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Abstract Carbon ceramic electrode, a new electrode
substrate, was prepared by sol–gel procedure and used for
the electropolymerization of o-phenylenediamine and in-
corporation of platinum nanoparticles into the resulting
poly(o-phenylenediamine) (PoPD) film. The modified
electrode was used for electrooxidation of methanol in
0.3 M H2SO4 as supporting electrolyte. The presence of
PoPD film increased considerably the efficiency of depos-
ited Pt nanoparticles toward the electrocatalytic oxidation
of methanol. The effective parameters on the electro-
oxidation of methanol, i.e., amounts of polymer and Pt
catalyst, medium temperature, working potential limit in
anodic direction, and potential scan rate, were investigated,
and the results were discussed.
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Introduction

Recently, direct alcohol fuel cells (DAFCs), due to their
relatively high specific energy, easy handling, low price,
and easy accessibility are considered as among the power
sources for both stationary and portable devices [1].
Among several alcohols which can be used in a DAFC,
methanol is generally considered as the most appropriate
fuel because it is a liquid fuel of relatively high activity in
fuel cell systems [1] and can be nearly completely electro-

oxidized to the final product of CO2 due to its simple
molecular structure [2].

Platinum or platinum-based materials are the best anodic
materials that exhibit catalytic properties for the oxidation
process of alcohols to proceed at a sufficient rate in fuel
cells [3–6], but the very high cost of these electrocatalysts
is not economic in the fabrication of components for these
fuel cells. Apart from high cost, Pt can be easily poisoned
by the strongly adsorbed CO species that are formed from
incomplete oxidation of alcohols in anodic reaction [7, 8].
Incorporation of Pt particles into conducting polymer-
coated electrode increases the electrocatalytic activity of
Pt particles for the electrooxidation of organic fuels by
decreasing the poisoning phenomena [9–11], which is
caused by high dispersion of Pt particles in polymer matrix
and the synergistic effects of conducting polymer and
metal particles [12, 13]. The used polymers are polyaniline
[14–17], polypyrrole [18, 19], and polythiophene [20–22].
These polymers offer great advantages due to their very
good conducting and mechanical properties. However,
there is increasing interest to extend such studies to other
polymers, which might be suitable as host material of the
catalyst particles. One of these kinds of polymers is poly(o-
phenylenediamine) (PoPD). Electrooxidation of methanol
on different substrates modified with platinum particles
dispersed on PoPD film were extensively studied [10, 23,
24].

In this work, considering stability, high conductivity,
simplicity, low cost, easy production, and porosity of
carbon ceramic electrode (CCE) [25–29], we used it as
substrate for electrochemical preparation of PoPD film.
After preparation of PoPD|CCE, Pt nanoparticles were
incorporated into the polymer film, and a Pt|PoPD|CCE was
obtained. The Pt|PoPD|CCE was used for the electro-
oxidation of methanol in aqueous acidic solutions. For
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comparison, the cyclic voltammogram of methanol oxida-
tion on the Pt|CCE is also presented.

Experimental

The electrochemical experiments were performed with an
AUTOLAB PGSTAT-100 (potentiostat/galvanostat) equipped
with a Universal Serial Bus (USB) electrochemical interface
and driven GPES software. A conventional three-electrode
cell was used at room temperature. A carbon ceramic
electrode-modified platinum particle (Pt|CCE), poly(o-
phenylenediamine), (PoPD|CCE), or platinum dispersed
PoPD film (Pt|PoPD|CCE) was used as working electrode.
A saturated calomel electrode (Hg|Hg2Cl2, 3 M KCl) and a
platinum wire were used as the reference and auxiliary
electrodes, respectively. JULABO thermostat was used to
control cell temperature. The scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX) analyses were
also carried out by using a scanning electron microscope
LEO 440i Oxford equipped with EDX microanalyzer.

Pt and Pt|PoPD electrocatalysts were prepared on the
CCE surface in solution of 0.3 M H2SO4 (Merck)
containing 0.002 M H2PtCl6 (Merck) as Pt source. The
preparation of CCE consists of the following steps: The
amount of 0.9 mL methyltrimethoxysilane (Fluka) was
mixed with 0.6 mL methanol (Merck). After addition of
0.6 mL 0.5 M HCl (Merck) as catalyst, the mixture was
magnetically stirred (for about 15 min). Then, 0.3 g
graphite powder (Merck) was added, and the mixture was
firmly packed into a Teflon tube and dried for at least 24 h
at room temperature.

