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Introduction

Recently, nanostructured materials with hollow interiors
have been extensively studied due to their particular optical
and catalytic properties.[1] Up to now, many approaches
have been developed for the synthesis of hollow nanostruc-
tures. A review from An and Hyeon categorized these meth-

ods into four classes according to how the hollow structure
was formed: the Kirkendall effect, chemical etching, galvan-
ic replacement, and the template-mediated approach.[2] By
using these four approaches, hollow structures with various
morphologies have been reported, such as spheres,[3] tubes,[4]

necklaces,[5] rings,[6] core–shells,[1e] boxes,[7] and cages (or fra-
mes).[7b, c,8]

Among these hollow nanostructures, Au nanocages
(AuNCs) or nanoframes have gained particular attention
due to their unique properties. For example, AuNCs have
comparable catalytic activity with Pd nanotubes in the
Suzuki coupling reaction,[9] as do Pd–Au–Ag nanocages in
the methyl red hydrogenation.[10] Moreover, as photocata-
lysts, they are more efficient than TiO2 and ZnO in the pho-
todegradation of azo dyes.[11] In other fields, the surface-en-
hanced Raman scattering (SERS) effect of Au nanoframes
has also been investigated: it was observed that the aggrega-
tion of the nanoframes decreases (rather than increases) the
SERS intensity,[12] which is very different behavior from that
of normal SERS substrates. In addition, the reduction of the
wall thickness of the Au-based nanocages would cause red-
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shifts in the localized surface plasmon resonance (LSPR)
peak[7c] to 800–900 nm (the transparent window of soft tis-
sues); this could lead to promising applications in the bio-
medical field.[13] Because of these useful properties, as well
as their biocompatibility, their broad available size range
(35–100 nm), their easy surface modification for targeting,[14]

their absence of potential heavy metal toxicity,[15] and their
strong optical absorption in the NIR region,[14b, 16] much re-
search has been carried out towards in vivo experiments
using AuNCs.[17]

Much effort has been devoted to the preparation of size-
and morphology-controlled AuNCs. The general synthesis
method is that first reported by Xia et al., who synthesized
AuNCs with uniform shape and
size through a galvanic replace-
ment reaction between Ag
nanocubes and HAuCl4.

[18]

Since then, there have been
many reports of the use of this
method.[1f, 19] Very recently, the
preparation of uniform AuNCs
by using electrodeposition with
Ag nanocubes as templates was
reported by Torimoto et al.[8e]

However, the requirement of
the Ag nanocubes as sacrificial
templates is a drawback in both
methods.

Although there are many
preparations of AuNCs, up to
now, there have been no reports of the preparation of
AuNCs by a seed-mediated growth approach. Herein, we
report the synthesis of AuNCs using a modified four-step
seed-mediated growth method. Our presented strategy is
simpler than the above-described methods because it does
not require the high-temperature process of fabricating Ag
nanocubes. In our experiment, poly(N-vinyl-2-pyrrolidone)
(PVP) was introduced to the reaction system as a capping
agent, while hexamethylenetetramine (HMT) was used as a
ligand that could coordinate to Au3+ to promote the forma-
tion of the nanocage structure. The introduction of AgNO3

was also found to be essential for the formation of nanocag-
es. Furthermore, a possible formation mechanism for the
AuNCs was proposed based on the structure evolution at
various reaction times.

The electro-oxidation of glucose has been extensively
studied with a view to applications in the fields of sensors
and biofuel cells. There are two reports of the use of Au
nanoparticles for the enzymatic electrochemical and optical
detection of glucose.[20] Nonenzymatic glucose sensors have
clear advantages over enzymatic glucose sensors: their good
stability, their easy immobilization, and their avoidance of
the need for an expensive enzyme. In this work, we have in-
vestigated the electrocatalytic activity of the AuNCs towards
the oxidation of glucose, and have tried to fabricate a non-
enzymatic glucose sensor by immobilizing the AuNCs on
the glassy carbon electrode (GCE). The high sensitivity and

good stability of the AuNC-modified GCE (AuNC/GCE)
demonstrate that the AuNC structure is potentially a good
candidate for the nonenzymatic detection of glucose.

