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Urchin-like gold submicrostructures (UGS) were successfully synthesized by a seed-mediated method
which is quite facile and does not need any template or surfactant agent. The effect of the added silver
seeds on the morphology and size of final products were investigated, and a possible growth mechanism
of crystals was proposed. Electrochemical characterization indicated that these UGS have better catalytic
activity for the glucose oxidation compared with flower-like gold submicrostructures (FGS), which could
be ascribed to its higher surface to volume ratio. An electrochemical nonenzymatic glucose sensor was
fabricated simply by casting the UGS and Nafion solution onto glass carbon electrode. This sensor displays
a wide linear range from 0.2 to 13.2 mM with a high sensitivity of 16.8 ,AmM~-! cm~2, and a detection
limit of 10 wM. The unique properties of this sensor, such as fast response and well stability reveal the
potential application of the UGS based materials in nonenzymatic detection of glucose.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

At present time, three-dimensional (3-D) micro- and nanomate-
rials with complex structures attracted intensive research interests
[1-5]. Much effort has been devoted to the synthesis of 3-D complex
structures of gold and silver due to their unique properties and wide
applications in optical, electronic and catalytic fields [6-11]. Vari-
ous strategies, such as electrochemical method, template method
and direct chemical reduction method have been developed to
prepare gold and silver 3-D complex structures [12-14]. The elec-
trochemical synthesis is fast, but the obtained product has large
size (usually on the scale of micrometers), which impairs their
performance in some areas, such as electrochemisty and surface
enhanced Raman scattering (SERS) [15,16]. The template method
is thought to be effective in morphological control, but the lim-
ited variety of templates and the tedious post-synthetic treatment
restrict its application [11,17]. The direct chemical reduction may
be the simplest method, which does not need any exotic power or
template. However, most of the prepared structures are flower-like
structures built with 2-D nanoflakes or dendritic structures with
limited branches (less than 10 branches) [18,19], which have rela-
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tively low active surface area. Up to now, few papers have reported
the facile synthesis of well-shaped, multi-branched, urchin-like
micro- and nanostructures, which may have higher surface to vol-
ume ratio.

On the other hand, the reliable, accurate and rapid detection
of glucose is of great importance in various areas, such as clini-
cal biochemistry and food industry [20]. Most previous studies on
this subject were focused on biosensors based on glucose oxidase
[21,22]. However, the enzymes used for biosensors are relatively
expensive and they are critical about environmental conditions due
to their inherent instability [23]. Moreover, active mediators were
usually used to facilitate the electron transfer between the elec-
trode and enzyme [24]. But the leakage of small mediator makes the
modified electrode unstable and difficult to control [25]. It is there-
fore necessary to develop a simple, enzyme-free and mediator-less
system for highly sensitive detection of glucose. Functional inor-
ganic nanomaterials especially novel metal materials have been
used to achieve this aim due to their particular catalytic activity and
well stability. For instance, platinum-carbon nanocomposites and
porous gold networks have been fabricated for the nonenzymatic
detection of glucose [26,27]. However, the morphologies of these
materials are different to control and the fabrication processes are
relatively complicated.

In this study, we developed a seed-mediated approach to pre-
pare 3-D urchin-like gold submicrostructures (UGS). This present
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method is fast and it does not need any strong capping agent or
template. The effects of added seeds on the morphology and size
of final products were investigated in detail. Importantly, electro-
chemical characterization indicated that the as-prepared UGS with
many nanothorns on their surface had higher active surface area
than flower-like gold submicrostructures (FGS). Moreover, the UGS
modified electrode exhibited a good catalysis for the oxidation of
glucose, and a nonenzymatic glucose sensor with fast response,
high sensitivity and good long-term stability was successfully fab-
ricated based on the UGS.

2. Experimental
2.1. Materials

Chloroauric acid (HAuCly-4H,0), hydrochloric acid (HCI,
36%), sodium hydrogen phosphate (NaH;PO4-2H,O0 and
NapyHPO4-12H,0), sodium citrate (Na3CgHs507-2H,0) and silver
nitrate (AgNO3) were purchased from Beijing Chemical Co. (Beijing,
China) with analytical grade. Dopa (3,4-dihydroxyphenylalanine)
was purchased from Alfa-Aesar. 3-pD-glucose was purchased from
Shanghai Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All chemicals were used as received without further purification.
Glassware was cleaned in aqua regia and rinsed with deionized
water thoroughly. Ultrapure water (18.2MS2cm) was used as
solvent throughout this work.

