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Abstract Based on the extraordinarily properties of
graphene, cobalt oxide nanoparticles (CoOxNPs)/graphene-
modified electrode was prepared by electrodeposition of
CoOxNPs on the glassy carbon surface previously modified
with electrochemically reduced graphene oxide (ERGO),
which was characterized by scanning electron microscopy
(SEM), cyclic voltammetry (CV), and electrochemical imped-
ance spectroscopy. It was found that a large amount of
CoOxNPs with diameter less than 100 nm was uniformly
grown on the surface of graphene nanosheets. The as-
prepared CoOxNPs/ERGO hybrids were applied to construct
an enzyme-free sensor for glucose detection in alkaline solu-
tion. The developed glucose sensor shows a short response
time (less than 5 s), a high sensitivity of 79.3μAmM-1 cm-2, a
detection limit of 2 μM (S/N = 3), and good selectivity to
prevent from the interference of some species including ascor-
bic acid, uric acid, dopamine, and sodium chloride. Impor-
tantly, favorable reproducibility and long-term performance
stability were also obtained. Application of the proposed
sensor in monitoring urine glucose was also demonstrated.
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Introduction

In the past decades, driven by the rising demands for advanced
blood sugar detector for clinical diagnosis and personal care
and the urgent requirements for monitoring and control of
food preparation processes, the development of efficient glu-
cose sensors with high sensitivity, fast response, and excellent
selectivity has gained special focus for analytical scientist [1,
2]. Although few optical [3, 4] strategies have been devel-
oped, electrochemical methods are still considered to be the
most convenient and effective tool for measuring the glucose
levels because of its high sensitivity, rapid response, good
reliability and selectivity, simple instrumentation, and low
cost [5, 6]. Electrochemical glucose sensors can be mainly
classified into two categories: glucose oxidase (GOD)-based
sensing and enzyme-free glucose sensing. In spite of the low
detection limit, the GOD biosensors often suffer from stability
and reproducibility issues that originated from the intrinsic
nature of the enzymes [7]. Nowadays, enormous interest has
been paid on the development of enzyme-free glucose sen-
sors, which would exhibit conveniences and advantage to
avoid the enzyme electrode drawbacks based on direct elec-
trocatalytic oxidation of glucose at electrode surface.

Recent advancement in the fabrication of nanomaterials
has provided new platforms for enzyme-free glucose sensing
applications. Currently, various noble metals (Au, Pt, Ag, Pd)
[8–11], transition metal and its oxides (Ni, Cu, CuO, NiO,
Co3O4) [12–16], and alloys (Pt–Pd, Pt–Au, Au–Ag) [17–19]
have been explored as electrode materials to construct a vari-
ety of enzyme-free glucose sensors. Among these, a major
concern in practical nonenzymatic glucose sensing is focused
on constructing high-performance devices using inexpensive
and resourceful transition metal oxides catalysts. Recently,
cobalt oxides (CoOx), with intriguing electronic, optical, elec-
trochemical, and electrocatalytic properties, has attracted
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considerable attention because of their excellent electrocata-
lytic performance toward glucose. Nanostructured CoOx with
high specific surface area and enhanced electrochemical ac-
tivity is particularly attractive for exerting its electrocatalytic
properties. For example, Ding et al. [16] fabricated
electrospun Co3O4 nanofibers for sensitive and selective glu-
cose detection. Hou et al. [20] synthesized Co3O4 nanoparti-
cles by using MOFs as template and utilized it for direct
glucose and H2O2 detection. Dong et al. [21] synthesized a
three-dimensional (3D) graphene/Co3O4 nanowire composite
using a simple hydrothermal procedure, which serves as a
free-standing monolithic electrode for high-performance
supercapacitor and enzymeless glucose detection. Lee et al.
[22] prepared CoOOH nanosheet array on a cobalt substrate
via a simple alkaline treatment and demonstrated its potential
in non-enzymatic glucose sensing. Therefore, the develop-
ment of novel CoOx nanostructure-based material for accu-
rately detecting glucose is still urgent.

