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ABSTRACT

In this study, a three-dimensional structure of nanoporous gold (NPG) was made by
selectively corroding copper (Cu) from gold-copper (Au-Cu) alloys using a two-step
electrochemical method. Given its large surface area and interconnected porous network,
nanoporous gold is a suitable material for the advancement of electrochemical sensors.
The screen-printed carbon electrode (SPCE) modified with nanoporous gold (NPG/SPCE)
was fabricated by electrodepositing a gold-copper alloy from gold ion (Au3*) and copper
ion (Cu?+) solution via cyclic voltammetry (CV) by scanning from -0.3 V to -0.8 V for 80
cycles. The copper is then removed via a dealloying process in 3M HNO3 using the cyclic
voltammogram (CV) method by scanning potential from 0 V to +1.0 V for 100 cycles at 100
mV/s. The morphology, elemental composition, and electrochemical active surface area
(ECSA) of NPG/SPCE electrodes were characterized using FESEM, EDX, and CV analysis,
respectively. The electrochemical performance of the NPG/SPCE was compared with bare
SPCE in a 10 mM potassium ferrocyanide (K+FeCNs) solution using cyclic voltammetry. The
morphological study using FESEM revealed that the NPG/SPCE had an average pore
diameter of 53 nm. The quantification of elements using EDX shows that 84 % of the
copper in the electrodeposited gold-copper alloy electrode was successfully removed by the
dealloying process. The higher number of cycles during the dealloying process led to
producing NPG with higher ECSA electrodes. The ECSA of NPG/SPCE is 12 times greater
than that of bare or unmodified SPCE in an equivalent geometrical area. NPG/SPCE has a
much better electron transfer surface than bare SPCE due to its high surface area and gold
surface properties, making it a potential sensing material for biosensing applications.

Keywords: dealloying, electrodeposition, gold alloy, nanoporous gold, screen-printed
electrode.

1. INTRODUCTION

Nanoporous gold (NPG) receives particular interest for its high active area, excellent
conductivity, and biocompatibility to be applied to various applications such as electrochemical
biosensors, energy conversion and storage systems and drug delivery devices [1]-[3]. The gold
nanoporous structure can be acquired through the dealloying process of gold alloys, which
eliminates more active elements from the Au alloy film. Briefly, during the dealloying process,
the more active constituent of alloy film is selectively dissolved into the solution, leaving behind
the three-dimensional interconnected porous structure of the more noble metal element. Alloys
can be fabricated through vapor deposition, sputter deposition, or electrodeposition, whereas
dealloying can take place in a very concentrated acid or by applying an electrochemical
potential to dilute acids. [4]. Tuning the electrodeposition condition allows greater control of
surface morphologies such as the thickness of the film, surface roughness, size, and shape of the
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nanostructure. This electrodeposition method is simple to implement by controlling either
applied potential and current, the number of scan cycles, or the scan rate. It is critical to
understand that different metal elements have different potentials for the metal ion to undergo
reduction. As a result, for both metal ions to be electrodeposited on a screen-printed carbon
electrode, a range of potentials must be applied. Dealloying can be achieved electrochemically
or through a chemical dealloying process in a highly corrosive solution. Chemical dealloying of
gold-silver (Au-Ag) or gold-copper (Au-Cu) alloys in concentrated nitric acid with a molarity
greater than 15 M is commonly used to create nanoporous gold (NPG) [5]-[7]. El Mel group
used 70% nitric acid to dealloy Au-Cu film using a chemical dealloying process and required 5
hours for 100% of the Cu element to be dissolved [8]. However, when fabricating nanoporous
gold (NPG) on screen-printed electrodes, highly corrosive solutions are not desirable. It is
because the chemical dealloying method will cause the printed reference electrode and the
counter electrode to detach from their ceramic substrate. Alternatively, NPG films can be
produced by catalyzing the dealloying process with the electrochemical method in dilute acid
solutions [5], [9]. However, this application requires a specific potential for selectively
dissolving the more reactive element. The electrochemical dealloying approach allows a faster
and more precise measure of the etching or dissolution process, lowers costs, and reduces
corrosive waste compared with the chemical dealloying method. The electrodeposition and
leaching conditions must be properly controlled to get the diameter, shape, and density of the
nanopores (i.e., time, temperature, and concentration).

