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the synergistic effect of macroporous structures and surface
nanoarchitectures on electrocatalysis and electroanalysis
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Abstract We present the fabrication of a three-dimensional
(3D) assembly of flower-like Au structures via the combi-
nation of 3D macroporous Au-coated microspheres and
surface nanoarchitectures using electrodeposition of nano-
plate Au structures. The 3D flower-like Au structures exhibit
synergistically enhanced electrocatalytic activities regarding
glucose oxidation and oxygen reduction compared to
those of the individual 3D macroporous and nanoplate
Au structures. The 3D flower-like Au structures can
also be utilized as electroanalytical platforms retaining

Introduction

The fabrication of functional Au electrodes with hierarchical
surface structures has been the subject of intensive research
because these surfaces enable important applications in
electrocatalysis and electroanalysis. Among the various
techniques for the fabrication of functional Au surfaces,
electrochemical methods provide a simple and rapid route
in a controlled manner [1]. Recently, the electrochemical
deposition of flower-like Au structures has received much

attention because of their unique properties such as super-
hydrophobicity [2, 3] and surface-enhanced Raman scatter-
ing (SERS) activity [4, 5]. Flower-like Au structures also
exhibit high electrochemical activity, which is useful in
applications in electrocatalysis [6] and electroanalysis [7].
A schematic diagram of the flower-like Au particles electro-
deposited on an electrode surface to form two-dimensional
(2D) arrays is shown in Fig. 1a. The flower-like Au structure
was first reported to be electrodeposited on indium tin oxide
(ITO) electrodes modified with thin polypyrrole films [6].
Wang and Dong have shown that flower-like Au particles
can be electrodeposited on clean ITO surfaces by controlling
the electrochemical parameters [2, 5].

Additionally, three-dimensional (3D) macroporous Au
structures have been prepared by the electrochemical depo-
sition of Au on microsphere-assembled templates followed
by removal of templates [8]. Bartlett et al. reported on the
preparation of macroporous 3D Au films and their applica-
tion in electrochemical SERS [9]. Porous 3D electrode
systems exhibit unique electrochemical properties that enable
useful electrochemical applications such as chemical sensors,
electrocatalytic charge transfers, and biological sensing
platforms [10–13]. In the present study, we intended to
investigate the synergistic effect of 3D macroporous
structure and 2D surface nanoarchitecture on electroca-
talysis and electroanalysis.

Figure 1b represents the strategy for the fabrication of 3D
porous flower-like Au (pFAu) surfaces, which consists of
the formation of 3D porous Au-coated microspheres
(pAuMS) followed by the electrodeposition of nanoplate
Au (NpAu) on the surface of the AuMS. The 3D pFAu
structures formed retain the macroporous 3D structures as
well as the nanoscale surface architectures on the individual
AuMS particle. The electrocatalytic activity and electroana-
lytical functionality of the 3D pFAu surfaces were examined
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the combined advantages of both of the 3D macropo-
rous and nanoplate Au structures.
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and compared to those of 3D pAuMS and 2D NpAu surfa-
ces, from which synergistic effects have been demonstrated.

Experimental

Materials and instruments

Au-coated microspheres (AuMS, an Au layer with thickness
of ∼50 nm was formed by the electroless plating method on
a poly(methyl methacrylate) bead with a diameter of 4 μm)
were purchased from Nomadien Cooperation (Seoul,
Korea). KAu(CN)2 (98%), Na2CO3 (99%), D-glucose
(99.5%) and other chemicals were purchased from Sigma-
Aldrich and used as received. An Au wafer with 200 nm of
gold on silicon (KMAC, Korea) was confined in a Viton O-
ring with an inner diameter of 2.9 mm and used as a working
electrode. Electrochemical measurements were conducted
using a BAS 100BW (Bioanalytical Systems, West Lafay-
ette, USA) potentiostat. Pt wire and Ag/AgCl electrodes
were used as counter and reference electrodes, respectively.
All potentials are reported relative to the Ag/AgCl (3 M
KCl) reference electrode. The supporting electrolytes for
glucose oxidation and oxygen reduction measurements were
0.1 M phosphate buffer (pH07) and 0.1 M H2SO4,

respectively. Scanning electron microscopy (SEM) charac-
terization was performed using a LEO 1530 Field Emission
SEM (Carl Zeiss, Jena, Germany).

