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The fabrication of high performance CuO based glucose sensors remains a great challenge due to the “trade-off effect” between
sensitivity and linear range. In this study, a hierarchical CuO nanostructure with a great number of firecracker-shaped nanorods
along the ligament and three-dimensional interconnected nanoporous is obtained by dealloying and post oxidation process of Al-
33.3 wt% Cu eutectic alloy ribbons. Because of the precise structural design, not only the number of active sites for glucose
electro-oxidation is significantly increased but also the glucose diffusion under high concentration is greatly accelerated, leading
to a high sensitivity of 1.18 mA cm >mM ' and a wider linear range up to 5.53 mM for glucose detection. This work provides a
potential approach to design hierarchical nanostructure for other metal oxides with desirable properties for electrocatalytic

applications.

hierarchical CuO nanostructure, dealloying, glucose sensor, highly sensitive

Citation:
10.1007/s11431-020-1718-4

Chen F, Shao B, Zhai W, et al. Highly sensitive glucose sensor based on hierarchical CuO. Sci China Tech Sci, 2021, 64: 65-70, https://doi.org/

1 Introduction

Copper oxide (CuO), a typical nontoxic and p-type semi-
conductor with excellent electrocatalytic properties, be-
comes a candidate material for the non-enzymatic glucose
sensors [1,2]. Compared with other glucose sensing materi-
als, such as enzymes [3,4], noble metals [5,6], transition
metals [7,8], and transition metal oxides [9], CuO exhibits
many advantages including excellent stability, low cost, and
high reliability [1,10,11]. The past ten years has witnessed
growing interest in the design and synthetic approaches for
various nanostructured CuO, such as nanofibers [12],
nanospheres [13], nanorods [2], and nanowires [14,15].
However, fabrication of CuO based glucose sensors with
desirable performance remains a great challenge due to the
“trade-off effect” between sensitivity and linear range. As
summarized in Figure 1, either high sensitivity [16-20] or
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wider linear range [2,12-14,21-23] can be obtained in-
dependently, however, it is very hard to achieve both at the
same time. In general, by exposing more active sites for
glucose oxidation improves sensitivity. Nevertheless, it
could not maintain wider linear range because of no guar-
antee for sufficient glucose transfer at higher concentration
and vice versa. To address these issues, hierarchical CuO
nanostructure with three-dimensional interconnected porous
network [24] might be an effective approach to balance the
“trade-off effect”, since the regulated and interconnected
nanosize channels could enable fast glucose transfer under
high glucose concentration. Meanwhile, exposing the vast
nanostructure CuO features benefits sensitivity by increasing
active sites for glucose oxidation.

Recently, nanoporous metal (NPM) fabricated via deal-
loying [25-28] has attracted great attention, in which active
metal elements are selectively dissolved, and a three-
dimensional and nanoporous framework is formed by the
reorganization of the remaining components. It provides a
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Figure 1 (Color online) Performance comparison of several CuO based
electrochemical glucose sensors.

facial approach of preparing metal oxides with nanoporous
structure for catalyst and sensing applications. In this study, a
hierarchical CuO nanostructure is prepared by dealloying of
Al-33.3 wt% Cu eutectic alloy ribbons and consequent oxi-
dation process. The morphological structure of the obtained
CuO is carefully investigated. The hierarchical CuO nano-
structure shows excellent glucose sensing performance in
terms of higher sensitivity and wider linear range.

2 Experimental method

2.1 Materials

Al (purity, 99.999 wt%) and Cu (purity, 99.999 wt%) ele-
ments were purchased from China New Metal Materials
Technology Co., Ltd.. Ethanol (C,HsOH, Tianjin chemical
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reagent Co., Ltd.), glucose (C¢H,,04, Aladdin Co., Ltd.),
sodium hydroxide (NaOH, Tianjin Chemical Reagent Co.,
Ltd.), ascorbic acid (C4HgOq4, Aladdin Co., Ltd.), uric acid
(CsH,N,O;, Aladdin Co., Ltd.), hydrogen nitrate (HNO;,
Guangdong Guanghua Sci-tech Co., Ltd.) and Nafion solu-
tion (0.5 wt% in a mixture of lower aliphatic alcohols and
water, Sigma Aldrich) were used as received. All the aqu-
eous solutions were prepared with Milli-Q-filtered water
(resistivity at 25°C > 18.18 MQ cm).

