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ABSTRACT: The characteristic properties of metal surfaces,
i.e., wettability and surface-enhanced Raman scattering (SERS)
activity, have been the subject of intensive research because of
their useful applications. In the present work, we report a
simple electrodeposition of nanoflake Pd structures onto clean
Au surfaces without the use of additives. The fine structure of
the nanoflake Pd surfaces was regulated by controlling the
deposition charge, and the effect of the structural variations on
the wettability and SERS activity was examined. The
wettability of nanoflake Pd structures in terms of water
contact angle was closely related to the fine structures of Pd deposits and their surface roughness. The SERS activity of the
nanoflake Pd surfaces was highly dependent on the presence of sharp edge sites on the Pd structures. Well-defined nanoflake Pd
structures prepared using a deposition charge of 0.04 C exhibited superhydrophobic natures and reproducible SERS activity. The
effect of the metal surface structures on the wettability and the SERS activity demonstrated in this work provides insight into the
fabrication of functional metal nanostructures.

KEYWORDS: electrodeposition, nanoflake Pd, wettability, surface roughness, surface-enhanced Raman scattering

1. INTRODUCTION

Because nanostructured metal surfaces exhibit unique physical
and chemical properties that differ from those of the bulk-state
metals, these surfaces provide useful applications in heteroge-
neous catalysis, biosensors,1 electronics,2 and electrocataly-
sis.3−5 The specific properties of nanostructured metal surfaces
can be controlled by their shapes and sizes; therefore, the
fabrication of well-defined nanostructured metal surfaces has
been the subject of intensive research.2 Solution-based
syntheses of metal nanoparticles and their assemblies have
been successfully used in diverse applications; however, the
fabrication procedures involve multiple steps and are time-
consuming.6,7 Recently, electrochemical deposition methods
have received significant attention as a straightforward route for
the fabrication of nanostructured metal surfaces.8,9 In addition
to the simplicity of the fabrication protocols, the electro-
deposition methods provide clean nanostructured metal
surfaces that are free of capping-agent or linker molecules
that are inevitable in the assembly of solution-dispersed metal
nanoparticles.8

Among the various applications of nanostructured metal
surfaces, the control of the wetting properties of nanostructured
metal surfaces to achieve superhydrophobicity or super-
hydrophilicity has received significant attention because the
wettability of solid surfaces is important in many technological
fields, such as the fabrication of self-cleaning materials, the
manipulation of biomaterials, and microfluidics.10,11 Because
most metals and metal oxides have high surfaces energies, flat
metal surfaces exhibit low water contact angles, whereas

roughened metal surfaces modified with a low-surface-energy
self-assembled monolayer exhibit higher contact angles.12,13

The electrodeposition of metal nanostructures has been
demonstrated to be effective for fabricating hydrophobic
surface structures.14,15 Flower-like Au microstructures electro-
deposited onto indium tin oxide substrates exhibited super-
hydrophobic natures.14,16 Nanostructured Pt and Cu surfaces
prepared by electrodeposition methods have been shown to
exhibit superhydrophobicity.13,17

Another important application of nanostructured metal
surfaces is their use as surface-enhanced Raman scattering
(SERS) substrates. Because of the large signal amplification at
nanostructured metal surfaces, SERS is useful in various
applications, including biological sensing and trace analysis.18,19

The electrodeposition of metal nanostructured surfaces is an
effective method for preparing reproducible SERS-active
substrates. In the case of SERS-active coinage-metal species,
such as Au and Ag, electrodeposited nanostructures have been
successfully used to fabricate highly SERS-active sub-
strates.20−22 It was also reported that Pt and Pd nanostructured
surfaces prepared by electrodeposition methods can be served
as SERS-active substrates, although these metals are less SERS
active.23−25

