Appl Nanosci (2012) 2:457-466
DOI 10.1007/s13204-012-0061-4

ORIGINAL ARTICLE

Carbon nanotubes and polyaniline supported Pt nanoparticles
for methanol oxidation towards DMFC applications

A. Muneendra Prasad - C. Santhosh - A. Nirmala Grace

Received: 21 November 2011/ Accepted: 11 January 2012/ Published online: 29 January 2012
© The Author(s) 2012. This article is published with open access at Springerlink.com

Abstract A microwave reduction route was employed for
the synthesis of Pt nanoparticles supported on multi-walled
carbon nanotubes (MWCNT). The as-prepared Pt-MWCNT
electrocatalysts were characterized by FT-IR, XRD and
TEM analysis. Further, the as-prepared catalysts were pro-
bed for its electrocatalytic activity towards methanol oxi-
dation by cyclic voltammetry (CV) in 0.5 M CH;OH +
0.5 M H,SO, solution. Two kinds of electrocatalysts viz.
Pt-MWCNT and Pt-MWCNT/PANI were probed to study
the effect of both carbon nanotubes and polyaniline (PANI)
towards methanol oxidation. The effect of scan rate, con-
centration and long-term cycle stability analysis has been
investigated in detail. Results show that the presence of
MWCNT and PANI improves the electrocatalytic efficiency
towards methanol oxidation. Pt-MWCNT/PANI shows high
peak current density towards methanol oxidation and good
long-term stability even after 600 cycles indicating that the
catalyst could be used for practical applications.

Keywords MWCNT - Polyaniline - Methanol oxidation -
Fuel cells
Introduction

Investigations aiming at developing efficient fuel cells have
contributed greatly to the development of catalysts for the
electrooxidation of small organic molecules. Among these
molecules, methanol has been the most widely investi-
gated, due to its possible use as a fuel in direct methanol
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fuel cells (DMFCs) as it has significant advantages for
portable and automobile applications. For example, DMFC
does not require a separate hydrogen generation system and
methanol is an attractive fuel because it is inexpensive,
widely available and can be handled and transported easily
(Lim et al. 2008; Liu et al. 2006; Appleby and Foulkes
1989; Arico et al. 2001). Despite these advantages, how-
ever, some problems still prevent the commercialization of
DMEFCs. These problems include the fuel crossover from
anode to cathode, the poisoning of platinum catalyst, and
the reliability and durability of the membrane electrode
assembly (MEA) (Ren et al. 2000; Chu and Jiang 2002).
Classical electrocatalysts are often disfavored owing to its
low rate in electrocatalytic reactions and thus needs some
improvements (Chu and Jiang 2002). Such improvements
are necessary with a motivation of lowering of the amount
of precious metal that is necessary for economic reasons
mainly for applications such as generators for electric
vehicles. Decreasing the amount of catalysts could be
achieved by decreasing the size of the particles. Hence, a
plethora of interest has been generated in the way of
developing new and novel catalyst materials. Pt-based
catalyst has been developed and probed for its electrocat-
alytic property (Chen et al. 2009; Zhou et al. 2010; Wang
et al. 2010; Zhiani et al. 2010; Wu et al. 2006; Habibi and
Pournaghi-Azar 2010; Hoa et al. 2011; Antolinia 2010).
Pt is a potent and widely used electrode for the oxidation
of various fuels (Parsons and Vandernoof 1988; Lamy et al.
1997). But the main drawback in using Pt as working
electrode is the formation of poisonous intermediate CO,q
on the electrode surface (Leger and Lamy 1990). The
absence of CO as an intermediate is thus always a desirable
characteristic in the fuel cell reactions. A possible alter-
native to decrease CO,q4s poisoning is the use of Pt alloyed
with other metals (Kristian et al. 2009; Zhao et al. 2010;
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Ishikawa et al. 2000). The utilization of such alloys can
provide the generation of oxygen containing species viz
OH"™, which provokes the oxidation of strongly adsorbed
intermediates such as CO,q4, to CO,. In addition, the choice
of a suitable supporting catalyst material is an important
factor to be considered. In fact, the choice of a suitable
supporting material is an imperative factor that may affect
the recital of supported electrocatalysts owing to their
interactions and surface reactivity (Uchida et al. 1995). The
supporting materials with a high surface area are requisite
to disperse catalyst particles and reduce the catalyst loading
under the condition of acquiring high catalytic activity.
Conductive polymers allow uniform distribution of catalyst
particles, which forms the main criteria of electrocatalytic
reactions. Such polymers are usually used as host matrixes
to incorporate noble metal catalysts for their possible
applications in the electrooxidation of small molecules
such as hydrogen, methanol, formic acid, etc. (Qu et al.
2010; Huang et al. 2011; Chen et al. 2006; Guo et al. 2009;
Gomez and Weaver 1997; Bouzek et al. 2000). Among
many conducting polymers, polyaniline has been of par-
ticular interest because of its environmental stability,
controllable electric conductivity and various redox prop-
erties. Polyaniline can have a specific interaction with Pt
that helps to reduce the absorbance of CO on Pt particles,
which is a major factor leading to the poisoning of Pt
catalyst (Lamy et al. 2002). Polyaniline is particularly
attractive as a host matrix for confining the active catalyst
particles as this medium could provide an efficient route for
the shuttling of electronic charges to the catalyst centers.
Platinum has a wide range of applications in many fields
inspite of its high price. Hence, formulation of electrode
that reduces the amount of platinum would be more
advantageous economically.