In this study, we focus on fabricating nanoporous gold structures using the electrochemical
method, from alloying to dealloying on the screen-printed carbon electrode. The present work
aims to highlight the use of the dealloying method that can produce a high electrochemical
active surface area and a uniform, homogeneous coating that can be utilized in sensor
applications. Earlier studies [10]-[16] employed the pulse electrochemical dealloying method
on commercial gold alloys, where a specific potential was applied to the alloy for a set duration
of time. However, this method is not suitable for use with screen-printed carbon electrodes
(SPCE), as the printed silver reference electrode (RE) will oxidize when exposed to the Au-Cu
alloy solution, leading to a shift in reduction potential due to a galvanic replacement reaction
between silver metal and gold ions in the solution. Therefore, to integrate SPCE as the
deposition and dealloying substrate, cyclic voltammetry was implied by applying a certain range
of potential for electrodeposition and electrochemical dealloying. This process may aid in the
optimization of the electrochemical condition to obtain a better morphological structure and
improve the electrochemical performance of the NPG electrode. Dilute nitric acid was chosen as
the etching solution for the dealloying process in order to avoid the silver (Ag) reference
electrode from being oxidized. Field Emission Scanning Electron Microscopy (FESEM), Energy
Dispersive X-Ray (EDX), and cyclic voltammetry analyses were employed to study the surface
properties and electrochemical behavior of the Au-Cu alloy and NPG electrode.

2. MATERIAL AND METHODS
2.1 Materials and chemicals

A screen-printed carbon electrode (SPCE) with a carbon working electrode diameter of 0.11
cm?, silver (Ag) as the reference electrode, and carbon as the counter electrode was purchased
from Metrohm Malaysia Sdn. Bhd. Gold (III) chloride trihydrate >99.9 % (HAuCl4.3H,0) and
potassium hexacyanoferrate (II) trihydrate (KisFeCNg) were purchased from Sigma-Aldrich,
Germany. Potassium chloride >99.999 % (KCI) used as supporting electrolytes was purchased
from Thermo Scientific, USA. Nitric acid (69.0-70.0 %) and sulphuric acid (96 %) were
purchased from Fisher Scientific (M) Sdn Bhd.
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2.2 Instruments

Electrochemical analyses, electrodeposition, and dealloying processes were performed on the
DropSens Portable Potentiostat/Galvanostat/Impedance Analyzer (EIS) STAT-I 400s (Oviedo,
Spain) electrochemical system interfaced with the DropView 8400 software. Morphological
study of the NPG/SPCE electrode was obtained using a Field Emission Scanning Electron
Microscope (FESEM, JEOL model JDM-7600F) operating at a voltage of 5 kV and interfaced with
an Energy Dispersive X-Ray (EDX) spectrometer for elemental study.

2.3 Electrodeposition and dealloying of gold-copper (Au-Cu) alloy on SPCE

The gold nanoporous electrode was fabricated by coating a screen-printed carbon electrode
with Au-Cu alloy and then dealloying the alloy electrode with HNO3 solution to create a porous
structure. Prior to the deposition process, cyclic voltammetry in a 2:8 mM Au-Cu alloy solution
was carried out by scanning from +1 V to -1 V to find the optimum potential for deposition. After
that, the Au-Cu alloy was electrodeposited on SPCE by cyclic voltammetry mode by scanning
from -0.3 V to -0.8 V for 80 cycles at 100 mV/s in 2:8 mM Au-Cu alloy solution containing 1 M
H>S04, producing an Au-Cu/SPCE electrode. The deposition was cycled 80 times, which is
equivalent to 15 minutes, as referred to [10], [17]. The Au-Cu/SPCE electrode was then de-
alloyed via cyclic voltammetry for the removal of Cu from the alloy electrode, which then
resulted in a porous structure. The dealloying potential range used was from 0 V to +1 V for 100
cycles at 100 mV/s in 3 M HNOs. The effect of the number of scanning cycles during the
dealloying process was investigated with respect to the NPG electrochemical performance.
Finally, the electrodes were dried under a nitrogen stream.

