and (b) CFE/Carbon nano fiber/Pt-Ru anodes. The cathode
for both MEAs was Pt black at 1.5 mg/cm? dispersed on carbon black (~2 mg/cm?). The
loading of Pt-Ru on anode electrodes was ~0.2 mg/cm? on ~0.5 mg/cm? of carbon support (SES
or C nano fiber). ("Reprinted with permission from (J. Phys. Chem. B 110 (2006) 107-114).
Copyright (2006) American Chemical Society”).

2.3. Graphene based catalyst

Zhang et al [42] have used a simple one-pot microwave-polyol method for the fabrication of
anchor platinum nanoparticle on graphene with poly(diallyldimethyl ammonium chloride) (Pt/PDDA-
G). The small particle size, high concentration and well functionalized graphene supported Pt/PDDA-
G catalysts were optimized better electrocatalytic activity and stability than Pt/graphene through cyclic
voltammetry and chronopotentiometric techniques. Another approach has been the palladium-graphene
nanocomposite from poly vinyl pyrrolidone (PVP)-functionalized graphene oxide and Pd precursor in
the presence of ascorbic acid. By using morphological (TEM) and structural analysis, Pd nanoparticle
was obtained in crystalline nature and the crystallized particle diameter of about 8.5 nm [43]. A simple,
facile approach to prepare a two-dimensional sandwich-like platinum supported reduced graphene
oxide (Pt/Mn3O4/RGQO) nanocomposite has been explored in the enhanced electrochemical
performance in methanol oxidation. In this Pt/Mn304,/RGO catalyst, which can be greatly reduced the
over potential, long term stability and excellent electrocatalytic activity towards the methanol



Int. J. Electrochem. Sci., Vol. 11, 2016 511

oxidation [44]. The methanol oxidation reaction has been studied on graphene nano sheets (GN)
modified with Prussian blue and platinum nanoparticles (Pt/PB/GN) composite. The catalyst has been
used for the high stability towards methanol oxidations and the significant enhancement of the
electrocatalytic mass activity values of 445 mA mg'lpt [45]. Platinum supported graphene modified by
CeO;, (Pt-CeO,/GN) hybrid was synthesized by a two-step method such as hydrothermal method and
impregnation chemical reduction method. The electrocatalytic activity of the average diameter (4.1
nm) graphene modified for direct methanol fuel cell applications [46]. Zhai et al [47] have used Pt
nano flowers supported highly ordered TiO, nanotube arrays (TNTs) by the modification of reduced
graphene oxide (RGO) (Pt-TNTs/RGO) catalyst exhibited a remarkable and photo catalytic response
of methanol (Fig.3)
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Figure 3. (A & B) SEM images of Pt-TNTs/RGO nanostructures (C) Photocurrent responses of (a)
TNTs, (b) Pt-TNTs and (c) Pt-TNTs/RGO electrode under light irradiation in 1.0 M CH3OH +
0.5 M KOH solution recorded at -0.3 V. The illumination from a Xe lamp was interrupted
every 30 s. ("Reprinted with permission from (ACS Appl. Mater. Interfaces 6 (2014) 17753-
17761). Copyright (2014) American Chemical Society”).
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2.4. Conducting polymer based catalyst

Jiang et al [48] introduced an electrochemical method to produce a Pt based free-standing
poly[poly(N-vinyl carbazole)] (PPVK) as support (Pt-M/PPVK, M = Pd, Pt and Ru) electrode. This
method was useful to increase the catalyst surface functional sites of Pt-M/PPVK catalyst, which was
tested for fuel cell reactions. Gao et al performed four different carbon based electrode materials such
as Pt, GCE, bare solid carbon paste electrode (SCPE) and poly(2-amino-5-mercapto-1,3,4-thiazole)
(PAMT).
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Figure 4. (A and B) TEM image and SAED of PEI-capped Pt NPs with superimposed rings indexed to
FCC Pt to guide the eye (C) Cyclic voltammetry (vs Ag/AgCl) plots for methanol oxidation
reaction catalyzed by a [PEI-capped Pt NPs/(PEDOT:PSS)] multilayer working electrode at
0.050 V/sec in 0.1 M H,SO,4 and 2M CH3;OH. ("Reprinted with permission from (ACS Appl.
Mater. Interfaces 4 (2012) 3575-3583). Copyright (2012) American Chemical Society”).

The combination of SCPE/PAMT catalyst showed superior electrocatalytic properties than
others [49]. Wang et al [50] reported that a platinum micro particle interface on conducting polymer
modified with nichrome matrix (Pt/PAn/Nc) catalyst by a simple and green approach method for
methanol oxidation. The electrode observed anti-CO poisoning capacity, decreased the electrode cost
and very simple. The polyethyleneimine-capped platinum nanoparticles (PEI-PtNPs) have been
synthesized by photoreduction method and it can be characterized by TEM (Fig.4 (A) & (B)). This
catalyst (PEI-PtNPs) which can be modified with conducting polymers of poly(3,4-ethylenedioxy
thiophene:poly(styrene sulfonate) [(PEDOT:PSS)'Na']. The catalyst [PEI-capped
PtNPs/PEDOT:PSS],o exhibiting the best improvement of active catalyst for methanol oxidation
(Fig.4C) [51]. The electrochemical preparation of Pt supported polyindole (Pt/PIn) and poly(5-



Int. J. Electrochem. Sci., Vol. 11, 2016 513

methoxy indole) (Pt/PMI) catalysts have been used for methanol oxidation. The resulted catalyst
exhibits higher catalytic activity and stronger poisoning tolerance than Pt/polypyrrole/GC and Pt/GC.
By applying electrochemical impedance spectroscopic (EIS) analysis, the charge-transfer resistances
for methanol oxidation on Pt/Pin/GC and Pt/PMI/GC catalysts are smaller than the others [52].
Another approach has been the electro polymerization of aniline and its derivatives on pre-treated
aluminium and platinum (Al/Pt) electrodes. The applied electrode potential was swept between -0.2 to
1.0 V vs SCE using 0.1M H,SO,4 and 0.1M aniline. The Pt supported polyaniline matrix showed
enhanced the electrocatalytic activity towards methanol oxidation reactions [53]. Radiolysis and salient
synthesis aspects were viable approaches in the preparation of conducting polymer (Poly (diphenyl
butadiene) (PDPB)) supported palladium nano plate (PDPB/Pd) hybrid has been used in DMFCs. The
composite was developed in a real passive DMFC and the enhancement of catalytic activity [54].