Electrode fabrication

A solution of AuMS particles dispersed in water (15mgmL−1)
was sonicated before depositing onto electrode surfaces. A 10-
μL portion of AuMS-dispersed solution was dropped onto
electrode surfaces and dried in air to form 3D pAuMS electro-
des. Electrodeposition of NpAu was performed on a flat Au
electrode (for 2D NpAu) or on a 3D pAuMS (for 3D
pFAu) from a solution containing 15 mM KAu(CN)2
and 0.25 M Na2CO3. A constant deposition potential
of −1.1 V was applied, and the total deposition charge
was 0.04 C.

Results and discussion

Preparation of 3D porous flower-like Au structures

3D pAuMS array was first prepared by dropping AuMS
particles (Fig. 2a) dispersed in water onto Au surfaces as
described in our previous report [14], where we have shown
that the AuMS particles deposited on Au surfaces are electri-
cally interconnected with each other to form porous 3D
assemblies. The number density of AuMS particle was esti-
mated to be ∼6×106 cm−2. We then decorate the surface of the
3D pAuMS array with nanoplate Au structures by electrode-
position from a solution containing Au(CN)2

− [15]. A typical
SEM image of the nanoplate Au structures electrodeposited
on a flat Au surface is shown in Fig. 2b. The SEM image of
the resulting 3D pFAu electrode is shown in Fig. 2c, where the
surface of each AuMS particle has successfully been modified
with nanoplate Au architectures (Fig. 2d).

The electrochemical surface area (ESA) of the Au electrode
surfaces was estimated by the charge consumed by the reduc-
tion of the surface oxide layer divided by 400 μC cm−2 from
the cyclic voltammogram of the electrodes in the Au oxide
formation and dissolution region [16]. The relative ESA of the
3D pFAu surfaces with respect to bare Au surfaces was
measured to be 17.0, which is equivalent to the sum of the
ESAs of 2D NpAu (4.3) and 3D pAuMS (13.1) surfaces. This
result indicates that the electrodeposition of NpAu is per-
formed effectively on the surface of AuMS, and the NpAu-
decorated flower-like particles are interconnected with each
other to form 3D pFAu electrode surfaces.

Synergistic electrocatalysis of 3D pFAu

The electrocatalytic activity of 3D pFAu surfaces was first
investigated for the oxidation of glucose, which is fairly

2D Flower-like Au

3D Porous AuMS (pAuMS)

2D Nanoplate Au (NpAu)

3D Porous Flower-like Au (pFAu)

(A)

(B)

Fig. 1 Schematic diagrams of the formation of a 2D flower-like Au
particles electrodeposited on electrodes and b 3D porous flower-like
Au structures
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sensitive to the structure of the Au surface [15, 17]. Bare Au
surfaces exhibit virtually no activity in the electrooxidation
of glucose; the small anodic peak at 0.3 V (dash-dotted line
in Fig. 3a) is previously reported to be observed at bare Au
electrodes when the surfaces are roughened [17]. It was
reported that the formation of AuOH layers by chemisorp-
tion of OH− is crucial for the electrooxidation of glucose at
Au surfaces [18, 19]. As the Au electrode being roughened,
Au surface domains activated for the formation of AuOH
are produced, which exhibit electrochemical activity for
glucose oxidation at ∼0.3 V. The dotted line in Fig. 3a shows
enhanced electrocatalytic activity on 2D NpAu surfaces,
where the new anodic peak at 0.0 V has been ascribed to
the formation of active sites on the Au nanoplate surfaces
with higher surface energy, such as (110)-like Au domains
[15]. The Au domains with higher surface energy enable the
formation of AuOH layers at less positive potential regions,
which serve as new electrocatalytically active sites for elec-
trooxidation of glucose at ∼0.0 V. The 3D pAuMS surfaces
also exhibit similar electrocatalytic enhancement for glucose
oxidation (dashed line in Fig. 3a), which has previously
been reported for macroporous 3D inverse-opal gold film
electrodes [20].

