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The combination of graphene and nickel oxide nanoparticles yields 
nanostructured electrochemical sensor formed a novel kind of structurally 
uniform and electrocatalytic activity material. In cyclic voltammetry 
studies, in the presence of epinephrine, nickel oxide / graphene  composite 
modified electrode shows a significantly higher current response for 
epinephrine oxidation. Based on differential pulse voltammetry technique, 
the oxidation of epinephrine exhibited the dynamic range between 1.0–
1800.0  μM and the detection limit was 0.42 μM. Finally, the resulting 
sensor was used to detect epinephrine and AC simultaneously in human 
serum samples.

INTRODUCTION
Graphene (GR), a two-dimensional honeycomb 

sheet of sp2-hybridized carbon atoms, has attracted 
increasing attention in recent years due to its 
outstanding properties since its first discovery by 
Novoselov and Geim [1–3]. As a novel class of 
2D nano-carbonaceous material, GR exhibits 
several of extraordinary characteristics, such as 
excellent thermal and electrical conductivity, 
high values of mechanical stiffness, and high 
specific surface area [4–6]. Due to the high 
transparency, high conductivity, high flexibility, 
and excellent chemical/ physical stability, GR holds 
great potential as window electrode materials. 
Additionally, GR has low price, exhibits suitable 
electrocatalytic activity for a variety of redox 
reactions, and relatively inert electrochemistry [7–
9]. In view of these properties, GR has been widely 
used in modified electrodes for electrochemical 
applications.  

Direct electrochemical deposition of inorganic 
crystals especially metal nanoparticles, on highly 

conductive GR-based substrates, is an attractive 
approach for thin film based applications [10]. 
The catalytic activity of metallic nanoparticles 
depends strongly on the shape and size, and the 
aggregation of these nanoparticles can decrease 
their catalytic activity. The suitable support for 
nanoparticles such as GR provides high surface 
area for distributing more of nanoparticles and 
avoids aggregation [9]. Thereby these traits result 
in improved catalytic, electronic, and magnetic 
properties of metallic nanoparticles

Recently, application of GR-based nanocomposite 
electrodes for biological compounds has become 
an interesting research topic. For example Liu 
et al. studied Cu2O nanocubes, wrapped with 
GR nanosheets, based non-enzymatic glucose 
sensors. They found that the GR served as an 
additional surfactant during the synthesis of 
the nanocomposite, thereby reducing the size 
of the Cu2O nanocubes and preventing particle 
aggregation of the Cu2O, both of which enhanced 
the electrochemical stability [11]. Y. Song et al. 
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developed a non-enzymatic amino acid sensor 
by electrodeposition of Co NPs on GR/GCE. 
They found that these homogeneous Co NPs 
exhibited good catalytic activity for the oxidation 
of cysteine and N-acetyl cysteine [12]. Metal 
nanoparticles possess three important potentials 
for electroanalysis. These include 1) the 
roughening of the conductive sensing interface, 
2) the catalytic properties of the nanoparticles 
permitting their enlargement with metals and the 
amplified electrochemical detection of the metal 
deposits, and 3) the conductivity properties 
of nanoparticles at nanoscale dimensions that 
let for the electrical contact of redox centers in 
target molecules with electrode surfaces. Iron 
family metals (Fe, Co, Ni) are attracting more and 
more interest for their low prices and excellent 
performance in catalysis, such as hydrogenation 
[13], CO oxidation [14], alcohol oxidation [15], 
and electrochemistry [16]. Besides, nickel oxide 
(NiO) nanostructures based materials have 
been also widely used in supercapacitors and 
electrochemical sensors due to their excellent 
electrocatalytic and inexpensive properties [17]. 
However, NiONPs supported on GR nanosheets 
could be a nanocomposite with excellent catalytic 
effect.

It is very important to develop simple, 
sensitive and accurate methods for detecting 
active compounds, since drug monitoring plays 
an important role in drug quality control and 
this has a great influence on public health 
[18–20]. Epinephrine (EP) is a hormone and a 
neurotransmitter. Medically, EP has been used 
as a common emergency healthcare medicine. 
EP has an important role in a series of biological 
activities and nervous chemical processes [21]. 
Therefore, fast, easy and accurate detection 
of EP is important not only for detection, 
but also for pathological research. Several 
methods have been developed to determine 
EP such as chemiluminescence [22], capillary 
electrophoresis [23], spectrophotometry [24], 
self-assembled monolayer modified electrode 
[25], carbon nanotube modified electrode [26].