After preparation of CCE, it was immersed in an
aqueous solution of 0.3 M H2SO4 containing 40 mM o-
phenylenediamine (Merck), and its surface was coated with
poly(o-phenylenediamine) film via an electropolymeriza-
tion process which occurred by cycling the electrode
potential between −0.4 and 1.3 V vs. SCE at scan rate of
50 mV s−1.

The amount of deposited polymer at the surface of CCE
can be calculated from the charge consumed (Q) during the
electrodeposition of PoPD film (the overall charge that
passed during the anodic sweeps of potential) using
Faraday’s law. A value of 2 for n, 108 for o-phenylenedi-
amine (oPD) molecular weight, 1.14 g cm−3 for PoPD
density and 0.119 cm2 for the geometric surface area (Ag) of
the electrode were considered.

The platinum nanoparticles were potentiostatically de-
posited at the surface of CC and PoPD|CC electrodes (Ag,
0.119 cm2) from an aqueous solution containing 0.002 M
H2PtCl6+0.3 M H2SO4 as supporting electrolyte. Electro-
deposition of Pt was performed potentiostatically at −0.2 V
vs. SCE. The amount of Pt deposited on the CCE and

PoPD|CCE was calculated from the charge consumed
during the electrodeposition of Pt by using Faraday’s law,
considering a value of 4 for n according to the following
faradic reaction:

PtCl2�6 þ 4e� ! Ptþ 6Cl� ð1Þ

Results and discussion

General aspects of electrooxidation of methanol The
electrooxidation of methanol was investigated at the carbon
ceramic electrodes modified by Pt nanoparticles and a thin
film of PoPD containing Pt nanoparticles. Our investiga-
tions showed that oPD can be electropolymerized at the
surface of bare CCE. Figure 1 indicates the electropolyme-
rization of oPD at the CCE by potentiodynamic method. As
can be seen in Fig. 1, in the first anodic sweep, the
oxidation of oPD occurs and an irreversible broad anodic
peak appears at 1 V (peak a). In the first reverse cycle,
some of the oxidation products of oPD is deposited on the
electrode surface and the polymerization begins, and the
new cathodic peak at −0.08 V appears (peak b), confirming
the initial deposition of electro-oxidized products. In the
second positive scan, there was an anodic peak at around
−0.01 V (peak c). Along with the increase in the number of
potential cycles, the anodic peak current for oxidation of
oPD decreased significantly. This decrease in oxidation
current is probably due to the loss of activity of the
electrode surface when covered gradually with newly
formed polymer film.
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Fig. 1 Cyclic voltammograms (25 cycles) recorded during potentio-
dynamic growth of PoPD film on CCE in solution containing 40 mM
o-phenylenediamine and 0.3 M H2SO4 at a scan rate of 50 mV s−1
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Figure 2a shows the cyclic voltammogram of CCE
modified with PoPD film with an optimum amount in
0.3 M H2SO4 at scan rate of 50 mV s−1. According to
Fig. 2a, the PoPD film showed redox activity in the range
−0.4 to 0.15 V, and a wide electrochemical window from
0.15 to 1.3 V is available for electrocatalytic applications.
By cycling the PoPD film repeatedly for about 200 times at
scan rate of 50 mV s−1, the peak current value reduces less
than 8%; this indicates a good stability.

A typical cyclic voltammogram of Pt|PoPD|CCE was
shown in Fig. 2b. Peaks appeared at −279 mV (c1) and
−100 mV (c2) in the cathodic and at −159 mV (a1) and
−2 mV (a2) in the anodic directions are associated with the
adsorption and desorption of hydrogen atoms on the
platinum surface [30, 31]. The broad anodic peak at
760 mV (a3) and cathodic peak at 354 mV (c3) are related
to the formation and reduction of platinum oxides,
respectively [32].

