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Three-dimensional (3D) porous ZnO–CuO hierarchical nanocomposites (HNCs) nonenzymatic glucose
electrodes with different thicknesses were fabricated by coelectrospinning and compared with 3D mixed
ZnO/CuO nanowires (NWs) and pure CuO NWs electrodes. The structural characterization revealed that
the ZnO–CuO HNCs were composed of the ZnO and CuO mixed NWs trunk (,200 nm), whose outer
surface was attached with small CuO nanoparticles (NPs). Moreover, a good synergetic effect between CuO
and ZnO was confirmed. The nonenzymatic biosensing properties of as prepared 3D porous electrodes
based on fluorine doped tin oxide (FTO) were studied and the results indicated that the sensing properties of
3D porous ZnO–CuO HNCs electrodes were significantly improved and depended strongly on the thickness
of the HNCs. At an applied potential of 1 0.7 V, the optimum ZnO–CuO HNCs electrode presented a high
sensitivity of 3066.4 mAmM21cm22, the linear range up to 1.6 mM, and low practical detection limit of
0.21 mM. It also showed outstanding long term stability, good reproducibility, excellent selectivity and
accurate measurement in real serum sample. The formation of special hierarchical heterojunction and the
well-constructed 3D structure were the main reasons for the enhanced nonenzymatic biosensing behavior.

E
nzymeless amperometric glucose sensors have attracted extensive attention for its high repeatability and
stability compared to enzymatic sensors, which have practical significance in both clinical diagnosis and
food industries1–5. However, since most enzymeless glucose sensors rely on the chemical activity of trans-

ition metal centre which can be easily poisoned, fabrication of the enzymeless glucose sensing elements with high
performance remains a challenge. Generally, an efficient glucose sensor should be reasonable evaluated by many
parameters according to need, such as high sensitivity, fast response, good selectivity and stability, the pH
environment, and working voltage. Thus, a good enzymeless sensor which can meet those conditions and come
to the fore should be associated not only with the composition and surface properties of the sensing materials, but
also with their microstructures.

As a p-type semiconductor with high chemical activity and nontoxic nature, CuO has been a widely investi-
gated material for using as an enzymeless glucose biosensor due to its outstanding redox behavior6–9. With
advance of the related research, 1D CuO based hierarchically nanostructure are considered to be promising
enzymeless amperometric candidate to effectively detect glucose with higher selectivity and sensitivity10–11,
because of their high surface to volume ratios and special physicochemical properties. Besides, thanks to the
strong interactions between the closely packed nanounits, sensing characteristics can be further enhanced or
tuned by appropriate combining two kinds of semiconductor oxides in CuO based hierarchical nanostructure.
For example, in the mixed Ni-CuO-oxide NWs array, the corresponding sensitivity to glucose was proved to be as
high as , 1600 mAmM21 cm2212. In addition, our recent work also revealed that the highly enhanced glucose
sensitivity (1321 mAmM21cm22) could be obtained in CuO/TiO2 based 1D hierarchical structures13. As is well
known, ZnO is also a hot functional material in glucose sensing area, which possesses nice biocompatibility and
fast electron transfer ability between the active sites and the electrode14–18. Moreover, the ZnO–CuO hetero-
nanostructure has been expected to obtain enhanced performance and expands the potential applications of the
heterogeneous nanodevices19–22. Xu et al. synthesized CuO–ZnO nanoporous gas sensor by transferring a solu-
tion-dipped self-organized colloidal template on to a device substrate, which exhibited shorter recovery time and
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better selectivity to H2S gas against other interfering gases21. Xia et al
in situ prepared cluster-like nano/micro CuO/ZnO particles in
dielectric barrier discharge for sensitive cataluminescence sensing
of acetic acid22. However, synthetic approaches to 1D hierarchically
ZnO–CuO nanostructures, which combine a high surface-to-volume
ratio and an intimate interfacial contact of the components, remain
in demand in sensing area.

On the other hand, from the view of the glucose sensor, the sensing
process of enzymeless sensors based on semiconductor oxides gen-
erally involves a surface redox reaction. However, since most of the
nanostructured electrodes are fabricated by printing the nano-object
slurry onto a conductive substrate (such as drop or spin coating after
dispersion), dense films will form and then lead to inhomogeneous
thickness, poor reproducibility, and structural instability of the as
fabricated electrodes. Consequently, the overall performance of the
electrodes will be discounted. Due to such limited, efforts have been
made to improve or modify the traditional film into integrated 3D
porous network on purpose of obtaining the larger effective surface
area, which are of great benefit for molecule diffusion and mass
transport in sensor materials23–26. Despite all this, as far as we know,
little attention has been given to study the 3D electrode built with
ZnO–CuO HNCs network and exploration of their enzymeless glu-
cose sensing properties comprehensively.