The present study deals with simultaneous 
determination of EP and AC using NiO NPs/
GR modified glassy carbon electrode. The 
morphological and electrochemical characterization 
of the electrode material has been carried out 
by using various techniques, such as scanning 
electron microscopy (SEM), cyclic voltammetry 

(CV), chronoamperometery (CA), and differential 
pulse voltammetry (DPV). This modified 
electrode shows good sensitivity and selectivity 
for determination of EP and AC in blood serum 
samples.

MATERIALS AND METHODS  
Apparatus and chemicals

Electrochemical experiments were carried out 
using a computerized potentiostat/galvanostat 
(SAMA 500, electroanalyzer, system, I.R. Iran). 
A conventional three electrode cell was used. A 
saturated calomel electrode, a platinum wire, 
and a NiO/GR/GCE were used as reference, 
auxiliary and working electrodes, respectively. A 
Metrohm 691 pH/ ion meter was also used for 
pH measurements. All solutions were freshly 
prepared with double distilled water. EP and 
AC were of analytical grade from Sigma Aldrich. 
Graphite powder, NH3, H3PO4, H2O2, ethanol, 
HCl, KMnO4, hydrazine monohydrate (N2H4, 
98%), sulfuric acid, Ni(NO3) and CH3COOH were 
purchased from Merck. 

Synthesis of graphene nanosheet
Graphene oxide (GO) was obtained by 

oxidizing graphite using an improved method 
[27]. A 9:1 mixture of concentrated H2SO4/H3PO4 
(360:40 mL) was added to a mixture of graphite 
flakes (3.0 g) and KMnO4 (18.0 g). The reaction 
was then heated to ~ 50 °C and stirred for 12 h. 
The reaction was cooled to room temperature 
and poured onto ice (400 mL) with 30% H2O2 (3 
mL). The obtained solution was centrifuged, and 
then filtered. The solid material was then washed 
with distilled water until pH becomes neutral, and 
subsequently washed with 30% HCl and finally 
twice with 200 mL of ethanol. The filtered solid 
residue was vacuum-dried for 24 h at 40◦C. The 
graphite oxide was obtained as brownish yellow 
powder. Reduced GR oxide was synthesized using 
hydrazine together with ammonia solution. A 
colloidal suspension of GO in purified water (100 
mg/100 mL) was prepared by sonication for 2 h. 
Then the pH of GO suspension increased to 9 by 
adding ammonia solution. Subsequently, 150 µL 
of hydrazine solution was added and then was 
refluxed at 85◦C for 12 h in a heating mantle and 
cooled to room temperature. Finally solutions 
were centrifuged, and GR precipitates were 
washed with deionized water and then dried at 
60◦C in vacuum for 12 h.
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Preparation of NiO/GR/GC electrode
To obtain the optimized conditions for 

preparing NiO/GR/GCEs, we optimized the 
concentrations (1 mg/1mL) and volumes (1 µL) of 
GR suspensions and also electrodeposition time (7 
s) of nickel oxides nanoparticles. GCE was carefully 
polished with alumina on polishing cloth, then 
washed with DI water, and allowed to dry under 
ambient condition. In order to form GR- metal NPs 
composite on GCE, firstly 1 µL of GR suspension 
(1 mg/1 mL) was casted on the bare electrode, 
and then permitted to dry at room temperature. 
Secondly, nickel oxide NPs was electrodeposited 
on the surface of GR/GCE from pH 4 acetate 
buffer solution containing 5 mM nickel nitrate, 
and constant potential of -1.1 V was applied for 
7 seconds using chronoamperometry method. 
In this area, various experimental parameters 
including salt solution concentration, potential and 
time of deposition can be manipulated to control 
the nucleation and growth rate of the metal NPs 
[28]. For example longer deposition time causes 
the nanoparticles to aggregate into much larger 
particles, which could decrease the catalytic effect 
of NiO nanoparticles and thus negate the relative 
advantage of larger electroactive surface area of 
smaller nanoparticles. Finally, modified electrode 

was eventually washed with double distilled 
water. For comparison, GR/GCE without NiO, and 
NiO modified without GR, and unmodified GCE in 
the absence of GR and NiO were also prepared in 
the same way.

