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Hierarchical three-dimensional copper oxide (CuO) spindles were prepared via a hydrothermal process. The as-prepared CuO spindles
assembled from nanoslices were characterised by scanning electron microscopy and transmission electron microscopy. The obtained
hierarchical structure exhibited numerous particle boundaries acting as active sites for glucose oxidation in an alkaline solution.
Chronomaperometric studies showed that under an optimal applied potential of +0.5 V versus Ag/AgCl, the as-prepared CuO electrode
exhibited a broad detection range from 0.001 to 3.0 mM with a sensitivity of ca. 3000 yA mM~' cm™ and a low detection limit of 0.3 pM.
The CuO spindle electrode also demonstrated excellent selectivity to glucose oxidation in the presence of several electro-active species.

1. Introduction: Sensing devices for rapid and accurate detection of
glucose are required in areas of clinical diagnostics, biotechnology
and food companies [1-3]. In the last decades, enzyme-based
electrochemical biosensors have been widely used in glucose
detection owning to their simple instrumentation, convenient
operation, high sensitivity and good selectivity [4]. However, they
possess many disadvantages, namely difficult immobilisation
techniques, complicated operating conditions since glucose oxidase
activity can be easily influenced by temperature, pH, chemicals,
humidity, ionic detergents and other types of interference [5]. As
an alternative strategy, the enzyme-free glucose sensors attracted
considerable attentions since they offer many advantages over
enzyme electrodes, such as low cost, short response time,
convenience operation, reproducibility and high reliability [6-8].
Recently, many studies have been focused on non-enzymatic
glucose sensors based on transition metal oxides (e.g. MnO, [9],
NiO [6], Co304 [10], RuO, [11], ZnO [12] and Fe,Oz [13)),
since they are generally low in cost with high stability and high
catalytic activity for glucose oxidation. Among them, copper
oxide (CuO) is one of the most promising candidates due to its
low toxicity, simple production, low cost, high electro-catalytic ac-
tivity and its promoting effect on electron transfer rate from the tran-
sition of its redox couple during glucose oxidation [14]. Moreover,
for a CuO-based glucose sensor, its sensitivity and accuracy rely
upon the electro-catalytic properties of CuO, on which the
glucose is directly electro-catalytically oxidised. It was found that
the performance of CuO is affected by its surface characteristics
which are closely related to their sizes, morphologies and crystal
structure. In order to enhance performance of CuO-based glucose
sensors, CuO crystals with various nanostructures, such as nano-
spheres [15], nanowires [16], nanosheets [17], nanourchins [18],
nanofibres [19] and flower-like structures [20], have been applied
in non-enzymatic glucose sensors. In the last decade, there has
been some great advancement on the development of CuO-based
non-enzymatic glucose sensors, however there is still scope for
developing novel CuO materials using new fabrication methods.
Herein, hierarchical three-dimensional (3D) CuO materials with
spindle shape (CuO spindle) were synthesised via a solvothermal
method and their respective activities in glucose detection were
evaluated, since hierarchical 3D CuO spindles made of numerous
nanoslices contain numerous interfaces between these nanoslices.
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It was found that as-prepared CuO -electrode exhibits good
sensing performance in terms of sensitivity, response time and a
broad glucose detection range, thus making the new material a suit-
able candidate for non-enzymatic glucose biosensors.

2. Experimental

2.1. Materials synthesis: All chemicals were used as received
without further purification. The detail procedure for preparing
Cu(OH), is as follows: CuCl, (40 mg) was dissolved in 30 ml of
ultrapure water. Then, 0.5 M NaOH solution was added dropwise
into the CuCl, solution until pH 9 was achieved. During the
addition of NaOH into the solution, a blue suspension was
formed. An amount of urea was dissolved into the mixture and
stirred for half hour, and then the mixture was transferred into an
autoclave (100 ml, Teflon-lined) and heated up at 150°C for 2 h.
After cooling down to room temperature, black products were
recovered by filtration, washed with deionised water several times
and finally dried at 80°C for 12 h.

2.2. Characterisation: The crystalline structures of the sample were
analysed by X-ray diffraction (XRD, Shimadzu XD-3A (Japan)
goniometer, using a Cu Ko radiation operating at 40 kV and
35 mA). The morphologies of the catalyst were analysed using a
Carl Zeiss Ultra Plus field emission scanning electron microscope
(SEM), a transmission electron microscope (TEM) and a
JEM-2010 electron microscope (Japan) with an acceleration
voltage of 200 kV. The specific surface areas were analysed by
the  Brunauver-Emmett-Teller ~(BET) method wusing a
Quantachrome Autosorb-1 volumetric analyser.