In spire by this, we first designed an integrated 3D network built
with 1D ZnO–CuO HNCs and carefully studied their enhanced
enzymeless sensing properties for high sensitive detecting of glucose.
At the same time, we also fabricated pure CuO NWs and mixed ZnO/
CuO NWs by electrospinning for comparison. In ZnO–CuO HNCs,
mixed ZnO/CuO NWs are the main stem, which provide a larger
active surface area and plus a good electron transport path. Besides,
some CuO NPs are surface attached on the main stem, which act as
the specific and additional active sites for glucose sensing. It should
be highlighted that, such a complex 3D structure can be easily
obtained through one-step coelectrospinning together with ordinary
hot press and calcination process. Moreover, the enzymeless sensing
behaviors of the 3D ZnO–CuO HNCs electrodes with different thick-
ness of 3D network toward glucose were investigated. Remarkable
improvement of enzymeless sensing properties was observed.

Results and discussion
Morphologies and Structural Properties. The phase characteristics
of ZnO–CuO HNCs as well as mixed ZnO/CuO NWs, pure CuO and
ZnO NWs were first identified from the X-ray diffraction (XRD)
patterns as presented in Fig. 1. The diffraction peaks of the mixed
ZnO/CuO NWs and ZnO–CuO HNCs samples are perfectly indexed
to the mixture of monoclinic CuO (JCPDS 48-1548) and hexagonal
ZnO (JCPDS 36-1451). Besides, the relative intensity of the
dominant diffraction peak of CuO is higher than that of ZnO in

ZnO–CuO HNCs, suggesting the better crystallinity of CuO in
hierarchical sample. However, the situation of crystalline in mixed
ZnO/CuO NWs is in the opposite way, which indicated a different
arrangement of ZnO and CuO grains in these two samples.

Fig. 2a and 2b show the scanning electron microscopy (SEM)
images of the as-fabricated 3D porous ZnO–CuO HNCs. These ran-
domly oriented HNCs all have uniform and long continuous surface
in a large scale. In each HNCs structure there are some small NPs
(,20 nm in diameter) attached randomly on the surface of the NWs,
whose outer diameters are ,200 nm. Fig. 2c and 2d are the low- and
high-magnification cross section SEM images of the 3D ZnO–CuO
HNCs electrode (20 min). As is observed that the uniform 3D film is
formed with thickness of 13.5 6 0.3 mm and the hierarchical struc-
ture remains after hot pressing. Besides, the porous structure in the
thickness dimension can be clearly identified, which is an obvious
evidence of the effective formation of 3D porous electrode. Note that
all the 3D porous ZnO–CuO HNCs electrodes have the similar pla-
nar morphology, but with different thicknesses as shown in Fig. S1a-
f. In detail, the corresponding thicknesses are 5.3 6 0.3 mm for
10 min, 7.8 6 0.4 mm for 15 min, and 18.0 6 0.5 mm for 25 min
coelectrospinning time. Fig. 2e and Fig. 2f shows the planar morpho-
logy of 3D pure CuO NWs and 3D mixed ZnO/CuO NWs electrodes
for compare, the average diameter are both ,200 nm and the thick-
ness of corresponding 3D electrodes (not shown) are also compar-
able with that of the 3D ZnO–CuO HNCs electrode (20 min). The
morphology of 3D pure ZnO NWs are also provided for comparing
as shown in Fig. S1g and h, which exhibits much smoother surface
than the other samples, thus the thickness of corresponding 3D
electrodes (20 min) is relatively thick (11.1 6 0.5 mm).

The heteroarchitecture of the ZnO–CuO HNCs can be further
confirmed from transmission electron microscopy (TEM) image
(Fig. 3a). The as marked interplanar distances of the fringes are
0.232 nm and 0.252 nm, corresponding to the (111) face of CuO
and the (101) face of ZnO, respectively (Fig. 3b). Further, as
shown in energy dispersive X-ray (EDX) mappings (Fig. 3c–e), the

Figure 1 | The XRD of 3D ZnO–CuO HNCs, mixed ZnO/CuO NWs,
pure CuO and ZnO NWs samples. The XRD peaks of CuO (JCPDS no.48-

1548) are marked with ‘‘#’’ and ZnO (JCPDS no.36-1451) are marked with

‘‘*’’.

