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Abstract We have developed a stable and sensitive nonen-
zymatic glucose sensor by modifying a glassy carbon elec-
trode (GCE) with a composite incorporating nickel(I) oxides
and reduced graphene. The oxides were generated by directly
electrodepositing nickel on the GCE with a graphene modifier
using a multi-potential pulse process, and then oxidizing
nickel to nickel(IT) oxides by potential cycling. In comparison
to the conventional nickel(Il) oxides-modified GCE, this new
nickel(I) oxides-graphene modified GCE (NiO-GR/GCE)
has an about 1.5 times larger current response toward the
nonenzymatic oxidation of glucose in alkaline media. The
response to glucose is linear in the 20 uM to 4.5 mM concen-
tration range. The limit of detection is 5 uM (at a S/N of 3),
and the response time is very short (<3 s). Other beneficial
features include selectivity, reproducibility and stability. A
comparison was performed on the determination of glucose
in commercial red wines by high-performance liquid chroma-
tography (HPLC) and revealed the promising aspects of this
sensor with respect to the determination of glucose in real
samples.

Keywords Nonenzymatic sensor - Glucose - Red wine -
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Introduction

The qualitative and quantitative distribution of glucose in

drinks and foodstuffs is closely related to their origin, ripeness
degree and storing way, and determines their characteristic
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tastes [1]. The development of rapid, simple and reliable
monitoring method for glucose is important in food control
[2, 3]. By now, the electrochemical detection of glucose is
usually based on the enzyme-modified electrodes or the
enzyme-free sensors. Thereinto, the enzyme-modified electro-
des are prepared by using glucose oxidase [4] or pyranose
oxidase [5]. However, there are still several disadvantages
including poor stability, high cost of enzymes, critical
operational conditions and complicated immobilization
procedure for the enzyme-modified electrodes. Moreover,
the catalytic activity of enzyme is easily affected by environ-
mental conditions such as temperature, pH value, humidity,
ionic detergents and toxic chemicals [6]. Therefore, the
nonenzymatic glucose sensor seems to be an attractively
alternative technique free from the above-mentioned
drawbacks [7].

Various nanomaterials have been investigated as the elec-
trocatalysts to determine glucose without the use of
enzymes. The previous studies have mainly focused on the
use of noble metal such as Pt, Au, Pd, Ag and their metal
alloy electrodes for developing nonenzymatic glucose sen-
sors [8—12]. In practice, the high cost of the electrode using
valuable metal materials may limit their commercial appli-
cations [13]. Thus, some researchers have concentrated on
the use of low-cost metal oxide materials such as nickel
oxides [14], copper oxide, and cobalt oxide for the prepara-
tion of nonenzymatic glucose sensors [15, 16]. Among these
metal oxides, nickel oxides are of particular interest in their
virtue of good electrochemical stability and electrocatalytic
activity. Recently, Shamsipur et al. [17] reported the appli-
cation of a nickel(Il) oxide/multi-walled carbon nanotube
modified glassy carbon electrode to detect glucose with high
sensitivity and stability. Mu et al. [14] reported the fabrica-
tion of a novel nonenzymatic composite electrode based on
directly immobilized nickel oxide microfibers onto the sur-
face of fluorine tin oxide electrode by electrospinning,
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which shows a highly sensitive, selective and extraordinary
stable response towards glucose.

On the other hand, as a novel two-dimensional carbon
material, graphene has also attracted considerable attention
recently in the field of ultrasensitive sensors because of its
excellent electronic and chemical properties [18, 19]. This
tendency is well manifested by several recently published
excellent reviews [20-22]. Considering the attractive prop-
erties of graphene, it is quite expected that graphene could
provide an excellent support of the nickel(Il) oxides for
efficient electron transfer towards the oxidation of glucose.
Very recently, Qiao et al. [23] developed a nonenzymatic
glucose sensor based on a Ni(OH),-GR nanocomposite
modified glassy carbon electrode was fabricated by con-
stant potential method. Lv et al. [24] prepared graphene
nanosheet-NiO-DNA hybrids as the active material for
high-performance non-enzymatic glucose sensors. In
this paper, we developed a simple method to prepare
nickel(Il) oxides and graphene nanocomposite modified
glassy carbon electrode (NiO-GR/GCE) for the nonen-
zymatic glucose detection, and then successfully applied
the NiO-GR/GCE to the amperometric determination of
the glucose concentration in red wines with high sensi-
tivity and stability.

