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Fabrication of nanoporous copper oxide film
biosensor with a polymer sphere template
and its application to glucose sensing
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(Department of Chemistry, University of Science and Technology of China, Hefei 230026, China)

Abstract: A nanoporous CuO film biosensor was fabricated on a Cu substrate electrode by the
colloidal-crystal polystyrene template technique with the help of potentiostatic plating and
potential cyclic scanning. The direct electrocatalytic oxidation of glucose in alkaline medium on
nanoparticle CuO film modified electrode has been investigated in detail. When applied to detect
glucose, the sensor exhibited a linear response of up to 3.2 mmol/L of glucose, and a high
sensitivity of 3 799 pA « mM™' « cm™”, higher than that of most nonenzymatic glucose sensors
reported in the literature. The sensor response time was less than 3 s and the detection limit was
0. 37 pmol/L (at signal/noise=3). This improvement is due to the nanoporous structure and the
greatly enhanced effective surface area. In addition, the sensor also performed well for measuring
glucose concentrations in human blood serum samples. The results indicate that the nanoporous
CuO film modified electrode allows highly sensitive and selective, stable, and fast amperometric
sensing of glucose and is thus promising for the further application in nonenzymatic glucose
sensors development.
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0 Introduction

Diabetes has become one of the most common
health problems nowadays, and the research on the
detection technique of the human body glucose is
thus of great significance. Most of the known
amperometric biosensors for glucose monitoring
are based on glucose oxidase (GOx), due to their
high sensitivity, specificity and low detection
limit"#.  But the greatest weakness of the
enzymatic glucose sensors is the lack of stability.
Their GOx can easily be affected by temperature,
pH value, humidity and toxic chemicals®™. To
resolve this problem, numerous studies have been
performed to determine glucose concentration
without using enzymes'*'. The direct electro-
oxidation of glucose on different substrates such as
gold™?, coppert'®, and electrode modified with

. bismutht*™, nickel", and coppert" "’

platinum!”
has been explored in the hope of developing
enzyme-free  biosensors. However,

adsorbed

low sensitivity and poor selectivity

effective
poisoned by intermediates  and
chloridet'™',
are main drawbacks of these sensors. Hence, it is
important to explore a nonenzymatic sensor with
high sensitivity, stability, and fast response for
the detection of glucose by amperometry.
Recently, nanomaterials with special physical
and chemical metallic

properties, especially

nanoparticles, have been widely applied in
biosensors and shown good performance through
increasing the active surface area and enhancing the
mass transport and catalysis. Among them, there
was a great amount of interest on the application of
copper and copper oxide nanoparticles for the

[16-18]

nonenzymatic detection of glucose It is well-
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known that Cu nanomaterials are unstable for
electroanalysis, for they are easily oxidized in air

[19-21]

and  solution In  comparison, CuO

nanomaterials are relatively stable and are
promising in the development of nonenzymatic
glucose sensors,  because of their good
electrochemical activity, highly specific surface
area, and the possibility of promoting electron
transfer reactions at a lower overpotential®®?. On

the other hand,

nanoparticles is simple and time-saving.

the electrodeposition of CuO

Also, porous materials are commonly used for
surface modification. An important method for
preparation of the nanoporous structure is to
electrodeposit it on metal surfaces with physical
templates. The templates are used as a mould,
defining where the nucleation and growth can occur
and altering the diffusion layer for the
electrodeposition process. The size of the pores
and the periodicity of the porous structures can be
controlled and tuned by changing the size of the

thickness of the Lol

colloid and template
Furthermore, the open, interconnected, periodic
large porous structure ensures accessibility of
reactants to the surface active sites of the
electrode. Until now, there have been few reports
on the application of nanoporous CuO materials in
nonenzymatic glucose detection.

Herein, the nanoporous CuO film biosensor
was fabricated and characterized, and applied to

detect serum glucose successfully. Normally,
noble metal and glass carbon surfaces are employed
as the substrate electrodes. For comparison,
copper was chosen as the work electrode material
because of its low cost and high conductivity and

especially its compatibility with the nanoporous
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copper oxide film. The structured nanoporous film
was prepared by electrochemical reduction of
CuSO, in the voids of polystyrene (PS) latex
spheres template, and then oxidized in situ into
CuO nanoparticles by cyclic potential scanningt7,
followed by chemical removal of the template using
toluene, thus producing a good nonenzymatic
sensor for the electrocatalytic oxidation of glucose

in alkaline solution.

