Available online at www.sciencedirect.com

sclence@blnEC'n

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

3
=3
2
m
o
<
=
»
b

G

A,

faer T

ELSEVIER Journal of Molecular Catalysis A: Chemical 241 (2005) 52—-58

o S

www.elsevier.com/locate/molcata

Preparation of noble metal supported carbon electrodes using
photochemically reduced heteropolyanions in composite films

S. Shanmugam, B. Viswanathgmnl.K. Varadarajan

Department of Chemistry, Indian Institute of Technology, Madras, Chennai 600036, India

Received 9 February 2005; received in revised form 24 June 2005; accepted 29 June 2005
Available online 10 August 2005

Abstract

A novel reduction technique is developed for preparing a Pt/C system using organic—inorganic hanocomposite consisting of heteropolyan
ions. Transmission electron microscopic studies revealed the formation of anisotropic platinum nanocrystals. Cyclic voltammetry and
electrochemical impedance spectroscopy were employed to evaluate the electrochemical methanol oxidation over the prepared Pt/C electroc
The effects of supporting electrolyte and temperature on the electrochemical oxidation of methanol were studied. The obtained Pt/C catalys
were found to exhibit higher activity and stability for methanol oxidation in perchloric acid than in sulphuric acid medium. The activation
energy for methanol oxidation was found to bei43 kJ mol2, being lower than the reported value. The lower activation energy for methanol
oxidation on Pt/C could be attributed to the presence of anisotropic platinum nanoparticles. The described method is simple and elegant ar
can also be applied to the preparation of other noble metal supported catalysts.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction using a variety of reducing agenfs]. By using reducing
agents in homogeneous medium, one could not effectively
Catalytic activity of supported systems essentially control the shape, size and preferential formation of certain
depends on the dispersion of the active component on thecrystallographic orientation of the active metal components
inert support. The effective utilization of supported active on the supports, in spite of the fact that certain crystallo-
components, such as noble metals, can be achieved only ifgraphic planes of noble metals are effective in catalyzing
the active metals are dispersed on a nanometer scale witrithe reaction$8,9]. In order to control, at least the size of the
the required shape, size and geomé¢tly There have been  active particles formed on supports, novel synthetic strategies
various attempts in literature to generate these nanoparticlesand reduction methods have been developed, such as the use
of active components on a variety of suppd@&s5]. Many of surfactant, protective agefi0,11], polymer sol-gel pro-
variations on the conventional methods of impregnating pre- cess[12], photoreduction techniqué&3] and sonochemical
cursors of the active components to support and subsequenteduction of metal ion§l4], in addition to the conventional
reduction of the precursors have been proposed in the liter-reduction methods using a variety of chemical reducing
ature. In a recent publication, Lizcano-Valbuena et al. have agents.
described one of these procedures for obtaining effective  Polyoxometalates (POMs) are well-defined metal—oxygen
Pt-Ru catalysts supported on carbon using formic acid as acluster anion$15-17] The redox chemistry of POM is ver-
reducing agen6]. Similar procedures have been employed satile and it undergoes stepwise reduction photochemically,
for obtaining high dispersion of metal supported on carbon electrochemically or by-radiolysis. Reduced polyoxomet-
alates have been employed as reducing and stabilizing media
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Scheme 1. Preparation of Pt/C supported catalyst.

reducing agents for the synthesis of Au—-Ag core—shell  The aim of this paperis (i) to describe an alternative reduc-
nanoparticled21]. Supported metal systems are normally tion technique for the preparation of noble metal supported
prepared by using metal ion precursors such as chloroplatiniccarbon, (ii) to use it as an electrocatalyst for methanol oxida-
acid (HxPtCk) for Pt and Rud for Ru and after these ionic  tion and (iii) to study the effects of supporting electrolyte as
species are loaded on the support, the anchored or hooked upvell as temperature on the methanol oxidation.