Both of these characteristic properties of metal surfaces, i.e.,
wettability and SERS activity, are dependent on the detailed
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shape and size of metal nanostructures. Several recent
investigations focused on the fabrication of metal nanostruc-
tures for controlling the wettability and SERS activity of metal
surfaces. Zhou and co-workers investigated the surface
wettability and SERS activity of hierarchical Pt nanostructures
and observed that flower-like Pt structures exhibited higher
activities compared to those of spherical structures.15 Ling and
co-workers reported the fabrication of superhydrophobic SERS
platforms for trace molecular sensing via assembly of Ag
nanocubes.26 Nakanishi and co-workers prepared nanoflake-Au
surfaces and examined their wettability and SERS activities.27

Despite the previous works regarding either wettability or SERS
activity of nanostructured metal surfaces, most of these works
have been focused on the fabrication of specific surface
nanoarchitectures and evaluation of their surface functionalities.
Moreover, the dependence of wettability and SERS activity on
the variation of fine structure of metal surfaces has not been
previously examined in a systematic way. In this work, we
report on the fabrication of flake-type Pd nanostructures using
simple electrodeposition onto clean Au surfaces without
additives or premodification of the substrate surfaces. The
fine shape of the Pd electrodeposits were regulated by
controlling the total charge during the electrodeposition, and
the effect of the surface structures on the wettability and SERS
activity was systematically examined.

2. EXPERIMENTAL SECTION
All solutions were prepared using purified water (Milli-Q, 18.2 MΩ·
cm). K2PdCl4 was purchased from Alfa Aesar, and all other chemicals
were purchased from Aldrich. A CHI 660C (CH Instruments) was
used in all electrochemical measurements. Pt-wire and Ag/AgCl
electrodes were used as counter and reference electrodes, respectively.
All potentials are reported relative to the Ag/AgCl reference electrode
(3 M NaCl). Au films evaporated onto silicon (Au/Si) wafers (KMAC,
Korea) were used as substrates for electrodeposition. After the Au/Si
substrate was cleaned for 1 min in a piranha solution, it was confined
in a Viton O-ring with an inner diameter of 2.9 mm and used as the
working electrode. Caution: piranha solution is aggressive and
explosive. Never mix piranha waste with solvents. Check the safety
precautions before using it. The electrodeposition was performed in a
constant-potential mode from solutions containing K2PdCl4 (typically
5 mM for well-defined structures) and 0.1 M H2SO4. Scanning
electron microscopy (SEM) characterization was performed using an
ULTRA PLUS field-emission scanning electron microscope (Carl
Zeiss). Contact-angle measurements using 5 μL sessile water drops
were performed using a Phoenix 300 system (Surface & Electro-Optics
Co., Korea). The SERS spectra were obtained using a homemade
Ramboss micro-Raman system spectrometer equipped with an integral
microscope (Olympus BX 51 with a 20X long distance objective lens).
Radiation of 632.8 nm from an air-cooled He/Ne laser with a radiation
power of 8.5 mW was used as an excitation source.

3. RESULTS AND DISCUSSION
3.1. Effect of the Deposition Conditions on the

Morphology of the Pd Nanostructures. The effect of the
deposition conditions on the morphology of the Pd
nanostructures was first examined. Figure 1 shows SEM images
of Pd nanostructures electrodeposited at various deposition
potentials from solutions containing 5 mM K2PdCl4 + 0.1 M
H2SO4 with a deposition charge of 0.02 C. When negative
deposition potentials (−0.3 to −0.15 V) were applied, spike-
type Pd nanostructures grew vertically. As the deposition
potentials were adjusted in the positive direction, the
dimensions of the Pd nanostructures decreased and became
more uniform. Flake-type Pd nanostructures were formed with

applied potentials between 0.20 and 0.25 V, which are
significantly different from the spike-type Pd structures. The
surfaces of the Pd flakes retained wrinkled structures,
resembling cabbage leaves.
In our previous work, it was reported that triangular Pd rod

structures were obtained by electrodeposition at −0.1 V from a
solution containing 15 mM K2PdCl4 and 0.1 M H2SO4. The
spike-type Pd nanostructures obtained at negative potential
regions are considered to have growth patterns similar to those
of the triangular Pd rods because they grew anisotropically in
the vertical direction. In contrast, the Pd structures observed at
approximately 0.2 V are flake-type and differ from the
previously reported rod-type structures. The adsorption of H
at the electrodeposited Pd surfaces at potentials more negative
than 0 V may play a role determining different structures of Pd
deposits.
The applied potential of 0.20 V required for the formation of

