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The Vulcan carbon-supported vanadium oxide (V,0s) was prepared by solid-state reaction under
intermittent microwave heating (IMH) method. Pt nanoparticles were dispersed by microwave-assisted
polyol process over Vulcan carbon and V,05/C. The catalyst samples were characterized by PXRD, TEM, CO-

Keywords: TPD and electrochemical methods. The TEM images showed homogeneous dispersion of ~3 nm size Pt metal
Methanol oxidation crystallites embedded over Vulcan carbon support. The activities of Pt/C and Pt-V,0s/C for electrochemical
Pt-V,05/C oxidation of methanol were studied in 1.0 M KOH solution by cyclic voltammetry, chronoamperometry

Polyol method
Alkaline fuel cell
CO-TPD

and chronopotentiometry. The influence of V,05s component on the activity of Pt-V,05/C was screened
for catalytic oxidation of methanol. The results show that Pt-V,05(4:3)/C composite catalyst performed
better than Pt/C catalyst for methanol oxidation. The temperature programmed desorption (TPD) with CO
was carried out to assess the CO tolerance of Pt-V,05/C electrocatalyst. The formation of oxygen-containing
species at lower potential can transform CO-like poisoning species on Pt to CO, in the presence of V,05
which helps in regenerating active sites on Pt for further electrochemical oxidation of methanol.

The enhanced electrode response is attributed to synergistic effect between Pt and V,0s.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) have been documented as
promising power sources for compact, high-power density energy
conversion [1,2]. Methanol has low-theoretical oxidation potential
(E° =0.03 V) comparable to that of hydrogen (E° = 0 V). Methanol is
considered as an efficient fuel which can be obtained from natural
gas, coal and biomass. It is an excellent energy carrier in the form of
liquid at room temperature and atmospheric pressure. Unlike
hydrogen, storage and utilization of liquid methanol does not need
extensive modification of the existing fuel infrastructure. Despite
these advantages, high over potentials for methanol oxidation and
methanol crossover from anode to cathode through membrane
prevent the use of DMFCs in practical applications. The strong
adsorption of carbon monoxide on Pt anode inhibits the methanol
oxidation reaction [3]. The electrocatalytic activities of anode are
significantly enhanced when Pt is alloyed with Ru, Os, Ir, Rh, Mo
and Sn either by modifying the electronic properties of Pt or by
modifying the surface chemistry in which bifunctional reaction
mechanism has been invoked to promote the oxidation of CO to
CO, [4-10]. The multicomponent catalysts have exhibited superior
performance relative to Pt metal, and so far, the incorporation of Ru
into the Pt catalyst has yielded the best results. However, there is a
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need to reduce the loading of expensive noble metals and also
improve the susceptibility of bimetallic electrocatalyst towards CO
poisoning [11,12].

The anodic oxidation of methanol in alkaline media is more
feasible than in acidic media. The open circuit potential of oxygen
reduction is more positive in alkaline media than in acidic media
[13].In addition, the CO poisoning of the Pt catalyst is less likely in
alkaline solution than in acidic solution. However, the problem
with alkaline media is the progressive carbonation of solution due
to CO, from air or the oxidation product of the fuel. The
progressive carbonation of alkaline media has been addressed
by the application of alkaline anion exchange membranes (AAEM)
[14-16] and/or fuel-flexible, media-flexible laminar flow fuel cells
[17,18]. Recently, Pt promoted oxides such as CeO, [19], ZrO, [20]
and MgO [21] have been used as electrocatalysts for direct
oxidation of alcohol in alkaline medium which significantly
improved the electrode performance by enhanced activity and
poison resistance. Although recent reports have demonstrated
that Pt-based catalysts have higher activity for methanol
oxidation, both in alkaline and acidic media, there is scope to
reduce the catalyst loading for economic viability.

