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Abstract—We have fabricated Pt-deposited Pd electrodes via a two-gun sputtering deposition system by separately
operating Pd and Pt target as a function of sputtering time of Pt target. For Pt-deposited Pd electrodes (Pd/Pt-X), Pd
were first deposited on the substrates at 20 W for 5 min, followed by depositing Pt on the Pd-only electrodes as a func-
tion of sputtering time (X=1, 3, 5, 7, and 10 min) at 20 W on the Pt target. As the sputtering time of Pt target increased,
the portion of Pt on the Pd electrodes increased, representing an increased coverage of Pt on the Pd electrodes. The
Pd/Pt-7 electrode having an optimized Pt coverage exhibits an excellent electrocatalytic activity for methanol oxidation

reaction.
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INTRODUCTION

Direct methanol fuel cells (DMFCs) are considerably attractive
electrochemical power sources with low operating temperatures
and high energy density of methanol as a fuel. The excellent elec-
trocatalytic activity of Pt for methanol electrooxidation at low tem-
peratures makes this metal electrocatalyst extremely suitable for
use as an anode in DMFCs. However, since pure Pt is readily poi-
soned by intermediates produced during methanol electrooxida-
tion, Pt-M (M=Ru, Os, Ir; and Pd) alloy catalysts need to be syn-
thesized to overcome the poisoning effect of Pt catalyst. In gen-
eral, the CO-poisoned Pt can be regenerated via the reaction of
surface CO with oxygen species associated with elements such as
Ru and Os to yield CO,. In heterogeneous catalysis, bimetallic cat-
alysts, which often show electronic and chemical properties that
are distinct from those of their parent metals, offer the opportu-
nity to obtain new catalysts with improved activity and stability. In
particular, since Pt-Pd based nanostructure catalysts exhibit highly
active oxygen reduction reaction and methanol oxidation reaction,
Pt-Pd nanocatalysts could be considered as an alternative of Pt-Ru
alloy catalysts for low temperature DMFC [1-5].

To understand the origins of the novel catalytic properties, bime-
tallic surfaces have also gained a considerable interest for funda-
mental surface science research. It is well-known that bimetallic
surfaces often can show particular properties that are not present
on either of the parent metal surfaces. In the preparation method
for the bimetallic surface electrodes in an electrocatalysis study, sput-
tering deposition method could provide various useful electrodes
such as alloy; island, or layered structures [6-8]. Hwang et al. pre-
pared Pt-based alloy electrocatalysts with early transition metals
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for oxygen reduction reaction using high-pressure co-sputtering to
investigate the relationship between electronic structure modification
and stability [9]. We investigated the effect of Ru states on catalytic
activity of Pt, Pt on Ru thin-film electrodes with various (electro)
chemical states designed by means of sputtering method [10]. Fur-
thermore, to identify the effect of composition in the PtRu electro-
catalysts on catalytic activity, PtRu electrodes were fabricated by
co-sputtering deposition method as a function of sputtering time
of Pt and Ru targets [11]. Here, to investigate electrocatalytic activ-
ity of Pt layers on Pd electrodes, we fabricated Pd/Pt electrodes with
a variety of coverage via a two-step sputtering deposition process.
The structural and electrochemical properties of the Pd/Pt elec-
trodes were characterized by transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDS), and cyclic vol-
tammetry.

EXPERIMENTAL

1. Sample Preparation

To estimate electrochemical properties of Pt-deposited Pd (Pd/
Pt) electrodes for methanol electrooxidation, the Pd/Pt electrodes
were fabricated by two-step sputtering process with Pt and Pd tar-
gets. Indium tin oxide (ITO) coated glass electrodes and Cu grids
were used as the substrates for electrochemical and TEM analysis,
respectively. Pd metal and Pt metal were used as the target materi-
als. The base pressure was less than 5x107° torr and the working
pressure was 1.1x107 torr. The sputtering was performed under
an atmosphere of inert Ar gas at 30 SCCM at room temperature.
The Pd electrodes were deposited for 5min at 20 W on the Pd tar-
get (denoted as Pd-only). For Pt-deposited Pd electrodes (Pd/Pt-
X), Pd were first deposited on the substrates for 5 min at 20 W; fol-
lowed by depositing Pt on the Pd-only electrodes as a function of
sputtering time (X=1, 3, 5, 7, and 10 min) at RF powers of 20 W
on the Pt target (denoted as Pd/Pt-1, Pd/Pt-3, Pd/Pt-5, Pd/Pt-7,
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and Pd/Pt-10), respectively.
2. Structural and Electrochemical Analysis

