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Abstract The electrodeposition of sub-micro/nano-size
Pt–Pd co-catalyst on conducting poly(3-methylthiophene)
(PMT) films and the use of the resulting hybrid material for
the oxidation of methanol are reported. Several factors
affecting the electrocatalytic activity for this process were
studied by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS), namely, the polymer film
thickness, and the catalyst amount/ratio. In addition, the
effects of methanol concentration and the operating temperature were also investigated. Thermal gravimetric
analysis (TGA) showed that the thermal stability of the
polymer film increased by the incorporation of the metallic
particles. Scanning electron micrographs (SEM) were
obtained to identify the relative size of the metallic particles and their distribution. The size ranged between 3 lm
and 500 nm. Energy dispersive X-rays analysis (EDAX)
was performed to identify the composition of the metallic
particles. It was found that the particle composed of Pt and
Pd in ratio that is comparable to that present in the feed
solution.
Keywords Conducting polymers  Nano-sized catalyst 
Pt–Pd alloy  Methanol oxidation  CV  EIS  TGA 
SEM  EDAX

1 Introduction
In the last few years, the synthesis and characterization of
nano-sized metal particles has attracted a lot of interest [1]
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because of their possible use in technologically relevant
applications, particularly in the field of enhanced performance catalysts [2–4]. In order to employ these
nanoparticles as active elements in a device, issues on how
to support them have to be faced. A proper choice seems to
be that of embedding or depositing the particles on a
polymer, several examples have been already proposed
[5, 6].
Studies on the electrocatalytic oxidation of methanol on
metal surfaces indicate the viability of using methanol in
liquid fuel cells [7, 8]. Methanol is non-toxic, easy to store
and handle, operates at relatively moderate temperatures
and posses high energy density. One of the most commonly
used metal surfaces is bulk Pt, whose use is justified by the
activity and stability of Pt in aqueous acidic solutions
[7, 8]. Platinum is known to activate the dissociative
adsorption of methanol at an appreciable rate. However, it
is well known that some intermediate products of the
reaction are strongly adsorbed at the electrode surface that
causes poising to the surface such as COad and leading to a
loss of the electrocatalytic activity of the electrode. To
enhance the efficiency of bulk Pt and to reduce costs, novel
electrode materials are prepared by modifying base Pt or
GC with metallic nanoparticles, e.g. Pt and Pt alloys supported on a polymer matrix. These electrodes exhibit
enhanced electrocatalytic activities as compared with the
bulk-form metal electrodes in the oxidation of small
organic molecules and was studied earlier [9–23]. The
increase in the catalytic activity may be due to the decrease
in the poisoning effect, which is caused by highly dispersed
single metal [10–17], bi-metals [18–22] or multi-metals
[20–23] and the synergistic effects of conducting polymer
and metal particles [24, 25]. The metallic particles can be
supported on a polymer matrix through two main types of
procedures: the catalyst particles are incorporated into the
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polymer film during the electropolymerization of a suitable
monomer from a solution containing both monomer and a
metallic precursor salt, or the catalyst particles are electrodeposited on a previously prepared polymer film using a
solution containing a metallic precursor salt. The first
procedure normally yields embedded metal particles that
are less accessible to species in solution. On the other hand,
the electrochemical deposition of metal particles can be
carried out by several ways such as constant potential,
double potential step and cyclic potential mode. It was
found that the electrocatalytic behavior of the Pt deposited
by different electrochemical methods was slightly different, perhaps reflecting a different distribution (2D or 3D) or
state (crystalline or grain morphology) of the metals
deposited. Kelaidopoulou et al. [20] found that Pt particles
deposited by constant potential method are almost homogeneously dispersed over the polymer matrix. The cyclic
potential method enables the deposited metal particle to
activate periodically and improve their dispersion [15, 17].
As for the double potential step method, it has the advantage to improve the penetration of the [PtCl6]2- complex
into the conducting polymer film, which is believed to
result in a 3D Pt catalyst distribution [10] and Pt crystallites
with preferential crystallographic orientation [16].
In this work, PMT was used as a support for sub-micro/
nano-sized Pt–Pd particles and the resulting hybrid material was employed as a catalyst for oxidation of methanol.
Several factors affecting the catalytic activity will be
studied such as the polymer film thickness, the catalyst
amount/size/distribution and the catalyst ratio, methanol
concentration and the operating temperature. Moreover,
thermal and surface analyses will be presented.