2.2. Apparatus

Scanning electron microscopy (SEM) measurements were made
on a XL30 ESEM FEG scanning electron microscope at an acceler-
ating voltage of 20kV equipped with a Phoenix energy dispersive
X-ray analyzer (EDAX). Transmission electron microscopy (TEM)
characterization was performed on a JEOL JEM-1011 transmis-
sion electron microscope operating at 100 kV. The X-ray diffraction
(XRD) analysis was carried out on a D/Max 2500 V/PC X-ray diffrac-
tometer using Cu (40KkV, 200 mA) radiation. The samples for SEM
and XRD characterization were prepared by dropping 20 L UGS
onto indium tin oxide (ITO) glass slides and microscope slides,
respectively. The samples for TEM characterization were prepared
by dropping 6 L UGS onto a carbon-coated copper grid and dried at
room temperature. UV-vis-NIR absorbance spectra of UGS in aque-
ous solution were collected on a Perkin-Elmer A-900 UV-vis—-NIR
spectrometer. All electrochemical experiments were performed on
a CHI 660A electrochemical workstation (CH Instruments, Chen-
hua Co., Shanghai, China). A conventional three-electrode system
was employed with a bare or modified glassy carbon (3.0 mm in
diameter) electrode (GCE) as working electrode, a platinum wire
as auxiliary electrode and a KCl saturated Ag/AgCl electrode as ref-
erence electrode. Magnetic stirring was kept on mildly through out
amperometric measurements.

2.3. Synthesis of UGS and other gold submicrostructures

The silver nanoseeds used here (about 40 nm in diameter) were
prepared according to the typical method reported by Lee and
Meisel [28]. Briefly, 9 mg silver nitrate was added into 50 mL water.
After the solution was boiled, 1.2 mL of 1% sodium citrate was added
and the mixed solution was boiled for another 40 min. The yellow-
ish green sol was collected and its volume was fixed at 50 mL.

For the preparation of UGS, 1.0mL Dopa aqueous solution
(12mM) was mixed with 2.9 mL water. Then, 0.1 mL of the as-
prepared silver nanoseeds was added. After adding 1 mL HAuCl,
(12 mM) to the solution, the mixture was gently shaken for several
seconds to make it homogenous. The color of the mixed solution
changed from light yellow to yellowish gray immediately. After

10 min, dark brown suspension containing UGS formed. The prod-
uct was collected by centrifugation at 5000 rpm for 5min, then
washed by diluted HCl (~1M) and distilled water. The obtained
product %1UGS (note: the superscript indicates the amount of
added seed in milliliter unit) was used for further characterization.
Other synthesis processes were modified to the typical method
(e.g., introducing different amount of silver nanoseeds into the
reaction solution). All the reactions were carried out at room tem-
perature (17 +£3°C). The volume of all the final reaction solution
was kept at 5 mL and the concentration of gold precursor was kept
at 2.4 mM.

2.4. Preparation of UGS modified electrode

Glassy carbon electrode (GCE) was polished before each experi-
ment with 1, 0.3 and 0.05 wm alumina slurry, and then successively
washed with diluted nitric acid, acetone and distilled water in ultra-
sonic bath, respectively. The original suspension containing UGS
(5mL) was concentrated to 400 L, and then 8 pL of the concen-
trated suspension was dropped onto the pretreated GCE and dried
in the air. After that, 4 pL Nafion (0.1%) was cast onto the elec-
trode. Such modified electrode (UGS/GCE) was used for the cyclic
voltammetry experiments and amperometric measurements. The
modified electrode was stored at 4 °C when not used.

