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A simple design of growing Cu nanobelt (NB) electrode for glucose sensing is presented. Cu NBs were
grown directly on carbon electrodes by using electrochemical deposition. The average width, thickness
and length of the NBs were about 50 nm, 20 nm and several tens of micrometers, respectively. Cyclic vol-
tammetric (CV) experiments showed that a Cu NB electrode grown by a reduction charge of 0.5 C on a
substrate of 0.018 cm2 enhanced glucose oxidation ability. For glucose sensing, the electrode exhibited
a high sensitivity of 79.8 lA/mM and a measurable detection limit of 10 lM in amperometric detection.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Development of cheap, reliable, and fast sensors for glucose
detection is important because it involved in many areas, including
food industry, clinic diagnostics, and biotechnology. Commercial
pocket-sized blood sugar sensors are the examples. Based on glu-
cose oxidase electrodes, these sensors have benefited diabetic pa-
tients for conveniently monitoring their blood sugar levels at any
time [1–7]. However, to fabricate these electrodes, complicated
immobilization processes are needed. In addition, they suffer from
intrinsic instabilities and are sensitive to oxygen concentration in
the environment. On the other hand, there are more and more at-
tempts to develop non-enzymatic sensors constructed from nano-
structured materials with increased surface areas recently. These
sensors, containing electrodes with high electroactive surfaces,
can enhance current responses significantly. In many cases, sens-
ing selectivity of glucose relative to interfering species L-ascorbic
acid and uric acid can be increased as well [8–10]. Sensors con-
structed from nanostructured Pt, Au, Si, carbon nanotube (CNT),
CNT/metal composite and CuO electrodes are known examples
[8–22]. Among them, electrodes composed of Cu-based nanostruc-
tures have been reported for potential developments [17–22]. The
Cu-based electrodes do contain some disadvantages. They are non-
selective towards other carbohydrates, such as fructose and su-
crose, and need to be operated in an alkaline media. Despite of
these, they displayed high sensitivities and low detection limits
for glucose sensing [21,22]. In addition, Cu is relatively low cost
ll rights reserved.
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so electrodes may be mass produced for applications which require
disposable sensing elements. Recently, fabrication of Cu nanobelts
(NBs) via a Galvanic reduction process has been achieved [23]. In-
spired by previous works of employing Cu-based electrodes for
glucose sensing [21,22], we anticipate that the Cu NB, with its thin
native oxide layer on the highly exposed surface, may be employed
as an alternative electrode material. Here, we report our explora-
tion of a simple electrochemical deposition process to grow Cu
NBs on carbon screen printed electrodes (SPE) for glucose sensing.
Our discoveries are discussed below.

2. Experimental

2.1. Electrolyte preparation

CuCl2 (0.034 g, 0.25 mmol) was added to a stirring aqueous
solution (100 mL) of cetyltrimethylammonium chloride
(CTAC, 0.9 mM) and HNO3 (2.5 mM) in a glass vial. Immediately,
the mixture turned light blue. After a portion of the solution
(10 mL) was transferred to another glass vial, it was placed in a
water bath controlled at 290 K.

2.2. Electrochemical fabrication of Cu electrodes

In a two-electrode electrochemical cell composed of a DC power
supply and two carbon electrodes, Cu NBs were grown on the cath-
ode, which was a carbon SPE purchased from Zensor R&D with a
geometric area of 0.018 cm2. The anode was fabricated by painting
carbon paste uniformly on transparent projection slides followed
by drying them on a hotplate at 353 K for 3 h under air. They were
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cleaned with deionized water before use. After the cathode and the
anode were immersed in the electrolyte for 3 min, a fixed DC volt-
age of 2.0 V was supplied across the electrodes. At 290 K without
stirring, the cathode surface turned into a copper-like color gradu-
ally. After 24 h, a total charge of ca. 0.5 C was supplied. The cathode
was removed and rinsed with deionized water. To avoid oxidation,
the as-prepared Cu NB electrodes were stored in a N2 filled glove
box to prevent excessive surface oxidation. For comparison of elec-
trochemical properties, Cu nanoparticle (NP) and Cu foil electrodes
were also fabricated. Cu NPs were electrochemically grown on SPE
using the same reduction charge of 0.5 C [24]. Cu foils (Aldrich),
with exposed geometric area of 0.018 cm2, were prepared by cov-
ering their surfaces with properly sized Scotch tapes (3 M).