Figure 2 | (a) and (b) typical SEM image of 3D porous ZnO–CuO HNCs

electrode (20 min) on the surface of FTO. (c) and (d) the low- and

high-magnification cross section SEM images of (b). (e) The SEM image of

3D pure CuO NWs electrode. The inset of (e) is its high-magnification

SEM image. (f) The SEM image of 3D mixed ZnO/CuO NWs and its inset

is high-magnification SEM image.
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distribution of Cu element is similar with that of O, which shows a
hierarchical structure with uniform and discontinuous NPs on the
surface of NWs trunk. The distribution of Zn element is much more
homogeneous, which only shows a NWs structure. This demon-
strates that the NWs trunk is composed of uniform mixture of
CuO and ZnO, and the NPs dispersed on the outer surface of the
NWs trunk are mainly composed of CuO.

To reveal the surface composition and chemical state of the ele-
ments existing in the ZnO–CuO HNCs sample, X-ray photoelectron
spectroscopy (XPS) spectra were studied and compared with that of
the mixed ZnO/CuO, pure CuO NWs and ZnO NWs as shown in
Fig. 4. First, the complete spectra of the samples confirm the presence
of Cu, O, and C atoms in pure CuO NWs, Zn, O, and C atoms in pure
ZnO NWs and Cu, Zn, O, and C atoms in ZnO–CuO HNCs and
mixed ZnO/CuO NWs. Moreover, based on XPS spectra, the atom
ratios of Cu/Zn have been quantitatively calculated to be 0.34 and
0.72 corresponding to the mixed ZnO/CuO and ZnO–CuO HNCs
samples, respectively. As can be seen, the combination rate is rela-
tively low for CuO in mixed ZnO/CuO, even the initial molar ratio of
Zn/Cu is about 0.82. However, although the initial quantity is the
same both in the mixed ZnO/CuO and ZnO–CuO HNCs samples,
the atom ratio of Cu/Zn is 2.1 times higher in ZnO–CuO HNCs
sample than that in mixed ZnO/CuO, this can be attributed to the
formation of the special HNCs structure which has CuO NPs deco-
rated on the surface of mixed ZnO/CuO NWs, and thus the atom
ratio of Cu/Zn increases.

The corresponding O 1s XPS spectra are enlarged in Fig. 4b.
Accordingly, the O1s XPS spectra of ZnO–CuO HNCs and mixed
ZnO/CuO NWs samples display four peaks. The binding energies
around 530.7 eV and 532 eV correspond to the lattice oxygen in
crystalline CuO and ZnO, respectively. Compared to the pure CuO
and ZnO NWs, the binding energies of CuO in ZnO–CuO HNCs and
mixed ZnO/CuO NWs samples both shift, indicating a modification
of the electron density on CuO due to the interactive coupling
between CuO and ZnO27, and because of the different nanostructure
in ZnO–CuO HNCs and mixed ZnO/CuO NWs samples, the shift
direction shows somewhat different. The O 1s peaks around
532.9 eV is assigned to the deficient oxygen and the peak around
533.7 eV in all the three samples belongs to the chemisorbed or
dissociated oxygen or OH species on the samples.

The high resolution XPS spectra of Cu 2p are shown in Fig. 4c. The
peaks around 934.4 eV and 954.4 eV in all the three samples confirm
the presence of Cu 2p3/2 and Cu 2p1/2 peaks, respectively27. Along

with the main peak around 934.4 eV, the shake-up satellite peaks are
observed at the higher binding energy side, 943.1 and 963.0 eV,
which are characteristics of partially filled d-block (3d9) of Cu2128.
The peak locations and relative intensities of the satellites against the
core levels are indicative of the formation of CuO. In addition, the
location of the Cu 2p XPS peaks in mixed ZnO/CuO NWs samples
shifts to lower binding energy compared to pure CuO NWs28. This
clearly indicates a modification of the electron density on CuO spe-
cies due to the interactive coupling between CuO and ZnO and
leading the increased surface activity of CuO. In ZnO–CuO HNCs
sample, after surface decorating of CuO NPs on mixed ZnO/CuO
NWs, the Cu 2p XPS peaks shifts to higher binding energy and
comparable with that of pure CuO NWs, indicating the nanostruc-
ture of surface decorated CuO NPs were well maintained after the
formation of the hybrid ZnO-CuO HNCs structure, which have been
observed and proved in some similar structures29–30.