Another good supporting material in fuel cell technol-
ogy is carbon nanotubes. Attractive properties of nano-
tubes related with their good electrical conductivity,
entanglement and high resiliency have been demonstrated
in other electrochemical energy storage systems, e.g.,
supercapacitors. Many other authors have reported the
promising application of carbon nanotubes as a promising
catalyst support for cathodic and anodic reactions in fuel
cells (He et al. 2004a, b; Guo and Li 2004; Liu et al.
2002; Rajesh et al. 2002). The carbon nanotube material is
considered to have several advantages over conventional
support materials, which includes (a) having more defined
crystalline structure with higher conductivity, (b) contain-
ing little impurities, such as metals and sulfides, and thus
eliminating potential poisoning effects to electrocatalysts,
and (c) possessing three-dimensional structure thus
favoring the flow of reactant and providing a large reac-
tion zone when fabricated into electrodes. The carbon
nanotubes are also chemically stable and resistant to
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thermal decomposition. Due to these distinctive charac-
teristics, CNTs are good supporting materials which
can support a high dispersion of Pt nanoparticles due to
their large surface area and particular morphology. In
addition, the metal particles supported on the CNTs
seemed to be less susceptible to CO poisoning than the
traditional catalyst systems (Hamon et al. 1999). As a
result, Pt nanoparticle-decorated carbon nanotubes are of
significant interest among the researches in the area of
electrocatalysis.

An increased attention has been paid on the composite
of conducting polymers with carbon that was taken as
catalyst supports. The introduction of the conducting
polymer to electrocatalysts helps increasing the interfacial
properties between the electrode and electrolyte. Com-
posite materials based on the combination of conducting
polymer and CNT have shown properties of the individual
components with synergistic effect (Riggs et al. 2000;
Santhosh et al. 2006; Wu et al. 2006). Wu et al. (2005) and
Liu et al. (2008) synthesized PANI-XC-72 carbon black,
PANI-SWNTs composite membrane by electrochemical
method and used them as Pt and Pt—Ru catalyst supports
for methanol oxidation. The results indicated that the
composite supports could improve the dispersion of the
catalysts with excellent catalytic activity. Santhosh et al.
(2006) prepared gold nanoparticles onto a PANI-grafted-
MWNT (MWNT-g-PANI)-based catalyst through a two-
step electrochemical process. The results indicate that the
Au/MWNT-g-PANI catalyst showed good catalytic current
for oxidation of methanol.

In view of this regard, this work is aimed in exploring
the activity of polyaniline and carbon nanotubes towards
the oxidation of methanol. This is a continuation of our
previous studies on electrooxidation of organic molecules
using various supporting materials (Selvaraj et al. 2009;
Nirmala Grace and Pandian 2006). The present investiga-
tion describes a simple route for the spontaneous formation
of Pt nanoparticles on surface-oxidized multi-walled car-
bon nanotubes (MWCNT) sidewalls using ethylene glycol
as reducing agent. The prepared nanoparticles are charac-
terized using analytical techniques such as TEM, FT-IR
spectroscopy and XRD. The prepared Pt-MWCNT cata-
lysts were utilized for investigating the electrooxidation of
methanol.