1 Experimental

1.1 Reagents

Analytical grade CuSO, -« 5H,0O, KCI,
NaOH, toluene, glucose and so on were all
purchased from Shanghai Chemical Reagent

Company ( Shanghai, China) and used without
further purification. All solutions in this study
were prepared with double-distilled water.
1.2 Instrumentation

All electrochemical experiments were carried
out on a [LK2005 Electrochemical Work Station
( LANLIKE, China ). The

electrode system consisted of a glucose biosensor

Tianjing, three-
as working electrode, a reference electrode (a

saturated calomel electrode) and a counter

electrode ( platinum wire). Scanning electron
microscope (SEM) images were obtained on a
JEOL JSM-6700F SEM system. XRD patterns
were recorded via a Philips X'Pert PRO S X-ray
diffractometer with Cu K, radiation (A=1.540 6
A). X-ray photoelectron spectroscopy ( XPS)
measurements were performed on an ESCALAB
MK2 spectrometer (VG Co., UK) with Mg K,
radiation as the source for excitation.
1.3 Assembly of the colloidal templates
Polystyrene spheres (PS) were synthesized by
an  emulsifier-free  emulsion  polymerization

[ 26 1.

modification, the Cu electrode surface (2.0 mm

technique, according to Ref. Before
diameter) was polished on wet fine emery SiC
abrasive paper and 0.3 pm alumina slurries,
respectively, and then sonicated successively in

ethanol, acetone and doubly distilled water for 10

min, respectively. Finally, the electrode was dried
with high purity N.. Approximately 10 pl. of

aqueous  suspension of the monodisperse
polystyrene spheres diluted with water to 0.5%
(mass fraction) was spread over the Cu electrode
surface. The electrode was kept in a saturated
humidity chamber and then allowed to dry slowly
over 24 h. After water was evaporated, the
appeared  opalescent, as

electrode  surface

expected, with colours from green to red,
depending on the angle of observation. The
template is robust and adheres well to the Cu
electrode. There is no evidence for the re-
suspension of the latex particles when the modified
electrode is placed in contact with the plating
solution-™,
1.4 Synthesis of nanoporous CuQO film
The nanostructured copper was first
electrodeposited in the gaps of the template
modified Cu electrode at a constant potential of —
0.40 V for 120 s in 100 mmol/L. KCI solution
containing 10 mmol/l. CuSO, (pre-purged with N;
for 10 min and keeping N; flowing over the
solution throughout the deposition process), and
then the electrode was rinsed with distilled water
and dried with N,. After that, the electrode was
repeatedly scanned in 100 mmol/I. NaOH solution
with cyclic voltammetry under the potential range
of —0.50 t0 0.30 V at 50 mV + s ! for 20 cycles,
allowing the nanostructured Cu to be oxidized into
nanostructured CuQ. After the deposition, the
electrode was soaked in toluene for 1 h to dissolve
away the polystyrene template. Lastly, the
electrode was washed with doubly distilled water

and dried with N; for subsequent use. All

experiments  were performed at  ambient
temperature (25 C 41 C).
2 Results and discussion
2.1 Formation of nano-copper oxide film
Fig. 1 shows the repetitive cyclic

voltammograms of the redox process of copper

oxide on the surface of Cu electrode in 100 mmol/L
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Fig.1 Cyclic voltammograms of the deposition process
of CuO on the surface of Cu electrode in 100 mmol/L

NaOH solution at 50 mV « s™!