2.5. Metal nanoparticle based catalyst
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Figure 5. (A) TEM image of Pd nanoparticles obtained under nitrogen atmospheres (B) Nitrogen
adsorption/desorption isotherms for the sample obtained in air atmosphere, and the inset is the
corresponding BJH pore size distribution curve. ("Reprinted with permission from (ACS Appl.
Mater. Interfaces 3 (2011) 2425-2430). Copyright (2011) American Chemical Society”).

The electrocatalytic oxidation of methanol on a mono dispersed Pd nanoparticle catalyst has
been reported. The morphological studies (10 nm) and BET surface area analysis (40.1 m? g) have
been evaluated by TEM and N, adsorption/desorption isotherm curve shown in Fig.5 [55]. The
Volmer-Weber growth mechanism of palladium nanoparticles were synthesized on platinum electrode
by pulse electro deposition containing 1mM K3PdCl, in 0.1M H,SO,. The crystalline resulted catalyst
was exhibited good electrocatalytic activity performance towards the oxidation of formic acid and
methanol [56]. A novel ion exchange method for synthesis of molybdenum carbide (Mo,C) particle
incorporating on carbonized resin (C-Mo,C) and the diameter of the Mo,C particles can be easily
controlled by Mo precursor concentrations. The synergetic effect of Pt/C-Mo,C was obtained higher
electrical current enhancement than Pt/C [57]. Sawy et al [58] have reported that co-electro deposition
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(co-ED) of mixed iridium and platinum (Pt-Ir) thin film caused a great in electrocatalytic activity for
methanol oxidation reaction. Yao et al [59] found by use of scanning electron microscopy that
platinum nanoparticles were uniformly deposited on reducing graphene sheets. They found the
catalytic activity to be depending on Pt loading in the film thickness. A novel three-dimensional N-
Pt/RGO/CF catalyst showed good electrochemical properties of methanol electro oxidation reaction in
alkaline conditions. The chemical vapor deposition (CVD) is advantageous over the chemical rout
synthesis of silver deposited titania (Ag/TiO2) nanocomposite thin film. Moreover, the nanocomposite
has been applied the photo electrocatalytic performance of methanol oxidation reaction under
simulated solar AM 1.5G irradiation conditions [60]. Hosseini et al [61] explored a novel and facile
method for the preparation of a bimetallic (Pt-Cu) based poly(o-Anisidine) (POA) through
electrodeposition on carbon paste electrode (Pt-Cu/POA/pCPE). The electrocatalytic study of methanol
oxidation showed satisfactory results and low-cost preparation technique.

2.6. Bimetallic nanoparticle based catalyst

A mixture of Iry(CO)12/Rhe(CO)16 has been used as the pyrrolysis method in the formation of
Rh-Ir catalyst for DMFC. The electrode materials can be applied for the reduction of oxygen, hydrogen
and oxidation of methanol in 0.5M H,SO,. The resulted new kind of catalyst showed good potential
candidate to be evaluated in both anode and cathode in a reforming of polymer electrolyte membrane
fuel cell (PEMFC), and as an anode applied in DMFC [62].
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Figure 6. (A) TEM images of PPyNT-Im-Au hybrids (B) Photograph of colloidal aqueous solution
containing 0.1 mM (a) PPyNT-Im-Au, (b) PPyNT-Im-Pt;Aug, (c) PPYNT-Im-PtsAus, (d)
PPYNT-Im-PtsAu, and (e) PPYNT-Im-Pt hybrids (C) CVs (Scan rate: 50 mV s ') of PPyNT-
Im-Pt, PPyNT-Im-PtgAu, and Pt NPs hybrids for methanol oxidation at 0.6 V (vs SCE).
("Reprinted with permission from (ACS Appl. Matter. Interfaces 5 (2013) 2752-2760).
Copyright (2013) American Chemical Society”).

The bimetallic electrode of Pt-M (M = Fe, Co and Ni) has been used as the chemical oxidation
of carbon nanotube to form a new Pt-M/CNT composite. The study of electrocatalytic oxidation of
methanol, cyclic voltammetry and chronoamperometry experiments showed highest electrocatalytic
activity, CO tolerance and excellent stability for the positive development of DMFCs [63]. Recently,
polypyrrole nanotube imidazolium moiety can be modified with Pt-Au alloy nanoparticles (PPyNT-
Im-PtgAu,) hybrid has been synthesized by covalently attached imidazolium moiety. By using TEM
(Fig.6A) analysis, the morphological mean diameter value of ~13.2 nm and Fig.6 (B) shows the
photograph of various dispersed aqueous solution containing different catalysts. The observed results
were clearly indicated that, PPyNT-Im-PtgAu, hybrid exhibited well dispersed effect due to the mutual
interaction between Au and Pt. Fig.6 (C) shows the well defined voltammogram peak current value of
PPyNT-ImPt (0.36 A mg™) and PPyNT-Im-PtgAu; (0.25 A mg™) obtained higher current than that of
PtNPs [64]. Giorgi et al [65] prepared an innovative platelet carbon based nanofiber and bimetallic of
Pt-Au (PtAu/pCNF) nano catalyst by plasma enhanced chemical vapor deposition (PECVD) using
methane and hydrogen as precursor. The matrix (PtAu/pCNF) was investigated the electrocatalytic
oxidation of methanol. The one-step simple reduction rout to synthesize a bimetallic nanoparticles (Pt-
Pd NPs) supported graphene (G) (Pt-Pd NPs/G) composite provided a novel superior electrocatalytic
activity and good stability towards methanol oxidation reaction [66]. A rapid reducing method has also
been used to prepare well aligned magnetic Pd-Co bimetallic nanoparticle supported on reducing
graphene oxide sheets (Pd-Co/RGO). The electrode surface of TEM analysis, the mean average size of
Pd-Co bimetallic nanoparticle was obtained about 10-13 nm [67]. Dong et al [68] have used a well
distributed Pd/Cu bimetallic nanoparticles were deposited on graphene nano sheets (Pd/Cu/Graphene)
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for direct ethanol fuel cell (DEFCs) applications. The hybrid of Pd/Cu/Graphene-3 catalysts exhibits
optimal electrocatalytic activity and reached the highest electrocatalytic activity value I; of 392.6 mA

