PHYS

DOI: 10.1002/cphc.200800538

Direct Electrodeposition of Porous Gold Nanowire Arrays

for Biosensing Applications

Xinyi Zhang,*™ Dan Li,” Laure Bourgeois,” Huanting Wang,” and Paul A. Webley*®!

We report the fabrication of porous gold nanowire arrays by
means of a one-step electrodeposition method utilizing nano-
channel alumina templates. The microstructure of gold nano-
wires depends strongly on the current density. The formation of
porous gold nanowires is attributed to disperse crystallization
under conditions of low nucleation rate. Interfacial electron trans-
port through the porous gold nanowires is studied by electro-
chemical impedance spectroscopy. Cyclic voltammetric studies on

1. Introduction

One-dimensional (1D) nanostructures have stimulated tremen-
dous interest due to their importance in basic scientific re-
search and potential technological applications."? Porous
nanowires are a special type of 1D nanomaterials that combine
porous nanostructure with 1D geometry.># The extremely
high surface-to-volume ratios associated with these nanostruc-
tures make their properties extremely sensitive to species ad-
sorbed on surfaces and result in excellent sensitivity and selec-
tivity. With their porosity and high specific surface area, porous
nanowires have shown considerable promise in catalysis, sepa-
ration, hydrogen adsorption, and chemical sensors.”® More-
over, the presence of void space in nanowires can allow the in-
corporation of multiple components to form hybrid nanocom-
posites, and such nanostructures are expected to have novel
characteristics that combine the features of two or more dis-
tinct classes of materials. Among the strategies for preparing
1D nanostructures, a simple and versatile approach is deposi-
tion of the desired material into an alumina template with
porous nanochannels.”™ Gold has been widely used as an
electrode material because of its high chemical and thermal
stability, excellent electric conductivity, and biocompatibili-
ty.">2% Ji and Searson demonstrated the preparation of porous
gold nanowires based on membrane-template electrocodepo-
sition of a single-phase, two-component alloy followed by se-
lective dissolution of the less noble component.”” More re-
cently, steplike porous gold nanowires of different shapes were
prepared by sequentially depositing alloy segments with differ-
ent gold/silver ratios and de-alloying the silver component.??
The area of biosensors, particularly enzyme-based electro-
chemical sensors, has received great attention over the past
forty years. Considerable efforts have been made to obtain
biosensors for fast and reliable quantification of compounds of
biomedical interest, particularly glucose.”®*¥ Electrochemical
biosensors for glucose based on the enzymatic oxidation medi-
ated by glucose oxidase (GOx) have generated considerable in-
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the porous gold nanowire arrays reveal a low-potential electroca-
talytic response towards hydrogen peroxide. The properties of the
glucose oxidase modified porous gold nanowire array electrode
are elucidated and compared with those of nonporous enzyme
electrodes. The glucose oxidase modified porous gold nanowire-
array electrode is shown to be an excellent electrochemical bio-
sensor for the detection of glucose.

terest.”>?® Gold nanowires are ideal nanoelectrodes for minia-

turized electrochemical sensors. In this article, we demonstrate
that porous gold nanowire arrays can be fabricated by means
of a one-step electrodeposition method utilizing nanochannel
alumina (NCA) templates. A glucose biosensor based on a
porous gold nanowire array modified by GOx was fabricated
and exhibited excellent bioactivity toward glucose.

2. Results and Discussion

Figure 1a shows SEM images of the gold nanowire arrays,
which result from carefully etching away the alumina. The
average pore diameter and thickness of the NCA template are
65 nm and 2 um, respectivley. The gold nanowires replicate
the pore sizes, shapes, and positions. The fine structure of the
nanowires is clearly visible in the high-magnification SEM
image (Figure 1b). The dispersed nanosized protrusions (or
particles) that can be distinctly observed on the surfaces of the
nanowires reveal that the gold nanowires are formed by inho-
mogeneous accumulation of nanoparticles. The microstructure
of the gold nanowires was further investigated by TEM. Fig-
ure 2a shows a bright-field image of the gold nanowires after
completely dissolving the NCA template. Some light spots that
can be seen on the gold nanowires reveal the existence of
pores in the nanowires. Figure 2b shows a high-magnification
image of a single gold nanowire, and the pore structure of the
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Figure 1. SEM images of the top view of the Au nanowire arrays prepared
within an NCA template with 65 nm pore diameter: a) low and b) high mag-
nification.