The surface morphology of PoPD|CCE and Pt|PoPD|
CCE has been investigated by SEM, and the corresponding
micrographs were shown in Fig. 3a,b, respectively. As can
be seen in Fig. 3a, the PoPD film with a uniform coverage
and lumpy morphology are formed on the surface of carbon
ceramic. The surface of PoPD|CCE is dense and scaly.

After deposition of Pt on the polymer film, Pt particles are
being formed in the shape of clews consisting of platinum
crystallite aggregates (Fig. 3b). The size of these clews is in
the range 100–150 nm. The obtained nanoparticles are well
dispersed on the PoPD film. EDX results (Fig. 3c)
confirmed that the distributions of platinum nanoparticles
were achieved predominantly on the surface of PoPD.

Electrooxidation of methanol at platinum-based electro-
des has been studied extensively [23, 32, 33]. Results from
infra-red spectroscopy show that the methanol oxidation on
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Fig. 2 Cyclic voltammograms of a PoPD|CCE and b Pt|PoPD|CCE
obtained in 0.1 M H2SO4 electrolyte solution; the amount of deposited
polymer, 66 μg cm−2 and amount of Pt, 0.6 mg cm−2

Fig. 3 SEM images of a PoPD|CCE and b Pt|PoPD|CCE surfaces. c
EDX spectra of Pt|PoPD|CCE. Amount of polymer and Pt were as in
Fig. 2
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Pt at low potentials leads to the formation of linearly
bonded CO species which are strongly adsorbed on the
platinum surface and act as a catalyst poison. The surface
reaction between this adsorbed CO species and adsorbed
OH species, from water decomposition, causes the forma-
tion of carbon dioxide (final product of methanol oxidation)
[8].

Generally accepted methanol oxidation process consists
of the following steps that result in the formation of
carboxyl intermediates and strongly adsorbed CO species
[11, 24, 34, 35]:

CH3OHð Þsolution! Pt� CH3OHð Þads ð2Þ

Pt� CH3OHð Þads! Pt� CH3Oð ÞadsþHþ þ e� ð3Þ

Pt� CH3Oð Þads! Pt� CH2Oð ÞadsþHþ þ e� ð4Þ

Pt� CH2Oð Þads! Pt� CHOð ÞadsþHþ þ e� ð5Þ

Pt� CHOð Þads! Pt� COð ÞadsþHþ þ e� ð6Þ

Reactions 2 to 6 can be denoted by reaction 7:

Pt� CH3OHð Þads! Pt� COð Þadsþ4Hþ þ 4e� ð7Þ
The complete methanol oxidation (reaction 8) can occur

and cause the sharp increase in current of methanol
oxidation peak:

Pt� COð ÞadsþH2O! Ptþ CO2 þ 2Hþ þ 2e� ð8Þ
Cyclic voltammograms of 0.5 M methanol + 0.3 M

H2SO4 at Pt|CCE (optimum amount of Pt, 2 mg cm−2) (a),
and Pt|PoPD|CCE (optimum amount of Pt, 0.6 mg cm−2)
(b), were shown in Fig. 4. Onset potential of methanol
oxidation is about 0.2 V and, by sweeping potential to the
more positive values, the anodic peak of methanol oxidation
appears (peak a). At high potentials, the oxidation of Pt and
formation of platinum oxides causes a decrease in the
amount of active sites available on the electrode surface that
subsequently results in a decrease of peak current. In the
backward scan, the reduction of platinum oxides to platinum
and production of active sites take place, so re-oxidation of
methanol and/or methanol residues occurs on clean platinum
surface and backward peak (peak b) appears [36, 37]. The
peak characteristics of cyclic voltammograms recorded for
both two modified electrodes were given in Table 1. The
peak potentials for both modified electrodes are nearly the
same. Although the amount of Pt deposited at the CCE is
more than three times (2 mg cm−2) greater than that of Pt
incorporated in the polymer film (0.6 mg cm−2), but the
peak currents of methanol oxidation at Pt|PoPD|CCE are
greater than that of Pt|CCE. This demonstrates that a certain
value of Pt nanoparticles can express different effective
surface area depending on the nature of substrate. When the
Pt particles dispersed into the PoPD film, the effective
surface area of the catalyst increases with respect to the
case of bare CCE and subsequently results in an increase in
the electrocatalytic activity of them. Therefore, methanol
oxidation study will be continuing at the Pt|PoPD|CCE.