The supported vanadium oxides find catalytic applications in
oxidative dehydrogenation (ODH) of propane [22] and selective
catalytic reduction of NO, by ammonia [23]. The vanadium-
modified Pt catalysts have been applied for diesel engine exhaust
gas conversion [24], and oxidation of organic compounds [25].
Various morphologies of vanadium oxide (V,0s) in the nano-regime
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have been synthesized and their utility as electrode materials is
tested for lithium-ion batteries [26], electrochemical capacitors [27]
and electrochemical sensors [28]. Surnev et al. have recently
reviewed the surface and structural chemistry of vanadium oxide
nano-layers in the context of catalysis [29]. Vanadium oxide layers
exhibit redox and Lewis acid/base properties which are important
for catalyzing surface reactions. In this communication we present
the results on V,0s5 incorporated Pt/C catalysts for direct electro-
chemical oxidation of methanol in alkaline solutions. A systematic
electrochemical characterization of Pt-V,05/C electrocatalysts for
methanol oxidation is reported in this paper. The specific issues
related to the CO tolerance of Pt metal-based fuel cell catalysts, the
optimum Pt metal/V,0s ratio, the possibility of improving catalytic
activity, and the utilization of Pt metal are presented in this paper.

2. Experimental
2.1. Preparation of Pt/C or Pt-V,0s/C electrocatalysts

The V,05/C used in this study was prepared by a solid-state
reaction under intermittent microwave heating (IMH) method. In
brief, the V,05 (99.9% purity, Thomas Baker, India) powder was
well dispersed over Vulcan XC-72R carbon (Cabot Corp., USA) using
2-propanol as solvent and the mixture was dried in oven at 80 °C.
The mixture was then introduced into a microwave oven (Sharp
NN-S327 WF, 2450 MHz, 1100 W) and heated six times, each time
for 20s followed by a 60s pause. The Pt nanoparticles are
supported over Vulcan carbon or V,05/C by microwave-assisted
polyol process [30]. Typically 1.0 ml of 0.05M H,PtClg-6H,0
(Aldrich, A.C.S. Reagent) was mixed with 25 ml of ethylene glycol
(AR grade) in 100 ml beaker. 0.4 M KOH (in ethylene glycol) was
added drop wise to adjust the pH of the solution to about 10 in
order to induce the formation of small and uniform Pt nanopar-
ticles. This mixture was sonicated after adding Vulcan carbon (in
the case of Pt/C catalyst) or V,0s/C (in the case of Pt-V,05/C
catalyst) and the resulting mixture was subjected to microwave
heating for 50s. The sample under microwave irradiation was
boiling at temperature approximately <300 °C since the boiling
point of ethylene glycol is 197.3 °C. The resulting suspension was
filtered and the residue was washed with acetone and dried at
25 °Cin a vacuum oven overnight. The amount of V,0s is varied at
fixed amounts of Pt (0.01 g) and Vulcan carbon (0.04 g) in all four
samples (Table 1).

2.2. Characterization of Pt/C and Pt-V,0s/C electrocatalysts

The reduction of Pt from their salts was monitored in the region
of 200-800 nm by JASCO V 530 UV-vis spectrophotometer
employing 1 cm path length quartz cuvettes. The phases and
lattice parameters of catalyst samples were characterized by
powder X-ray diffraction (PXRD) patterns employing Shimadzu

Table 1

XD-D1 diffractometer using Cu Ko radiation (A =1.5418 A)
operating at 30kV and 20 mA. The particle morphology, size,
and size distribution of catalysts were characterized by JEOL JEM-
3010 transmission electron microscopy (TEM) at 200 kV operating
voltage. Temperature-programmed desorption of carbon mon-
oxide measurements were carried out using Micromeritics
Chemisorb 2750 instrument under He flow (10 cm?®/min) at
atmospheric pressure. Prior to the experiment, catalyst samples
were activated at 200 °C in 5% Hy in Ar for 1 h. The sample was
cooled to room temperature in the same atmosphere and flushed
with pure He for 15 min before CO chemisorption was carried out
at room temperature for 1h using 10.85% CO in He. The CO
desorption profiles were recorded from room temperature to
300 °C at a heating rate of 10 °C/min.

