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ABSTRACT: We report a simple one-step electrodeposition of
triangular Pd rod nanostructures on clean Au substrates without
additives. Scanning electron microscopy, transmission electron
microscopy, and electrochemical techniques were utilized to
characterize the structural features of the triangular Pd rod
nanostructures. The regulation of the electrodeposition rate by
optimizing the electrolyte concentration and applied potential was
critical for the anisotropic growth of Pd in the vertical direction. The
triangular Pd rod structures exhibited electrocatalytic activities for
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oxygen reduction and methanol oxidation reactions. These surfaces

could be effectively utilized as reproducible surface-enhanced Raman scattering (SERS) active substrates to produce stable SERS
signals under electrochemical systems. A simple preparation of well-defined triangular Pd rod structures would allow new
opportunities in various areas utilizing Pd-based nanostructured surfaces.
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1. INTRODUCTION

Nanostructured metal surfaces have attracted intensive research
interest because such surfaces provide useful applications in
electrocatalysis, biological labeling, and surface-enhanced
Raman scattering (SERS)-based sensing."” Following the
progress in the synthesis of metal nanoparticles of various
shapes and sizes, which exhibit unique physical and chemical
properties, much attention has recently been paid to assembling
nanoparticles on surfaces to construct hierarchical metal
nanostructures in order to utilize their unique properties.>>
Although assemblies of solution-dispersed metal nanoparticles
have been successfully used in diverse applications, the
fabrication procedures have multiple steps and are time
consuming. Moreover, the linker molecules or capping agents
on metal nanoparticles may affect the surface chemistry of the
resultant assemblies, which is ultimately not ideal for many
applications, particularly electroanalytical ones.®
Electrochemical deposition offers an alternative route for the
straightforward fabrication of metal surface nanostructures.”
There have been various efforts to form metal surface
nanostructures using electrochemical deposition methods,
particularly for Au nanostructures. In many cases, either the
pre-modification of substrate electrodes or the addition of
additives in the electrolytes is required for the electrodeposition
of nanostructured surface architectures.® Recently, attention has
been focused on the fabrication of nanostructured surfaces by
simple electrodeposition on a clean surface without additives or
surfactants for use in electrochemical and analytical applica-
tions.” We have previously reported on the formation of well-
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defined Au nanostructures by simple electrodeposition
methods.'*"!

Pd has received much attention because of its catalytic
activity in heterogeneous reactions and its high hydrogen-
storage capability. Particularly, attention has recently been given
to the electrocatalytic activity of Pd-based materials in formic
acid and methanol oxidation reactions.'>'®> There have been
several reports on the electrodeposition of Pd nanostructures.
Flower-like Pd nanoparticles were electrodeposited on indium
tin oxide (ITO) electrodes modified with thin layers of polymer
films.'"* Pd nanodendrites were electrodeposited on glassy
carbon (GC) surfaces with the assistance of ethylenediamine as
an additive.'® Recently, Pd nanostructures were electro-
deposited on clean surfaces in the absence of additives,
including the deposition of nanothorns on carbon surfaces'®'”
and nanodendrites'® or nanourchins'® on ITO surfaces.

In the present work, we report a simple electrodeposition of
well-defined Pd nanostructures on Au surfaces without
additives or pre-modification of the substrate surfaces. Most
of the previous work utilized non-metal surfaces such as GC
and ITO as the substrates for electrodeposition, whereas we
employed Au surfaces as metal substrates to fabricate well-
defined rod-type Pd nanostructures with a significantly different
morphology from the previously reported Pd structures. The
experimental conditions for the formation of these unique Pd
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nanostructures, their formation process, and their electro-
catalytic and SERS activities were examined.