Effective parameters on the electrooxidation
of methanol

Effect of polymer amount Figure 5a shows the anodic peak
current of methanol oxidation as a function of polymer
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Fig. 4 Cyclic voltammograms of 0.5 M methanol on a Pt|CCE with
2 mg cm−2 Pt and b Pt|PoPD|CCE in 0.3 M H2SO4 at 25 °C with scan
rate of 50 mV s−1; the amount of deposited polymer, 66 μg cm−2 and
amount of Pt, 0.6 mg cm−2

Table 1 The peak characteristics of cyclic voltammograms of
methanol oxidation recorded at two kinds of modified electrodes

Electrode Characteristics

Epa/V Epb/V Ipa/mA Epb/mA

Pt|PoPD|CCE 0.81 0.54 14.4 14
Pt|CCE 0.88 0.49 13.3 9.4
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amount under the condition of constant Pt loading
(0.6 mg cm−2). The anodic current increases with increasing
of the polymer amount up to about 66 μg cm−2 and reached
a maximum value for the amount of about 66 μg cm−2 and
then fell off with further increase in the amount of deposited
polymer. The decrease in current may be attributed to the

reducing of the real surface area of Pt particles by the
excessive presence of polymer on the electrode surface
or reducing of polymer film conductivity in the higher
amounts.

Effect of platinum loading The anodic current of methanol
oxidation depends on the amount of Pt deposited on the
PoPD film [38, 39]. The effect of different platinum
loadings ranging from 0.1 to 0.8 mg cm−2 in the PoPD
film on the oxidation of methanol was studied. Figure 5b
indicates the variations of anodic peak currents vs. the
amount of Pt loading (with the same amount of polymer
film). As can be seen in Fig. 5b, the anodic current of
methanol oxidation increases with increasing in the amount
of Pt loading up to 0.6 mg cm−2 and levels off at higher
amounts of Pt (most likely because of a constant active
surface area of Pt particles). On the other hand, at the lower
loadings of Pt, the active surface area of Pt particles
increased in proportion to increasing Pt loading that causes
an enhancement in the electrocatalytic activity of the
modified electrode.

Effect of scan rate CVs of methanol oxidation on Pt|PoPD|
CCE at different scan rates (v) were shown in Fig. 6. In
principle, peak currents are proportional to the v for an
adsorption process and v0.5 for a diffusion process [40]. Ipa
increases with the scan rate in the range 10–300 mV s−1,
but there is not a clear dependence of Ipa on the scan rate
(inset a to Fig. 6). In addition, the current of re-oxidation peak
(Ipb) increases with increasing scan rate up to 100 mV s−1

and then decreases for scan rates higher than 100 mV s−1
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Fig. 5 Plots of anodic peak current of Pt|PoPD|CCE in 0.3 M H2SO4

solution containing 0.5 M methanol a as a function of the amount of
polymer (Pt loading, 0.6 mg cm−2) and b as a function of platinum
loading (amount of polymer, 66 μg cm−2) derived from CVs with scan
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(inset a to Fig. 6). These can be attributed to the acceleration
of platinum surface oxidation in high scan rates; as a result in
backward scans, Ipb reduces due to the low active sites
available on the electrode surface [33]. The dependence of
methanol oxidation peak potential (Epa) on the scan rate
indicates an irreversible charge-transport process (inset b to
Fig. 6) [40]. The potential of re-oxidation peak (Epb) shifts

negatively with scan rate (inset b to Fig. 6) because most
probably in high scan rates, the stability of platinum oxides
increases, thus the reduction of them in backward scan needs
more negative potentials.

Due to the fact that methanol oxidation commences by
the water adsorption on the Pt and negative shift in
potential of water adsorption with increasing scan rate
[41], it can be said that the broad current peak in forward
scan at potentials around 0.45 V is related to the adsorptive
oxidation of water on the Pt surface.

