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Copper nanoparticles (NPs) decorated nitrogen-doped graphene (Cu-N-G) was prepared by a facile
thermal treatment, and further employed as a novel sensing material for fabricating the sensitive non-
enzymatic glucose sensor. Compared with pure Cu NPs, the Cu-N-G showed enhanced electrocatalytic
activity to glucose oxidation due to the integration of N-G, which exhibited the oxidation peak current of
glucose ca. 23-fold higher than that of pure Cu NPs. The presented sensor showed excellent
performances for glucose detection including wide linear range of 0.004-4.5 mM, low detection limit
(1.3 pM, S/N=3), high sensitivity (48.13 pA mM~'), fast response time ( <5 s), good selectivity to the
general coexisted interferences, etc. Such properties would promote the potential application of the
nitrogen-doped graphene as enhanced materials in fabricating sensors for chemical and biochemical

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Efficient and highly sensitive detection of glucose concentra-
tion is of considerable importance in various fields ranging from
medical applications in blood glucose sensing to ecological appli-
cations, and various approaches to glucose sensing have been
developed including electrochemical, optical, thermometric, and
fluorescent sensors (Steiner et al., 2011; Wu et al,, 2011; Wang
et al,, 2013). Among these different types of sensors, amperometric
glucose enzymatic sensors are promising due to their simple
instrumentation and convenient operation, based on which good
selectivity and high sensitivity have been achieved for glucose
detection (Delvaux and Champagne, 2003; Qiu et al, 2009;
Valentini et al.,, 2013). However, owing to the intrinsic nature of
enzymes, enzymatic glucose sensors can easily be affected
by temperature, pH value, humidity, and toxic chemicals (Sun
et al., 2011). As an alternative strategy, several functionalized
nanomaterials, such as gold nanowire (Cherevko and Chung,
2012), cobalt oxide nanorods (Kung et al., 2011), palladium
nanoparticles/carbon nanotubes (Chen et al., 2009) and platinum
nanoflowers/graphene oxide (Wu et al., 2013), have been designed
and employed as sensing materials for fabricating non-enzymatic
glucose sensors during recent years, which overcome the disad-
vantages of enzymatic glucose sensors to some extent.
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Copper and copper oxides based nanomaterials have attracted
great attention for non-enzymatic glucose sensor owing to their
high electrocatalytic activity, and some other advantages of
inexpensive, non-toxic, easily produced and readily stored (Yang
et al., 2012). For example, Wang et al. (2010) have fabricated a
sensitive non-enzymatic glucose sensor by employing CuO flowers
and nanorods as the sensing material; Zhang et al. (2012) reported
a sensitive and selective non-enzymatic glucose sensing platform
based on the one-dimensional Cu nanowires. Furthermore, in
order to improve their catalytic activity, great efforts have been
made to combining copper or copper oxides with carbon-based
nanomaterials (Kang et al., 2007; Luo et al., 2012; Zhou et al., 2012).
For instance, Kang et al. (2007) fabricated a non-enzymatic glucose
sensor based on Cu nanoclusters/multiwall carbon nanotube
(MWCNT), which exhibited amplified and fast response
for electrocatalytic oxidation of glucose by the introduction of
MWCNT; Luo et al. (2012) developed a non-enzymatic glucose sensor
based on Cu-graphene nanocomposites, and the sensor showed
much higher current and more negative onset potential for glucose
oxidation than Cu nanoparticles (NPs). All these studies indicated that
combining copper or copper oxides with carbon-based nanomaterials
could efficiently improve the performance of non-enzymatic glucose
sensors, due to the increased electrocatalytic active area and the
promoted electron transfer for glucose oxidation of carbon-based
nanomaterials (Luo et al,, 2012; Zhao et al., 2013).

