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Ö Z

Bu çalışmada daha önce geliştirilmiş olan Pt@PVF katalizörünün katalitik özelliklerinin geliştirilmesi için kalem grafit 
elektrot üzerinde poli(vinilferrosen)-destekli Pt ve Pd bimetalik katalizörü (PtPd@PVF) elektrokimyasal olarak 

hazırlanmıştır. Pt ve Pd kaynağı olarak K2PtCl4 ve K2PdCl4 kullanılmış ve metallerin iletken polimer yüzeyine disperse edilmesi 
için dönüşümlü voltametri tekniği kullanılmıştır. Pt ve Pd komplekslerinin indirgenmesi için elektrokimyasal ve kimyasal 
indirgeme yöntemleri karşılaştırılmıştır. Hazırlanan katalizör sisteminin elektrokimyasal karakterizasyonu için dönüşümlü 
voltametri kullanılmış olup fiziksel karakterizasyon içinse taramalı elektron mikroskobu görüntüleri ve enerji dağılımlı 
X-ışınları spektrumu kullanılmıştır. Monometalik Pt@PVF katalizörü ile karşılaştırıldığında, PtPd@PVF katalizörünün 
metanolün elektroyükseltgenmesi için daha yüksek katalitik aktivite gösterdiği gözlenmiştir.
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A B S T R A C T

In this study, a bimetallic catalyst consisting of Pt and Pd nanoparticles supported on poly(vinylferrocene), i.e., PtPd@PVF 
was electrochemically prepared on pencil graphite electrode to improve the catalytic properties of previously developed 

Pt@PVF catalyst. K2PtCl4 and K2PdCl4 were used as the metal precursors in order to disperse the Pt and Pd onto the conducting 
polymer support by cyclic voltammetry technique. Electrochemical and chemical reduction methods were compared for the 
reduction of Pt and Pd complexes. The prepared catalyst system was electrochemically characterized by cyclic voltammetry. 
Physical characterization of the catalyst was performed by recording scanning electron microscopy images and energy 
dispersive X-ray spectrum. The PtPd@PVF catalyst showed superior catalytic activity towards electrooxidation of methanol 
compared to the monometallic Pt/PVF catalyst.
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INTRODUCTION

Recently, fuel cells are considered as promising 
energy sources for the future as alternatives to 

traditional systems for many reasons. For instance, the 
harmful effects of the current combustion-based tech-
nologies contribute to many global concerns such as 
climate change, ozone layer depletion, acidic rains, etc. 
Furthermore, these technologies are mainly dependent 
on the limited supplies of fossil fuels. On the other hand, 
fuel cells have the potential to provide efficient and 
clean energy conversion as they are compatible with 
renewable sources and modern energy carriers for sus-
tainable development and energy security [1]. During 
the operation of a fuel cell, the chemical energy of the 
fuel (hydrogen, methanol, ethanol, formic acid, etc.) 
and the oxidant (oxygen gas or hydrogen peroxide) is 
catalytically converted to electricity. Polymer electroly-
te fuel cells, also known as Proton Exchange Membrane 
Fuel Cells (PEMFCs), are considered as one of the most 
promising alternative fuel cell systems due to their high 
efficiency and low emissions [2]. 

In today’s world, the increasing demand for portab-
le and mobile devices such as cell phones and laptop 
computers create a demand for better power sources 
compared to traditional lithium and nickel based rec-
hargeable battery systems due to their limited energy 
density. Furthermore, a rechargeable battery requi-
res an external electrical power source for recharging 
which is a substantial limitation to the mobility of a por-
table device. For these reasons, PEMFCs are regarded 
as promising alternatives to rechargeable batteries [3]. 
Theoretically, a PEMFC using hydrogen as the fuel is the 
cleanest renewable energy source. However, hydrogen 

– as a fuel – usually needs to be stored under high pres-
sure and poses transport and storage problems not to 
mention its flammability and high cost [4]. Compared to 
hydrogen – fed fuel cells, which have a reforming unit 
or low capacity in the hydrogen storage tank, a direct 
methanol fuel cell (DMFC) simplifies the fuel cell system 
by using methanol as the fuel, which is easily stored and 
transported [5]. DMFCs have emerged as one of the 
potential systems, which not only provide clean energy 
but also offer good commercial viability. Commercial 
applications of DMFCs like passenger vehicles, genera-
tors, chargers and other portable devices such as cell 
phones and laptop computers are currently available 
[6-8].