-1
mg pd.

2.7. Metal oxides based catalysts

A graphite-based Pt supported electrode modified with In+Pb oxide has been obtained through
the innovative electrochemical application of methanol oxidation reactions. The oxide based catalyst
obtained very low oxidation potential (-30 mV), highest electrical conduction and sufficient electrode
stability [69]. Huang et al [70] used a heterogeneous strong coupled with metal and metal oxide (Pt-
SnO;) can be modified with graphene oxide (Pt-SnO,-prGO).
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Figure 7. (A) HRTEM images of SnO,-prGO (B) CV curves on Pt-SnO,-prGO, Pt/C, and Pt-rGO in
2M CH3OH + 0.1 M H,SO, solution with a sweep rate of 50 mV s*. ("Reprinted with
permission from (ACS Appl. Mater. Interfaces 6 (2014) 10258-10264). Copyright (2014)
American Chemical Society”).

The morphological (Fig.7 (A) STEM,) and unexpected higher methanol oxidation synergetic
peak current density of Pt-SnO,-prGO catalyst was 739.8 mA mgp{1 (Fig.7 (B)). The low temperature
hydrothermal method has been used to create a platinum supported lanthanum-doped tantalum oxide
(La-Ta,Os/Pt) irregular with aggregation nanoparticle. By using density functional theory (DFT)
calculation, which can be estimated the improvement of electrical conductivity and electrocatalytic
activity of Ta,Os [71]. The electrochemical method using tantalum oxide-modified Pt based novel
catalyst, opening up a new application for fuel cell studies in acidic medium. The modified electrode,
concurrently with a favorable shift of the onset potential of methanol oxidation and the investigated
apparent activation energy E, value of 39 KJ mol™ [72]. A simple washing and the ultrasonically
treated rout was applied to prepare PUMWCNT and a nanocomposite of Pt supported manganese oxide
with MWCNTSs (Pt/MnO,-MWCNTS). These catalysts were examined through cyclic voltammetry and
linear sweep voltammetry. The exhibited methanol oxidation catalytic current enhancement value of
3.5 times higher for PUMWCNT and 4.6 times higher for Pt/MnO,-MWCNTSs. Similarly, the electrode
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surface area value of 29.7 for PUMWCNT and 89.4 m* g™ for P/MnOx-MWCNTs [73]. Huang et al
[74] used a facile method to prepare the two-dimensional sandwich-like Pt/Mn3;O4/reduced graphene
oxide (RGO) nanocomposite for fuel cell applications. Zeng et al [75] investigated the methanol
oxidation on an ordered mesoporous carbon doped electrode modified with tungsten hybrid (OMC-
WO3) composite which was prepared by template and thermal decomposition method.

2.8. Polymer electrolyte based fuel cell

The electrocatalytic effects of PtRu/C anode have been reported for mixed reduction of solid
polymer-electrolyte direct methanol fuel cell (SPE-DMFCs) applications. The cathode of RuSe/C
yielded the high performance and the achieved power density value of approximately 50 and 20 mW
cm? [76]. The membrane scalable of LaNiOs/CNT catalyst can be obtained by the sol-gel method
using 60 wt % acetylene black, 40 wt % polytetrafluoro ethylene, 30 wt % of a noble metal (Ni) and 45
wt % of CNT were mixed in to slurry and then coated with uniformly. The membrane catalyst was
annealed at 340° C for 1 hr and it can be used for DMFC can reach the power density value of 103 mW
cm? [77]. The electrocatalytic active Pt(Cu)/C and Pt-Ru(Cu)/C catalysts have been prepared by
potentiometric deposition and galvanostatic exchange method on Vulcan carbon XC72R. The catalysts
have been explored higher activity and enhanced specific current for methanol oxidation [78]. Higa et
al [79] used a block type of polymer electrolyte membrane (PEMSs) were prepared by casting method
of poly(vinyl alcohol-b-styrene sulfonic acid) and by cross-linking the PVA chains with
glutaraldehyde (GA). The block type of PEMs was reported 32.4 mW cm™ of P under 116 mA cm™
of loaded current density. Another approach has been the proton exchange membrane (PEM) with an
interpenetrating network of polyvinyl alcohol and poly(vinyl alcohol-co-2-methyl-1-propane sulfonic
acid). By applying the PVA based PEM membrane delivered a maximum power intensity value of
(Pmax) 2.4 mW cm using 2M methanol [80]. Katiyar et al [81] reported the comparative analysis of
six multiple reactor R configurations, namely FBR; (Fixed bed reactor), MR; (H; selective membrane
reactor with one reaction tube), MR, (H, selective membrane reactor with two reaction tube), FBR;
(FBR; + Preferential CO oxidation (PROX reactor)) and MR, (MR, + PROX). In these membrane
based reactors, MR4 generates compact and innovative fuel cell of methanol oxidation, which
exhibited 470 W PEMFC.