2.4 Electrochemical measurements

All electrochemical measurements were performed using fabricated gold nanoporous
(NPG/SPCE) (diameter 4 mm) with a built-in carbon auxiliary electrode and silver reference
electrode. The cyclic voltammetry measurement was performed in 0.1 M KCl containing 10 mM
K4FeCNe. By performing CV in 0.5 M H2SO4, the electrochemical active surface area (ECSA) and
roughness factor of NPG were determined from the cathodic area of the voltammogram
corresponding to gold oxide reduction to gold by applying potential from +0.2 V to +1.8 V at 100
mV/s.

3. RESULTS AND DISCUSSION
3.1 Electrodeposition and Dealloying of Gold-Copper (Au-Cu) Alloy on SPCE

Prior to the electrodeposition of Au-Cu alloy on SPCE, a cyclic voltammogram of SPCE in a bath
solution containing both ions (Au3* and Cu?+) was plotted to determine the optimal potential
range for Au-Cu alloy deposition. Figure 1 shows the cathodic peak waves, ipci and ipcz, which
appeared at +0.12 V and +0.02 V corresponding to the two successive reductions of gold as
shown in equations (1) and (2), respectively, with both processes introducing chloride ions into
the solution [17]. Meanwhile, further scanning to a more negative potential, two more cathodic
peaks, ipc3 and ipcs4 appeared at -0.44 V and -0.77 V corresponding to the reduction of copper as
shown in equations (3) and (4), respectively [18].

AuCly + 2 e > AuCly + 2 Cl-
AuCly +1e - Au(0) + 2 Cl-
Cu?2++1e =Cur

Cut+1e = Cu(0)
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On the reverse oxidative sweep, the anodic peaks at ipa; (-0.58 V) and ipaz (-0.41 V) exhibit
reversibility of Cu(I/0) to two successive oxidation, reverse equation of equations (3) and (4).
The two-step oxidation of Cl- at the gold surface is consistent with the other two oxidation
processes observed at ipas (+0.37 V) and ipas (+0.52 V). Peak ipa;s is attributed to the two-
electron oxidation of chloride to trichloride, equation (5), whereas peak ipas is attributed to the
following one-electron oxidation, which releases chlorine gas, equation (6) [17].

3Cl-->Cls+2e
2Clz > 3Cl,+2e
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Figure 1. Cyclic voltammogram of SPCE in Au-Cu alloy solution + 0.1 M H2SO4scanned at 100 mV/s

Since gold and copper have different standard reduction potentials, the reduction peak of both
metal ions in the Au-Cu alloy solution is separated. For both elements to be deposited on the
SPCE surface, a potential range between ipci and ipcs was applied. Au-Cu alloy was
electrodeposited by applying potential from -0.3 V to -0.8 V and back to -0.3 V. Figure 2 shows a
cyclic voltammogram of the electrodeposition process of a gold-copper alloy on SPCE where the
potential between -0.3 V and -0.8 V was cycled 80 times at 100 mV/s.

The carbon working electrode was observed to change from a black to a gold appearance after
the electrodeposition process. The shifting of the reduction peak to a more positive potential
from -0.48V in the first cycle to -0.32 V in the 80t cycle was observed in Figure 2, indicating that
the electrodeposition of Au-Cu in the following scan took place on the Au-Cu alloy layer formed
earlier after the first scan [15]. This is coherent with thermodynamics, which envisions that the
nucleation of the subsequent layer of Au-Cu nanoparticles on the deposited Au-Cu alloy surface
is easier than the nucleation of Au-Cu nanoparticles on SPCE. This is due to the deposition of any
metal elements (i.e., Au, Cu, Ag) on the gold surface requiring less energy than deposition on the
carbon surface. [19].
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Figure 2. Cyclic voltammograms of the electrodeposition process of Au-Cu alloy on the SPCE surface for
80 cycles at 100 mV/s.