During the operation of a DMFC, methanol and water 
are oxidized in the anode catalyst layer while the rele-
ased H+ ions react with oxygen gas producing water in 
the cathode part:
CH3OH   +   H2O  →   CO2   +   6 H+   +   6 e-	 (1)
6 H+   +   6 e-   +   1.5 O2   →   3 H2O		  (2)

The overall reaction is:
CH3OH   +   1.5 O2   →   CO2   +   2 H2O	(3)
Methanol crossover, which can be defined as diffusion 
of methanol from the anode to the cathode through 
the membrane, is one of the most notable technical 
barriers of DMFCs [3]. Thus, the catalyst layers used in 
the anode and cathode parts play crucial role for inc-
reasing the performance of these fuel cell systems. In 
order to overcome the limitations associated with the 
commercialization of fuel cells, researchers focus on 
improving new materials to increase the efficiency 
and stability of fuel cell systems while decreasing the 
overall cost. Commercialization of fuel cells strongly 
depends on progress of advanced electrode materials 
with elevated performance. Unfortunately, the most 
active anode materials for oxidizing the fuel in a fuel 
cell are platinum (Pt)-based ones which make the fuel 
cell technology less cost-effective due to the limited 
supply and high cost of Pt [2,9]. To realize the practical 
application and commercialization of fuel cells, a great 
number of investigations are carried out for maximizing 
the activity of Pt-based electrocatalysts over the last 
decade. Among the successful strategies proposed for 
this purpose, reducing the size of the catalyst to pos-
sess much larger surface area and replacing Pt with Pt-
based metallic alloys to reduce cost and increase the 
activity are remarkable [10]. Alloying two metals results 
in the formation of heteroatom bonds and geometric 
effects causing new electronic structures to appear in 
bimetallic nanoparticles. Also due to the synergistic 
effect of combining two functional metals, bimetallic 
alloy nanoparticles demonstrate enhanced electroca-
talytic performance with respect to monometallic na-
noparticles and hence attract more and more attention 
[11-13]. Among the metals utilized with Pt to prepare a 
bimetallic catalyst, palladium (Pd) is not only less expen-
sive and more abundant than Pt, but also exhibits high 
activity for many catalytic reactions. In many cases, Pt-
Pd bimetallic catalysts show increased activity and imp-
roved stability when compared with monometallic Pt or 
Pd catalysts [14,15]. Pt-Pd bimetallic catalysts were re-
cently proved to have enhanced activity towards cataly-
tic reactions involved in DMFCs i.e. methanol oxidation 
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[16-22] and oxygen reduction [23,24], and have been 
successfully applied to electrochemical sensors [25-27].
Another strategy to enhance the catalytic performance 
of nanoparticle-based catalysts is to deposit metal na-
noparticles onto a suitable solid matrix designated as 

“support”. Supported metal nanoparticles are known 
to show improved stability and higher catalytic activity 
compared to unsupported ones. Good electrical con-
ductivity and large surface area are the main charac-
teristics of an ideal catalyst support. The solid support 
also serves to reduce the amount of the catalyst used 
and in some cases improves the catalyst performance 
and durability by reducing catalyst poisoning [6,28]. 
Recently, carbon-based materials such as commercial 
carbon supports [29-31], graphene [32,33] and carbon 
nanotubes [18,34] have been successfully combined 
with Pt-Pd bimetallic catalysts as well as metal oxides 
[35,36] and conducting polymers [37,38]. The electrical 
conductivity and the porosity are two important featu-
res of a catalyst support. Therefore, the nature of the 
support material directly affects the catalytic activity 
due to the interaction effect between the support and 
the bimetallic catalyst. Moreover, the stability of the ca-
talyst support has to be taken into account for develop-
ment of new substrates [39]. Among the support ma-
terials, conducting polymers have attracted attention 
recently due to their advantages such as high accessible 
surface area, low resistance, and high stability together 
with their conductive and stable structure [2,40-42]. As 
a redox type conducting polymer, poly(vinylferrocene) 
(PVF) serves as a favorable agent for electrode modifi-
cations with desired surface properties. Advantages of 
using PVF for modification are mainly simple electroc-
hemistry with a reversible one-electron process, high 
stability, and ease of deposition of thin films [43].
Among the methods applied for the preparation of me-
tal nanocatalysts, electrochemical methods have the 
advantages of simplicity, low cost and ease of control 
during the procedure by simply controlling the expe-
rimental parameters [44-49]. Herein, we describe the 
preparation and characterization of PtPd@PVF na-
nocatalyst where Pt and Pd nanoparticles are elect-
rochemically dispersed onto the conducting PVF film. 
Pt and Pd were immobilized in the polymer matrix by 
cyclic voltammetry technique from aqueous solutions 
of K2PtCl4 and K2PdCl4 respectively prior to chemical 
or electrochemical reduction. The PtPd@PVF catalyst 
showed superior catalytic activity towards electrooxi-
dation of methanol compared to the monometallic Pt/
PVF catalyst.