Experimental procedure
Materials
The electrocatalyst precursor salt H,PtClgs-6H,O was pur-

chased from Sigma-Aldrich. MWCNT obtained from
Aldrich (diameter 10-50 nm, length 0.1-10 pm, AS >90%)
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were rinsed with double-distilled water and dried. Solvents
such as nitric acid, HCI, ethylene glycol (EG), KOH, acetone
and methanol were used as received from local suppliers. All
chemicals were of reagent grade and double-distilled water
was used throughout the experiments. All experiments were
carried out at 25°C.

Equipment and methods

The size of the particles is confirmed using HR-TEM
(JEOL) with an accelerating voltage of 120 kV. Samples
for TEM analysis were prepared by dispersing the catalyst
in double-distilled water, transferring a drop of this sus-
pension onto a colloidal coated copper grid, and subse-
quently drying in air. X-ray diffraction (XRD) patterns
were obtained with a BRUKER, D8 advance generator and
diffractometer using Cuko radiation and a graphite
monochromator.

Pretreatment of MWCNT

Required amount of MWCNT was centrifuged in the
presence of conc. HCI. The precipitate was filtered, washed
with acetone, Millipore water and dried under vacuum for
60°C in a hot air oven overnight. After the purification
process, the surface oxidation of the MWCNT was carried
out by refluxing MWCNT in 25 mL of conc. HNO;3 at
120°C for 24 h to remove impurities and to generate sur-
face functional groups. Finally, the treated MWCNT was
diluted with water, filtered, washed with excess distilled
water and dried at 60°C in vacuum overnight. After the
oxidation treatment, a surface-oxidized MWCNT sample is
obtained.

Microwave synthesis of Pt-MWCNT

Pt-MWCNT catalyst was prepared by microwave heating
of an ethylene glycolic (EG) solution of H,PtCls-6H,0. A
typical preparation consists of the following steps: to a
25 mL. of ethylene glycol, 80 mg of functionalized
MWCNT was added under sonication. The sample was
sonicated till all the MWCNTs are completely dispersed in
solvent. Then, 4.0 mL of 0.05 M H,PtCls was added to the
solution. Immediately, a black suspension was obtained;
0.8 mL of 0.04 M KOH was added slowly in drops to the
above black suspension. The beaker was then placed in a
household microwave oven and then heated for 120 s under
a microwave power of 1,000 W (SANYO EM-S1563,
2,450 MHz, 800 W), the point at which Pt particles were
reduced from the solution. The as-prepared suspension was
filtered, and the residue was washed three times with
acetone and Millipore (18.2 MQ/cm) water. The product
was dried under vacuum at 60°C.

Electrochemical measurements

All the electrochemical experiments were performed on a
CHI 600C application CH Instruments Electrochemical
Workstation. A three-electrode system was employed with
an Ag/AgCl as the reference electrode, a platinum wire as
the counter electrode, and a platinum disk (with an area of
0.0314 cm?) as the working electrode. The electrochemical
properties of the Pt-MWCNT electrode was investigated in
0.5 M CH;0H + 0.5 M H,S0O, by cyclic voltammetry in
the range of —0.2 to +1.2 V at a sweep rate of 50 mVs™".
All measurements were carried out at room temperature.
The platinum (Pt)-catalyst electrode was prepared by the
following procedure: (1) the platinum working electrode
(surface) was washed with Millipore water and acetone, (2)
the catalyst solution was made by sonicating 2 mg catalyst
in 1 mL of ethanol and (3) 10 pL. of 2 mg/mL catalyst
solution was added to the surface of the Pt electrode and
dried in air to get Pty /Pt-MWCNT and to get Pty; /PANI/
Pt-MWCNT, the catalyst was added to the monomer
solution of polyaniline and further electropolymerized.

Electrochemical deposition of Pt-MWCNT/PANI
on working electrode

Polyaniline (PANI) is deposited electrochemically over the
working Pt electrode in 0.5 M H,SO,4 and 0.1 M aniline in a
potential range of —0.2to 4-1.0 V at0.05 V/s scan rate for 25
consecutive cycles to get Pty /PANI electrode. For incor-
poration of the catalyst within the growing polymer matrix,
2 mg/mL of the synthesized Pt-MWCNT catalyst was added
to 10 cm® of 0.1 M aniline in 0.5 M H,SO,. The resultant
solution was cycled between —0.2 and 1.0 V versus Ag/AgCl
at 0.05 V/s to generate Pty /PANI/Pt-MWCNT electrode.
Similarly, other catalyst-based electrodes such as Ptgiq/
PANI, Ptdisk/MWCNT, Ptdisk/Pt—MWCNT and Ptdisk/PANI—
MWCNT were prepared in a similar way. In the case of Pty;q./
MWCNT- and Pty;q/PANI-MWCNT-based electrodes,
required amount of functionalized MWCNT instead of
Pt-MWCNT is added to the aniline solution and further
electropolymerized as explained previously.