NaOH solution. There are two anodic peaks and
one cathodic peak, which can be attributed to the
redox process between copper and copper oxide.
The anodic peaks represented the oxidation of
Cu;O and CuOH to CuO, respectively, and the
cathodic peak was attributed to the reduction of
CuO to Cu, O (CuOH),

the potential scan, the redox peak currents all

With the procedure of

decreased due to the increase of surface resistance
of the electrode, indicating that copper oxide has
been successfully deposited on the surface of the
Cu substrate electrode. The mechanism of the
electrodeposition is as follows:
Anodic process:
Cu+ OH — e~ CuOH (1st cycle)
2CuOH+ OH < Cu; 0+ 2H,0
CuOH + OH™ — ¢~ CuO + H. 0O

(2nd cycle and after)

Cu; O+ 20H — 2¢<2CuO + H;0
(2nd cycle and after)
Cathodic process:
CuO+ H,O 4 2e~>Cu+20H"

2.2 Characterization of the nanoporous CuO structure

The XRD pattern of the as-prepared sample is
attributed to the orthorhombic phase, as shown in
Fig. 2(a) B, where the peaks marked with arrows
can be indexed to this phase. Compared with the
standard diffraction patterns (JCPDS Card No. 45-
0937), no characteristic peaks from impurities
were detected. The result indicates that the CuO
nanostructure is pure and well crystallined. The
compact CuO film is also shown as a reference in
Fig. 2(a) A, where the peaks can also be seen in
the same positions for a compact sample.
However, their relative intensities of the peaks are
different from those of the nanoporous sample,
indicating the negative effect of the nanoporous
[26]

structure on crystallization XPS is a powerful

technique for the study of transition metal
compounds having localized valence-orbitals. The
nanoporous CuO was further characterized by XPS
as shown in Fig. 2(b). In the Cu (2p) region, the
Cu (2ps) and Cu (2py2) band showed a single
peak at 931.7 eV and 951.5 eV, respectively. The
peak-to-peak difference is about 20 eV, which
reveals that the copper atoms deposited on the
electrode surface were of bivalence. The two
shake-up satellites located at 943.2 eV and 961.7

eV, indicate the presence of CuO at the sample

A compact CuO Cu(2psz)
B nanoporous CuQ
2 2
£ &
Z z
g R
30 40 50 60 70 80 970 960 950 940 930 920

20/ (%)
(a)

binding energy / eV
(b) ()

Fig.2 XRD patterns of the different CuO films deposited on Cu surface (a) ,

XPS spectrum of the nanoporous CuO film (b), and SEM image of the nanoporous CuO film (c¢)
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surface. The as-prepared sample was also studied
by SEM. As shown in Fig. 2(c¢), the honeycomb-
like nanoporous structure surface morphology was
formed, and the spherical voids left in the CuO
nanocrystals are attributed to the removal of the
polystyrene spheres. It should be noted that the
void diameter depends on the size of polystyrene
spheres being used.
2.3 Glucose sensing at the nanoporous CuO modified
electrode

The electrocatalytic activity of the unmodified
Cu electrode and the nanoporous CuO modified Cu
electrode towards the oxidation of glucose in an
Fig.3 (a)
shows cyclic voltammograms of 1 mmol/L glucose
in 50 mmol/I. NaOH solution at the bare Cu
CuO modified

alkaline solution were investigated.

electrode and the nanoporous
electrode.
In the absence of glucose, no oxidation peaks

After

addition of 1.0 mmol/L glucose, an oxidative

could be observed at either electrode.

wave, corresponding to the irreversible glucose
oxidation, was observed for both electrodes.
CuO modified

electrode, a rapid increase in current appeared,

However, at the nanoporous
starting at about 0.3 V, with the appearance of an
obvious oxidation peak at around 0. 6 V, indicating
that nanoporous CuO played a significant role in

the oxidation of glucose. The substantially higher

300F 300
200
gmo
2001 =
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Inset shows the cyclic voltammograms at the bare

Cu electrode under the same condition
(a) Cyclic voltammograms of nanoporous CuQ

electrode in 50 mmol/L. NaOH in the absence and

presence of 1.0 mmol/L glucose at 100 mV-s™'

CuO modified

electrode than that from the bare Cu electrode in

current from the nanoporous
response to the glucose oxidation, is considered to
be the result of larger surface area and more
electrocatalytic active sites provided by the
nanoporous CuO film. Furthermore, the cyclic
voltammograms in glucose solution at different
scan rates are shown in Fig. 3(b), where the peak
current for the anodic oxidation of glucose is
proportional to the square root of the scan rate. A
linear relationship between i, and ©'* was observed
in the scan range of 20~500 mV « s *(i,=19. 37
+7.054"%, R=0.998 1), which illustrates that
electrocatalytic reaction is diffusion controlled.