Experimental
Materials

Graphite powders (99 %, c.a.40 nm) was purchased from
Aladdin Chemical Reagent Co. Ltd (Shanghai, China, http://
www.aladdin-reagent.net). Glucose, ascorbic acid, sucrose,
fructose, citric acid, acetic acid, ethanol and ethyl acetate
were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China, http://www.reagebt.com.cn). All other
reagents were of analytical grade and used without further
purification. The electrochemical measurements were per-
formed in 0.2 molL™' NaOH solution. The commercial red
wine samples were obtained from a local supermarket.

The graphene oxide (GO) modifier was prepared using
graphite powders as precursor through the modified Hum-
mers’ method [25, 26]. The reduced graphene (GR) was
prepared by using ascorbic acid as reduction agent. 10 mL
GO aqueous solution (1 mgmL ") and 0.1 molL ™" ascorbic
acid were mixed with a volume ratio of 1:1 and sonicated for
30 min at 60 °C, the reduction resultant was centrifuged at
104rpm to remove the supernatant. Then, excess 30 % H,O,
was added to the black suspension to oxidize the remaining
ascorbic acid under the sonicating condition for 30 min at
60 °C. The GR resultant was collected by centrifugation at
10*rpm, washed with ethanol and water three times and
dried at 60 °C.

@ Springer

Preparation of modified electrodes

The as-synthesized GR was dispersing in N, N-
dimethylformamide (DMF) at a concentration of 1 mgmL™"
with the aid of ultrasonic agitation for 1 h, resulting in a
homogeneous black suspension. Prior to the surface modifi-
cation, glassy carbon electrode (GCE) was polished with
0.05 pwm alumina slurries, and then ultrasonically cleaned in
water. The GR/GCE was prepared by casting a 2 pL of 1 mg
mL " graphene/DMF suspension onto the surface of cleaned
GCE and then evaporating the solvent under an infrared heat
lamp. Afterwards, the GR/GCE was immersed into a NiSOy4
solution (0.01 molL™"), and a potentiostat was employed for
the direct electrodeposition of Ni particles. In the first series of
experiments, a pulse potential profile of 200 mV (500 ms)~
—1,200 mV (100 ms) ~200 mV (500 ms) (vs. Ag/AgCI 3 mol
L' KCl) was applied and 15 pulses were used for each
deposition [27]. The electrode was then conditioned by po-
tential cycling in a successive (0.2-0.5 V vs. Ag/AgCl]) in
0.2 molL™" NaOH solution until a steady state voltammogram
was obtained. The as-prepared modified NiO-GR/GCE was
used for the study of glucose oxidation. A nickel(I) oxides
modified glassy carbon electrode (NiO/GCE) was prepared in
the same way, in the absence GR.

Analysis methods

All the electrochemical measurements were performed on a
CHI 660B electrochemical workstation (CH Instruments,
Shanghai Chenhua Instrument Corporation, China, http://
chi.instrument.com.cn). The GCE or the modified electrode
was used as working electrode,Ag/AgCl electrode (3 molL ™
KCI) and Pt wire were used as reference and counter elec-
trode, respectively. The morphology of NiO/GR composite
was determined using field emission scanning electron mi-
croscopy (FE-SEM; Zeiss Ultra55, Germany) coupled with
energy-dispersive X-ray (EDX) analysis attached to SEM.
The high-performance liquid chromatography (HPLC, LC-
10AT, Shimadzu, Kyoto, Japan) equipped with a C;g reverse
phase column (5 pm, 4.6x250 mm) and an injection volume
of 25 uL. was employed as a comparative technique to test the
correctness of the electrochemistry method.

Results and discussion
Properties of modified electrode

The morphology of the resulting NiO-GR/GCE was charac-
terized by FE-SEM, as shown in Fig. 1a. It can be observed
that the typical crumpled and wrinkled graphene sheet struc-
ture on the surface of GCE. Clearly, the rough and stratified
structure of the graphene can endowed the more effective
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Fig. 1 a FE-SEM image and b I
EDX spectrum of the
NiO-GR/GCE
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active area for the nucleation of the nickel, and the edge  nanoparticles with an average diameter of about 30 nm.
plane of graphene is densely combined by nickel(Il) oxides  From the EDX image (Fig. 1b), the peak of Ni originating
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Fig. 3 a Cyclic voltammograms of the NiO-GR/GCE with different
glucose concentrations at a scan rate of 50 mVs ', the inset shows the
plots of peak current vs. glucose concentrations; b Cyclic voltammo-
grams of the NiO-GR/GCE at different scan rates with the presence of
5.0x10"*molL™" glucose, the inset shows the plots of peak current vs. v
(v denotes scan rate)

from the nickel(IT) oxides on the modified film can be seen.
The SEM and the EDX results indicate that the NiO/GR
composite has been successfully prepared on GCE [28]. In
addition, it was observed a pair of well-defined redox peaks