2.3. Instruments

The electrodes were characterized by the following instru-
ments: scanning electron microscope (SEM, JEOL JSM-6330F at
15 kV), energy dispersive spectrometer (EDS, Oxford Link Pentafet),
transmission electron microscope (TEM, JEOL JEM-2010F at 200 kV
and JEOL JEM-4000EX), and X-ray diffractometer, (XRD, Bruker AXS
D8 Advance). Cyclic voltammetric (CV) and chronoamperometric
experiments were carried out using a CHI 802 electrochemical
workstation (CH Instruments, Austin, TX, USA). Amperometric
curve of the electrodes was recorded at 0.6 V in a stirring 50 mM
NaOH solution in air.

3. Results and discussion

3.1. SEM characterization of Cu nanobelts and nanoparticles grown on
electrodes

Fig. 1 shows the SEM images of the as-prepared Cu NBs and NPs
electrodes. As displayed in Fig. 1A, one-dimensional (1-D) nano-
structures, several tens of lm in length, grow densely to cover
the entire carbon electrode surface. The EDS (Fig. S1A) confirmed
that the product was composed of Cu mainly. The inset in Fig. 1A
shows clearly a bending belt with a thickness of 20 nm. A width
distribution histogram of one hundred NBs provided an average
width of 46 nm and a main distribution range of 35–55 nm
(Fig. S1B). The belt width can be adjusted by varying the reaction
mixture concentration and the applied potential. For example,
when all ingredients in the mixture was doubled, the NBs dis-
played increased width (average: 185 nm, main distribution:
Fig. 1. SEM images of (A) Cu NBs (inset: enlarged view showing bendi
120–240 nm) and zigzag edges (Figs. S1C–D). The diameters of
the Cu NP aggregates shown in Fig. 1B is in the range of 100–
300 nm.

3.2. TEM characterization of Cu nanobelts

In Fig. 2A, the TEM image of a single NB lying flatly is shown.
Dark lines from internal stresses, typical for NB materials, are
clearly observed [23,25–33]. The selected area electron diffraction
(SAED, inset) displays a set of dots with a hexagonal symmetry,
exemplified by three spots marked with triangles. This indicates
that the NB was single-crystalline. From the pattern, the crystallo-
graphic zone axis can be indexed to be Cu [1 1 1]. The brightest set
of spots is assigned to Cu {2 2 0} reflections (JCPDF 89–2838) with
a d-spacing of 0.128 nm. It also indicates that the NB’s basal plane
was {1 1 1}. Growth direction of the NB is determined to be along
[�1 1 0] direction as concluded from the SAED pattern. Fig. 2B pre-
sents a high resolution TEM (HRTEM) image from the marked re-
gion in Fig. 2A. Two {2 2 0} lattice planes are identified on the
basis of their dihedral angle of 120�. This is consistent with the the-
oretical value of an fcc structure. The d-spacing is measured to be
0.128 nm, close to the literature value of Cu, 0.1278 nm (JCPDF 89–
2838). These HRTEM characterizations agree with the SAED result.
X-ray diffraction (XRD) patterns also confirmed that the NBs had
an fcc structure (Fig. S2). The estimated lattice parameter a,
0.36 nm, is consistent with the reported value of Cu, 0.362 nm
(JCPDF 89–2838). In the SAED in Fig. 2A, in addition to the pattern
of Cu, there is another set of dimmer hexagonal spots, exemplified
by the one marked with a white square. This suggests the presence
of another cubic phase material with a d-spacing of 0.25 nm. This is
close to the {1 1 1} spacing value of Cu2O, 0.246 nm (JCPDF 78–
2076). Since the reflections from Cu2O are not observed in the
XRD pattern (Fig. S2), we conclude that the quantity of Cu2O in
the sample is little. Origin of Cu2O is proposed to be from oxidation
of the NB surface in an ambient environment.