Furthermore, a kinetic limitation has been
found in the reaction and we speculate that the
reaction is a typical EC' catalytic process. The
following reactions could be used to explain the
participation of Cu( Il ) in the anodic oxidation of
glucose in alkaline medium:

Anodic polarization process:

Cu;O+20H —2e— 2CuO+ H,0O
Coupled homogeneous chemical reaction:
2Cu0O + glucose + H, O —
Cu; O + glucose acid +20H™

Detailed experiments on the influence of the
NaOH concentration and the applied potential of
the modified electrode were also carried out. As
shown in Fig. 4(a), a series of NaOH solutions of

210

180

30 . . . .
3 6 9 12 15 18 21 24
P2/ (mV-s'"?
(b) The oxidation peak current vs. the square
root of the scan rate, error bars indicate
standard deviations of the three measurements

Fig. 3 Glucose sensing at the nanoporous CuO modified electrode



650 T EAFHERKFFR

% 43 %

22 L L i L L L L
0 005 0.10 0.15 020 025 030

NaOH concentration / (mol-L ")
(a)

40

30r

I/ pA
b2
=

03 04 05 06 07 08
EIV

(b)

Fig. 4 Effect of NaOH concentrations (a) and applied potentials (b) on peak current

in 0. 2 mmol/L glucose for the nanoporous CuO electrode

different concentrations were used to study the
alkaline effect on the oxidation of glucose. The
peak current first increased with the concentration
of NaOH until it reached 50 mmol/L, and then
decreased with the further increase in NaOH
concentration. The optimal value of the applied
potential  was  obtained by  amperometric
measurement of glucose in 50 mmol/LL. NaOH
solution at applied potentials of 0.3, 0.4, 0.5,
0.6, 0.7 and 0. 8 V. The result shown in Fig. 4(b)
demonstrates that the maximum current response
was obtained at 0.6 V. Thus, 50 mmol/L NaOH
and an applied potential of 0. 6 V were chosen for
subsequent experiments.
2.4 Amperometric detection of glucose on nanoporous

CuO modified electrode

Since chronoamperometry under  stirred
condition is much more sensitive than cyclic
voltammetry, it was employed to estimate the low
detection limit. Fig.5 shows the steady-state
catalytic current time response of the nanoporous
CuO modified electrode with successive additions
of 40 mmol/L glucose solution into 10 mlL of 50
mmol/L. NaOH solution at the applied potential of
0.6 V. The current response of the sensor
exhibited a
concentration, and the calibration curve for glucose
measurement is [/pA=11.38+119. 28 C/(mmol *

L ') with the correlation coefficient of 0.998 8.

linear dependence on glucose

The sensitivity is estimated to be 37.99 A * m -

500
6
5
| < 4[5 pmol-L™!
400 E ; J
) 0.39 mmol-L™
300F |
*g_ 40 60 80 100 120
— time / s
e
200 400
300
-1 200
100 _0.20 mmol-L 100
03 535101520 253035
0 X L X L X \ C."(rn_rnol-l, }
0 100 200 300 400

time / s
Top inset displays the response to low concentration of glucose;
bottom inset shows the calibration curve of the biosensor
as a function of glucose concentration
Fig. 5 Amperometric response of the nanoporous CuO
modified electrode at potential 0.6 V in 50 mmol/L NaOH

solution for successive addition of glucose

mol™!, and the sensor displays a linear range of 5
pmol/L to 3. 2 mmol/L glucose concentration with
a detection limit of 0. 37 pmol/L (at signal/noise=
3). The performance of the biosensor is compared
CuO-based

The sensitivity

with  those of other reported

nonenzymatic glucose sensors™*%,
of our sensor is substantially higher than that of
other glucose sensors, and our sensor also displays
an excellent detection limit and linear range. All
the data from our sensor reveal the properties of
high sensitivity, low detection limit and excellent
linear range, which are attributed to the fact that

nanoporous CuO film can greatly increase the

electrocatalytic active areas and promote electron
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transfer in the oxidation of glucose.
2.5 Stability and selectivity of the biosensor

