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Abstract—Dopamine and ascorbic acid has been fractionally determined at nickel oxide nanoparticles (nano-
NiOx) modified polycrystalline gold electrode (poly-Au), nano-NiOx/Au, with high selectivity using voltam-
metric techniques. Nano-NiOx/Au electrode, fabricated electrochemically, could resolve the overlapping
obtained at the bare poly-Au electrode. Nano-NiOx/Au electrode was prepared by cycling of potential of Au
electrode in diluted Watts bath in the potential range between 0.0 and –1.0 V vs. Ag/AgCl (KCl sat.), and was
characterized morphologically and electrochemically. Effect of loading level of nickel was examined by
changing the number of potential cycles for the deposition of nickel nanoparticles, i.e., 1, 2 and 5 potential
cycles were used. Also the effects of the electrooxidation of the thus deposited nickel nanoparticles and pH of
the electrolyte on the voltammetric behavior were investigated. The good calibration curve of an acceptable
rectilinear range is obtained at nano-NiOx/Au electrode in which nano-Ni was prepared by two potential
cycles and subsequently electro-oxidized in KOH solution.
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Applications of nanostructured surfaces in diverse
fields are exponentially increasing. One of the most
important applications is biomolecules sensing via
tuning of the interfacial properties of modified elec-
trodes, and consequently the electrocatalytic activity.
The determination of species such as dopamine (DA),
naturally occurring catecholamine, are particularly
important for neuroscientists. Dopamine is a key neu-
rotransmitter that is vital for the function of the central
nervous system and control of hormonal and cardio-
vascular systems. Anomalous levels of DA can lead to
disorders such as schizophrenia, senile dementia and
Parkinson’s disease [1‒3].

On the other hand, metal and metal oxide
nanoparticles have received considerable attention in
recent years, as they have high catalytic properties
compared with their bulk counterparts. They have size
dependent unique chemical, electrical and optical
properties and are very promising for practical appli-
cations in diverse fields, like electronic nanodevices,
molecular catalysts, multifunctional reagents and bio-
sensors [4‒9].

In the present work we examine the possible frac-
tional determination of DA and ascorbic acid (AA),
coexisting in the extracellular f luids, at nickel oxide
nanoparticles modified gold electrode (nano-
NiOx/Au) with different loading. Results are com-
pared to those obtained at the poly-Au electrode on
which the electrochemical responses of the two spe-
cies overlap. In addition, bare gold electrodes suffer
from the fouling effect due to accumulation of the oxi-
dized product [10]. Also, AA oxidation is homoge-
neously catalyzed by the oxidized DA [11]. Both spe-
cies were simultaneously determined by using several
techniques [12‒16] including voltammetric methods
with their known selectivity and simplicity [17‒19].
Ohsaka et al. [20, 21] utilized the different interactions
of the two species with the thiol modified electrodes
for the selective determination of the two species.
However, thiol modified gold electrodes are not so
stable, as the assembled thiol molecules might desorb
with several potential scans, or when potential of the
electrode is excursed at higher anodic potential. The
present modification is comparatively more stable and
might give the possibility of using nano-NiOx/Au
electrode for the detection of DA and AA in their1 The article is published in the original.
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coexistence at considerable selectivity and sensitivity.
It relies on the interaction of ascorbic acid with
NiOx/Au electrode.

EXPERIMENTAL
Reagents and solutions. All experiments were per-

formed using analytical grade chemicals without fur-
ther purification; their solutions were prepared using
bidistilled water. Dopamine and ascorbic acid stan-
dard solutions were prepared in bidistilled water.

Electrodes. The polycrystalline gold (poly-Au)
electrode (1.6 mm in diameter) was polished to mir-
ror-like with alumina powder (down to 0.06 μm) and
then rinsed ultrasonically for 10 min in bidistilled
water for removing any physically adsorbed species.
Next, it was electrochemically pretreated in N2-satu-
rated 0.05 M H2SO4 solution by repeating the potential
scan in the potential ranges of –0.2 to 1.5 V vs.
Ag/AgCl (KCl sat.) until the cyclic voltammetric (CV)
characteristic of a clean Au electrode was obtained.

Preparation of nano-NiOx/Au electrode. Nickel was
electrodeposited from Watts bath [22]; (NiSO4 · 6H2O
240 g/L + NiCl2 · 6H2O 45 g/L + H3BO3 30 g/L), after
being diluted 2000-fold with H2SO4 solution, by
cycling the potential in the range 0 to –1.0 V. Then the
electrode was subjected to several potential cycles in
0.1 M KOH for oxidizing the thus deposited nickel.