2 Experimental
2.1 Chemicals and Reagents
All chemicals were used as received without further purification. 3-Methylthiophene (MT), N-Methylpyrrole (NMPy),
tetrabutyl ammonium hexafluorophosphate (TBAHFP),
acetonitrile (AcN), perchloric acid, hydrochloric acid, nitric
acid, sulfuric acid and methanol were obtained from Aldrich
(Milwaukee, USA). Platinum (II) chloride (Cambridge
Chemicals, Oxford England) and palladium (II) chloride
(Scherimg Kaul Paum AG, Berlin Germany) were also used.
Aqueous solutions were prepared using double-distilled
water.
2.2 Electrochemical Cells and Equipments
Electrochemical polymerization and characterizations were
carried out in a three-electrode/one-compartment glass cell.
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The working electrode was a platinum disc (diameter:
1.5 mm), or glassy carbon disc (diameter: 3.0 mm). The
auxiliary electrode was in the form of 6.0 cm platinum
wire. All the potentials in the polymerization, the voltammetric studies, and the electrochemical impedance
spectroscopic measurements were referenced to a saturated
Ag/AgCl electrode. All working electrodes were mechanically polished using an alumina (2 lm)/water slurry until
no visible scratches were observed. Prior to immersion in
the cell, the electrode surface was thoroughly rinsed with
distilled water and dried. All experiments were performed
at 25 C.
The electrosynthesis of the polymers and their electrochemical characterization were performed using a BAS100B electrochemical analyzer (BAS, West Lafayette,
USA). EIS measurements were performed using a Gamry750 system and a lock-in-amplifier. The data analysis
software was provided with the instrument and applied
nonlinear least square fitting with Levenberg-Marquardt
algorithm. All impedance experiments were recorded
between 0.1 Hz and 100 KHz with an ac excitation signal
of 5 mV amplitude. Thermal gravimetric analysis was
performed using a Shimadzu TGA-50H instrument. Heating rate was 10 C/min and inert gas used was purified
nitrogen. Philips XL 30 instrument was used to obtain the
scanning electron micrographs of the films.
2.3 Preparation of Platinum (II) Chloride/Palladium
(II) Chloride Solution
Each of the platinum (II) chloride and palladium (II)
chloride salts were dissolved in hot aqua regia. The formed
solution was heated until one-fourth of the original volume
was reached by evaporation. The remaining solution was
diluted to the required volume and concentration using
0.1 M perchloric acid. The final solutions thus prepared
were used to prepare the mixed co-catalyst as will be
indicated later.