The detailed XPS chemical environment of Zn 2p in mixed ZnO/
CuO NWs, ZnO–CuO HNCs and ZnO NWs are shown in Fig. 4d.
The Zn 2p spectra both show two symmetric peaks, the peak around
1022.5 eV corresponds to the Zn 2p3/2 and the one around 1045.5 eV
is assigned to Zn 2p1/2, indicating a normal state of Zn 2p in the
samples31. Compared to pure ZnO NWs, the Zn 2p core level region
of ZnO–CuO HNCs and mixed ZnO/CuO NWs samples shift to the
higher binding energy after introduction of CuO, but with the same
splitting between Zn 2p1/2 and Zn 2p3/2 (,23 eV). The shift of Zn 2p
peaks to higher binding energy can be explained by the strong inter-
action between ZnO and CuO nanocrystals in the two samples. In
ZnO–CuO HNCs sample, the same with the Cu 2p XPS spectra, the
Zn 2p XPS peaks also shift to higher binding energy compared with
that of mixed ZnO/CuO NWs, further indicating local environment
of ZnO and CuO NPs are different in ZnO–CuO HNCs and mixed
ZnO/CuO NWs.

Nonenzymatic glucose behavior in different 3D porous electrodes.
The cyclic voltammetry profiles of 3D porous ZnO–CuO HNCs
electrodes as well as 3D mixed ZnO/CuO NWs, pure CuO NWs
and ZnO NWs electrodes in 30 mL 0.1 M NaOH solution without
and with 5 mM glucose were studied (Fig. 5). The corresponding
nonenzymatic response process to glucose is as depicted in Fig. 6.
The Cu(II)/Cu(III) redox couple in the NaOH solution under the
special potential region is the essential factor for nonenzymatic
electrochemical glucose detection. When in blank NaOH solution,
obvious reduction peaks around 10.7 V can be observed of all the

Figure 3 | (a) TEM image and (b) HR-TEM image of ZnO–CuO HNCs. (c), (d), and (e), EDX elemental mapping images of O, Cu, and, Zn in the ZnO–

CuO HNCs sample taken from the box of (a).
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electrodes (except pure ZnO NWs electrode) in our work which
corresponding to the Cu(II)/Cu(III) redox couple according to
previous studies32, the reaction process can be depicted as:

CuOzOH{{e{?CuO OHð Þ

After the injection of glucose, Cu(III) ion obtains an electron and
acts as an electron delivery system32–34, electrons are transferred from
glucose to the electrode which leads to the increasing of the peak
current, the reaction process is as follows:

2CuO OHð Þzglucose?2CuOzgluconolactonezH2O

In addition, in Fig. 5a and Fig. 5b, the peak current intensity and
current signal toward the positive end of the potential range drastic-
ally increases in 3D porous ZnO–CuO HNCs electrodes (20 min),
which is ascribed to the increase of the electroactive surface area in
ZnO–CuO HNCs18. Note that ZnO has no specific property of redox
reaction like CuO, thus the pure ZnO NWs electrodes has no res-
ponse to the glucose in enzymeless detection process as shown in
Fig. 5a, and the role of ZnO in our nonenzymatic sensors is to

accelerate the electron transfer, as evidenced in Fig. 5 and Fig. S2
(EIS spectra).

Moreover, as can be seen in Fig. 5c, the peak current intensity
increases gradually when the electrospun time changes from
10 min to 20 min and then decreases when electrospun time further
increased to 25 min. That is to say, whatever comparing to 3D mixed
ZnO/CuO NWs and pure CuO NWs electrodes with the same elec-
trospun time (20 min) or the other 3D porous ZnO–CuO HNCs
electrodes with different thickness, the 3D porous ZnO–CuO
HNCs electrode (20 min) always exhibits the best electrochemistry
behavior. This phenomenon indicates that a reasonable-built and
well-structured 3D structure can effectively accelerate the electron
transfer. In addition, The CV measurement of 3D porous ZnO–CuO
HNCs (20 min) electrode was further performed in 0.1 M NaOH
solution at different scan rates (Fig. 7). The peak current shows a
linear response to the scan rate, implying a surface-controlled elec-
trochemical process7.

Fig. 8a shows the I-t curve of different 3D electrodes performed at
10.7 V (vs. Ag/AgCl) in 0.1 M NaOH solution by addition of dif-
ferent concentration of glucose. It is clear that well-defined and fast
amperometric responses are observed, except the pure ZnO NWs
electrode which also has no response to glucose in I-t curve. The

Figure 4 | (a) Survey, (b) O 1s, (c) Cu 2p, and (d) Zn 2p high resolution XPS spectrum of the corresponding samples.