Graphene, a two-dimensional monolayer of sp2-hybridized
carbon atoms, has attracted enthusiastic interest since its discov-
ery in 2004 [23]. In particular, graphene-based hybrid
nanomaterials are of scientific and industrial interest because of
their enhanced properties arising from the large specific surface
area, high electrical and thermal conductivities. With appropriate
design, the hybrid nanomaterials can exhibit improved perfor-
mance due to the synergistic contribution of two or more func-
tional components [24, 25]. To date, great efforts have beenmade
to incorporate graphene into composite materials and explore
their applications in various fields including metal nanoparticles
[26–28], metal oxides [29, 30], conducting polymers [24, 31],
carbon nanotubes [32], and quantum dots [33].

Inspired by the remarkable properties of graphene, we
reason that when combined with CoOxNPs, graphene-based
heterostructure may present enhanced performance for appli-
cation in amperometric enzyme-free glucose biosensors. Var-
ious CoOx-reduced graphene oxide (GO) nanocomposites
have been successfully constructed in previous reports
[34–36]. Herein, highly distributed CoOxNPs were electro-
chemically synthesized on the surface of electrochemically
reduced graphene oxide (ERGO)-modified glassy carbon
electrode and applied in the enzyme-free glucose sensor. The
well-distributed CoOxNPs can be easily and fully accessing to
glucose, and amplifying the electrochemical signal for glucose
determination. In addition, an efficient electrical network
through CoOxNPs directly anchoring on the surface of
graphene can promote the electron transfer rate and accord-
ingly improve the detection sensitivity. Therefore, a highly
sensitive and selective glucose sensor based on CoOxNPs/
ERGO hybrids was obtained in alkaline solution. The facile
and green preparation method, highly sensitive, fast, stable,
and reproducible of the present CoOxNPs/ERGO-based sen-
sor promise to potential applications in the development of
sensors for enzyme-free detection of glucose.

Experimental

Reagents and apparatus

Graphite powder (spectral requirement, Shanghai Chemicals)
was used for synthesizing GO and ERGO. Glucose, ascorbic
acid (AA), dopamine (DA), and uric acid (UA) were pur-
chased from Sigma Aldrich. NaOH and Cobalt (II) chloride
anhydrous were purchased from Sinopharm Chemical Re-
agent (Shanghai, China). All of these reagents were of analyt-
ical grade and used as received. Unless otherwise stated,
ultrapure water (18.2 MΩ cm) produced by a Milli-Q system
was used as the solvent throughout this work.

Scanning electron microscopy (SEM) was conducted by
JSM-6701 F (Japan) for surface morphology observations.
Electrochemical experiments were performed on a CHI
660D electrochemical station (Shanghai Chenhua, China)
with a conventional three-electrode system. The CoOxNPs/
ERGO hybrid-modified glassy carbon electrode (CoOxNPs/
ERGO/GCE) was used as the working electrode. A Pt wire
and a saturated calomel electrode (SCE) acted as the counter
and reference electrodes, respectively.

Synthesis of CoOxNPs/ERGO hybrid-modified electrode

The GO was synthesized from natural graphite powder based
on a modified Hummers method as presented by
Kovtyukhova and colleagues [37]. As-synthesized GO was
dispersed in water, giving a yellow brown dispersion with a
concentration of 1 mgml-1 by an ultrasonic technique. A 10μl
portion of the resulting GO dispersion was dropped onto a
pretreated bare GCE and dried at room temperature to obtain
the GO-modified GCE (GO/GCE). Here, prior to the surface
modification, GCE was polished with 0.3 and 0.05 μm alu-
mina slurries, respectively, and then ultrasonically cleaned in
water. The ERGO-modified electrode (ERGO/GCE) was pre-
pared by scanning the potential of the GO/GCE between -1.5
and 0 V versus SCE at a scan rate of 100 mV s-1 for 20 cycles
in 0.1 M KCl solution. After that, repetitive potential cycling
(30 cycles at 100 mV s-1 at potential range between 1.1 and -
1.1 V) in 0.1 M pH 7 phosphate-buffered saline solution
containing 1 mM cobalt chloride was used for electrodeposi-
tion CoOx nanoparticles on the surface of ERGO (CoOxNPs/
ERGO) according to the previous work [38, 39]. The cyclic
voltammograms (CVs) of corresponding deposition curves
have been presented in the supporting materials for Fig S1.
The increasing redox peaks with potential cycles indicate the
successful deposition of CoOxNPs on ERGO surfaces. After
deposition, the CoOxNPs/ERGO hybrid-modified electrode
was rinsed with distilled water. For comparison, a bare GCE
was employed under the same deposition conditions to obtain
CoOxNP-modified electrode (CoOxNP/GCE).
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Electrochemistry measurements