The deposition of the Au-Cu alloy is maintained at 80 cycles, so the electrochemical
performance of NPG depends only on the dealloying cycle. Dealloying of gold-copper (Au-Cu)
alloy was carried out in a 3 M HNO3 solution by scanning potentials 0 V to +1 V for the different
number of cycles in order to produce a porous gold structure, as shown by CV in Figure 3.
During the dealloying process, less noble Cu is selectively dissolved, while Au will remain to
form a nanoporous structure of gold. Applying positive potential will fasten the dealloying
process, which causes Cu to leave the Au-Cu electrode surface, thus forming the nanoporous
gold structure. The cyclic voltammograms of the dealloying process at the 1st cycle and 100t
cycle are shown in Figure 3, where the oxidation peak of Cu at +0.15 V on the 1st cycle eventually
disappeared in the 100t cycle scan. It was observed that at the 100t cycle of the CV, only
oxidation and reduction peaks of Au appeared. This is because Cu(0) was completely removed
from the alloy electrode surface.
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Figure 3. Cyclic voltammograms of the dealloying process of Au-Cu alloy in 3 M HNO3 for 15t and 100t
cycles at 100 mV/s

3.2 Cyclicvoltammogram (CV) response of [Fe(CN)¢]*/3-ions on NPG/SPCE

The performance of the NPG/SPCE electrode was investigated by conducting cyclic voltammetry
in 10 mM ferrocyanide ([Fe(CN)¢]4) + 0.1 M KCI. Since the deposition cycle of the Au-Cu alloy
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was maintained at 80 cycles, the electrochemical performance of the NPG is solely dependent on
the dealloying cycle (for example 10 cycles of the dealloying process is denoted as NPG-10). It
was found that NPG-100 (ie: 100 cycles of dealloying process) has higher anodic/cathodic
current peaks as compared to other NPG electrodes as summarized and depicted in Table 1 and
Figure 4, respectively, An extended dealloying cycle leads to a higher quantity of copper
dissolved into nitric acid, which enhances the surface area and improves the electrochemical
performance of the NPG. However, there is no significant difference in redox current peak
between NPG-100 and NPG-200 due to most of the copper had already been dissolved at 100
cycles.

Another notable difference is both oxidation and reduction peak potentials, E,a and Epc of
[Fe(CN)¢]*/3- on the NPG/SPCE electrode. The peak separation between Ey.and E,. becomes
smaller with an increasing number of dealloying cycles. NPG-100 has the lowest peak
separation value (Epa - Epc) compared to others modified electrodes as summarised in Table 1.
The electron-transfer kinetics of the electrode influence the redox peak separation values. Small
redox peak separation implies that the electrode surface aids the electron transfer reaction of
[Fe(CN)¢]*/3- ions. The increase in Ep, - Ep, on the other hand, was caused by the electrode
surface undergoing a redox reaction with slow electron transfer [15], [20]. In comparison to the
previous study, the NPG/SPCE of this study has obtained a 60 % lower peak separation value
than Zakaria et al. (2021), who obtained +0.2 V for the average value of peak separation of the
AuNP/GCE electrode. This is because the NPG/SPCE with a nanoporous structure provides more
active surface area for a faster electron transfer reaction of [Fe(CN)e]4/3- ions to occur.
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Figure 4. Cyclic Voltammograms of unmodified SPCE, NPG-10, NPG-50, NPG-100 and NPG-200 electrodes
in 10 mM Ka[Fe(CN)¢] + 0.1 M KCl solution

Table 1. A summary of the anodic, cathodic and peak separation values of unmodified SPCE and NPG
electrodes

