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Abstract We report here a green and facile one-step
method to fabricate nano-network gold films of low
roughness via anodization of gold electrodes in an aqueous
solution of L-ascorbic acid (AA) or hydroquinone (H2Q) at
the oxidation peak potential. The preparation involves the
formation of thin gold oxide layer by anodization of gold and
its simultaneous and/or subsequent reduction by AA or H2Q.
The as-fabricated nano-network gold films show very strong
SERS activity in comparison with the substrates prepared by
some other electrochemical roughening methods.
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Introduction

Gold nanostructures have been attracting increasing interest
for their wide applications in areas such as catalysis [1],
biosensors [2], fuel cells [3], surface-enhanced Raman
scattering (SERS) [4], and so on. In particular, gold electrode
surfaces roughened by electrochemical approaches are

commonly used as SERS active substrates, which are
especially suitable for potential-dependent electrochemical
SERS investigation [5].

Up to present, a number of electrochemical strategies
have been developed for fabricating nanostructured gold
electrodes for SERS substrates, including roughening gold
electrodes with triangular-wave electrochemical oxidation
reduction cycles (ORC) [6, 7], anodic potential step [8–10]
and square-wave potential-pulses [11], and templated
electrodeposition [12]. Recently, a nanoporous gold film
with thickness of approximately 1 μm was made by
anodization of gold electrode in an aqueous solution of
carboxylic acid or carboxylate [13, 14]. SERS activity was
closely correlative to the nanostructures rather than to the
roughness factor [12, 15].

Herein, we present a green and facile one-step method to
fabricate nano-network gold films of low roughness via
anodization of gold in a solution of L-ascorbic acid (AA).
AA is the only nontoxic and inexpensive agent employed in
this process. The as-fabricated nano-network gold films
possess very strong SERS activity in comparison with the
substrates prepared by some other electrochemical rough-
ening methods. Another reductant, hydroquinone (H2Q),
has also been investigated. To our knowledge, no such
work has been reported on the fabrication of low-roughness
nano-network surface by anodization of gold in the
presence of reductants for SERS.

Experimental section

Reagents and electrodes

All reagents were of analytical grade and were used without
further purification, and all solutions were prepared using
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high-purity water from a Milli-Q water purification system
(Millipore Corp., USA).

A 1-mm-diameter polycrystalline gold disk electrode
(purity >99.99%), a circular platinum wire, and a saturated
mercurous sulfate electrode (SMSE) were employed as the
working, counter, and reference electrode, respectively.
Electrochemical and Raman measurements were all carried
out in a self-made spectroscopic cell with a quartz window
[5]. All potentials quoted here are vs. SMSE.

Fabrication and characterization of nano-network gold films

Electrochemical experiments were performed with a CHI
660 C electrochemical station (Chenhua, Shanghai, China).
The gold working electrode was polished using finer grades
of emery paper and alumina powder down to 0.05 μm,
followed by ultrasonic cleaning in ultrapure water. To
obtain reproducible results, the roughness factor of gold
electrode after polishing should be nearly 3. Then, the gold
electrode was roughened in 0.5 M AA (or 0.06 M H2Q) with
an applied potential of 1.2 V (or 1.5 V) for different times.

For comparison, gold electrodes were also roughened by
potential step [16] and ORC [7]. In potential step, the
electrode was immersed in 2 MHCl and the potential was
stepped from open-circuit potential to 0.9 V for 50 s. In
ORC, the electrode was cycled in 0.1 M KCl aqueous
solution from −0.7 to+0.8 V for 25 scans. The
durations at the cathodic and anodic vertexes were 30
and 1.3 s, respectively.

The morphologies of gold electrodes were characterized
by a Hitachi S-4800 field-emission scanning electron
microscope (SEM) with an electron beam voltage of 5 kV.
The surface chemical states of the nano-network gold films
were analyzed with an ESCALab250 X-ray photoelectron
spectroscope.

SERS measurements

Raman spectra were obtained on a Renishaw RM1000
confocal Raman spectrometer (Renishaw Inc., New Mills,

UK) with 633-nm excitation operating at 1% power (ca.
0.14 mW). A 50× long-working-length objective was used
to focus laser light on the electrode in an aqueous solution
containing 0.1 M KCl and 0.01 M Py. Raman measurement
was started after 3 min of waiting time in order to stabilize
the conditions. Each Raman spectrum is an average of five
replicate measurements collected from different surface
areas with acquisition time of 10 s for each sample.