Measurements. Electrochemical measurements
were performed using a PGSTAT30 potentiostat/gal-
vanostat (Netherlands) controlled by General Pur-
pose Electrochemical Systems (GPES) and Fre-
quency Response Analyzer (FRA) software. The
working electrode and the counter electrode (a plati-
num spiral wire) were separated by a porous glass. An

Ag/AgCl (KCl sat.) electrode was used as the reference
electrode. A conventional three-electrode cell of
around 20 mL was used for the cyclic voltammetric
measurements. All electrochemical measurements
were conducted under nitrogen saturated solutions.

Scanning electron microscopy (SEM) measure-
ments were carried out using a Hitachi microscope. An
accelerating voltage of 20 kV was used for all the imag-
ings done in this work.

RESULTS AND DISCUSSION
Cyclic voltammetry. Figure 1 shows cyclic voltam-

mograms obtained at bare poly-Au (curve 1) and
nickel nanoparticles modified gold electrode, nano-
Ni/Au (curve 2) in N2-saturated 0.05 M H2SO4. The
characteristic CV of a clean poly-Au electrode clearly
shows in curve 1 the oxidation peak (at ca. 1.1‒1.5 V
vs. Ag/AgCl) that corresponds to the formation of gold
oxide monolayer, coupled with a reduction peak cen-
tred at ca. 0.9 V [23]. It has been reported that the oxi-
dation peak corresponds to the oxidation of the differ-
ent facets of the poly Au electrode, i.e., Au (111), Au
(110) and Au (100) facets [23]. The decrease in both
peaks, i.e., oxidation and reduction, shown in the case
of nano-NiOx/Au electrode (curve 2) ref lects the
deposition of nickel onto poly-Au electrode. The
deposition of nickel onto poly-Au electrode is revealed
from the SEM image (Fig. 2, in which nickel is depos-
ited via two potential cycles onto the underlying poly-
Au electrode, as explained in the experimental section.

Figure 3 shows cyclic voltammograms obtained at
bare polycrystalline gold (2), nano-Ni/Au (3) and
nano-NiOx/Au (4) electrodes in N2-saturated phos-
phate buffer solution (pH 7.25) containing 0.25 mM

Fig. 1. Cyclic voltammograms obtained at bare polycrys-
talline gold (1) and nano-Ni/Au (2) electrodes in N2-sat-
urated 0.5 M H2SO4 solution. Scan rate 100 mV/s.
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Fig. 2. SEM image obtained for nano-Ni/Au electrode
prepared by two potential cycles, as explained in the exper-
imental section.
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DA + 1.0 mM AA. Curve 1 is the blank response
obtained at bare Au electrode. Inspection of this figure
reveals that (i) at bare Au electrode (curve 2) the elec-
trochemical responses of DA and AA are overlapped,
and only one anodic peak is obtained over a wide
potential range (0‒0.5 V). This anodic peak is coupled
by one cathodic peak centered at 0.16 V and probably
corresponds to the dopamine reduction. In curve 3
which is obtained at nano-Ni/Au electrode, the two
peaks for DA and AA start to be separated. In addition,
the onset potential of AA is shifted negatively.

The two ill-defined peaks corresponding to DA
and AA are obtained at 0.08 and 0.20 V, respectively. It
is noteworthy to mention that the anodic peak poten-
tial (ca. 0.2 V) corresponding to the oxidation of dopa-
mine is almost constant at the studied electrodes, i.e.
at the bare, nano-Ni/Au and nano-NiOx/Au elec-
trodes. Modification of electrode significantly affects
the oxidation of ascorbic acid, but not the oxidation of
DA. At nano-NiOx/Au (Fig. 3, curve 4) the peak of
AA is shifted negatively and separated to a large extent
from the DA oxidation peak. It has been reported that
nickel oxide rather than metallic nickel is the appro-
priate electrocatalyst for the oxidation of hydroxyl
compounds [24]. Thus, the negative shift of AA oxida-
tion at nano-NiOx/Au electrode could be attributed to
the enhanced adsorption of AA.

To examine the effect of loading of nickel oxide,
nano-Ni was deposited using different potential cycles
and subsequently oxidized by potential cycling of the
thus prepared electrodes in KOH solution, and results
are shown in Fig. 4, in which the cyclic voltammo-

grams obtained at bare Au (1) and nano-NiOx/Au
(2‒4) electrodes in phosphate buffer solution contain-
ing 0.25 mM DA + 1.0 mM AA are given. Nano-
NiOx/Au were prepared as mentioned in the experi-
mental section by one potential cycle (2), 2 cycles (3)
and 5 cycles (4). As clearly shown, the loading level of
NiOx is inherently controlling; while nano-NiOx/Au
electrode prepared by 2 potential cycles nicely separate
the two oxidation peaks of DA and AA, the electrode
prepared by one potential cycle is insufficient to com-
pletely separate the two oxidation peaks, and the one
prepared by 5 potential cycles, even though it could
separate the two peaks, but the separation is not as
much as the one obtained in the case of the modified
electrode prepared by 2 potential cycles. Hence, the
loading prepared by two potential cycles will be used
hereafter as the optimum one.

