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Abstract A highly sensitive and fast-response biosensor
based on cupric hydroxide/oxide (Cu(OH),/CuO) nanotube
arrays (CNA) was successfully fabricated in this work.
CNAs were prepared on copper electrode surface by simply
immersing copper electrode in an aqueous solution of
NaOH and (NH,4),S,05. The morphology and the composi-
tion of the CNAs were characterized by scanning electron
microscopy (SEM) and X-ray diffraction spectroscopy
(XRD), respectively. The electrocatalytic activity of the
CNA modified copper electrodes (CNA/Cu) towards glu-
cose oxidation was investigated by cyclic voltammetry and
amperometry. The CNA/Cu showed good non-enzymatic
electrocatalytic responses to glucose in alkaline media and
can be used for the development of enzyme-free glucose
Sensors.
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Introduction

Diabetes is a metabolic disorder and a major world health
problem. There are over 170 million diabetics worldwide
(WHO 2004), and the number is projected to 300 million in
2025, so glucose detection is becoming incredibly important
to the patients suffering from diabetes [1, 2]. Due to its high
sensitivity and selectivity to glucose and stable activity over
a broad range of pH [3], glucose oxidase (GOx) has been
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widely used to construct various amperometric biosensors
for glucose detection [1, 4—12]. However, due to the intrin-
sic feature of enzymes, GOx-based biosensors suffer from a
stability problem [13]. Direct electrocatalytic oxidation of
glucose at an enzyme-free electrode would exhibit conven-
iences and advantages to avoid the drawbacks of the enzyme
electrode. In recent years, much attention has been paid to
develop enzyme-free electrodes [14—19]. Precious metals
[14, 15, 17, 20], metal alloys [18, 21], and metal nano-
particles [16, 22—-24] have been extensively investigated in
the development of nonenzymatic glucose sensors. Howev-
er, these electrodes have drawbacks such as low sensitivity
and costliness and also suffer from the poisoning of chloride
ions [15, 19, 25]; thus, their application is greatly limited.
Therefore, the development of a cost-effective, sensitive,
and reliable enzyme-free glucose sensor is still greatly
demanded [13].

Cupric oxide (CuO) has been studied intensely because
of its numerous applications in catalysis, semiconductors,
batteries, gas sensors, biosensors, and field transistors
[26-31]. CuO—carbon black modified composite and CuO-
coated glass beads have been reported for the detection of
glucose, but their application is limited by the tedious fab-
rication processes [32, 33]. With the development of nano-
technology, nanostructured CuO is promising in the
development of nonenzymatic glucose sensors because of
its highly specific surface area, good electrochemical activ-
ity, and the possibility of promoting electron transfer reac-
tions at a lower overpotential. Various attempts have been
made during recent years, and modified electrodes made
from Cu,O/MWCNTs nanocomposites [34], CuO nanowire
[35], and CuO nanospheres [36] were widely used. These
developed sensors showed improved sensitivity. However,
the synthesis of CuO nanostructure is still tedious and
involves multiple steps. Therefore, there still remains a need
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for simpler processes to synthesize novel CuO nanostruc-
tures with superior catalytic property for fast, sensitive, and
stable detection of glucose.

In this article, a new type of catalyst, cupric hydroxide/
oxide (Cu(OH),/CuO) nanotube arrays, with enhanced sens-
ing properties of glucose, was prepared on copper electrode
surface via a facile alkali assistant surface oxidation tech-
nique. It is well known that the faradaic current for glucose
oxidation depends significantly on the active area of elec-
trode. Taking advantage of the high surface area of the three-
dimensional nanostructured arrays in electrocatalytic oxida-
tion of glucose, we developed an enzyme-free glucose sen-
sor based on the Cu(OH),/CuO nanotube array electrodes.
The interference coming from ascorbic acid (AA), uric acid
(UA), and dopamine (DA) was also investigated, and a
suitable glucose detection condition was chosen.

Experimental

All chemical reagents used in this experiment were of analyt-
ical grade. All solutions were prepared with doubly distilled
water. CNAs were synthesized on copper electrode under
ambient conditions. The copper electrode (3-mm diameter)
was ultrasonically cleaned in ethanol and deionized water for
about 5 min, respectively, followed by immersing the copper
electrode in 50 mL aqueous solution of 2.5 M sodium

Fig. 1 SEM images of Cu(OH), nanotube arrays: a low magnification
(1000x) and b high magnification (10,000%)
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Fig. 2 XRD pattern of as-prepared Cu(OH), nanotube arrays on
copper electrode surface

hydroxide and 0.1 M ammonium persulphate at room temper-
ature for 2.0 min. The colour of the copper electrode surface
turned gradually to blue during the immersing process. Then,
the copper electrode was taken out from the solution, fully
rinsed with deionized water, and dried in nitrogen stream.

