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A B S T R A C T

In this work, a polydopamine functionalized self-supported nanoporous gold film (PDA@NPGF) was prepared
over a Au surface via anodization followed by chemical reduction method using dopamine as a reducing agent
for the first time. Field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray analysis
(EDX) were used to characterize the surface morphology and for elemental analysis. The electrocatalytic activity
and sensing ability of the PDA@NPGF platform were examined towards hydrogen peroxide (H2O2) and dopa-
mine (DA) detection using cyclic voltammetry and amperometry techniques. Cyclic voltammetry results confirm
the excellent catalytic activity of the PDA@NPGF electrode for H2O2 and DA sensing compared to that of bare
Au, and nanoporous gold film (NPGF) electrodes. The electrochemical determination of H2O2 and DA at PDA@
NPGF was evaluated by amperometry by applying a constant potential of −0.13 V and 0.20 V (vs. Ag/AgCl) in
the linear range of 1–100 µM, respectively. The detection limit of the developed sensor for H2O2 and DA analysis
was calculated using the corresponding calibration plots and the values were found to be 0.1 µM and 0.27 µM (S/
N = 3), respectively.

1. Introduction

Recently, nanostructured electrodes with large surface area have
attracted much attention in electrochemistry because of the great
number of adsorption sites for proteins and enzymes immobilization, as
well as the electrocatalytic effect owing to the presence of defects and
more active sites [1,2]. Therefore, they have been extensively used in
catalysis and chemical sensors [3,4], as well as for electrochemical
energy conversion [5–9] applications. Such nanostructures are usually
prepared through chemical dealloying [10] and/or electrochemical
alloying-dealloying [11], electrodeposition via dynamic hydrogen
bubble template [12,13], and anodization followed by (i) chemical
reduction (using ascorbic acid as reductant) [14] and/or (ii) electro-
chemical reduction methods [15]. Nanoporous gold (NPG) accom-
plishes widespread applications and the functionalization of NPG for
electrochemical applications is recently emerging. Among many ex-
amples, L-Cysteine functionalized NPG film was prepared by self-as-
sembled monolayer based on gold-thiol interaction and used for sen-
sitive and selective detection of Cu (II) ions [16], and a Prussian blue
modified NPGF was used for H2O2 detection [17].

Polydopamine (PDA), a mussel-inspired polymer, is mostly used in
surface chemistry due to the adhesive nature in all materials and is
usually prepared by self-polymerization of dopamine in aqueous tris

(hydroxymethylaminomethane) buffer solution [18]. PDA films can
also be prepared by electro-polymerization of dopamine by cyclic vol-
tammetry [19,20]. The mechanism of PDA formation is still unclear,
but the redox property has been largely recognized owing to the pre-
sence of catechol/o-quinone moieties, justifying its use for various
electrochemical applications [21]. For instance, the literature reports a
ferrocene-functionalized polydopamine redox matrix for H2O2 oxida-
tion [22], a gold nanoparticle self-assembled on sulfide functionalized
polydopamine for nitric oxide oxidation [23], a reduced graphene-
oxide@polydopamine composite for fabrication of a chlorpromazine
sensor [24], gold nanoparticles-polydopamine-graphene quantum dots
nanocomposite for non-enzymatic H2O2 detection [25], and biomimetic
polydopamine-gold nanocomposite for triglyceride detection [26]. Hi-
therto, to the best of our knowledge, NPG functionalized with poly-
dopamine was not reported so far. Hence, in this work we present for
the first time a simple and reproducible route to fabricate a poly-
dopamine functionalized nanoporous gold film via an anodization fol-
lowed by chemical reduction method using dopamine as reductant. The
electrocatalytic activity of the PDA@NPGF electrode and its ability for
sensitive detection were explored using hydrogen peroxide and dopa-
mine as model analytes.
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2. Materials and methods

2.1. Chemicals and apparatus

Dopamine hydrochloride (DA), ascorbic acid (AA), hydrogen per-
oxide (H2O2), phosphate buffer saline tablets (to prepare 0.01 M PBS
solution of pH 7) and sulfuric acid (H2SO4) were acquired from Sigma
Aldrich and Merck, respectively. The dissolved oxygen existing in the
electrolytic solution was removed by bubbling high pure argon gas
(acquired from Oxilumen, Brazil) for 20 min. Milli-Q-water (18.0 MΩ
cm resistivity) was used to prepare all the required solutions.