RESULTS AND DISCUSSION
Characterization of GR and NiO/GR

The morphology of GR and NiO electro-
deposition on GR was characterized by a scanning 
electron microscopy (SEM). SEM image of GR 
(Fig.1A) exhibited morphology of wrinkling 
paper-like structures. In fact, GR serves as a 
conductive bridge and provided a wide substrate 
connecting the NiO nanoparticles together, which 
activated the NiO nanoparticles and increased the 
electroactive surface area (Fig.1B). The uniform 
distribution of high amount of NiO nanoparticles 
on the reduced graphene oxide nanosheet could 
be observed. On the other hands, the deposited 
surface species were constructed like a 3D 
structure, which increased the accessibility of 
analyte. IR spectroscopy (Fig.1C) indicated the 
presence of COOH, OH and C−O on GO sheet. The 
IR spectrum of GO showed a C–O stretch at 1222 
cm−1 and OH stretch at 3500–3300 cm−1 as well as 
a C−O stretch at 1720–1690 cm−1 [29]. After the 
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Fig. 1. SEM image of GR (A) and NiO/GR (B) and (C) FTIR spectrum
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final reduction with hydrazine, the absence of 
the peaks at 1720–1690 and 1222 cm−1 indicated 
epoxide and hydroxyl groups attached to the basal 
GR layer have been removed (Fig. 1C).

Electrochemical properties of NiO/GR/GCE
The electrochemical effective surface area (A) 

of two modes of electrode including the NiO/
GR/GCE and NiO/GCE were calculated by cyclic 
voltammetry (CV) using 5.0 mM [Fe(CN)6]

3-/4- redox 
probe prepared in 0.1 M KCl. Fig. 2 displays a 
series of cyclic voltammograms on the modified 
electrodes as a function of different scan rates 
and the dependence of the peak current (Ip) 
on the square root of the scan rate (ν1/2) for 
different electrode demonstrates (Fig. 2C). The 
CV studies have been conducted at various scan 
rates to investigate the interfacial kinetics on the 
electrodes surface. As can be observed in Fig. 
2 A and B, the oxidation peak potential shifted 
to more positive potentials with increasing scan 
rate, confirming the kinetic limitation in the 
electrochemical reaction and the anodic and 
cathodic peaks of electrodes are found to move in 
opposite directions, suggesting the redox process 
to be quasi-reversible. Also, the linearity of Ip vs. 
ν1/2 suggested that the process is diffusion rather 
than surface controlled [30]. Based on the slopes 
of the curves of Ip vs. ν1/2 and by using Randles–
Sevcik equation [30], for NiO/GR/GCE and NiO/
GCE, A was calculated to be 0.038 and 0.029 
cm2 respectively. The results indicated that the 

electrode effective surface area was increased 
after modification with GR and NiO together, which 
would increase the adsorption capacity of Analyte, 
leading to enhancement of current response and 
increase sensitivity of sensor.

Electrocatalytic Oxidation of EP at a NiO/GR/GCE
For preparation of modified electrode, GR 

suspension casted on electrode surface and then 
NiO NPs electrodeposition, therefore, a layer 
of GR- NiO NPs composite formed on surface 
electrode which increases the conductivity of GCE 
greatly. Fig. 3 indicates the CV responses for the 
electrochemical oxidation of EP at the NiO/GR/
GCE (curve d), GR modified GCE (GR/GCE) (curve 
c), NiO nanoparticles modified GCE (NiO/ GCE) 
(curve b), and bare GCE (curve a). As shown, the 
oxidation current of GCE, NiO/GCE, GR/GCE, NiO/
GR/GCE was 12.8, 17.7, 21.1, and 31 respectively. 