Cyclic voltammetry and amperometric experiments were car-
ried out at room temperature. A certain volume of stock
solution of glucose and 10 ml supporting electrolyte were
added into an electrochemical cell, and then the three-
electrode system was inserted into the cell. The cyclic volt-
ammetry was carried out to investigate the electrochemical
response of the hybrid-modified electrode toward glucose.
The amperometric experiment was performed to achieve the
quantitative analysis.

Results and discussion

Characterization of the CoOxNPs/ERGO hybrid-modified
electrode

Fig. 1 shows the typical SEM images of electrodeposited
CoOxNPs on ERGO-modified glassy carbon electrode with
different magnification. The image recorded at lower magni-
fication (Fig 1a) indicates that the wrinkled graphene sheets
have been homogeneously decorated with CoOxNP by the
present electrodeposition method. The higher-magnification
SEM image (Fig 1b) reveals that the size of the nanoparticles
is less than 100 nm, and several large agglomerated particles
are also observed on the image in addition to well-distributed
small particles. As we can see, the size of large agglomerated
particles varies from under 100 nm to slightly less than
500 nm. The formation of CoOxNPs on the ERGO-modified
electrode was further checked by recording CVof the modi-
fied electrode in alkaline solution without cobalt ions. The
obtained voltammogram is almost the same as others reported
in the literature [16, 39]. As shown in Fig. 2a, three oxidation
peaks appeared at about 0.10, 0.40, and 0.67 V during the
anodic potential scan. These peaks correspond to the conver-
sion between four different cobalt oxidation phases of
Co(OH)2, Co3O4, CoOOH, and CoO2, which are stable at
alkaline solution. During the reverse cathodic scan, two re-
duction peaks at 0.60 and 0.30 V were observed, which are
attributed to the reduction of the various CoOx species formed

during the anodic scan. As reported, the redox reactions of II/
V at 0.4/0.3 V and III/IV at 0.67/0.6 V can be formulated as
Co3O4 + OH- + H2O→ 3CoOOH + e- and CoOOH + OH-→
CoO2 + H2O + e-. The irreversible oxidation peak at 0.1 V is
due to the reaction 3Co(OH)2 + 2OH-→Co3O4 + 4H2O + 2e-.
With an increase of the scan rate, both of the oxidation and
reduction currents of peak II/V increase linearly (data shown
in Fig 2b), suggesting a surface-controlled electron transfer
process.

Electrochemical impedance spectroscopy (EIS) can exhibit
the impedance changes during the modification processes,
which is further used for the investigation of the electrode
interface. The interface can be modeled by an equivalent
circuit (shown in the inset of Fig. 3). This equivalent circuit
includes the ohmic resistance of the electrolyte (R s), the
electron transfer resistance (R et), the double layer capacitance
(C dl), and Warburg impedance (Zw). The EIS includes a
semicircular part and a linear part. The semicircular part at
higher frequency corresponds to the electron-transfer limited
process, and the diameter is equivalent to the R et. The linear
part at lower frequency corresponds to the diffusion process.
Here, the R et was concerned because the electron transfer
properties of the modified materials is the most wanted to be
known. As shown in Fig. 3, the R et value was got as 145Ω on
the bare GCE. While on the CoOxNPs/GCE, the R et values
were increased to 200 Ω, which was due to the presence of
semiconducting CoOx that lowered the electron transfer rate
of Fe(CN)6

3-/4-. For ERGO/GCE, the highly conductive
graphene sheets significantly decreased the R et values to only
103 Ω. However, the CoOxNPs/ERGO hybrid-modified elec-
trode showed a very low Ret of 99Ω, lower than the values of
both the single component of ERGO and CoOxNPs. The
results confirmed that an efficient electrical network through
CoOxNPs direct anchoring on the surface of graphene facili-
tates the electron-transfer.

