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Abstract
Herein, a stepwise electrodeposition technique was used to synthesize the Pd based nanoparticles on 
indium-tin oxide (ITO) electrodes. First of all, Pd nanoparticles were electrodeposited on ITO via one step 
electrodeposition technique. Furthermore, Au was electrodeposited on Pd. Finally, Co was electrodeposited 
on Au and Pd electrodeposited ITO electrode via stepwise electrodeposition technique. Characterization 
of these electrodes was performed by x-ray diffraction (XRD) and scanning electrode microscopy (SEM) 
techniques. Considering the XRD pattern, well-defined ITO peaks, Pd, and Au fcc structure peaks are clearly 
visible for Pd based electrodes. On the other hand, Co has two main crystal structures such as face-centered-
cubic (fcc) and hexagonal close-packed (hcp) phases. SEM images illustrates that spherical particles were 
obtained for these Pd based electrodes. Finally, formic acid electrooxidation activities of these electrodes 
were evaluated and enhanced electrooxidation activities were obtained. 
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INTRODUCTION
Polymer electrolyte membrane (PEM) based 

fuel cells are generally considered as a promising 
alternative to batteries in portable power devices. 
Conventionally, hydrogen fuel cells (H2-PEM) and 
direct methanol fuel cells (DMFCs) have gained 
intensive research interest [1-3]. The critical 
limitations for commercialization of H2-PEM 
are the high cost of miniaturized H2 containers, 
potential dangers in transportation and use 
of H2, and low gas-phase energy density of H2. 
Hence, direct formic acid fuel cells (DFAFCs) have 
recently attracted tremendous research interest 
as potential power sources [1-8]. Formic acid (FA, 
HCOOH) is a pleased alternative fuel due to its 
higher energy density, stability, less toxicity, and 
lower crossover through nafion membrane than 
CH3OH [9]. 

The dehydration of FA to form the CO poisoning 
is facile on Pt surfaces, which drastically impedes 

the dehydrogenation at lower potentials. Toxic 
carbon monoxide (CO) produced by dehydration 
of FA significantly reduces the activity of Pt catalyst 
in PEMFC [9]. In contrast, the dehydrogenation of 
FA to form CO2 prevails on Pd surfaces. Thus, Pd 
catalysts exhibit superior performances for the 
formic acid electrooxidation (FAEO) compared 
with Pt catalysts, because FAEO mainly proceeds 
through a direct dehydrogenation reaction 
mechanism on Pd catalyst to form CO2 with 
generating less poisoning species [5, 10-17]. 
However, monometallic Pd is readily deactivated 
due to adsorption of poisonous CO resulting from 
the reduction of CO2 at H-adsorbed Pd surfaces. 
Therefore, the development of new Pd based 
catalysts with improved activity and stability has 
great importance for the practical applications 
of DFAFC systems. Pd and Pd-based materials 
have attracted a lot of attention due to their 
superior catalytic activities on FAEO [5, 11-13]. 
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The incorporation of secondary metal has better 
CO resistance than Pd, seems to be a promising 
solution to avoid CO-deactivation of Pd active 
sites. Furthermore, Du et al. has also found that 
PdNi alloy nanowires are highly active catalysts for 
the FAEO [14]. PdAu supported on functionalized 
graphene nanoplates revealed better activity than 
Pd/C catalysts displayed [15]. Jiang and coworkers 
reported that Ag@Pd core@shell nanotube 
catalysts exhibit better CO tolerance and activity 
than Pd catalyst [16]. In conclusion, as has been 
mentioned before, Pd-based multimetallic catalysts 
demonstrate an improved electrochemical activity 
and stability toward FAEO. Furthermore, the cost of 
the Pd-based catalysts can be reduced employing 
less amount of Pd in the catalyst synthesis when 
multimetallic catalysts used. 