3 Results and Discussion
3.1 Deposition of the Catalyst on PMT
The electropolymerization of MT can be achieved by
applying a constant potential between the platinum discworking electrode and the reference Ag/AgCl (+1.8 V) for
a given time. The thickness of the resulting polymer film is
therefore controlled by the time elapsed during the electrolysis step. The synthesis solution consisted of 0.05 M
MT and 0.05 M TBAHPF dissolved in dry AcN. The
preparation of the polymer was followed by an
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electrochemical deposition of the catalyst on the polymer
film. Thus, the polymer film was immersed in PtCl2/PdCl2
solution and a double potential step was applied to the
polymer as follows E1 = 0 V for 30 s and E2 = +0.1 V for
600 s (or as indicated).
3.2 Catalytic Oxidation of Methanol
The electrochemical reaction of Pt in sulfuric acid involves
adsorption of hydrogen, formation of platinum oxide,
oxidation of hydrogen and reduction of platinum oxide
[26]. The formation of hydrogen atoms takes place around
+0.18 V, and hydrogen evolution starts at -0.17 V, while
formation of platinum oxide takes place at about +0.62 V
and its reduction at +0.55 V [27]. Figure 1 shows the
cyclic voltammograms of different surfaces modified with
sub-micro/nano-structured Pt/Pd co-catalyst in 0.5 M
methanol + 0.1 M H2SO4 solution. The substrate surfaces
studied are Pt, GC and PMT electrodes. In all cases, the cocatalyst was electrodeposited according to the following
procedure: applying 0.0 V to the working electrode for
30 s then 0.1 V for 600 s from a feed solution containing
Pt:Pd in ratio 3:1. Two peaks corresponding to methanol
oxidation can be identified in the potential range between
+0.4 V and +1.2 V that were observed for other substrates
and catalysts in the literature [28]. However, the position of
the oxidation potential changes according to the type of
substrate onto which the co-catalyst was deposited. The
current recorded for the oxidation process and reduction
peak was in the order of PMT–(Pt/Pd) [ Pt–(Pt/Pd) [
GC–(Pt/Pd). The conducting polymer is obviously showing
superior electrocatalytic efficiency for methanol oxidation.
No current peaks were observed for PMT in the methanol
containing acidified aqueous solution. This indicates that
the conducting polymer film shows no electrocatalytic
activity for methanol oxidation.
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3.3 Effect of Polymer Thickness on Electrocatalytic
Activity
Figure 2 shows the effect of changing the polymer film
thickness on the electrocatalytic oxidation of methanol. As
could be observed, the current corresponding to the
methanol oxidation (peak I) is relatively higher for thinner
films. It is clear that as the film thickness increases its
electronic resistance increases and should therefore hinder
the charge transfer (cf. Fig. 2b). At this stage, and taking
into account the following intermediates formed during the
oxidation step [27]:
(CH3 OH)ads ! (CH3 O)ads þ Hþ þ e
(CH3 O)ads ! (CH2 O)ads þ Hþ þ e
(CH2 O)ads ! (CHO)ads þ Hþ þ e
(CHO)ads ! (CO)ads þ Hþ þ e
The above processes are represented by the appearance
of the anodic peak (I). This is followed by a decrease in
current that expresses the formation of platinum oxide
according to [29]:
Pt þ H2 O ! PtO þ 2Hþ þ 2e
Further increase in current is due to the formation of
CO2 on the surface of platinum oxide. In the reverse scan, a
reduction peak appears (II) due to the reduction of platinum
oxide according to:
PtO þ 2Hþ þ 2e ! Pt þ H2 O
Further oxidation takes place with the appearance of
peak (III) on a rather reduced/non-poisonned Pt surface
[27].
3.4 Effect of Co-catalyst Loading on the Substrate on
the Electrocatalytic Oxidation of Methanol
The amount of co-catalyst deposited on the conducting
polymer film increases with time passed when the potential
was held at 0.1 V for 1, 3, 7 and 10 min, respectively. As
expected, the catalytic efficiency for methanol oxidation
increases with the amount of co-catalyst. These results,
shown by Fig. 3 are explained in terms of increase in the
surface area of the co-catalyst. The morphology and size of
co-catalyst should also affect the electrocatalytic conversion efficiency.
3.5 Effect of Catalyst Deposition Voltage and Working
Temperature

Fig. 1 Cyclic voltammograms of different surfaces modified with
sub-micro/nano-(Pd/Pt, 1:3) particles in 0.5 M methanol/0.1 M
H2SO4/H2O. (¯) Pt, (—) GC, and (....) GC/PMT electrodes. Scan
rate = 50 mV s-1, Ei = -0.5 V, Ef = +1.2 V, 10th cycle only shown