2. EXPERIMENTAL SECTION

All of the solutions were prepared using purified water (Milli-Q, 18.2
MQ-cm). K,PdCl, was purchased from Alfa Aesar, and all the other
chemicals were purchased from Aldrich. A CHI 600D (CH
Instrument) was employed for all the electrochemical measurements.
Pt wire and Ag/AgCl electrodes were used as the counter and
reference electrodes, respectively. All the potentials were reported
relative to the Ag/AgCl reference electrode (3 M NaCl). Au films
evaporated onto silicon (Au/Si) wafers (KMAC, Korea) were
employed as the substrates for the electrodeposition. After cleaning
a Au/Si substrate for 1 min in piranha solution (1:3 by volume of 30%
H,0, and H,SO,; Caution: piranha solution reacts violently with most
organic materials and must be handled with extreme care), the
substrate was confined in a Viton O-ring with an inner diameter of 2.9
mm and used as a working electrode. Bare Pd and Pt surfaces were
prepared from flat Pd plates (Alfa Aesar) and Pt rod electrodes (CH
Instrument), respectively, which were mechanically polished with
alumina powder from a larger particle size down to the smallest one
(ca. 0.05 yum) on a Microcloth pad (Buehler). Electrodeposition was
performed in a constant-potential mode using solutions containing
K,PdCl, (typically 1S mM for well-defined structures) and 0.1 M
H,SO,. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) characterizations were performed using
a LEO 1530 field emission SEM (Carl Zeiss) and an aberration-
corrected scanning transmission electron microscope (CS-STEM,
JEOL ARM200), respectively. The SERS spectra were obtained using
a homemade Ramboss micro-Raman system spectrometer equipped
with an integral microscope (Olympus BX S1). The 632.8 nm
radiation from an air-cooled He/Ne laser was used as an excitation
source. The laser power focused on samples was 10 mW.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Deposition of Pd Nanostruc-
tures. Figure 1 shows SEM images of the triangular Pd rod

Figure 1. SEM image of triangular Pd rod structures electrodeposited
from solutions containing 15 mM K,PdCl, and 0.1 M H,SO, at —0.1
V with a total deposition charge of 0.02 C. The inset shows a cross-
sectional SEM image.

structures electrodeposited on Au surfaces at —0.1 V with a
deposition charge of 0.02 C. The dimensions of the triangular
Pd rod structures were approximately 100 nm, and the heights
ranged from 350 to 400 nm. These structures were
homogeneously distributed throughout the entire substrate
surface subjected to the electrodeposition (Figure SI,
Supporting Information). The Pd nanostructures observed in
the present work were unique and significantly different from
those previously reported. Most of the Pd nanostructures
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previously obtained by electrodeposition were urchin-like
particles or dendritic structures, which typically exhibited an
isotropic growth in two or three dimensions. In contrast, this
triangular Pd rod grew anisotropically in the vertical direction
(vide infra for growth pattern).

During the electrodeposition, Pd buffer layers (~90 nm
thick) formed on the Au substrate, as shown in the cross-
sectional TEM image and STEM energy dispersive spectros-
copy (EDS) results (Figure S2, Supporting Information), which
agree with the cross-sectional SEM image of Figure 1. In Figure
2A, it is noted that the vertical crystal direction of the Pd buffer

R

Figure 2. Cross-sectional TEM images of (A) the interface between
the Pd buffer layer and Au substrate and (B) the tip of the triangular
Pd rod. The insets indicate the fast Fourier transformed images for the
areas in the squares.

layer was the [111]-direction, which coincided with the [111]-
preferred orientation of the Au layer. This suggests that the
epitaxial growth of the Pd might have occurred on the Au
substrate, in part, because the lattice spacings of the Au(111)
and Pd(111) are similar to each other, with values of 0.2355
and 0.2246 nm, respectively (JCPDS 04-0764 and 46-1043). In
addition, the triangular Pd rods grew on the Pd buffer layer in
sequence. Figure 2B shows a bright-field TEM image of a tip of
triangular Pd rod and fast Fourier transform (FFT) image of
the area marked by a red square. The FFT image shows a spot
pattern indicating that the triangular Pd rod has a single crystal
structure. The appearance of the facets of (111), (-111), and
(200) planes also supports that the triangular Pd rod has a
single crystal structure. When considering the respective surface
energies (0.56, 0.74, and 1.11 eV/atom) of the Pd(111), (100),
and (110) planes,” it is energetically favorable for the tips of
the triangular Pd rods to be surrounded by (111)-facets.
However, in the present study, the (100)-facet was partly
found, which might be related to the kinetic growth in view of
the reduction potential and electrolyte concentration, as will be
discussed in the next section.

