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This study aims to utilize pulse electrodeposition to synthesize tin/palladium/exfoliated
graphene oxide (Sn/Pd/EGO) catalyst composite as anode material for ethanol oxidation
reaction (EOR) which finds significant application in Direct Ethanol Fuel Cell (DEFC)
application. The electrocatalytic activity of the prepared catalysts towards ethanol oxidation
was evaluated using cyclic voltammetry in 1 M ethanol in 0.1 M NaOH. Cyclic voltammetry
showed that the addition of Sn to Pd improved the catalytic activity of Pd towards EOR in
alkaline solution. The bimetallic Sn/Pd catalyst on glassy carbon electrode (Sn/Pd/GCE)
showed a higher catalytic activity with a peak current density of 28.1 mA cm-–2, compared
to Pd/GCE (23.39 mA cm–2). The electrocatalytic activity of bimetallic Sn/Pd catalyst further
improved when EGO was used as a support (Sn/Pd/EGO) with a peak current density of
36.7 mA cm–2. Atomic force microscopy revealed that the catalysts were deposited on the
edges of the graphene sheets forming bright clusters with dark fringes on the middle of the
structure. X-ray photoelectron spectroscopy confirmed the presence of Pd and Sn metals
and their oxides. This study demonstrates that pulse electrodeposition could offer a much
simpler and faster approach in the development of high performance catalysts for EOR.
Keywords: direct ethanol fuel cells, graphene, Sn/Pd, AFM, XPS, pulse electrodeposition

INTRODUCTION
Research on alternative energy source includes
the development of fuel cells. Fuel cells are
attractive due to their minimal carbon emission
foot print, high theoretical thermodynamic
efficiency (not restricted by Carnot limit), and
zero use of fossil fuels [1]. With these
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characteristics, fuel cells have high potentials
to be used as a primary energy source.
Fuel cells generate electric current through
electrochemical reactions with the help of metal
based catalysts. Platinum has been reported to
have a high catalytic activity compared to other
metals and it is often the anode catalyst of choice
[2]. However, palladium (Pd) is more preferred
because it is cheaper and more abundant than
Pt. In addition, Pd has been reported to have a
higher catalytic activity towards ethanol
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oxidation reaction than platinum in alkaline
media [3, 4]. Moreover, this condition gives a
broader option in combining other metal catalyst
with palladium [5]. Thus, Pd is more practical in
terms of synthesizing catalysts for commercial
use.
Palladium as catalyst alone is susceptible to
poisoning by carbonaceous species in alkaline
medium. To prevent poisoning intermediates to
form on the surface of Pd catalyst, it is usually
combined with promoter metals [6] by providing
necessary intermediates for the reaction due to
the bi-functional mechanism [7]. Pd separates
ethanol by chemisorption, resulting to an
adsorbed carbonaceous species (CO). The
promoter reacts with water which leads to the
formation of -OHads species that is needed to
oxidize CO at a lower potential which results to
its desorption. This frees up more active sites
of Pd for the EOR to occur, thus giving higher
catalytic activity.
Aside from adding promoters to improve
catalytic activity, the catalyst can be deposited
on a support material with large surface area
such as carbon-based materials [8, 9]. Studies
have shown that Pd catalyst supported by
graphene gave enhanced catalytic activity [10,
11]. Graphene can improve the performance of
the catalyst by providing deposition sites for
the (electro)chemical reduction of the catalyst.
This results to an effective dispersion of the
catalyst particles, leading to a higher effective
surface area. A higher effective surface area
would provide the catalyst more active sites for
the oxidation of the fuel to occur, resulting in a
higher catalytic activity [12].
Investigations have suggested that bimetallic
catalysts of Pd alloyed with other metals can
effectively enhance the electrocatalytic activity
towards EOR in alkaline media. Majority of the
past research on Pd based catalysts are alloyed
with Ni [10, 11, 13], Co [14], Ru [5], Sn [15–17],
among others. These studies use chemical
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methods in the preparation and deposition of
the catalysts. There are few reports [18, 19] on
the use of electrochemical techniques for the
deposition of Pd-based catalysts on graphene
support. Nagaraju and Suresh [18]
electrochemically synthesized Pd nanoparticles
decorated-graphene using graphene oxide
solution (1 mg/mL, synthesized via modified
Hummer’s method) and palladium ions (1 mg
PdCl2 in 1 M KCl) in a single step using cyclic
voltammetry from 0 to –1.2 V vs. Ag/AgCl at a
scan rate of 100 mV/s. The peak current density
for ethanol oxidation was found to be 50 mA
cm –2 which is higher than chemically
synthesized PdSn/C [15].
Recently, pulse deposition technique has been
used by Hsieh and co-workers to
electrochemically deposit Pd [19] on oxidized
graphene for proton exchange membrane fuel
cells. Star-like Pd clusters consisting of several
nanotips are well deposited over the GO sheets,
and the primary size of the cluster ranges from
100 to 150 nm. The presence of GO sheets is
presumed to render multifunctional roles in
facilitating the dispersion of metallic Pd clusters,
ionic diffusion, and charge transfer [19]. Some
advantages of pulse electrodeposition technique
include ease of electrode fabrication and low
cost compared to other methods [19]. To the
best of our knowledge, there is no report on the
pulse electrodeposition of bimetallic PdSn
catalyst on graphene oxide for EOR. This study
aims to prepare and characterize pulse
electrodeposited PdSn catalyst on
electrochemically exfoliated graphene oxide. The
parameters for pulse electrodeposition of Pd and
Sn were optimized based on the current density
registered using cyclic voltammetry (CV)
towards EOR in basic medium.