Figure 2. a) Bright-field TEM image of the Au nanowires. b) High-magnifica-
tion bright-field TEM image of a single Au nanowire and its corresponding
electron diffraction pattern. c) Bright-field TEM image of broken Au nano-
wires and Au nanoparticles resulting from disintegration of the Au nano-
wires.

gold nanowires can be unmistakably identified. The inset in
Figure 2b shows a corresponding electron diffraction pattern,
which can be indexed as face-centered cubic gold. These gold
nanowires have unique characteristics: they consist of assem-
bled nanoparticles with sizes ranging from several nanometers
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to about 10 nm. The loose packing of these nanoparticles re-
sults in the porous structure of the nanowires. As indicated in
Figure 2 ¢, these gold nanowires are rather friable and easy to
be broken or disintegrated into particles, that is, the intercrys-
talline bonds in the porous nanostructures are weak.

Porous nanowires have been fabricated within templates by
electrodeposition of a single-phase, two-component alloy fol-
lowed by selective dissolution of the less noble compo-
nent.?"? However, there is no report on the direct electrode-
position of porous nanowires. An explanation of the growth
mechanism of porous nanowires must remain speculative. In
galvanostatic electrodeposition, the critical energy for nuclea-
tion is determined by the free energy of the surface of a nu-
cleus and the driving force (current density). The higher the
current density, the easier it is for nucleation to take place.

Figure 3 shows the overpotential versus time curve of the
gold deposition within the NCA templates at different current
densities. Gold deposition is strongly dependent on current
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Figure 3. Overpotential-time curves of electrodeposition within an NCA
template with 65 nm diameter at different current densities: a) 200, b) 50,
and c) 10 pAcm ™2

density. The initial potential shift corresponds to nucleation
and growth of Au deposits on the Au film substrate. At this
stage, nucleation and growth of Au deposits take place on the
existing Au film. The electrodeposition is base-oriented, and
the microstructure of the Au deposits is an extension of the
substrate. As shown in Figure 3, the initial depositions are ap-
proximately exponential. As the concentration of Au ions de-
creases, the diffusion overpotential of the cathode increases
promptly to keep the constant current during this period. The
overpotential shift increases with increasing current density.
Then the structural change from base-oriented deposition to
field-oriented texture is accompanied by an increase of over-
potential, which corresponds to the crystallization overpoten-
tial that characterizes this transition.”” At high current density,
the polarization increases with time (Figure 3a). High overpo-
tential and high growth rate result in compact polycrystalline
nanowires with oriented texture.®” At medium current density,
the overpotential does not vary sensitively with duration of
electrodeposition after the transition period, and it approaches
a stationary value (Figure 3b). In this case, the deposition pro-
cess approaches an equilibrium state, and oriented single-crys-
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talline nanowires with smooth surface can be obtained.®" At
low current density, the overpotential shift is even smaller and
polarization instability (potential oscillation) occurs (Figure 3c).
In this situation, nucleation becomes difficult and slow, and
the number of nuclei decreases because insufficient crystalliza-
tion energy is supplied. Hence, these nuclei are selectively de-
posited on the cathode surface instead of covering the whole
surface to reduce the energy of nucleation, and protrusions
form at sites where metal ion discharge is concentrated. The
protrusions on the cathode would then play an important part
in the formation of porous deposits. The protrusions on the
cathode surface make disperse crystallization easier by attach-
ing nuclei of adatoms and offering sites of maximal current
density.*>3¥ |t can be assumed that the concentration polariza-
tion and electrochemical polarization at these sites are smaller
than in other regions of the cathode. Therefore, they are sites
of preferential crystallization of the gold deposit. In other re-
gions, where gold ions are deficient, no significant discharge
occurs and thus no deposition takes places. The potential oscil-
lation during electrodeposition also reveals nonuniform distri-
bution of current density and inhomogeneous deposition. Re-
peated nucleation and growth of particles is especially biased
towards higher electric field along the nanochannels, and thus
a less tight packing is realized. This results in the formation of
porous gold nanowires.