Triangular Pd rod structures are typically electrodeposited on
Au surfaces using a solution containing 15 mM K,PdCl, and
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0.1 M H,SO, at a constant applied potential of —0.1 V. We
examined the effects of the experimental variables during the
electrodeposition on the morphology of the Pd deposits. SEM
images of Pd structures electrodeposited at various deposition
potentials are shown in Figure S3 (Supporting Information).
When a deposition potential of —0.2 V was applied, round-
shaped Pd deposits with rough surfaces were formed, whereas
less-defined sharp Pd protrusions were obtained at 0.0 V. The
concentration of K,PdCl, affected the morphology of the Pd
deposits (Figure S4, Supporting Information). Lower concen-
trations of K,PdCl, resulted in Pd deposits with less-defined
dendritic structures, whereas higher concentrations of K,PdCl,
produced smaller protrusions with sharp edges. To determine
the effect of the supporting electrolytes, we performed
electrodepositions using solutions containing HCl or HCIO,
and obtained the triangular Pd rod structures (Figure SS,
Supporting Information), although they were somewhat less
defined. Specific adsorption of SO,*~ on Pd surfaces may play a
role in the growth of Pd during the electrodeposition,'® albeit
the detailed mechanism is not clear at this stage. However, the
typical triangular rod structures were not obtained from
solutions with higher pH conditions (Figure SS, Supporting
Information). The use of PdCl, as a precursor produced the
triangular rod structures; however, defined Pd rod structures
could not be obtained from solutions containing K,PdCly at
various deposition potentials (Figure S6, Supporting Informa-
tion). This observation implies that the +2 oxidation state of Pd
in the precursor compounds is necessary for the formation of
triangular Pd rod structures by electrodeposition.

Using optimized electrodeposition conditions for the
triangular Pd rod formation, the growth of a triangular rod
was investigated by varying the total deposition charge (Figure
3). At an early deposition stage, the deposition current quickly
decreased, and then increased up to 0.01 C. The initial current
decay is regarded as the double-layer charging process, whereas
the subsequent current increase corresponds to the nucleation
and growth of the Pd deposits.”’ At this early stage, Pd
protrusions were formed on the Au surfaces; the deposition
current then remained at a constant level. The triangular
structures started to form with a deposition charge of 0.015 C,
and well-defined structures were obtained with 0.02 C. The
cross-sectional SEM images reveal that the triangular rod
structures grew anisotropically in the vertical direction up to a
deposition charge of 0.025 C, after which a somewhat larger
triangular rod structure appeared. The application of 0.03 C
resulted in the dendritic growth of Pd deposits at some point of
the triangular rod structures, which continued to grow as
uncontrollable dendritic shapes with the further application of
the deposition charge.

The results described above suggest that the deposition
potential with a proper concentration of K,PdCl, is critical for
the formation of well-defined triangular Pd rod structures. The
standard reduction potential of PACI,>"(aq)/Pd(s) is known to
be 0.40 V vs Ag/AgCl** which is significantly more positive
than the potential employed for the triangular Pd rod
structures, —0.1 V. In this case, the electrodeposition rate for
the Pd was mainly affected by the diffusion control; thus, the
diffusion limited current at —0.1 V in the cyclic voltammograms
became greater as the concentration of K,PdCl, increased
(Figure S7A, Supporting Information). During the potentio-
static electrodeposition at —0.1 V, greater steady state currents
were recorded at higher K,PdCl, concentrations (Figure S7B,
Supporting Information). The steady state currents, reflecting
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Figure 3. (A) Current and deposition charge vs time curve during
electrodeposition in 15 mM K,PdCl, + 0.1 M H,SO, at —0.10 V. (B)
Top and cross-sectional SEM images as a function of deposition
charge.

the apparent growth rate of the Pd nanostructures during the
electrodeposition, therefore depended on both the deposition
potential and the concentration of K,PdCI,.

The anisotropic growth of Pd in the vertical direction to form
triangular Pd rod structures was possible at an optimized
electrodeposition rate under appropriate conditions for the
concentration and potential. The optimum growth rate is
presumed to facilitate the [111]-longitudinal growth of Pd tips
surrounded by mainly (111)-facets, as well as partly (100)-
facets or higher index planes. It should also be noted that the
regulation of the total deposition charge was also important for
defined triangular structures. The anisotropic vertical growth of
Pd deposits was taken over by a three-dimensional dendritic
growth after a critical deposition charge. Once the dendritic Pd
deposits formed, the electrodeposition of Pd preferred the
dendritic growth to the one-dimensional anisotropic growth, as
shown in Figure 3B. In addition, the effects of the substrate on
the anisotropic growth of Pd should be noted. It was previously
reported that Pd initially formed seed nanoparticles on ITO
and GC substrates, and then grew randomly on the seeds.
Under the same deposition conditions for triangular Pd rod
formation, we observed Pd nanoparticles and dendrites similar
to the nanourchin structures reported in the literature.'” Thus,
it is presumed that the formation of a Pd buffer layer epitaxial
to the Au substrate played an important role in driving the
anisotropic growth at the optimum growth rate.