A three-clectrode electrolytic cell was employed for elec-
trochemical tests. A CNA modified copper electrode was used
as the working electrode, while a platinum wire was used as
the auxiliary electrode. The Ag/AgCl (saturated KCI) elec-
trode was used as the reference electrode. Morphology study
of the CNA on the copper electrode surface was carried out
with a SEM (JSM-5600LV, JEOL Ltd., Japan). The XRD
patterns were obtained by Shimadzu XRD-6000 diffractome-
ter with a Ni filter and Cu K« radiation (A=1.54056 A). The
electrochemical tests were carried out with a CHI 660b poten-
tiostat (Chen Hua Company, China).

Results and discussion

The surface morphologies of the CNAs on copper electrode
were investigated by SEM (Fig. la, b). As seen in Fig. la,
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Fig. 3 The cyclic voltammetric behaviors of the CNA in the absence
(a) and presence (b) of 10 mmol L' glucose in 0.1 M NaOH solution
at 100 mV s~
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Fig. 4 Cyclic voltammograms of different electrodes in 10 mmol L™"
glucose in 0.1 M NaOH solution at 100 mV s''. a Bare copper
electrode. b CNA modified copper electrode

wire-like cupric hydroxide/oxide (Cu(OH),/CuO) nano-
tubes uniformly and completely cover the whole surface of
the copper substrate. The higher magnification SEM image
(Fig. 1b) reveals that Cu(OH), nanotubes with diameters
ranging from 100 to 600 nm are standing upright.

XRD analysis was performed to study the crystal struc-
ture of Cu(OH),/CuO nanotube arrays on a copper substrate
(Fig. 2). It is seen from Fig. 2 that the peaks marked with a
black dot can be readily indexed to the orthorhombic phase
Cu(OH), (JCPDS card No. 72-0140). The peak marked with
a hollow box is indexed to the copper substrate. The weak
peaks marked with a black box indexed to the monoclinic
phase CuO (JCPDS card No. 80-0076) indicate the presence
of CuO.

To address the analytical applicability of the CNAs,
electrocatalytic activity of the Cu(OH),/CuO nanotube
arrays modified copper electrode (CNA/Cu) towards the
glucose was investigated. As Fig. 3 shows, a significant
oxidative current increase was observed with the addition
of glucose at the CNA/Cu over the potential range 0.5—
1.0 V. For comparison, a bare copper electrode was prepared
and tested in a similar manner as the CNA/Cu sensor. In the
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Fig. 5 Cyclic voltammograms of CNA/Cu in 10 mmol L™" glucose in
0.1 M NaOH solution at different scan rates (0.005, 0.010, 0.015,
0.02 V/s)
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Fig. 6 Amperometric responses of the CNA/Cu toward the successive
additions of 10 uL of 10 mM glucose into 10 mL of 0.1 M NaOH at
various potentials

presence of glucose, the CV displays a much higher oxida-
tive current on CNA/Cu than that on bare copper electrode
at potentials between 0.5 and 1.0 V (Fig. 4). This dramatic
increase of current indicates the significant catalytic activity
of CNAs to glucose. The effect of scan rate on the electro-
chemical response of glucose at CNA/Cu was studied
(Fig. 5). As the scan rate was increased from 5 to
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Fig. 7 Amperometric responses of the CNA/Cu toward the successive
additions of 10 pL of 10 mM glucose into 10 mL of 0.1 M NaOH at
0.8 V. The inset summarizes the relation between response current and
the glucose concentration (R=0.99943)
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Table 1 The comparison of the analytical characteristics of CNA/Cu with other electroanalytical techniques for glucose detection

Sensor type Method Linear range (mol L") Detection limit (mol L") Ref.
CuO nanospheres modified GCE Amperometry 5.0x10°%t0 2.55x107> 1.0x107°¢ 36
CuO nanowire modified Cu rod Amperometry 0.4x10°°t0 2.0x10°° 49x10°% 35
CuO coated glass beads Flow-through detection 5107 to 1x1072 1.0x10°° 33
Cu,O/MWCNT (multi-walled carbon nanotubes) Amperometry 5.0%x10 % t0 5.0x10°° 5.0x10°% 32

nanocomposites modified GCE

20 mV s, the oxidation current of glucose also increased
gradually.