MATERIALS and METHODS

Reagents and instruments
Poly(vinylferrocene) was synthesized according to the 
procedure described by Aso et. al. [50]. Vinylferroce-
ne was obtained from Sigma-Aldrich. 2,2-Azo-bis(2-
methyl-propionitrile) (AIBN) was obtained from Alfa. 
Tetra-N-butyl ammonium perchlorate (TBAP) (≥ 99.0%) 
was purchased from Fluka. Methylene chloride (HPLC 
grade), H2SO4 and CH3OH were obtained from Sigma-
Aldrich. Hydrazine solution was diluted from 80% aqu-
eous solution of hydrazine hydrate (Merck). K2PtCl4, 
K2PdCl4 were purchased from Sigma-Aldrich and used 
as received. 

Solutions were deoxygenated by purging high purity 
nitrogen gas prior to use in the electrochemical expe-
riments. Triple distilled water was used for aqueous 
solutions. All experiments were carried out at ambient 
temperature.
 
Electrochemical experiments were performed using 
CHI 600E electrochemical workstation. Scanning elect-
ron microscopy (SEM) images were recorded using JEOL 
model JSM-7001F. 

Electrodes
Electrochemical experiments were carried out in a three-
electrode system glass cell. Four different working elect-
rodes were used: gold disc electrode (Au, 2 mm in diame-
ter), platinum disc electrode (Pt, 2 mm in diameter), glassy 
carbon electrode (GCE, 3 mm in diameter) and disposable 
pencil graphite electrode (PGE, 0.5 mm in diameter). Sil-
ver/silver chloride (Ag/AgCl) and saturated calomel elect-
rodes (SCE) were used as reference electrodes in methyle-
ne chloride and aqueous media respectively. A platinum 
(Pt) wire was used as the counter electrode.

Preparation of PtPd@PVF modified PGE
On the surface of PGE, PVF-supported PtPd bimetallic 
nanoparticles were prepared following a facile, four-step 
procedure: (1) coating PGE with PVF film by constant po-
tential electrolysis, (2) incorporation of Pt species onto the 
polymer matrix via cyclic voltammetric scans from 2.0 mM 
aqueous solution of K2PtCl4, (3) incorporation of Pd speci-
es onto the polymer matrix via cyclic voltammetric scans 
from 1.0 mM aqueous solution of K2PdCl4, (4) chemical or 
electrochemical reduction of Pt and Pd species to obtain 
PVF – supported Pt and Pd nanoparticles.
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During the procedure, the polymer film was deposited 
onto the working electrode by electrooxidation of 1.0 
mg mL-1 PVF solution in methylene chloride containing 
0.1 M TBAP as the supporting electrolyte. The potential 
was held constant at +0.7 V vs. Ag/AgCl throughout the 
electrolysis. The thickness of the polymer film was cont-
rolled by the charge passed during electrolysis. As an 
example, a charge of 1 x 10-3 corresponds to 1.32 x 10-6 
mol of the oxidized PVF per cm2 (dry thickness of ~ 300 
µm, which corresponds to about 3 x 105 layers) [51]. It 
is worth mentioning that, the physical appearance and 
porosity of the polymer films prepared using different 
charge values significantly vary depending on the film 
thickness and quantity of the polymer. The resulting 
film is in a porous structure containing ClO4

- ions as the 
counter ion, ferrocene (PVF) and ferrocenium (PVF+) 
groups [44]. In the second and third steps, the PVF co-
ated electrode was immersed in aqueous solutions of 
2.0 mM K2PtCl4 and 1.0 mM K2PdCl4 respectively and 
cyclic voltammetry was applied in order to immobilize 
the metal complexes in the polymeric matrix. The po-
tential limits were -0.85 – +1.15 V and -0.80 – +1.00 V vs. 
SCE for K2PtCl4 and K2PdCl4 respectively. In these steps, 
the Pt and Pd species are incorporated into the polymer 
matrix in two ways. First, the negatively charged Pt and 
Pd complexes, i.e. PtCl4