metal ions are reduced to the zero valent state by hydrogen

at high temperatures or by using suitable reducing agents,

such as formaldehyde, hydrazine and hydroxyl amine. Some

of the limitations of the conventional methods are: (i) in 2. Experimental

the hydrogen reduction method, usually high temperatures

have to be employed (around 40D), and hence it leads 2.1. Composite synthesis

to agglomeration of the metal particles. If the particle sizes

were in the range of 2-5nm, metal dispersions can be The organic—inorganic composite was prepared by the
high, and hence the activity of the resulting systems can besol-gel method22-24] For a typical synthesis, 1.509 of

expected to be high. (i) When formaldehyde is employed polyvinyl alcohol (72,000) was dissolved in 30 ml of dis-
as a reducing agent, its lower equilibrium limitation restricts tilled water and 2.50 ml of tetraethylorthosilicate (TEOS) was

the extent of metal reduction. This means that all the metal added to the above solution and the mixture was stirred for
ion precursors could not be reduced to the metallic state, and10 min. A 0.509 of silicotungstic acid was then added and
hence the effective utilization of the loaded noble metal will refluxed at 70C for 6h. The gel obtained was coated on
be hampered. The method proposed in this paper overcome# glass plate and exposed to sunlight for 10-30 min. This
both these limitations, and also has other advantage of theresulted in the formation of reduced heteropolyacid as evi-
easy removal of the reducing agent from the medium. denced by the color change from colorless to blue.
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Fig. 1. UV-vis spectra of the reoxidation of reduced composite and the formation of platinum nanoparticles. A broken arrow indicates the foffhation of
colloids, solid arrow indicates reoxidation of [Si¥D40]°~.
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2.2. Instrumentation

UV-vis spectra were obtained by a Perkin-Elmer Lamda
17 spectrophotometer. Transmission electron microscopy
(TEM) images were taken using a Philips CM12/STEM
equipment. TEM sampling grids were prepared by placing
2 .l of the solution on a carbon-coated grid and the solution
was evaporated at room temperature. Cyclic voltammetric
measurements were carried out by using a BAS Epsilon
potentiostat with three electrodes system. All measurements
were carried out with Ag/AgCI (satd KCI) as a reference
electrode. Electrochemical impedance measurements were
carried out by using a PARSTAT 2263 instrument and spectra
were recorded in the frequency range of 100 kHz—100 mHz
by using a sinusoidal excitation signal (single sine) with an
excitation amplitude of 5 mV. A mixture containing 10 mg of
Pt/C catalyst powder and 1 ml of distilled water was ultra-
sonicated for 20 min and 14 of dispersion was placed on
glassy carbon, which was dried at 8D for 2 min, and then
5 ul of 5wt% Nafior solution was spread on the active layer
and dried in air for 5 min. The cell was purged with nitrogen
for 15 min prior to electrochemical measurements.

2.3. Preparation of metal supported catalyst

The reduced composite film was employed to reduce the
metal precursors and after certain time, the composite was
reoxidised (colorless) and the metal ions were reduced to the
zero valent state. In a typical experiment, the composite film
was placed in a medium containing 10 ml of 5 mMR4Clk
solution and 50 mg Vulcan XC 72 carbon for 30 min. Reduc-
tion of metal ions and reoxidation of polyoxometalates were
monitored through UV—vis spectroscopy. Typical preparation
of metal supported carbon is givendtheme 1

3. Results and discussion

3.1. Formation and characterization of platinum
nanoparticles

) ) ] ] ] Fig. 2. (a) Transmission electron micrograph of Pt sol prepared by com-
The formation of platinum nanoparticles and reoxidation posite reduction method; arrows indicate the formation of anisotropic Pt