METHODOLOGY
Materials and reagents. Precursor salt
solutions used for the catalysts such as
palladium(II) chloride (PdCl2), tin(II) chloride
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dihydrate (SnCl2  2H2O), potassium bromide
(KBr), and sodium hydroxide (NaOH) were all
purchased from Sigma Aldrich. Ethanol (J.T.
Baker, USA) and sulfuric acid (RCI Labscan,
Thailand) are of analytical grade. All solutions
were prepared using ultrapure water
(TOC<5.00 ppb; Resistivity = 18.2 Mcm,
Millipore, USA).
Preparation of graphene via electrochemical
exfoliation. Electrochemical exfoliation of
graphite to produce graphene was adapted from
Su et al. [20] with minor modification. Graphite
plate (Graphtek LLC, USA), 3”  1”, was used
as the source of graphene. The graphite plate
was clipped on the positive terminal (anode) of
the DC power supply and a platinum plate
(3 cm  1 cm) was clipped to the negative
terminal (cathode). The electrodes were
submerged in a solution of 0.5 M H2SO4 and was
subjected to a conditioning bias of +1 V for
30 min and exfoliating bias of +6 V for 5 min.
These biases were repeated until a desired of
amount of graphene was exfoliated.

electrode, and a platinum rod as the counter
electrode. The pulse parameters were varied
using the eChem software (v1.6).
Characterization of the catalyst. The
electrochemical characterization of the catalyst
towards ethanol oxidation reaction was
performed with a potentiostat (eDaq, Australia)
at a potential range of –900 mV to 400 mV, and at
a scan rate of 50 mV s –1 . Morphological
characterization was done with NX-10 atomic
force microscope system (Park Systems, South
Korea) in non-contact mode. A PPP-NCHR tip
with a tip radius of curvature of 10 nm, nominal
frequency of 330 kHz, and a force constant of
43 N m–1 was used to probe the samples. This
was done to observe the topography of the
deposited catalyst composites. The surface
elemental analysis was performed using
ESCALAB 250 XPS system (Thermo Fischer,
Theta Probe System, USA) with a
monochromatic Al K radiation at 150 W, in the
pass energy (PE) mode (PE = 20 eV).

RESULTS AND DISCUSSION
The exfoliated graphite material was filtered and
washed with ultrapure water to remove excess
sulfates. The sulfate-free graphite material was
dispersed in N,N-dimethylformamide (DMF) and
sonicated for 30 min. The resulting dispersion
was centrifuged and decanted to remove the
unexfoliated graphite. The electrochemically
exfoliated graphene (EGO) material was washed
and filtered using 0.45 m membrane filter to
remove the DMF. The EGO was dispersed in
water and was freeze-dried to obtain powdered
EGO [10].
Pulse electrodeposition of Pd and Sn. A
solution of 10 mM PdCl 2 and 10 mM
SnCl2 × 2H2O in 1 M HCl was prepared using
ultrapure water. The pulse electrodeposition
technique was performed with a potentiostat
(eDaq, Australia) on a three electrode set-up with
the glassy carbon electrode (GCE) as the
working electrode, Ag/AgCl as the reference