Pd flake structures is slightly more negative than the standard
reduction potential of PdCl4

2− (aq)/Pd(s) (0.40 V vs Ag/
AgCl).28 The electrodeposition of Au at potentials slightly
more negative than its standard reduction potential has been
reported to result in flake-type Au nanostructures.14,29 In both
cases, deposition potentials close to the standard reduction
potentials maintain a relatively slow reduction rate, which
results in the formation of flake-type nanostructures. Another
experimental variable affecting the reduction rate is the
concentration of the precursors; thus, the effect of the
deposition potentials and precursor concentrations on the
morphology of the resulting Pd nanostructures was systemati-
cally examined (Figure S1 of the Supporting Information).
Flake-type Pd nanostructures were obtained when relatively
positive potentials were applied, where lower precursor
concentrations favored the formation of well-defined flake-
type Pd nanostructures.
The electrodeposition of flake-type Pd nanostructures has

been previously reported; however, the addition of surfactants
such as cetyltrimethylammonium bromide30 or premodification
of the substrate with polymer layers31 was required for the
formation of Pd flake structures. In the present work, well-
defined nanoflake Pd structures were electrodeposited onto a
clean Au surface without any additives, which was possible at

Figure 1. Top and cross-sectional SEM images of Pd nanostructures
electrodeposited from solutions containing 5 mM K2PdCl4 + 0.1 M
H2SO4 at various deposition potentials. The total deposition charge
was 0.02 C.
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slow reduction rates under positive applied deposition
potentials when low precursor concentrations were used. As
described in the follow sections, we examined the structural
variation of the flake-type Pd nanostructures as a function of
the deposition charges as well as the effect of the surface
structures on the wettability and SERS activity.
3.2. Effect of the Deposition Charges on the

Morphologies of the Pd Nanostructures. The growth of
nanoflake Pd structures was monitored by varying the total
deposition charge during electrodeposition at 0.20 V in 5 mM
K2PdCl4 + 0.1 M H2SO4 (Figure 2). At an early deposition
stage, the deposition current quickly decreased, which

corresponds to the double-layer charging process and the
initial electrodeposition of Pd layers. Even at the very early
stage of electrodeposition (0.0025 C), the Au substrate surfaces
were completely covered by Pd layers, as indicated by the
absence of Au oxide layers in the cyclic voltammograms (Figure
S2 of the Supporting Information). The subsequent current
gradually increased to 0.04 C and then remained constant at
∼22 μA. Flake-shaped Pd protrusions started to form with
deposition charges of ca. 0.005 C, and the nanoflakes then grew
anisotropically to form well-defined nanoflake Pd structures at
0.04 C. The thicknesses of the nanoflake Pd structures were
typically ca. 20 nm, and their widths varied from 500 to 800
nm. The surfaces of the nanoflake Pd exhibited wrinkled
structures that resemble cabbage leaves. The application of
additional deposition charge resulted in an increase in the
thickness of the Pd flakes, whereas their dimensions did not
increase further (see also cross-sectional images). The cross-
sectional SEM images show that the heights of the nanoflake
Pd structures increased as the deposition charge increased to
0.04 C, after which the heights remained at similar levels of ∼1
μm. Energy-dispersive X-ray analysis verified the Pd element of
nanoflake Pd structures (Figure S3 of the Supporting
Information)
The surface area of the flake Pd nanostructures was measured

using electrochemical methods. The cyclic voltammograms of
the Pd flake nanostructures exhibit hydrogen adsorption/
desorption and Pd oxide formation/reduction peaks in the
negative and positive potential regions, respectively, which are
characteristically observed in voltammograms of Pd surfaces
(Figure 3A). The electrochemical surface area (ESA) of the
nanostructured Pd surfaces was evaluated by integrating the
charge consumed for the reduction of the surface oxide layer.32