This study indicates that Co doping in PdAg 
bimetallic NPs can significantly improve its 
FAO activity [17]. Wang et al.  reported that 
CoAuPd nano alloy is a very efficient catalyst for 
FA dehydrogenation [6]. As mentioned earlier, 
FAEO proceeds through FA dehydrogenation on 
anode catalyst. It is found that the trimetallic 
Pd-based nanoalloys are more flexible than the 
corresponding bimetallic alloys in tuning the 
composition and electronic properties of catalytic 
surfaces. Moreover, the fabrication of Pd-based 
ternary nanoalloys is also beneficial to maximize 
the utilization of Pd in the catalysts as well as 
to enhance their electrocatalytic properties. 
Consequently, it is of great importance to design 
a trimetallic Pd-based alloy with low cost and high 
performance as an electrocatalyst for FAEO. As has 
been mentioned above, FAEO proceeds through FA 
dehydrogenation, thus FA catalysts could enhance 
FAEO activity. At present, CoAuPd catalysts were 
prepared with a novel electrochemical deposition 
method and their FAEO activities method. 

The direct electrochemical deposition method 
is advantageous over the traditional synthetic 
techniques due to the simplicity of electrochemical 
deposition parameters (current, voltage, time, 
etc.).  The latter method has a poor control over the 
composition and structures of NPs. A conductive 
solid support is essential for electrodeposition. 
ITO has a very low background current and large 
electrochemical potential window [18-20]. Hence, 
it is a cheap substitute for the gold and the 
glassy carbon electrode, and an ideal substrate 
for electrocatalytic research into NPs. Kim et al. 
reported that electrochemically deposited Pd 

NPs on indium-tin oxide (ITO) exhibited enhanced 
electrocatalytic activity [21]. 

Objective of this research is to show CoAuPd 
catalyst exhibiting enhanced FAEO activity. Herein, 
we present a facile synthesis of Pd, Pd-Au, and 
CoAuPd by means of electrochemical deposition 
technique on ITO electrode. The electrochemical 
depositions of Pd, Pd-Au, and CoAuPd on ITO 
electrodes were performed by CV at 10 mV s-1 scan 
rate, and FAEO activities of these monometallic, 
bimetallic, and trimetallic electrodes were examined 
by CV, CA (chronoamperometry) techniques.

EXPERIMENTAL
Preparation of Electrodes

PdCl2, AuCl, CoCl2, H2SO4, HCl and formic 
acid and ITO electrodes were purchased from 
Sigma-Aldrich. The electrochemical deposition 
experiments were performed using a CHI660 
electrochemical analyzer. A platinum wire and an 
Ag/AgCl were the counter and reference electrodes, 
respectively. Electrochemical deposition was 
performed on ITO working electrode. The area of 
the working electrode was 0.28 cm2. Prior to each 
electro-deposition, the ITO surfaces were cleaned 
in an ultrasonic ethanol bath (for 5 min) in order 
to remove any impurity. Finally, they were rinsed 
in an ultrasonic pure water bath (for 5 min) and 
dried for 1 min using a N2 stream. Then, Pd  was 
electrodeposited on ITO electrodes by CV with a 
0.1 M H2SO4+ 0.1 mM PdCl2+ 0.2 mM HCl solution 
at 10 mV s-1 scan rate to prepare Pd/ITO electrode. 
On the other hand, Au was electrochemically 
deposition on ITO electrode in 0.1 M H2SO4+ 0.03 
mM AuCl + 0.2 mM HCl solution by CV technique. 
Co was electrodeposited on ITO electrode from 
aqueous solutions containing 1 M H2SO4+ 0.01 mM 
CoCl2+ 0.2 mM HCl by CV at a scan rate of 10 mVs-1. 

To prepare AuPd/ITO electrodes, Au was 
electrodeposited on ITO by CV at 10 mVs-1 with a 
0.1 M H2SO4+ 0.03 mM AuCl + 0.2 mM HCl solution. 
Afterwards, Pd electrodeposition was tested on Au/
ITO electrode by CV with a 0.1 M H2SO4+ 0.1 mM 
PdCl2+ 0.2 mM HCl solution at 10 mVs-1 scan rate. 