2.3. Electrochemical measurements

The working electrodes for electrochemical measurements
were fabricated by dispersing Pt/C or Pt-V,05/C powders in 1.0 ml
of distilled water and 5 wt% Nafion (75 p.L). Ultrasonic treatment
was given for 15 min to achieve uniform dispersion of the mixture
at room temperature. A known amount of suspension was
deposited on the surface of a glassy carbon electrode and the
solvent was slowly evaporated. Finally, a drop of 1.0 wt% Nafion in
ethanol solution was covered on top to prevent damage of the
catalyst layer. The Pt loadings on Pt/C and Pt-V,05/C electrodes
were normally controlled at 0.3 mg cm 2. Electrochemical mea-
surements were carried out in a conventional three-electrode cell
by using CHI 660B electrochemical workstation. A platinum foil
and 1.0 M KOH|Hg/HgO (CHI Instruments, USA) were used as
counter and reference electrodes, respectively. The test solution
consists of 1 M CH30H and 1 M KOH. The dissolved oxygen was
removed by purging the solution with pure nitrogen for 30 min
before starting the electrochemical experiment.

3. Results and discussion
3.1. Physicochemical characterization of Pt/C and Pt-V>0s/C catalysts

The formation of Pt nanoparticles using microwave dielectric
heating has been monitored by UV-vis spectroscopy. The H,PtClg
solution before microwave irradiation is pale yellow and shows an
absorption band at 264 nm due to ligand-to-metal charge-transfer
transition in PtClg>~ ion [31]. The pale-yellow color solution has
become colorless after completion of the reaction. The disappear-
ance of the band at 264 nm is verified suggesting complete
reduction of PtClg>~ ions (Eq. (1)):

PtCls>~ + CH,OH — CH,0H — Pt® + CHO — CHO + 4H" + 6Cl~
(1)

Onset potentials and peak current densities obtained for the oxidation of methanol with different V,05 loadings, and comparison of surface areas obtained from

electrochemical and PXRD measurements

Catalyst Onset potential (V) ip® (mA cm—2) Q° (mCg ' Pt) EAS® (m? g~ ! Pt) 4 (m?g~! Pt)
Pt/C -0.35 101 56.6 90+ 10 107 + 12
Pt-V,05(4:1)/C ~035 121 - - -
Pt-V,05(2:1)/C ~039 179 - - -
Pt-V,04(4:3)/C _0.42 200 59.8 94+ 10 11+ 12
Pt-V,05(1:1)/C —037 110 - - -

@ Peak current density from cyclic voltammetry.

b Charge exchanged during the electroadsorption of hydrogen atoms on Pt particles.

¢ Surface area of Pt particles from electrochemical measurement.
4 Surface area of Pt crystallites obtained from PXRD.
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Fig. 1. TEM micrographs of the Pt-V,05(4:3)/C electrocatalyst: (a) 50 nm scale and (b) 20 nm scale.

The high dielectric constant (41.4 at 298 K) and the dielectric loss
of ethylene glycol speed up heating process under microwave
irradiation. Here ethylene glycol also acts as a reducing agent
producing metal particle from metal ions. Rapid heating by
microwave accelerates the reduction of metal precursor and the
nucleation of metal particles. Homogeneous microwave heating of
liquid samples has an advantage of reducing the temperature and
concentration gradients in the reaction medium and providing
uniform environment for nucleation and growth of metal nano-
particles.

The transmission electron microscope (TEM) image of Pt-V,0s5/
C electrocatalyst is shown in Fig. 1. Homogeneous dispersion of
small and uniformly dispersed spherical Pt metal particles (dark
spots) with size of about 2-3 nm embedded in V,05/C support are
seen in the TEM images. This is further confirmed by average
crystallite size analysis from (2 2 0) diffraction peak of Pt fcc lattice
by Scherrer equation. The estimated surface area values are given
in Table 1.