2.2 Preparation and microstructure characterization of
hierarchical CuO nanostructure

The Al-33.3 wt% Cu eutectic alloy ribbons with 20-50 pm
in thickness and 2-4 mm in width were obtained by using
single roller melt spinning technique at a speed of
2600 r min_' under argon atmosphere. The as-spun alloy
ribbons were immerged into the NaOH (1 M) aqueous so-
lution at 25°C under continuous N, inletting for 1 h to dis-
solve Al element. Then, the dealloyed sample in NaOH
solution underwent pre-oxidation process by inletting O, for
3 min. After this, the pre-oxidized sample was removed and
washed by dehydrated ethanol and distilled water for three
times, and was finally annealed in a furnace at 500°C for 4 h.
For comparison, the other two annealed CuO samples (SA1
and SA2) were prepared by controlling pre-oxidation time
and washing cycles as shown in Supporting Information. The
above mentioned process was schematically illustrated in
Figure 2. The crystalline structure of the samples was re-
corded by X-ray diffraction (XRD, Maxima X XRD-7000X,
Shimadzu, Japan). The morphological microstructures of the
samples were determined by field-emission scanning elec-
tron microscopy (FE-SEM, Verios G4, FEI, USA).
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Figure 2 (Color online) Schematic illustration of preparation process and the corresponding microstructure evolution: two-dimensional illustration of (a)
Al-33.3 wt% Cu eutectic alloy ribbons (As-spun), (b) dealloyed sample with ligaments and pores, (c) pre-oxidized sample (Pre-oxidized) mixed by Cu and
CuO with ligaments and pores, (d) O, annealed sample (Annealed) composed of CuO nanostructure, (e) three-dimensional illustration of annealed sample.
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2.3 Fabrication of modified electrode and -electro-
chemical measurements

All the electrochemical measurements were carried out by
electrochemical station (CHI 660e and Autolab PGSTAT
M204). The glass carbon electrode (GCE) with diameter of
3 mm was polished by using 0.3 and 0.05 mm alumina mi-
cro-polish paste, and was washed with HNO,/water mixture
(v/v, 1:1), ethanol, deionized water and dried at room tem-
perature. Then, 7.5 uL. CuO ethanol suspension (5 mg mLﬁl)
was dropped onto GCE surface. The CuO@GCE was cov-
ered by 2.5 uL of Nafion solution (0.5 wt%) to make sure
solid attachment of CuO and dried in air. Electrochemical
measurements were performed using a conventional three-
electrode cell comprising a CuO@GCE as the working
electrode, a platinum plate as a counter electrode and an Ag/
AgCl as the reference electrode. The cyclic voltammetry
(CV) and amperometric measurement were applied to ana-
lyze the glucose sensing performance of the CuO at several
scan rates from 10 to 100 mV's ' in a 0.1 M NaOH solution
containing of certain amount of glucose. The amperometric
response was recorded under a successive addition of step-
wise changing glucose concentrations in 0.1 M NaOH so-
lution at 50-s time intervals.

3 Results and discussion

Figure 3 shows the phase constitution and morphology of the
as spun, pre-oxidized and annealed samples. Clearly, the as-
spun ribbons were composed of Al,Cu intermetallic com-
pound (JCPDS No.25-0012) and a-Al solid solution (JCPDS
No0.04-0787), and characterized by the eutectic Al,Cu phase
homogeneously distributed on Al phase. After dealloying
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and pre-oxidation in the alkali solution, CuO (JCPDS No.48-
1548) phase is detected with the coexistence of Cu (JCPDS
No0.04-0836) phase in the pre-oxidized sample. It is featured
by typical bicontinuous and interconnected ligament-chan-
nels due to selective dissolution of Al atoms during deal-
loying. Large amount of triangle nanoflakes are uniformly
spread along the ligament surface, which are probable CuO
owing to the partial oxidation of Cu after suitable O, inletting
and washing cycles as shown in Figure 3(c). After O, an-
nealing, a transformation to monoclinic CuO (JCPDS No.48-
1548) is completed. As shown in Figure 3(d), a hierarchical
CuO nanostructure is obtained, in which a large amount of
firecracker-shaped CuO nanorods with 20 nm in width and
80 nm in length are homogeneously distributed on the liga-
ments. In addition, the energy dispersive X-ray spectroscopy
(EDS) of annealed sample is provided in Figure 3(g), there is
only tiny Al element (around 1% atomic) preserved owing to
incomplete dissolving. The above mentioned microstructural
evolution is also shown in Figure 2. The pore and ligament
size distribution of the pre-oxidized and annealed samples
are presented in Figure 3(e) and (f). After annealing, the
interconnected nanoporous structure is well preserved with a
clear pore enlargement, in which the mean pore size is in-
creased from 100 to 200 nm. Meanwhile, an obvious liga-
ment coarsening is detected by the enhancement of the mean
ligament size from 150 to 200 nm due to the active surface
diffusion.