Electrocatalytic oxidation of glucose on the CoOxNPs/ERGO
hybrid-modified electrode

The electrocatalytic activity of the CoOxNPs/ERGO hybrid-
modified electrode toward the oxidation of glucose in an

baFig. 1 SEM images of the
electrodeposited cobalt oxide
nanoparticles on ERGO-modified
(CoOxNPs/ERGO) glassy carbon
electrode with low (a) and high
(b) magnification
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alkaline medium was investigated. For comparison, the
ERGO/GCE and CoOxNPs/GCE were also conducted.
Fig. 4 shows the CV responses of the (a) ERGO/GCE, (b)
CoOxNPs/GCE, and (c) CoOxNPs/ERGO/GCE in the ab-
sence (black curve) and presence (red curve) of 2.0 mM
glucose at a scan rate of 50 mV s-1. As can be observed, the
response of ERGO/GCE toward glucose is very limited and
the oxidation of glucose requires a very high positive poten-
tial, which will lead to a very slow electrode kinetic. In
contrast, the CoOxNPs/GCE and CoOxNPs/ERGO/GCE ex-
hibited obvious electro-oxidation of glucose with a notable
enhancement of the oxidation current starting from 0.40 to
0.80 V upon the addition of 2 mM glucose. As elegantly
explained by Ding et al. [16], this is due to glucose oxidation
to gluconolactone catalyzed by conversion of CoO2 to
CoOOH (redox pair III/IV): 2CoO2 + C6H12O6 (glucose) →
2CoOOH + C6H10O6 (gluconolactone). Comparing the CV
response of glucose to the above three electrodes (Fig. S2), it
is clear that the CoOxNPs/ERGO/GCE showed the largest
electrocatalytic response for glucose oxidation starting from

0.40 to 0.80 V. In addition, the amperometric responses for
successive additions of 50 μM glucose in 0.05 M NaOH at a
constant potential of +0.60 V were obtained for ERGO/GCE,
CoOxNPs/GCE, and CoOxNPs/ERGO/GCE. As displayed in
Fig 4d, the largest current response for 50 μM glucose was
obtained at CoOxNPs/ERGO/GCE, which is consistent with
the CVresults. Such enhanced electrocatalytic performance of
the CoOxNPs/ERGO hybrids may be ascribed to a synergistic
effect between graphene and the loaded CoOx nanoparticles,
which includes high catalytic active sites for the glucose
oxidation provided by the well-distributed and high-loading
amount of CoOx nanoparticles and fast electron transfer chan-
nel offered by an efficient electrical network through
CoOxNPs directly anchoring on the surface of graphene. Here,
the effect of ERGO in hybrid materials is forming an efficient
electrical network for immobilization of highly distributed
CoOxNPs. The large surface area and high conductivity of
ERGO makes the electron transfer rate of CoOxNPs/ERGO/
GCE obviously higher than that of CoOxNPs/GCE, which
facilitates the electrooxidation of glucose correspondingly.

The electrocatalytic behavior of CoOxNPs/ERGO/GCE
toward different concentrations of glucose was studied by
CV. As shown in Fig. 5, the oxidation currents of glucose
starting from 0.4 to 0.8 V increase gradually with increasing
concentrations of glucose from 0 to 3 mM, which lays out
prospect for the subsequent quantitative analysis. Prior to
nonenzymatic glucose detection, experimental parameters
possibly influencing the analytical performance of the fabri-
cated nonenzymatic sensor were optimized. The effect of
applied potentials was first systemically studied on the am-
perometric response of the CoOxNPs/ERGO hybrid electrode
to glucose. Constant potential chronoamperometry was per-
formed at the potential range from +0.55 to +0.70 V with a
settle interval of 0.05 V of the CoOxNPs/ERGO hybrids
electrode for successive additions of 50 μM glucose
(Fig. 6a). Obviously, the current response of 50 μM glucose
increases significantly from 0.55 to 0.60 V, and increases
gradually from 0.60 to 0.65 V, then keeps nearly the
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equilibrium at 0.65 V. Considering that the maximum current
response and that high applied potential may oxidize endog-
enous interfering species, +0.60 V was thus chosen as the
optimum applied detection potential.