Experimental results
UV-vis spectral results

A UV was recorded for the catalyst to ensure that Pt ions are
reduced to Pt nanoparticles. As seen Fig. 1, a peak at270 nm
for PtC1627 was observed, which is due to ligand-to-metal
charge transfer transitions of Pt ions (Fig. 1a). After micro-
wave reduction, the Pt-MWCNT catalysts was washed and
finally isolated. From the UV analysis of the final prepared
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Fig. 1 UV-visible spectrum of Pt-MWCNT recorded before (a) and
after (b) microwave reduction (where x; represents the initial
absorptions of Pt metal ions before reduction)

catalysts, the peak disappeared and the solution was black in
color. A weak tail stretching across 200-800 nm was finally
observed which is characteristic of Pt nanoparticles.

Spectral evolution of CNTs

It is well documented that a stronger nitric acid solution
generates more functional groups on CNT surfaces than a
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weaker one resulting in better electrocatalyst formation and
hence conc. HNOj is used to generate more functional
groups on carbon nanotubes (Han et al. 2004). Examination
on surfaces of acid-oxidized carbon nanotubes is carried
out using a Fourier transform infrared (FT-IR) spectro-
photometer to ensure the formation of desired functional
groups. It is clear that several types of functional groups,
particularly carbonyl and hydroxyl groups have been gen-
erated on acid-oxidized carbon nanotube surfaces. Figure 2
shows the IR spectrum of unfunctionalized and function-
alized MWCNTs, respectively. As seen from the spectrum
of functionalized MWCNTs, the presence of bands at 1,636
and 3,434 cm™' confirmed the presence of carbonyl and
hydroxyl moieties of carboxylic acid group. This confirms
that the carbon nanotubes has been well functionalized
with —COOH, which is absent in unfunctionalized CNTs
(Fig. 2a). The presence of -COOH groups on the surface of
the MWCNTs is advantageous for a better deposition of
metal particles on the surface of the CNTs (Fig. 2b). It is
reported that the dominant functional group is carboxylic
group generated by strong acid treatment (Han et al. 2004).

Microstructural characterization
The electrocatalyst comprising purified carbon nanotubes
modified with Pt nanoparticles is characterized by TEM

analysis to observe the CNT surfaces. The surface mor-
phology was found to be uniform and tubular walls are
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Fig. 3 TEM micrographs of Pt-MWCNT catalysts at various magnifications

sufficiently decorated with nanoparticles as seen from the
TEM images (Fig. 3). Pt-MWCNT composites have
three-dimensional porous structure. It can be seen that
the nanotubes are well separated from each other
(Fig. 3), which can be due to an attainment of hydro-
philic properties of the nanotubes offered by the high-
density surface functional groups formed on the outer
walls of the MWCNTs during the acid treatment. From
the TEM image, the Pt particle size is around 10-15 nm.
The microwave-assisted heating method had evidently
facilitated the formation of smaller and more uniform
metal particles. It is generally agreed that the size of
metal nanoparticles is determined by the rate of reduc-
tion of the metal precursor. The dielectric constant (41.4
at 298 K) and the dielectric loss of ethylene glycol are
high, and hence rapid heating occurs easily under
microwave irradiation (Colmenares et al. 2006). Fast
heating rates can accelerate the formation of the metal
nanoparticles, and the uniform microwave irradiation
provides more homogeneous circumstances for their
nucleation and growth.

XRD analysis

Figure 4 shows the XRD pattern of Pt-MWCNT cata-
lysts. The diffraction peaks at about 40°, 46.5°, 68.7°,
and 79.5° are due to the Pt (111), (200), (220) and (311)
reflections, respectively, which represents the typical
character of crystalline face-centered cubic (fcc) phase
and a peak corresponding to (002) graphitized CNTs
could also be seen. There are no other distinct reflection
peaks.

