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Abstract Flower-like gold nanostructures (so called gold
nanoflowers) were electrodeposited on indium tine oxide
(ITO) glass and served as a SERS-active substrate for sensing
dopamine. A double-potential method was applied for the de-
position of gold nanostructures on the glass. The density, size,
and morphology of the gold nanostructures were controlled
by adjusting parameters such as deposition potentials, dura-
tion, and concentrations of gold precursors. The particle
density on the glass was controlled by changing the over-
voltage potentials, while the size and morphology were con-
trolled by changing the concentration of gold precursors and
growth times of Gold crystal seeds. The intensity of the
Raman spectrum of dopamine was distinctly enhanced on
the gold nanostructures with unique flower-like topography,
thereby demonstrating the utility of this SERS-active sub-
strate that is facilely obtained by the double-potential depo-
sition method without supporting electrolytes.

Keywords Gold nanostructures . Dopamine . SERS .

Electrodeposition . ITO glass

Introduction

Dopamine is a monoamine neurotransmitter associated with
proper functioning of the brain, the central nervous system,
and the cardiovascular system. Thus, the sensitive and selec-
tive detection of abnormal dopamine level in biological fluid
is very important in the early detection of several diseases
such as schizophrenia, Huntington’s and Parkinson’s disease

[1–3]. Common detection methods for neurotransmitters are
based on electrochemistry [4–8], chromatography coupled to
spectrometry [9–13], fluorescence [14–16] or surface-
enhanced Raman scattering [17–21]. The well-known electro-
chemical oxidation has some limitations due to its low selec-
tivity to dopamine in the presence of many interfering com-
ponents such as excessive ascorbic acid (AA), uric acid (UP)
and epinephrine (EP) [5]. The conventional chromatographic
separation also suffers from long preparation times and com-
plicated procedures in spite of high sensitivity [22]. On the
other hand, surface-enhanced Raman scattering (SERS) ap-
proach has a good potential which can provide both low limits
of detection (LOD) and high-level selectivity [17]. The com-
parable analytical characteristics of various detection methods
are summarized in Table 1.

Surface-enhanced Raman scattering (SERS) is a promising
spectroscopic analysis which can allow ultrasensitive detec-
tion of probe molecules with a clear ‘finger-print’ of the mol-
ecule [23]. SERS can magnify the Raman signals of probe
molecules adsorbed on roughened metallic surfaces by 106

to 1014 times, allowing the utility of Raman spectroscopy
down to the single molecule level [24–27]. Therefore, SERS
has received sparkled interests for biomedical applications
such as trace analysis, biological diagnosis, and living cell
imaging studies [28, 29]. SERS intensities can be tuned by
varying the particle size, surface morphology, dielectric envi-
ronment, and inter–spacing of nanostructures [30]. Among
those factors, surface morphology and inter–structure spacing
are particularly important because a rough nanostructure sur-
face and close inter–spacing (<5 nm) can enormously enhance
the Raman signals of probe molecules through strongly local-
ized electromagnetic fields in those spots.

The main types of the SERS substrates are colloid state and
solid-state surface of noble metals. As for colloid state, the
random hot-spots are generated by plasmon couplings of
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closely spaced particles dispersed in solution phase. The re-
sultant SERS activity varies from place to place in colloidal
solution, showing a major obstacle in the practical application
of SERS [27, 31]. Also, the common method for preparing
metal colloids is to reduce metal salts with chemical reducing
agents, resulting in the inevitable contamination of the col-
loids by chemical agents [32]. The presence of chemical spe-
cies on the metal colloids can give rise to at least two prob-
lems: (1) the adsorption of these chemical species on the me-
tallic surface might reduce active adsorption sites for target
molecules, and (2) SERS signals originating from these con-
taminants may severely interfere with the SERS signals of the
target molecules, especially when the concentration of the
target molecules is very low or the adsorption capability of
target molecules is weak.

Hence, the control of homogeneous and density-controlled
metallic nanostructures on the solid substrate is in a great
demand for obtaining good reproducibility and high sensitiv-
ity in SERSmeasurements. Avariety of synthetic methods has
been developed to prepare metallic nanostructures with highly
textured surface morphology with the use of templates, sur-
factants or supporting materials [33–36]. The shape–con-
trolled synthesis of metal nanostructures can induce unique
optical properties which are strongly dependent on the size
and shape of nanostructures [37–40]. Gold nanostructure with
a roughened surface morphology on the solid substrate can be
considered as a desirable SERS–active substrate with an ultra-
sensitive detection limit [41–44]. Typically, flower-like nano-
structures show high SERS enhancement because of many
interstitial sites (or gaps) which can produce extremely intense
localized electromagnetic (EM) fields, so called hot spots in
SERS measurements [45, 46]. In this regard, electrochemical
deposition method can prepare high purity of micro/
nanostructures alongwith well-controlled size, shape, and par-
ticle density [47–49]. A double-potential deposition technique
is good at controlling metal deposition on the conducting solid
surface without using any surfactants and/or supporting elec-
trolytes [50].