Three-step electro-deposition process was 
employed for the preparation of CoAuPd/ITO 
electrodes. Firstly, Co was electrodeposited on ITO 
electrode from aqueous solutions containing 1 M 
H2SO4 + 0.01 mMCoCl2 + 0.2 mM HCl by CV at a scan 
rate of 10 mV s-1. Then, Au was electrodeposited 
on Co/ITO electrode in 0.1 M H2SO4. Finally, Pd was 
electrodeposited on CoAu/ITO electrode.
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 Physical Characterization of Electrodes
Physical characterization of the Pd/ITO, AuPd/

ITO and CoAuPd/ITO electrodes were performed 
by XRD and SEM. X-ray diffraction (XRD) patterns 
of the Pd/ITO, AuPd/ITO and CoAuPd/ITO 
electrodes were recorded between 2θ = 20.0–
90.0ο with 0.05o intervals on a Bruker D8 Advance 
X-ray diffractometer using (Cu-Kα λ = 1.5405 A°) as 
a radiation source. Further study was performed 
in a JEOL 5600LV scanning electron microscope 
(SEM) in back-scattered electrons (BEI), which 
is a compositional sensitive imaging mode. The 
morphology of Pd/ITO, AuPd/ITO and CoAuPd/ITO 
electrodes was characterized by SEM 

Electrochemical measurements
CV and CA techniques were employed to 

examine the FAEO activities of Pd/ITO, AuPd/ITO, 
and CoAuPd/ITO electrodes in 0.5 M H2SO4 + 1 M 
HCOOH. In all experiments, the electrolyte was 
previously saturated by nitrogen. Before each 
experiment, the electrode surface was activated 
in 0.5 M H2SO4. Cyclic voltammograms were 
recorded between -0.25 V and 1.0 V with a scan 
rate of 10 mVs−1 in 0.5M H2SO4 + 1M HCOOH at 
25 oC. Chronoamperometry voltammograms were 
recorded in 0.5 M H2SO4 + 1 M HCOOH at 25oC 
solution. Moreover, CA was performed in 0.5M 
H2SO4 + 1M HCOOH solution at 0.2 V for 200 s with 
1000 s pulse width and 2s quiet times.

RESULTS AND DISCUSSION
Pd was electrochemically deposited by CV at 10 

mV s-1 scan rate at 3 cycle scan according to the 
procedure given in the literature [20]. The reduction 
current of Pd2+ to Pd was shown at 0.025 V (Fig. 
1a). The current density at 0.025 V reflects the 
formation from Pd2+ to Pd NPs on ITO electrodes. 
Pd NPs were electrochemically deposited on ITO by 
increasing the cycle number of CV to 1 and 3 times 
at 10 mV s−1 scan rate (Fig. 1a). For the first scan, it 
was observed that reduction currents of Pd2+ were 
observed at 0.025 V, representing the formation 
of Pd NPs on the surface of the ITO electrodes. 
Nevertheless, one noticed that the peak shape 
and peak potentials changed for the second and 
third scans. After the first scan, the current density 
of Pd2+ was shifted from 0.025 to 0.027 V, ascribed 
that the electrochemical deposition conditions of 
Pd2+ were altered. For the first scan, the nucleation 
of Pd+2 nanoparticles occurs on the surface of ITO 
electrode. On the other hand, at the second and 

third scans Pd NPs continue to nucleate on the Pd/
ITO electrode. Therefore, the peak at 0.027 V is 
the reduction peak of Pd2+ on Pd NPs. The current 
density on 0.19 V is the hydrogen evolution and 
palladium hydride formation peaks. Furthermore, 
current density at 0.45 V is the oxygen reduction 
peaks. At anodic section at 0.8-0.9 V, a broad 
stripping was observed. The existence of this 
peak was attributed to the Pd dissolution or Pd 
oxidation processes Oxygen reduction will always 
occur at a mass transport controlled rate on the 
surface of the depositing Pd [22-23].   Likewise, Au 
was electrochemically deposited on ITO via CV at 
10 mV s-1 scan rate at 3 cycle scan. The reduction 
current of Au revealed at 0.03 V, indicating the 
formation of AuNPs on ITO electrodes (insert in 
Fig. 1b).