3. Results and discussion
3.1. Characterization of UGS

The morphology of the as-prepared %“1UGS was characterized by
SEM and TEM. As can be seen in Fig. 1a, large quantities of “spheri-
cal” particles with uniform diameter (261 & 32 nm, inset of Fig. 1a)
were obtained. A close-up view shows there are lots of “nanoth-
orns” on the surface of the product (Fig. 1b and c). The product
is in high purity since almost no byproduct presented. The highly
magnified TEM image further reveals that lots of (more than ten)
dagger-like nanorods radiate out from the solid core (Fig. 1d), which
endows the product with a well-shaped urchin-like morphology.

The chemical composition of the %1UGS was analyzed by EDAX
and XPS (Fig. 2a and b). The EDAX result clearly display the domi-
nant peak of element Au, demonstrating that the ®1UGS is mainly
composed of metallic Au (Fig. 2a). The element Ag was from the
seed and other elements are from the ITO substrate and the deriva-
tive of Dopa. XPS experiment was also performed for the surface
analysis of %1UGS (Fig. 2b). The significant Au 4f signal at 83.7 and
86.5 eV further confirms the material is metallic Au.

XRD analysis was used to characterize the crystal structure of
0-1UGS (Fig. 2c). Five sharp peaks are identified to be the (111),
(200),(220),(311)and (22 2)diffraction peaks of fcc gold (JCPDS,
No. 04-0784), indicating that the %1UGS is made of crystal Au. It
should be noted that the intensity ratio of peak (111) to (200)
is higher than the standard diffraction data (3.1 vs. 1.9), which
suggests that the 1UGS has a tendency to grow with the surface
dominated by the lowest energy (11 1) facets [29]. The ®1UGS in
aqueous solution was characterized by UV-vis-NIR (Fig. 2d). The
surface plasmon resonance peak shifts to the near infrared range
compared with spherical gold nanoparticles, which indicates the
01UGS obtained here has relatively large particle size (submicrom-
eters) [30]. However, the diameters of UGSs in this work are much
smaller than that of previously reported architecture fabricated by
gold nanowire assembly and other flower-like structures [31,32].

3.2. Effect of nanoseeds on the formation of UGS

A control experiment was performed to identify the role of
the silver nanoseeds in the formation of UGS. Dopa and HAuCl,
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Fig. 1. (a-c) Different magnified SEM images and (d) enlarged TEM image of as-prepared %'UGS. The inset of a shows the size distribution of as-prepared %'UGS.

were reacted at the same condition as that of the typical synthetic
process, except that no nanoseeds were added. Fig. 3 shows the
typical SEM and TEM images of products obtained in the absence
of nanoseeds. It is clear that no urchin-like product but flower-
like gold submicrostructures (FGS) composed of nanosheets were
formed (Fig. 3a and b). This result clearly declares that the intro-
duced silver nanoseeds are critical to the formation of UGS. As
previously reported, the silver nanoseed could act as a nucleation
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and accumulation center, catalyzing the growth and attachment of
primary particles and finally leading to different products [33].
While the presence of silver nanoseeds benefits the formation
of UGS, the size of UGS could be tuned by adding different amount
of nanoseeds to the reaction solution. Fig. 4 displays the morphol-
ogy and size distribution of products obtained in the presence of
different amount of silver nanoseeds. It is obvious that all the prod-
ucts obtained here exhibit urchin-like morphology (Fig. 4). The
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Fig. 2. The (a) EDAX spectrum, (b) XPS spectrum (Au 4f) and (c) XRD pattern of as-prepared %'UGS on substrates and (d) UV-vis-NIR absorption spectrum of UGS in

aqueous solution.
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Fig. 3. (a) SEM image and (b) enlarged TEM image of flower-like gold submicrostructures (FGS) obtained in the absence of nanoseed.

statistic results from SEM images clearly show the average product
size decreases from 261432 nm (inset of Fig. 1a) to 205430 nm
(inset of Fig. 4a), and further down to 169 + 19 nm (inset of Fig. 4c,
05UGS) when the amount of nanoseeds was increased from 0.1 to
0.2 and 0.5 mL, respectively. It is easy to understand this variety
of particle size. Since the concentrations of HAuCl4 and Dopa are
constant in this seed-mediated approach, it is speculated that the
amount of the primary gold crystals reduced by Dopa is almost
the same. When more seeds are added, less primary crystals (i.e.,
the gold source of UGS growth) are available to an individual core
(i.e., the nanoseed), which decreases the diameter of resultant
UGS.