Electrochemical performance of Pt-MWCNT
and Pt-MWCNT/PANI

The electrochemical surface area of Pt particles is an
important concern and the large electrochemical surface
area is always desirable in view of the fact that the catalytic
reactions often occur on the surface of the catalyst. The real
surface of Pt-based catalysts could be estimated from the
integrated charge of the hydrogen absorption region of the
CV in 0.5 M H,SO, (Fig. 5a). The electrochemical active
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Fig. 4 XRD patterns of Pt-MWCNT catalyst

surface areas of different catalysts were calculated
according to the following formula (Wang et al. 2010; Li
et al. 2005):

2 -1 On

Ae(m™e P = 5100 gn”

where Ag; is the Pt surface obtained electrochemically, Oy
is the amount of charge exchanged during the electro-
sorption of hydrogen atoms onto the Pt surface. The areas
in m? were calculated from the above formula assuming a
correspondence value of 0.21 mC (calculated from the
surface density of 1.3 x 10'° atom per cm?, a value gen-
erally admitted for polycrystalline Pt electrodes) (Ralph
et al. 1997) and the Pt loading. The electrochemical active
surface areas of catalysts are shown in Table 1. It can be
seen that the area of hydrogen adsorption and desorption
peak for the Pty /PANI/Pt-MWCNT electrode is much
bigger than that of the Pty /Pt-MWCNT electrode, which
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means that the former catalyst-based electrode has a rela-
tive larger active surface area.

To investigate the effects of MWCNT on the electro-
catalytic activities of the catalyst, the catalytic properties of
the as-prepared catalysts towards the methanol oxidation
reaction were characterized by cyclic voltammetry (CV) in
0.5 M H,SO4 + 0.5 M CH;0H solution. The electrocata-
lytic activities of the catalysts towards methanol oxidation
for Bare Ptdisk7 Ptdisk/PANI, Ptdisk/MWCNT, Ptdisk/Pt_
MWCNT, Pty / PANI-MWCNT, Pty /PANI/Pt-MWCNT
measured by cyclic voltammetry at a potential scan rate of
50 mVs~' are shown in Fig. 5b. The methanol oxidation
activity could be reflected by the magnitude of the anodic
peak current in the forward scan. The CV starts from open
circuit potential and sweep within the entire potential
region between —0.2 and 1.0 V versus Ag/AgCl. As shown
in the CV curves, there are two oxidation peaks, related to
the oxidation processes of methanol and the corresponding
intermediates produced during the methanol oxidation. It is
clear that the electrocatalytic activity of Pt-MWCNT/PANI
catalyst is higher than that of Pt-MWCNT and other cata-
lysts. The Pt-MWCNT/PANI sample exhibits the electro-
chemical activities that resulted from a typical redox
response. Redox peaks at around 0.2 and 0.7 V serve for
the conversion of leucoemeraldine to emeraldine, and
emeraldine to pernigraniline, respectively. As can be
observed in the figure, the PANI/CNT system is superior in
the aspect of higher current. This higher current stands for
the higher effective surface area that is accessible to
electrolytes. The electrocatalytic activity for Pt-MWCNT
and PANI-MWCNT on Pt disk electrodes is almost com-
parable. The forward oxidation peak current is slightly

—Bare Pt
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Fig. 5 a Cyclic voltammograms of the prepared catalyst modified electrodes in a 0.5 M H,SO,4, b 0.5 M H,SO, + 0.5 M CH;0H solution at a

scan rate of 50 mVs™!
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Table 1 Real (active) surface areas of Pty /Pt-MWCNT and Ptg;q/
PANI/Pt-MWCNT catalysts as determined by hydrogen electro-
adsorption

Catalysts Catalyst On AgL
loading (mg) (mC) (mz/ 2)

Ptgisi/P-MWCNT 0.02 1.45 34.52

Pty / PANI/P-MWCNT 0.02 2.17 58.88

Qu: charges exchanged during the electroadsorption of hydrogen,
Agy: real surface area obtained electrochemically per gram of catalyst

higher for MWCNT-PANI catalysts but the backward
oxidation current was greater for Pt-MWCNT catalyst. The
forward scan is attributed to methanol oxidation, forming
Pt adsorbed carbonaceous intermediates, including CO and
CO,. This adsorbed CO causes loss of activity of the
electrocatalyst. The total oxidation process of methanol
consists of a pattern of parallel reactions which can be
formulated as follows (Lordi et al. 2001):

CH;0H — adsorbed intermediates — CO,qs — CO»
CH30H — adsorbed intermediates — HCHO, HCOOH
— C02

Among CH30H, HCHO and HCOOH, methanol is the
least reactive. Thus, in the stepwise oxidation of CH;OH to
CO,, the first 2e” oxidation step, i.e., the conversion of
methanol to formaldehyde is the rate determining step. The
elementary step which determines the rate might be either
C-H bond breaking or C-O bond formation. Studies on
bare Pt have shown that the methanol oxidation reaction is
inhibited by the formation of poison, identified as a —CO or
a —COH species. The —COH species have been suggested
to be a detectable intermediate in the formation of —CO on
Pt (Arenz et al. 2005). The general steps of methanol
oxidation are shown below:

Pt + CH3;0H — Pt — CO,qs + 4H' + 4e™
CH;OH + H,0 — CO, + 6H' + 6e~
Pt — COus + HoO — Pt +CO, +2H" 4 2¢™.