2.9. Composite based catalyst

The preparation of Pt-Co bimetallic compounds were deposited on polypyrrole-multi-walled
carbon nanotube composite by in situ polymerization method, for the investigation of its reduction rout
to the development of an anode catalyst for direct methanol fuel cells (DMFCs). The composite
reached good CO-tolerance ability and great potential for DMFCs [82]. Zhou et al [83] developed an
electrocatalytic performance of methanol oxidation based on a novel modified composites of platinum
supported poly indole (Pt/Pin/GC) and poly(5-methoxy indole) (Pt/PMI/GC) in a electro deposition
method. The Pt/Pin/GC and Pt/PMI/GC catalysts were revealed higher catalytic activity and strong
poisoning-tolerance. Electrochemical impedance spectroscopy also used to measure the charge-transfer
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resistance for methanol oxidation. Methanol oxidation fuel cell based on Pt-Co supported
polyphosphazene modified with carbon nanotube was reported [84]. The composite fuel cell showed
good distribution, small particle size and high mass activity.
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Figure 8. TEM images of PtlrTeNTs under different magnification (A) 200 nm, (B) 100 nm and (C)
CV curves of PtIrTeNTs, PtTeNTs and Pt/C catalysts in 0.5M H,SO4+0.5M CH3OH solution at
the scan rate of 50 mV s. ("Reprinted with permission from (ACS Appl. Mater. Interfaces 6
(2014) 21986-21994). Copyright (2014) American Chemical Society”).

A bimetallic of PtAu nanoparticle supported on polydopamine and modified with reduced
graphene oxide (PtAu/PDA-RGO) catalyst has been investigated for the active catalyst for methanol
oxidation reaction. The PDA plays an important role in the enhancement of dispersion and the stability
of electrocatalytic activity. Bimetallic catalyst of PtAu/PDA-RGO exhibit better catalytic activity than
mono catalytic Pt catalyst [85]. A nickel based TiO, nanotube array (Ni/TiO, NTs) composite showed
remarkable enhanced catalytic activity and excellent stability for methanol oxidation reaction under
illuminated conditions [86]. Hao et al [87] was used a wet chemical method to developed ultra long
PtlrTe nanotubes (NTs) (PtIrTeNTs). Fig.8 (A) & (B) shows the two different magnification TEM
images of PtlrTeNTs, Pt component presented a nano dendrited array on the surface of IrTeNTs. In
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Fig.8 (C) of PtIrTeNTs catalyst exhibited higher electrocatalytic activity (495 mA cm™) than other
Pt/C catalyst.

3. EFFECT OF PARAMETERS

3.1. Annealing effects

G e i
1.6 Commercial Pt l"
1.2

—

- 0.8
04-
0.0

0.0 0.4 0.2 0.3 0.4 0.5 0.6 0.7
E/V vs. Ag/AgCl

Figure 9. TEM images of (A) the Pt3Sn as prepared and (B) the Pt3Sn Annealed (under Ar + 5% H, at
400° C for 1 h) (C) CVs of J-V curves reflecting MOR catalysis in 0.1 M HCIO,4 and 0.1 M
methanol with a potential sweeping rate at 50 mV/s. ("Reprinted with permission from (ACS
Catal. 1 (2011) 1719-1723). Copyright (2011) American Chemical Society”).

The enhanced electrocatalytic activities bimetallic nanowires of Pt3Co catalyst has been
prepared by template-assisted pulsed electro deposition method. The catalysts were annealed at
different thermal treatments such as 200, 400 and 600° C, moreover the exhibited better
electrocatalytic activities and magnetic properties were occurring at 200° C [88]. Another study by
Prabhuram et al [89] made a membrane electrode assembly (MEA) by decade method for direct
methanol fuel cell applications using commercial hydrocarbon membrane and nafion isomer. The
catalyst was observed that decreased the stability only by 34 % degradation at the end of 500 Hrs.
Recent literature demonstrated that, a core-shell structure of Bucky diamond (BD) has been prepared
by annealing detonation-synthesis nano sized diamond in 10 pa vacuum at 900 - 1100° C.
Microwave-assisted reduction method, which can be used to prepared a Pt supported BD and ND
catalyst. The electro oxidation of methanol exhibits higher catalytic activity and higher stability for
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Pt/BD than Pt/ND [90]. A chemical method to form a mono dispersed Pt;SnNPs catalyst was subjected
to methanol oxidation reaction. The TEM images showed (Fig.9. (A) & (B)) as-prepared Pt3SnNPs &
annealed (180° C - 240° C) Pt3SnNPs. The annealed catalyst exhibited higher catalytic activity for
methanol oxidation reaction as shown in Fig.9 (C) [91]. Simple hydrothermal and thermal solid state
methods also led to the formation of two types of nitrogen-doped graphene catalysts. In this electrode
catalysts were discussed few electrochemical and fuel cell parameters like, current density, power
density, Tafel slope and resistance etc. In these electrode catalysts, Pt/NG180 + MWCNT exhibits
maximum current density (1.20 A cm™) and the reported power density value of 704 mW cm™ [92].
The thermal decomposition method was employed to obtain a Pt based ruthenium oxide (PtyRu(1-xOy),
which can be evaluated towards the methanol oxidation reaction. Notably, the electrode annealed at
400° C reported better structural and chemical properties favored during the calcinations processes
[93].

