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Abstract

Highly mesoporous carbon was synthesized employing conventional sol–gel technique using resorcinol and formaldehyde. The porous
carbon electrodes were characterized by X-ray powder diffraction, N2 adsorption isotherm, atomic absorption spectroscopy (AAS). Platinum
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as anchored on support by the incipient wetness method and reduced to its metallic form using sodium formate as a reducing
lectrocatalysis for methanol oxidation on carbon supported Pt in acid and alkaline solutions were investigated. It was found that
f Pt for methanol oxidation was higher in alkaline than in acid medium. High mesopore surface area of carbon can significantly in
etal dispersion and affect particle size, which favoured the progress of the electrochemical processes occurring during methano
2005 Elsevier B.V. All rights reserved.
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. Introduction

In spite of the intense research efforts in the last decade, the
ack of efficient and inexpensive electrocatalysts remains one
f the challenges to the implementation of low temperature

uel cells[1,2].
Methanol oxidation at platinum based electrodes have

een extensively studied in a fuel cells context and is still
subject of interest[3–8], with the applicability of platinum
ased electrodes restricted due to the accumulation of sur-

ace poisoning intermediates, such as CO, leading to loss of
ctivity with time[9].

Poisoning phenomenon can be avoided by alloying plat-
num with oxophilic metals, such as Ru, Sn, etc. in bimetallic
ystems[10,11]. Ternary and quaternary Pt-Ru based cata-

ysts are also used: PtRuOs, PtRuW, PtRuMo, PtRuSnW or
tRuOsIr, etc.[12–16]. V, Ni, Fe, Co and Cr oxides have
een also investigated for their suitability for methanol oxi-
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dation[17–20], as they are less expensive and also pos
active sites for the formation of oxy-species. Ni, NiO, nick
modified manganese oxide or Pt–Ni have been empl
[10,19,20]. In recent years, perovskite oxides have been s
ied as potential materials because they offer surface ba
character, which affect the oxidative dehydrogenation s
in methanol oxidation, and are stable particularly in alka
medium[21].

A different approach, such as the one used in this w
investigates alternative materials to say Vulcan XC 72, q
often used in fuel cells, as a catalyst support.

Recently, platinum nanoparticles on carbon nanot
have been investigated as supports for cathode catalyst
rect methanol fuel cells (DMFC)[22]. Zeolites are also foun
to be efficient bringing about efficient diffusion of the re
tants and or the products from its surface during the rea
[23,24]. Nanoporous TiO2 has also found to be an effect
support for the oxidation of methanol[25].

Supports have been found to possess strong influen
the particle size and the dispersion of the metal. The pr
investigation aims at preparing a highly mesoporous ca
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.02.083
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Presence of surface groups on these materials along with their
pore size can be exploited in the area of electrocatalysis of
DMFC.

2. Experimental

2.1. Preparation and characterisation of the carbon
support

High-density carbon xerogel were synthesized by conden-
sation of the 1,3-dihydroxybenzoic acid and formaldehyde in
a molar ratio of 2:1 using aqueous solution of sodium carbon-
ate under sub-critical temperature conditions. The gel was
cured at 27, 50 and 90◦C, for 1 day at each temperature.
The water from the gel was removed by using different low
volatile organic solvents, such as acetone and cyclohexane.
The carbonisation of the gel was carried out in nitrogen at-
mosphere at 800◦C. The sodium present was removed by
soxhlet extraction in 2 M HCl. The carbon obtained is here-
after referred to as CX.

The porous structures of the carbon xerogel were mea-
sured by N2 adsorption desorption isotherm using 100CX
Omnisorb coultometer. Thet-method was applied for evalu-
ation of the mesopore surface areaSmeso, the micropore vol-
ume V , while S and L (average micropore width)
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A polycrystalline Pt rod with an area of 0.196 cm2 was also
used in order to locate more clearly the potential domain for
the oxidation of methanol. Characterisation of the electrode
was done by assessing the electrochemical active area of the
electrode using cyclic voltammetry.