3.3. Growth mechanism of UGS

The morphology evolution of the UGS was monitored in order
to illustrate the growth mechanism of UGS crystal. Fig. 5 shows the
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TEM images of silver nanoseeds and morphologies of %1UGS crys-
tal at different growth time (defined as t). The TEM image of the
silver seeds reveals that these nanoseeds were quasi-spherical par-
ticles with smooth surface, and about 40 nm in diameter (Fig. 5a).
After the reactants were mixed for 15s, small branched struc-
tures appeared (Fig. 5b). The different contrast of the solid core
and the branches may indicate they were not made from the same
materials or not generated at the same time. At t=25s, structures
with more branches or bumps on their surface were produced
(Fig. 5¢), and the particle size increased compared with that of the
branched structures obtained at t=15s. As the reaction proceeded
to t=45s, product with larger size formed (Fig. 5d). Some large
gold primary crystals attached to the product surface could also be
observed, which indicates the gold source for the particle growth.
In the following 30, large primary crystals gradually disappeared,
and product with obvious urchin-like morphology was generated
(Fig. 5e). However, most thorns of the UGS were decorated with

Fig. 4. SEM images (a and c) and enlarged TEM images (b and d) of UGS obtained at the presence of different amount of silver nanoseeds: (a and b) 0.2 mL seed, (¢ and d)
0.5 mL seed. The insets of Fig. 2a and c show the corresponding size distribution of these UGS.
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Fig. 5. TEM images of (a) silver nanoseeds and (b-f) UGS at different reaction time: (b) 155, (c) 255, (d) 455, (e) 75s and (f) 180s.

small primary crystals and some thorns were not intact (indicated
by the arrow in Fig. 5e), which imply that the crystal growth was
not completed. About 3 min later, well-shaped UGS with smooth
nanothorns formed (Fig. 5f), and the decorated primary crystals
disappeared, which may be due to the Ostwald ripening [34]. Fur-
ther increasing the reaction time up to 12 h, no obvious change of
morphology could be observed.

Based on the above results, a preliminary crystal growth mecha-
nism was proposed. First, gold nuclei were generated through Dopa
reduction and they fast grew into primary gold crystals. These pri-
mary crystals are not stable due to their high surface energy. So in
the second step, these primary crystals will attach to the silver seeds
to decrease their surface energy [35], and consequently, branched
products were obtained. As the reaction proceeded, more gold pri-
mary crystals were generated and they continuously attached to
the surface of the branched structures. Finally, the gold atoms of the
attached primary crystals rearranged through the crystal ripening,
which provided the gold source for the growth of branched struc-
tures into well-shaped UGS with more thorns. However the exact
growth mechanism of UGS is not very clear at present time and
further study is needed.

3.4. Electrochemical characterization of UGS

The urchin-like morphology and the relatively small diameter
indicate these UGS may have larger active surface area than other
hierarchical structures, such as flower-like gold submicrostruc-
tures (FGS) obtained here. To verify this hypothesis, the gold
submicrostructures obtained at different reaction conditions in
Section 3.2 were used to modify GCEs and cyclic voltammetric (CV)
behaviors of these modified electrodes in 0.5 M H,SO4 were inves-
tigated. Fig. 6 shows the CVs of the bare gold electrode (3 mm in
diameter) and electrodes modified by different gold submicrostruc-
tures including FGS, %1UGS, %-2UGS, %>UGS obtained in Section
3.2 in 0.5M H;SO4. As can be seen, these modified electrodes
display much higher peak currents associated with oxide forma-
tion/reduction events than that of bare gold electrode (inset of
Fig. 6). All the electrodes modified with UGS (UGS/GCE) exhibit
larger current response than that of FGS (curve a of Fig. 6). This
is mainly due to their relatively small size and urchin-like mor-
phology, which endow them with more active surface area (Fig. 1c
and d). For UGS obtained in the presence of different amount of
silver nanoseeds, the peak current increases as the amount of the
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Fig. 6. The cyclic voltammograms of electrodes modified by different gold submi-
crostructures in 0.5M H,S04: (a) FGS/GCE, (b) ®1UGS/GCE, (c) ®“2UGS/GCE and (d)
05UGS/GCE. The inset shows the response of bare gold electrode in the same solution.