In nonenzymatic glucose sensors, an alkaline medium can
be favorable for improving the electrocatalytic activity of the
transition metal-based catalysts. Hence, the impact of NaOH
concentrations was investigated in amperometric measure-
ments for detecting 0.25 mM glucose. As shown in Fig. 6b,

the amperometric currents increase correspondingly when the
electrolyte concentration increases from 0.005 to 0.05 M be-
cause glucose is more easily oxidized and the electrocatalytic
activity of CoOx nanoparticles is greatly enhanced at high pH.
The CV results also indicate negative shifts of the redox
couple of CoOx at higher pH (Fig. S3), meaning lower applied
potential is needed for amperometric sensing. However, with
further increasing the electrolyte concentration from 0.05 to
0.1 M, the amperometric current is reduced. The possible
reason is that too much OH- can block the further
electroadsorption of glucose anion and result in a decrease in
current response signal.

Amperometric sensing of glucose

Under the above optimized conditions, amperometric re-
sponses upon successive additions of glucose into constantly
stirred NaOH solutions were recorded. Fig.7a shows the am-
perometric response of the CoOxNPs/ERGO hybrids elec-
trode (holding at 0.60 V) upon additions of glucose to increas-
ing concentrations in 0.05 M NaOH. Well-defined ampero-
metric currents increasing stepwise with the level of glucose
are obtained. The CoOxNPs/ERGO hybrids exhibit sensitive
and rapid current response to glucose addition, achieving a
steady-state current in less than 5 s, demonstrating efficient
catalytic ability of the CoOxNPs/ERGO hybrids electrode for
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glucose electro-oxidation. The inset of Fig 7a presents the
relationship between the amperometric response of glucose
and its concentration. It can be found that the current increases
significantly with the increase of glucose when its total con-
centration is lower than 550 μM, and then increases gradually
to a saturation with further increasing the glucose concentra-
tion, because the electrode surface partially covered by the
adsorbed reaction intermediates cannot provide sufficient sites
to accommodate the incoming glucose. The calibration curve
for the electrochemical responses of the CoOxNPs/ERGO
hybrids electrode to glucose is shown in Fig 7b. The response
to glucose exhibits a good linear range from 10 to 550 μM
with a correlation coefficient of 0.9942 and a slope of
5.6 μAmM-1. A sensitivity of 79.3 μAmM-1 cm-2 is obtained
by dividing the slope of the linear regression equation by the
electroactive surface area, which was higher than 1.06, 36.25,
8.59 μA mM-1 cm-2 for the enzymeless glucose electrochem-
ical sensor based on FeOOH nanowires [40], Co3O4 nanofi-
bers [16], and Cu-CuO nanowire composites [41]. The limit of
detection (LOD) is estimated to be as low as 2 μM, based on
the signal/noise value of 3 (S/N=3). For comparison, enzyme-
free glucose sensing performances based on various
nanomaterials from previous reports and our present study
are shown in Table 1. As observed, the performance of the

present CoOxNPs/ERGO-based sensor is comparable to other
similar CoOx non-enzyme sensors (such as Refs. [16, 21, 22])
in view of sensitivities, linear range, and the LOD. For exam-
ple, the present sensitivity is higher than that based on Co3O4

nanofibers [16]. In addition, the present linear range is obvi-
ously higher than that based on 3D graphene/CoOx [21] and
the LOD is significantly lower than that obtained on CoOOH
nanosheets [22]. The high sensitivity and low LOD are be-
lieved to be attributed to the high catalytic activity of
CoOxNPs and the electrical network formed through
CoOxNPs directly distributing on the surface of graphene,
which not only can keep their intrinsic excellent electrical
conductivity but also facilitate CoOxNPs easily accessing to
glucose. Therefore, the electrochemical response for glucose
oxidation can be greatly enhanced.

Interference test and detection of glucose in urine sample

Some interference often co-existing with glucose in a biolog-
ical sample, such as DA, AA, and UA, could be easily oxi-
dized and interfere with glucose detection. In the physiologi-
cal sample, glucose concentration (4–7 mM) is generally
much higher than those of interfering species. Therefore, the
influence of 0.1 mM interference species on the current
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response of 1 mM glucose was evaluated. Besides, chloride
ions can poison most of the non-enzymatic glucose sensors
based on precious metals and alloys, the influence of high
concentration (0.1 M) of NaCl on the amperometric detection
of glucose was also investigated. From the current response in
Fig. 8, a remarkable glucose signal was obtained comparing to
the other four interfering species. Compared to 1 mM glucose,
the interfering species yielded current response ranging from
11.6 % (0.1 mM AA), 3.8 % (0.1 mM UA), 3.4 % (0.1 M
NaCl) to 7.9 % (0.1 mM DA).