Most recently, nitrogen-doped graphene (N-G), as a kind of
novel carbonaceous derived materials, has received considerable
interests by virtue of its excellent properties, such as large
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functional surface area, high ratio of surface active groups to
volume, biocompatible C-N microenvironment, high electrical con-
ductivity and much chemically active sites (Yang et al., 2013a).
Furthermore, the latest studies indicated that N-G can provide
excellent platforms for loading nanomaterials and improve their
catalytic activity. According to Xiong's report (Xiong et al., 2013),
Pt/N-G exhibited significantly enhanced catalytic activity for metha-
nol electro-oxidation reaction compared to pure Pt. Borowiec et al.
(2013) developed a sensor for electrochemical determination of
chloramphenicol based on Au/N-G, which exhibited better electro-
catalytic performance for chloramphenicol than Au/graphene. All
these results indicated that N-G shows great potential as enhanced
materials for fabricating the electrochemical sensing interface, and
up to now, it is just the beginning of this fantastic topic.

In this paper, copper NPs decorated nitrogen-doped graphene
(Cu-N-G) were prepared by a facile thermal treatment, using N-G
as a novel substrate material. Due to the integration of N-G, the as-
prepared Cu-N-G showed enhanced electrocatalytic activity to
glucose oxidation, which exhibited the oxidation peak current ca.
23-fold higher than that of pure Cu NPs. Furthermore, combining
the advantageous features of N-G and Cu NPs, a novel non-
enzymatic glucose sensor has been constructed, which showed
good performances for glucose sensing with high sensitivity,
excellent selectivity, fast response, wide detection range and good
stability. In addition, the prepared biosensor can be used for the
detection of glucose in real samples with good accuracy, which
may find practical applications in the future for the assay of blood
glucose.

2. Experimental
2.1. Reagents and chemicals

Graphite was purchased from Qingdao Tianhe Graphite Co., Ltd.
p-(+)-Glucose, 1-Asorbic (AA), dopamine hydrochloride (DA),
4-acetamidophenol (AP), uric acid (UA) and Nafion (5 wt%) were
purchased from Sigma-Aldrich. Cu(NOs),, glycine (Gly), NaOH and
NaCl were purchased from Sinopharm Chemical Reagent Co., Ltd.
Graphene oxide (GO) was prepared using modified Hummers
method from graphite powders (Gilje et al., 2007). Unless other-
wise stated, reagents were of analytical grade and used as
received. All solutions were prepared with double distilled water.

2.2. Apparatus

Characteristics were performed via transmission electron micro-
scopy (TEM, Hitach H800, Japan), scanning electron microscopy
(SEM, JEOL JSM-6700, Japan) equipped with an energy-dispersive
spectroscopy (EDS, Oxford Inca Energy 400, UK). X-ray diffraction
spectra (XRD, Bruker D8 ADVANCE diffractometer, Germany) with
Cu Ko (A=1.54 A) radiation, Raman spectra (RM 2000 microscopic
confocal Raman spectrometer, England), X-ray photoelectron spec-
troscopy (XPS, PHI 5000 VersaProbe, Japan). Electrochemical impe-
dance spectroscopy (EIS) was performed in 0.1 M KCl solution
containing 5mM Fe(CN)g>~/4~ with a frequency range from
0.01 Hz to 10 kHz, and the amplitude of the applied sine wave
potential in each case was 5 mV which was taken with a ZENNIUM
electrochemical workstation (Zahner Instruments, Germany). The
electrochemical experiments were performed with a CHI660 B
electrochemical analyzer (Chen Hua Instruments, Shanghai, China).
in a conventional three-electrode system where glassy carbon
electrode (GCE, 3 mm diameter) was used as working electrode,
saturated calomel electrode (SCE) as reference electrode and
platinum wire as counter electrode, respectively. Amperometric
curves were obtained after adding a glucose solution of certain

concentration into 0.1 M NaOH electrolyte under stirring conditions,
and then the current in each experiment was recorded when it
reached the steady state.

2.3. Preparation of samples

GO was mixed with copper nitrate and Gly at a mass ratio of
1:1:8 (GO:copper nitrate:Gly) in water. The resulting mixture was
sonicated for two hours and poured into an alumina crucible.
The temperature of the mixture was gradually increased from
room temperature to 500 °C under argon atmosphere and main-
tained for 2 h. Then, the final product was collected from the
crucible directly. Similarly, N-G was prepared without adding
copper nitrate. The Cu NPs were prepared according to the method
described in our previous work (Xu et al., 2011).