The powder XRD patterns of as-synthesized Pt/C and Pt-V,05/C
catalysts are given in Fig. 2. The broad diffraction peak observed at
24.5° is due to the (0 0 2) reflection of hexagonal Vulcan carbon.
The peaks at 20=40.1° (111), 46.6° (200) and 68.1° (220)
reflections can be indexed to Pt crystallites in the catalyst samples.
The diffraction peak at 26 = 40.1° for Pt(1 1 1) corresponds to the
inter-planar spacing of d; ; ;1 = 0.224 nm and a lattice constant of
0.389 nm. The diffraction patterns of the prepared catalyst agree
well with standard powder diffraction patterns of Pt (JCPDS 1-
1311). The mean crystallite size calculated from the isolated
Pt(2 2 0) peak is ~3.1 nm for Pt/C and ~2.6 nm for Pt-V,05/C
catalyst samples. The Pt particles in V,0s-modified catalysts are
smaller in size compared to Pt particles synthesized on carbon
support alone. Thus ethylene glycol reduction method is suitable to
produce nano-range uniform size Pt nanoparticles for electro-
catalytic applications. The PXRD pattern of V,0s-modified Pt
catalysts do not show the reflections related to V,05 phase. But the
diffraction peaks of Pt-V,0s5/C are slightly shifted to lower values
when compared to Pt/C. This is an indication that an alloy between
Pt and V,0s is being formed on the Pt-V,0s/C catalysts. The
alloying of Pt-V is possible due to the Tammann temperature
(Tram = Tmp/2) of V505 at 209 °C where the surface vanadium ions
begin to diffuse and react with Pt particles [32]. There is a specific
interaction between vanadium oxide layers and Pt particles
leading to interfacial alloy formation in the electrocatalytic
material which may be critical in enhancing the catalytic activity
for methanol oxidation. Interfacial vanadium oxide layers and

crystallites are often elusive to powder XRD and known to show
reactivity higher than the bulk oxide [29].

The CO-TPD experiment has been carried to evaluate the
resistance of catalyst surface poisoning by CO and its possible
affect on the activity of electro-oxidation of methanol [33]. The CO-
TPD profiles of Pt-V,05/C electrocatalyst in comparison with that
of Pt/C and V,05 are shown in Fig. 3. The CO desorption is observed
from Pt/C catalyst as broad peaks below 100 °C and above 200 °C. A
maximum CO desorption rate from Pt/C electrocatalyst is located
at 62 °C in the low-temperature region due to physisorbed CO. The
CO desorption from pure platinum occurs above 187 °C [34]

Pt(111)

Pt—V2 05 Nulcan XC-72

C(002) P1(200)

Pt(220)

Pt/\Vulcan XC-72

Intensity (a.u.)

Vulcan XC-72

20 30 40 50 60 70 80
Degree (20)

Fig. 2. PXRD spectra of Vulcan XC-72, Pt/Vulcan XC-72 and Pt-V,05(4:3)/Vulcan
XC-72 catalysts.
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Fig. 3. CO-TPD profiles of Pt/C, V,05 and Pt-V,05(4:3)/C catalysts.

whereas from defective V,05 at 127 °C [35]. Under the experi-
mental conditions employed, no CO or CO, desorption is observed
on V,0s, except the ambient and/or physisorbed CO feature below
50 °C (Fig. 3(b)). In sharp contrast, Pt-V,0s/C catalysts exhibit
significantly different desorption profile with CO peaks at 120 and
260 °C. The peak at 120 °C corresponds to the CO adsorbed on
defect sites at metal oxide interface while the peak at 260 °C is
result of the CO adsorbed on Pt particles [34]. The defect sites are
known to stabilize a variety of adsorbed CO species at the metal-
oxide interfaces, and CO molecules adsorbed on metallic sites tend
to spill-over to the interfacial sites [36]. Therefore, the V,0s5
component in the Pt-V,05/C catalysts may play an important role
of scavenging the adsorbed CO on Pt particles. There is a possibility
that V,05 oxide surface can facilitate the conversion of adsorbed
CO to CO,. The removal of adsorbed CO from Pt particles at lower
temperatures reduces the poisoning effect on catalyst surface. This
in turn can have an enhanced effect on the electrocatalytic activity
of Pt-V,05/C for electro-oxidation of methanol.