To investigate the roles of GR in modified 
electrode in the electrochemical oxidation of 
EP, the CVs of NiO/GR/GCE and NiO/GCE were 
recorded. The results indicated that the presence 
of GR on electrode surface exhibited 75% 
improvement on the oxidation peak current for EP 
oxidation. The evidences above seemed to suggest 
that NiO NPs contributed on the catalytic reaction 
and increase surface, also GR showed considerable 
catalytic feature in this case. GR gets more surface 
to increase the electroactive surface area, leading 
to more anodic peak current. The results indicated 
that the presence of GR and nickel oxide NPs 

 

 

 

 

 

 

Fig. 2. CVs of NiO/GR/GCE (A) and NiO/GCE (B) in 5.0 mM [Fe(CN)6]3-/4- in 0.1 M KCl at various scan rates. 
(C) Peak current vs. square root of the scan rate for NiO/GR/GCE (Ι) and NiO/GCE (Ι Ι).
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together in modified electrode had great synergic 
effect and improved the electrochemical current 
response. As shown in the inset of Fig. 3, there 
are no redox peaks in the CVs of modified and 
unmodified GCE electrodes in the absence of EP 
at blank (PBS pH=7) solution. As expected the 
capacitance current value at the NiO/GR/GCE 
(curve f) is greater than bare GCE (curve e) which 
is due to the accessible capacitance of the GR at 
the glass carbon surface. The background current 
becomes too large if the concentration of the GR is 
higher than certain critical value.

The effect of scan rate on the electrocatalytic 
oxidation of EP at the NiO/GR/GCE was investigated 
by CV (Fig. 4). As can be seen in Fig. 4, the oxidation 
peak potential shifted to more positive potentials 
with increasing scan rate, confirming the kinetic 
limitation in the electrochemical reaction. Also, 
a plot of peak height (Ip) vs. the square root of 
scan rate (v1/2) was found to be linear, suggesting 
that, the process was diffusion rather than surface 
controlled (Inset A). 

A Tafel plot was drawn from data of the rising 
part of the voltammogram recorded at a scan rate 
of 20 mVs-1. This part of voltammogram, known 
as Tafel region is affected by the electron transfer 
kinetics between substrate and surface-confined 
assuming the deprotonation of the substrate as a 
sufficiently fast step. In this condition, the number 
of electrons involved in the rate determining step 
can be estimated from the slope of the Tafel plot.

 

 

 

 

 

 

 

 

 

 

Fig. 3. CVs of (a) unmodified GCE (b) NiO/GCE (c) GR/GCE 
(d) NiO/GR/GCE in the presence of EP solution (pH 7.0) at a 
scan rate of 100 mV-1. Inset: CVs of (e) unmodified GCE and (f) 

NiO/GR/GCE, in 0.1 M PBS (pH 7.0)

According to the Tafel slope equation and 
a slope of 0.09 V decade-1 the charge transfer 
coefficient was calculated as α= 0.42 (Inset B).

Chronoamperometric Measurements
Chronoamperometry as well as other 

electrochemical methods was employed for the 
investigation of electrode processes at chemically 
modified electrodes. Chronoamperometric 
measurements of EP at NiO/GR/GCE were carried 
out by setting the working electrode potential at 
250 mV for various concentrations of EP. For an 
electroactive material with a diffusion coefficient 
D, the current observed for the electrochemical 
reaction at a mass transport limited condition 
is described by the Cottrell equation [30]. Fig. 5 
shows the fitted experimental plots for different EP 
concentrations. The slopes of the resulting direct 
lines were then plotted vs. the EP concentration 
(inset A). From the resulting slope and the Cottrell 
equation the average value of the D was found to 
be 6.56×10-5 cm2 s-1.

Chronoamperometry can also be employed 
to evaluate the catalytic rate constant, k'

h, for 
the reaction between EP and the NiO/GR/GCE 
corresponding to the method of Galus [31]. 

Fig. 4. CVs of NiO/GR/GCE in 0.1 M PBS (pH 7.0) in the presence 
of EP at various scan rates; the letters 1-12 correspond to: 5, 10, 
30, 40, 50, 60, 100, 200, 300, 400 mV s−1, respectively. Insets: 

Variation of (A) anodic peak current vs.υ1/2 and (b) Tafel plot.
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IC/IL= γ1/2[π1/2erf (γ1/2+ γ-1/2exp(-γ)] 
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where IC is the catalytic current of EP at the NiO/
GR/GCE, IL is the limited current in the absence of 
EP and γ=kCbt is the proof of the error function (Cb 
is the bulk concentration of EP). In the cases where 
γ exceeds 2, the error function is almost equal to 1 
and hence the above Equation can be reduced to:  

IC/IL= π1/2 γ1/2 = π1/2(kCbt)
1/2                                                                   (2)                   

where t is the time elapsed. The above equation 
can be used to calculate the rate constant, k, of 
the catalytic process from the slope of the IC/IL 
vs. t1/2 at a given EP concentration (inset B). From 
the values of the slopes, the mean value of k was 
found to be 8.7 M-1 s-1.