Figure 5 | The CV curves of 3D porous ZnO–CuO HNCs as well as mixed ZnO/CuO NWs, pure CuO and ZnO NWs electrodes both fabricated for

20 min in (a) blank NaOH solution and (b) NaOH solution with 5 mM glucose; (c) CV curves of 3D porous ZnO–CuO HNCs electrodes (10, 15, 20,

25 min) in 0.1 M NaOH in the absence (trace 2) and presence of 5 mM glucose (trace 1), respectively. The scan rate is 100 mV/s.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7382 | DOI: 10.1038/srep07382 4



average times required approaching the steady-state current for the
3D pure CuO NWs electrode is 5 s, mixed ZnO/CuO NWs electrode
is 3.4 s and 3D porous ZnO-CuO HNCs electrodes with electrospun
time of 10, 15, 20, and 25 min were about 2.1, 1.6, 1.2, and 1.8 s,
respectively, when the electrodes responded to 200 mM glucose. This
indicates a rapid oxidative process in as-prepared 3D porous electro-
des which is much faster than those in similar determination12,35.
Besides, the response times of the 3D porous electrodes modified
by the samples which contain ZnO and CuO (mixed ZnO/CuO
NWs and porous ZnO–CuO HNCs) are shorter than that of pure
CuO NWs one and the corresponding responses are also higher,
indicating that the interaction between ZnO and CuO in the com-
posite structures are conducive to accelerate electron transport.
Moreover, for the 3D porous ZnO–CuO HNCs electrodes, which
has CuO NPs decorated on the surface of mixed ZnO/CuO NWs,
they even show more faster response times and higher response,
which further verify the advantage of ZnO–CuO HNCs structure.
In our work, the I-t curves of the thinnest (10 min) and the thickest
(25 min) 3D porous ZnO–CuO HNCs electrodes both show decreas-
ing trend. This phenomenon reveals that the thickness of 3D struc-
ture has great influence on the performance of the electrodes. On the
one hand, if the thickness is not thick enough it will lead to the
electrode contain too little active ingredient content due to the lower
combination rate of CuO as evidenced in XPS spectra and cause the
suppression of I-t curve. On the other hand, if the thickness too thick
it will result in too long electronic transmission path or the bad
contact between FTO conducting substrate and upper 3D porous

ZnO–CuO HNCs, then also cause the suppression of I–t curve.
Note that a larger noise can be observed on the 3D porous ZnO-
CuO HNCs electrode compared to the other contrastive electrodes in
this study, this phenomenon can be ascribed to the formation of the
hierarchical structure, which would increase the distance of each

Figure 6 | Reaction mechanism of 3D porous ZnO–CuO HNCs electrodes. (the image of the flask are painting according to the model in our experiment

by Lin Xu, one of the auther of this article).

Figure 7 | CV curves of the 3D porous ZnO–CuO HNCs at various scan
rates (50, 100, 150, 200, and 250 mV/s), inset is the plots of peak current
vs. scan rate.

Figure 8 | (a) Amperometric response of 3D porous ZnO–CuO HNCs

(10, 15, 20, and 25 min) electrodes as well as 3D mixed ZnO/CuO, 3D pure

CuO and ZnO NWs electrodes at an applied potential of 0.7 V upon

successive additions of different concentration of glucose in a step of 10,

50, and 200 mM, respectively for each current step, inset is the current

response of 3D porous ZnO–CuO HNCs (20 min) to 0.47 and 1 mM

glucose). (b) The corresponding calibration curve of current vs.

concentration of glucose. The error bars denote the standard deviation of

triplicate determination of each concentration of glucose.

www.nature.com/scientificreports
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HNCs in 3D network to some extent and further work should be
carried out to avoid this effect.

The calibration curve of 3D electrodes is shown in Fig. 8b and the
corresponding sensitivity, correlation coefficient, linear range, and
detection limit under a signal/noise ratio of 3 are summarized in
Table 1. As is compared, the 3D porous ZnO–CuO HNCs electrode
(20 min) exhibits the best glucose biosensing performance in this
work, which has the highest sensitivity of 3066.4 mAmM21cm22,
larger linear range from 0.47 mM to 1.6 mM, and the lower practical
detection limit of 0.21 mM according to actual measurement data (as
shown in inset of Fig. 8a). For the response time of the sensor for
0.47 mM glucose is calculated to be about 5.5, this is because low
concentration of glucose need longer time to spread to the electro-
desurface, which leads to the response time increased, compared with
that to 200 mM glucose.

Further, we compared the performances of our best electrode with
other published nonenzymatic glucose sensors based on CuO or
electrospinning as listed in Table 2. It is clear that the sensitivity of
our present electrode is largely improved and the integrative per-
formance (sensitivity, detection limit and liner range) is also sat-
isfactory. Although the detection limit of the 3D porous ZnO–CuO
HNCs electrode (20 min) isn’t the lowest one comparing to the
electrodes as listed in Table 2, such as CuO SWCNTs and CuO
NFs based electrodes9,37, some particular advantages of the as pre-
pared electrode in this work should be mentioned. First, from the
view of practical application, the planar electrode based on FTO glass
can easily integrate with the peripheral circuit and effectively reduce
the volume of the circuit compared with the electrodes modified on
the glassy carbon electrode. On the other hand, the upper film can be
directly and steadily immobilized on the electrode through hot press-
ing,which could be used directly as the working electrode to detect
glucose. Especially, hot pressing make the contact of the upper sens-
itive materials with electrode much closer and stable, thus compared
to the CuO NFs modified on ITO, a larger linear range is obtained in
the developed sensor37. This method can greatly simplify the experi-
mental steps. Based on the above analysis, we believe that the as
prepared 3D porous ZnO–CuO HNCs electrodes have the potential
ability to measure the glucose levels through saliva and other bodily