added nanoseeds increases (curve b-d of Fig. 6), which could be
ascribed to the small particle diameter. In brief, among all the elec-
trodes modified with various gold submicrostructures obtained in
this study, the UGS modified electrode (%>UGS/GCE) displays the
highest peak current (curve d of Fig. 6). Therefore, it is expected that
the 95UGS may have good performance in electrocatalysis, such as
electrocatalytic oxidation of glucose.

3.5. Application of UGS in nonenzymatic glucose sensor

It is reported that gold nanostructures are good catalysts for
oxidation of glucose and many nonenzymatic glucose sensors have
been fabricated based on this catalysis [36,27]. The %->UGS obtained
here with large surface to volume ratio inspired us to investigate
their electrocatalytic activity towards the glucose oxidation.

The CVs of bare gold electrode, FGS/GCE and %>UGS/GCE in
PBS solution (pH=7.4) containing 50 mM glucose at 50 mV/s are
exhibited in Fig. 7. As can be seen, these electrodes exhibit similar
electrochemical behaviors. There is no obvious current response in
the absence of glucose for these electrodes (dashed curve of Fig. 7).
After glucose was added, the current increased and several peaks
were observed (solid curve of Fig. 7). The CV process of glucose oxi-
dation on 9%>UGS/GCE has been illustrated in Scheme 1. The first
current peak in the CV at about 0.06 V could be ascribed to the elec-
trosorption of glucose to form adsorbed intermediate, releasing one
proton per glucose molecule (Scheme 1a and b) [36]. As the inter-
mediates accumulate on the electrode surface, the active sites of
the UGS electrode are occupied, inhibiting the direct oxidation of
glucose. At more positive values, OH,q, are formed at the UGS sur-
face, catalyzing the oxidation of the poisoning intermediates. As a
result, free Au active sites are available for the direct oxidation of
glucose, leading to the current peak at 0.32V (Scheme 1b and c).
As potential further moves positively, gold oxide is formed, which
competes for surface adsorption sites with glucose, leading to the
decrease of current response (Scheme 1c and d). In the negative
direction scan, gold oxide is reduced and enough surface active sites
are exposed for the direct oxidation of glucose, resulting in a sharp
current peak at about 0.34V (Scheme 1d and e). As the potential
moving negatively, the electrosorption of glucose at the UGS starts
again and intermediate accumulats on the electrode surface, result-
ing in the small increase in current from 0.2 to —0.1V (Scheme 1f
and g). Compared with that of bare gold electrode (solid curve in
Fig. 7c) and FGS/GCE (solid curve in Fig. 7b), the %->UGS/GCE exhib-
ited lower oxidation potential and much larger oxidation current,
which clearly demonstrate the better electrocatalytic activity of the
05UGS towards the glucose oxidation.
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Fig. 7. The cyclic voltammogram of various electrodes in PBS (pH=7.4) in the
absence (dashed line) and in the presence of 50mM glucose (solid line): (a)
05UGS/GCE, (b) FGS/GCE and (c) bare gold electrode.

The good catalytic activity of %>UGS inspired us to fabricate a
nonenzymatic glucose sensor. Fig. 8 shows the typical ampero-
metric responses of the >UGS/GCE upon the successive injection
of glucose into the PBS solution (pH=7.4) at 0.32V. Upon each
addition of glucose, the %-3UGS based sensor could reach the max-
imum steady current within 3 s, indicating a rapid amperometric
response. This may be ascribed to the large surface to volume ratio
of the %°UGS and its 3-D open structure, which could provide a
good electron-conducting tunnel and allow the electron transfer to
happen easily [37]. The linear range of this sensor is from 0.1 to
31.3mM (inset of Fig. 8) with a sensitivity of 30.7 pAmM~! cm—2,
and the detection limit is 4 wM (S/N = 3). This result is much bet-
ter than previous reported glucose sensor based on porous gold
materials [27], and the upper limit of the linear range is far beyond
the physiological lever of glucose (3-8 mM). Compared with the
amperometric response of FGS based sensor (the bottom curve of
Fig. 8), the %-5UGS based sensor displayed much higher sensitiv-
ity and wider linear range, which further confirms the advantages
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Fig. 8. The response of the >UGS and FGS based sensors for the successive injection
of glucose in PBS (pH = 7.4). Applied potential: 0.32 V vs. Ag/AgCl. The inset shows the
calibration line of the response current vs. the glucose concentration of the >3UGS
based sensor.