3.2. Electrochemical characterization of Pt/C and Pt-V,05/C catalysts

The electrochemical active surface area (EAS) of Pt catalyst is
usually determined by hydrogen underpotential deposition (H-
UPD) method as shown in the inset of Fig. 4. This method is based
on the fact that each surface atom of Pt adsorbs one hydrogen
atom. The charge associated with adsorption-desorption reactions
provides the number of active Pt sites and the electrochemical
active surface area. The EAS (m? g~ !) is calculated according to
Eq. (2) [37]:

- B Qn
EAS(m*& ™Y = 02T (mcg TP -
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Fig. 4. Cyclic voltammograms for electro-oxidation of methanol on Pt/C and Pt-
V,05(4:3)/C electrodes in 1.0 mol dm~3 KOH + 1.0 mol dm~> CH3OH. Inset shows
the hydrogen electroadsorption voltammetric profiles of Pt/C and Pt-V,05(4:3)/C
electrodes in 1.0 mol dm~ KOH. All the voltammograms are recorded using
50 mV s~' scan rate and 0.3 mg cm~? Pt loading at room temperature.

where [Pt] represents the platinum loading (mgcm~2) in the
electrode and Qy represents the mean value between the amounts
of charge exchanged during hydrogen adsorption-desorption
peaks after subtracting the contribution from the double layer
region (mCcm™2). The value 0.21 represents the charge in
mC cm 2 required to oxidize a monolayer of H, on polycrystalline
Pt electrodes which is calculated from the surface density of
1.3 x 10'> atom cm~2. The EAS for Pt/C and Pt-V,05/C catalysts are
determined from the inset of Fig. 4 as 90 and 94m?g !,
respectively. The results show that the electrochemical active
surface area values are similar for both the electrodes. Despite
similar EAS values, the Pt-V,05/C electrode shows higher activity
than Pt/C electrode for methanol electrochemical oxidation.
Therefore the enhancement of electrochemical activity of Pt-
V,05/Cis essentially due to the contribution of vanadia component
effectively oxidizing the adsorbed CO to CO,. This process helps
regenerating the active sites for further oxidation of methanol. The
specific surface area S (m? g !) of Pt particles has been calculated
using Eq. (3) [38] and the results are summarized in Table 1:

y 6000
S(m“g ' Pt) = od (3)
where d is the mean crystallite size in nm calculated from Scherrer
formula and p is the density of platinum metal (21.4 g cm3). The
data are in good agreement with the electrochemical active surface
area obtained by electrochemical method (Table 1).

Fig. 4 shows the cyclic voltammograms for methanol electro-
oxidization over Pt/C and Pt-V,0s5/C electrocatalysts in 1.0 M
CH50H/1.0 M KOH electrolyte at room temperature. The observed
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Fig. 5. Cyclic voltammograms for electro-oxidation of methanol on Pt/C and Pt-V,0s/
C electrodes with varying amounts of V,0s in 1.0 mol dm~ KOH + 1.0 mol dm—3
CH30H solutions at room temperature. For clarity only forward scans are shown here.
Scan rate =50 mV s~ !; Pt loading = 0.3 mg cm 2.

onset potentials for methanol oxidation are about —0.39 V for Pt/C
and -0.49V for Pt-V,05/C with respect to Hg/HgO reference
electrode. The peak current densities for Pt/C and Pt-V,0s5/C
catalysts are about 102 and 200 mA cm 2, respectively, at a scan
rate of 50 mV s~ . Both the electrocatalysts show large methanol
oxidation currents between —0.1 and 0.2 V with respect to Hg/HgO
reference electrode. The Pt-V,0s5/C catalyst exhibited nearly
twofold increment in peak current density relative to Pt/C. The
onset potentials shift to more negative direction for Pt-V,05/C
electrode relative to Pt/C electrode indicating that the former is
more active for methanol oxidation. The twofold increment in
methanol oxidation activity of Pt-V,05/C electrode is attributed to
faster removal of CO and facilitating methanol adsorption on fresh
and regenerated Pt sites in the presence of V,0s. Therefore using
the same amount of Pt, we could generate higher electrocatalytic
currents in the case of Pt-V,05/C electrode. This approach has been
reported to be successful in the case of CeO, [19], ZrO, [20] and
MgO [21]. Furthermore, the catalytic current of Pt-V,05/C
electrode begins to rise sharply at more negative potential which
can contribute substantially to the overall cell efficiency.