The roughness factor (Rf, ESA divided by the geometric area of
the electrode surface) of the Pd nanostructures gradually
increased as the deposition charge increased to 0.04 C (Figure
3B). The Rf-value of well-defined nanoflake Pd structures (0.04
C) was 9.8, and no further increase in Rf was observed with
extended deposition charges. The previously discussed SEM
images revealed that further application of deposition charge
beyond 0.04 C resulted in an increase in the thicknesses of the
Pd nanoflakes, which did not affect the Rf of the nanoflake Pd
surfaces.

3.3. Water Contact Angle at Nanoflake Pd Surfaces.
We first examined the wettabilities of the Pd nanostructures
electrodeposited with different deposition charges. Figure 4
shows the dependence of the water contact angle (CA) at the
Pd nanostructures as a function of the deposition charge. After
Pd was electrodeposited (0.005 C) onto the Au surfaces, the
CA increased to 104° from the CA of 90° obtained for flat Pd
surfaces. The CA then quickly increased as the deposition
charge was increased to 0.02 C, where superhydrophobic
surfaces with CA of 150° were achieved. At 0.04 C of
deposition charge, the CAs of the nanostructures were
measured to be 161°, and no further increase in the CA was
observed with increasing deposition charge. The change in the
CA at Pd surfaces without surfaces modification using n-
dodecanethiol was also monitored, where the CA remained at
∼60° irrespective of the deposition charge (Figure S4 of the
Supporting Information).
The trend of the wettability with deposition charge shown in

Figure 4 is very similar to that of the Rf change of the nanoflake
Pd surfaces (Figure 3B). It is well-known that the wettability of
solid surfaces is significantly affected by the surface roughness.33

Figure 2. (A) Current and deposition charge vs time curve during
electrodeposition at 0.20 V in 5 mM K2PdCl4 + 0.1 M H2SO4. (B)
Top and cross-sectional SEM images as a function of deposition
charge.
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Two distinct hypotheses have been suggested to describe the
correlation between the surface roughness and the wett-
ability.10,15−17,34 According to Wenzel’s model, a water droplet
can wet the entire microstructure surface; thus, no air is trapped
between the water and the solid. In this case, the surface
roughness (r, the ratio between the actual and apparent surface
area) is related to the water CA measured on a rough surface
(θr) and the intrinsic CA on a flat surface (θ):

θ θ= rcos cosr (1)

The surface roughness of the nanoflake Pd surfaces evaluated
using eq 1 ranges from 50 to 220 depending on the deposition

charge. These surface roughness r values are much greater than
the Rf values (5−10) obtained from the ESA measurements,
which implies that the entire surface of the Pd flake structure is
not completely wetted by the water droplets.
In Cassie’s model, the water droplet is suspended on the top

of the asperities and the air fraction present between the surface
and the water droplet make its suspension much easier. In this
case, the water CA (θr and θ) can be related to the fractional
interfacial areas of the water−solid ( f1) and the water−air ( f 2)
in the interspaces among the nanostructured surfaces (i.e., f1 +
f 2 = 1):

θ θ= −f fcos cosr 1 2 (2)

We evaluated the fractional interfacial areas of the water−air
( f 2 = 1 − f1) in the interspaces among the nanoflake Pd
surfaces as a function of the deposition charge. Figure 5A shows

that the f 2 values steeply increase with as deposition charge is
increased to 0.02 C, implying that the fractional interfacial areas
of the water−air significantly increase. At deposition charges
greater than 0.04 C, the f 2 values remained at the same level of
0.95. The correlation between f 2 and Rf is shown in the inset of
Figure 5A, where the f 2 values increase with increasing
roughness factor Rf.
As shown in the charge-dependent SEM images (Figure 2B),

flake-type Pd structures continuously grew as the deposition
charge was increased to 0.02 C. In this charge range, the surface
roughness steeply increased, resulting in a quick increase in the
CA values. After the deposition charge of 0.04 C, the Rf
remained at the same levels; thus, no further increase in the CA
was observed. The authors of previous investigations have
reported the dependence of the CA at electrodeposited
nanostructured metal surfaces as a function of the deposition
charges.35,36 In these previous works, the structures of the metal
deposits and the surface coverage of the metal on the substrates
significantly changed with the deposition charge. In the present