Results and Discussion

Synthesis and characterization of AuNCs : The Au seeds
were synthesized according to a previously reported
method[21] to give an average diameter of (4.5�0.6) nm (see
Figure S1 in the Supporting Information). The AuNCs were
synthesized by a four-step seed growth protocol as illustrat-
ed in Figure 1. The morphology of the AuNCs obtained in

vial D was then observed by using both scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). Figure 2 A–C shows representative SEM images of
the AuNCs at various magnifications. The low-magnification
image (Figure 2 A) indicates that the product consists of a
large quantity of monodisperse square nanostructures with
bright edges and dark centers. The high-magnification image
(Figure 2 B) indicates that the nanostructured products have
hollow interiors and clear square faces resembling window
panes. Further characterization of the nanostructures from a
458 view (Figure 2 C) demonstrates that the nanostructures
are 3D nanocages with six facets and hollow interiors. It can
be observed from the TEM image (Figure 2 D) that the wall
thickness of the hollow nanostructure was about 12 nm. The
histogram (inset of Figure 2 A) shows the distribution of the
outer-edge length of the nanocages (N=100), the average
length being (54.6�13.3) nm. The X-ray diffraction (XRD)
pattern of the nanostructure is shown in Figure 2 E. The dif-
fraction peaks located at 38.1, 44.3, 64.7, and 77.58 can be in-
dexed to the (111), (200), (220), and (311) planes, respec-
tively, of the face-centered cubic (fcc) structure of gold
(JCPDS No. 04-0784), which indicates that the nanostruc-
tures formed are AuNCs. The chemical composition of the
AuNCs was further examined by X-ray energy dispersive
spectroscopy (EDS). As shown in Figure 2 F, peaks can be
seen for Au, Ag, and C (the strongest peak originated from
the silicon substrate), which is evidence that the AuNCs are

Figure 1. The general process for the fabrication of AuNCs.
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formed from HAuCl4 and AgNO3. The Au peak is much
stronger than the Ag peak, which shows that Au is the main
element comprising the nanocage structure, and this agrees
well with the XRD data. The signal due to C has possibly
arisen from added PVP or HMT during the synthesis. The
structure of the AuNCs was further characterised by select-
ed area electron diffraction (SAED) as shown in the inset of
Figure 2 D. The diffraction rings from the inside to the out-
side can be indexed to (111), (200), (220), and (311) of fcc
gold. The SAED pattern suggests that the AuNCs have a
polycrystalline structure with many smaller nanoparticles
that have independent orientations.[8e]

To obtain further information about the AuNCs, Fourier-
transform infrared (FTIR) spectroscopy and XPS were used
to analyze the composition of the nanostructures. The band
at 1649 cm�1 in the FTIR spectrum (Figure 3) is considered
to arise from the C=O stretching mode of the PVP mole-
cule,[22] which indicates the presence of the PVP capping
agent in the AuNCs. Figure 4 shows the XPS spectra of the
prepared AuNCs. In Figure 4 A, the XPS spectrum of the
AuNCs shows the Au 4f7/2 and 4f5/2 doublet with binding en-
ergies of 83.4 and 87.2 eV, respectively, which are the values

for Au in the zero oxidation state.[23] The two signals at
367.7 and 373.6 eV (Figure 4 B) indicate the presence of
metallic Ag, which is slightly shifted compared with the bulk
metallic Ag due to the interaction between the Ag core and
the oxygen atom in the carboxyl (C=O) of PVP.[24] The C 1s
signal (Figure 4 C) can be fitted to four peaks through curve
fitting. The binding energies of the peaks at the positions of
284.7, 285.3, 286.1, and 287.6 eV correspond to C1–C4 in the
PVP and HMT molecules.[23,24] The N 1s signal at 399.8 eV
(Figure 4 D) seems not to be influenced by the Au core. The
FTIR and XPS data confirm the presence of both PVP and
HMT molecules in the AuNCs.

Effects of PVP and HMT on controlling the shape of
AuNCs : HMT has been reported to be effective in the syn-
thesis of many structures with various morphologies, such as
microtubes,[25] microrods,[26] nanorods, and nanowire arrays
of ZnO,[27] Pd nanobricks,[28] branched Au nanopods,[29] and
hierarchical ZnSnO3 nancages.[30] PVP, on the other hand,
has been used particularly frequently in the synthesis of
many Au and Ag nanostructures.[23, 24,31] In our work, we
report the preparation of AuNCs in the presence of both
HMT and PVP, which has not previously been reported. To
clarify the individual functions of HMT and PVP, control ex-
periments were performed in the absence of either HMT or
PVP in the seed-mediated growth process.