Results and discussions

Fabrication of nano-network gold films

Figure 1a shows typical linear sweep voltammetry (LSV) of
the polished gold electrode in 0.5 M AA. When the
potential was swept from −0.5 to 1.8 V (versus SMSE) at
a rate of 100 mV s–1, the anodic current appeared at
−0.25 V, increased rapidly, and then decreased considerably
as the potential was positive to 1.2 V. We observed that
blackening occurred on the gold surface when holding the
potential at the peak of 1.2 V. However, no blackening was
observed on the gold surface below 1.0 V or above 1.3 V.
These results imply that 1.2 V is an appropriate choice to
roughen the gold electrode surface in the solution of AA.
Apparently, in the above potential sweep range, the LSV
curve comprises complicated reactions, like oxidation of
AA, formation of gold oxides, and reduction of gold oxides
by AA. To understand and confirm why 1.2 V is an
advisable choice to roughen the gold surface, we performed
a series of chronoamperometric measurements. Figure 1b
shows the current–time transient curves of the gold
electrode in 0.5 M AA under different potentials. At a high
potential of 1.5 V, the current decreased quickly due to
passivation of the gold surface. This passivation phenom-
enon was also found in the anodization of gold in oxalate
[13] and acidic thiourea [17] solutions. While at a low
potential of 0.8 V, the current–time transient curve obeyed
the Cottrell equation [18, 19] only at the early stage (in
25 s) because of appearance of natural convection soon

Fig. 1 a LSVat 100 mV s–1 and
b the current–time transient
curves under different potentials
for the gold electrode (1 mm in
diameter) in 0.5 M AA
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[19]. The current then remained nearly unchanged for the
diffusion layer reached a given thickness in the presence of
natural convection [19]. It means that the oxidation of AA
was the main process at low potentials on the gold electrode
and it was governed by the diffusion of AA [20–23]. The
oxidations of AA were widely studied on Au, Pt, and
mercury electrodes [20–23], and a two-electron transfer was
involved in an acidic medium [20]:

AA ! DHAþ 2e� þ 2Hþ ð1Þ

where AA is L-ascorbic acid and DHA is dehydro-L-
ascorbic acid. The current–time curve at 1.2 V in Fig. 1b
was distinctive. The initial faradaic current at 1.2 V was as
high as that at 1.5 V, indicating that the gold surface was
also oxidized into a thin film of gold oxides [24–27] in
addition to the oxidation of AA under this moderate
potential. The as-formed thin film of gold oxides was then
reduced simultaneously and/or subsequently by AA. To the
best of our knowledge, AA has been widely used as a
reducing agent for the reduction of Au(III) [28, 29]. In view
of these facts, the broad current peak around 150 s under
1.2 V in Fig. 1b is temporarily ascribed to the electro-
crystallization for gold redox [30–32]. Although there was
also a broad current peak around 50 s at 1.5 V in Fig. 1b,

the current was too low to fabricate the nano-network gold
film effectively due to surface passivation. No such current
peak occurred below 1.0 V in Fig. 1b where oxidation of
AA was the predominant process.

Similar voltammetric behavior was observed for the gold
electrode in the H2Q aqueous solution as shown in Fig. 2a
with a current peak at 1.5 V, and there was also a broad
current peak around 1,000 s under 1.5 V in Fig. 2b for the
same reason as that peak that appeared at 1.2 V in the
solution of AA (Fig. 1b). Processes like oxidation of H2Q,
formation of gold oxide films, reduction of gold oxides by
H2Q, and electrocrystallization due to gold redox were all
involved under this potential. Blackening was observed
indeed on the gold surface when holding the potential at
around 1.5 V, and so 1.5 V was selected here to roughen the
gold electrode in H2Q solution. Differently from AA,
strong adsorption of H2Q on the gold electrode occurred,
which was confirmed by SERS in our previous work [33].
H2Q can be oxidized in the course of adsorption process
[34]. At and below 1.3 V in Fig. 2b, the oxidation of gold
surface could be effectively depressed due to the strong
surface adsorption of H2Q and its preferential oxidation.
While under a high potential of 1.7 V, oxygen gas released
displaying apparent noise in the current–time transient
curve due to the gas evolution (Fig. 2b).