Figure 4 shows the effect of changing the potential of cocatalyst deposition. The increase in the positive limit
between +0.1 and +0.3 V results in a decrease in the
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Fig. 2 Cyclic voltammograms
of PMT films (formed from
0.05 M MT/0.05 M TBAPF6/
AcN, Eapp. = +1.8 V with
different deposition times (—)
20 s, (- - -) 30 s, and (....) 60 s
on GC) modified with submicro/nano-(Pd/Pt, 1:3)
particles (second
Eapp. = 100 mV for 10 min) in
0.5 M methanol/0.1 H2SO4/
H2O. Scan rate = 50 mV s-1,
Ei = -0.5 V, Ef = +1.2 V, 10th
cycle only shown

Fig. 3 Cyclic voltammograms
of PMT prepared as in Fig. 2 for
30 s on Pt showing effect of
varying the time of second
deposition potential
(Eapp. = 100 mV) for cocatalyst (Pd:Pt 1:3), (—) 1 min,
(- - - -) 3 min, (-•-•-) 7 min, and
(....)10 min, in 0.5 M methanol/
0.1 H2SO4/H2O. Scan
rate = 50 mV s-1, Ei = 0.5 V, Ef = +1.2 V, 10th cycle
only shown

current due to methanol oxidation. The increase in the
‘‘second’’ potential step should result in catalyst oxidation
rather than increasing its amount/size.
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For the purpose of direct methanol fuel cell (DMFC)
applications, it would be advisable to study the effect of
changing the working temperature for the metal-modified
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Fig. 4 Cyclic voltammograms
of PMT prepared as in Fig. 2 for
30 s on GC modified with submicro/nano-(Pd/Pt, 1:3)
particles for 10 min at second
deposition potential,
Eapp. = 100 mV (—), 200 mV
(- - -) and 300 mV (....) in 0.5 M
methanol/0.1 H2SO4/H2O. Scan
rate = 50 mV s-1, Ei = 0.5 V, Ef = +1.2 V, 10th cycle
only shown

conducting polymer films. Figure 5 shows the CV for GC/
PMT/Pd:Pt (1:3) tested in 0.1 M Methanol/0.5 M H2SO4 at
20, 25, 30, 35 and 40 C. It is clear that these sub-micro/
nano-metal modified polymeric films can be used efficiently at the studied temperature range. However,
maximum current was obtained for working temperature of
30 C. It is suggested that for relatively higher temperatures the adsorption of methanol onto Pt is hindered and
became rate determining step. On The other hand, as the
concentration of methanol increases the oxidation peak (I)
increases and the second peak (II) in the reverse scan also
increases with a shift in the positive direction as shown in
Fig. 6.
3.6 Effect of Co-catalyst Composition
The effect of changing the ratio of Pt to Pd in the deposition bath solution on the electrocatalytic properties was
also studied. The concentration ratio of Pd:Pt was changed
according to (1:x, x = 1, 2, 3, 7, 10). The electrochemical
oxidation of methanol on the GC/polymer/Pt–Pd has been
investigated by CV. The variation of the oxidation peak
current for methanol oxidation and the corresponding peak
potentials are shown in Fig. 7. In general, as the Pt content
increases the oxidation peak potential shifts to negative
values. These data implies that the electrooxidation of
methanol is facilitated as the Pt content in the co-catalyst