Effect of medium temperature The effect of medium
temperature on the electrooxidation of methanol was
investigated. Figure 7 shows the cyclic voltammograms of
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methanol oxidation on the surface of Pt|PoPD|CCE at
different temperatures. Temperature dependence of metha-
nol oxidation has been investigated previously [23, 32, 33,
41]. Inset to the Fig. 7 shows that an increase in
temperature caused (1) an evident increase in the anodic
peak current for methanol oxidation up to 60 °C, indicating
acceleration of methanol oxidation kinetics with tempera-
ture and (2) a negative shift in the onset potential and a
positive shift in the re-oxidation peak potential are
observed. These may be attributed to the facilitating effect
of higher temperature on the adsorption of water molecule
on Pt particles and desorption of oxide species from Pt
surface.

Effect of forward potential scan limit Figure 8 shows cyclic
voltammograms of methanol oxidation on Pt|PoPD|CCE for
different final potential scan limit. As can be seen in Fig. 8,
extending the anodic potential limit to the positive direction
in forward scan caused a significant decrease in the current
of re-oxidation peak in backward scan. As mentioned
before, the re-oxidation peak of methanol is related to the
oxidation of methanol and/or methanol residues (Pt–C≡O)
in backward scan. The reaction of re-oxidation peak is
assumed as follows [37]:

PtOHads þ Pt� CO! 2Ptþ CO2 þ Hþ þ e� ð9Þ

Extending the potential window to the positive direction
in forward scan accelerates the formation of oxide species
(e.g., platinum oxides) and causes a decrease in the re-
oxidation peak current [33, 42]. Also, by increasing the
forward potential scan limit, re-oxidation peak potential
shifts negatively because of stabilizing of oxidative plati-
num surfaces in high potentials and difficult reduction of
them in backward scan.

Chronoamperometric studies

In order to evaluate the electrocatalytic activity of the
catalyst and the poisoning of the active surface under
continuous operation conditions, long-term chronoamper-
ometry experiments were performed. Figure 9 shows the
chronoamperograms of Pt|PoPD|CCE in 0.3 M H2SO4

containing 0.5 M CH3OH after stepping the electrode
potential from an initial value of 0.05 to 0.4 V (curve a) and
0.8 V (curve b) vs. SCE. As can be seen in the Fig. 9, in
both curves, the currents dropped rapidly at first, and then
the currents became relatively stable, due to the fast
poisoning of Pt surface by adsorbed intermediates [43].
The current of plateau at potential of 0.8 V (curve b) is
higher than that of 0.4 V (curve a) because its potential is

close to the potential of the anodic peak in the CV (see
Fig. 4b). In addition, the stability of plateau current at 0.8 V
is the most; this can be probably attributed to the low
poisoning effect at 0.8 V in comparison with 0.4 V.

Finally, we investigated the electrooxidation of methanol
at the surface of PoPD-modified CC, Pt, and GC electrodes
containing the same amount of Pt catalyst. Figure 10 shows
the anodic currents of methanol electrooxidation under the
same conditions at the surface of these electrodes, (a)
immediately after preparation of electrodes and (b) after
storing of them for 2 weeks in the laboratory atmosphere.
The comparison of results related to the same platinum
values loaded into the PoPD modified electrodes (i.e., Pt|
PoPD|CC, Pt|PoPD|GC, and Pt|PoPD|Pt electrodes) indi-
cates clearly that the Pt| PoPD|CC electrode yields higher
current than other platinized PoPD-modified electrodes.
The high current and relatively high stability of Pt|PoPD|
CC electrode may be originated from the scaly nature of
carbon ceramic in comparison with other substrates (GC
and Pt). The CCE surface inducted the formation of high
porous polymer film with high adhesion to the carbon
ceramic substrate, so the configuration of the deposited
platinum particles on the polymer changes, which appears
as a decrease in the average particle size and an increase in
the specific surface area of the electrode.

Conclusions

Carbon ceramic acts as a suitable substrate for electrosyn-
thesis of PoPD. Platinum nanoparticles incorporated into
the PoPD film improved electrochemical characteristics for
the oxidation of methanol in acidic medium. The Pt|PoPD|
CCE showed a moderate increase in the Pt-normalized
current compared to the platinum-coated carbon ceramic
electrode (Pt|CCE). In addition, the catalytic activity of Pt-
coated PoPD film on the CCE surface was better than GC
or Pt electrodes. The prepared electrodes exhibited satis-
factory stability and reproducibility if they were stored in
ambient conditions.
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