The reduction currents of Au were observed 
at 0.03 V at first scan and these currents for the 
second and third scan were observed 0.05 V 
and 0.07 V, respectively. As has been mentioned 
before, the current density of Au reduction was 
shifted from 0.03 to 0.07 V after the first scan due 
to altering conditions on the formation of Au NPs. 

Cyclic voltammogram of Pd electro-deposition on 
Au/ITO electrode is shown in Fig. 1d. The current 
of Pd reduction on Au/ITO electrode was shown 
at 0.05 V. One could note that Pd reduction 
potential shifted for PdAu/ITO electrode 0.025 V 
compared to Pd/ITO electrode, the peak potential 
of Pd deposition is moving positively. This can be 
explained by the easier nucleation of Pd on Au 
than on the ITO substrate. Hydrogen and oxygen 
evolution peaks were also clearly observed on Fig. 
1d. To prepare CoAuPd/ITO electrode, firstly, Au+2 
was electrodeposited on ITO electrode. Then, Co+2 
was electrodeposited on Au/ITO electrode. Finally, 
electrochemical deposition of Pd+2 was performed 
on CoAu/ITO electrode. The cyclic voltammogram 
of Pd+2 electrodeposition was demonstrated on 
Fig. 1e. The reduction current of Pd was measured 
at -0.05 V for the Pd deposition on CoAu/ITO 
electrode, revealing that Pd nucleation on CoAu/
ITO electrode is more difficult compared to Pd 
nucleation on ITO and Pd nucleation on Au/ITO 
electrode. 

XRD results for Pd/ITO, AuPd/ITO, and CoAuPd/
ITO electrodes were given in Fig. 2. One can clearly 
see that ITO peaks are well-defined. For ITO, it 
gives reflections only from (123), (400), (332) and 
(611) planes, revealing that bcc structure (JCPDS 
File No. 6- 416). The absence of reflections from 
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Fig. 1: CVs for (a) Pd electrochemical deposition on ITO, (b) Au electrochemical deposition on ITO, (c) Co electrodeposition on 
ITO, (d) Pd electrodeposition on Au/ITO, (e) Pd electrodeposition on CoAu/ITO electrodes at 10mVs-1 scan rate.
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Fig. 1: CVs for (a) Pd electrochemical deposition on ITO, (b) Au electrochemical deposition on 
ITO, (c) Co electrodeposition on ITO, (d) Pd electrodeposition on Au/ITO, (e) Pd 
electrodeposition on CoAu/ITO electrodes at 10mVs-1 scan rate.  (211), (322) and (431) plains of ITO, with smaller 

thickness are not due to the orientation, but due 
to the lack of sample thickness. On the other 
hand, Pd (111), (200), (220) and (311) planes, were 
observed on Fig. 2a, reveals the Pd face-centered 
cubic (fcc) structure (JCPDS card no 46-1043).

XRD characterization pattern of AuPd/ITO 
electrode is given in Fig. 2b. One can clearly see 
the well-defined ITO peaks. Furthermore, Pd 
and Au diffraction patterns show a fcc structural 
characterization. The XRD peak corresponding to 
the Au diffraction peaks of (2 2 0) were observed at 