2.3. Electrochemical characterisation

Cyclic voltammograms (CV) of the catalyst layers were
recorded in sulphuric acid solution using an EG&G PAR Po-
tentiostat/Galvanostat model 273 A. Before the experiment,
the potential was repeatedly scanned in the same range at the
scan rate of 75 mV s−1 till a reproducible voltammogram was
obtained. Finally, the CV’s were produced at the scan rate of
5 mV s−1. Solutions were de-aerated with nitrogen. The ref-
erence electrode used was saturated calomel electrode (SCE)
and a flag of platinum foil served as counter electrode. The
catalytic activity was measured by potentiodynamic polari-
sation curves with sweep rate of 10 mV s−1 in 0.5 M CH3OH
and either 0.5 M H2SO4 or 0.5 M KOH at 298 K, respectively.
The potential is referred to as that of normal hydrogen elec-
trode (NHE).

3. Results and discussion

3

CX,
s pe
I e in
t of
m found
t pport
C par-
t also
a ll as a
d f
micro micro
ere calculated using Dubinin equations. X-ray pow
iffraction of the samples were done using Cu K� radiation of
avelengthλ = 1.54065 for 2θ values between 20◦ and 90◦.
EDAX was used to assess, qualitatively and in a firs

tance, the amount of Pt in the samples. The percenta
he metal content of the platinum on the carbon was qu
atively determined using Atomic Absorption Spectrom
odel number GBC 906A using arc acetylene flame.
The total amount of the oxygen-containing surface gro

resent on CX was determined by temperature program
esorption (TPD-MS), described in detail in reference[26],
s well as TGA and elemental analysis.

.2. Catalyst and catalyst layer preparation

Anchoring of platinum, 10 wt% Pt on CX, was prepa
y the incipient wetness method. The reduction of the in
orated platinum catalyst was carried out by slow add
f 0.1 M sodium formate at 60◦C. The catalyst was wash
ith hot water and dried. The catalyst is hereafter referre
s 10PtCX.

For the catalyst layer preparation, a paste was mad
ng 5% Nafion solutions and isopropyl alcohol, mixed
er ultrasonic bath for 15 min. The obtained thick ink w
venly spread over toray carbon paper and dried in an ov
10◦C for 1 h. The geometric surface area of the electr
as 1–1.2 cm2, having 10 mg of catalyst containing 1 mg
etal. Results were compared with catalyst layers with

ame amount of catalyst using Vulcan XC-72R carbon
lectrochem. Inc., referred to as 10PtC.
.1. Textural characterisation

The nitrogen adsorption isotherm on to 10PtCX and
hown inFig. 1, is a typical curve representative of ty
V according to the BDDT classification. The steep ris
he adsorption of N2 at P/P0 ≤ 0.5 indicated the presence
esopores in carbon. The mesopore surface area was

o decrease upon the introduction of metal Pt on the su
X, which indicates impregnation or anchoring of metal

icles inside mesopores of the carbon. This behaviour is
ccompanied by decrease in BET surface area as we
ecrease in micropore volume, seeTable 1. A BET area o

Fig. 1. Nitrogen adsorption isotherm for 10PtCX and CX at 77 K.
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Table 1
Textural properties of 10PtCX and CX by nitrogen adsorption isotherm and temperature programmed desorption studies (TPD)

Sample BET (m2 g−1) Smeso(m2 g−1) Vmicro (cm3 g−1) L (nm) CO2 (�mol g−1) (TPD) CO (�mol g−1) (TPD)

CX 724 524 0.11 0.70 216 709
10PtCX 630 396 0.095 1.24 – –

Table 2
Comparison between % of metal by AAS and EDX, and particle size by XRD and electrochemical method of 10PtCX and 10PtC samples

Catalyst Nominal wt% Pt AAS (wt%) EDAXd (wt%) aXRD D(1 1 1) (nm) bXRD D(2 2 0) (nm) cD (nm) afcc (Å)

10PtCX 10 7.9 8.5 1.91 2.80 1.15 3.9
10PtC 10 – 8.0 – – 1.99 –

a Average particle size calculated from XRD at (1 1 1) reflection.
b Average particle size calculated from XRD at (2 2 0) reflection.
c Particle size from electrochemical measurement between 0 and 0.3 V vs. NHEafcc-lattice parameter.
d Qualitative.