The 3D pFAu surfaces exhibit increased electrocatalytic
activity, compared to the individual activities of 2D NpAu
and 3D pAuMS surfaces (solid line in Fig. 3a). Here, the
peak current at 0.3 V increases slightly, likely because of the
increase of ESA of the 3D pFAu surfaces. On the other
hand, the peak current at 0.0 V notably increases on 3D

pFAu surfaces, which is not explicable simply as the
increase in the ESA of 3D pFAu surfaces (Table S1 in the
Electronic supplementary material (ESM)). Moreover, the
current ratio between the two anodic peaks at 0.0 and 0.3 V
on the 3D pFAu surfaces (1.24) is reversed compared to that of
both the 2D NpAu (0.47) and 3D pAuMS (0.90) surfaces.
Because the anodic currents at 0.0 V represent the unique
catalytic activity in glucose oxidation, this result indicates that
the electrocatalytically active sites for glucose oxidation are
introduced synergistically on the 3D pFAu surface by com-
bining the macroporous structure and surface nanoarchitec-
ture. It should be noted that the significant catalytic effect
observed on the 3D pFAu surface at 0.0 V is not affordable
from each of the 2D NpAu or 3D pAuMS surfaces.

We also examined the synergistic electrocatalysis on the
3D pFAu surfaces in oxygen reduction reactions. As shown
in Fig. 3b, the cathodic peak potential for oxygen reduction
on 3D pFAu surfaces is observed at ∼250 mV more positive
potential than that on bare Au surfaces. The electrocatalytic
enhancement for oxygen reduction on 3D pFAu surfaces is
larger than that observed on either 2D NpAu or 3D pAuMS
surfaces (both produce a 150 mV positive shift). Electro-
catalysis on 2D NpAu surfaces can be ascribed to the
introduction of energetically active domains such as
(100) and (110) domains [15], whereas that on 3D

(A) (B)

(C) (D)

Fig. 2 SEM images of a an individual AuMS, b 2D NpAu electro-
deposited on a flat Au surface, c a 3D pFAu electrode surface, and d an
individual flower-like Au particle
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Fig. 3 a Anodic scans obtained in 10 mM glucose+0.1 M phosphate
buffer (pH 7.0) and b cyclic voltammograms obtained in O2-saturated
0.1 M H2SO4. Scan rate, a 10 mV s−1 and b 50 mV s−1
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pAuMS surfaces can be ascribed to the porous nature (with
nanometer-scale dimensions) in the vicinity of the junction of
the AuMS particles [14]. X-ray diffraction (XRD) spectra of
3D pFAu and 3D pAuMS show that the XRD signals
corresponding Au(100) and Au(110) at 3D pFAu increase
compared to those observed at 3D pAuMS upon the formation
of nanoplate Au (Fig. S1 in the ESM). Combining the 3D
porosity with the surface nanoarchitectures results in unique
electrocatalytic activity regarding oxygen reduction, which is
not readily available on each of the 2D NpAu and 3D pAuMS
surfaces. The unique electrocatalytic enhancement observed
on the 3D pFAu surface for glucose oxidation and oxygen
reduction demonstrates that a synergistic effect on electro-
catalysis is obtained by combining the 2D NpAp and 3D
pAuMS structures.