Electrochemical impedance spectroscopy (EIS) is a rapidly
developing electrochemical technique for the characterization
of biomaterial-functionalized electrodes and biocatalytic trans-
formations at electrodes surfaces, and specifically for the trans-
duction of biosensing events at electrodes.**>* To characterize
the interfacial properties of porous gold nanowire array elec-
trodes, Nyquist impedance measurements were performed in
0.1 M phosphate buffer solution (PBS, pH 7.0) by using 10 mm
[Fe(CN),J>**~ as redox probe. Figure 4 shows the Nyquist impe-
dance plot of porous and nonporous gold nanowire-array elec-
trodes before (i, i) and after (iii, v) GOx immobilization. In gen-
eral, the shapes of the impedance spectra mainly include the
linear parts, that is, the impedance of these gold nanowire-
array electrodes is mainly controlled by diffusion of the redox
probe due to very fast electron-transfer processes. However,
significant differences in the impedance spectra can be ob-
served in the high-frequency regions, which correspond to the
electron-transfer-limited process. The impedance of the porous
gold nanowire-array electrode follows the linear line, whereas
the impedance spectrum of nonporous gold nanowire-array
electrodes includes a semicircle region at high frequencies.
The spectrum of the porous gold nanowire arrays exhibits the
characteristic features of porous electrodes.***”! At high fre-
quencies, the electrode admittance is great, and thus the alter-
nating current signal is damped within a short distance.®
Therefore, a straight line results in the Nyquist plot. After GOx
immobilization, impedance spectra with larger semicircular re-
gions can be obtained from both porous and nonporous gold
nanowire-array electrodes. The increase in the charge-transfer
resistance R, reveals the formation of a glucose oxidase layer
adsorbed on the electrode surface, which exhibits a barrier
effect to the electron-transfer kinetics. As can be seen in the
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Figure 4. a) Nyquist plot in 0.1 M phosphate buffer solution (pH 7.0) in the
presence of 1 mm [Fe(CN)**~ for i) porous gold nanowire array, i) nonpo-
rous gold nanowire array, iii) GOx-modified nonporous gold nanowire array,
and v) GOx-modified porous gold nanowire array. b) Enlarged high-frequen-
cy region of the Nyquist plot.

spectra, the R, value for the GOx-modified porous gold elec-
trode is higher than that of the GOx-modified nonporous gold
electrode, that is, the porous gold nanowires provide excellent
sites to adsorb GOx and result in more compact layer than the
nonporous electrodes.

Gold electrodes have been widely used for the detection of
H,O, and the fabrication the oxidase-based biosensors.
Figure 5 shows cyclic voltammograms (CVs) of porous gold
nanowires in 0.1 M PBS (pH 7) at a scan rate of 10 mVs™' in the
absence and presence of 0.5 mm H,0,. The electrode exhibits
the expected steady-state current response in the absence of
H,O,. The anodic current increases during the forward sweep,
and a peak current is observed at 0.38 V, which is due to the
formation of less active gold oxides. The cathode current
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Figure 5. Cyclic voltammograms of porous gold nanowire array electrodes in
the absence (a) and presence (b) of 0.5 mm H,0,.
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peaks can be observed at —0.01 V during the backward sweep,
which can be attributed to reduction of the gold oxide formed
during the positive-going sweep.?? Redox peaks of this kind
usually appear on gold nanoelectrodes, such as nanoporous
gold film™” or gold nanowire arrays,“" because the nanoelec-
trodes are easier to oxidize than smooth electrodes due to
their high electrochemical activities. When H,O, was added to
the solution, an obvious enhancement in both cathodic and
anodic current could be observed, which is due to electrocata-
lytic reduction and oxidization of H,O,. Note that the remark-
able reduction current can be achieved at as low as 0V, which
is much lower than the values on the conventional Au elec-
trode. It can be inferred that the fast interfacial electron trans-
fer on the porous gold nanoelectrodes offers a decreased over-
potential and increased response current to hydrogen perox-
ide.