Electrode Epa (V) Epc(V)  Epa-Epc (V) Anodic Cathodic
Current (I;a) Current (Iy()
Unmodified SPCE 0.252 0.064 0.188 81.102 -67.03
NPG-10 0.224 0.096 0.128 98.342 -98.933
NPG-50 0.232 0.110 0.122 211.425 -206.089
NPG-100 0.216 0.098 0.118 230.779 -229.874
NPG-200 0.220 0.101 0.119 223.978 -228.793
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3.3 Surface characterization of Au-Co alloy and NPG electrode

FESEM provides one of the most informative techniques to study the surface morphology (i.e.,
size and shape) of the electrodeposited metal nanoparticles. FESEM analysis was used in this
study to investigate the surface structural morphology of the electrodeposited Au-Cu alloy
(Au/Cu/SPCE) and nanoporous Au electrode (NPG/SPCE).

The heterogeneous surface of bare SPCE (Figure 5a) contributes to the agglomeration of Au-Cu
nanoparticles during the deposition process due to its stable nucleating surface already present
[21]. Figures 5b shows the FESEM images of the Au-Cu alloy deposit at a magnification of 5 K
and 100 K after the deposition process. Notably, the Au-Cu alloy deposits comprise a variety of
quasi-spherical and facetted nanoparticles with particle size around 500 nm. Agglomeration of
nanoparticles also occurs due to the nanoparticles tending to grow on the previously formed
Au-Cu alloy nanoparticles, which is consistent with the shifting of the cathodic peak as shown
earlier by CV in Figure 2. After the dealloying process, the interconnected nanoporous structure
was formed, as shown in Figures 5c at 5K and 100K magnification. Inset Figure 5c depicts an
interconnected porous structure aggregated by Au particles that join together with around 50
nm pores in diameter.

Au-Cu alloy and NPG electrodes were subjected to EDX analysis to investigate the presence of
their elemental compositions. From Figure 6a, the Au-Cu alloy surface exhibited two main peaks
related to gold and copper, which account for approximately 79 % of surface compositions as
summarized in Table 2. The presence of carbon on both electrode surfaces might be due to the
inhomogeneous deposition process that does not cover the entire bare carbon substrate. Figure
6b displays an obvious decrease in the weight percent of copper, whereas the composition of
carbon and gold peaks was maintained after the dealloying process.

On the other hand, the NPG surface was rich in gold, with 73.1 % and only 0.86 % of copper
detected on the carbon surface (i.e, 85 % Cu removal), indicating a successful dealloying
process. The remaining 15 % of Cu was unable to dissolve during the dealloying process due to
the agglomeration of the Au-Cu alloy, which hindered the HNO3 from reaching the underneath
Cu, whereas another 25.91 % accounted for carbon, which suggested that the gold
nanostructures do not cover the bare carbon surface completely. Thus, it is recommended to
increase the time of deposition in order to completely cover the entire SPCE surface with gold
alloy.
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Figure 5. FESEM images of a) bare SPCE, b) Au-Cu/SPCE and c) nanoporous Au electrode at 5K. (Inset
images at 100K magnification, respectively)

. Spectrum 5 . Spectrum 9

Figure 6. Energy Dispersive X-ray spectroscopy (EDX) spectra of (a) Au-Cu alloy and (b) NPG electrode.

Table 2. Elemental composition of the Au-Cu alloy and NPG electrode

Elemental composition (wt.%)

Electrode Gold (Au) Copper (Cu) Carbon (C)
Au-Cu Alloy 73.07 5.41 21.52
NPG 73.23 0.86 25.91

798



International Journal of Nanoelectronics and Materials
Volume 16, No. 4, October 2023 [791-802]