Synergistic electroanalysis of 3D pFAu

The electrochemical detection of glucose is important in
non-enzymatic glucose sensors [21]. There are two main
problems to be resolved in the practical electrochemical
sensing of glucose in physiological media; (1) overcoming
the deactivation of electrode activity caused by the presence
of Cl− ions and (2) discriminating the interference from the
oxidation of ascorbic acid (AA). In our previous report, the
2D NpAu surface was shown to be relatively resistant to the
surface deactivation by Cl− compared to other Au nano-
structures [15]. Figure 4a shows that the anodic current level
on 2D NpAu surfaces for glucose oxidation at 0.3 V in the
presence of 10 mM of Cl− is ca. 60% of that measured in the
absence of Cl−, whereas there is a great decrease in anodic
current levels on 3D pAuMS surfaces (∼40%). The 3D
pFAu surfaces retain a relatively high current level at
0.3 V for glucose oxidation in the presence of Cl− (as
compared to that observed in the absence of Cl−, ∼85%).
In neutral phosphate buffer solutions, glucose electrooxida-
tion current is known to decrease proportionally to the
concentration Cl− due to the blocking active sites for AuOH
formation by Cl−, and stronger effect is observed at less
positive potentials [22]. Figure 4a shows that the glucose
oxidation at 3D pFAu surfaces at 0.0 V quickly vanishes in
the presence of Cl−, whereas the anodic currents at 0.3 V is
maintained at relatively high level when compared to the
anodic scan in the absence of Cl− shown in Fig. 3a. There-
fore, the 3D pFAu surface is more resistive to the deactiva-
tion by Cl− than either 2D NpAu or 3D pAuMS surfaces.
The deactivation of electrode activity for glucose oxidation
is more significant in the presence of 50 mM of Cl− on the
2D NpAu and 3D pAuMS surfaces, whereas the 3D pFAu
surface maintains relatively high current levels in the pres-
ence of 50 mM of Cl− (Fig. 4b).

It is well known that porous structures can be effectively
utilized to remove the interference of AA oxidation on the

electrochemical detection of glucose owing to the different
rate of electrode kinetics between AA and glucose [23].
Redox species with slow electrode kinetics (glucose) fully
utilize the ESA of porous electrode surfaces, whereas those
with fast electron transfer kinetics (AA) retain thick diffu-
sion layers, thus the redox currents are proportional to the
apparent geometric area. We have shown that the porous
nature of 3D pAuMS structures is efficient to remove the
interference from AA on the electrochemical detection of
glucose [14]. Because the 3D pFAu surfaces also possess
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Fig. 4 Anodic scans obtained in 10 mM glucose+0.1 M phosphate
buffer (pH 7.0) in the presence of a 10 mM Cl− and b 50 mM Cl−. Scan
rate, 10 mV s−1
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Fig. 5 Calibration plot obtained from amperometric responses at 0.3 V
(inset) from 3D pFAu surfaces in the presence of 50 mM Cl−
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porous structures, the interference from AA can be readily
eliminated during the amperometric detection of glucose
(inset of Fig. 5). The concentration of AA (0.1 mM) was
chosen based on the normal physiological level of AA,
which is much lower than that of glucose (3∼8 mM) [18,
23]. It should be noted that the porous nature of 3D pFAu
surfaces enables the discrimination between glucose and
AA oxidation, which cannot be achievable through the
conventional 2D planar nanoflower arrays. In addition to
their sustained electrochemical activity for glucose oxida-
tion in the presence Cl−, the 3D pFAu surfaces provide a
calibration plot for glucose detection in the presence of
50 mM Cl− without being interfered by AA (Fig. 5). A
deviation from linear response at higher concentration of
glucose was also reported in other nanostructured Au surfa-
ces for glucose detection in the presence of Cl− [24–26],
probably due to the deactivation of electrode activity at
elongated measurements. The sensitivity was measured to
be 5.8 μM mM−1 cm−2, which is comparable with those of
other nanostructured Au surfaces, but somewhat lower than
those of nanoporous Au electrodes with very high ESA [25].
The improvement of the electrode system suggested in this
work for practical electrochemical glucose sensing will be
the focus of the future work.

Conclusions

We have prepared a 3D assembly of flower-like Au (pFAu)
structures using the electrodeposition of 2D nanoplate Au
(NpAu) structures on 3D macroporous Au-coated micro-
spheres (pAuMS). The electrocatalytic activity of 3D pFAu
structures regarding glucose oxidation and oxygen reduction
are synergistically enhanced compared to those of the individ-
ual 2D NpAu and 3D pAuMS structures. The 3D pFAu
structures can also serve as active electroanalytical platforms,
yielding the combined advantages of both of the 2D NpAu
and 3D AuMS structures. We expect the strategy presented in
this study to induce a synergistic effect of micro- and nano-
architecture, which will allow the fabrication of highly func-
tional surfaces for use in electrocatalytic and electroanalytical
applications.
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