3.2. Effect of morphology

A three-dimensional multi-component nano porous platinum-ruthenium-copper-osmium-
iridium (np-PtRuCuOslr) catalyst has been fabricated by chemically de-alloying of a mechanically
alloy of AICuPtRuOslr precursor. The fabricated np-PtRuCuOslr catalyst exhibit higher mass activity
value of 857.5 mA mg'lpt and the specific activity value of 3.0 mA cm™ for methanol oxidation. The
bi-continuous ligament/channel structure with an average diameter value of ~2.5 nm and it can act as
excellent catalytic activity as well as CO tolerance towards methanol oxidation reaction [94]. Wu et al
[95] reported the nano structured of poly(aniline-co-metanilic acid) catalyst prepared by chemical
oxidative polymerization of aniline (Ani) and metalinic acid (Maa) (Ani/Maa). The Ani/Maa catalysts
have been optimized with various molar ratios such as 40/1, 20/1, 10/1, 4/1, 2/1 and 1/1 respectively.
From the TEM images were clearly indicated, the black spots of Pt nano particles. Specifically, P(A10-
M)-Pt electrode surface is clearly reported the smaller particle size range of 10-20 nm than the other
electrodes and it can be (uniform distribution and special neutral structure) expected to be very
promising for methanol oxidation. Recently, platinum supported graphene oxide (GO) (Pt/GO) catalyst
has been reported in the literature. The surface morphology of the layered structure of GO sheets and
the agglomerated Pt nano particles were dispersed on the GO surface. The smaller particle size value
around 2-3 nm and the catalyst exhibit better catalytic activity and higher reactivity [96]. The multi-
component nano porous PtPdAICu(np-PtPdAICu) quaternary alloy electrode has been prepared by
ball-milling with the subsequent-two step de-alloying processes. The catalyst exploited as an electrode
in methanol oxidation. The contrast nano porous np-PtPdAICu alloy was studied elemental analysis by
using STEM and EDX mapping analysis. On the other hand, the voltammetry mass normalized current
density of np-PtPdAICu catalyst methanol oxidation reaction highest exhibited electrocatalytic activity
of 360.8 mA mg'lpt than Pt/C (183 mA mg'lpt) [97]. Gharibi et al [98] studied a platinum supported
polyaniline was electro polymerized from the aniline monomer and it was further electro reduced onto
the carbon paper (Pt-PANI/Carbon paper) catalyst used for DMFC. The surface morphology of PANI
appears highly porous to increase the PANI thickness and decreased the Pt particle size about 4 nm.
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The surface roughed Pt nano wires have been evaluated by Ruan and his co-workers and reported that
the methanol oxidation of surface roughed Pt catalyst better catalytic activity value of 109.5 mA mg'lpt
and it can be contribute the improvement of catalytic performance [99].

3.3. BET surface

A nano structured carbon supported Cu@Pt-Pd core-shell electrode was evaluated the
maximum electrochemical surface area (ESCA) value of 136 m? g™*. In this type of galvanic deposited
nanostructure of Cu@Pt-Pd catalyst applied the electrocatalytic activity for methanol and ethanol
oxidation reaction [100]. The meso porous nanostructure of sodium dodecyl sulfate (SDS)-assisted
nickel cobaltite (NiCo0,0,4) catalyst has been prepared by a facile hydrothermal method. NiCo,0,
exhibit a typical nano scale crystalline hexagonal morphology and its specific surface area (SSA) and
mesopore volume estimated of 88.63 m? g™ and 0.298 cm® g™. Notably, SDS-assisted NiC0,0,
electrode showed better electro oxidation (CH3OH) and large surface intensities between Co and Ni
[101]. The other interesting unprotected PtRu based nitrogen-doped carbon nano horns (PtRu/NCNHSs)
exhibits obvious enhancement of methanol oxidation reaction (MOR). The MOR of electrode mass
activity value of PtRU/NCNHSs at 850 mA mgpr, than that of PtRU/C-JM (341 mA mg ™ pru) [102].
Zhang et al [103] used PtRu nanoparticle supported nitrogen-doped mesoporous carbon (NMPCs) and
the structural characteristics of ultra high NMPCs BET surface area value of 1960 m? g™* and its pore
volume of about 1.16 cm® g*. By using the prepared PtRu/NMPCs catalyst displayed much higher
catalytic activity and good stability for methanol oxidation. A Pt-decorated 3D architecture built from
graphene and g-C3Ns (Pt/G-CN) nanosheet array as-prepared by sonication suspension method
displayed anode electro catalyst for methanol oxidation. The electro activity of Pt/G-CN architecture
has been investigated by cyclic voltammetry method. Pt/G-CN architecture was identified their
electrochemical active surface area (ESCA) of 69.0 m? g™ by Columbic charge hydrogen adsorption
method [104].
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Figure 10. (a) TEM of the P/CrN catalyst (b) BET surface area of mesoporous CrN prepared by
ammonolysis of K,Cr,O7 at 700° C for 8 h (¢) Cyclic voltammograms of Pt/CrN catalyst as
compared to Pt/C catalyst in 0.6 V in 1 M CH30OH + 0.5 M H,SO4 Solution. ("Reprinted with
permission from (Chem. Mater. 25 (2013) 1783-1787). Copyright (2013) American Chemical
Society”).

The two distinct graphene sheets (wavy graphene and vacuum-promoted graphene) where the
growth of platinum nanoparticles and they (w-GN/Pt & VPG/Pt) have been widely used as electrodes
in methanol oxidation. Recently, studies have shown that the average size of Pt Nps on the wavy
graphene sheets around 2 nm and the BET analysis showed the specific surface area (SSA) value of
VPG 356 and w-GN for 431 m? g respectively [105]. Yang et al [106] demonstrated novel kinds of
platinum supported meso porous chromium nitride (Pt/CrN) and Pt/C for electrochemical applications.
These types of electro catalysts were optimized the electrochemical active specific surface area
(ESCA) value (Fig.10.b) of 82 and 75 m? g. In Fig.10.a, the TEM image of the CrN pores on the
scale of 5-10 nm. On the other hand voltammetric analysis (Fig.10.c), showed greater catalytic activity
for methanol oxidation.
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4, TECHNIQUES FOR MOR

4.1. Cyclic voltammetry

E 1V vs. Ag/AgCI

Figure 11. (A) TEM images of 6.5 nm Pds;Pt3; NPs (B) J-V curves reflecting MOR catalysis of NP
catalysts in 0.1 M HCIO4 and 0.1 M methanol. ("Reprinted with permission from (Chem.
Mater. 23 (2011) 4199-4203). Copyright (2011) American Chemical Society”).