When PVP was absent, the nanoparticles aggregated after
the Au seeds were injected. The solution gradually turned to
purple–red, and precipitation was observed after a few
hours. Figure 5 A shows the SEM image of the product
when PVP was absent. There are only a few aggregated
nanoparticles in the product. We suggest the viscidity of
PVP plays an important role in the formation of cage struc-
ture. PVP macromolecules could chemically adsorb onto the
surfaces of Au nanoparticles (AuNPs),[23] which would pre-
vent aggregation of the nanocages and the further formation
of larger particles. When HMT was absent, the color of solu-
tion D finally turned brick red after 12 h. Many small nano-
particles with a few large aggregated nanoparticles, hexago-
nal nanoparticles, and triangular nanoparticles can be seen
in the final product (Figure 5 B). These control experiments

Figure 2. SEM images (A, B, C), TEM image (D), XRD pattern (E),
EDS (F), and SAED (inset of D) of AuNCs. The inset image of A shows
the histogram of the outer-edge length distribution of the AuNCs.

Figure 3. FTIR spectrum of AuNCs.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 9248 – 92569250

Z. Li et al.

www.chemeurj.org


indicate that both PVP and HMT play significant roles in di-
recting the nucleation and growth of Au nanostructures.
Specifically, PVP prevents the aggregation of inorganic
nanoparticles, while HMT may facilitate the growth of di-
mensional structure to promote the formation of the nano-
cages.[31]

Effect of silver ions on controlling the shape of AuNCs : In
vials A to C (Figure 1), without addition of AgNO3, there
were only small AuNPs (bigger than the seeds) formed after
12 h (data not shown here), which may be ascribed to the
growth of Au seeds. Thus, AgNO3 appears to play an impor-
tant role in the formation of AuNCs. In a further control ex-
periment, we investigated the function of AgNO3 in the re-
action system. Figure 6 shows the SEM image of AuNPs

synthesized in solution D in the absence of AgNO3 after re-
action for 12 h. It is clear that there are no nanocages, but
many nanoparticles with a diameter of about 15 nm. This
observation is consistent with previous reports.[21]

Furthermore, when AgNO3 was replaced by HNO3,
KNO3, or NaNO3, no AuNCs were obtained (data not
shown). This suggests that Ag+ plays a vital role in the cage
structure formation. The function of Ag+ has been proposed
in various synthesis systems.[21,32] It is speculated that Ag
atoms are likely to be deposited preferentially on certain
facets of the AuNPs by the under-potential deposition

Figure 4. XPS spectra of AuNCs: Au 4f (A), Ag 3d (B), C 1s (C), and N
1s (D) regions, and the molecular structures of HMT and PVP (inset of
C).

Figure 5. SEM images of the products obtained in the absence of PVP
(A) and HMT (B).

Figure 6. SEM image of the product obtained in the absence of AgNO3.
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(UPD) of silver ions,[32c] and then incorporated into the Au
lattice to promote the novel Au nanostructure formation.[21]

Possible mechanism of formation of AuNCs : The morpholo-
gies of the Au nanostructures formed at different reaction
times were characterized by TEM (Figure 7) to understand

the formation mechanism of AuNCs. As shown in Fig-
ure 7 A, after a short reaction time of 5 min, the AuNPs ag-
gregated and connected to each other to form chains. The
driving force for this action may be the dipole–dipole attrac-
tion between the AuNPs.[33] When the reaction was per-
formed for 10 min (Figure 7 B), the arranged chains became
linked to each other and began to form an obscure cage-like
structure. After 20 min of reaction, the nanoparticles fused
into each other and the cage structures were clearer (Fig-
ure 7 C). As the growth continued for 40 min, more nanopar-
ticles aggregated and connected to each other through
fusion of the fringes of every independent particle to form
the cage-like structure (Figure 7 D). After 60 min of reac-

tion, the cage-like structure was well formed, and a square
frame with hollow interior can be observed (Figure 7 E).
After further growth for about 12 h, the nanocages were
completely synthesized. Many nanocages with outer-edge
length of (54.6�13.3) nm can be observed (Figure 7 F).