3.2. Electrocatalytic Activity. The triangular Pd rod
surface was characterized using electrochemical methods. The
cyclic voltammograms of a triangular Pd rod electrode exhibit
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hydrogen adsorption/desorption and Pd oxide formation/
reduction peaks in the negative and positive potential regions,
respectively, which are characteristically observed on Pd
surfaces (Figure S8, Supporting Information). The absence of
reduction peaks for the Au oxide (~0.9 V) indicates that the Pd
structures cover the entire Au substrate surface. The electro-
chemical surface area (ESA) of the triangular Pd rod surfaces,
which was evaluated by integrating the charge consumed for the
reduction of the surface oxide layer,23 was 0.77 cm?, which is
2.4 times greater than that of a bare Pd electrode surface (0.31
cm?). We also evaluated the ESA of the triangular Pd rod
surfaces by integrating the charge consumed for the electro-
oxidation of an adsorbed monolayer of CO (Figure S9,
Supporting Information).>* The ESA of the triangular Pd rod
surfaces was 2.6 times greater than that of bare Pd surfaces,
which is consistent with the above result.

Another notable feature found in these electrochemical
characterizations concerns aspects of the surface orientation of
the triangular Pd rod surfaces in contact with electrolyte
solutions. The reduction peak of the Pd oxide on the triangular
Pd rod surfaces was observed at a potential that was 30 mV
more positive than that on bare Pd surfaces (Figure S8,
Supporting Information). On the other hand, the stripping
waves of CO on the triangular Pd rod surfaces were observed at
potential regions that were more negative than those on bare
Pd surfaces (Figure S9, Supporting Information). It is known
that the reduction peak of Pd oxide shifts to positive potential
regions in the order of Pd (111) < Pd (100) < Pd (110),
whereas the stripping of CO occurs at more negative potentials
in the order of Pd (111) > Pd (110) > Pd (100).>® Therefore,
the electrochemical examination suggested the presence of a
significant amount of Pd(110) or Pd(100) crystalline domains
on the triangular Pd rod surfaces compared to the bare Pd
surfaces. As evidenced by the results of the TEM analysis, the
(100)-facet and higher-indexed planes that existed on the
surface of the triangular Pd rods were presumed to be related to
the electrochemical properties.

The electrocatalytic activity of the triangular Pd rod
structures was examined for oxygen reduction reactions,
which are important in the development of efficient fuel cell
cathodes. Figure 4A compares the cyclic voltammograms
obtained on the triangular Pd rod, bare Pd, and Pt surfaces
in acidic media. The cathodic peak potential for oxygen
reduction on the triangular Pd rod is approximately 200 mV
more positive than that on bare Pd surfaces, indicating that the
triangular Pd rod surfaces are electrocatalytically active for
oxygen reduction. The triangular Pd rod surfaces exhibited a
slightly higher electrocatalytic activity than the bare Pt surfaces.
The Koutecky—Levich plots obtained from rotating disk
electrode measurements (Figure S10, Supporting Information)
confirmed that four electrons were associated with the oxygen
reduction on the triangular Pd rod surfaces, which is typically
observed on Pd surfaces.”®*” Because Pd(100) is known to be
electrocatalytically more active than Pd(111) or Pd(110) for
oxygen reduction reactions,”® the electrocatalytic activity at the
triangular Pd rod surfaces can be attributed to the presence of
(100)-facets on the Pd surfaces, as evidenced by the
electrochemical and TEM examinations.

Methanol oxidation is another important reaction in fuel cell
applications. The electrooxidation of methanol on the
triangular Pd rod surfaces was examined in basic media,
where Pd surfaces exhibit higher electrocatalytic activity for
methanol oxidation than in acidic media.*® Figure 4B shows
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Figure 4. Cyclic voltammograms obtained on bare Pd, bare Pt, and
triangular Pd rod surfaces in (A) O,-saturated 0.1 M HCIO, and (B)
0.1 M methanol + 0.1 M KOH. Scan rate: 50 mV/s.