The stability of our electrode was determined
by storing the sensor under ambient condition for
30 d. After 7 d and 30 d, the current response
remained at 98. 3% and 91. 8%, respectively. The
current responses to 1 mmol/L glucose were
measured 6 times using the same electrode with a
relative standard deviation (RSD) of 2.1%. For
the three electrodes which are different and freshly
made independently under the same conditions, the
RSD was 4.6%. These results confirm that our
sensor has high stability as well as good

reproducibility that makes it applicable for
practical use. The current response becomes stable
in less than 2 s, which indicates a rapid enough
response of the sensor towards glucose. We also
investigated the interference effect of ascorbic acid
(AA), uric acid (UA) and NaCl, which normally
co-exist with glucose in real samples. The
physiological glucose level is 3 to 8 mmol/L and
the other oxidizable interferents are present at

Therefore,

interference tests were carried out by adding 1

levels as low as 0.1 mmol/L.
mmol/L glucose, followed by interferents listed.
The results demonstrate an almost negligible effect

of the interferents (Fig.6). Furthermore, the

1 mmol/L Glucose
R A A L
S 5 0§ §£ 2 =%
3 s £ 9 % %%
= E 2 ] 2 B E
~ ,E 2 ; =
= ]
= E E E
g o éi Addition off Glucose
= =
64 66 68 T0 72
] . N 3 N . . . .nmc.-'ls .
50 100 150 200 250 300
time / s

Inset shows the response time of the nanoporous
CuO modified electrode to achieve steady-state currents
Fig. 6 Interference test of the sensor in 50 mmol/L
NaOH solution at 0.6 V with 1 mmol/L glucose

and other interferents as indicated

chloride poisoning, which has been a major

problem for most metal or metal oxide
electrochemical glucose sensors, was not found in
our study.

Finally, in order to illustrate the practical
utility of the resulting glucose biosensor, human
serum samples were assayed. Fresh serum samples
were supplied by a local hospital, which were first
analyzed with a standard clinical assay based on
glucose dehydrogenase electrode method. Then
every 100 pl. serum sample was added to 10. 0 mL.
of 50 mmol/L NaOH solution under the operation
potential of 0.6 V. Tab. 1 displays the results of
these blood glucose determinations. The data from
the proposed glucose sensor are in good
agreement with the results provided by the local
hospital.

Tab.1 Amperometric determination of glucose

in human blood serum samples

proposed
hospital nonezymatic sensor RSD/%*
/(mmol « L ') /(mmol « L. 1)

given by

blood sample

1 4.1 4.340. 30 4.3
2 5.2 5.0£0.19 2.2
3 6.0 6.240.32 3.2
4 7.3 7.020. 44 3.6
5 10.0 9.840.29 1.7

[Note] @ RSD/% calculated from three separate experiments

3 Conclusion

In summary, we have successfully synthesised
a nanoporous CuO film on the Cu substrate
electrode by the colloidal-crystal template
technique and film plating/cyclic voltammetry
method for the first time. This facile and effective
process increased the porosity of the surface,
resulting in a material with an increased surface
area, which makes the exposure of the surface to
effective.  The modified

electrode was mechanically and chemically stable

the reactants more
and exploited to fabricate a nonenzymatic glucose
sensor. Because of its large effective surface area,
interconnected microenvironments, the fabricated

nanoporous copper oxide film showed higher
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electrocatalytic activity towards glucose oxidation
in alkaline solutions. Meanwhile, the interference
from the oxidation of common interfering species
such as AA, UA and DA were effectively avoided.
Thus, this

enhanced sensitivity and selectivity is promising for

nanoporous CuQ material with

fabrication of nonenzymatic glucose biosensor. On
the other hand, the preparation method of our
sensor can be readily extended to make a screen-
printed electrode with a large surface area. The
successful preparation of nanoporous CuO material
is relatively simple and very effective, thus

providing a promising platform for further

development of other biosensors.
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