The inter-electrode reproducibility investigation was con-
ducted by comparing the response currents of six CoOxNPs/
ERGOhybrids electrodes prepared under the same conditions.
The relative standard deviation (RSD) of response for amper-
ometric determination of 50 μM of glucose was 6.2 %. In
addition, eight measurements of 50 μM glucose using the
same electrode yielded a RSD of 4.5 %. These results indicat-
ed excellent intra-electrode and inter-electrode reproducibility.
Furthermore, the long-term stability of developed electrode
was studied by analyzing its amperometric response after 1-

month storage. The results showed only 5.8 % decrease in the
current response to 50 μM glucose. This good stability and
repeatability make the modified electrode feasible for practical
applications.

In order to investigate the possible application of this
biosensor in clinical analysis, the CoOxNPs/ERGO hybrid
electrode has been employed to the detection of glucose
spiked in human urine sample. The urine samples were ob-
tained from a healthy woman. There was no glucose level
detected in the blank urine samples. Therefore, 5 mM standard
solution of glucose was spiked in the urine sample. The
sample was examined in 0.05 M NaOH solution by ampero-
metric measurement at a potential of 0.60 V. Generally, 100 μl
of urine sample was added into 10 ml of 0.05 M NaOH
solution, and then 20 μl of 10 mM standard glucose solution
was successively added into the sample. The results were
presented in Table 2. As can be seen, the recovery of the
spiked glucose to the urine sample was in the range of
(95.5–102.0)%, indicating the accuracy of the present method.

Conclusions

In summary, a graphene-based heterostructure made of
CoOxNPs electrodeposited on ERGO surface have been suc-
cessfully fabricated. The method for preparation of CoOxNPs/
ERGO is green, rapid, and controllable by adjusting the exte-
rior electrochemical parameters. The prepared CoOxNPs/ER-
GO hybrids electrode exhibits favorable electrocatalytic prop-
erties for glucose oxidation in alkaline media. The low

Table 1 Comparison of enzyme-free glucose sensing performances based on various nanomaterials

Electrode materials Response time (s) Potential (V) Sensitivity (μA mM-1 cm-2) Linear range (mM) LOD (μM) Reference

Co3O4 nanofibers 7 +0.59 36.25 0.001–2 0.97 [16]

3D graphene/CoOx – +0.58 3390 0–0.08 0.025 [21]

CoOOH nanosheets <4 +0.40 341 0.03–0.7 30.9 [22]

FeOOH nanowires – +0.4 12.13 0.015–33 15 [40]

Cu/CuO nanowire composite <5 +0.3 8.59 0.1–12 50 [41]

Ti/TiO2 nanotube array/Ni – +0.55 200 0.1–1.7 4 [42]

CuO nanorods <10 +0.60 371.43 0.004–8 4 [43]

CoO acicular nanorods 20–40 +0.50 571.8 0.2–3.5 0.058 [44]

CoOxNPs/ERGO <5 +0.60 79.3 0.01–0.55 2 This work
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Fig. 8 Amperometric responses of the CoOxNPs/ERGO hybrids elec-
trode to successive additions of 1 mM glucose, 0.1 mMAA, 0.1 mMUA,
0.1 mM NaCl, 0.1 M DA, and 0.1 mM DA in 0.05 M NaOH at +0.60 V

Table 2 Determination of glucose in a human urine sample (n=3)

Spiked (mM) Detected (mM) RSD (%) Recovery (%)

5.00 4.92 3.94 98.4

7.00 6.95 3.62 101.5

9.00 8.86 4.29 95.5

11.0 10.9 4.07 102.0
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detection limit, high detection sensitivity and reproducibility,
and good selectivity of the as-prepared glucose sensor make
the hybrids a good candidate for the construction of enzyme-
free sensor for glucose detection. Since the relatively narrow
linear range (up to 550 μM) for detecting glucose, efforts are
underway in our laboratory to optimize the performance of
CoOxNPs-based sensors and especially to widen the linear
detection range.
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