increases. The current density increases with the increase
of Pd content and then decreases again. The maximum is
found when the Pd:Pt ratio is 1:3. Compared to pure Pt, the
inclusion of Pd improves the catalytic activity of the catalyst. As in the case of ruthenium [30], Pd provides
additional sites for the adsorption of oxygenated species,
namely COads oxidation. However, as the Pd content
increases further decrease in the electrocatalytic activity is
observed. This is due to the fact that Pd has no catalytic
activity for the electrooxidation of methanol. These two
opposing effects result in a maximum current for the Pd:Pt
ratio 1:3 in the co-catalyst deposition.
It is important to mention that the modified film is relatively stable for successive cycling in the acidic methanol
up to about 50 cycles. The observed decrease in current
value for the oxidation process for the last cycle is about
2% compared to that of the first cycle.
3.7 Effect of the Nature of the Polymeric Film on the
Electrocatalytic Activity
In a previous study, a series of copolymers of MT and
NMPy were prepared from feed solutions containing different ratios of the two monomers. The characterization of
the prepared copolymers was carried out by CV and
chronocoulometry (CC) in the monomer free solution and
diffusion coefficients were calculated for the different films
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Fig. 5 Cyclic voltammograms
of PMT prepared as in Fig. 2 for
30 s on GC modified with submicro/nano-(Pd/Pt, 1:3)
particles (second
Eapp. = 100 mV for 10 min) in
0.5 M methanol/0.1 H2SO4/
H2O. At 20 C (—), 25 C (- - -), 30 C (-•-•-), 35 C (- - - -),
40 C (....). Scan
rate = 50 mV s-1, Ei = 0.5 V, Ef = +1.2 V, 10th cycle
only shown

Fig. 6 Cyclic voltammograms
of PMT prepared as in Fig. 2 for
30 s on GC modified with submicro/nano-(Pd/Pt, 1:3)
particles (second
Eapp. = 100 mV for 10 min) in
different methanol
concentrations 0.1 M (—
),0.3 M (- - - -), 0.5 M (-•-•-),
0.8 M (-••-••-), 1 M (- - - -),
and 2 M (....). Scan
rate = 50 mV s-1, Ei = 0.5 V, Ef = +1.2 V, 10th cycle
only shown

and compared to those calculated for homo-PMT and
homo-PMPy. It was found that the copolymer prepared
from a feed solution containing MT:NMPy ratio of
9:1 showed unique characteristics that were similar in trend
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to that of homo-PMT. The most important feature was the
trend in increase in the diffusion coefficient values with
thickness. Moreover, the morphology characteristics of
the copolymer compared to that of the homo-PMT and
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Fig. 7 Cyclic voltammograms of PMT prepared as in Fig. 2 for 30 s
on Pt modified with sub-micro/nano-(Pd/Pt) particles in ratios (1:1)
(—), (1;2) (- - - -),(1:3) (-•-•-), (1:7) (- - - -), and (1:10) (....) (second
Eapp. = 100 mV for 10 min) in 0.5 M methanol/0.1 H2SO4/H2O.
Scan rate = 50 mV s-1, Ei = -0.5 V, Ef = +1.2 V, 10th cycle only
shown

Fig. 8 Cyclic voltammogram of PMT (—) and co(MT/NMPy, 9:1) (- - -), (Eapp. = +1.8 V, for 30 s), each modified with sub-micro/nano(Pd/Pt, 1:3) particles (second Eapp. = 100 mV for 10 min), in 0.5 M
methanol/0.1H2SO4/H2O. Scan rate = 50 mV s-1, Ei = -0.5 V,
Ef = +1.2 V, 10th cycle only shown