2.4. Preparation of the modified electrodes

Prior to modification, the GCE was first polished with sand
paper followed by 1.0, 0.3, and 0.05 pm alumina slurry, respec-
tively. After successive sonication in ethanol and double distilled
water, the electrode was rinsed with double distilled water and
allowed to dry at room temperature. 2 mg mL~' Cu-N-G suspen-
sion was prepared by dispersing 1.0 mg Cu-N-G in 0.5 mL ethanol
with ultrasonic agitation for about 2 min. Then, the as-prepared
Cu-N-G suspension and 30 pL of 5% Nafion were mixed with
ultrasonic agitation for 2 min. After that, 6 pL of the suspension
was spread evenly onto the pretreated GCE surface and allowed
to dry in ambient air for 24 h. Nafion/Cu-N-G modified GCE was
thus successfully obtained (denoted as Nafion-Cu-N-G/GCE).
For comparison, Nafion-N-G/GCE and Nafion-Cu/GCE were pre-
pared using a similar procedure.

3. Results and discussion
3.1. Characterization of Cu-N-G

The TEM image of Cu-N-G is shown in Fig. 1, and it is obvious
that the two-dimensional N-G sheets were well decorated by a
large quantity of Cu NPs and both the outline of N-G and Cu NPs
could be clearly observed. In addition, the synthesized N-G sheets
(Fig. S1) showed a characteristically crumpled and overlapped
multilayer surface structure. As shown in Fig. S2A, the Cu NPs with
the size of 80-120 nm were uniformly decorated on the surface of
N-G, and no free NPs were presented outside the N-G sheets.
The morphologies of Cu-N-G were also characterized by SEM. Cu
NPs were uniformly distributed on the N-G sheets as shown in
Fig. 1B, and in some place, Cu NPs were deposited on both sides of
the N-G sheets. EDS spectrum in Fig. S2B further confirmed that Cu
NPs were formed on N-G sheets. Besides Cu, the elements of C, N,
and O were detected as well. The peaks of C and N belonged to N-G
and the existence of oxygen signal was due to the incomplete
reduction from GO to N-G.

Further structural characterization of Cu-N-G was performed
by XRD. As shown in Fig. 2A, the diffraction peak located at the 26
value of ~26° was ascribed to the hexagonal structure ((002)
plane) of N-G (Xiong et al., 2013). The three major peaks at 43.5°,
50.5° and 74.5° in the range of 40-80° correspond to the (111),
(200) and (220) planes of Cu with cubic phase (JCPDS card no. 04-
0836), respectively (Xu et al.,, 2011; Luo et al., 2012; Zhao et al., 2013).
These results were consistent with the EDS results, which further
confirmed that the Cu NPs were coated on the N-G sheets.

To characterize graphite and graphene materials, Raman scat-
tering has been proved to be an essential tool, particularly for
distinguishing ordered and disordered crystal structure of carbon
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Fig. 1. (A) TEM image of Cu-N-G and (B) SEM image of Cu-N-G.
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Fig. 2. (A) XRD pattern of JCPDS card no. 04-0836 (a) and Cu-N-G (b). (B) EDS spectrum of Cu-N-G.

and carbon-heteroatom from carbon-carbon bonds. Raman spec-
tra of the as-prepared graphene (a), N-G (b) and Cu-N-G (c) were
given in Fig. S3A. For comparison, the spectrum of graphene
obtained from thermal reduction of GO under the same conditions
was shown in curve a. It is evident that two remarkable peaks of
graphene were observed at 1346 cm~! and 1579 cm™!, corre-
sponding to the characteristic D and G bands of carbon materials,
respectively. In general, the D band is associated with structural
defects, while the G band is the result of the first-order scattering
of the E,; mode of sp? carbon domains (Guo et al., 2013; Higgins
et al., 2013). For N-G (curve b) and Cu-N-G (curve c), the G band
shifted to 1584 cm~! and 1587 cm ™!, respectively, indicating the
insertion of N atoms in graphene (Yang et al., 2013b). Compared
with graphene, the N-G and Cu-N-G exhibited strong D band peak
at 1346cm~! due to a high defect density (incorporated N)
(Vinayan et al., 2012). Commonly the D/G intensity ratio (Ip/Ig)
reflects the defect density in carbon materials. The as-prepared
Cu-N-G and N-G were found to have the high Ip/Ig of 1.06 and
1.04, respectively, obviously larger than the Ip/Ig of 0.74 observed
for graphene, which was attributed to the structural defects
caused by heterogeneous nitrogen atoms insertion into the gra-
phene layers (Jin et al., 2013).