724 m2 g−1 for the synthesized carbon contrast with an area
for Vulcan XC-72R of∼250 m2 g−1.

Further, the metal composition was measured using AAS
and EDAX. Results are within the nominal weight percent
of platinum on the carbon as reported inTable 2. Particle
size is reported to be∼2 nm. X-ray diffraction patterns of the
catalysts 10PtCX and CX were obtained and shownFig. 2.
10PtCX exhibited the characteristics peaks for the planes
(1 1 1), (2 0 0), (2 2 0) and (3 1 1) at 2θ values of 39.770,
46.111, 67.621 and 81.401, respectively. These are associ-
ated to the diffraction peaks of the FCC structure typical of
platinum (JCPDs, card 4-802). The average particle size was
determined using peak 2θ = 39.77 and 67.621, correspond-
ing to (1 1 1) (for comparing it with electrochemical mea-
surements) and (2 2 0) reflection of FCC structure (the range
where the diffraction spectrum of the carbon support only
contributes in terms of linear background), by employing the
Scherrer equation,

D = kλ

β cosθ
(1)

F area
c

whereλ is 1.54056Å andβ = FWHM (width of diffraction
peak at half maxima in radians of 2θ) [27], value is reported
in Table 2.

The lattice parameter,afcc, was evaluated from the an-
gular position of the (1 1 1) peak maxima, according to

Fig. 3. Voltammograms for the electrode 10PtCX in (a) 0.5 M H2SO4; (b)
0.5 M H2SO4 + 0.5 M CH3OH, scan rate of 5 mV s−1.
ig. 2. XRD patterns for supported catalyst 10PtCX and high surface
arbon CX.



82 P.V. Samant et al. / Journal of Power Sources 151 (2005) 79–84

Eq.(2),

afcc = λ(h2 + k2 + l2)
1/2

2 sinθhkl

(2)

The metal surface areaSPt was also obtained form the XRD
mean particle size using the equation,

SPt = 6000

ρPt × D
(3)

whereρPt = 21.4 g cm−3. The mean particle size (D) was de-
termined by comparing XRD, and from electrochemically
active surface area, assuming that 1 cm2 of smooth plat-
inum requires 210�C of charge in the hydrogen adsorp-
tion/desorption region. This was done for both synthesised
carbon and Vulcan XC-72R, seeTable 2.

3.2. Electrochemical characterisation

In Fig. 3a, it is shown the cyclic voltammogram for
10PtCX in 0.5 M H2SO4 solution, registered at a scan rate
of 5 mV s−1 at 298 K. The voltammogram is typical of high
surface area carbon supported electrodes[5]. Note the poor
definition of the peaks in the hydrogen adsorption/desorption
region. There is indication of oxygen reduction suggesting
t s of
t good
l e.

Fig. 4. Voltammogram for bulk polycrystalline platinum in
H2SO4 + CH3OH, showing well resolved peaks peak in the anodic
branch and a clear reduction peak before methanol re-oxidation in the
reverse scan.

With methanol addition to the acid solution in a concentra-
tion of 0.5 M, the following features were observed,Fig. 3b:

- a marked increase in the anodic current due to the de-
hydrogenation of methanol followed by oxidation of ad-
sorbed intermediaries, possible reactions are:

CH3OH + Pt(s)→ Pt–CH2OHads+ H+ + e− (4)

Pt–CH2OHads+ Pt(s)→ Pt2–CHOHads+ H+ + e− (5)

Pt2–CHOHads+ Pt(s)→ Pt3–COHads+ H+ + e− (6)
hat the solution is only partially de-aerated. The kinetic
he h.e.r (using a logarithmic scale for the current) shows
inearity and Tafel values in agreement with the literatur
Fig. 5. Voltammogramss for electrodes 10PtC in (a) 0.5 M H2SO4; (b) 0.5 M H
2SO4 + 0.5 M CH3OH; (c) 0.5 M H2SO4 + 0.5 M CH3OH after cycling.
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Pt3–COHads→ Pt–COads+ 2Pt(s)+ H+ + e− (7)