homo-PNMPy might be advantageous when used as substrate for the submicro-/nano-structured alloys for the
oxidation of methanol. Figure 8 shows a comparison
between the cyclic voltammetric responses of a copolymer
film, homo-PMT films modified with the co-catalyst for the
electrochemical oxidation of methanol in acidic solutions.
As could be noticed the best electrolytic efficiency for
methanol oxidation was that recorded for the copolymer
modified with the submicro-/nano-structured catalyst. The
‘‘synergistic’’ effect caused by the polymer film and the
catalyst is more pronounced with the copolymer than for
PMT. At this point, it is suggested that the surface of the
polymer film, in presence of the catalyst, is contributing to
the mechanism of methanol oxidation and its morphology,
hydrophobic/hydrophilic character and electrical conductivity affects its electrocatalytic efficiency.
3.8 Electrochemical Impedance Spectroscopy (EIS)
Studies
Electrochemical impedance spectroscopy data were
obtained for PMT modified with submicro-/nano-structured
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metal alloys at ac frequency varying between 0.1 Hz and
100 kHz with an applied potential in the region corresponding to the electrolytic oxidation of methanol in 0.1 M
H2SO4. Several factors affecting the electrochemical process were studied namely, the amount of catalyst deposited
over the polymer substrate, the polymer film thickness, the
temperature of the methanol containing solution.
The data of Fig. 9 shows the change of EIS spectra with
the amount of co-catalyst deposited. The corresponding
electrochemical parameters are given in Table 1 from the
fitting of experimental data to the equivalent circuit of
Fig. 10. We followed a non-linear complex minimum
square fitting protocol that is well established for studying
polymeric systems to calculate the different electrochemical parameters [31]. In our treatment Rs, R2, Cdl, and CPE
represent bulk resistance, polarization resistance, double
layer capacitance, and a constant phase element, respectively. It could be noticed that the differences in calculated
values of Rs for each film changes with amount of catalyst
deposited. This indicates that Rs does not represent the
electrolytic resistance only. On the other hand, R2, the
charge transfer resistance associated with the interface
between polymer and electrolyte or polymer/metal substrate. Whereas, CPE, the constant phase element
represents charge accumulation at the interface that, forms
the interfacial double layer. The later consideration
assumes a flat configuration for the film, i.e. surface
roughness is not taken into account. Eventually, the value
of CPE is much larger than that corresponding to the
double layer. It was experimentally established that the
impedance (associated with the constant phase element),

Fig. 9 The Bode plots of impedance spectra obtained, at +0.6 V, for
PMT( prepared from 0.05 M MT/0.05 M TBAPF6/AcN by applying
+1.8 V for 30 s) coated with different amounts of co-catalyst (Pd:Pt
1:3) (by varying the time of second deposition potential (Eapp. =
100 mV) for co-catalyst), (•) 3 min, (.) 7 min, and (h) 10 min, in
0.5 M methanol/0.1H2SO4/H2O. Closed symbols represent log Z
versus log f and open symbols represent Phase angle versus log f
relations. Solid lines represent simulated data based on the parameters
of equivalent circuits of Fig. 10

123

80

Top Catal (2008) 47:73–83

Fig. 10 Equivalent circuits used in the fit procedure of the impedance
spectra. The results were analyzed using Levenberg-Marquardt/
Simplex algorithms based on a complex non-linear least-squares
procedure

•

ZC, representing double-layer charging depends on the
frequency according to [32]:
ZC ¼

1
Qði xÞnf

ð nf \ 1Þ

ð1Þ

This phenomenon was observed so widely that it
became known as the ‘‘constant phase element’’ that refers
to the fact that the complex-plane plot of ZC is a straight
line rotated by an angle u,
p
ð 1  nf Þ
ð2Þ
u¼
2

•

Q is the empirical ‘‘CPE-coefficient’’ and is proportional to
j(1-n)fCdnf where j and Cd are the specific conductivity of
the electrolytic solution and double layer capacitance,
respectively. Examination of the data of Table 1 shows the
following:
•

•

The value of Rs generally decreases with the amount of
co-catalyst deposited indicating an increase in the film
conductivity at the interface. It is important to take into
consideration that at this particular applied potential,
ca. +0.6 V versus Ag/AgCl, the polymer film is
conducting. Moreover, the contribution of ionic diffusion cannot be also ignored.
The charge transfer resistance, R2, generally decreases
as the amount of co-catalyst increases. It is also

Table 1 The electrochemical parameters, corresponding to Fig. 9,
estimated from the fitting of experimental data to the equivalent
circuit of Fig. 10
W