SERS technique becomes more popular because a recent
advancement of nanotechnologymakes it possible to fabricate
metal nanostructures with more uniform and roughened mor-
phology. Furthermore, SERS technique has a high-level spec-
ificity in a complex media because a specific analyte has its
own vibrational Bfinger-print^ spectra [51–53]. In this regard,
SERS analysis has many advantages in detecting dopamine
molecules as compared to other suitable methods summarized
in Table 1. Thus, it is still a hot issue how to prepare the SERS
substrates with reproducible and high-quality SERS signals
from a specific analyte. Even though colloidal-type SERS
substrates can detect dopamine molecules at very low concen-
tration, random hot spots generated by plasmon coupling con-
sequently lead to varying SERS activity that is a major obsta-
cle for applying to SERS-based sensing platform. In contrast, T
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solid-type SERS substrates can directly detect the dopamine
molecules with real-time diagnosis.

In this work, we demonstrated the successful synthesis of
flower–like Gold nanostructures on the indium tin oxide
(ITO) glass as SERS-active substrates using a template-free
double–potential method without any templates, surfactants
and additional electrolytes. In this method, crystal seeds were
formed on the ITO glass by the first pulse with high ampli-
tude, and crystal growth was followed by a small overvoltage
of the second pulse without additional nucleation. We system-
atically investigated the effect of deposition potentials and
duration times (i.e., nucleation and growth periods) on the
morphology of as–prepared Gold nanostructures and their
coupling states. The Raman spectra of dopamine molecules
were distinctly enhanced on the optimized Gold nanostruc-
tures with flower-like topography, demonstrating a controlla-
ble synthesis of SERS–active substrates by the double-
potential deposition method.

Experimental

Chemicals

All the chemicals were purchased from Sigma–Aldrich
Company: chloroauric acid (HAuCl4), 3–aminopropyl
trimethoxysilane (97 %, APTMS), ethanol (99.8 %,
C2H5OH), HPLC grade water and dopamine hydrochloride
(C6H3(OH)2–CH2–CH2–NH2⋅HCl). All chemicals were of
analytical grade and were used without further purification.

Electro-deposition of gold nanostructures

The electro-deposition of Gold nanostructures on the ITO
glass with a sheet resistance of 10–15 Ω·cm−2 was performed
in a Teflon cell using a standard three-electrode setup. The
working electrode was an as-prepared ITO glass, the counter
electrode was a Pt wire, and the reference electrode was a
saturated calomel electrode (SCE). Gold nanostructures were
formed by electrolyzing the aqueous solution of HAuCl4 at
different potentials, nucleation times, and growth periods. The
operating factors during the electro-deposition process were
controlled by a computer–programmed electrochemical work-
station at room temperature (CompactStat Plus, HS TECH).

The preparation of Gold nanostructures on the ITO glass is
represented by Scheme 1. ITO glass was treated in Plasma
Cleaner for 2 min at an RF power of 16.8 W and 150 mTorr
of vacuum pressure. Then, it was immediately immersed into
APTMS/EtOH (1/9 wt/wt) mixture at 40 °C for 6 h, finally
forming APTMS-functionalized ITO glass (i.e., amine-
terminated ITO glass). Gold crystals are usually negatively
charged [54], and amine–terminated ITO glass is positively
charged at pH <9.6 which is the pKa value of terminal amine

groups [55]. Thus, negatively charged Gold seeds are easily
formed on the positively charged ITO glass at a specified
nucleation potential. Then, Gold seeds grow into Gold nano-
structures at a given growth potential controlled by the pro-
grammed electrochemical workstation. The morphology of
Gold nanostructures and their inter–spacing were optimized
to offer effective electromagnetic coupling for enhancing
SERS signals.

Characterization

As–prepared samples were characterized by scanning electron
microscopy (SEM) and micro Raman spectrometer (ANDOR
MOnora500i, 12 mW) to determine the size, morphology, and
optical properties of Gold nanostructures deposited on the ITO
glass. The Raman spectrograph employed a 1200 g·mm−1

grating and laser excitation at 632.8 nm was used with accu-
mulation time of 5 s.