A facile synthesis of polyhedral PdPt alloy nanoparticle has been synthesized from morpholine
borane reduction of Pd(acac), and Pt(acac), in oleyamine. Fig.11. (A) & (B) TEM image shows the
typical mono dispersed a uniform surface catalyst used in the electrocatalytic oxidation of methanol
[107]. Polyaniline (PANI) modified with para toluene sulfonic acid (PTSA) by doping-de-doping-re-
doping resulted in PANI-PTSA composite, further it can be modified with Pt on the electrode surface
(P/PANI-PTSA). The catalyst was characterized by electrochemically and it (Pt/PANI-PTSA) was
used for methanol oxidation at the Pt electrode surface in 1M CH3;OH [108]. Miao and Tao [109]
performed on the silicone micro channel plates (MCP) modified with nickel, palladium (Ni-Pd) nano
particles by the electroless plating method. The catalyst of Ni-Pd/Si-MCP showed a remarkable
electrocatalytic activity towards the methanol and ethanol oxidation by using cyclic voltammetry and
chrono potentiometry in alkaline medium. A three-dimensional electrode Pt on a polypyrrole treated
polystyrene sphere (Pt/Ppy/PS) catalyst, making a profound impact in electrochemistry due to its
remarkable electrochemical properties of methanol oxidation. The sphere type of Pt/Ppy/PS electrode
catalysts exhibit particle size range around 200 nm — 2um and it could be big and small holes like
structure. The authors have optimized different kinds of catalysts electrochemical surface area
behaviors like Pt/Ppy/200nmPS, Pt/Ppy/450nmPS, Pt/Ppy/200nm-2umPS and E-Tek Pt/C electrodes
were found to be 33.5, 67.5, 72.5 and 32.5 m? g respectively [110]. Cooper et al [111] used the
ternary alloy systems of Pt-Ru-W and Pt-Ru-Co were examined for used as anode catalyst in DMFCs.
The identified results were clearly indicated that the composition as being active for methanol
oxidation in the short term may act under longer steady state conditions. This is due to explained that
high surface area powders in a more efficient catalyst in fuel cell atmosphere. The membrane electrode
assembly (MEA) has been prepared by “two-step conditions method” for power-generation
improvement of DMFCs. Thus the optimized conditions containing terms 9 to 10 Hrs, H, containing
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temperatures 80° C, the significant improvement of maximum power density values are 69.4 mW cm™

for 1 mol dm™, 48.8 mW cm for 5 mol dm™, 32.2 mW cm™ for 10 mol dm™ [112].
4.2. Electrochemical impedance spectroscopy (EIS)

Platinum supported carbon based catalyst was modified with metal oxides (CeO,, TiO, and
Sn0Oy), they can easily act as enhancing agent for efficient acceleration of electron transfer between
electrode and the detection molecules, leading to more rapid electro oxidation of methanol (0.5M
CH3OH) by EIS analysis [113].
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The gas diffusion electrode is another attractive modified surface carbon (Ketjen black)
supported Pt3Co catalysts were used methanol fuel cell applications. The electrochemical parameters
of charge-transfer resistance (Rct), double-layer capacitance, relaxation resistance and relaxation
induction have been evaluated by EIS. The catalytic activity of Pt;Co/KB reported a remarkable power
density value of 31 mW cm™ [114]. A nano particulate PtRu fuel cell anode of a commercially
available membrane electrode assembly (MEA) displays fascinating electrocatalytic properties for the
mechanistic investigation of methanol oxidation by EIS. Particularly, before the onset potential
gradually increasing the Rct values with potential attributed to the blocking of active surface area. On
the other hand, the gradual decreases of Rcr value with increasing after the onset potential values
[115]. Electroctalytic oxidation of methanol was investigated by two different electrodes such as the
Pt-Ru-Ni/C and Pt-Ru/C. By these analyses, they have discussed three different rates-determining step
of oxidations like dehydrogenation, oxidation reaction adsorbed CO,q¢s and OH,gs in the low potential
region (400-500 mV) and high (600-800 mV) potential for oxygen evolution. The higher
electrocatalytic methanol oxidations were reported at Pt-Ru-Ni/C catalyst than that of Pt-Ru/C [116].
Seo et al [117] investigated the electrochemical impedance study of DMFCs operated under various
conditions such as temperature, methanol flow rate, methanol concentrations, cathode flow rate and
type of oxidant gas. All the above parameters only a maximum performance of DMFC was achieved
by the reduced impedance at a methanol concentration of 1M with oxygen as the oxidant gas as shown
in Fig.12. Chen et al [118] developed a novel mathematical stimulated model by using EIS for the
cathode of DMFCs. In this EIS pattern was strongly dependent on the applied electrode potential,
which can be used to optimize the Rct value and CO adsorption relaxation.