3.4 Electrochemical active surface area and roughness factor of NPG/SPCE

The surface area is an important concern, as it will enhance the electrocatalytic activity of the
modified SPCE electrode. A cyclic voltammogram of NPG/SPCE in a 0.5 M H»SO. solution was
recorded to investigate the electrochemical active surface area (ECSA) of the prepared
NPG/SPCE, as shown in Figure 6. From the voltammogram, a small increment of anodic current
at +1.1 V was observed on the forward scan, corresponding to the electrochemical oxidation of
gold, and while a cathodic peak appeared at +0.5 V due to the reduction of gold oxide to gold on
the reverse scan. The electrochemical active surface area (ECSA) and roughness factor (p) of the
NPG/SPCE electrode were calculated using equations 7-9 by integrating the gold oxide
reduction peaks in the negative-going scan from +0.7 V to +0.35 V. The electrode was assumed
to be covered by one monolayer of adsorbed oxygen with a transferred charge of 868 pC cm-2
[22].

integrated area under reduction peak

Charge(Q) = scan rate of CV (7)
Electrochemical active surface area (ECSA) = QL (8)
theoretical
Roughness factor (p) = iCSA 9)
geo

where Q is the Faradaic charge passed up during the experiment, Queoretical iS the theoretical
charge density of Au given in the literature as 390 pC cm2 [15] and Ag.o is the geometrical area
of the working electrode of SPCE, which is 0.11 cm2. The ECSA and p of the NPG /SPCE are 1.36
cm? and 12.36, respectively. Assuming that the ECSA of bare SPCE is similar to its geometrical
area, the modification of SPCE with NPG is able to increase the ECSA by 12 times. The data
obtained indicate that the NPG/SPCE has a larger and rougher surface, which enhances the
electrochemical performance of the electrode as can be seen in Table 3. This is consistent with
the porous structure on NPG/SPCE electrode, which provides more surface area for electron
transfer mechanism reactions to occur as compared to the particle-like structure. Greater ECSA
can result in faster electron transfer, more efficient mass transfer, and significantly improved
electrochemical output [23].
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Figure 7. Cyclic voltammogram of NPG/SPCE and unmodified SPCE recorded in 0.5 M H2SOsat 100 mV/s.
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Table 2 Detailed comparison of the ECSA, roughness factor and pore size of gold nanostructures using
various electrodes.

Method Electrode ESCA (cm2) Roughness Pore size Ref.
factor (p) (nm)

Electrodeposition AuNP 0.085 - - [10]
0.09 - - [15]

Anodization NPG 0.216 4.7 10 to 50 [24]
- 6 - [25]

0.69 - 60 to 130 [14]

Chemical NPG - - 10 to 75 [8]
dealloying - 7.65 12.8 [12]
Dropcast Cu0/Co30.,@M 0.115 - - [26]

WCNTSs
Electrochemical NP-Ni - - 100 to 200 [11]
dealloying NP-Pd - - 30 to 60 [13]
NPG 1.36 12.36 40 This work

4. CONCLUSION

In conclusion, a two-step approach to the synthesis process for the modification of SPCE with a
nanoporous gold structure (NPG/SPCE) was successfully developed. This approach is based on
the electrodeposition of Au-Cu by cyclic voltammetry followed by the removal of Cu using a
dealloying process in nitric acid. Although not often used, CV is proved to be an efficient
deposition mode for electrodepositing Au-Cu nanoparticles on SPCE and the dealloying process
of the Au-Cu alloy electrode is done to form a nanoporous structure of gold. The pore diameter
of the porous structure of the gold deposit was around 50 nm. This porous structure of gold
with high ECSA and surface roughness has significantly enhanced the electron-transfer kinetics
of [Fe(CN)¢]*/3 redox reactions, as shown by the small peak separation (Ep. - Epc) value. It was
found that the number of scanning cycles for the dealloying process has significantly affected
the formation of NPG/SPCE. The excellent electrochemical performance of the modified SPCE
electrode is associated with the gold nanoporous structure and the superior electrical
conductivity of the gold element. The findings presented here will be valuable in understanding
the growth mechanisms of gold alloy nanoparticles on the SPCE surface and the fabrication of
nanoporous gold using a two-step process (i.e., deposition of gold alloy and dealloying process
of the alloy) for use in electrochemical sensor technologies.
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