67°. XRD pattern of CoAuPd/ITO electrode is given 
in Fig. 2c. Both Pd and Au fcc structure peaks were 
observed on the XRD pattern of the CoAuPd/ITO 
electrode. Cobalt has two main crystal structures 
as; face-centered-cubic (fcc) and hexagonal close-
packed (hcp) phases. The two phases of cobalt 
usually coexist at room temperature and are often 
difficult to be separated from each other. For 
FCC structured Co crystal phase, the diffraction 
peaks at 2θ values of 44°, 51°, 76°, 92° and 98° 
corresponds to (111), (200), (220), (311) and 
(222) crystal planes, which indicate formation of 
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fcc crystalline cobalt (JCPDS card no 15–0806). 
For hcp structured Co crystal phase, the standard 
peaks indicating the formation of this phase can 
be seen at 41°, 44°, 47° and 76° corresponding 
to crystal planes of (100), (002), (101) and (110), 
respectively (JCPDS card no 05–0727). In the 
XRD pattern of the CoAuPd/ITO electrode, Co 
(100) fcc structured Co diffraction plane and 
Co (200) hcp Co structured Co diffraction plane 
was observed at 41.9° and 50°, respectively. It is 
noteworthy mentioning that the synthesis of Co 
nanostructures that is composed of two phases is 
already reported. 

The nanomorphology of Pd/ITO, AuPd/ITO 
and CoAuPd/ITO were investigated with SEM as 
illustrated in Fig. 3 a-c. Also, the morphology of 
the which demonstrate showing irregular particles 
across the whole section as shown in Fig. 3a-c. The 
average particle sizes of these electrodes were 
estimated as 1500 nm for Pd/ITO, 1500 nm for 
PdAu/ITO and 2000 nm for CoAuPd/ITO electrode.  
In addition, large quantities of particulate particles 
derived from the CoAuPd / ITO rough surface may 

be due to the high Pd concentration in solution, as 
well as in the development of catalytic activities.

Cyclic voltammograms taken in 0.5 M H2SO4 
for Pd/ITO, AuPd/ITO and CoAuPd/ITO electrodes 
are shown in Fig. 4. These voltammograms were 
recorded at 10 mV s−1 for these electrodes. The 
cyclic voltammetric behaviors of bi-metallic 
AuPd/ITO and CoAuPd/ITO electrodes were 
evaluated and compared with monometallic Pd/
ITO electrode. At present, cyclic voltammogram 
(CV) of nanoparticles Pd/ITO in 0.5 M H2SO4 
solution recorded at a scan rate of 10 mV s−1 in a 
wider potential interval from -0.25 to 1V versus 
Ag/AgCl pseudo reference electrode. Hydrogen 
reduction / oxidation reaction equilibrium 
potential is observed at -0.2-0.5 V for Pd/ITO. The 
cyclic scan shows oxidation/reduction plateaus at 
the positive anodic potentials and a featureless 
constant anodic/cathodic current flow region. 
This is indicative that double layer charging 
became dominant in the lower potentials of the 
cyclic scan. Hydrogen peaks emerge at around 
-0.2 V. The oxidation of Pd commences at above 

Fig. 2 XRD patterns of (a) Pd/ITO, (b) AuPd/ITO, and (c) CoAuPd/ITO electrodes.
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0.5 V. Electrochemical double layer is observed 
between 0.1-0.5 V. Pd/ITO electrode have very 
well-defined hydrogen oxidation region (-0.2– 
0.1 V). Noticeably, these peaks for AuPd/ITO and 
CoAuPd/ITO electrodes are greater than the ones 
for Pd/ITO electrode. The area under the hydrogen 
oxidation region is the greatest for the CoAuPd/
ITO electrode, revealing that hydrogen generation 
is at maximum on this catalyst [9]. 

Cyclic voltammograms measured in 0.5M H2SO4 
+ 1M HCOOH solution at 10 mV s−1 were given 
in Fig. 5 for Pd/ITO, AuPd/ITO, and CoAuPd/ITO 
electrodes. For Pd/ITO electrode, the anodic peak 
around 0.31 V reflects oxidation of FA catalyzed 
by Pd. One could note that the current value 
for Pd/ITO electrode is current density value 1.6 
104 μA/cm2 (Current=0.0045 A, and electrode 
surface area = 0.28 cm2), which is higher than the 
one reported in the literature. In a similar study, 
Kim et al. synthesized Pd particles were directly 
deposited on indium-tin oxide (ITO) electrodes 

by cyclic voltammetry (CV). It was observed that 
current density value for Pd/ITO is 1.6 104 μA/
cm2. Considering cyclic voltammograms taken on 
Pd/ITO, AuPd/ITO, and CoAuPd/ITO electrodes, 
the best current value for FAEO was measured for 
CoAuPd/ITO electrode.