In Pulse Electro-Deposition (PED), the potential
is alternated between two potentials. Each pulse
consists of an ON-time and an OFF-time. ONtime is the time where the reduction potential is
applied while OFF-time is the time where zero
potential is applied. The size and thickness of
the deposited catalyst can be controlled by
varying the pulse parameters, which can have
an influence in the performance of the catalyst
[21]. Reduction potentials of –625 mV and –
525 mV were used for the deposition of Pd and
Sn, respectively, based on CV measurements of
the corresponding metallic solutions on glassy
carbon electrode.
Effect of ON-Time and OFF-Time. The
synthesis of Pd catalyst on GCE was controlled
by varying and optimizing the duration of the
pulse parameters, i.e. ON-time and OFF-time. The
optimum parameters were chosen based on the
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highest current density (mA  cm–2) of the anodic
peak at the positive-going potential scan which
is related to electrocatalytic activity towards
EOR. This anodic peak, in the potential range
of –0.2 V to 0.2 V in the positive-going scan is
attributed to the primary oxidation of ethanol
mainly as acetate [15].
The ON-time was first optimized while holding
the OFF-time constant at 10 ms. The CV curve
in Fig. 1 shows that the catalytic activity initially
increased to 23.3 mA cm–2 with an ON-time of
10 ms. Also, the electrocatalytic activity of Pd
towards EOR continuously decrease as ON-time
increases. Long deposition times would prolong
the growth of the deposited catalyst, resulting
in a larger deposit with less effective surface
area for EOR [22]. Thus the optimized duration

25 –

The optimized ON-time was then used in the
optimization of the OFF-time. The CV curve in
Fig. 2 shows the catalytic activity increased
when the OFF time was increased. This may be
attributed to the mechanism of pulse
electrodeposition. During ON-time, Pd2+ ions are
reduced to the electrode which produces a
concentration gradient at the electrode surface.
At short OFF-time, there is not enough time for
the Pd2+ ions to diffuse into the concentration
gradient near the electrode. This would cause
the next cycle to deposit less Pd. Longer duration
of OFF-time would provide more time for the
ions to diffuse through the bulk, providing
enough Pd 2+ ions to be deposited on the
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catalytic activity.
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Figure 1. Optimization of the ON-time parameter
for the electrodeposition of Pd. The OFF-time
parameter was kept constant at 10 ms. (A) CV
measurements done using 1 M ethanol in 0.1 M
NaOH and (B) corresponding graph.
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Figure 2. Optimization of the OFF-time parameter
for the electrodeposition of Pd. The optimized
ON-time of 10 ms was used. (A) CV
measurements done in 1 M ethanol in 0.1 M
NaOH and (B) corresponding graph.
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electrode [23] . The highest catalytic activity of
24.6 mA m–2, was obtained with an OFF-time of
50 ms.
Based on the results, the optimized ON-time and
OFF-time were 10 ms and 50 ms, respectively.
These results show that the ON time and OFF

Table 1. Different Ratios of the Number
of Pulses for Pd and Sn
Ratio of the
number of
pulses
4:1
2:1
1:1
1:2
1:4

Number
of pulses
for Pd
100
100
100
50
25

Number
of pulses
for Sn
25
50
100
100
100
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Current Density (mA/cm2)
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Effect of Pd:Sn ratio and deposition sequence.
As previously stated, the promotional effect of
Sn in Pd-Sn catalysts in the EOR can be
explained by the bifunctional effect, in which
Sn and/or SnOx have stronger interactions with
hydroxyl group (OHads) while Pd has excellent
properties in the adsorption and dissociation of
ethanol [15]. However, higher Sn content will
also decrease the occupancy of active Pd atoms
on the surface, and consequently impair the
overall performance of dissociation of adsorbed
ethanol. Therefore, an optimal Sn content will
be observed as a result of such rival effects of
Sn when alloying with Pd [15].

A

25 –
20 –

time parameters have an effect towards the
electrocatalytic activity of Pd towards EOR.

