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ABSTRACT: Nanostructured metal oxide (MOX) composites exhibit significant potential for non-enzymatic glucose
detection. This study introduces a novel metal oxide nanocomposite, ZnO@ZIF-67 core-shell nanoarrays, as an
electrochemical enzyme-free glucose sensor electrode material, synthesized via a straightforward hydrothermal
method. In this configuration, the ZIF-67 shell, characterized by its porous structure and abundant catalytically active
metal centers, not only facilitates the preconcentration of glucose molecules but also offers a substantial number of
catalytic active sites for glucose oxidation. Consequently, the ZnO@ZIF-67 composite demonstrates a sensitivity that
is 4.5 times greater and a limit of detection that is 3 times lower for glucose compared to pristine ZnO nanoarrays.
Furthermore, the ZnO@ZIF-67-based electrochemical sensor exhibits remarkable anti-interference capabilities and
long-term stability. The design strategy of employing a MOX@MOF core-shell structure for electrode materials presents
a novel approach for enhancing the performance of glucose monitoring.
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INTRODUCTION

Diabetes mellitus is a chronic condition that signifi-
cantly impacts individuals’ health and quality of life
[1–3]. Consequently, the development of simple,
rapid, and accurate methods for quantitatively de-
tecting glucose levels in blood is of considerable im-
portance, as it enables patients to make timely ad-
justments to their dietary habits. Furthermore, such
methods hold substantial value for the clinical early
detection and treatment of diabetes [4, 5]. Over the
past few decades, numerous techniques have been
employed to monitor blood glucose levels, includ-
ing colorimetric methods [6], surface plasmon reso-
nance [7], fluorescence [8], gas chromatography [9],
and electrochemical sensors [10]. Among these vari-
ous detection techniques, electrochemical sensing has
garnered increasing attention due to its exceptional
sensitivity, rapid response time, simplicity of instru-
mentation, capability for real-time monitoring, and
portability [11, 12]. Based on the materials used for
the electrodes, glucose electrochemical sensors can be
categorized into enzymatic and non-enzymatic sen-
sors. While enzyme-based glucose sensors exhibit re-
markable sensitivity and selectivity towards the target
analyte, their widespread application is hindered by
factors such as high manufacturing costs, complex im-
mobilization processes, and instability [13, 14]. There-
fore, the development of non-enzymatic glucose sen-
sors has generated significant research interest aimed
at addressing the inherent limitations associated with
enzyme-based sensors [15].

The rapid advancements in nanotechnology have

facilitated the extensive investigation of a wide array
of nanomaterials, including metals [16], alloys [17],
metal hydroxides [18], metal oxides [19], carbon ma-
terials, and their nanocomposites [20], in the context
of glucose electrochemical sensing [21]. Notably, sig-
nificant research efforts have been directed towards
nanostructured metal oxides, such as zinc oxide (ZnO),
which are recognized for their favorable electrocat-
alytic properties, cost-effectiveness, and remarkable
stability [22, 23]. Furthermore, modified ZnO nanos-
tructures incorporating metal nanoparticles [14], other
metal oxides [24], and carbon materials [25] have also
been investigated. Nevertheless, the majority of these
modification materials remain constrained by their
inherent structural characteristics, which poses chal-
lenges in enhancing charge transfer kinetics through
the topology of the electrode material [26].

Metal-organic frameworks (MOFs) represent a
class of porous crystalline materials that are composed
of metal centers coordinated with organic ligands
through coordination bonds [27–29]. These frame-
works exhibit an ultra-large specific surface area, high
density, and uniformly dispersed catalytic active sites,
along with adjustable apertures, which render them
highly attractive in the field of sensing [30]. In recent
years, MOFs have been engineered into a ZnO@MOF
core-shell structure, which demonstrates unique physi-
cal and chemical properties in sensing applications, at-
tributable to the exceptional functionalities of the shell
MOF [31–33]. Given these characteristics, ZnO@MOF
structures may serve as promising candidates for ef-
ficient electrochemical sensor electrode components;
however, they have received limited attention in the
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Fig. 1 Schematic representation of the preparation process
for ZnO@ZIF-67 nanoarrays.

literature.
In this study, we synthesized ZnO@ZIF-67 (where

ZIF-67= [Co(MIM)2]n and MIM= 2-methylimidazole)
core-shell nanoarrays on an indium tin oxide (ITO)
substrate to serve as an enzyme-free electrochemical
sensor electrode material. We examined its application
for the detection of trace glucose. Due to the porous
structure and catalytically active metal centers of shell
ZIF-67 which can simultaneously preconcentrate and
catalyze target molecule, the properties and stability
of this electrochemical sensor were determined.

MATERIALS AND METHODS

The preparation process of ZnO@ZIF-67 was based
on the methodology described by Yao et al [32], as
illustrated in Fig. 1. Initially, a layer of ZnO seed
was fabricated on an indium tin oxide (ITO) substrate.
Subsequently, ZnO nanowire arrays were synthesized
using a straightforward hydrothermal method. Finally,
a thin film of ZIF-67 was deposited onto the ZnO
nanowire arrays through the hydrothermal process. It
is noteworthy that all ITO substrates utilized in this
study are commercially available.