2- and PdCl4
2-, are accumulated 

in the positively charged polymer matrix via anion exc-
hange with the ClO4

- ions present in the polymer film 
as the counter anion. This anion exchange capability of 
the PVF film has recently been reported in the litera-

ture [52]. Second, within the applied potential window 
during the cyclic voltammetric scans performed in 
K2PtCl4 and K2PdCl4 solutions, the Pt and Pd comple-
xes are electrochemically reduced to some extend and 
are incorporated into the polymer matrix as Pt and Pd 
atoms. The resulting film was then subjected to a re-
duction step to ensure that the Pt and Pd species have 
been reduced to Pt and Pd atoms. Chemical reduction 
was simply performed by placing the coated electrode 
in 0.1 M stirred solution of hydrazine at 300 rpm. For 
electrochemical reduction of the complexes, constant 
potential electrolysis was applied to the coated electro-
de at -0.3 V vs. SCE for 15 min in 0.5 M H2SO4 solution. 
The resulting catalyst denoted as PtPd@PVF was highly 
active towards electrocatalytic oxidation of methanol.

RESULTS and DISCUSSION

Optimization of experimental parameters
In order to obtain the best performance from the ca-
talyst system, we first optimized the experimental con-
ditions during the preparation of PtPd@PVF. Optimum 
conditions were determined according to the oxidation 
peak current values recorded during cyclic voltammog-
ram (CV) of 0.5 M CH3OH solution containing 0.5 M 
H2SO4 between potentials 0.2 – 0.7 V vs. SCE with a scan 
rate of 5 mV s-1.

We investigated the influence of the substrate used for 

Figure 1. CVs of 0.5 M CH3OH solution containing 0.5 M H2SO4 with Au (blue), Pt (red), GCE (green) and PGE (black) electrodes 
coated with PtPd@PVF catalyst. (PW: 0.2 – 0.7 V vs. SCE, scan rate: 5 mV s-1)
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the working electrode on the oxidation peak current of 
methanol. For this purpose, we prepared PtPd@PVF ca-
talyst system on Au, Pt, GCE and PGE electrodes and 
recorded CVs of 0.5 M CH3OH solution in 0.5 M H2SO4 
over the potential window (PW) of 0.2 – 0.7 V vs. SCE. 
In order to obtain comparable results for each elect-
rode material, we have payed attention to equilibrate 
the quantity of polymer and metal loadings according 
to the surface area of the electrodes. When we compa-
red the current densities, we observed that maximum 
peak current density was obtained on a disposable PGE 
(Figure 1). 

To determine the optimum polymer film thickness, we 
prepared PtPd@PVF catalyst system on PGE using poly-
mer films with different thicknesses. For this purpose, 
charge passed during electrodeposition of PVF films 
from the polymer solution was varied from 0.2 mC to 
0.7 mC. The other experimental conditions were as 
follows: 30 cycles of CV in 2.0 mM K2PtCl4 solution, 10 
cycles of CV in 1.0 mM K2PdCl4 solution, 60 minutes che-
mical reduction time in hydrazine. When we compared 
the CVs, maximum oxidation peak current was obtained 
with the polymer film corresponding to 0.4 mC charge 
passed (Figure 2). It is known that, during the coating 

process of PVF film on the electrode surface, the charge 
passed (therefore, the thickness of the polymer film) is 
an important experimental parameter as it directly af-
fects the porosity of the polymer support. As consistent 
with previous studies, the performance of the catalyst 
increases up to a thickness and decreases afterwards 
[43,44]. Corresponding CVs can be seen in supplemen-
tary content (Figure S1). 

To control the quantity and the ratio of Pt and Pd na-
noparticles, we used cyclic voltammetry method which 
enabled controlled incorporation of Pt and Pd species 
through the control of number of cyclic voltammet-
ric scans. For optimization studies, we immobilized Pt 
and Pd complexes from aqueous solutions of 2.0 mM 
K2PtCl4 and 1.0 mM K2PdCl4 without a supporting elect-
rolyte onto PVF films by cyclic voltammetry. Polycyclic 
voltammograms performed in K2PtCl4 and K2PdCl4 are 
given in Figure 3a and Figure 3b respectively. During the 
reduction mechanism of PtCl4

2-, different Pt complexes 
due to the exchange of H2O as a ligand coordinating the 
Pt metal are expected [53]. Therefore, oxidation and re-
duction peaks associated to these species are observed 
in the CV of the K2PtCl4 molecule. On the other hand, 
during the reduction mechanism of PdCl4

2- complex, dis-

Figure 2. Effect of polymer film thickness (in means of charge passed during polymer coating) on oxidation peak current of methanol.
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Figure 3. Polycyclic voltammograms performed in (a) K2PtCl4 (PW: -0.85 – +1.15 V vs. SCE, scan rate: 100 mV s-1) and (b) K2PdCl4 
(PW: -0.80 – +1.00 V vs. SCE, scan rate: 100 mV s-1) for immobilization of Pt and Pd species onto the PVF matrix.