Results and discussion

Figure 1 shows the cyclic voltammogram (CV) of pristine ITO
and amine–terminated ITO glass scanned from −0.2 V to
1.8 Vat 0.01 V·s−1 in 1.0 mM of HAuCl4 solution. A cathodic
peak observed at ca. 0.46 V was attributed to the reduction of
AuCl4

− to metallic Au0 on the ITO glass by the following
reaction: AuCl4

−+3e−→Au0+4 Cl−. According to the CVof
pristine ITO glass, a cathodic current flowed up to 0.77 V in
the forward scan, which almost coincided with the onset po-
tential of Gold reduction in the reverse scan. According to the
CV of amine–terminated ITO glass during a forward scan, a
cathodic current flowed up to ca. 0.84 V possibly due to the
reduction of Au3+ onto metallic Au0. In other words, the onset
of Gold reduction occurred at 0.77 V in the initial reverse scan
but continued to flow up to 0.84 V in the forward scan. This
hysteresis of onset reduction potentials is called a Bnucleation
loop^ which arises from the over-potential required for nucle-
ation onto the pristine electrode in reference to the Gold de-
position onto Gold seeds [49].

Within the time scale of the reverse scan, the cathodic cur-
rent due to the reduction of AuCl4

− does not flow until the
potential is below 0.77 Veven though it is thermodynamically
favorable at more positive potentials. This is because an acti-
vation barrier must be overcome for the initial reduction of
AuCl4

− to formGold nucleation sites [56]. Once these sites are
formed below 0.77 V, the reduction of AuCl4

− can be cata-
lyzed even up to 0.84 V, as shown by the crossover in the CV
of amine–terminated ITO glass. Therefore, amine–terminated
ITO glass is expected to produce more Gold nanoparticles
(NPs) than the pristine ITO glass (data not shown).

Figure 2 shows the SEM images of Gold nanostructures
electrodeposited on amine-terminated ITO glasses prepared at

Flower-like gold nanostructures electrodeposited on indium tin 1315



different nucleation potentials (0.4−0.8 V) and duration times
(2–50 s). Then, HAuCl4 concentration was 1.0 mM and the
growth potential (E2) was −0.4 V for 600 s. According to the
Fig. 2a, the size and morphology of Gold nanostructures de-
posited on the ITO glass did not show clear dependence on the
nucleation potentials for the constant duration times. The mor-
phology of Gold nanostructures did not also show strong de-
pendence on the duration times at 0.7 V of the nucleation
potential as shown in Fig. 2b. Thus, the nucleation potential
and duration time were fixed as 0.7 Vand 2 s in the following
experiments.

Figure 3a–c shows the effect of HAuCl4 concentrations on
the morphology of Gold nanostructures on the amine–termi-
nated ITO glass. Here, the nucleation potential was 0.7 V for
2 s and the growth potential was −0.4 V for 600 s. HAuCl4
concentrations showed a considerable effect on the formation
of Gold nanostructures. When the concentration of HAuCl4
was low (0.5–1.0 mM), flower-like Gold nanoparticles (NPs)
of ca. 300–600 nm, so called as Gold nanoflowers (Au NFs),

were formed (see Fig. 3a and b). The size of Au NFs increased
with HAuCl4 concentration. At a high HAuCl4 concentration
of 5 mM, a large dendritic microstructure was formed and
sparsely distributed on the ITO glass (see Fig. 3c). At high
concentrations of Gold precursors, more Au ions were re-
duced and formed ad–atoms of Gold on the surface of the
ITO glass. Moreover, more ad–atoms of Gold could selective-
ly adsorb on certain crystal faces of small Gold seeds toward
specific crystallographic directions, leading to the formation
of large Gold crystalline structure [57].