The extension of the potential may include the forma-
tion of Pt oxides/hydroxides and oxidation of CO to CO2,
possible reactions are,

Pt(s)+ H2O → Pt–OHads+ H+ + e− (8)

Pt–CO+ H2O → Pt–COOHads+ H+ + e (9)

or

Pt–OHads+ COads→ Pt–COOHads (10)

Pt–COOHads→ Pt(s)+ CO2 + H+ + e− (11)

- in the reverse scan a well defined peak is observed associ-
ated to methanol re-oxidation, which seem to be activated
after the Pt oxides have been reduced, this is not evident at
the shown scan rate;

- inhibition of the hydrogen adsorption/desorption reg-
ion.

All of these features are more clearly distinguishable in
the curves obtained with polycrystalline Pt, seeFig. 4.

Results were compared with those obtained using Pt elec-
trodes supported on carbon Vulcan XC-72R, seeFig. 5, where
the voltamograms exhibited lower current densities and a
larger charge associated to the potential region attributed to
t sed
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Fig. 6. Cyclic voltammogram in 0.5M CH3OH and 0.5 M KOH solution at
the scan rate of 5 mV s−1 (a) 10PtCX, 5 cycles at 27◦C; (b) 10PtCX after
10 cycles; (c) CX, 5 cycles.

as poison to deactivate the catalyst and inhibit the methanol
reaction. Thus, oxidation of water and the ratio OH/H2O re-
garding adsorption bond strengths, the activation energy for
OHads formation, the ability to adsorb anions are factors af-
fecting methanol oxidation[29,30]. Mechanism on dispersed
porous carbon may be complex as reaction order changes
with methanol concentration. Gojkavic and Vidakovic[31]
reported that reaction(9) and(10)can occur simultaneously
in parallel pathways.
he formation/reduction of Pt oxides/hydroxides at the u
can rates. Deactivation of the electrode for hydrogen
orption/desorption is evident after cycling, seeFig. 5b and
.

In alkaline solution (seeFig. 6), the oxidation of methan
ollows desorption of H under potential deposition (UP
nd coincides with the potential for OHads (resulting from
H−discharge in alkaline solution). However, for potent
igher than (E > 1.1 V), the platinum surface is highly cover
y oxygenated species.

The pronounced current plateau (between 0.5 and 1
orresponds to a surface reaction in both acid and alk
olution,

Oads+ OHads→ CO2 + H+ + e− (12)

t appears that OH ions may act as a catalyst species.
num showed higher activity in alkaline medium as co
ared to acid which is in agreement with Tripkovic et

5]. One interesting feature noticed in alkaline med
s the effect of successive numbers of cycles. Voltam
ic current corresponding to oxide formation gradually
reases with increasing cycle number and reaches a
tate shown inFig. 6b. This indicates that platinum su
ace slowly develops more favourable sites during cyc
imilar phenomenon is observed in case of platinum
osited electrodes[28]. Fig. 6c shows stable voltammogra

or the synthesized carbon CX in the absence of catalyst
ycles).

During the oxidation of methanol in the absence of OHads
pecies, products of the dehydrogenation of methanol ca
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Increase in the degree of dispersion may vary the number
of different facets of platinum available for the electrocat-
alytic reaction. Methanol oxidation is highly favoured at low
index platinum single-crystal faces such as Pt (1 1 1), due to
facile oxidation CO to CO2 [32,33]. For particle size larger
than about 4 nm, plane (1 0 0) is favoured[31].

Also, the electronic interaction between carbon support
through its large number of oxygenated surface groups (see
also reference[26]), may be responsible for the attributed
higher activity for methanol. The combination small particle
crystallite with the carbon substrate tends to encourage the
formation of OHads species necessary for promotion of the
oxidation of the inhibiting intermediates during reactions in
acid as well as in alkaline medium.

Further studies are necessary to elucidate the mechanism
of methanol oxidation on supported catalyst.

4. Conclusions

• The carbon prepared through synthetic route presented
large surface area, high mesoporosity and the presence of
oxygenated surface groups required for methanol oxida-
tion.

• Supported platinum showed higher electrocatalytic activ-
ity for methanol oxidation in alkaline medium than in acid
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