Co and Au addition increases the electrocatalytic 
activity of FAEO. FAEO maximum forward current 
corresponding voltages were obtained as 0.31 
V for Pd/ITO, 0.15 V for AuPd/ITO, and 0.1 V for 
CoAuPd/ITO. From these results, it is clear that 
FAEO occurs at low potentials on CoAuPd/ITO 
electrode compared to Pd/ITO and CoAuPd/
ITO electrodes. This phenomenon is due to the 
lowest FAEO reaction resistance on CoAuPd/ITO 
electrode, leading to the highest electrochemical 
activity.

The catalytic activities and stability of AuPd/
ITO and CoAuPd/ITO electrodes were examined 
by CA technique. Chronoamperomeograms in 
0.5 M H2SO4 + 1 M HCOOH solution of these 

Fig. 3: SEM images of (a) Pd/ITO, (b) AuPd/ITO, and (c) CoAuPd/ITO electrodes.
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electrodes are demonstrated in Fig. 6. There is 
a continuous current drop for FAEO with time at 
the initial period because of the accumulation 
of intermediate and poisonous species at the 
surface of catalysts, such as COads, during the 
oxidation reaction and resulted in the loss of 
activity [21-22].

CoAuPd/ITO electrode presents higher initial 
currents compared to the other ones. This 
could be attributed to the fact that CoAuPd/ITO 
electrode has a high catalytic activity. On the 
other hand, lower current decay at the longer 
time was obtained for CoAuPd/ITO compared to 
Pd/ITO and AuPd/ITO electrodes, confirming that 
CoAuPd/ITO electrode has higher electrocatalytic 
activity, higher resistance to CO, and better long 
term stability. We have investigated a facile three 

step electrochemical deposition method for 
the preparation of CoAuPd on ITO. Besides, Pd 
and AuPd deposition was performed on ITO by 
the CV method. The cathodic potential for Pd+2 
reduction peak shifted more positive potentials 
for CoAuPd and AuPd compared to Pd, revealing 
that the electrochemical deposition conditions 
of Pd2+ were changed. For the preparation of Pd/
ITO electrode, nucleation and growth of Pd2+ 
were generated only on the surface of the ITO 
electrodes, having low electrocatalytic activity 
and low capacitive current. The reduction of Pd2+ 
occurs easily on CoAu/ITO electrode than bare 
ITO electrode. FAEO measurements indicated 
that CoAuPd/ITO electrode exhibited higher 
electrocatalytic activity, higher resistance to CO, 
and better long-term stability. 

Fig. 4: Cyclic voltammograms of Pd/ITO, AuPd/ITO, and CoAuPd/ITO in 0.5 M H2SO4 at 25.0 oC at scan rate: 10 mV s-1

(Forward scans were shown).
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CONCLUSIONS
At present, Pd, PdAu and CoAuPd NPs were 

successfully fabricated on ITO electrodes by direct 
electrodeposition. During the electrodeposition 
process of Pd, PdAu and CoAuPd on to ITO electrode 
surface, different surface morphologies obtained 
as presented SEM images. Surface morphology 
is directly dependent on the electrocatalytic 
activity, called as structure sensitivity. The results 
show that CoAuPd/ITO electrode exhibits a better 
performance and durability for the FAEO to the 
other Pd and PdAu electrodes. It can be attributed 
to the synergetic effects of trimetallic catalysts 
on the FAEO. The presented method seems to be 
promising for fabricating electrodes for formic acid 
fuel cells. 
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Fig. 6: Chronoamperomograms of Pd/ITO, AuPd/ITO, and CoAuPd/ITO in 0.5 M H2SO4 + 1 M 
HCOOH at 25.0 oC (scan rate: 10 mV s-1). 
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