Figure 3d shows the Raman spectra of dopamines (DOPAs,
10−4 M) obtained from Gold nanostructures electrodeposited
on the ITO glass prepared at different concentrations of
HAuCl4. The band at ~1480 cm−1 was assigned to the ring
stretching vibration, ν19b, attributed to the stretching of the
OC-CO bonds. The band at 1270 cm−1 was assigned to the
stretching of the catechol C–O bonds. The remaining bands
were assigned to various ring stretching vibrations (ν3=
1325 cm−1, ν19a=1425 cm−1, ν8a =1570 cm−1, ν8b=
1590 cm−1) [58]. According to the Raman spectra of DOPAs
on Au NFs prepared at 0.5 mM and 1.0 mM of HAuCl4, the
latter one exhibited slightly more distinct Raman signals due
to its slightly rougher surface morphology. DOPAs on the
large Gold crystallites prepared at 5.0 mM of HAuCl4 exhib-
ited very strong Raman signals due to rough surface and large
diameter enough to allow the full focusing of a laser beam
onto it. Despite strong Raman signals, the non–uniform sur-
face morphology of the dendritic crystallites may not be ap-
propriate for a reliable quantitative analysis in SERS measure-
ments because the Raman spectra of DOPAs were not distinct.
In summary, high concentrations of Gold precursors led to
large Gold dendrites with non–uniform distribution, whereas
low concentration of HAuCl4 produced more densely-packed
Gold NFs on the ITO glass with uniform distribution. Thus,

Scheme 1 Synthesis of Gold nanostructures on the ITO glass by the
double–potential method: 1 Surface activation by an ambient air plasma
treatment, 2 ATPMS–functionalized ITO glass substrate, 3 Addition of

the first potential to formGold seeds, 4Addition of the second potential to
grow Gold nanostructures on the ITO glass. Gold-deposited ITO glass is
heated at 300 °C for 30 min to remove the residual organics

Fig. 1 Cyclic voltammogram of pristine ITO and APTMS–
functionalized ITO glasses in 1.0 mmol·L−1 of HAuCl4 at the scan rate
of 0.01 V·s−1

1316 Y. Bu, S.–.W. Lee



appropriate concentration ranges of HAuCl4 are essential to
obtain reliable Raman signals of DOPAs from Gold nano-
structures deposited on the ITO glass.

Morphological changes of Au NFs prepared at different
growth potentials were shown in Fig. 4. At the growth poten-
tial of −0.2 V, the amine–terminated ITO glass produced mi-
cro–flowers with a size of ca. 1.0 μm (Fig. 4a). At the growth
potential of −0.4 V, smaller Au NFs with smooth surface were
obtained (Fig. 4b). When the growth potential was further
decreased to −0.6 V, spherical-like Gold NPs were obtained
with higher particle density (Fig. 4c). The reasons for the
variation of particle density are as follows: 1) If the growth
potential was not too much below the Nernst equilibrium

potential, small Gold seeds dissolved easily due to the nega-
tive shift in the reversible potential of the electrode covered by
small NPs [59]. Thus, as the growth potential approached the
Nernst equilibrium potential, the particle density on the ITO
glass decreased. 2) When the growth potential was far below
the Nernst equilibrium potential, many Gold nuclei survived
without dissolution, increasing particle density on the ITO
glass [1]. Morphology changes at different growth potentials
can be explained as follows: 1) if the over-potential of the
second pulse is too small, Gold can only grow at the lattice
plane with the lowest energy of Gold crystallites, leading to
the formation of flower-like Au NPs. 2) if the over-potential is
large enough, the reaction would have enough energy for

Fig. 2 a SEM images of Gold
nanostructures electrodeposited
on amine-terminated ITO glass at
the different nucleation potentials
(E1) for 2 s: a1=0.8 V, a2=0.7 V,
a3=0.5 V. b SEM images of Gold
nanostructures electrodeposited
on amine-terminated ITO glass at
E1=0.7 V for different duration
times: b1=0.5 s, b2=2 s, b3=
50 s, HAuCl4 concentration was
1.0 mM and growth potential (E2)
was −0.4 V for 600 s

Fig. 3 SEM images of Gold
nanostructures electrodeposited
on amine–terminated ITO glass
prepared at different HAuCl4
concentrations: a 0.5 mM, b
1.0 mM, c 5.0 mM, d Raman
spectra of dopamines
(10−4 M) adsorbed on Gold
nanostructures prepared at
different HAuCl4 concentrations.
The nucleation potential was
0.7 V for 2 s and the growth
potential was −0.4 V for 600 s

Flower-like gold nanostructures electrodeposited on indium tin 1317



Gold to overcome the energy difference between lattice
planes. Thus, the Gold nanostructures can grow uniformly in
all directions, consequently forming spherical-like Au NPs
(Fig. 4c) [43].

Figure 4d shows the Raman spectra of DOPAs adsorbed on
Gold nanostructures prepared at different growth potentials.