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

1:4
20 –
15 –
10 –

1:2
1:1
2:1
4:1

5–
0–
-1

0.6

A

25 –

-0.8

Potential (V vs. Ag/AgCl)

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Potential (V vs. Ag/AgCl)

30 –

30 –

B

28.2

B

24.3

25 –
20.4

20 –

19.8

15 –
12.3
10 –
5–
0–

25 –
20.8

22.3

20 –
17.3
15 –
10 –
5–

3.45

1:4

Current Density (mA/cm2)

Current Density (mA/cm2)

26.1

1:2

1:1

2:1

4:1

Sn to Pd Ratio of the Number of Pulses

Figure 3. Optimization of Pd and Sn ratios with Sn
deposited first on GCE before Pd (i.e. Pd/Sn/
GCE). The ON-time was optimized at 10 ms and
OFF-time was optimized at 50 ms. (A) CV
measurements done in 1 M ethanol in 0.1 M
NaOH and (B) corresponding bar graphs.
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Figure 4. Optimization of Pd and Sn ratios with Pd
deposited first on GCE before Sn (i.e. Sn/Pd/
GCE). The ON-time was optimized at 10 ms and
OFF-time was optimized at 50 ms. (A) CV
measurements done in 1 M ethanol in 0.1 M
NaOH and (B) corresponding bar graphs.
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Table 1 shows the different ratios of the number
of pulses used in depositing the Pd-Sn bimetallic
catalyst. The CV data in Fig. 3 and Fig. 4 show
the performance of catalysts prepared with
different ratios of number of pulses for
palladium and tin. The CV results revealed that
the bimetallic catalyst synthesized with a ratio
of 4:1 (Pd:Sn) gave the highest current density
while the catalyst deposited with a ratio of 1:2
and 1:4 yielded even lower current densities.
This suggests that, as the number of pulses for
Pd was decreased, there were less active Pd sites
and more Sn particles deposit which decrease
the electrocatalytic activity towards EOR.
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Figure 5. Comparison of sequential and codeposition of Pd and Sn on glassy carbon
electrode (GCE) and Pd on GCE. The ratio was
optimized at 4:1 Pd:Sn. The ON-time and OFFtime were optimized at 10 ms and 50 ms,
respectively. (A) CV measurements done in 1 M
ethanol in 0.1 M NaOH and (B) corresponding
bar graphs showing precision of CV
measurements.
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As shown in Fig. 5A, the peak current density
is dependent on the sequence of deposition of
the alloy. The CV profile shows that depositing
Pd first then Sn (Sn/Pd) gave a higher peak
current density of 28.2 mA cm –2 (Fig. 4)
compared to 24.3 mA cm–2 when depositing Sn
before Pd (Pd/Sn) (Fig. 3) and 25.4 mA cm–2 when
co-depositing Pd and Sn (PdSn) (Fig. 5). This
may indicate that when Sn is deposited first
before Pd, Sn may have been covered by Pd,
and could not provide OH– species that can
oxidize adsorbed carbonaceous species, which
can improve the catalytic activity of the Pd
catalyst.

Sn/Pd/GCE

Sn/Pd/EGO

Figure 6. (A) CV profiles of Sn/Pd on glassy carbon
electrode and Sn/Pd on EGO with Pd deposited
first before Sn with a ratio of 4:1. The ON-time
was optimized at 10 ms and OFF-time was
optimized at 50 ms. CV was done in 1 M ethanol
in 0.1 M NaOH. (B) Bar graphs showing the
error bars at the range of +/–1 SD of the
experiment.
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Table 2. Repeatability Test of the Optimized Pd/GCE, Pd/Sn/GCE,
Sn/Pd/GCE, and PdSn/GCE in Three Trials

Catalyst

Pd/GCE
Pd/Sn/GCE
Sn/Pd/GCE
PdSn/GCE

Trial 1
(mA/cm2)

Trial 2
(mA/cm2)

Trial 3
(mA/cm2)

Standard
Deviation
(mA/cm2)

Mean
(mA/cm2)

24.18
24.31
27.73
25.10

22.34
24.83
27.86
25.36

23.65
22.34
28.12
24.05

0.947
1.31
0.20
0.69

23.39
23.83
27.90
24.83

Relative
Standard
Deviation
(%)
4.04
5.50
0.71
2.77

Table 3. Repeatability Test of the Optimized Sn/Pd/GCE
and Sn/Pd/EGO for Three Trials

Catalyst

Sn/Pd/GCE
Sn/Pd/EGO

Trial 1
(mA/cm2)

Trial 2
(mA/cm2)

Trial 3
(mA/cm2)

Standard
Deviation
(mA/cm2)

Mean
(mA/cm2)