XPS analysis was carried out to further analyze the chemical
composition and status of Cu-N-G and N-G. As shown in Fig. 2B,
the XPS scan spectra of N-G (a) and Cu-N-G (b) exhibited distinct
C1s, N1s and O1s peaks. In the case of Cu-N-G, additional distinct
Cu 2p peaks were observed. Moreover, the high-resolution spec-
trum of Cu 2p (Fig. S3B) obviously showed binding energy peaks at
932.4 and 952.3 eV corresponding to Cu 2ps;; and Cu2p,, photo-
electron transitions, respectively, which is characteristic of Cu
in the zero-oxidation state (Sreedhar et al., 2008). As shown in

Fig. S4, the high resolution N1s spectra for Cu-N-G (a) and N-G (b)
show three bands at 398.3, 399.8 and 400.9 eV, corresponding to
the pyridinic nitrogen, amino nitrogen and pyrrolic nitrogen, respec-
tively (Vinayan et al,, 2012; Xiong et al., 2013;Yang et al., 2013b).
Notably, the amount of nitrogen incorporated in N-G was found to
be approximately 15% with a high doping level. According to
previous studies, the pyridinic nitrogen at graphene can provide a
pair of electrons for conjugation with the m-conjugated rings
which can introduce electron donor properties to graphene sheets
and improve the electrochemical performances of N-G; the pyrrolic
nitrogen has higher charge mobility in graphene due to better
electron-donor characteristics and enhanced carbon catalytic activity
in electron-transfer reactions (Yang et al, 2013b). Therefore, the
electrocatalytic activity of Cu-N-G is expected to be better than pure
Cu NPs. The Cl1s XPS spectra of Cu-N-G (c) and N-G (d) in Fig. S4
revealed the formation of various surface groups on the obtained
materials which could be reasonably deconvoluted into five compo-
nents corresponding to the following carbon functional groups: C-C
(2845¢eV), C-N (2859eV), C-O (286.5eV), Ci0 (2879eV) and
0-C30 (289.1 eV). Furthermore, the O 1s XPS spectra of Cu-N-G
(e) and N-G (f) shown in Fig. S4 could be fit to three constituents: O-C
(531.5 eV), 04C (532.6 eV) and 0O-Ca0 (533.8 eV) (Yang et al,, 2013b;
Xiong et al., 2013).

3.2. Electrochemical characterization

EIS is widely used to study features of electrodes to obtain informa-
tion on electron transfers between the electrolyte and the electrode
surface. The EIS normally includes a semicircular part and a linear
part. It is usually considered that the semicircle diameter at higher
frequencies corresponds to the electron-transfer resistance (Ret),
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and the linear part at lower frequencies corresponds to the
diffusion process (Hu et al., 2012). As shown in Fig. S5, the bare
GCE exhibited an almost straight line (curve a), which implied the
characteristic of a diffuse limiting step of the electrochemical
processes. After dripping Nafion on the surface of the electrode,
an obvious interfacial Re; was observed (curve b), perhaps due to
the Nafion film acting as a barrier and blocking interfacial charge
transfer. However, when Nafion-Cu was assembled onto the
electrode, the R was decreased (curve c), which showed that
Nafion-Cu was successfully immobilized on the GCE surface (Kang
et al., 2007). After the Nafion-Cu-N-G composite was applied to
modify the GCE, the R, was decreased greatly (curve d), which
proved that the assembly of the composite made the electron-
transfer easier. These results could be attributed to the increased
conductivity of the nitrogen-doped graphene (Yang et al., 2013b).