Materials

All chemicals utilized were of commercial grade,
without any additional purification processes.
ITO substrates were acquired from Henan Guluo
Optoelectronics Technology Co., Ltd. (China). The
following reagents were sourced from Sinopharm
Chemical Reagent Co., Ltd. (China): ethanol, hexa-
methylenetetramine (HMT), zinc acetate dihydrate
(ZnAc2 ·2 H2O), cobalt(II) nitrate hexahydrate
(Co(NO3)2 ·6 H2O), N,N-Dimethyl formamide (DMF),
glucose, ascorbic acid (AA), uric acid (UA), and
dopamine (DA).

Synthesis of zinc oxide nanowire arrays

The substrates employed for the cultivation of
ZnO nanowire arrays were ITO with dimensions of
1×1 cm2. Initially, a ZnO seed layer was deposited
onto the conductive side of the ITO substrate through
the thermal decomposition of zinc acetate in a tube
furnace at 350 °C for 0.5 h. Subsequently, the seeded
substrate was immersed in an aqueous solution con-
taining 0.01 M ZnAc2 ·2 H2O and 0.01 M HMT, with
a total volume of 16 ml, within a Teflon-lined stainless
steel autoclave. The autoclave was maintained at 95 °C
for 16 h. Finally, the substrate was thoroughly rinsed
with deionized (DI) water and subjected to calcination
in a tube furnace for 2 h at 550 °C.

Synthesis of ZnO@ZIF-67 nanowire arrays

In the synthesis of ZnO@ZIF-67 nanowire arrays, ZIF-
67 was deposited onto a template of ZnO nanowire
arrays utilizing the hydrothermal method. Initially,
0.004 g of Co(NO3)2 ·6 H2O (0.86 mM) and 0.040 g
of 2-methylimidazole (30.4 mM) were dissolved in a
16 ml mixed solution of DMF and DI water, with a
volume ratio of DMF to H2O of 13.5:2.5. Subsequently,
the prepared ZnO nanowire arrays were immersed in
the aforementioned mixed solution within a Teflon-
lined stainless steel autoclave. The autoclave was
maintained at 60 °C for 2 h, after which the nanowire
arrays were thoroughly washed with DI water and
ethanol. Finally, the ZnO@ZIF-67 nanowire arrays
were air-dried at room temperature.

Characterization

The morphology of ZnO and ZnO@ZIF-67 was exam-
ined using a field emission scanning electron micro-
scope (FE-SEM) at an accelerating voltage of 10 kV,
employing the JSM-7610F microscope manufactured
by Japan Electronics Co., Ltd., Tokyo, Japan. Transmis-
sion electron microscopy (TEM) images were acquired
using a FEI Talos F200S microscope (FEI Co., Oregon,
USA) at an accelerating voltage of 200 kV to inves-
tigate the structural characteristics of the ZnO@MOF
material. The phase and crystal structures of the ma-
terials were analyzed through X-ray diffraction (XRD)
patterns, which were recorded with a Bruker AXS
D8 X-ray diffractometer (Bruker, Germany) utilizing a
copper target (Cu Kα radiation: λ= 1.5418 Å) at room
temperature. X-ray photoelectron spectroscopy (XPS)
was performed using a Thermo Scientific K-Alpha spec-
trometer (Thermo Fisher Scientific, Massachusetts,
USA), employing Al Kα X-rays (hv = 1486.6 eV; 12 kV,
6 mA) as the excitation source. Data analysis was
conducted using the Avantage XPS software program.

Electrochemical testing

Electrochemical measurements for glucose sensing
were conducted utilizing a CHI 660E electrochemical
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workstation (Chenhua, China). A conventional three-
electrode configuration was employed, comprising an
Ag/AgCl reference electrode, a platinum mesh counter
electrode (1×1 cm2), and an ITO substrate with sam-
ples serving as the working electrode. The ZnO/ITO
and ZnO@ZIF-67/ITO electrodes were examined as
glucose sensors in an alkaline medium. Cyclic voltam-
metry (CV) and chronoamperometric (I-t) measure-
ments were performed in 30 ml of 0.1 M NaOH elec-
trolyte. All electrochemical experiments were carried
out at room temperature.

Preparation of human blood serum

The human blood was placed in a water bath at 45 °C
for 10 min, followed by centrifugation at 5000 rpm
for an additional 10 min. Human blood serum was
obtained by collecting the supernatant. The resulting
serum was stored at temperatures ranging from −5 °C
to −20 °C.