28.12
36.66

27.86
32.85

27.73
37.45

0.20
2.45

27.90
35.65

To test for precision, CV was done in three
separate trials (i.e. three samples of each catalyst
system were prepared and the CV towards EOR
was measured for each sample) on the optimized
Pd/GCE, Pd/Sn/GCE, Sn/Pd/GCE, and PdSn/
GCE. Table 2 shows the current densities of the
three trials, the standard deviation, and the
relative standard deviation (RSD) for each
catalyst. Figure 5B displays the average peak
current density of the catalysts together with
its corresponding error bars. The RSD values
for the samples are low, with Sn/Pd/GCE having
the lowest RSD of 0.71%. This suggests that
the CV measurements towards EOR for the Sn/
Pd/GCE catalyst composites synthesized
through pulse electrodeposition are repeatable.
Electrodepositing the metallic particles on EGO
allows proper dispersion of the catalyst by
providing nucleation sites for the
electrochemical reduction of the catalyst [12];
this could also lessen the use of the catalyst
metal without sacrificing its performance. The
voltammogram in Fig. 6A shows an
improvement on the performance of the catalyst
when deposited on EGO, giving a peak current

Relative
Standard
Deviation
(%)
0.71
6.87

Figure 7. AFM image (10 mm  10 mm) of Sn/Pd/
EGO at a ratio of 1:4. For the synthesis of the
catalyst composite, the ON-time and OFF-time
were optimized at 10 ms and 50 ms,
respectively.

density of 35.65 mA/cm2. Repeatability test was
done by performing the experiment three times.
Table 3 shows the results of each of the three
trials, the standard deviations for Sn/Pd/GCE
and Sn/Pd/EGO. Figure 6B displays the average
peak current density of the catalysts together
with its corresponding error bars. Both catalysts
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Figure 8. XPS analysis of pulse electrodeposited PdSn on EGO support: (A) Pd 3d and (B) Sn 3d core level
spectra.

show RSD of less than 10%. This suggests that
fabricating Sn/Pd/EGO through pulse
electrodeposition is repeatable.
Morphological characterization. Figure 7
shows bright spherical clusters deposited on
graphene surface. This shows the successful
deposition and the growth of the Sn/Pd
catalysts. Figure 7 shows that the metallic
particles appear as bright clusters in wire-like
arrangement. This may suggest that graphene
did provide deposition sites for Pd, as the
[PdCl]2– ions were first adsorbed on the edges
of the oxidized graphene. Under pulsed potential
condition, the ionic concentration is sufficiently
high to deposit the Pd clusters. With increasing
number of potential pulses, the average size of
the Pd cluster gradually enlarges, presumably,
the bright clusters in wire-like arrangement [19].
X-ray photoelectron spectroscopy analysis.
Figure 8A shows the Pd 3d core level spectra of
pulse electrodeposited PdSn on EGO support.
The two distinct peaks located at 335.6 eV and
340.8 eV can be assigned to the Pd 3d5/2 (highenergy band) and Pd 3d3/2 (low-energy band)
spin orbit states of metallic Pd, while the less
intense doublets around 337.1 eV nd 342.5 eV
are attributable to 3d3/2 and 3d5/2 peaks of PdO.
The peak assignments are in agreement with a
previous study for PdSn catalyst prepared by
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chemical reduction [17]. Meanwhile, the binding
energies of Sn 3d5/2 (487.3 eV) and 3d3/2 (496.0 eV)
for the electrochemically prepared PdSn/EGO
composite (Fig. 8B) are higher than those of
metallic Sn (485.0 eV and 493.4 eV). This
indicates the presence of ionic Sn as SnO or
SnO2 on the surface of Pd-Sn catalyst. The
predominance of ionic Sn over metallic Sn has
been observed by several studies [15, 17],
indicating that the catalyst is PdSn alloy, while
Sn atoms on the surface are partially oxidized
into SnO or SnO2.

CONCLUSION
This study has utilized pulse electrodeposition
for the fabrication of Sn/Pd/EGO catalyst. The
use of electrochemical techniques has provided
a simple and fast method of fabricating high
performance catalyst for ethanol oxidation
reaction. Cyclic voltammetric studies revealed
that pulse parameters such as ON-time and OFFtime, ratio of the binary catalyst, mode and
sequence of deposition, among others, have an
effect on the performance of the catalyst
towards ethanol oxidation reaction. The Sn/Pd/
EGO catalyst (i.e. Pd deposited first before Sn,
with 10 ms ON-time and 50 ms OFF time, and a
ratio of 4:1 [Pd:Sn]) gave the highest catalytic
activity with an average current density of
35.65 mA/cm2. AFM image showed that the

Pulse electrodeposited tin/palladium/exfoliated graphene oxide

catalysts were deposited as bright clusters on
graphene surface. XPS analysis confirmed the
presence of Pd and Sn which exist in metallic
and oxide forms.
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