2.3. Electrochemical measurements: Electrochemical measurements
were carried out using an electrochemical work station (CHI 650D
potentiostat/galvanostat). A conventional three-electrode
electrochemical cell was used which comprised of a platinum wire,
an Ag/AgCl (saturated KCI solution), and the thin film catalyst
layer mounted on a 5 mm diameter glassy carbon disc were used
as counter, reference and working electrodes, respectively. The
thin film was prepared as follows: 2 mg of catalyst were dispersed
ultrasonically in 0.6 ml of Nafion®/ethanol (25 wt.% Nafion®).
About 8l of the as-prepared solution was transferred onto a
glassy carbon disc and then dried in air.
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Fig. 1 XRD patterns of the Cu(OH), precursor and as-prepared CuO
sample

3. Results and discussion: The crystal structure of Cu(OH),
precursor and the as-prepared CuO sample were examined by XRD.
As shown in Fig. 1, the Cu(OH), precursor exhibited typical
diffraction peaks at 20; 16.9°, 24.1°, 34.3°, 38.5° and 53.7° indexed
to the (020), (021), (002), (022) and (150) crystal planes of
orthorhombic phase CuO (JCPDS Card No. 72-0140), respectively.
In the case of CuO sample, the obtained XRD peaks were in
accordance with the characteristics of monoclinic phase CuO
(JCPDS Card No. 48-1548), and no evident XRD peaks of Cu(OH),
were detected, suggesting pure monoclinic CuO was formed.

Fig. 2 shows the SEM images of the Cu(OH), precursor and CuO
samples. As shown in Fig. 2a, the Cu(OH), precursor exhibits par-
ticles of irregular shapes. Fig. 2b shows the morphology of the CuO
sample made of spindle-like particles of ca. 1 um in length and
200400 nm in width. The magnified SEM image in Fig. 2c¢
clearly shows that the individual spindles were formed by the aggre-
gation of small nanoslices. These nanoslices are ca. 25 nm thick and
connected with each other to form 3D spindle structures. TEM
images shown in Figs. 2d and e confirm the presence of hierarchical
structured CuO spindles made of nanoslices, suggesting that numer-
ous interfaces between these nanoslices exist. The selected area
electron diffraction (SAED) shown in Fig. 2e confirms that the
CuO spindles contain many nanocrystals, but the brightness of
these diffraction rings is not even, which indicates a preferential
orientation of these nanocrystals. It is interesting to note that the
morphologies changed from irregular-shaped particles to spindle-
like particles during the transition from Cu(OH), to CuO; this is
possibly due to a dissolution—reaction—recrystallisation process
[21-23]. During the recrystallisation process, it seems that urea
plays an important role in the formation of hierarchical spindle
structure of the as-prepared CuO. In the absence of urea, irregular-
shaped CuO particles were formed instead of spindles (as shown in
Fig. 2f). Fig. 3 shows the N, adsorption—desorption isotherms of
CuO spindles and irregular-shaped CuO. The BET surface areas
of CuO spindles and irregular CuO were found to be 25.7 and 15.2
m?g™", respectively, implying that introducing urea into the mixture
during the formation of CuO can result in higher surface area.

In addition, comparing our observations to other works, it should
be noted that choosing Cu(OH), as precursor appears to be a crucial
material for the formation of hierarchical 3D CuO spindles. For
example, Ghosh ef al. [24] reported that by using the same hydro-
thermal method and urea as the reactant, CuO particles of irregular
shapes were obtained when Cu(NOs), was used as the precursor. It
was also shown that the hierarchical spindle shapes cannot be
obtained from other soluble copper salts (such as CuSO, and
CuCly) under similar hydrothermal conditions [25-27]. These
observations suggest that the copper source, namely Cu(OH),,
play an vital role in the formation of hierarchical 3D CuO spindles.

To elucidate and understand the electro-catalytic behaviour of the
hierarchical 3D CuO spindles and irregular-shaped CuO in the
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presence and absence of glucose in 0.1 mol L™! NaOH, cyclic vol-
tammetry (CV) and chromoamperometry experiments were carried
out. Fig. 4 shows three distinct CVs in the potential range of —0.3 to
+0.7 V versus Ag/AgCl run at a scan rate of 5 mV s™'. The CV cor-
responds to the voltammetric response of the CuO spindle in 0.1 M
NaOH only, whereas the CVs correspond to the voltammetric re-
sponse of the CuO spindle (red line) and irregular-shaped CuO
(blue line) in 0.1 M NaOH + 0.1 mM glucose. It can be seen that
the CVs (red and blue lines) show an oxidation and a reduction
peak in the potential range of 0.1-0.7 V versus Ag/AgCl, corre-
sponding to the oxidation of Cu (II) to Cu(Ill), and the reduction
of Cu(Ill) to CuO, respectively [28, 29]. Fig. 4 also shows that
the anodic peak of CuO spindle is much higher than that of
irregular-shaped CuO at ca. +0.40-0.50 V versus Ag/AgCl in the
potential range used corresponding to glucose oxidation. This ob-
servation indicates that CuO spindle is more catalytically active
toward the glucose oxidation reaction than irregular-shaped CuO
[18, 30].