of active component in the composite can be seen from thenanocrystals. (b) Electron diffraction pattern of Pt nanocrystals.
UV-vis spectralfig. 1). The absorption band around 750 nm
is due to reduced POM present in the compd&@d. When
the reduced composite film is dipped into chloroplatinic acid the solid—liquid interface on silicf25]. The formation of
solution, the band at 750 nm slowly disappeared with time anisotropic platinum nanocrystals at the solid—liquid inter-
and a new band appeared at 340 nm, due to the formation offace indicates that the growth is highly localized, thus leading
platinum nanopatrticles. to considerable growth of the crystals away from the interface,
In order to assess the shape and size of the metallic parforming nanoparticles of triangular, hexagonal, pentagonal,
ticles, electron micrographs and electron diffraction patterns square, fused pentagonal and star like particles as evidenced
were recordedKig. 2). It is seen from the micrographs fromthe TEM imageFig. 2a). High crystallinity of platinum
that the formation of platinum nanoparticles are facile in nanocrystals was confirmed by selected-area electron diffrac-
the initial stages and the individual particles aggregate into tion measurementd={g. 2b). A hexagonal diffraction spot
bigger clusters leading to anisotropic structures. Beck et al. pattern indicates that the Pt nanocrystals are growing along
have reported a controlled growth of palladium particles at the [1 1 1] crystal plane. The particles of different morpholo-
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Fig. 3. Cyclic voltammograms of Pt/C in 0.5 M HCJ@—) and 1 M HSOy (- - -), scan rate: 25 mV's'; Pt loading: 28.g cmi 2.

gies formed initially aggregate to give particles of specific been interpreted as due to adsorption of Obhs from HO
shapes. The mechanism and growth process of metallic par{26,27]

ticles revealed by the reduction technique adopted in this  The cyclic voltammograms of 1 M methanol in 1 M sul-
study appear to give rise to specific morphology, which can phuric acid and 0.5M perchloric acid are shownFiig. 4.

exhibit interesting surface properties. The methanol oxidation onset potential-e0.06 V is lower
in perchloric acid than in sulphuric acid solution. The anodic
3.2. Electrochemical studies and cathodic peak potentials, in perchloric acid medium, are
found to be 0.84 and 0.52V, respectively, whereas the same
3.2.1. Cyclic voltammetric studies take place at 0.84 and 0.45 V inBO4s medium. Itis evident
The cyclic voltammograms of 2 wt% Pt/C observedin 1M from Fig. 4that the methanol oxidation activity is higher in
sulphuric acid and 0.5 M perchloric acid are showiim 3. It perchloric acid than in sulphuric acid. The influence of the

is evident from the cyclic voltammograms that the hydrogen nature of the supporting electrolyte was rationalized in terms
adsorption and desorption currents are higher in perchloric of an inhibiting effect caused by the specific adsorption of
acid than in sulphuric acid. And also, double layer charging anions[28—30]

current (potential range 0.2-0.5 V) is higherin perchloricacid It has been reported that methanol undergoes dissociative
than in sulphuric acid. This may be due to strong adsorption adsorption during oxidation leading to the formation of a
of SO42~ ions on the platinum surface sites. This feature has series of adsorbed carboxyl intermediates, such asQJ4d
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Fig. 4. Cyclic voltammograms for methanol oxidation in 0.5 M HGI@- -) and 1 M H:SO; (—); 1 M, methanol, scan rate: 25 mVY inset chronoampero-
metric response of Pt/C in different electrolytes: (a) 0.5 M HC4#Rd (b) 1 M HSOy; polarization potential: 0.6 V; Pt loading: 2& cm 2.

(x=1-3), together with the formation of strongly bound tion over Pt/C prepared by the composite reduction method
adsorbed CO species. The lower methanol oxidation activity in different supporting electrolytes. It is clear from the inset,
in sulphuric acid can be attributed to the competing adsorp- the current decay rate is higher in sulphuric acid, suggest-
tion of S42 ions in addition to methanol adsorption. The ing that the poisoning of the electrode might have occurred
decrease in the current in the presence of adsorbed SO  due to the adsorption of sulphate ions on the platinum sur-
ions is due to the strong adsorption of 0, which inhibits face sites, thus blocking the adsorption of methanol as well
the adsorption of methan{28]. as the dehydrogenation of adsorbed species. On the other