3.3. Cyclic voltammograms of Cu electrodes

Fig. 3 shows the CV (scan rate = 50 mV/s) behaviors of the Cu
NB, NP and foil electrodes in a phosphate buffer solution (PBS,
pH = 7.4). For the NB electrode, it shows significantly higher reduc-
tion/oxidation responses than the other two do. This indicates that
the NB electrode has a relatively large electrochemical surface area
[24]. The oxidation peaks at �0.02, 0.18 and 0.32 V are referred to
ng and thickness of NBs) and (B) NPs grown on carbon electrodes.



Fig. 2. (A) TEM image and SAED pattern (inset) from the white square of an individual Cu NB. (B) HRTEM image from the white square in (A).

Fig. 3. CVs of Cu foil (black), NP (blue) and NB (red) electrodes. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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the conversion of Cu(0)–Cu(I), Cu(I)–Cu(II) and Cu(II)–Cu(III) [18].
In the reduction cycle, the peak at �0.33 V and the shoulder at
�0.46 V correspond to the translations of Cu(II)–Cu(I) and Cu(I)–
Cu(0), respectively [24]. The other weak wave at �0.14 V is as-
signed to the conversion of Cu(III)–Cu(II). It is surprising that the
reductive peak intensity of the NP electrode is only one seventh
of that of the NB electrode. This suggests that the aggregated NPs
could not expose their surfaces as efficiently as the NBs.

3.4. Amperometric sensing of glucose

To compare electrocatalysis of glucose oxidation by the nano-
structured Cu electrodes, CV studies of both NB and NP electrodes
were performed. As shown in Fig. 4A, in a blank alkaline solution
(50 mM NaOH(aq)), clear current increases corresponding to a
Cu(II)/Cu(III) redox couple are observed above 0.7 and 0.75 V for
the NB and the NP electrodes, respectively [17]. For both electrodes
in 0.1 M glucose mixed with 50 mM NaOH(aq), additional waves,
corresponding to irreversible glucose oxidation, appear. The oxida-
tion is attributed to a Cu surface oxide assisted electrocatalytic pro-
cess, as described in previous reports [17,18,21,22]. For the Cu NB
electrode, dramatic enhancement of the oxidation current can be
observed between 0.2 and 0.7 V. For the NP electrode, the oxida-
tion current increase starts only at 0.4 V. Fig. 4B illustrates amper-
ometric measurements of glucose by the nanostructured Cu
electrodes (0.6 V in aerated 50 mM NaOH(aq)). The NB electrode
provides a much higher current response than the NP electrode
does, as demonstrated in Fig. 4C. The inset in Fig. 4B shows that
the NB electrode can offer sensitive and stable detection in lM
concentrations. A sensitivity of 79.8 lA/mM with a linear depen-
dence (R2 value, 0.998) of oxidation current to glucose concentra-
tion (10.0 lM–1.13 mM) is observed for the NB electrode. The
minimum detectable concentration shown in Fig. 4B and C is
10 lM. These results were reproducible in several experiments.
We anticipate the performance may be improved further upon
additional electrode developments. For example, a minimum mea-
surable concentration of 0.5 lM was observed (Fig. S5). For com-
parison, the NP electrode shows a lower sensitivity of 6.2 lA/
mM. This probably is due to aggregation of the NPs during their
growth on the electrode surface. Performances of various nano-
structured non-enzymatic electrodes reported previously are sum-
marized in Table 1. Among these, the CuO nanowire (NW)
electrode reported by Zhuang et al. showed the highest sensitivity
and the lowest detection limit [22]. The CuO nanorod (NR) elec-
trode reported by Batchelor-MacAuley et al. performed well too
[21]. Since geometric areas of the electrodes shown in Table 1 var-
ied widely, quantitative comparisons are difficult. The sensitivity
and the detection limit of our Cu NB electrode were inferior to
those two mentioned above. Considering the small geometric area,
0.018 cm2, of the Cu NB electrode fabricated in this study, we feel
that its performance is comparable to the other literature examples
shown in Table 1. The performance of our electrode could be en-
hanced further by adjusting the amount of Cu NBs deposited, the
geometric area employed, and the extent of oxide layer grown.