Figure 3. (A) Cyclic voltammograms obtained in 0.1 M HClO4 on Pd
nanostructures electrodeposited using different deposition charges.
Scan rate: 50 mV/s. (B) Dependence of the Rf of Pd deposits on the
deposition charge.

Figure 4. Contact-angle profiles of water droplets (5 μL) on
nanostructured Pd surfaces modified with n-dodecanethiol as a
function of deposition charge.

Figure 5. (A) Dependence of f 2 values of the nanostructured Pd
surfaces on the deposition charge and roughness factor (Rf, inset). (B)
Snapshot of the rolling off water droplet according to the tilting angles
on nanoflake Pd surfaces (0.04 C) modified with n-dodecanethiol.
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work, we examined the effect of the variation in the fine
structure of the Pd deposits on the CA, which is correlated to
the Rf, of the nanoflake Pd structures.
To investigate further the hydrophobic nature of nanoflake

Pd surfaces, we performed tilting experiments to measure CA
hysteresis based on tilted plate methods.37 Figure 5B shows the
changes of left and right CAs depending on the tilt angle of the
nanoflake Pd substrates. The water drop started to move at 3°
of tilt angle, where the left and right CAs are assumed to be
receding (θr) and advancing (θa) CAs, respectively. The CA
hysteresis (θH = θa − θr) at nanoflake Pd surfaces was measured
to be 8.5°. The low CA hysteresis smaller than 10° and high
static CA shown above indicate the superhydrophobic nature of
nanoflake Pd surfaces.38

3.4. SERS Activity on the Nanoflake Pd Surfaces. We
next investigated the utility of the nanoflake Pd structures as
SERS-active substrates. To examine the effect of the structural
change of the Pd nanostructures on the SERS activity, 4-
aminobenzenethol (4-ABT) was adsorbed onto nanostructured
Pd surfaces prepared with different deposition charges and their
SERS spectra were obtained (Figure S5 of the Supporting
Information). Comparing the SERS activities between sub-
strates with different surface roughness, it should be noted that
the SERS intensity depends on the amount of molecules
adsorbed onto the surfaces, which is affected by the roughness
of each substrate.39 Therefore, we normalized the SERS
intensity with respect to the Rf value of each Pd surface; the
Rf-normalized SERS spectra are compared in Figure 6A. No
SERS activity was observed on the flat Pd surfaces, whereas Pd
nanostructures prepared with a deposition charge of 0.01 C

exhibited considerable SERS activity. Nanoflake Pd structures
prepared using greater deposition charges exhibited a
significantly higher SERS activity, and a maximum was obtained
for Pd nanoflakes with a deposition charge of 0.04 C.
To show the trend of the SERS activity change at the Pd

nanostructures, Rf-normalized SERS intensities at 1585 cm−1

are plotted as a function of the deposition charge in Figure 6B.
The SERS activity steeply increased as the deposition charge
increased from 0.005 to 0.02 C, and the activity then slightly
increased to its maximum. When the deposition charge
exceeded 0.04 C, the SERS activity slightly decreased. It is
noteworthy that a sharp increase in SERS activity at Pd
nanostructures was observed when the deposition charge
increased from 0.01 to 0.02 C. It has been reported that the
SERS activity at nanostructured metal surfaces is highly
dependent on the presence of sharp edge sites, where large
enhancements in the localized electromagnetic field are
available for inducing SERS activity.20,40−43 As shown in the
SEM images of Figure 2B, Pd protrusions started to form at a
deposition charge of 0.01 C and nanoflake Pd structures with
sharp edge sites fully developed at 0.02 C. Additionally, winkle-
like structures appeared on the sidewalls of nanoflake Pd
structures. These structural changes in the Pd nanostructures
resulted in a sudden increase in the SERS intensity of the
nanoflake Pd structures at 0.02 C. Wrinkled nanoflake Pd
structures were more defined at 0.04 C, with greater overall
dimensions; however, only a slight increase in the SERS activity
was observed.
To quantitatively estimate the SERS activity, the SERS