fluids which can obtain in a noninvasive way but possess much lower
concentration glucose levels in the human body.

The enhanced non-enzymatic glucose performance of 3D porous
ZnO–CuO HNCs electrode in our work can be ascribed it to the
special hierarchical heterojunction formation in the composite and
the well-constructed 3D porous structure. From the view of the
special hierarchical heterojunction, as proved by Fig. 2, because of
the particular hierarchical nanostructure which has suitable con-
tacted area of n-type ZnO and p-type CuO (especially in NWs trunk),
appropriate p2n junctions are formed and can create strong inter-
action, and this will be very favorable for the electron transmission
(as proved by Fig. 4). Besides, the surface attached CuO NPs on NWs
trunk can more effectively contact glucose, which will also helpful to
improve the sensing performance (as proved by Fig. 4). In addition,
from the point of the electrode structure, an integrated electron
transport network is formed by the 3D porous framework. This
network ensures the fast electron transport and suitable microcell
environment for effective molecular diffusion. Moreover, since the
3D porous electrodes in our study work under surface-controlled
electrochemical process, the effective surface area is critical, here,
large surface area in the nanofibers and their 3D porous stacking
mode can afford higher specific surface which provides large inter-
face and unhindered diffusion of glucose molecules during kinetic
mass transfer in the electrochemical process. It should be mentioned
that such 3D electrode is controllable in microstructure (such as
thickness) and of good reproducibility, and further, their high sens-
ing performances to the target molecules could be controlled.

Reproducibility, selectivity, stability, and real sample detection.
To further verify the performance, some characteristics tests are
performed on 3D porous ZnO–CuO HNCs electrodes. First, the
intra-electrode and inter-electrode reproducibility of 3D porous
ZnO–CuO HNCs electrode (20 min) for nonenzymatic glucose
sensing were evaluated. Three modified electrodes were prepared,
the relative standard deviations (RSD) is no more than 10.9% for
the current response, indicating a satisfied electrode-to-electrode
reproducibility. Additionally, the RSD of 6.7% (n53) for 200 mM
of glucose demonstrates good intra-electrode reproducibility.

Table 1 | A list of glucose sensing properties of different 3D electrodes in our study at an applied potential of 0.7 V

Electrodes Sensitivity/mAmM21cm22 R2 Linear range Detection limit/mM

ZnO-CuO HNCs (10 min) 1680.2 0.9849 1.42 mM to 1.6 mM 0.52 mM
ZnO-CuO HNCs (15 min) 2080.7 0.9994 1.15 mM to 1.6 mM 0.78 mM
ZnO-CuO HNCs (20 min) 3066.4 0.9968 0.47 mM to 1.6 mM 0.21 mM
ZnO-CuO HNCs (15 min) 1876.5 0.9996 0.45 mM to 1.6 mM 0.38 mM
ZnO/CuO NWs 484 0.9654 2.5 mM to 1.6 mM 1.8 mM
CuO NWs 274.8 0.9846 4.6 mM to 1.6 mM 3.2 mM

Table 2 | A comparison of the sensing properties of 3D porous ZnO–CuO HNCs (20 min) with some other nonenzymatic glucose sensors
based on CuO or electrospinning

Electrodes Detection potential Sensitivity mAmM21cm22 Linear range Detection limit Reference