Electrochemical measurements were carried out using a PalmSens
portable potentiostat with PSTrace 5.4 version software. Gold (3.0 mm
diameter), platinum wire, and Ag/AgCl (saturated KCl) served as
working, counter and reference electrodes, respectively. All the po-
tential values are reported versus Ag/AgCl (saturated KCl) reference
electrode, unless otherwise stated in this work. Elemental analysis and
microscopic images were taken from a field-emission scanning electron
microscopy (JOEL JSM-7401F with 30 kV acceleration voltage) in-
strument.

2.2. Fabrication of the PDA@NPGF electrode

Before anodization, the Au electrode was well-polished with
0.05 µm alumina powder until a reproducible Au response in 0.5 M
H2SO4 solution was attained. A polydopamine functionalized self-sup-
ported nanoporous gold film (hereafter denoted as PDA@NPGF) was
fabricated through an anodization followed by chemical reduction
method using DA as a reducing agent. Initially, Au oxides (orange-
yellow color) were formed over the Au surface by anodization (at 2.0 V
for 15 min) in 0.5 M H2SO4 solution. The anodized Au electrode was
immersed in 0.1 M DA solution for the instantaneous chemical reduc-
tion of Au oxides to NPG and oxidation of DA to PDA, leading to the
formation of a PDA@NPGF (greenish-black color) on the Au surface
(Scheme 1). For comparison, NPG films have been prepared in similar
experimental conditions: (i) anodization followed by chemical reduc-
tion (A-CR) using ascorbic acid as reductant [14] and (ii) anodization
followed by electrochemical reduction (A-ECR) methods (absence of
reducing agent) [15].

3. Results and discussion

3.1. Electrochemical and microscopic characterization of PDA@NPGF

Cyclic voltammograms recorded at bare Au, NPGF, and PDA@NPGF
electrodes in 0.5 M H2SO4 solution are shown in Fig. 1A. The well-
characteristic Au oxide formation peak and the corresponding reduc-
tion responses can be clearly seen for all these electrodes. However, the
voltammogram recorded with the PDA@NPGF electrode showed higher
Au oxide formation/reduction currents compared to that of bare Au and
NPGF electrodes. The electrochemical surface area (ECSA, calculated
using the corresponding Au oxide reduction peak at around 0.9 V by
charge-integration method considering a monolayer charge of 390 µC
cm−2) and the roughness factor (RF) were determined [15] and the

values were found to be 0.3255 cm2 and 4.61 for bare Au, 1.8370 cm2

and 26.0 for NPGF, and 3.3205 cm2 and 47.0 for PDA@NPGF elec-
trodes. Additionally, both parameters (ECSA and RF) were also calcu-
lated for NPGF prepared using AA (figure not shown) and the values
were determined as 1.444 cm2 and 20.44. These results clearly confirm
that larger ECSA and RF values were obtained for PDA@NPGF com-
pared to other electrodes.

The PDA functionalization of the NPGF surface was established by
the presence of a well-defined surface-controlled redox response cor-
responding to DA oxidation/reduction process at the formal potential of
0.27 V in 0.01 M PBS solution (Fig. 1B, inset), which was further
confirmed by the linearity obtained in the oxidation current vs scan rate
plot (Fig. 1B).

Surface morphology of NPGF (prepared by A-ECR method) and
PDA@NPGF was assessed by FE-SEM. A well-known three-dimensional
nanoporous network structure with pore sizes around 30–50 nm was
observed for NPGF (Fig. 2A), and such structures are completely shel-
tered with PDA functionalization, as shown in Fig. 2B. For comparison,
an NPGF was also prepared using ascorbic acid as reductant under
identical conditions and a similar structure as the one presented in
Fig. 2A was obtained, with pore sizes in the range 30–60 nm. Ad-
ditionally, the presence of the elements C, N, O, and Au existing in the
PDA@NPGF was confirmed by EDX analysis and, for comparison, the
NPGF was also analyzed and only Au atoms were noticed. Hence, the
presence of a PDA redox moiety within an NPGF with a high surface
area fabricated by this simple approach can be more beneficial for
various electrochemical applications.