Table 1 Comparison on the nonenzymatic determination of glucose
using different modified electrodes

Electrodes Linear range  Detection limit ~ References
(mmolL ™" (umolL ™"
Gold nanoparticles/ 1-42.5 10 [9]
Au
Au-Pt hybrid 1-20 25 [12]
electrode
Pd-MWCNTs/GCE 0.5-17 0.2 [10]
NiO-MWCNTs/ 0.2-12 0.16 [17]
GCE
Pt-Ir/Titanium plates 0-10 - [32]
GR-NiO/GCE 0.02-11.2 5 This work

with an anodic peak at 342 mV and a cathodic peak at
288 mV from the cyclic voltammograms of the NiO/GCE
in 0.2 molL™" NaOH, corresponding to the Ni(II)/Ni(III)
redox couple [29, 30]. At the NiO-GR/GCE, the anodic
and cathodic peaks corresponding to Ni(II)/Ni(IIT) couple
were observed at about 378 mV and 304 mV vs. Ag/AgCl,
at a scan rate 50 mV's ', respectively. Comparing with those
of NiO/GCE, the cathodic and anodic peak currents in NiO-
GR/GCE were increased significantly, which may be results
from a larger surface area and excellent electrical conduc-
tivity of the GR.

Electrocatalytic oxidation of glucose at the modified
electrode

The oxidation behaviors of glucose at the bare and modified
GCEs were studied by cyclic voltammetry. As shown in
Fig. 2a, no redox peak can be observed in the cyclic vol-
tammogram of the bare GCE, suggesting that glucose can-
not undergo the redox reaction in the potential range of
interest. When in the case of GR/GCE (Fig. 2b), the oxida-
tion of glucose requires a very high positive potential,
leading to a poorly defined anodic wave involving very
slow electrode kinetics. In contrast, the oxidation reaction
of glucose at the NiO/GCE (Fig. 2c¢) and NiO-GR/GCE
(Fig. 2d) shows much less positive potentials. At the same
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Fig. 5 Current-time responses for the determination of glucose and the
interference effects at the NiO-GR/GCE

time, there is a great enhancement of the anodic peak current
while the cathodic peak current obviously decreases.

Figure 3a shows the cyclic voltammograms of NiO-
GR/GCE with different glucose concentrations at the scan rate
of 50 mV's". It can be seen that the anodic peak currents are
gradually enhanced with the increase of glucose concentra-
tions, indicating that the NiO-GR/GCE has high sensitivity to
glucose. The peak response currents obtained at different scan
rates in the presence of 5x 10 *mol L ™" glucose in 0.2 molL ™"
NaOH are given in Fig. 3b. Obviously, the peak potential for
the catalytic oxidation of glucose shifts to positive values with
increasing scan rate, suggesting a kinetic limitation for the
redox reaction of glucose in the NiO-GR/GCE. Thus, the
possibility of a potential shift to more positive values due to
higher ohmic drop is expected to be negligible. Meanwhile,
the anodic peak current is proportional to the square root of the
scan rate (Fig. 3b inset), indicating it is a typical mass transfer
controlled reaction.

Amperometric response of glucose and calibration curve

Herein, +0.35 V was chosen as the applied potential of current-
time measurements. The current response to glucose at the
NiO-GR/GCE was studied, as shown in Fig. 4a. When glucose
was added into the NaOH (0.2 molL™") solution, the modified
electrode could achieve the steady-state current within less than

3 s, which is a very rapid response to glucose in this system. In
Fig. 4b, the current response is linear with glucose concentra-
tion in the range from 2.0x 10 molL ™" to 1.12x 10 *molL"".
The linear regression equation and correlation coefficient are:
I(LA)=15.94 ¢ (10 >molL ")+3.89, r=0.998 and I(nA)=
7.569 ¢ (10 molL™)+22.51, 7=0.999, respectively. Here, this
phenomenon of the two linear regions may be due to the
adsorption of intermediates [31]. At low concentration (from
0.02 to 2.0x10>molL "), the calibration plot is steeper than
that at high concentration (from 2.0 to 11.2x10>molL ™),
indicating the NiO-GR/GCE is more sensitive to glucose at
low concentration. Based on the signal-to-noise ratio of 3 (S/N),
a detection limit of 5% 10 ®molL ™" can be obtained. The com-
parison of NiO-GR/GCE with other electrodes for the determi-
nation of glucose is listed in Table 1. It can be seen that the NiO-
GR/GCE offers a reasonable linear range and a lower detection
limit than some noble metal modified electrode.