enhancement factor (EF) was evaluated using the method
developed by Tian et al.20,44 The SERS EF for the nanoflake Pd
structures deposited with a charge of 0.04 C was calculated to
be 1.5 × 103, which is comparable to those of other highly
SERS-active Pd nanostructures.42,45−47 In addition to the high
SERS activity, the reproducibility of the SERS intensities is an
important characteristic for the application of SERS-active
substrates.48 The SERS reproducibility of well-defined nano-
flake Pd structures (0.04 C) is demonstrated by uniform
intensities in the SERS spectra collected at five random points
from one nanoflake Pd substrate (Figure S6 of the Supporting
Information). The reproducible SERS activity observed on
electrodeposited Pd nanostructures was be verified by the small
error bars included in Figure 6B. We also obtained SERS
mapping images of nanoflake Pd surfaces (Figure S7 of the
Supporting Information), wherein the deviations in SERS
intensities were less than 5%. Homogeneous SERS intensities
were measured at the whole electrodeposited area inside O-ring
(diameter of 2.9 mm). This good SERS reproducibility is
attributed to the uniform surface morphology of the electro-
deposited nanoflake Pd structures (Figure S8 of the Supporting
Information), which resulted in a homogeneous distribution of
the active sites responsible for the SERS enhancement induced
by the laser spot (∼2 μm). The applicability of the nanoflake
Pd substrates to electrochemical environments was also
examined by obtaining potential-dependent SERS spectra of
pyridine adsorbed onto the nanoflake Pd surfaces (Figure S9A
of the Supporting Information). The SERS intensities of the
ring-breathing mode (∼1010 cm−1) of pyridine exhibited a
reversible and stable pattern under potential excursions (Figure
S9B of the Supporting Information), which suggests that the
nanoflake Pd substrates can be utilized in electrochemical SERS
systems for investigating electrode reactions on Pd surfaces.

Figure 6. (A) Rf-normalized SERS spectra of 4-aminobenzenethiol
adsorbed onto nanostructured Pd surfaces with different deposition
charges. Acquisition time = 10 s. (B) Dependence of Rf-normalized
SERS intensities at 1585 cm−1 on the deposition charge. The Pd
substrates were soaked in 8 mM 4-aminobenzenethiol in ethanol for
12 h and rinsed with ethanol before the SERS measurements.
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4. CONCLUSIONS
We have demonstrated that nanoflake Pd structures can be
prepared via a simple electrodeposition on clean Au surfaces
without additives or premodification of the substrate surfaces.
Control of the deposition charge enabled regulation of the fine
structure of the nanoflake Pd, and the effects of these structural
changes on the water wettability and SERS activity were
investigated. The wettability of the nanostructured Pd surfaces
in terms of the water CA is closely correlated to the fine
structures of Pd deposits and their surface roughness. Well-
defined nanoflake Pd structures exhibited a superhydrophobic
nature, with a CA of 160°. The effect of structural changes of
the nanoflake Pd on the SERS activity was also examined,
where the presence of sharp edge sites on Pd structures played
a critical role in inducing high SERS activity. Well-defined
nanoflake Pd structures exhibited good SERS reproducibility
and stability in an electrochemical environment. The results
demonstrated in this work regarding the effect of metal
structures on the surface characteristics, wettability and SERS
activity provide insights into the fabrication of functional metal
nanostructures.
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