The overall oxidation reaction of glucose at a GOx-based
biosensor electrode is given by Equation (1).1

Glucose + 0, £ Gluconic acid + H,0, (1)

Thus, glucose can be determined from the consumption of
oxygen and the products of the enzyme reaction: gluconic
acid and H,O,. Glucose concentration can be determined by
an amperometric method by measuring the cathodic current
of enzymatically liberated H,0, in the enzyme electrode.”
This amperometric method allows measurement of the catho-
dic current of resultant H,0, at low potential, and the respons-
es of common interference species (such as uric acid, ascorbic
acid) can be minimized. The biocatalytic activity of the GOx-
modified porous gold nanowire arrays was measured in PBS at
a constant potential of —0.1 V. Figure 6 illustrates typical am-
perometric responses to successive concentration increments
of 1 mm glucose at the GOx-modified porous gold nanowire-
array electrode. The lower left inset shows the amperometric
responses of the enzyme electrode to successive concentration
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Figure 6. Response of the current-time curve of the GOx-modified porous
gold nanowire-array electrode to successive additions of 1 mm glucose at
—0.1Vin 0.1 M PBS. The lower left inset shows the current-time curve of
the GOx-modified porous gold nanowire-array electrode to successive addi-
tions of 50 um glucose. The upper right inset shows the calibration curve of
the GOx-modified porous gold nanowire-array electrode toward glucose.
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increments of 50 um of glucose. The rapid response (ca. 5 s) to
the changes in glucose concentrations indicates excellent elec-
trocatalytic behavior of the biosensor nanoelectrode array. The
cathodic current increases stepwise with injection of glucose.
The catalytic current is linearly proportional to glucose concen-
tration from 5x107° to 2x 107> m with a correlation coefficient
of 0.99906. From the calibration curve a linear relationship
with regression equation of /(uA)=0.03235+ 1.95848C(mm)
can be obtained (upper right inset, Figure 6). The sensitivity of
the GOx-modified porous gold nanowire-array electrode is
about 15.6 pAcm~2mm~", which is higher than 5.11 and and
similar to 15.1 pAcm2mm ' for GOx-modified gold electrodes
based on layer-by-layer covalent attachment."**Y The detec-
tion limit (dl) was calculated as dl=30,/m, where g, is the
standard deviation of the background current, and m the
slope of the linear part of the calibration curve.* A detection
limit of 46x107°m can be obtained, which is in the typical
range of detection limits of GOx-based biosensors.['>#:44461 The
effect of ascorbic acid was investigated by measuring the am-
perometric response toward 0.5 mm ascorbic acid, and the ab-
sence of observable interference at —0.1 V suggests that ascor-
bic acid is not electrochemically active at this potential. This
result is consistent with those of previous studies.””** Proper-
ties of the glucose-oxidase-modified nonporous gold nanowire
array electrode were also studied. Figure 7 illustrates ampero-
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Figure 7. Response of the current-time curve of the GOx modified solid
gold nanowire array electrode to successive additions of 1 mm glucose at
—0.1Vin 0.1 ™ PBS. The upper right inset shows the calibration curve of the
GOx-modified gold nanowire-array electrode toward glucose.

metric current responses of the GOx-modified solid gold nano-
wire-array electrode to successive concentration increments of
1 mm of glucose. The sensitivity and response time for the im-
mobilized enzyme electrode are about 8.76 pAcm?mm'and
7 s, respectively. The stabilities of both porous and nonporous
GOx-modified gold nanoelectrodes were assessed by examin-
ing their amperometric current responses to 5mm glucose
each day. After 7d of measurement, the responses of the
porous and nonporous enzyme electrodes remained at about
85 and 74% of the original values, respectively. The porous
enzyme electrode shows better performance than the nonpo-
rous enzyme electrode. It can be inferred that the void spaces
of porous gold nanowires provide ideal sites to adsorb GOx
and maintain its activity. Hence, the porous gold nanowire-
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array electrodes have larger active surface area and allow
larger quantities of enzyme to be immobilized and more effi-
cient mass and electron transport to and from the enzyme
sites compared to nonporous gold electrodes.