Methanol is adsorbed on the platinum surface followed hand, in perchloric acid, there is a gradual decay in cur-
by the dehydrogenation of the adsorbed species at lowerrent and the decrease in the catalytic activity is found to be
potentials. As evidenced frofig. 4 the onset of methanol  around 6.6% at the end of 1 h compared to 55.5% in sul-
oxidation shifts negatively by 0.06 V for perchloric acid. This phuric acid. This demonstrates the effect of electrolyte on
suggests that the dehydrogenation of the adsorbed species ithe activity and the stability of the electrode. Another inter-
facile, as it is taking place at lower potential, and this cat- esting observation is that though the initial activity in HGIO
alytic reaction leads to the rapid removal of the adsorbed is found to be only two times higher than in sulphuric acid,
hydrogen atoms from the platinum surface. InseFiuf. 4 the activity at the end of 1 h is found to be nearly four times
shows the chronoamperometric response of methanol oxida-higher.
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350 J capacitance increases. This may be due to higher dehydro-
e genation of intermediates, which are formed on platinum and
300 ~ +gg also due to the formation of more facile adsorption skés.6

represents the Arrhenius plot for methanol oxidation over

250] —v-55 : : o
Pt/C prepared by composite reduction. The activation energy

200

= derived from the plot was found to be £13 kJmolL. The

E 1 obtained activation energy is lower than the reported values

S 1504 51+ 3kJImot! [31] and 46+ 3 kI mol1 [32]. This may be

N o0 due to the presence of anisotropic platinum nanoparticles.
50 —

4. Conclusions

T T T T T T

T T T T T
100 200 300 400 500 600 700 The results presented in this article demonstrate a method
Z  (ohms) for the preparation of supported metallic catalyst system
with specific morphology. These systems show enhanced
Flg 5. NquISt plOtS for methanol oxidation on Pt/C at different temper- Surface act|v|ty due to the presence Of an|sotrop|c pla‘“num
atures, Methanol concentration 1 M; 1 Mx8Oy; polarization potential: :
0.6 V; frequency: 100 kHz—100 mHz; Pt loading: 2§cm 2. na.noc.ryStaIS'. The_prepared (.:ata|YSt Show.ed higher .meth.am)l
oxidation activity in perchloric acid than in sulphuric acid
3.2.2. Electrochemical impedance studies of methanol medl.um' SuDenor.SIabmty OT the PI/C was observed in per-
oxidation chloric acid than in sulphuric acid. Activity for methanol
The impedance spectra of Pt/C shows a semicircle with OX|dat|o_n was found to be higher at _hlgher temperatures.
The activation energy for methanol oxidation over Pt/C was

ohmic resistance of the analyte solution and charge transfer 1 ) L
resistance at the low frequency end along with the ohmic found 1o be 413 k) mot™, The described method is sim-

resistance. The charge transfer resistance was obtained fronﬁ)Ie and elegant for the preparation of noble metal supported

the Nyquist plot by taking the diameter of the semicircle. catalysts.

The temperature dependence of methanol oxidation was mea-

sured atan applied potential of 0.6 V at different temperatures

(40, 45, 50 and 55C) by means of impedance spectroscopy

and the obtained results are showrFig. 5. As the temper- . _

ature is increased, the charge transfer resistance is decrease&1L I I.S. Ahmadi, 2L Wang, T.C. Grean, A. Henglein, M.A. El-Sayed,
. ! . - . . Science 273 (1996) 1924.

but there is no appreciable change in the ohmic resistance. 7] 1. kyotani, T. Li-fu, A. Tomita, Chem. Commun. (1997) 701.

The decrease in the charge transfer resistance with increase[3] Y.C. Liu, X.P. Qiu, Y.Q. Huang, W.T. Zhu, Carbon 40 (2002) 2375.

in temperature can be attributed to the higher methanol oxi- [4] B. Rajesh, K. Ravindranathan Thampi, J.-M. Bonard, N. Xanthopou-

dation activity. As the temperature increases, the double layer ~ '0S: H-J. Mathieu, B. Viswanathan, J. Phys. Chem. B 107 (2003)
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