4.3. Tafel slope
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Figure 13. Tafel plots for Aug,Pt;1s/C (a) (treated at 500° C) and PtRu/C (b) catalysts (on GC electrode,
0.07 cm?) in 0.5M KOH with 0.5 M methanol. ("Reprinted with permission from (Langmuir 22
(2006) 2892-2898). Copyright (2006) American Chemical Society”).
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Girishkumar et al [119] used in varying amounts of thin film based single-walled carbon nano
tube (SWCNT) by electrophoretic deposition method for methanol oxidation. The two-distinct Tafel
slopes were discussed into two regions, one exhibit lower current region and other obtained higher
current at CNT/Pt electrode. From the slope, the onset potential of methanol oxidation suggests that the
CNTs have a major catalytic effect on the electrode surface reaction. The as-prepared nano clusters of
Pt;RhNC wrapped by a formic acid reduction in the development of potential electrocatalytic oxidation
of methanol. The catalyst showed a mass activity value of 1392.5 ma mg™ and the current (li/I,) ratio
nearly 3-fold higher than that of Pts3RhNC/VC. By using Tafel slope, the electrochemical investigation
has been estimated for the possible mechanistic pathway [120]. Based on a novel carbon supported
bimetallic AuPt nanoparticle (AuPt/C) has been investigated the electrocatalytic methanol oxidation
reaction (MOR). The comparative study of the Tafel curve (Fig.13), Aug,Pt;s/C (Annealed at 500° C)
and PtRu/C catalyst in 0.5M methanol under alkaline conditions. Here Aug,Pt;s/C catalysts exhibit 148
mV/dec, which was greater than that of PtRu/C [121]. In another study, cyclic voltammetry and
rotating disc electrode (RDE) techniques were developed based on carbon-supported Pt-Ru electrode
catalyst for the evaluation of methanol oxidation. The fuel cell showed oxidation irreversible behavior
of an exchange current density of 2.3 x 10° A cm™? and Tafel slope value of 113 mV dec™. The
possible proposed methanol oxidation sequence on Pt-Ru catalyst in a fuel cell configuration can be
strongly affected by the mass-transport conditions [122]. Gonzalez et al [123] developed a micro-wave
assisted chemical reduction method was fabricated PtSnO,/C catalyst as an anodic active material for
DMFCs. Tafel study has been used for the investigation of some kinetic parameters like charge-
transfer coefficient and electrode catalytic performance. The electrode catalyst was reported to be
stable up to 150 cycles. The electro oxidation and mass corrected slopes were applied for the studies of
methanol oxidation with the catalytic performance of carbon supported PtRuMo/C catalyst showed the
highest tolerance to methanol intermediates and the founded Tafel slope values 0.060 V decade™
[124].

4.4. Polarization curve

Chen et al [125] have used blended learning fitting algorithm (BLFA) method of polarization
curves for fuel cell applications. The algorithm, simulated with MATLAB environment, which was
less than 0.15% time consuming of classical non-linear least square estimation. The algorithm model
exhibits accurately fitted with an average quadratic error of 0.6% Eoc for PEMFC and 1.14% for
DMFC. Bruno et al [126] investigated PtRu nanoparticle supported on a mesoporous carbon (MC)
(PtRu/MC) anode catalyst for electrocatalytic applications. In Fig.1shows the polarization and power
intensity curves were explained that a better electrochemical performance of PtRu/MC catalyst at 30°
C and 60° C, the yielded power intensity values of 40 and 67 mW cm™. Moreover, the methanol
oxidation exhibited higher current densities and reduced the over potential values. Kang et al [127]
established the shape controlled synthesis of cubic and spherical bimetallic nanocrystals of Pt-ZnNCs.
This electrode catalyst was highly active towards methanol oxidation with spherical shape catalyst
exhibited higher activity than cubic NCs as shown in Fig.14. Poly(vinyl alcohol)/sulphated p-
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cyclodextrin composite catalyst has been prepared by the proton exchange method for DMFCs
applications.
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Figure 14. Polarization curves of methanol oxidation on alloy phase Pt-Zn/C and intermetallic phase
Pt3Zn/C catalysts. ("Reprinted with permission from (ACS Nano 6 (2012) 5642-5647).
Copyright (2012) American Chemical Society”).

However the proton conductivity and methanol permeability were exhibited in high reducing at
353K and 2M methanol [128]. The corrosive resistance performance of SS3 6L (Stainless steel
electrode) catalyst has been tested by electrochemical impedance spectroscopy (EIS), the test showed
the polarization resistance value of untreated and treated SS316L were obtained 1191 Q cm? and 9335
Q cm? respectively. By using SS36L catalyst, the electrocatalytic oxidation of methanol was achieved
the power intensity value of 1.18 mW cm™ at ambient condition [129]. Platinum and Pt-Ru supported
multi-walled carbon nanotubes (PtYMWNT and Pt-Ru/MWNT) have been synthesized by CVD and
chemical reduction methods using AB3 alloy hydride catalysts. The high performance of DMFC has
been used the electrode catalyst of Pt-Ru/MWNT, the reported maximum power density value of 39.3
mW cm™ at a current density of 130 mA cm™ [130].

4.5. Electrode performance

A significant study of hydrous ruthenium oxide (RuO,.xH,0O) catalyst provides the dynamic
response and quasi-steady state performance of the DMFC. There has been only one report on the cell
with RuO,.xH,0 layer (ROL) sandwiched between anode catalyst and gas diffusion layer, the reported
power density value of 87 mW cm™ which was 16% higher than that of conventional one [131]. A
detailed study of the electrochemical switching of high performance membrane electrode assemblies
(MEAs) and its electrocatalytic and morphological properties has been reported. The study revealed
that the EIS and polarization curve analysis showed an increasing of thickness properties and the
porosity of cathode electrode play an important role to improve their cell performance and reduced the