In real physiological samples, interfering species such as chlo-
ride ion, L-ascorbic acid (AA) and uric acid (UA) normally co-exist
with glucose. The concentration of chloride ion is about ten times
of that of glucose level. The AA and UA concentrations are about
one-tenth of the glucose value. Amperometric responses of the
NB electrode towards the addition of these species (Cl�: 1 mM,
AA and UA: 10 lM) followed by glucose (100 lM successively)
were examined. As shown in Fig. 4D, AA and UA do not produce
significant responses while the glucose response remains at about
60% of the value in the presence of 1 mM chloride ion shown in
Fig. 4B. On the other hand, the Cu NB electrodes demonstrated
their abilities to electro-oxidize other carbohydrates, such as fruc-
tose and sucrose, in CV studies. However, similar to the cases re-
ported before, they did not display special selectivity among the
carbohydrates. This is a common challenge yet to be solved for
non-enzymatic electrodes [17,19–21].



Fig. 4. Electrochemical data of Cu electrodes in 50 mM NaOH at 50 mV/s. (A) CV diagrams of (a) NP and (b) NB electrodes without glucose, and (c) NP and (d) NB electrodes in
0.1 M glucose; (B) Amperometric responses of (a) NP and (b) NB electrodes to successive additions of glucose (inset: successive additions of 1 lM glucose); (C) Current
responses of (a) NP and (b) NB electrodes to glucose concentrations from the data in (B); (D) Amperometric responses (at 0.6 V) of a NB electrode to interferences from
chloride ion (1 mM), ascorbic acid (AA, 10 lM) and uric acid (UA, 10 lM) prior to successive additions of glucose.

Table 1
Comparison of various non-enzymatic glucose sensors.

Electrode Geometric
area (cm2)

Sensitivity
(lA mM�1)

Detection
limit (lM)

Reference

Cu NBs 0.018 79.8 10 This study
CuO NR bundles N/A 450 1.2b [21]
CuO NW bundles 0.2 490 0.049b [22]
Cu NPs/MWCNT 0.07 17.76 0.21b [17]
Cu particles 0.031 111.6 0.7b [18]
DMG

functionalized
Cu NPs

0.07 49 0.5b [19]

Cu NPs/SWCNT/
Nafion

0.07 256 0.25b [20]

Pt NTs 0.1256 0.1a 1.0b [9]
Mesoporous Pt 0.02 9.6a N/A [10]
Macroporous Pt 0.292 31.3a 0.1b [11]
Pt–Pd NPs/

MWCNT
0.09 17.8a 1.8b [12]

MWCNT N/A 4.36a N/A [8]
Au NPs 0.02 179a 0.05c [13]
Porous Au 0.33 32a 2b [14]
Macroporous Au 0.5 11.8a 5b [15]

**MWCNT – multi-walled CNT; DMG – dimethylglycoxime; SWCNT – single-walled
CNT; NTs – nanotubes; N/A – not available.

a Estimated from three times of the standard deviation of the blank signal.
b The unit is lA cm�2 mM�1.
c The minimum concentration could be detected.
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4. Conclusions

In conclusion, we have demonstrated a simple low-cost electro-
chemical deposition process to grow Cu NBs on carbon screen
printed electrodes for glucose sensing. Our results indicate that
the Cu NB electrode can enhance electrocatalytic ability of glucose
oxidation significantly. The high performance may be attributed to
the large electrochemical surface area of the NBs and the highly or-
dered belt surface planes [34]. Presence of better contacts between
the NBs and the substrate may also show positive effects. Thus, the
kinetically-controlled electrooxidation of glucose is amplified and
the response current is increased. We anticipate that upon further
development, these Cu NB electrodes will perform exceptionally in
glucose sensing applications.
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