3.2. Electrocatalytic H2O2 reduction at PDA@NPGF

In a recent work we have demonstrated that thicker NPG films
present higher energy crystal planes and structural defects that cannot
be found at bare gold surfaces [27]. At such platform, the anodic oxi-
dation of ascorbate takes place at less positive potential values, hence it
is likely that the electron transfer process is facilitated owing to the
presence of such low coordinated gold atoms. A similar result was no-
ticed for H2O2, i.e., the peak potential was shifted to less negative va-
lues by using the NPGF electrode in comparison to the bare electrode
(Fig. 3A, curves a and b). Such effect is even more pronounced for the
PDA@NPGF electrode, where enhanced reduction current (approx. 2-
fold) was achieved compared to the other two electrodes (Fig. 3A, curve
c). Moreover, the peak potential for the H2O2 electroreduction at the
PDA@NPGF electrode (−0.13 V) was shifted towards less negative
potential values compared to that of bare Au (−0.65 V) and NPGF
(−0.35 V), respectively, probably because PDA (present in the NPGF) is
also a good redox mediator and hence it can contribute to the elec-
trocatalytic effect. It should be pointed out that the H2O2 reduction
current did not increase proportionally with the electrochemical active
surface area. This can be reasoned as the H2O2 reduction takes place at
the outer porous surface of the PDA@NPGF and hence the electroactive
area of the inner porous surface is not significantly involved in the
overall H2O2 reduction reaction.

We have recently developed H2O2 sensors based on NPG fabricated
by A-ECR and dynamic hydrogen bubble template methods, and the peak

Scheme 1. Fabrication of PDA@NPGF via anodization followed by chemical reduction method.
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potential for the H2O2 reduction process was found to be −0.2 V and
−0.1 V, respectively [28,29]. NPG electrodes prepared by a well-known
dealloying method using Au-Sn or Au-Ag alloys showed H2O2 reduction
potentials at −0.42 V and −0.35 V, respectively [30,31], and such va-
lues are 0.29 V and 0.22 V more negative compared to that obtained with
the PDA@NPGF electrode. For comparison, we have also prepared NPGF
by A-CR method using ascorbic acid as reductant at the same experi-
mental conditions and the H2O2 reduction peak was noticed at −0.43 V
which is around 0.30 V more negative than that of PDA@NPGF.

In order to shed light on the mechanism regarding the electro-
chemical reduction of H2O2 at the PDA@NPGF electrode, scan rate
dependent CVs were recorded from 0.01 to 0.1 V s−1. Fig. 3B shows the
current vs square root of the scan rate plot and the linear dependence
confirms the electrochemical process is diffusion-controlled. Hence, the

above results suggest that PDA@NPGF can be a suitable platform for
electrocatalytic H2O2 reduction at less negative potentials for the de-
velopment of non-enzymatic H2O2 sensors.

The analytical performance of the PDA@NPGF towards H2O2 re-
duction was assessed by applying a constant potential of −0.13 V
during successive additions of H2O2 in the linear range of 1–100 µM
(Fig. 3C). As it can be seen, a proportional current increment was ob-
served with H2O2 additions. From the calibration plot (Fig. 3D), a
sensitivity of 2.53 µA µM−1 cm−2 and a detection limit of 0.1 µM (S/
N = 3) were calculated. The obtained LOD is much lower compared to
the values reported for other nanoporous gold based H2O2 sensors, i.e.,
3.7 µM [28], 3.0 µM [29], 10 µM [30] and 3.26 µM [31], revealing the
excellent performance of the developed PDA@NPGF electrode towards
H2O2 detection.