(b)

(a)
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Figure 4. (a) CVs of 0.5 M CH3OH solution containing 0.5 M H2SO4 on PtPd@PVF catalyst having various amounts of Pt and Pd. 
(PW: 0.2 – +0.7 V vs. SCE, scan rate: 5 mV s-1) (b) Corresponding plot representing current values vs. varying amounts of Pt and Pd.

(b)

(a)
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Figure 5. CVs of 0.5 M CH3OH solution containing 0.5 M H2SO4 on PtPd@PVF catalyst prepared by (a) Electrochemical reduction, 
(b) Chemical reduction methods. (PW: 0.2 – +0.7 V vs. SCE, scan rate: 5 mV s-1).

Figure 6. Effect of chemical reduction time on oxidation peak current of methanol.

Reduction method Onset potential Oxidation peak potential Oxidation peak current

Electrochemical reduction 0.275 V 0.630 V 0.98 x 10-2 A

Chemical reduction 0.265 V 0.620 V 1.30 x 10-2 A

Table 1. Comparison of electrochemical and chemical reduction methods.
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sociation of the complex occurs sequentially forming Pd 
species such as PdCl3

- and PdCl2
2- [54]. As a result, similar 

to the Pt complex, various oxidation and reduction peak 
are observed in the CV of the Pd complex.

The amount of Pt and Pd deposited onto the polymer 
film was controlled by the number of cyclic voltammet-
ric scans in the precursor solutions. The experimental 
conditions were as follows: 0.4 mC charge passed du-
ring electrodeposition of PVF, varying numbers of cyclic 
voltammetric scans in Pt and Pd precursor solutions 
(Trial 1: 10 Pt – 3 Pd ; Trial 2: 20 Pt – 6 Pd ; Trial 3 :30 
Pt – 10 Pd ; Trial 4: 40 Pt – 15 Pd ; Trial 5: 50 Pt – 20 Pd 
; Trial 6: 75 Pt – 25 Pd) and 60 minutes chemical reduc-
tion time in hydrazine. The CVs recorded in methanol 
solution are given in Figure 4a. When the peak current 
values are compared, it is clear that best catalytic per-
formance was obtained at Trial 4 where 40 cyclic vol-
tammetric scans in K2PtCl4 and 15 cyclic voltammetric 
scans in K2PdCl4 were applied (Figure 4b). This behavior 
of the catalyst is consistent with previous studies where 
the catalyst performance increases up to an optimum 
metal content and decrease with loading more Pt or Pd 
[43,44].

After immobilization of PtCl4
2- and PdCl4

2- species onto the 
polymer matrix, the next step was the reduction of the 
complexes to obtain Pt and Pd nanoparticles. We payed 
attention to the reduction procedure as it might control 
the size and dispersion of the nanoparticles and therefore 
affect the electrocatalytic activity. We compared elect-

rochemical and chemical reduction methods by means of 
oxidation peak potential of methanol. For electrochemical 
reduction, we deposited PVF film to the surface of the PGE 
(corresponding to a charge of 0.4 mC) and then applied 40 
cyclic voltammetric scans in 2.0 mM K2PtCl4 and 15 cyclic 
voltammetric scans in 1.0 mM K2PdCl4. The reduction of 
the complexes was performed in stirred 0.5 M H2SO4 solu-
tion at a constant potential of -0.3 V vs. SCE for 15 min and 
the resulting catalyst was used for recording CV of 0.5 M 
CH3OH solution (Figure 5a). The same experimental con-
ditions were applied for the chemically reduced catalyst 
and the reduction was then performed in stirred 0.1 M 
hydrazine solution for 60 min before recording the CV of 
the methanol solution (Figure 5b). According to the data 
given in Table 1, chemical reduction method was more 
favorable than electrochemical reduction by means of on-
set potential, oxidation peak potential and oxidation peak 
current values.

We also studied chemical reduction time between 30 
and 90 minutes. According to the data obtained from 
CVs of 0.5 M CH3OH solution (see Figure S2), a reduction 
time of 60 min was determined as the optimum conditi-
on for best performance (Figure 6). 