3. Conclusions

Porous gold nanowire arrays have been successfully fabricated
within close-packed nanochannel alumina templates by one-
step electrodeposition. The morphology of gold nanowires has
a strong dependence on the current density, and the transfor-
mation from solid nanowire to porous nanowire can be realiz-
ed by adjusting the current density. A glucose biosensor based
on the GOx-modified porous Au nanowire arrays shows good
analytical performance and can be reliably used for the detec-
tion of glucose. The method presented here is fast and inex-
pensive and may be extended to the fabrication of other ox-
idase-modified electrochemical biosensors.

Experimental Section

Glucose oxidase (GOx, from Aspergillus niger, 151 unitsmg™') and
D-(+)-glucose were supplied by Sigma-Aldrich (Australia). All chem-
ical reagents in this study were of analytical grade. A 1™ stock so-
lution of glucose, prepared with distilled water, was left overnight
at room temperature to allow equilibration of the anomers and
then stored at 4°C. Phosphate buffer solution (PBS, 0.1m, pH 7)
was prepared with Na,HPO, and NaH,PO, as electrolytes. All elec-
trochemical depositions and electrochemical measurements were
carried out on an electroanalytical instrument (autolab Il) at room
temperature. The enzyme electrode was used as working elec-
trode, and a circular area (4 mm diameter) was exposed to the
electrolyte. A KCl-saturated Ag/AgCl electrode was used as refer-
ence electrode, and a Pt foil as counterelectrode. Electrochemical
impedance spectra were recorded in the frequency range between
10 kHz and 100 MHz at a formal potential of 200 mV and with si-
nusoidal modulation of amplitude of 10 mV rms. The morphology
and microstructure of the Au nanowires were investigated with a
scanning electron microscope (SEM, JEOL JSM-6300F) and a trans-
mission electron microscope (TEM, Philips CM20).

The NCA templates were prepared by anodizing high-purity alumi-
num foils (99.999%) in oxalic acid solutions in a two-step anodiza-
tion method.**1 NCA templates with selectable diameters, densi-
ties, and lengths can be formed by varying anodizing conditions.
After anodization, the remaining aluminum was removed in satu-
rated HgCl, solution. Subsequently, the pore bottoms were
opened by chemical etching in 5 wt% phosphoric acid. NCA tem-
plates with pore diameters of about 65 nm were used to synthe-
size Au nanowires. To electrodeposit Au, an Au thin film was de-
posited on the back side of the anodic porous alumina template
as electrode by using a vacuum evaporation apparatus. Electrode-
position was carried out by a galvanostatic method from the fol-
lowing solution: 12 gL™" HAuCl,, 160 gL' Na,SO,, 5 gL' ethylene-
diaminetetraacetic acid, 30 gL' K,HPO,, 0.5 gL' CoSO,, pH 9.0.
Unless otherwise noted, the cathode current density was kept at
10 pAcm 2 The template was etched away by using 5 wt% phos-
phoric acid to release the gold nanowires. The obtained porous
gold nanowire arrays were cleaned with 2m HNO,, ultrapure Milli-
pore water, and ethanol. 0.15 g of GOx was added to 20 mL of PBS
(0.1m, pH 7) to prepare the GOx solution. The enzyme electrode
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was fabricated by immersing the porous gold nanowire-array elec-
trode in the GOx solution for one day at 4°C. GOx-modified solid
gold nanowire-array electrodes were also prepared by the same
method. The enzyme electrodes were washed and stored in PBS at
4°C.
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