ZnO-CuO HNCs 10.7 V 3066.4 0.47 mM to 1.6 mM 210 nM This work
CuO SWCNTs 10.7 V 1610 0.05 mM to 1.8 mM 50 nM [9]
CuO/TiO2 10.7 V 1321 10 mM to 2 mM 390 nM [13]
CuxO/PPy/Au 10.6 V 232.22 6.2 mM to 8 mM 6200 nM [35]
CuO NWs 10.33 V 490 0.4 mM to 2 mM 49 nM [36]
CuO NFs–ITO 10.52 V 873 0.2mM to1.3 Mm 40 nM [37]
CuO NPs 10.6 V 2762.5 0.05 mM to 18.4 mM 500 nM [38]
CuO Pt/Ti/Si 10.65 V 2900 1 mM to 2.5 mM 140 nM [5]
CuO nanoparticles 10.6 V 246 1 mM to 170 mM 910nM [39]
CuO NSs 10.5 V 2792.64 0.8 mM to 2.2 mM 800 nM [40]
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The electrochemical response of the interfering species of 3D por-
ous ZnO–CuO HNCs electrode (20 min) was examined, as shown in
Fig. 9. Although the concentration of interfering species in the
human blood is 30 to 50 times less than that of glucose41, much higher
concentrations of the interfering species (glucose5 interfering species
5 1051) were used in the present analysis to ensure the sensitivity.
First, some common interfering species in human serum, such as uric
acid (UA), ascorbic acid (AA), dopamine acid (DA), nicotinamide
adenine dinucleotide (NADH), Mg21, and Ca21, were chosen as the
interfering species. As is clearly seen in Fig. 9a, the current responses
of interfering species have little effect compared to glucose. In addi-
tion, other sugars, such as lactose, mannose, galactose, and maltose,
are also present in abundant amounts in human blood, thus the
selectivity to these organic compounds were also evaluated as shown
in Fig. 9b. The current responses of the corresponding interfering
species are also very low in the presence 100 mM of glucose. Here, the

good selectivity of 3D porous ZnO–CuO HNCs electrode (20 min)
against to some reducing compounds, such as AA, can be ascribed to
the obvious repulsion of negatively charged CuO and ZnO (the iso-
electric point both are about 9.5) and the negatively charged AA
(deprotonated) under highly basic conditions7,42,43. The good select-
ivity of 3D porous ZnO–CuO HNCs electrode (20 min) for glucose
and against other interfering materials can be ascribed to the syn-
ergetic action of well-designed 3D porous structure, high surface area
and HNCs structure, which provide maximum numbers of active
free paths to the glucose molecules and facilitate faster electron trans-
fer (electronic kinetics).

Moreover, for real sample detection, the current response of
100 mM glucose in human serum was also performed, as shown inset
of Fig. 9b. An obvious current response can be observed after addi-
tion of 100 mM human serum glucose. The concentration of glucose
in the serum sample was calibrated using standard glucose solution
and compared with the result obtained by the Accu-Chekabtive glu-
cose meter (OLYMPUSAU 400). As presented in Table 3, the results
from the biosensor are similar to those tested by the glucose meter,
indicating the as-prepared biosensor may hold potential in real sam-
ple analysis. The long-term stability of the four different 3D porous
ZnO–CuO HNCs electrodes (10, 15, 20, and 25 min) was also
recorded which were tested once per week and the electrodes were
stored in drying oven when not in use. As is calculated, the sensitivity
decrease of four different 3D porous ZnO–CuO HNCs electrodes for
the 10, 15, 20, and 25 min samples is 28.9%, 9.2%, 11.9%, and 6.9%
within three weeks, respectively. This shows that the electrodes have
a good stability and are favorable for their practical applications.

Conclusions
In conclusion, we have successfully in situ synthesized a series of 3D
porous ZnO–CuO HNCs electrodes as well as 3D mixed ZnO/CuO,
pure CuO and ZnO NWs electrodes as contrast experiments through
a simple and controllable coelectrospinning and electrospinning
procedure. The NWs trunk of ZnO–CuO HNCs was composed of
uniform mixture of CuO and ZnO, and the NPs dispersed on the
outer surface of the NWs trunk were mainly composed of CuO. In
addition, it was confirmed that strong and different interaction
existed between ZnO and CuO in 3D porous ZnO–CuO HNCs
compared with that of in mixed ZnO/CuO, pure CuO and ZnO
NWs, and then these samples were used to construct nonenzymatic
glucose sensors. The optimal thickness of 3D porous ZnO–CuO
HNCs electrodes is 13.5 mm, corresponding to 20 min electrospin-
ning time. It presents very high sensitivity of 3066.4 mAmM21cm22,
larger linear range up to 1.6 mM, and low practical detection limit of
0.21 mM compared to the other electrodes and also shows strong
stability, good reproducibility, excellent selectivity and accurate mea-
surement in real serum sample. The reason can be attributed to
special hierarchical heterojunction formation and the well-con-
structed 3D porous structure. Overall, on the basis of the electro-
chemical measurements, the 3D porous ZnO–CuO HNCs electrodes
exhibit a great potential for use as a noninvasive nonenzymatic glu-
cose biosensor.