Compared with other methods of studying glucose oxidation,
amperometry is the most effective method as it offers less
signal-to-noise ratio and helps achieving effective mixing of the
sample solution due to increased convective mass transport to the
electrode surface; in turn resulting in rapid and low electroanalyte
detection. For these reasons, the amperometric method was used
to investigate the electrochemical responses of the as-prepared
CuO spindle electrode in the presence of 0.1 mM glucose (added
dropwise) in 0.1 M NaOH solution. In order to find the appropriate
applied potential (E,pp) for the amperometric study, a series of
chronoamperometric experiments on the CuO spindle electrode in
0.1 M NaOH solution (only) at various potentials were performed.
It was found that the chronoamperogram performed at a potential of
+0.5 V exhibited a stronger and more stable response (Fig. 5a). An
applied chronoamperometric potential of E,,,=+0.5V versus
Ag/AgCl was then used for the rest of the investigation. Figs. 5b
and e show the chronoamperometric responses of the CuO
spindle and the irregular-shaped CuO with successive addition of
0.1 mM glucose in 0.1 M NaOH solution at 0.5V versus Ag/
AgCl. The figure shows that as the glucose concentration is
increased, a significant increase in anodic currents is observed.
Chronoamperograms of the CuO spindle irregular-shaped CuO
electrodes in low glucose concentration solutions were performed
in order to study glucose sensitivity of the novel electrode material
(Fig. 5¢ and the inset of Fig. Se). It can be seen from the figure that
rapid increases in currents were observed after each added glucose
aliquots to the solution. The CuO spindle electrode reached 95% of
the stable current just in 5 s, showing a fast current response to
glucose. Calibration curves of the response (anodic) current (pA)
versus glucose concentration (uM) for the CuO spindle and the
irregular-shaped CuO were plotted as shown in Figs. 54 and f. It
was found that the calibration graph of CuO spindle electrode
was linear in the glucose concentration ranging from 1uM to
3 mM (correlation coefficient=0.9926) with a sensitivity value of
2828 pA mM ™' cm™ at a signal/noise ratio of 3, which is higher than
that of the irregular-shaped CuO electrode (1380 A mM~' cm™).
Based on the BET results, the higher surface area of CuO spindle
could be one of reasons resulting in its higher sensitivity compared
with irregular-shape CuO. The limit of detection (LOD) of the CuO
electrodes was determined using the following equation [3, 30]

LOD _3% 1
m

where m is the slope value of the calibration plot and sy, is the deviation
got from ten different measurements of the blank signal. LOD is calcu-
lated to be 0.3 uM which is lower than the LOD obtained from irregular-
shaped CuO electrode (0.7 uM).

A comparison of the CuO spindle electrode with some of the
reported CO glucose biosensors is summarised in Table 1. The
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Fig. 2 a) SEM images of Cu(OH), precursor; b), ¢) SEM images of CuO, d) TEM image of CuO; e) TEM images and SAED pattern of CuO; f) SEM images of

CuO prepared without the presence of urea

table clearly shows that the as-prepared CuO spindle electrode
exhibit acceptable sensitivity and detection limit values toward
glucose when compared with other electrode materials. The high
sensitivity of CuO spindle electrode may be attributed to its
unique structure. As previously discussed, the CuO spindles are
made of many nanoslices, among which numerous particle bound-
aries are formed. According to literature, these particle boundaries
between the crystalline phases could act as catalytically active
sites [34-36]. Thus in our conditions, it is possible that the
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Fig. 3 N, adsorption—desorption isotherms of CuO spindles and irregular-
shaped CuO
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hierarchical structure of the as-prepared CuO spindles forms large
amount of particle boundaries, which could act as catalytic active
sites leading to the observed higher catalytic activity for glucose
oxidation and therefore to higher glucose sensitivity.