3.3. Electrocatalysis of glucose

The electrocatalytic activity of Nafion-Cu-N-G, Nafion-Cu and
Nafion-N-G modified electrodes was recorded separately in 0.1 M
NaOH solution with the absence and presence of 4 mM glucose at
a scan rate of 50 mV s~ !, As shown in Fig. S6, no peak current was
obtained in 0.1 M NaOH solution. Upon the addition of 4 mM
glucose, it can be seen from Fig. 3A that an irreversible glucose
oxidation peak at +0.68 V was obtained at the Nafion-Cu/GCE
(curve b), and no obvious oxidation current can be found at
Nafion-N-G/GCE (curve a). Moreover, Nafion-Cu-N-G/GCE exhib-
ited enhanced electrocatalytic oxidation to glucose with the
electrochemical response ca. 23-fold higher than that of pure Cu
NPs (curve c). These results indicated that the Cu-N-G exhibited
excellent electrocatalytic activity toward the oxidation of glucose
as expected. Such excellent electrocatalytic activity of the Cu-N-G
may be attributed to the introduction of N-G, which promote
electron transfer in the oxidation of glucose.

Fig. 3B presented the CV responses obtained at Nafion—-Cu-N-
G/GCE in 0.1 M NaOH solution containing different concentrations
of glucose at a scan rate of 50 mV s~ . As can be seen in curve a, no
oxidation peak was observed in the absence of glucose, upon the
addition of 4 mM glucose (curve b), notable enhancement of
oxidative peak current corresponding to the irreversible oxidation
of glucose was observed, and the voltammetric response increased
with a rising concentration of glucose at about +0.5V (curve c),
where the oxidation potential is due to the conversion of Cu(ll) to
Cu(Ill) (Wu et al., 2010; Yang et al., 2010). It has been proposed that
Cu(Ill) species may act as an electron transfer mediator for the
oxidation of glucose (Wu et al., 2010). Thus, the electrocatalytic
mechanism of Cu-N-G towards glucose may be attributed to the
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involvement of Cu(Il) and Cu(III) surface specie in the oxidation of
glucose in alkaline medium. Moreover, the peak potential (+0.5 V)
for glucose oxidation was more negative than that of Cu-graphene
nanocomposite modified electrode (+0.65 V) in previous report
(Chen et al., 2012).

3.4. Amperometric response of Nafion-Cu-N-G/GCE toward glucose

Fig. 4A illustrated amperometric response of Nafion-Cu-N-G/
GCE for successive step changes of glucose concentration at +0.5 V.
As the glucose was injected into 0.1 M NaOH, a step-style increase
in current responses generated after each addition of glucose.
It took less than 5s (inset in Fig. 4B) to reach the steady-state
current, indicating the fast amperometric response of the modified
electrode. Moreover, Nafion—-Cu-N-G/GCE displayed a wide linear
response range from 4 x 10~ M to 4.5 x 10> M with a correlation
coefficient of 0.995, a high sensitivity of 4813 pAmM~', and a
detection limit of 1.3 pM at the signal-to-noise ratio of three.
The above electrocatalytic studies of the biosensor revealed the
properties of higher sensitivity and lower detection limit than
Nafion-Cu/GCE in our previous study (Xu et al.,, 2011), which is
due to the promoted electron transfer and superb catalytic activity
afforded by N-G and Cu NPs.

3.5. Reproducibility, stability and anti-interference property
of the biosensor

The reproducibility of the biosensor was examined by measur-
ing the current responses upon 0.1 mM glucose in 0.1 M NaOH
solution. In a series of five electrodes prepared in the same way, a
relative standard deviation (RSD) of 5.8% was obtained, indicating
the reliability of this method. While 5 measurements for a single
electrode were made upon the addition of 0.1 mM glucose in 0.1 M
NaOH with RSD of 3.9%, demonstrating excellent reproducibility.

In order to evaluate the stability of the biosensor, the current
responses to 0.1 mM glucose were measured in 0.1 M NaOH
solution at +0.5V with every 2 days intervals. When it was not
measured, the electrode could be washed with double distilled
water and dried at room temperature in air. As shown in Fig. S7,
the proposed biosensor retained about 88% of its initial response
after three weeks, suggesting that the biosensor has good stability.