Figure S2 in the Supporting Information shows the corre-
sponding UV/Vis absorption spectra of solution D in the
corresponding different reaction periods. No absorption
band can be seen before 20 min. It is possible that Au nano-
structures have formed but without a clear cage shape at
this stage. After 20 min, a band at 512 nm appears, which
corresponds to the formation of the Au nanostructures in
Figure 7 C. The position of the band then remains fixed but
its intensity is stronger at 40 and 60 min. After 12 h, the po-
sition of the band redshifts to 522 nm and the intensity in-
creases even further, which indicates the full growth of more
AuNCs.

The UV/Vis spectra of the solution in vial D was moni-
tored during the successive addition of the related reagents
(Figure 8). The aqueous HAuCl4 has two absorption bands

at 215 and 287 nm (Figure 8 a), corresponding to the ligand-
to-metal charge-transfer band and the ligand field band of
AuCl4

�, respectively.[34] When HMT was added to the solu-
tion, the solution changed from yellow to clear and the two
absorption bands of HAuCl4 disappeared (Figure 8 b). This
may indicate that HAuCl4 and HMT form a complex that
has a dimensional structure.[35] Au3+ is in the third transition
series with eight electrons in the outermost d shell, and it
generally forms coordinative complexes with other complex-
ants.[36] And HMT has four N atoms that have lone pair
electrons. So HMT can bind to Au3+ and form a dimension-
al structure, which is very important for the formation of the
cagelike structure. From Figure 8 c and d, we can see that
the UV/Vis absorption spectra of the solution remains un-
changed after the successive addition of AgNO3 and PVP,
which indicates that no reaction took place after the addi-
tion of these two reagents.

Figure 7. TEM images of the Au structures synthesized at different reac-
tion periods with 5 min (A), 10 min (B), 20 min (C), 40 min (D), 60 min
(E), and 12 h (F).

Figure 8. UV/Vis absorption spectra of the solution after addition of
a) HAuCl4, b) HAuCl4 +HMT, c) HAuCl4 +HMT +PVP, and
d) HAuCl4 +HMT+ PVP+AgNO3.
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Based on the above results, a possible mechanism for the
formation of AuNCs is proposed, as shown in Figure 9.
HAuCl4 and HMT coordinate to form a complex with a
cubic framelike structure. At the beginning of the reaction
in vial D, the spherical Au seeds aggregate and connect to
each other due to the dipole–dipole attraction of the nano-
particles. The Ag atoms deposited on the surface of the Au

seeds may play an assistant role in this process. Then, they
self-arrange into cagelike structures along the complex
formed by HAuCl4 and HMT. The nanoparticles then grow
bigger because of the supply of more Au in the solution.
The other Au seeds dissolve and grow onto larger nanoparti-
cles of Au cages in a process known as Ostwald ripening.[37]

PVP is distributed in the interior and outside of the cage
structure to prevent the aggregation of nanoparticles and
support the cage framework. Finally, the nanostructures
grow into cages by stacking faults and by the fusion of the
fringes of every independent particle. However, the details
for the formation mechanism of AuNCs are still not very
clear, and more work is required to confirm our hypothesis.

Electrocatalytic oxidation of glucose : The AuNCs synthe-
sized in our experiment have a high surface-to-volume ratio,
which inspired us to investigate their electrocatalytic activity
towards glucose oxidation. This was done by modifying a
GCE with AuNCs. AuNPs with a diameter of (56.3�
3.1) nm were also used to modify a GCE (AuNP/GCE) for
comparison. Figure 10 shows the cyclic voltammogram (CV)
of the oxidation of glucose at AuNC/GCE and AuNP/GCE
in PBS (pH 7.4) containing 50 mm glucose at a scan rate of
10 mV s.�1 No current response to glucose was observed in
the absence of glucose (see curves b and d). After glucose
was injected, AuNC/GCE (Figure 10, curve a) showed a
higher current response than AuNP/GCE (curve c), which
we ascribe to the larger electrochemically active area of the
AuNCs. The CV of AuNC/GCE in the positive potential
scan shows two anodic current peaks located at 0.04 and
0.29 V. The reaction kinetics of glucose electro-oxidation
were sensitive to the crystallographic orientation of the elec-
trode surface.[38] The electrochemical oxidation of glucose
on the surface of polycrystalline gold in PBS has been re-
ported to give rise to two peaks in both the positive and
negative potential scans.[38b] The formation of an (OH)ads

layer on the gold surface is the first step for the electro-oxi-
dation of glucose. The oxidation of glucose is reported to be
through the interaction between the hemiacetal group and