Usually, many oxidative species, namely ascorbic acid (AA),
some carbohydrate compounds and uric acid (UA), normally exist
with glucose in the samples, which will further interfere with the
detection of glucose. Therefore, selectivity for glucose oxidation

150 Cu0 spindles in 0.1 M NaOH
—— Cu0 spindles in 0.1 M NaOH + 0.1 mM glucose
120 = [rregular-shaped Cu in 0.1 M NaOH + 0.1 mM

current, pA
[-:] w
(=] (=]
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w
[=]
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-30 L L L L L
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potential, V versus Ag/AgCl

Fig. 4 CV curves of the spindle CuO electrodes in 0.1 M NaOH and 0.1 M
NaOH + 0.1 mM glucose solution and irregular-shaped CuO electrodes in
0.1 M NaOH + 0.1 mM glucose solution at scan rate of 5 mV s™'
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Fig. 5 a) Amperometric response on the CuO spindle electrode with dropwise addition of 0.1 mM glucose at different potentials; b), e) Amperometric response
on the CuO spindle electrode and irregular-shaped CuO electrode with successive addition of different amounts of glucose to 0.1 M NaOH at a potential of
+0.5 V versus Ag/AgCl; ¢) Enlarged amperometric response of the CuO spindle electrode in low concentrations,; d), f) Current—glucose concentration calibration
curve obtained from Figs. 4b and 4f, respectively

is a key factor in practical application of glucose biosensors. higher than that of commonly occurring interfering species. The
According to the previous studies, normal physiological levels of chronoamperometric response of the CuO spindle electrode to the
glucose range between 3 and § mM and are at least ten times stepwise addition of 1.0 mM glucose in the presence of 0.1 mM

Table 1 Comparison of key performance for reported CuO-based electrodes in glucose detection

Electrode Detection potential, V versus Ag/AgCl Sensitivity, pA cm™> mM ™' Linear range, mM LOD, uM Reference
CuO spindle 0.5 2828 0.001-3 0.3 this work
irregular-shaped CuO 0.5 1380 0.001-1 0.7 this work
CuO nanowires/Cu 0.35 2217.4 0.001-18.8 0.3 [14]
CuO nanourchins 0.57 1634 0.01-5 1.97 [18]
CuO nanoparticles 0.6 2762.5 0.05-18.45 0.5 [31]
CuO nanospheres 0.60 404.53 0.05-2.55 1 [15]
CuO nanoparticles 0.40 1430 0.04-6 5 [32]
CuO nanowires 0.55 648.2 - 2 [16]
CuO nanowires/Cu 0.33 490 0.0004-2 0.049 [33]
CuO nanofibres 0.40° 431.3 0.006-2.5 0.8 [19]
CuO nanoflowers 0.5 2657 0.01-5 1.71 [20]
dandelion-like CuO films 0.60° 5368 0.005-1.6 1.2 [30]

“The reference electrode is saturated calomel electrode (SCE)
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Fig. 6 Amperometric response of the CuO electrode with continuous add-
ition of 1.0 mM glucose and 0.1 mM interferents of AA, UA and NaCl
into 0.1 M NaOH at a potential of +0.5 V (versus Ag/AgCl)

of various interferents (AA, NaCl and UA at 0.1 mM) at +0.5V
versus Ag/AgCl is shown in Fig. 6. The figure shows that an
obvious current response to glucose oxidation can be observed
without significant current responses to the interferents, indicating
that, in our conditions, high selectivity for glucose was achieved
on the CuO spindle in alkaline media. In the alkaline environment,
the CuO would be negatively charged on its surface. Meanwhile,
interference species such as UA and AA are also be negatively
charged because of the deprotonating effect in alkaline solution
[30, 31, 32, 37], and therefore would be repelled by CuO which
was negatively charged, showing correspondingly low signals. It
was reported that the method used in this Letter can be used in
blood and urine samples for glucose detention. For instance,
serum sample was also added into 0.1 M NaOH solution for
testing glucose oxidation. The obtained results from this method
are consistent with the results from medical instrument, Beckman
[38, 39].

4. Conclusion: Hierarchical 3D CuO spindles made of numerous
nanoslices were synthesised via a hydrothermal method. The
as-prepared CuO spindle electrode showed good sensing
performance in terms of response time (ca. 3 s) and sensitivity
(ca. 3000 uA mM ™' em™2) of detecting glucose with a broad
detection range of 0.001-3 mM. Since the as-prepared CuO
spindles consisted of numerous particle boundaries between the
nanoslices, it was observed that they could act as catalytic active
sites for the glucose oxidation, in turn leading to lower detection
limits and higher sensitivity (when compared with other
CuO-based electrodes). The CuO spindle electrode also
demonstrated excellent selectivity. The high sensitivity and
selectivity makes the as-prepared CuO spindle electrode a
promising non-enzymatic glucose biosensor for practical
applications.
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