Fig. 1. CV responses of bare Au, NPGF, and PDA@NPGF electrodes in 0.5 M H2SO4 solution at the scan rate of 0.1 V s−1 (A); CV behavior of PDA@NPGF electrode in
0.01 M PBS solution (inset) and the corresponding current vs. scan rate plot (B).

Fig. 2. FE-SEM images of NPGF (A) and PDA@NPGF (B) at different magnifications.
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3.3. Sensitive determination of dopamine at PDA@NPGF

After the successful assessment of the PDA@NPGF electrode for
H2O2 reduction, the sensor was employed for electrochemical oxidation
reactions and DA was chosen as a model analyte. The voltammograms
recorded in absence (a’, b’ & c’) and presence of DA (1.0 mM) in PBS
solution at bare Au (a), NPGF (b), and PDA@NPGF (c) electrodes were
shown in Fig. 4A. No faradaic response was observed for bare Au and
NPGF electrodes in absence of DA (a’ & b’), whereas a characteristic
redox peak was noticed for the PDA@NPGF electrode (c’), which is
attributable to the presence of PDA in the NPGF structures. However,
distinct redox responses were observed at the formal potential of
around 0.15 V for all electrodes in the presence of DA [32]. As already
observed for H2O2 reduction, a higher peak current value for DA oxi-
dation was obtained using the NPGF electrode because the increased
electroactive surface area. Such oxidation current was enhanced around
3.5 and 2-fold at the PDA@NPGF electrode compared to bare Au and
NPGF electrodes, respectively. Thus, the obtained results clearly in-
dicate both NPGF (high surface area) and PDA (redox mediator) can be
responsible for the overall current increment. For comparison, NPGF
can also be prepared using ascorbic acid under identical condition and a
similar response to the one obtained with the NPGF prepared by the A-
ECR method was obtained for DA oxidation. However, the DA oxidation
current was 2-fold enhanced by using the PDA@NPGF electrode.

In order to examine the electrochemical process of DA at the PDA@
NPGF electrode, cyclic voltammograms were recorded at different scan
rates (0.01–0.20 V s−1). The resulting current vs scan rate plot (Fig. 4B)
shows linear behavior for both DA oxidation and reduction with cor-
relation coefficients of 0.997 and 0.999, respectively, which indicates
the existence of a surface-controlled process. Hence, in order to utilize

the mutual advantages of PDA and NPGF, one can use the PDA@NPGF
as a sensing platform for sensitive determination of DA. Accordingly,
Fig. 4C shows amperometric responses regarding DA oxidation using
the PDA@NPGF electrode at an applied potential of 0.20 V. A linear
increment of current was observed with consecutive additions of DA in
the concentration ranges from 1 to 100 µM. The limit of detection and
sensitivity were calculated from the slope of the corresponding cali-
bration plot (Fig. 4D) and the obtained values were 0.27 µM and 1.0 µA
µM−1 cm−2, respectively. The calculated LOD is comparable to values
reported for other DA sensors based on nanoporous gold: 1.5 μM [33]
1.0 μM [34], 0.2 μM [35], 0.1 μM [36], and 0.1 μM [37].

4. Conclusions

We have successfully fabricated a PDA@NPGF electrode and de-
monstrated the dual advantages (such as high surface area and redox
moiety) of the developed sensor towards H2O2 and DA detection. The
observed electrochemical results clearly suggest the remarkable elec-
trocatalytic activity for H2O2 reduction and improved sensing ability of
the proposed electrode for both analytes. Henceforth, the PDA@NPGF
can be an attractive material for several potential applications in the
area of electrochemical sensors.
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Fig. 3. (A) CVs of H2O2 reduction (5.0 mM) at (a) bare Au; (b) NPGF; and (c) PDA@NPGF electrodes in 0.01 M PBS solution (a’, b’& c’ are the corresponding
backgrounds), scan rate 0.1 V s−1; (B) i vs. υ1/2 plot for the H2O2 reduction (5.0 mM) at the PDA@NPGF electrode; (C) amperometric i-t responses for successive
addition of [H2O2] at a constant potential of −0.13 V using the PDA@NPGF electrode; (D) corresponding calibration plot.
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