It is noteworthy to mention that the combination of
nickel nanoparticles and the gold underlying substrate
is essential for the separation of the oxidation peaks of
DA and AA. This might explain why the best response
is obtained at electrode modified by the deposition of
nickel oxide via two potential cycles. It is likely that the
electrodes prepared by one potential cycle do not sep-
arate the voltammetric peaks because the underlying
gold substrate is exposed to the electrolyte solution by
a larger extent, i.e., the response of the gold electrode
is controlling the electrochemical process. It is well
known that bare gold electrode cannot separate the
peaks of DA and AA [20, 21]. In the case of the modi-
fied electrode prepared by five potential cycles, the
exposed area of the underlying gold substrate becomes
very small. Nickel oxide enhances the adsorption of

Fig. 3. Cyclic voltammograms obtained at bare polycrys-
talline gold (2), nano-Ni/Au (3) and nano-NiOx/Au (4)
electrodes in N2-saturated phosphate buffer solution
(pH 7.25) (1) containing 0.25 mM DA + 1.0 mM AA
(2‒4). Nano-Ni/Au was prepared using two potential
cycles. Scan rate 100 mV/s.
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Fig. 4. Cyclic voltammograms obtained at bare Au (1) and
nano-NiOx/Au (2‒4) electrodes in N2-saturated phos-
phate buffer solution (pH 7.25) containing 0.25 mM DA +
1.0 mM AA. Nano-NiOx/Au electrodes were prepared by
one (2), two (3) and five (4) potential cycles. Scan rate
100 mV/s.
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ascorbic acid facilitating its electrochemical oxidation
at lower potential. This results in discriminating the
electrochemical response of the two species [24]. Sim-
ilar results have been reported at gold-palladium
binary catalyst, acting as a mediator, modified onto
glassy carbon electrode for the simultaneous determi-
nation of the two species over a wide concentration
range extending from mM to μM [25].

Next the effect of pH was optimized. The oxidation
of DA (Eq. 1) and AA (Eq. 2) involves protons and
thus is expected to be pH dependent. Cyclic voltam-
mograms of DA and AA obtained at nano-NiOx/Au
electrode in phosphate buffer solutions of different
pHs at a scan rate of 100 mV/s are shown in Fig. 5. As
clearly shown, the peak potentials of the two species
shifted negatively upon increasing the pH. In addition,
the peak current slightly increased. The large peak
separation is obtained at pH 7.25 (curve 5). At higher
pH values the two peaks for the DA and AA oxidation
overlap. Thus, pH 7.25 will be used hereafter as the
optimum one. Peak potentials extracted from this fig-
ure are plotted against pH. A linear plot with a slope
equaling 60 mV/pH was obtained (data not shown).
The linear dependence of peak potential of DA on pH
indicates the presence of a proton-transfer reaction
preceding the electrode process. The slope is close to
Nernstian, revealing that the uptake of electrons is
accompanied by an equal number of protons (Eq. 1).
Similar results are obtained for the dependence of the
oxidation of AA on pH.

(1)
HO

HO
H2N

O

O
H2N + 2H+ + 2e−

(2)

The selectivity of the present determination of DA
and AA was examined by measuring the CVs at the
nano-NiOx/Au electrode for 1.1 mM AA in the pres-
ence of different concentrations of DA (data not
shown). The oxidation peak current of AA was con-
stant irrespective of the concentration of DA. The
negative shift in the well-defined oxidation peak of AA
obtained at nano-NiOx/Au electrode, in comparison
with that at the poly-Au electrode and nano-Ni/Au
electrodes, makes possible to selectively determine DA
in the presence of AA.

Square wave voltammetry. The two peaks of the
oxidation of AA and DA are utilized for their selective
determination using square wave voltammetry which
offers excellent discrimination against double-layer
charging current and accordingly has a high sensitivity
[26]. First, the instrumental parameters, i.e., step
potential, square wave amplitude and frequency, were
optimized before recording the square wave voltam-
mograms for the reduction of DA and AA. These
parameters are interrelated and have a combined effect
on the obtained response. Finally the following
parameters were used: step potential, 4 mV, square
wave amplitude, 25 mV, and frequency, 25 Hz (and
thus the scan rate was 100 mV/s).

Under the optimum conditions and for the sake of
comparison, the square wave voltammograms (SWVs)
of AA and DA in their coexistence were recorded at
nano-NiOx/Au electrode in two cases (Fig. 6), i.e. 1st,
keeping the concentration of AA constant and chang-
ing the concentration of DA, and the 2nd, the reverse,
i.e. keeping the concentration of DA constant while
changing the concentration of AA (Fig. 6). As clearly
shown in curves 1‒4 in which the concentration of AA
is kept constant and the concentration of DA is
changed, the first peak keeps constant while the peak
at 0.2 V (corresponds to DA) is increased. In curves
4‒6 the DA concentration is kept constant and that of
AA is changed. Again, the peak for AA is increased,
while the peak of DA is constant confirming the high
selectivity of the present method.