A number of oxidizable species such as AA, DA, AP, UA, and
other carbohydrate compounds such as fructose, lactose and
sucrose, usually co-exist with glucose in many samples, although
at low concentrations relative to glucose, they exhibit high
electron transfer rates and often interfere with the determination
of glucose. Considering the concentration of glucose is at least 30
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Fig. 3. (A) CVs of Nafion-N-G/GCE (a), Nafion-Cu/GCE (b) and Nafion-Cu-N-G/GCE (c) in 0.1 M NaOH solution containing 4 mM glucose at a scan rate of 50 mV s~ '. (B) CVs
of Nafion-Cu-N-G/GCE in 0.1 M NaOH solution with 0 mM (a), 4.0 mM (b) and 8.0 mM (c) of glucose at the scan rate of 50 mV s~ .
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Fig. 4. (A) Amperometric response of Nafion-Cu-N-G/GCE for successive addition of various concentrations of glucose to 0.1 M NaOH at +0.5 V. Inset: amplification of the
i-t curve. (B) The calibration curve for glucose detection. Inset: response time of the biosensor.
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Fig. 5. (A) Interference test of Nafion-Cu-N-G/GCE in 0.1 M NaOH at +0.5 V with 1 mM glucose, 0.1 mM DA, 0.1 mM AP, 0.1 mM AA, 0.1 mM UA, 0.1 mM NaCl and 1 mM
glucose. (B) Interference test of Nafion-Cu-N-G/GCE in 0.1 M NaOH at +0.5 V with 1 mM glucose, 0.1 mM fructose, 0.1 mM lactose, 0.1 mM sucrose and 1 mM glucose.

times of interfering species in human blood, the interference
experiment was carried out by successive addition of 1.0 mM
glucose and 0.1 mM interfering species in 0.1 M NaOH solution
at a potential of +0.5 V. At the same time, the tolerance of Nafion—
Cu-N-G/GCE to chloride was tested by adding 0.1 mM NaCl to the
electrolyte. As can be seen from Fig. 5, the current responses for
the interfering species to that of the glucose were below 4.8%,
indicating that Nafion-Cu-N-G/GCE is highly specific to glucose even
in the presence of several interfering species. Meanwhile, the
addition of NaCl did not show any effect on the current of glucose
oxidation, suggesting high chloride tolerance of Nafion-Cu-N-G/GCE.

3.6. Blood serum sample measurement

In order to explore the practicability of the biosensor, it was
applied to determine the concentration of glucose in human blood
serum samples of diabetic and healthy people, which were
obtained from Jiang Bin hospital. 10 pL of blood serum sample
was added to 5 mL 0.1 M NaOH solution with stirring and the final
concentration was in the linear range of the proposed biosensor.
Amperometric detection was carried out to measure the current
response at the applied potential of +0.5 V by using the standard
addition method and the results are shown in Table 1. The
determined results of the blood serum samples are in accordance
with those tested by hospital, indicating that the biosensor has a

Table 1
Results for determinations of glucose in blood serum samples (n=5).

Sample Hospital Our biosensor RSD Added Recovery
(mM) (mM) (%) (mM) (%)

1 5.1 517 29 0.5 103.4

2 123 12.45 4.7 0.5 101.9

3 4.7 4.63 34 0.5 99.8

4 6.0 5.97 2.6 0.5 97.6

5 49 5.02 41 0.5 102.3

Each sample was measured for three times.

great potential for practical application for the analysis of glucose
in real clinical samples.

4. Conclusions

In summary, the Cu-N-G was successfully prepared by a facile
method via thermal treatment, and a novel non-enzymatic glucose
sensor was fabricated based on the resulting Cu-N-G, which
exhibited improved electrocatalytic activity to glucose oxidation
than pure Cu NPs. The biosensor displayed excellent performances
for glucose detection, such as wide linear range, low detection
limit, high stability and perfect specificity to glucose in the
presence of common interferents as well as avoiding poison by
chloride ions. The relatively facile and low-cost fabrication of such
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biosensor makes it as a potential candidate for routine glucose
sensing.
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