To achieve a glucose sensor with excellent performance,
the primary task is to understand the electrochemical kinetics
during electro-oxidation of glucose. In general, the electro-
chemical kinetics could be derived from the dependence of
current on scanning rate from CV curves. Figure 4(a) pre-
sents a continuous increase of the anodic peak current (/,,)
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Figure 3 (Color online) Phase constitution and microstructural characterization: (a) XRD patterns of the as-spun, pre-oxidized and annealed samples; SEM
images of (b) as-spun sample, (c) pre-oxidized sample and (d) annealed sample; pore and ligament size distribution of (e) pre-oxidized and (f) annealed
sample; (g) SEM-EDS analysis of annealed sample (the inset presents element distribution).
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Figure 4 (Color online) Electrochemical kinetics, amperometric response and anti-interference property of CutO@GCE: (a) CV curves at scan rate from 10
to 100mV's (b) the calibration plot of (a); (c) plot of E,,, against the logv; (d) amperometric response at 0.55 V with successive addition of glucose (The
inset shows respective amperometric response at low concentration level from 2 to 30 uM); (e) calibration plots of (d); (f) amperometric response to injections

of 1 mM glucose and 0.1 mM interfering species of AA and UA.

with the increasing of scan rate. Meanwhile, the anodic peak
potential (E,,) is shifted to positive direction by increasing
scan rate v. As shown in the Figure 4(b), I,, of glucose
oxidation shows a linear relationship regressed by /,,(mA)

=0.00281+0.0907 with a correlation coefficient R > =0.9977.

This suggests that the electrocatalytic behavior of glucose on
CuO@GCE follows the surface adsorption-controlled pro-
cess. In the case of diffusionless electrochemical systems,
voltammetry method could be used to study the transfer
coefficient (o) and the apparent reaction rate constants (k,) of
the catalytic reaction. The transfer coefficient can be calcu-
lated by using Laviron’s equation [29-31]:

, 2303RT, (1—anF
= L/
Epa = B = oynF °% RTE,
2.303RT
(T=anF °2 M

where E,, is the anode peak potential (V), E is equal to the
surface standard potential (V), v is the scan rate (V sfl), nis
number of electrons involved (assumed to be 1), F' is the
Faraday constant, R is the gas constant, and T is the tem-
perature. Figure 4(c) shows the linear relationship of the £,
and logv, in which the linear regression equation is E,,~=
0.1513log1+0.7137 (R /=0.9932). Therefore, a can be easily

calculated to be 0.6. And the &, can be obtained as 0.18 s
from the following equation, which is higher than that of
other two CuO samples (shown in Figure S3 in Supporting

Information).

logk, = alog(1l —a) + (1 —a)loga

RT a(l—a)nFAE, @)
nFv 2303RT -

For further determining sensitivity and linear range of
CuO@GCE, a stair-like tendency of amperometric response
is detected by an addition of step-wise changing glucose
concentrations in Figure 4(d). As shown in the inset, a slight
increase in current response is pointed out by an initial ad-
dition of 2 uM glucose, presenting the current response of
CuO@GCE under low concentration of glucose ranging
from 2 to 30 uM. Then, a stepwise increase in current re-
sponse appears with the addition of glucose concentration
range from 30 uM to 21.53 mM. Finally, the corresponding
calibration curve between current response and glucose
concentration is plotted in Figure 4(e). The linear regression
could be expressed by the following equation:

J (mA cm )=1.1781 C (mM) + 0.2331,
R{=0.9926,

—log

3)

where J and C represent the current density and glucose
concentration, respectively. According to linear regression
equation, the sensitivity for annealed CuO is about
1.18 mA cm °mM ', and linear range is up to 5.53 mM with
a lower detection limit of 0.40 pM (S/N=3). Comparing the
other glucose sensing performance summarized in Figure 1,
the “trade-off effect” is well balanced, and both high sensi-
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Figure 5 (Color online) Mechanism of electro-oxidation of glucose at hierarchical nanoporous CuO modified GCE.

tively and wide linear range are achieved in specific hier-
archical CuO nanostructure.

Furthermore, the glucose oxidation over hierarchical
nanostructured CuO follows the surface adsorption-con-
trolled process. Thus Langmuir adsorption isotherm equation
[32] can be used to describe the concentration of glucose
adsorbed on the catalyst surface (C,):

-~ Ko @

glucose

where K, is the adsorption equilibrium constant, Cyjycose 18
concentration of glucose in the bulk solution, C, is the con-
stant, which means the total molar concentration of active
sites on CuO. And under a given potential, current density (J)
is proportional to C, with a rate constant of Kp, thus the
relationship of the J and C; can be expressed with the fol-
lowing equation [33]:
KyKpCllucoseC
1 Jr[(Acvglucose
P e (5)
AL glucose

J=KyC, =

where K is K,Kg. As shown in Figure 4(e), the calibration
fitting equation can be expressed as follows:

J—_LeaC
1+0.07C > (6)
R,=0.9951.

According to the fitting, a wider dynamic range of glucose
oxidation (0.002—13.53 mM) is achieved.

In addition, anti-interference is another important para-
meter to consider, because many co-existing electroactive
species such as ascorbic acid (AA) and uric acid (UA) in the
real blood sample might cause disturbing signals. The am-
perometric /-t test based on CuO@GCE with two different
interfering species are carried out in the supporting electro-
lyte containing 0.1 M NaOH. The concentration of the in-
terfering species is fixed 1/10 of the glucose despite their
actual lower ratio (1/40 to 1/30) to glucose in human blood.
As shown in Figure 4(f), a significant and steady current
increase is detected while 1 mM glucose is added to the
solution. Interfering signals are only 1.7% for AA and 5.9%
for UA in comparison with glucose, indicating strong anti-

interference capability of present glucose sensor.

The mechanism for improving glucose electro-oxidation
by optimizing micro-environment is illustrated in Figure 5.
With the presence of glucose in alkaline solution, previous
oxidized Cu (III) is served as active oxidant to react with
adsorbed glucose to form gluconolactone and is reduced to
Cu (II), resulting in J,, at 0.55 V. Generally, the electro-
oxidation of glucose is highly depended on the nanostructure
of CuO. By comparing the apparent constant of reaction (k)
of CuO with different morphology (Figure S3), the kinetics
of glucose oxidation process is highly enhanced due to
hieratical nanostructure. On the one hand, a great number of
firecracker-shaped CuO nanorods provide high sensitivity by
increasing the surface area (Figure S2) and the number of
active sites for glucose’s electro-oxidation. On the other
hand, porous structure is proven to be responsible for mass
transport [34], thus the nanosized interconnected porous
structure enable a wider linear range through accelerating
glucose transfer under high concentration. This indicates that
hierarchical CuO nanostructure with massive nanorods acts
as excellent candidate for glucose sensing material.

4 Conclusion

In summary, the hierarchical CuO nanostructure consisting
of bicontinuous ligaments along with vast of firecracker-
shaped nanorods and three-dimensional interconnected
nanoporous channels is fabricated through properly con-
trolling the dealloying and post-oxidation process of Al-
33.3 wt% Cu eutectic alloy ribbons. The CuO based glucose
sensor presents a high sensitivity of 1178.1 pA cm > mM ' in
a wider linear range from 2 pM to 5.53 mM. The unique
hierarchical nanostructure not only enhances the number of
active cites of glucose oxidation but also accelerates glucose
transfer, finally balancing the “trade-off” effect between
sensitivity and linear range. This work provides a facile
method to fabricate metal oxide with hierarchical nanos-
tructure and desirable electrocatalytic properties.
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