The size, morphology, and composition of the electrodes were
analyzed by TEM using an FEI Tecnai F30 system operated at 300
kV and EDS combined with the TEM analysis. The electrochemical
properties were measured in a three-electrode cell using a poten-
tiostat (Eco Chemie, AUTOLAB) at room temperature with a scan
rate of 50mV s, Pt wire and Ag/AgCl (in saturated 3 M KCI) were
used as a counter and reference electrode, respectively. The ITO
electrodes deposited were used as a working electrode. Cyclic vol-
tammograms (CVs) of the Pt-covered Pd electrodes were obtained
in Ar-saturated 0.1 M HCIO, and 0.1 M HCIO,+2.0 M CH,OH
with a scan rate of 50mV s at room temperature.

RESULTS AND DISCUSSION

Fig. 1 shows a schematic illustration of Pt-deposited Pd electrodes
fabricated via a two-step sputtering deposition process by separately
operating Pd and Pt targets as a function of sputtering time of Pt
target. First, Pd nanophases are deposited on the ITO electrodes
by sputtering Pd target for 5 min in Ar atmosphere. After the for-
mation of Pd nanophase electrodes, the Pt layers on the Pd elec-
trodes are formed by alternately operating Pt target for different
sputtering times (Pd/Pt-X, X=1, 3, 5, 7, and 10 min).

Fig. 2 shows TEM images and size histograms of Pt-deposited
Pd electrodes fabricated as a function of sputtering time of Pt tar-
get in the sputtering system. The nanophase sizes of Pd-only, Pd/
Pt-1, Pd/Pt-3, Pd/Pt-5, Pd/Pt-7, and Pd/Pt-10 are 6.06, 7.27, 8.08,
9.07, 10.06, and 11.44 nm, respectively, representing the increased
size of Pd/Pt nanophases with increasing sputtering deposition

Step 1

Pt layer
Pd nanophases

Substrate(ITO glass

Fig. 1. Schematic illustration of a two-gun sputtering deposition
system for Pt-deposited Pd electrodes (Pd/Pt-X) fabricated
by separately operating Pd and Pt targets as a function of
sputtering time (X=1, 3, 5, 7, and 10 min) of Pt target.

time (size histograms of Fig. 2). The insets of Fig. 2 show high-resolu-
tion TEM images of the Pd/Pt electrodes. The d-spacing of 2.241 A
in the Pd-only corresponds to {111} facets of Pd face-centered cubic
(feo) structure (Fig. 2(a)). As the sputtering time of Pt target increases,
the d-spacings corresponding to {111} facets of Pd and Pt coexist.
The Pd/Pt-10 exhibits the dominant d-spacing (2.262 A) correspond-
ing to {111} facets of Pt, indicating an increased coverage of Pt lay-
ers on the Pd electrodes.

Elemental mapping images and EDS spectra of the sputtered
Pd/Pt electrodes were characterized as indicated in Fig. 3. The ele-
mental mapping profiles show that the homogeneous distribution

Fig. 2. TEM images of Pt-deposited Pd electrodes fabricated by the sputtering system: (a) Pd-only, (b) Pd/Pt-1, (c) Pd/Pt-3, (d) Pd/Pt-5, (e)

Pd/Pt-7, and (f) Pd/Pt-10.
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Fig. 3. Elemental distributions of Pd (red) and Pt (green) and EDX spectra of the sputtered electrodes: (a) Pd-only, (b) Pd/Pt-1, (c) Pd/
Pt-3, (d) Pd/Pt-5, (e) Pd/Pt-7, and (f) Pd/Pt-10.

of Pt gradually increases in contrast to that of Pd, representing an Pd to Pt measured by EDS spectra for Pd/Pt-1, Pd/Pt-3, Pd/Pt-5,
increased coverage of Pt layers on Pd electrodes with increasing Pd/Pt-7, and Pd/Pt-10 are 0.438, 0.801, 1.242, 1.661, and 2.521, respec-
sputtering deposition time of Pt target. The peak intensity ratios of tively. With increasing sputtering time of Pt target, the relative
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Fig. 4. Intensity ratios of Pt/Pd for the electrodes fabricated as a func-
tion of sputtering time of Pt target.

composition of Pt in the electrodes increases, thus resulting in an
increased coverage of Pt on Pd electrodes (Fig. 4). This means that
the Pt-deposited Pd electrodes, which might be well matched with
a catalyst structure consisting of Pd core and Pt shell, can be designed
via the two-step sputtering deposition process for catalysis of bi-
layered electrodes.