Fig. 2 a LSV at 100 mV s–1

and b the current–time
transient curves under
different potentials for the
gold electrode (1 mm in
diameter) in 0.06 M H2Q

Fig. 3 CVs at 100 mV s−1 for
the gold electrode in 1 M H2SO4

(a) before and (b) after anod-
ization under a 1.2 V for 500 s
in 0.5 M AA and under b 1.5 V
for 2,000 s in 0.06 M H2Q
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Characterization of nano-network gold films

Figure 3 shows the cyclic voltammograms (CVs) of the
gold electrode in 1 M H2SO4 before and after roughening.
The real surface area of gold electrodes can be obtained
from their CVs by integrating the reduction charge of gold
oxide monolayer [34–36], and their roughness factors can
be calculated by dividing the real surface area with the
geometric surface area of the gold electrode. The roughness
factors of the gold electrode before and after anodization
under 1.2 V for 500 s in 0.5 MAA were about 3.0 and 6.9
(Fig. 3a), respectively, and the roughness factor was about

6.0 by anodization of the gold electrode under 1.5 V for
2,000 s in 0.06 M H2Q (Fig. 3b). These results imply that the
as-prepared gold nano-network films were of low roughness.

To investigate the surface chemical state of the nano-
network film on the gold electrode, X-ray photoelectron
spectroscopy (XPS) was carried out. Figure 4 shows the Au
4f7/2–5/2 XPS of the gold electrode after anodization under
1.2 V for 500 s in 0.5 M AA (A) and under 1.5 V for
2,000 s in 0.06 MH2Q (B). The doublet peaks of binding
energy located at 83.8/87.5 and 84.1/87.8 eV, in consistent
well with that of elemental Au(0) (84.0/87.7) [13, 27].
Peaks for trivalent Au(III) (86.4/90.1 eV) or monovalent
Au(I) (85.6/89.1 eV)[27, 37] did not appear for both of the
nano-network films fabricated in AA and H2Q solutions.

Figure 5 shows the morphology change of gold electrode
surfaces with the increasing anodization time. Small gold
nanoparticles of 20–30 nm began to form after anodization
for 100 s (Fig. 5a). The amount of gold nanoparticles
increased and aggregated into a nano-network film by
anodization for about 500 s besides some scattered
spherical gold nanoparticles about 100 nm above the film
(Fig. 5b, d). Prolonging the anodization to about 1,000 s,
the film was replaced by more and larger spherical
nanoparticles. From sparsely scattered smaller spheres
(~100 nm; Fig. 6a) to densely packed larger particles
(~200 nm; Fig. 6c), the morphology evolution also
underwent a mid-stage of a nano-network film (Fig. 6b,

Fig. 4 Au 4f X-ray photoelectron spectra of the gold electrode after
anodization under (a) 1.2 V for 500 s in 0.5 MAA and (b) under 1.5 V
for 2,000 s in 0.06 MH2Q

Fig. 5 SEM images of the gold
electrode after anodization under
1.2 V in 0.5 M AA for a 100 s,
b 500 s, and c 1,000 s. d
Magnification of the squared
area indicated in b
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Fig. 6 SEM images of the gold
electrode after anodization under
1.5 V in 0.06 M H2Q for
a 500 s, b 2,000 s, and c
3,000 s. d Magnification of the
squared area indicated in b

Fig. 7 SERS spectra of Py on
the gold electrode after anod-
ization a under 1.2 V in 0.5 M
AA and b under 1.5 V in
0.06 MH2Q for different times
or c after different roughening
treatments: (a) as in a for 500 s,
(b) as in b for 2,000 s, (c) by
potential step to 0.9 V for 50 s
in 2 MHCl, and (d) by ORC in
0.1 MKCl, or d under electro-
chemical conditions on the gold
electrode of Fig. 5b
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d) during the anodization of gold electrode under 1.5 V in
0.06 MH2Q.