of the morphology and size control studied here. The response of
05UGS/GCE to the glucose oxidation was re-examined after it was
stored at 4°C for 40 days. It is observed that the catalytic poten-
tial was almost unchanged and the catalytic current only had a
slight decrease (less than 15%, data not shown), indicating that the
present sensor has a good stability for a long-term.

Table 1
Comparison of analytical performance of some glucose sensors.

Fig. 9. The influence of different detection potentials on the selective detection of
3.0 mM glucose in the presence of 0.02 mM UA (uric acid) and 0.1 mM AA (ascorbic
acid).

It is well known ascorbic acid and uric acid in the biolog-
ical samples could be easily oxidized at positive potential and
often interfere the detection of glucose. So an optimum detection
potential should be selected for the detection of glucose without
interference. Fig. 9 shows the response of %>UGS/GCE to UA, AA
and glucose on the physiological level (UA 0.02 mM, AA 0.1 mM
and glucose 3 mM) at different detection potentials. It is observed
the interference of AA is serious at 0.32V. However, this interfer-
ence decreased dramatically when the detection potential shifts to

Materials

Response time (s) Linear range (mM) Sensitivity (WAmM-! cm~2) Refs.
Porous gold 2 2-10 11.8 [27]
Mesoporous Pt >10 0-10 9.6 [38]
Pt nanotubules ~10 2-14 0.1 [39]
Nanoporous Pt ~15 1-10 1.65 [40]
20MCs-GOD 9 0.5-15 0.75 [41]
bGox-xGnP 5 0-6 14.17 [42]
¢PS-PANI-Au-GOD 10 0.04-2.04 - [43]
UGSs 3 0.2-13.2 16.8 This work

3 OMCs-GOD-Nafion: ordered mesoporous carbon-glucose oxidase-Nafion composite film.

b Gox-xGnP: glucose oxidase loaded on exfoliated graphite.
¢ PS-PANI-Au-GOD: polystyrene-polyaniline-Au-glucose oxidase nanocomposite.
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negative values. At potential of —0.05V, the interference from UA
to AA could be negligible and response of glucose still had rela-
tively large current value. It is reported the oxidation of glucose
on gold electrode initiated at about —0.2V(vs. SCE) [44,45], so it is
believed the glucose could also be oxidized at —0.05V, although
the oxidation extent is small compared with that at 0.32 V. At this
optimum potential, the detection linear range of the UGS based glu-
cose sensor is 0.2-13.2 mM, which is also beyond the physiological
level. The sensitivity is 16.8 LA mM~! cm~2 and the detection limit
is 10 WM (S/N=3). Table 1 compares the performance of this sen-
sor with certain enzyme-based biosensors and inorganic materials
based nonenzymatic sensor. It is clear the UGS based sensor dis-
plays a faster response, wider linear range and higher sensitivity,
which indicate its potential application in nonenzymatic glucose
sensing.

4. Conclusions

In summary, we developed a seed-mediated approach to pre-
pare UGS, which could be used for nonenzymatic detection of
glucose. The method presented in this work is quite facile. The mor-
phologies and size of final products could be controlled by adding
different amount of nanoseeds into the reactant solution. More
importantly, the UGS with the relative small size and urchin-like
morphology display higher surface to volume ratio than flower-
like gold submicrostructures. As application, the UGS reveals a good
catalytic activity for the glucose oxidation, and a nonenzymatic glu-
cose sensor with fast response, well stability and good selectivity
has been successfully fabricated based on the UGS material.
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