Fig. 5 shows CVs of the Pd/Pt electrodes in Ar-saturated 0.1 M
HCIO, with a scan rate of 50mV s at room temperature. The char-
acteristic peaks for the adsorption/desorption of hydrogen and pre-
oxidation/reduction of oxygen on the electrode surfaces are clearly
indicated. Typically, polycrystalline Pd and Pt electrodes exhibit
particular oxygen reduction reaction (ORR) peaks at ~0.3 and ~0.6 V
vs. Ag/AgCl, respectively, as follows: O,+4H"+4e —2H,0. The
ORR peaks of the sputtered electrodes are shifted to a higher poten-
tial and can be also fitted by two peaks corresponding to oxygen
reduction of Pd and Pt catalysts (Fig. 6(a)). The relative area ratios

of the fitted ORR peaks are compared as shown in Fig. 6(b). With
increasing sputtering time of Pt target, the area ratio correspond-
ing to the ORR for the Pd electrode gradually decreases, represent-
ing in an increased coverage of Pt on Pd electrodes. In particular,
pure Pd as a 2™ metal with similar binding energies of O and OH
exhibits comparable activity to that of Pt in the ORR. It has been
reported that Pt-Pd catalysts have excellent electrocatalytic activity
due to the modified electronic structure of the electrodes in com-
parison with pure Pt. The modified electronic properties of the Pt-
Pd catalysts might result from Pt containing negative charge and
vacant valence d-orbital and Pd containing positive charge and fully
occupied valence d-orbital. Recently, the Pt-Pd catalysts with Pt-
rich composition have shown much higher oxygen reduction activ-
ity compared to pure Pt catalyst [12,13].

Methanol oxidation reactions (MORs) of the as-prepared elec-
trodes in 0.1 M HCIO,+2.0 M CH,OH with a scan rate of 50 mV
s are compared as shown in Fig, 7. Theoretically, methanol oxi-
dation on Pt catalyst may proceed at 0.04 V vs. NHE as follows:
CH,OH+H,0—CO,+6H"+6¢ . Therefore, the lower onset poten-
tial indicates a clear evidence of superior electrocatalytic activity
for MOR. In the on-set potentials for MOR (Fig. 8(a)), the Pd/Pt-7
shows the lowest onset potential, ie., an improved electrocatalytic
activity. Also, at 0.5V, the Pd/Pt-7 indicates the highest MOR cur-
rent density as compared with other samples (Fig. 8(b)). The cata-
lytic enhancement for MORs in the Pd/Pt-7 may be attributed to
an electronic effect by an interaction between the core element and
the shell element [14]. The shell is an important factor to control
the electrocatalytic properties. The core-shell bimetallic catalysts might
cause better suppression of adsorbed poisonous species during MOR,
modifying electronic band structure to create better surface absorp-
tion [4,14]. As a result, Pd/Pt-7 having an optimized Pt coverage
on the Pd electrode might be responsible for excellent electrocata-
lytic activity for MOR. Further practical works will be carried out
using Pt/Pd nanoparticles for the MOR.
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Fig. 5. CVs of the electrodes in Ar-saturated 0.1 M HCIO, with a scan rate of 50mV s ' at room temperature: (a) Pd-only, (b) Pd/Pt-1, (c)

Pd/Pt-3, (d) Pd/Pt-5, (e) Pd/Pt-7, and (f) Pd/Pt-10.
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ratios of the fitted ORR peaks of the deposited electrodes.
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Fig. 7. CVs of the as-deposited electrodes for MOR in 0.1 M HCIO,+2.0 M CH,OH with a scan rate of 50mV s at room temperature: (a)
Pd-only, (b) Pd/Pt-1, (c) Pd/Pt-3, (d) Pd/Pt-5, (¢) Pd/Pt-7, and (f) Pd/Pt-10. The insets of Fig. 7 (a)-(d) indicate the raw data.
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Fig. 8. (a) On-set potentials and (b) MOR current densities of the
as-deposited electrodes fabricated as a function of sputter-
ing time of Pt target.

CONCLUSIONS

We have fabricated Pt-deposited Pd nanostructure electrodes
via a two-gun sputtering deposition process by separately operat-
ing Pd and Pt targets. As the deposition time of Pt target increases,
the coverage of Pt on Pd electrodes can be elaborately controlled.

June, 2015

The Pd/Pt-7 with an optimized Pt coverage shows an excellent
electrocatalytic activity for MOR.
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