Figure 7 shows SWVs obtained for the oxidation of
various concentrations of DA and AA. The oxidation
peaks of DA and AA are clearly observed at about 0.2
and 0.02 V, respectively. Based on the SWVs obtained,
the linear calibration curves for DA and AA were
obtained in N2-saturated phosphate buffer solution
(pH 7.25) over a wide concentration range and shown
as inset. The RSD was less than 1%, indicating good
precision of the present method.
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Fig. 5. Cyclic voltammograms obtained at nano-NiOx/Au
electrode in N2-saturated phosphate buffer solution con-
taining 0.25 mM DA + 1.0 mM AA. pH: 5.86 (1), 6.04 (2),
6.82 (3), 7.25 (4), 7.62 (5) and 8.03 (6). Scan rate 100 mV/s.
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The limits of detection (LOD) and quantification
(LOQ) were calculated based on IUPAC’s recom-
mendations, from the standard deviation of the
response (s) and the slope of the calibration curve (m)
using the following equations [27]: LOD = 3s/m,
LOQ = 10s/m. The LOD and LOQ for the present
electrodetermination of DA were calculated as
0.06 and 0.21 μM, respectively, and for AA as 0.23,
0.76 μM, respectively. Analytical parameters for
simultaneous determination of DA and AA at the
nano-NiOx/Au electrode are summarized in Table 1.
Relative standard deviations are small, pointing to the
high reproducibility of the present method. Statistical
data obtained using Student’s t-test shows the high
significance of the results obtained by the present
method.

Ascorbic acid is the main potential interfering spe-
cies with dopamine. Results presented above proof the
high selectivity of the present method in the determi-
nation of DA and AA in their coexistence. The inter-
ference expected from other common substances such
as glucose, citrate, cysteine, K+, Na+ with dopamine
was examined in phosphate buffer of pH 7.25 under
the optimum conditions. Tolerance limit was consid-
ered as the maximum concentration of the interfering
species with a relative error less than 5%. The tolerated

Fig. 6. Square wave voltammograms obtained at nano-
NiOx/Au electrode in N2-saturated phosphate buffer solu-
tion containing different concentrations of DA and AA
mixture: 0.3 mM DA + 1.0 mM AA (1), 0.5 mM DA +
1.0 mM AA (2), 0.6 mM DA + 1.0 mM AA (3), 0.75 mM
DA + 1.0 mM AA, 0.75 mM DA + 1.2 mM AA (5) and
0.75 mM DA + 1.4 mM AA (6). Square wave amplitude:
25 mV; frequency: 15 Hz; step potential: 4 mV; quiet time:
2 s. The electrode potential was scanned from ‒0.1 V to 0.4 V.
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Fig. 7. Square wave voltammograms obtained at nano-NiOx/Au electrode in N2-saturated phosphate buffer solution (pH 7.25)
containing different concentrations of AA (0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 mM) and DA: [DA] = 0.25[AA]. Square
wave amplitude: 25 mV; frequency: 15 Hz; step potential: 4 mV; quiet time: 2 s. The electrode potential was scanned from ‒0.1 V
to 0.4 V. Inset shows calibration curves for DA and AA.
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ratio of the studied interfering species was 500 for Na+

and K+; 30 for glycine, glutamic acid and citrate.
Regarding L-cystine, the electrochemical response
was obscured due to the formation of self-assembled
monolayer via the adsorption of cysteine on the
underlying gold substrate [23, 28, 29].

Investigation of the applicability of the proposed
method was examined by the determination of the two
species in some model samples (Table 2). The recov-
eries of the spiked standard substances ranged between
99.5 and 100.6%. It becomes clear that the proposed
method might be suitable for the simultaneous deter-
mination of DA and AA in their coexistence as is char-
acterized by high selectivity and tolerance to possible
interfering species.

CONCLUSIONS
The voltammetric behavior of dopamine and

ascorbic acid has been studied at nano-Ni and nano-
NiOx modified polycrystalline (poly-Au) electrode.
Dopamine and ascorbic acid have been selectively and
simultaneously determined at nano-NiOx modified
polycrystalline gold electrode (nano-NOx/Au) in

phosphate buffer solution (pH 7.25). The loading level
of nickel, as well as the oxidation of the deposited
nano-Ni have played a prominent role in the simulta-
neous determination of the two species. The calibra-
tion curves for both species have been obtained over an
acceptable concentration range with a high correlation
coefficient.
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