The amount of V,05 in Pt-V,05/C catalysts too has a significant
role to play in the electrocatalytic activity for methanol oxidation.
The optimum weight ratio of Pt/V,0s has been identified by
changing the weight ratios of Pt and V,0s at fixed platinum
loading. Cyclic voltammetry studies have been performed to
determine the effect of various ratios of Pt/V,0s on methanol
oxidation by fixing platinum loading to 0.30 mg cm~2. It is seen in
Fig. 5 that the peak current density increases with V,05 content
and at the same time the onset potential is shifted more towards
negative side. The best performance is found when V,05 loading is
about 0.225 mg cm~—2, or the weight ratio of Pt and V,0s is 4:3.
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Fig. 6. Chronopotentiometric curves of methanol oxidation on Pt/C and Pt-V,05(4:3)/
C electrodes at 5 mA cm 2. Inset shows the chronoamperometry curves of methanol
oxidation on Pt/C and Pt-V,05(4:3)/Celectrodes at 0.1 V with respect to Hg/HgO. Both
experiments are done in 1.0 mol dm—> KOH + 1.0 mol dm—3 CH30H solutions at room
temperature with 0.3 mg cm~2 Pt loading.

Further increase in V,05 oxide content diminishes the electrode
conductivity and also affects its performance due to the inhibition
of methanol adsorption on Pt sites.

The changes in voltage with time recorded for both the catalysts
at a bias current of 5 mA cm~2 employing chronopotentiometric
method are illustrated in Fig. 6. The potential increases with
polarization time and finally shifts to a higher potential for oxygen
evolution indicating the poisoning of the catalysts. The rapid
increase in over potential is due to the formation of intermediate
products of methanol oxidation such as CO and other ions in the
electrolyte. The intermediate products are easily adsorbed on Pt
surface and inhibit further methanol electro-oxidation. The
polarization potentials are relatively lower for Pt-V,05(4:3)/C
electrocatalysts because the catalyst can withstand against
poisoning species for longer time. The Pt-V,05(4:3)/C electro-
catalysts unequivocally exhibit better performance in comparison
to Pt/C as a result of electrode poisoning-resistance in terms of
reaction activity. The V,05 component in the electrocatalyst seems
to assist in generating oxygen-containing species at lower
potential and convert CO-like poisoning species on Pt surface to
CO,. This observation is consistent with the CO-TPD result and the
Pt-V,0s5 interfacial region appears to be important for CO
scavenging.

The time-dependent behavior of the Pt/C and Pt-V,05(4:3)/C
electrocatalysts toward methanol oxidation have been studied by
chronoamperometry. The chronoamperometry behavior of Pt/C
and Pt-V,0s/C electrocatalysts at the bias of 0.1 V with respect to
Hg/HgO reference electrode in CH30H/1 M KOH electrolyte at
room temperature for 5400 s are presented in the inset of Fig. 6.
Both initial and limiting current densities of Pt-V,0s/C are higher
than those obtained for Pt/C catalyst in the entire time range. The
Pt-V,05/C electrode shows higher electrochemical activity than
Pt/C electrode for methanol oxidation at the bias potential of 0.1 V.
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The behavior of Pt-V,05/C sample is also consistent with the cyclic
voltammograms shown in Fig. 4. Therefore, V,05 is acting as a
promoter when added to Pt/C electrode and helps improving the
poison tolerance of the electrocatalyst.

4. Conclusions

The nanosized Pt/C and Pt-V,05/C electrocatalytic materials
prepared by microwave-assisted polyol process are tested for
electrocatalytic properties. The Pt-V,05/C catalyst shows higher
catalytic activity towards methanol oxidation reaction compared
to that of Pt/C. V,05 acts as a promoter to Pt catalysts for enhancing
the electrode performance by twofold for methanol oxidation. The
higher activity and better poison resistance of the Pt-V,0s5/C
catalyst is attributed to the synergistic effect between Pt and V,05
promoter.
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