Methods
Preparation of the samples. The ZnO–CuO HNCs were fabricated by one-step
coelectrospinning followed by hot press and calcination. For the outer solution, 0.4 g
of zinc acetate with two crystal water (Zn(Ac)2) was dissolved in a mixed solvent
composed of 4 mL N,N-dimethylformamide (DMF) and 1 mL ethanol at room
temperature. After 15 min, 0.8 g of poly(vinyl pyrrolidone) (PVP, Mw 5 130 000)
was added and followed by vigorous stirring for 5 h to obtain the transparent outer sol
solutions. In a similar way, 0.3 g of copper acetate with one crystal water (Cu(Ac)2)
was dissolved in the solution mixed by 2 mL DMF, 2 mL ethanol, and 2 mL acetic
acid with magnetic stirring for 30 min at room temperature. Subsequently, 0.7 g PVP
was added into the above mixture solution, followed by vigorous stirring for 12 h to
obtain the final inner precursor solution.

The coelectrospinning setup used in this work has been described in detail in our
previous literature44. The collection distance between coaxial spinneret tip and col-
lector was 15 cm, the applied steady-voltage was 15 kV, and the feeding rates of outer

Figure 9 | The amperometric response of the 3D porous ZnO–CuO HNCs

electrode (20 min) (a) with successive additions of different interfering

species (UA, AA, DA, NADH, Mg21, and Ca21) and (b) with sequential

addition of 10 mM various interfering sugars (maltose, mannose, lactose,

and galactose) after initial addition of 100 mM glucose. The inset of (a) is

its current response towards to 100 mM glucose in human serum.

Table 3 | The glucose concentration in standarded human blood
serum sample measured by the Accu-Chekabtive glucose meter
and our 3D porous ZnO–CuO HNCs (20 min) electrode

Glucose meter Our sensor RSD (%)

Reading 6.44 mM 6.76 mM 4.9%
Reading 6.44 mM 6.16 mM 4.3%
Reading 6.44 mM 6.92 mM 7.5%
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and inner solution were 0.6 and 0.2 mL/h, respectively. The as-prepared precursor
fibers were annealed with a rising rate of 1uC/min to 500uC and kept for 3 h, forming
the ZnO–CuO HNCs. In addition, the mixed ZnO/CuO NWs and pure CuO NWs
were prepared for comparison. For mixed ZnO/CuO NWs, the inner and outer
solutions were mixed to obtain the precursor solution. For pure CuO and ZnO NWs,
the inner and outer solution was used singly, respectively. Then, they were fabricated
with the feeding rates of 0.6 mL/h and the other steps were the same with the
preparation of ZnO–CuO HNCs. After the final calcination, the mixed ZnO/CuO
NWs, pure CuO and ZnO NWs were obtained.

Preparation of the 3D porous electrodes. Before modification, FTO (1 3 2 cm,
resistance # 100 V) glasses were cleaned and dried. For the 3D porous ZnO–CuO
HNCs electrodes, the FTO glass was put on the collector to collect fiber with the
coelectrospinning time of 10, 15, 20, and 25 min, respectively. Then the as fabricated
FTO electrodes were pressed for 1 min with the temperature of 140uC on the upper
board and 80uC on the downward board and the thermocompressor was 1 kPa.
Finally, the FTO electrodes were annealed at 500uC for 3 h with a rising rate of 1uC/
min. In a similar way, the pure mixed ZnO/CuO, pure CuO and ZnO NWs modified
electrodes were prepared for comparison, and the electrospinning time both were
20 min.

Characterization and Measurements. XRD patterns were conducted on Rigaku D/
max 2550 X-ray diffractometer, using a monochromatized Cu target radiation
resource (l 5 1.5045 Å). The surface morphology of the as-prepared samples was
inspected using JEOL JSM-7500F SEM. TEM images were recorded on JEM-2010
transmission electron microscope under a working voltage of 200 kV equipped with
EDX spectrometer. XPS experiments were measured using an ESCAlab 250
Analytical XPL Spectrometer with a monochromatic Al Ka source. All the binding
energies were referenced to the C1s peak at 284.8 eV of the surface adventitious
carbon. The Electrochemical measurements were performed on a model CHI630D
electrochemical analyzer (ChenHua Instruments Co. Ltd., Shanghai, China). All
experiments were conducted using a three-electrode electrochemical cell with a FTO
based working electrode, an Ag/AgCl reference electrode, and a platinum wire
counter electrode. EIS measurements were performed on a model CHI660D
electrochemical analyzer (ChenHua Instruments Co. Ltd., Shanghai, China) in a PBS
solution containing 5.0 mM K3Fe(CN)6 solution, and the bias potential was 0.25 V by
applying an AC voltage with 5 mV amplitude in a frequency range from 0.01 Hz to
100 kHz under open circuit potential conditions and plotted in the form of complex
plane diagrams (Nyquist plots).
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