Interference effect and real sample analysis

To evaluate the selectivity of the fabricated electrode, the
influence of some potentially interfering substances with glu-
cose in red wine were examined in NaOH (0.2 molL ") solu-
tion containing 2.0x 10 *molL ™" glucose. As shown in Fig. 5,
a well-defined glucose response can be obtained, and the
interference effects of 5.0x10 *molL ™" sucrose, 5.0% 1074
molL ™" fructose, 5.0x10 *molL " citric acid, 5.0x10 *mol
L 'acetic acid, 2.0x10 *molL " ethanol, 5.0x 10 *molL ™"
ethyl acetate are all below 5 % of the glucose response. It can
be concluded that small amount of such carbohydrate com-
pounds can be neglected, suggesting that the prepared
sensor has a high selectivity toward the nonenzymatic oxi-
dation of glucose. However,the interfering effect of ascorbic
acid could be observed only when a comparative ascorbic acid
was coexisted in glucose solution, but the interfering effects
could be neglected under a low concentration.

The contents of glucose in real samples, i.e., two com-
mercial red wines, were analyzed using the as-prepared
NiO-GR/GCE. The amperometric detection was carried
out at the applied potential of 0.35 V in 10 mL 0.2 molL ™
NaOH solution under stirring condition with the injection of
10 pL red wine and the final concentration was diluted to
0.02-2.0x 10 *molL"", for which is in the linear range of
the proposed sensor and can be detected sensitively. The

Table 2 Comparative determi-

nation of glucose in two Samples  This method (n=5) HPLC(n=3)
commercial red wines using
the as-prepared NiO-GR/GCE Concentration ~ RSD (%)  Added Recovery (%)  Concentration ~ RSD (%)
sensor and the HPLC (eL™h (10 molL™) L™
technique
134.3+1.6 0.2 98.6 131.54 1.89
2 52.5+1.4 0.2 101.9 50.6 2.02
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quantitative determination of red wine samples was per-
formed using the standard addition method and the results
are shown in Table 2. As comparative data, the results
measured by HPLC technique are also listed in Table 2.
The results based on this proposed method are in good
agreement with those determined by the HPLC tech-
nique and the recovery values are in the range of
98.6-101.9 (£5 %), indicating that the proposed method
is reliable for the determination of glucose in the commercial
red wines.

Reproducibility and stability of the NiO-GR/GCE

The reproducibility and stability of the sensor were also
evaluated. Five NiO-GR/GCEs were investigated at +
0.35 V to compare their amperometric current responses.
The relative standard deviation (RSD) was 3.2 %, confirm-
ing that the preparation of the NiO-GR/GCE was highly
reproducible. In addition, nine successive measurements of
glucose on one NiO-GR/GCE yielded an RSD of 2.5 %,
indicating that the sensor was stable. The stability of NiO-
GR/GCE was also examined by recording its 30 consecutive
CV curves in NaOH solution at a scan rate of 50 mVs . No
obvious peak current change is found during 30 consecutive
CV curves, implying that the NiO/GR was firmly modified
onto the surface of GCE. The long-term stability of the
sensor was evaluated by measuring its current response to
glucose within a 25 days period. The sensor was exposed to
air and its sensitivity was tested every 2 days. The current
response of the NiO-GR/GCE was approximately 92 % of
its original counterpart, which can be mainly attributed to its
chemical stability in basic solution.

Conclusion

In this work, a novel nonenzymatic glucose sensor based on
nickel(Il) oxides and graphene modified glassy carbon elec-
trode (NiO-GR/GCE) was fabricated without any adhesive.
This NiO-GR/GCE showed high electrocatalytic activity for
the nonenzymatic oxidation of glucose. A lower detection
limit and higher sensitivity were obtained compared with
those previously reported, and a good linear dependence of
the amperometric response on the glucose concentration
was achieved. More importantly, the interference from the
oxidation of common interfering species including sucrose,
fructose, citric acid, acetic acid, ethanol and ethyl acetate
could be effectively avoided. In addition, this NiO-GR/GCE
also had a high selectivity, reproducibility and stability, and
a comparative sensitivity with HPLC for the amperometric
determination of the glucose contents in the commercial red
wines, showing its promising application in real samples
analysis.
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