(OH)ads. The hydrogen bound to carbon atom C1 is the first
to be oxidized on the AuNC, and an adsorbed intermediate
is formed. The first peak at 0.04 V can be attributed to this
electrochemical process. One proton from each glucose is
released in this step.[38] As the potential becomes more posi-
tive, the adsorbed intermediate is further oxidized to form
gluconolactone, resulting in the direct oxidation of glucose
at 0.29 V.[38] Another proton is released in this step. Then,
gluconolactone is desorbed from the electrode and hydro-
lyzed to form sodium gluconate in PBS. The whole process
involves the transfer of two electrons per glucose molecule.
After the potential of 0.29 V, gold oxide forms on the sur-
face and occupies the active sites of the electrode, which in-
hibits the oxidation of glucose and lead to a decrease in cur-
rent. In the negative potential scan process, the surface gold
oxide is reduced and enough surface active sites can be ob-
tained for the direct oxidation of glucose, leading to an
anodic current peak at 0.30 V. As the potential moves to
more negative values, an anodic current peak at 0.04 V cor-
responding to the first peak in the positive potential ap-
pears. These results are in agreement with previous re-
ports.[39] It is noticeable that the electro-oxidation of glucose
occurs in a neutral solution without the need for a basic so-
lution, indicating the excellent catalytic performance of the
AuNCs.

The performance of AuNC/GCE towards glucose oxida-
tion has been tested by recording the amperometric re-
sponse (Figure 11). Considering that ascorbic acid (AA) and
uric acid (UA) have interfering effects in the detection of
glucose at relatively positive potentials, we investigated the
optimal potential for the selective detection of glucose. The
potential of 0 V was chosen for the detection. Under this
optimal potential, glucose was successively injected into the
PBS solution. The corresponding calibration curve is shown
in the inset of Figure 11. The amperometric response to glu-
cose shows a linear range from 0.2 to 13.4 mm (R =0.997).
Compared with previous reports, this is a promising sensor
that could be used in the detection of glucose at low concen-
tration.[39] The upper limit of the linear relationship is

Figure 9. Schematic representation of the formation of AuNCs.

Figure 10. Cyclic voltammogram (CV) of AuNPs/GCE (a, b) and AuNCs/
GCE (c, d) in 0.1m PBS (pH 7.4) in the absence (b, d) and presence (a,
c) of 50 mm glucose. Scan rate: 10 mV s.�1
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13.4 mm, which is higher than the normal physiological level
(3–8 mm), while the limit of detection is down to 5 mm with a
signal to noise ratio of 3. Moreover, this nonenzymatic glu-
cose sensor does not need additional supports, such as
carbon nanotubes or graphene. Table 1 shows the analytical
parameters for glucose sensors obtained with state-of-the-
art noble-metal nanostructures and carbon-supported metal
nanomaterials. The detection limit of this glucose sensor on
AuNC/GCE is lower than or comparable with the support-
ed-metal nanomaterials, and the detection range on AuNC/
GCE is also broader.

Figure 12 shows the selectivity of AuNC/GCE under the
potential of 0 V in the presence of 0.1 mm AA and 0.01 mm

UA. It is clear that AA and UA interfered very little with

the detection of glucose at physiological levels. After the in-
jection of AA and UA, the AuNC/GCE retains 70 % of its
original current response to glucose, which suggests an im-
proved anti-interference capability. Moreover, AuNC/GCE
can be cleaned simply in 0.1 m H2SO4 before each measure-
ment. After one month, the peak potential for the oxidation
of glucose shows no change and the peak current decreases
only a little, indicating that AuNC/GCE is stable over this

period and can be used repeatedly. The results demonstrate
that the AuNC-modified electrode is a promising candidate
for the fabrication of nonenzymatic glucose sensors.