Int. J. Electrochem. Sci., Vol. 11, 2016 528

cathode reaction resistance [132]. The TEM morphological and the different annealed temperature
polarization studies of PtRuMo/CNTSs have been explored in detail by Chen et al [133]. The optimized
morphological structure of PtRuMo nano particles average diameter range of 2-4 nm and were
uniformly distributed on the CNT electrode surface. Meanwhile, the polarization analysis was
evaluated at three different annealed temperatures such as 25, 40 and 60° C yielded their respective
power intensity values like 23.54, 38.24 and 61.32 mW cm™. Prakash et al [134] studied the effect of
electrode surface of methanol oxidation on alkaline anion exchange membrane (AAEM). They
investigated; AAEM and noble metal electrode catalyst achieved their power density values between
25 and 168 mW cm™ depending on their operating conditions, such as temperature, fuel composition
and used electrode materials. A sulfonated graphene oxide (SGO)/nafion composite membrane
modified electrode has been investigated for DMFCs applications. The SGO/nafion composite
membrane exhibits 20° C higher tan & values than pristine sample; this is due to contribute a large
interface between exfoliated SGO and nafion catalysts and also the performance curve exhibited a
maximum power intensity value of 49.9 mW cm™ at 102.7 mA cm™ [135]. Araya et al [136] employed
the high performance of a high temperature proton-exchange membrane fuel cell (HT-PEMFC) studies
at various temperatures (140° C to 180° C). The applied H3PO4-doped poly benzimidazole (PBI) based
membrane electrode assembly (MEA) estimated the electrode active surface area value of 45 cm?. By
using EIS analysis, the estimated conductivity and electrode activity slightly reduced and the overall
endurance test of performance for 100h at 90% conversion.

4.6. Power density
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Figure 15. Single-cell tests performed with the Pt/C and the Pt3;Ni;/C as the anode catalyst,
respectively. The metal loading for the anode is 2 mg cm™. The cathode catalyst is 40 wt %
Pt/C (Johnson Matthey), Inc.; the Pt loading is 1 mg cm™. The anode feed is 1 M NaOH + 1M
CH3OH with a flow rate of 1 mL min™; the cathode feed is O, under the pressure of 0.2 MPa.
("Reprinted with permission from (J. Phys. Chem. C 114 (2010) 19714-19722). Copyright
(2010) American Chemical Society”).
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Jiang et al [137] reported that a carbon-supported bimetallic Pt,Ni, (PtNi/C) catalyst has been
synthesized by polyol process. The superior electrocatalytic activity towards methanol oxidation
reaction has been optimized in alkaline conditions. The applied high open circuit voltage (OCV) acted
as faster kinetic reaction in both MOR and ORR under alkaline conditions. The Pt3Ni;/C catalyst
reported maximum power density value of 19 mW cm™ than Pt/C (13 mW cm™) as shown in Fig.15.
The application of novel toray carbon paper (TCP) self-assembled and also carbon paper (CP) self-
assembled monolayer of MWCNT in combination with nafion (Nf) coated osmium tetroxide (Os)
laccase (TCP/CP-MWCNT-Ns-Os-laccase) composite catalyst has been reported for the generation of
bio-fuel cell from the methanol oxidation reaction. The globular mass distributed well over the
hydrophilic layer of bio-cathode materials are highly efficient with a maximum power density value of
46 OW cm™ at an optimum condition of 1M methanol [138]. A triple-layer proton exchange
membrane modified chitosan biopolymer electrode has been tested for high performance direct
methanol fuel cell applications (HPDMFCs). The impregnated catalyst was reported the increasing of
power output 68 mW cm™ and also it could be conditioned as an easy preparation, low cost and
promising electrode materials for HPDMFCs applications [139]. A more sophisticated approach an
efficient electrocatalytic oxidation of methanol and formic acid by using porous platinum nano chains
(Pt NCs) and platinum nano flowers (Pt NFs). The TEM images of 3D nano structured Pt NFs, the
average surface dimension of the particle to be 10-20 nm, whereas the nano chain like morphology
were obtained uncontrolled haphazard arrangement to be 8-12 nm. These different morphological
catalysts have been investigated in the electrochemical studies of methanol oxidation [140]. Arikan et
al [141] synthesized nano structured binary and ternary alloys (Pt-Pd and Pt-Pd-Ru) on Vulcan XC72-
R by polyol and co-deposition method. The ternary Pt-Pd-Ru/C nano catalyst showed higher power
density values of ~120 mW cm™ than that of Pt/C at 90° C as shown in Fig.1. Electrocatalytic effects
of PtRu deposited on Vulcan XC-72 carbon and a high surface area of 1rO, support have been reported
[142]. PtRu nanoparticle of 1.6 nm has been deposited on over Vulcan carbon and a lattice of 1IrO; by
sulfite complex method. Between PtRu/C and IrO, matrixes exhibited better electrocatalytic activity
(31 mw Cm'z) of methanol oxidation at 90° C. The electrocatalytic study of thinning anode gas
diffusion layer (GDL) has been used for the cell performance study of DMFC exhibits the optimized
temperature (60° C) reached 69.5 mW cm™ [143]. Incipient wetness and ball milling methods were
used to prepare Ni-modified LaggSro4FeosC0203-CepoGdy10, composite for the investigation of
DMFCs in solid state fuel cell (SOFCs) applications. In this catalyst plays an important role in
electrocatalytic activities, which was the reported power density value of about 350 mW cm™ [144].

5. CONCLUSION

In summary, the electrocatalytic properties of different electrode materials have been discussed
by monitoring their preparation, electrode surface area roughness and the power conversion efficiency
values. Mainly, the electrocatalytic stripping of CO and methanol oxidation has been observed.
Recently, many of the researchers were focused on commercially available cost-effective materials,
simple fabrication method, superior electrocatalytic properties and long-term durability of
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electrochemical reactions. From the rapid progress and vast development, DMFCs act as promising
alternative energy conversion technology for the energy requirement of stationary power supplies
(Inverters and UPS) and transportations (Cars and bikes). DMFCs, undoubtedly will contribute the
future energy technologies, great effort for the large-scale productions on quality controlled low
pollutant emission and high-energy power conversion efficiencies. Finally in this article, we have
highlighted all kinds of electrode fabrication methods and discussed the exhibited lower level to
maximum obtained power densities values methanol oxidation reaction.
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