Differential pulse voltammetry investigations
Differential pulse voltammetry (DPV) has the 

advantage of an increase in sensitivity and better 
characteristics for analytical applications. DPVs 
for the oxidation of different concentrations of 
EP at the NiO/GR/GCE were obtained (Fig. 6). 
Voltammograms clearly show that the plot of peak 
current versus EP concentration is constituted 
of two linear segments with different slopes 
(slope: 0.1075 μA.μM-1 for first linear segment 
and 0.0254 μA.μM-1 for second linear segment), 
corresponding to two different ranges of substrate 
concentration (1 to 100 μM for first linear segment 
and 100 to 1800.0 μM for second linear segment). 
The decrease of sensitivity (slope) in the second 
linear range is likely to be due to kinetic limitation 
[30]. The detection limit (3σ) for EP in the lower 
range region was found to be 0.42 μM. 

Simultaneous Determination of EP and AC
One of the main objectives of this study 

was utilizing a modified electrode capable of 
electrocatalytic oxidation of EP and separation 
of the electrochemical responses of EP and AC. 
By using NiO/GR/GCE as a working electrode, the 
analytical experiments were carried out by both 
varying the EP and AC concentrations in 0.1 M PBS 

Fig. 6. DPVs of NiO/GR/GCE in 0.1 M PBS (pH 7.0) containing 
different concentrations of EP. The numbers of 1–20 correspond 
to: 1, 2, 4, 8, 10, 20, 40, 60, 100, 200, 300, 400, 600, 700, 800, 
900, 1200, 1400, 1600 and 1800 µM of EP. Insets show the 
plot of the electrocatalytic peak current as a function of EP 

concentration in the ranges of 1–100 µM and 100-1800 µM.

Fig. 5. Chronoamperometric obtained at NiO/GR/GCE in 0.1 M PBS (pH7.0), for different concentrations of 
EP. The numbers of 1–5 correspond to 0.1, 0.3, 0.5, 0.7 and 0.9 mM of EP. Insets: (A) Plots of I versus t−1/2 
obtained from chronoamperograms and (b) plot of the slopes of the straight lines against the EP concentrations.
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(pH 7.0) and recording the DPVs. The voltammetric 
results show that the simultaneous determination 
of EP and AC with well-distinguished two anodic 
peaks at potentials of 130 mV and 300 mV (by 
DPV technique), corresponding to the oxidation 
EP and AC, respectively, could be possible at the 
NiO/GR/GCE (Fig. 7). The DPV voltammograms 
clearly show that the plot of peak current vs. 
AC concentration is linear for 5-250 µM of AC. 
Detection limits were determined as 0.42 µM EP 
and 0.98 µM AC. It is very interesting to note that 
the sensitivities of the modified electrode towards 
EP in the absence and presence of AC are virtually 
the same. It can be noted from these results that 
the responses to EP and AC at the NiO/GR/GCE are 
relatively independent and the utilization of the 
NiO/GR/GCE for the simultaneous measurements 
of the two analytes are possible without any 
interference. 

CONCLUSION
In summary, the nickel oxide nanoparticle film 

was formed electrochemically on GR in a regime of 

chronoamperometry on a glassy carbon electrode 
and tested for electro-oxidation of epinephrine. 
NiO/GR composite exhibits a higher capacitance 
compared with NiO, which is due to the special 
structure of the composite and good contact 
between active materials and GR substrates. DPV 
investigation showed simultaneous determination 
of EP and AC, with complete resolution of their 
anodic peaks is possible by the modified electrode. 
High sensitivity and selectivity of the voltammetric 
responses, and low detection limit, together with 
the ease of preparation, make the proposed 
modified electrode very useful for accurate 
determination of EP and AC in real samples.
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