Characterization of PtPd@PVF catalyst 
Electrochemical characterization
Electrochemical characterization of the bimetallic ca-
talyst was performed by recording CVs of 0.5 M H2SO4 
solution and comparing the CVs for naked PGE, PVF co-
ated PGE, monometallic Pt@PVF catalyst and bimetallic 

Figure 7. CVs of 0.5 M H2SO4 recorded with naked PGE (green), PVF coated PGE (red), Pt@PVF modified PGE (blue) and PtPd@PVF 
modified PGE (black). Inset: negative potential region. (PW: 0.25 – +1.0 V vs. SCE, scan rate: 100 mV s-1)
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PtPd@PVF catalyst on PGE which was prepared using 
chemical reduction method (Figure 7). It is worth menti-
oning that the anodic peaks around 0.4 V vs. SCE for PVF 
and Pt@PVF coated are observed due to the oxidation 
of the ferrocene form of the polymer to the ferroceni-
um form.

Between potentials 0.00 and -0.25 V, oxidation and re-
duction peaks associated with weakly and strongly ad-
sorbed hydrogen was observed for monometallic and 
bimetallic catalysts. As expected, no hydrogen peaks 
were observed with the PVF coated graphite. When 
monometallic and bimetallic catalyst systems are com-
pared, the bimetallic catalyst had better response with 
higher peak current values indicating better electro-
catalytic activity. This behavior was also supported by 
behavior of the monometallic and bimetallic catalysts 
towards oxidation of methanol. Figure 8a shows the 
CVs of 0.5 M CH3OH recorded with Pt@PVF catalyst pre-
pared under optimum experimental conditions using a 
Pt disc electrode (A = 7.85 x 10-3 cm2) according to the 
method described before [43]. It is clear from the CVs 
that the bimetallic PtPd@PVF catalyst described in this 
work is significantly more active towards electrocataly-
tic oxidation of methanol compared to the monometal-
lic one (Figure 8b).
 

Physical characterization
SEM images of both the PVF and the PtPd@PVF catalyst 
prepared under optimum conditions were recorded on 
PGE together with EDS patterns and elemental mapping 
(Figure 9). For comparison, SEM image of naked PGE is 
given in Figure S3. When we look into the SEM image of 
the bimetallic catalyst, unlike the structures of mono-
metallic Pt@PVF and Pd@PVF catalysts, a hierarchical 
structure was observed consisting of well dispersed 
aggregates of nanosized Pt and Pd atoms [43,44]. This 
feature results in a highly porous character enabling the 
catalyst to serve as an excellent medium for methanol 
oxidation reaction (Figure 9a) and the cauliflower-like 
structure of the catalyst is clearly observed due to agg-
regation of the nanoparticles (Figure 9b). The recorded 
EDS spectrum clearly reveals the presence of Pt and Pd 
atoms in the catalyst together with the Fe atoms exis-
ting in the polymer matrix (Figure 9c). Moreover, as 
shown in the elemental mapping in Figure 9d, Pt and Pd 
nanoparticles are well dispersed in the polymer matrix 
enabling high catalytic activity.

Figure 8. CVs of 0.5 M CH3OH solution containing 0.5 M H2SO4 recorded with (a) monometallic Pt@PVF catalyst and (b) bimetallic 
PtPd@PVF catalyst. (PW: 0.2 – +0.7 V vs. SCE, scan rate: 5 mV s-1)
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Figure 9. SEM images of (a) PVF coated PGE and (b) PtPd@PVF coated PGE. (c) EDS spectrum and (d) elemental mapping of PtPd@PVF 
coated PGE.

(a)

(c) (d)

(b)

Conclusions
We prepared bimetallic PtPd@PVF catalyst on PGE 
using a facile synthesis route and optimized the expe-
rimental conditions to obtain maximum performance 
towards electrocatalytic oxidation of methanol. Physi-
cal characterization of the catalyst indicated formation 
of cauliflower-like structure and revealed well dispersi-
on of Pt and Pd nanoparticles on the electrode surfa-
ce. Furthermore, we compared the bimetallic catalyst 
with monometallic Pt@PVF for methanol oxidation and 
observed significantly better result with the bimetallic 
one. The bimetallic catalyst system revealed compa-
rable results for electrocatalytic oxidation of methanol 

among other bimetallic PtPd catalyst systems [16,19,21]. 
Having these features, the PtPd@PVF catalyst can be 
considered and further improved as an anode catalyst 
system for DMFCs.
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