SERS activity of nano-network gold films

Figure 7a, b shows that the nano-network gold film
fabricated in the AA solution for 500 s (Fig. 5b, d) or in
the H2Q solution for 2,000 s (Fig. 6b, d) was optimum for
SERS using Py probe molecules (see the ring breathing (ν1)
at 1,014 cm–1 [1]) compared with other nanostructures
obtained here by anodization of gold in AA or H2Q
solution for different times. These facts imply that the
strong SERS effects depend much more on the nanogaps in
the nano-networks than on the nano-junctions between the
film and the large individual gold nanoparticles. In our
previous work [38], purely network-like nanoporous gold
films assembled at the air–water interface also showed very
strong SERS activity using Py probe molecules, confirming
that nanogaps in nano-networks play the key role in the
huge enhancement [4, 39, 40].

We are pleased by the comparison results of SERS
intensity on the nano-networks here and on the best
substrates we could prepare by other electrochemical
methods such as newly developed potential step [8–10]
and the classical ORC [7]. It has been demonstrated that the
enhancement factor on the substrate prepared by the
potential step for 50 s in 2 M HCl was 23.3 times as high
as that on a commercially available single-use SERS
substrate Klarite™ [10]. As shown in Fig. 7c, SERS
intensities on the nano-network films fabricated in the AA
(a) or H2Q solution (b) reach to the same absolute value as
that on the substrate prepared by the potential step (c) and
exceed over that on the substrate prepared by ORC (d).
The relative enhancement factors per Py molecule (the
absolute intensity divided by the roughness factor) on
the nano-network films are roughly five and ten times
larger than that on the substrates prepared by potential
step and by ORC, respectively. Note that the roughness
factor of gold electrode prepared by potential step for
50 s in 2 M HCl was about 35 [10, 16], five times larger
than that of nano-network films, and the roughness factor
prepared by ORC was about 5, equivalent to that of the
nano-networks.

To determine the enhancement factor (EF) of nano-
network gold films, the equation proposed by Cai [41] et al.
has been used:

EF ¼ Isurf=Nsurf

Ibulk=Nbulk
� hcNAsIsurf

RIbulk
ð2Þ

where h is the effective layer depth within which each Py
molecule yields the same contribution to the Raman signal

as those localized in the ideally focused plane, c is the
concentration of Py, NA is the Avogadro constant, σ is the
surface area occupied by an adsorbed Py molecule, Isurf and
Ibulk denote the integrated intensities of the same ν1 band
for Py that was adsorbed at the surface and that was
dissolved in the solution, respectively, and R is the
roughness factor of nano-network gold films. Here h is
calculated to be 22 μm. According to literature [42], the
value of σ is estimated to be 0.27 nm2; R values for nano-
network gold films fabricated in the AA solution for 500 s
(Fig. 5b, d) or in the H2Q solution for 2,000 s (Fig. 6b, d)
are 6.9 and 6.0, respectively. The integrated intensities of
the bands of ring breathing mode (ν1) for Isurf (1,014 cm–1)
are 9,369.47 and 9,371.66 cps for the nano-networks in
Figs. 5b, d and 6b, d, respectively. The Ibulk of ν1
(1,005 cm–1) is 0.28 cps. Thus, the EF values for the
abovementioned nano-network gold films are calculated to
be about 1.69×105 and 1.90×105, respectively.

The nano-network gold film fabricated directly on the gold
electrode surface can be used to investigate SERS behavior
conveniently under electrochemical conditions [5]. Figure 7d
displays representative potential-dependent SERS spectra of
adsorbed Py on that film electrode of Fig. 5b. With negative
potential shift, the bands at 1,014 (ν1) and 1,038 (ν12) cm

–1

moved to low wavenumbers of 1,008 and 1,032 cm–1,
respectively, and the bands at 628 (ν6a), 1,213 (ν9a), and
1,599 (ν8a) cm

–1 appeared or were enhanced. All the peaks
reached the largest intensities at −1.2 V. These results are
consistent with previous reports [5].

Conclusions

Nano-network gold films can be prepared via anodization
of gold electrodes in an aqueous solution of AA or H2Q by
controlling the applied potential and the anodization time.
The production of gold oxide layer by anodization of gold
and its simultaneous and/or subsequent reduction by AA or
H2Q are involved in the formation of the nano-network
film. The as-fabricated nano-network gold films show very
strong SERS activity in comparison with the substrates by
some other electrochemical roughening methods.
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