For amperometric sensing application, electrodes are
generally evaluated by measuring current response at a fixed
potential with the analyte added. In order to improve the
electrocatalytic performance of CNA/Cu modified elec-
trode, the effect of the applied potential on the response
current of the sensor was investigated. As shown in Fig. 6,
although at 0.90 V the signal is highest, we choose 0.80 V as
the operating potential because above 0.80 V, there is in-
creased noise, which is a disadvantage for measuring low
glucose concentrations. Figure 7 displays the amperometric
current—time curve of the CNA/Cu electrode under the
optimized experimental conditions with successive addi-
tions of glucose. As expected, the modified electrode
showed good linear response to the changes of glucose
concentration. It took less than 3 s to achieve the steady-
state current, indicating the fast amperometric response of
the modified electrode. The calibration curve for the glucose
sensor is shown in the inset of Fig. 7. The modified elec-
trode gives a linear dependence in the glucose concentration
range of 1x107° to 1x107> mol L' with a correlation
coefficient of 0.99943, a sensitivity of 5.696 pA pmol
L !, and a detection limit of 5%x107 mol L', The above
elctrocatalytic studies of CNA/Cu modified electrode reveal
the properties of high sensitivity, low detection limit, and
fast response time. This is attributed to the Cu(OH),/CuO
nanotube array, which greatly increases the electrocatalytic
active areas and promotes electron transfer in the oxidation
of glucose. The comparison of the analytical characteristics
of CNA/Cu with other electroanalytical techniques for glu-
cose detection is presented in Table 1.

To evaluate the selectivity of the proposed biosensor,
three possible interfering biomolecules, AA, DA, and UA,
which normally coexist with glucose in real samples (human
blood), were examined. Considering that the concentration
of glucose in the human blood is about 30 times of AA, DA,
or UA, the voltammetric response of the CNA/Cu towards
the addition of 1 uM glucose and 1 uM AA, DA, and UA
was examined in 0.10 M NaOH solution, and the igjycose +
interferent/Iglucose 18 97 %, 102 % and 99 %, respectively
(Fig. 8). To sum up, the selectivity was improved so much
on this enzyme-free biosensor that the three common
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interfering biomolecules, AA, DA, and UA, caused negligi-
ble interference to the response of glucose at the CNA/Cu
electrode.

Electrodes based on metals or alloys towards the oxida-
tion of glucose usually lose their activity due to the poison-
ing of chloride ions [37]. In order to understand whether
chloride ions will poison the CNA/Cu electrode, the CV was
measured in the solution with high concentration of chloride
ions (i.e., replacing 0.10 M NaOH with 0.10 M KCI+
0.10 M NaOH as the electrolyte). The current response of
CNA/Cu towards glucose oxidation remains almost un-
changed, implying that the CNA/Cu is also highly resistant
to poisoning by chloride ions and can be used as a glucose
sensor even in the presence of high concentration of chlo-
ride ions.

Conclusion

In summary, an enzyme-free glucose sensor based on the
CNA/Cu was fabricated by the direct growth of Cu(OH),/
CuO nanotube arrays on copper electrode surface via a
facile alkali assistant surface oxidation technique. SEM
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Fig. 8 Amperometric responses of the CNA/Cu toward the successive
additions of 10 pL of 1 mM glucose, 10 pL of the mixture of 1 mM
glucose and 1 mM AA, 10 pL of the mixture of | mM glucose and
1 mM UA, and 10 pL of the mixture of I mM glucose and 1 mM DA
into 10 mL of 0.1 M NaOH at 0.8 V



J Solid State Electrochem (2012) 16:2877-2881

2881

images showed that the CNA exhibited a well-aligned three-
dimensional structure, and the XRD results indicate the
existence of CuO and Cu(OH), in the CNA. Direct glucose
oxidation on such CNA/Cu was investigated in detail. As a
result, we found that the CNA/Cu exhibited high electro-
catalytic activity to glucose oxidation in alkaline condition.
The linear range and sensitivity of 5.696 uA pmol L™ of
the CNA/Cu to glucose oxidation was obviously good
enough for the potential application in practical glucose
detection.
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