Gold NFs prepared at the growth potential of −0.2 and −0.4 V
exhibited the distinct Raman signals of DOPAs. Even though
Au NFs prepared at −0.4 Vexhibited lower surface roughness
as compared to that of Au NFs prepared at −0.2 V, there was
not a significant difference between Raman signals of Au NFs
between −0.2 and −0.4 V. The reason may be that Gold NFs

Fig. 4 SEM images of the Gold
nanostructures electrodeposited
on amine–terminated ITO glass
at different growth potentials:
a −0.2 V, b −0.4 V; c −0.6 V
for 600 s, d Raman spectra of
dopamines (10−4 M) on Gold
nanostructures prepared at
different growth potentials.
HAuCl4 concentration was
1.0 mM and the nucleation
potential (E1) of 0.7 V was
applied for 2 s

Fig. 5 SEM images of the Gold
nanostructures electrodeposited
on the amine–terminated ITO
glass at E2=−0.4 V for a growth
time of 600 s, b growth time of
1000 s. HAuCl4 concentration
was 1.0 mM and E1 was 0.7 V
for 2 s. c Raman spectra of
dopamines (10−4 M) adsorbed on
Gold nanostructures prepared at
different growth times. Here, E1

and E2 are the nucleation and
growth potentials, respectively

1318 Y. Bu, S.–.W. Lee



prepared at −0.4 V had a higher particle density than that of
Au NFs prepared at −0.2 V. Au NFs prepared at −0.6 V ex-
hibited the strong Raman intensity, probably due to the higher
particle density. However, the Raman signals of DOPAs were
not distinct because of the smoothness of surface mor-
phology. To be conclusive, the optimum SERS substrate for
sensing DOPAs can be obtained by adjusting the packing
density and surface morphology of Gold NFs deposited on
the ITO glass.

Figure 5 shows the morphology variation of Au NFs with
increasing growth times. It is obvious that growth times
played an important role in determining the final morphology
of Gold NFs. At the growth time of 600 s, we observed flow-
er–like crystals (ca. 500 nm), appearing as a clustered form of
small Gold NPs (Fig. 5a). When the growth time was
prolonged to 1000 s, larger Au NFs with a rougher surface
were obtained (Fig. 5b), indicating the continuous growth of
the flower–like crystals. Since nucleation was accomplished
instantly, the growth times ultimately controlled the packing
density and surface morphology of Gold NFs deposited on the
ITO glass. Figure 5c shows the comparative Raman spectra of
DOPAs (10−4 M) adsorbed on Au NFs prepared by different
growth times at the constant growth potential of −0.4 V. Gold
nanostructures prepared at the growth time of 1000 s produced
more distinct Raman signals of DOPAs than those prepared at
the growth time of 600 s, mainly due to the decrease of inter–
particle distance and unique flower-like topography, resulting
in the effective coupling of Gold nanostructures.

In summary, Raman spectra of DOPAs were distinctly en-
hanced on the optimized Gold nanostructures prepared at the
growth potential of −0.4 V for 1000 s. The stretching of the
catechol C-O bonds of DOPAs distinctly appeared at
1270 cm−1 (νco). The phenolic stretching vibration was clearly
observed at 1480 cm−1 (ν19b), which mainly attributed to the
stretching of the C-C bonds to which the oxygen is attached.
In particular, ring stretching vibration/deformation mode of
OH bond strongly appeared at 1378 cm−1 (ν3/δOH). The re-
maining bands assigned to various ring stretching vibrations
(ν3=1325 cm

−1, ν19a=1424 cm
−1, ν8a=1570 cm

−1) were ob-
served [60–63]. To be conclusive, the Raman spectra of do-
pamine molecules were distinctly enhanced on the densely-
packed Gold nanostructures with rough flower-like
topography.

Conclusions

Flower–like Gold nanostructures, also called Gold nanoflowers
(Au NFs), were electrodeposited on the amine–terminated ITO
glass using a double–potential electrodepostion method. The
main parameters affecting the SERS signals of dopamine were
facilely controlled: (1) functionalization of APTMS increased
the packing density of Gold nanostructures on the ITO glass,

(2) the size, morphology, and packing density of the Gold
nanostructures on the ITO glass were controlled by adjusting
the HAuCl4 concentrations, deposition potentials, and growth
times, and (3) the intensity of Raman spectra of dopamine was
distincltly enhanced on the densely-packed Gold nanostruc-
tures with unique flower–like topography. The optimized
Gold nanostructures produced the distinct Raman spec-
tra of dopmaine molecules, thereby demonstrating the
utility of this SERS-active substrate that is easily obtained
by template-free double-potential deposition method without
any supporting materials.
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