Conclusion

For the first time, a modified seed-mediated growth ap-
proach is reported for the fabrication of uniform AuNCs
without the use of solid templates. The functions of the re-
agents were investigated in detail. After monitoring the
time-dependent morphology changes in the Au nanostruc-
tures, a possible mechanism for the growth of the nanocages
could be proposed. Moreover, due to the large surface-to-
volume ratio, the AuNCs exhibit good electrocatalytic prop-

erties towards the oxidation of
glucose, which may find poten-
tial applications in catalytic de-
vices and electrochemical sen-
sors. Our work here may open
up new ways for the fabrication
of other novel structures and
for the application of the opti-
cal and catalytic properties of
the materials.

Experimental Section

Materials : HAuCl4·4H2O, C6H12N4,
and AgNO3 were purchased from

Shanghai Chemical Reagent Co. (Shanghai, China). C6H5Na3O7·2H2O,
NaBH4, AA C6H8O6, PVP (K30), and phosphate (NaH2PO4·2H2O and
Na2HPO4·12H2O) were purchased from Beijing Chemical Co. (Beijing,
China). b-d-glucose was purchased from Shanghai Sinopharm Chemical
Reagent Co. (Shanghai, China). 2-Mercaptosuccinic acid (MSA) and UA
were purchased from Sigma–Aldrich. All of these chemicals and materi-
als were analytical grade and were used as received without further pu-
rification. All glassware and stirrer bars were cleaned with aqua regia so-
lution and then rinsed thoroughly with water before use. Ultrapure water
(18.2 MWcm) produced by a Milli-Q system was used as the solvent
throughout this work.

Figure 11. Amperometric response of the sensor for glucose at AuNC/
GCE at 0 V. Glucose was injected successively into the stirred 0.1 m PBS
(pH 7.4) with a!b 0.2 mm, c!d 0.5 mm, e!f 1 mm, g!h 2 mm. (Inset:
Calibration curve of the glucose sensor.)

Table 1. Analytical parameters obtained with various glucose sensors.

Electrode Detection
potential [V]

Detection
limit [mm]

Linear
range [mm]

Sensitivity
[mAcm�2 mm

�1]
Ref.

macroporous Au 0.35 5 2–10 11.8 [40]

PtNP-deposited MWCNTs[a] 0.7 3 1–7 591.33 [41]

Pt nanotubes 0.4 1 2–14 0.1 [42]

Au nanoparticles 0.7 below 500 0.5–8 160 [43]

Nafion/OMCs[b] 0.35 156.52 0.5–15 0.053 [44]

graphene–GOD[c]–PFIL[d] �0.5 – 2–14 – [45]

Gox[e]-xGnP[f]-Nafion – 10 up to 6 11.17 [46]

mesoporous platinum 0.4 – 0–10 9.6 [47]

AuNCs 0 5 0.2–13.4 2.79 this work

[a] Multiwalled carbon nanotubes. [b] Ordered mesoporous carbon atoms. [c], [e] Glucose oxidase. [d] Polye-
thylenimine-functionalized ionic liquid nanocomposites. [e] Exfoliated graphite nanoplatelets.

Figure 12. Current responses of AuNC/GCE to the sequential additions
of 3 mm glucose, 0.1 mm AA, 0.01 mm UA, and 3 mm glucose at 0 V.
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Preparation of Au seeds : The seeds were synthesized according to a pre-
viously reported method.[20] In brief, an aqueous solution (20 mL) of
HAuCl4 (2.5 � 10�4

m) and trisodium citrate (2.5 � 10�4
m) was first pre-

pared. Then, ice-cold 0.01 m NaBH4 (0.6 mL dissolved in 2.5� 10�4
m triso-

dium citrate) was added to the prepared solution under rapid stirring.
The color of the solution immediately turned to orange–red, which indi-
cated the formation of the AuNPs. The seed solution was maintained at
room temperature for about 2 h before use.