R2

CPE

n

6.35 9 10-5

7,343

7,755

842.1

1.34

92.1

8.26 9 10-5

2,488

1,553

630.5

121.7

-5

2,164

1,806

399.6

Time/min

Rs

3

529.0

7
10
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Cdl

12.34 9 10

important to notice that for co-catalyst deposited for
10 min showed unexpectedly lower values of R2 and
higher ones for Rs. This is explained with the fact that
electron transport through the polymer chains is
accompanied by ionic migration. As the amount of
catalyst increases the polymer coverage area increases
that prevents its contribution from ionic diffusion. The
transport of the ions through the double layer and
particularly at the polymer/solution interface may be
modelled as the charge/discharge of a capacitor. Since
the surface of the polymer is not ideally regular and
binding sites of ions to the polymer possess different
energies, a capacitive component and constant phase
elements have to be associated with the charge transfer
resistance [33].
It is clear that the CPE is associated with the double
layer capacitance, Cdl and depends on the amount of cocatalyst used for modification. Thus, the value of CPE
decreases while that of Cdl increases. The variation of
the double layer capacitance produced by charge
accumulation at the polymer/solution interface is
related to the charge compensation taking place within
the electrical double layer during the oxidation process.
However, we would expect the results reported in this
work to be relatively higher than those reported in the
literature [34], due to the difference in estimation of
thickness of the film and the method of its formation/
modification.
The Warburg element represents the diffusion through
the polymer film. This case is true when diffusion takes
place in a medium where the interface precludes the flow
of the species and is represented by a hyperbolic tangent
function. The value attributed to the element ‘‘W’’
increases with the amount of co-catalyst in the film.

The EIS data gave the effect of changing the thickness
of the film with the same amount of co-catalyst and are not
shown. The corresponding electrochemical parameters
derived from the equivalent circuit of Fig. 10 are given in
Table 2. The following observations are made:
•

The polarization resistance, R2, increases with film
thickness while the corresponding Rs values decreases.
This shows that ionic conduction that should increase
with polymer film thickness, contributes to the Rs
values.

Table 2 The electrochemical parameters, corresponding to EIS data
for effect of thickness, estimated from the fitting of experimental data
to the equivalent circuit of Fig. 10
Time/s

Rs

Cdl

W

R2

CPE

n

0.74

20

122.0

12.34 9 10-5

2,164

1,806

399.6

0.95

0.95

30

70.0

10.55 9 10-5

1,484

4,627

7.7

0.66
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The Warburg component and the capacitance associated with the constant phase element decrease with the
increase in the film thickness.
The double layer capacitance, Cdl reported here 123 and
105 lF/cm2 calculated for the two films, respectively,
are relatively higher for similar systems in the same
potential ranges [35]. This is explained in terms of the
type of redox reaction taking place in this case, namely
the oxidation of methanol versus the anion exchange
during the doping/undoping process.

The EIS spectra were also measured at the GC/PMT-coPt:Pd electrode for the oxidation of methanol at Eappl =
+0.6 V at different temperatures, 20, 25, and 30 C,
respectively. The corresponding electrochemical data are
reported in Table 3. In general, the Rs values increase with
temperature indicating the increase in the rate of methanol
oxidation resulting in an increase in the concentration of
oxidative products that insulates partially the electrode
surface. As expected the Cdl values, on the other hand,
decrease with increase in temperature. And the charge
transfer resistance decreases indicating the ease of the
oxidation of process at elevated temperatures. However, a
resistive component is associated with the constant phase
element with n values approaching 2. The Warburg component however, shows a decrease with temperature that
reflects the change in the contribution of diffusion with the
change in the energy states at the film/electrolyte interface.
3.9 SEM of the Modified Polymer Films
Figure 11 shows the scanning electron micrograph for a
polymer film modified with the sub-micro/nano-structured
Pt/Pd alloy. A dark phase represents the organic polymer
layer and the shiny spots are the sub-micro/nano-metallic
particles. A larger magnification of the scanning electron
micrograph, Fig. 12, is obtained to identify the size of the
metallic particles and it is ranging between 3 lm and
500 nm. At larger magnification, it was found that the
particles have a rod-like shape. EDAX experiments were
performed to identify the composition of the metallic
particles and it was found that the particle composed of Pt