that a significant increase in the anodic current is measured on a
triangular Pd rod compared to bare Pd surfaces. The
electrocatalytic activity of triangular Pd rods was similar to
that of bare Pt surfaces. The extent of the increase in the anodic
current for methanol oxidation on the triangular Pd with
respect to the bare Pd surfaces is 7 times larger than that
expected from the increase in ESA. It was reported that the Pd
crystalline facets have little effect on the activity for the
electrooxidation of methanol.*® Therefore, the high electro-
catalytic activity for methanol oxidation on the triangular Pd
surfaces might be attributed to the sharp edge sites present on
their surfaces. The triangular Pd rod surfaces also exhibited an
enhanced electrocatalytic activity for formic acid oxidation
(Figure S11, Supporting Information), albeit the enhancement
was somewhat lower than that for the methanol oxidation.
3.3. SERS Activity. The unique structural feature of
triangular Pd rods suggests that they could be useful as
SERS-active substrates. Figure SA compares the SERS spectra
of 4-aminobenzenethiol adsorbed on triangular Pd rod and bare
Pd surfaces. The triangular Pd rod surface exhibits a high SERS
activity, whereas no detectable signal is observed on the bare Pd
surface. The significantly stronger SERS activity observed on
the triangular Pd rod surface could be understood in terms of a
great increase in the localized electromagnetic field enhance-
ment as a result of the sharp edge sites present on the triangular
Pd rod structures.>”** We examined how the variation in the
SERS intensity depended on the structures of the Pd deposits
obtained with different deposition charges (Figure S12,
Supporting Information). The Pd deposits obtained with 0.01
C, which lacked well-defined sharp edge sites, exhibited a
significantly lower SERS intensity than the triangular Pd rod
structures obtained with 0.02 C. The Pd deposits obtained with
a higher deposition charge (0.04 C) contained dendritic Pd
structures; however, the SERS intensity decreased compared to
the triangular Pd rod structures. These results imply that the
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Figure S. (A) SERS spectra of 4-aminobenzenethiol adsorbed on bare
Pd and triangular Pd rod surfaces. The Pd substrates were soaked in 8
mM 4-aminobenzenethiol in ethanol for 12 h and rinsed with ethanol
before SERS measurements. The acquisition time was 10 s. (B)
Potential dependence of SERS intensity at 1010 cm™' of adsorbed
pyridine. Cathodic and anodic sweeps are denoted by circles and
squares, respectively. The inset shows the cyclic voltammogram
recorded during the SERS measurements.

sharp edge sites on the triangular Pd rod structures significantly
contributed to the high SERS activity. To estimate the SERS
activity, the SERS enhancement factor (EF) was evaluated
using the method developed by Tian et al.*"*>* The SERS EF
for the triangular Pd rod structures was calculated to be 4.8 X
10%, which is comparable to other highly SERS-active Pd
nanostructures.>”**

In addition to the high SERS activity, the triangular Pd rods
exhibited good reproducibility of the SERS intensities, which is
a very important characteristic for the application of SERS-
active substrates.*® The spot-to-spot reproducibility in a single
triangular Pd rod substrate is shown in Figure S13A
(Supporting Information), where the SERS intensities are
very uniform. The SERS activities obtained from five different
independently fabricated triangular Pd rod substrates were
fairly reproducible (Figure S13B, Supporting Information),
indicating good substrate-to-substrate reproducibility. This
good SERS reproducibility can be attributed to the uniform
surface morphology of the triangular Pd rod structures (Figure
S1, Supporting Information), which resulted in a homogeneous
distribution of the active sites responsible for the SERS
enhancement induced by the laser spots.

We also examined the applicability of the triangular Pd rod
substrates to electrochemical SERS systems. Figure SB shows
the potential-dependent SERS intensity for the symmetrical
ring-breathing mode (~1010 cm™") from the SER spectra of
pyridine adsorbed on the triangular Pd rod surfaces (Figure
S14, Supporting Information). The SERS intensities gradually
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increased as the electrode potential moved toward the negative
region and decreased upon the evolution of hydrogen on the
electrode surfaces (inset of Figure SB). The return of the
electrode potential to positive values resulted in bringing the
SERS signals back to the original intensities observed before the
potential excursion. These results indicate that the triangular Pd
rod substrate system is reversible and stable under electro-
chemical environments. The high SERS activities, as well as the
stability upon potential excursions, suggest that the triangular
Pd rod substrates can be utilized as electrochemical SERS
systems for investigating important electrode reactions on Pd
electrode surfaces.

4. CONCLUSIONS

Triangular Pd rod nanostructures were prepared by a simple
one-step electrodeposition on clean Au substrates without
additives. These triangular Pd rod structures, which were
anisotropically grown in the vertical direction on the Au
surfaces, were unique in shape compared to other Pd
nanostructures that have been electrodeposited on ITO or
GC substrates. An optimized rate of electrodeposition under
appropriate concentration and potential conditions was
important for the anisotropic growth of Pd in the vertical
direction to form the triangular Pd rod structures. The
triangular Pd rod structures were electrocatalytically active for
oxygen reduction and methanol oxidation reactions. These
surfaces also exhibited a high SERS activity and can be
effectively utilized in electrochemical SERS systems. The
straightforward preparation method for these well-defined
triangular Pd rod structures will provide new opportunities
for the utilization of Pd-based substrates in electroanalytical and
SERS applications.
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