Synthesis of AuNCs : The AuNCs were prepared by a four-step seed-
mediated growth protocol as illustrated in Figure 1. First, four vials la-
beled A–D were prepared. Growth solution (9 mL) containing 2.5�
10�4

m HAuCl4, 0.1m HMT, and 0.1m PVP was added to each vial. An
extra 100 mL of 0.01 m AgNO3 was added only to vial D. Then, 0.08 m as-
corbic acid (50 mL) was added to each vial. Next, the seed solution
(1.0 mL) was mixed with the solution in vial A. After stirring for a few
seconds, 1.0 mL of the solution in vial A was transferred to vial B. The
same transfer was repeated twice (from vial B to C and C to D). The
color of solution D changed from clear to slightly gray–blue after about
20 min and then to purple–blue after 60 min. On standing, the color of
the solution became a little darker. After 12 h, the solution in vial D was
used for further characterization.

The control experiments were performed as follows: all other conditions
were the same, except HMT or PVP was absent.

Synthesis of (56.3�3.1) nm AuNPs : AuNPs were also synthesized by a
seed-mediated method according to the literature[48] with a little modifi-
cation. First, Au seeds with a diameter of (15.0�1.2) nm were prepared
by the citrate-reduction procedure of Frens.[49] Then, these Au seeds
(1.056 mL) were mixed with 12 mm HAuCl4 (835 mL) and water (38 mL).
After that, 0.01 m MSA (600 mL) was injected into the solution with vigo-
rous stirring. The reaction was complete after 1 h. Finally, AuNPs with a
diameter of (56.3�3.1) nm were obtained (Figure S3 in the Supporting
Information).

Preparation of AuNC/GCE and AuNP/GCE : After the preparation of
the AuNCs, 3 mL of the solution in vial D was transferred to an empty
tube and water (3 mL) was added. The solution was centrifuged at
12000 rpm for 10 min, and then thoroughly rinsed with ethanol (6 mL)
and water (6 mL). Finally, the sample was dispersed in ultrapure water
(50 mL). After ultrasonic treatment, 10 mL of the sample was added drop-
wise onto the GCE that had been carefully polished with alumina slurry
(1.0, 0.3, and 0.05 mm, successively) and dried in the air. Then, Nafion
(0.5 %, 5 mL) was added dropwise onto the surface of the electrode and
left to dry.

The AuNPs of (56.3�3.1) nm were centrifuged and a solution of AuNPs
was obtained. The solutions of AuNCs and AuNPs were characterized by
inductively coupled plasma mass spectroscopy (ICP-MS). After that, a
certain amount of AuNPs was dropped onto the GCE, ensuring that the
contents of Au on both modified electrodes were the same. After the
electrode was dried, Nafion (0.5 %, 5 mL) was added dropwise onto the
surface of the electrode.

Instrumentation : UV/Vis spectra were obtained by using a UV/Vis spec-
trophotometer (UV mini1240, Shimadzu Instruments, Japan) at room
temperature. SEM, and EDS measurements were carried out on an
XL30 ESEM FEG scanning electron microscope equipped with an
energy dispersive X-ray analyzer at an accelerating voltage of 20 kV.
TEM and SAED analyses were carried out by using a JEOL JEM-1011
transmission electron microscope with an accelerating voltage of 100 kV.
For TEM measurements, a drop of the sample was prepared by placing a
certain amount of the solution on a carbon-coated copper grid and dried
at room temperature. FTIR measurements were conducted on a
BRUKER Vertex 70 FTIR spectrometer operated at 4 cm�1 resolution.
XPS was performed by using an ESCALAB-MKII spectrometer (VG
Co., United Kingdom) with AlKa X-ray radiation as the source for excita-
tion. Atomic force microscope (AFM) images (see Supporting Informa-
tion) were obtained with a Digital Instruments Nanoscope IIIa (Santa
Barbara, CA) in tapping mode in air under ambient conditions. XRD
patterns were recorded with a Rigaku-D/max 2500 V X-ray diffractome-
ter equipped with a CuKa radiation source (l =1.54178 �). The content
of Au was determined by using ICP-MS (X Series 2 Thermo Scientific,

USA). All electrochemical experiments were performed by using a CHI-
800 electrochemical workstation (Shanghai, China) in a conventional
three-electrode cell containing PBS (0.1 m, pH 7.4) at room temperature,
using a platinum wire as the auxiliary electrode, an Ag/AgCl (saturated
KCl) electrode as the reference electrode, and AuNC/GCE (3.0 mm in
diameter) as the working electrode. Before each electrochemical experi-
ment, N2 was used to deaerate the solution for 10 min in to exclude inter-
ference from O2.
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