The backward oxidation peak (final equation) is
attributed to the additional oxidation of the adsorbed
carbonaceous species to CO,. As shown in the figure, the
onset and peak potentials of methanol oxidation reaction
are observed at 0.38 and 0.7 V, respectively, in the forward
scan, which corresponds to the methanol oxidation, while
in the reverse scan, the adsorbed intermediates produce
another oxidation peak at around 0.45 V. In principle, the
onset potential is related to the breaking of C—H bonds and
subsequent removal of the C intermediates by oxidizing
them with OH,4,. From the graph, it can be seen that the
onset potential is lower for Pt-MWCNT/PANI catalyst
compared to the other catalysts. A lesser onset potential

with a higher current is the characteristics of a good
catalyst. These voltammogram results demonstrated that
the Pt-MWCNT/PANI nanocatalysts are efficient for
methanol oxidation reaction activity and enhancing the
tolerance towards poisoning at the electrode surface. In this
paper, a good catalytic current was observed without the
need of alloying with other metals using appropriate
support materials viz. polyaniline and carbon nanotubes.

Effect of scan rate and methanol concentration
on electrocatalytic property of Pt-MWCNT/
PANI-modified electrodes

A further investigation was done to know about the
transport characteristics of methanol in Pt-MWCNT/PANI-
modified electrodes. The results presented here are for the
Pt-MWCNT/PANI-decorated platinum working electrode,
since this modified electrode exhibits the highest activity.
From Fig. 6a, it can be seen that the peak currents of
methanol oxidation increased with the increase of scan
rates. For the methanol oxidation at Ptyg/PANI/
Pt-MWCNT electrode, a linear relationship between the
peak current density (i,) obtained from the forward CV
scans and square root of the scan rate (v'?) is obtained as
shown in Fig. 6b. This suggests that the oxidation of
methanol at Pty;/PANI/Pt-MWCNT electrode is con-
trolled by diffusion process of methanol.

The further proof is obtained from the relationship
between the peak current density and methanol concen-
tration, which is shown in Fig. 7a. From the figure, the
peak current density (i,) increases with an increase of the
methanol concentration. It was clearly observed that
the oxidation current density increases with increasing
methanol concentration and starts decreasing after 5 M. It
seems that this effect is due to the saturation of active sites
at the surface of the electrode. In accordance with this
result, the maximum concentration of methanol to obtain a
higher current density using Pt-MWCNT/PANI catalyst is
considered as about 5 M.

The long-term cycle stability of Pt-MWCNT/
PANI-modified electrode

In practical application, the long-term cycle stability of
electrocatalysts is very important. In this work, the long-
term cycle stability of Pt-MWCNT/PANI has been evalu-
ated by cyclic voltammetry in 0.5 M CH3;0H + 0.5 M
H,SO, aqueous solution. The corresponding results are
shown in Fig. 7b. From the figure, it can be observed that
the peak current density of methanol oxidation obtained
from forward CV sweep decreases gradually with the
increase of the cycle number. At the 600th cycle the peak
current density is reduced compared to the first cycle. This
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stability than with the other catalysts. The excellent long-
term cycle stability of the Pt-MWCNT/PANI catalyst is a
good alternative catalyst in DMFC.

Conclusion

Pt nanoparticles on multiwall carbon nanotubes have been
successfully synthesized using microwave heating tech-
nique. The synthesized catalyst materials were well-dis-
tributed with a small particle size of 10-15 nm. The
electrocatalytic activity of Pt-MWCNT/PANI catalyst is
higher than that of Pt-MWCNT and Pt nanoparticles sug-
gesting that a combination of CNT and polyaniline
enhances the electrocatalytic property. The nanotubular
materials act as conducting material that improves electron
transfer between catalyst particles and nanotubes and also
act as accessible mesoporous network for catalytic parti-
cles. Such kind of catalysts could be used for practical
DMEFC applications.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution and reproduction in any medium, provided the original
author(s) and the source are credited.
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