Fig. 11 SEM for copolymer prepared from a feed solution containing
(MT:NMPy, 9:1)/0.05 M TBAPF6/AcN, by applying +1.8 V for
1 min, modified with co-catalyst (Pd:Pt, 1:3), (Eapp. = 100 mV, for
10 min) with magnification 650 times

and Pd in ratio that is comparable to that present in the feed
solution, that is (Pt:Pd) (3:1).
3.10 TGA of the Modified Polymer Films
Figure 13 shows TGA (a) and DTG (b) data for the polymer and the polymer modified with the submicro/nanostructured Pt/Pd particles. The total weight loss is 65.307%
for the polymer and 62.481% for the modified polymer.
The weight loss for the modified polymer is smaller than
that for the unmodified polymer. It can be concluded that
the thermal stability of the polymeric film is increased
when modified with the metallic particles.

4 Conclusion
–

The polymeric film was employed as a support for submicro/nano-structured Pt/Pd alloy and then the

Table 3 The electrochemical parameters, corresponding to EIS data
for effect of temperature, estimated from the fitting of experimental
data to the equivalent circuit of Fig. 10
Temp/C

Rs

Cdl

W

R2

CPE

n

20

114.5

3.19 9 10-5

3,389

10,180

164.7

0.29

25

124.2

1.94 9 10-5

2,937

1,937

121.0

0.20

30

140.2

1.54 9 10-5

2,492

5,232

197.2

0.24

Fig. 12 The same as Fig. 11, with magnification 2,000 times
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the catalyst. However, as the increase in the Pd
content causes further decrease in the electrocatalytic activity. This is due to the fact that Pd has no
catalytic activity for the electrooxidation of
methanol.
–

–

Fig. 13 TGA (a) and DTG (b) data for copolymer (9:1) (—) and
copolymer (9:1) modified with the co-catalyst (- - - -)

–

resulting hybrid material was used as a catalyst for
methanol oxidation.
Several factors affecting the catalytic efficiency were
studied such as:
•

•

•

•

•

•

The polymer film thickness: the current of methanol
oxidation is relatively higher for thinner films. This
can be explained on the basis that as the film
thickness increases its electronic resistance
increases and should therefore hinder the charge
transfer.
The amount of catalyst deposited: the catalytic
efficiency for methanol oxidation increases with the
amount of co-catalyst due to the increase in the
surface area of the co-catalyst.
The catalyst deposition voltage: the increase in the
positive limit of the catalyst deposition voltage
results in a decrease in the current due to methanol
oxidation, because it results in catalyst oxidation
rather than increasing its amount or size.
Temperature effect: the current due to methanol
oxidation increases with temperature and reaches a
maximum at 30 C then it decays as the adsorption
of methanol onto Pt is hindered at higher
temperatures.
Methanol concentration: as the concentration of
methanol increases the oxidation peak current
increases with a shift in the positive direction.
The co-catalyst composition: the current density
increases with the increase of Pd content and then
decreases again. The maximum is found when the
Pd:Pt ratio is 1:3. Compared to pure Pt, the
inclusion of Pd improves the catalytic activity of

123

The modified film is relatively stable for successive
cycling in the acidic methanol up to about 50 cycles.
The observed decrease in current value for the oxidation process for the last cycle is about 2% compared to
that of the first cycle.
The best electrolytic efficiency for methanol oxidation
was that recorded for the copolymer (9:1) modified
with the submicro-/nano-structured catalyst. The ‘‘synergistic’’ effect caused by the polymer film and the
catalyst is more pronounced with the copolymer than
for PMT.
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