RESULTS AND DISCUSSION

Field emission scanning electron microscopy (FE-SEM)
is a sophisticated technique utilized for the morpholog-
ical characterization of materials, enabling the acquisi-
tion of high-resolution microstructural images. Fig. 2a
and 2b present FE-SEM images of ZnO and ZnO@ZIF-
67 nanowire arrays, respectively. It is evident that
the ZnO nanowires exhibit vertical growth on the ITO
substrate, maintaining a uniform length. Similarly, the
ZnO@ZIF-67 nanowires retain their original morphol-
ogy; however, the surface texture becomes noticeably
rougher due to the ZIF-67 coating compared to pure
ZnO. A clearer observation of the nanowire arrays
is provided in the cross-sectional view depicted in
Fig. S1. As illustrated in Fig. 2c, TEM measurements
offer detailed insights into the core-sheath structure
of ZnO@ZIF-67. The ZnO core and the MOF sheath
exhibit a significant contrast difference, attributable to
the greater atomic mass of the ZnO core relative to
that of the MOF sheath. Additionally, the thickness
of the MOF sheath is approximately 10 nm. Fig. 2d
displays the powder P-XRD patterns of the ZnO@ZIF-67
nanocomposite, derived from powders collected from
multiple ITO substrates, as the quantity of ZnO@ZIF-
67 grown on the ITO is minimal. The diffraction
peaks corresponding to (011), (002), and (112) are
attributed to ZIF-67, while the peaks at (100), (002),
and (101) are associated with hexagonal ZnO. The P-
XRD results indicate the coexistence of crystalline ZnO
and ZIF-67 within the synthesized nanocomposite.

The surface chemical composition and elemental
valence of the ZnO@ZIF-67 nanohybrid were analyzed
using XPS. As depicted in Fig. 3a, the survey scan
spectrum of ZnO@ZIF-67 reveals the presence of car-
bon (C), oxygen (O), nitrogen (N), cobalt (Co), and
zinc (Zn) elements, thereby confirming the successful
synthesis of the composite materials. The binding

energies of Co 2p, N 1s, and C 1s correspond well
to the values reported for ZIF-67 [34]. The high-
resolution Co 2p spectrum of ZnO@ZIF-67, shown in
Fig. 3b, displays two prominent peaks at 781.12 eV
and 796.92 eV, which are attributed to Co 2p3/2 and Co
2p1/2 (in the +2 oxidation state), respectively. These
peaks are accompanied by two shake-up satellite peaks
at 785.2 eV and 802.5 eV. Furthermore, as illustrated in
Fig. 3c, the high-resolution spectrum of Zn 2p exhibits
two dominant peaks at 1021.94 eV (Zn 2p3/2) and
1045.02 eV (Zn 2p1/2), indicating that the valence
state of Zn is also +2 and that the zinc is derived from
ZnO [35]. The N 1s spectrum of ZnO@ZIF-67, located
at 399.4 eV, is symmetrical, as shown in Fig. 3d, and is
attributed to the N-Co bond within the ZIF structure.

The glucose sensing performance of the ZnO@ZIF-
67/ITO electrode was assessed using electrochemi-
cal methods, with ZnO/ITO and bare ITO serving
as control samples. All experiments were conducted
within a three-electrode system, with further details
provided in the Methods section. To evaluate the elec-
trochemical properties and sensing capabilities of the
electrodes in glucose oxidation, Fig. 4a presents the
cyclic voltammetry (CV) curves for the ITO, ZnO/ITO,
and ZnO@ZIF-67/ITO electrodes in a 0.1 M NaOH
solution containing 2 mM glucose, recorded at a scan
rate of 50 mV/s over a potential range of 0.2 to
0.8 V. It is evident that the ITO electrode exhibited a
low current density in the absence of glucose, with
only a minor change in current upon the addition of
glucose. The current signal and sensitivity to glucose
for the ZnO/ITO electrode showed a slight increase,
suggesting that the ZnO nanowire arrays facilitate
electron transfer during the glucose oxidation pro-
cess to a certain extent. Notably, the CV curves for
the ZnO@ZIF-67/ITO electrode displayed significant
alterations compared to the control samples. The
current signal markedly increased, particularly in the
higher potential range, and the current response to
glucose was also greater than that observed for the ITO
and ZnO/ITO electrodes individually. These results
indicate that ZIF-67 contributes a porous structure and
a large specific surface area, enhancing the material’s
adsorption capacity. The adsorption of the MOF al-
lows for a greater number of glucose molecules to
participate in the redox reaction, thereby improving
response sensitivity. Additionally, the cobalt metal
center within ZIF-67 exhibits catalytic properties, as
reported by Yao et al [32], which further facilitates
efficient electron transfer and synergistically enhances
the current signal response.

To assess the performance of the prepared sensors
for glucose detection, chronoamperometric (I-t) anal-
ysis was employed to evaluate key parameters such
as sensitivity, linear detection range, and selectivity.
As illustrated in the CV curves presented in Fig. 4a,
a significant change in current density was observed
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(a) (b)

(c)
(d)

Fig. 2 FE-SEM images of (a) ZnO and (b) ZnO@ZIF-67 nanowire arrays. (c) TEM image of ZnO@ZIF-67 nanowires. (d) P-XRD
patterns of ZnO@ZIF-67 nanowire arrays collected from ITO substrates (the inset shows the magnified image from 5–15 degree).

(a) (b)

(c) (d)

Fig. 3 (a) Survey scan XPS spectra of ZnO@ZIF-67. High resolution XPS spectra of (b) Co 2p, (c) Zn 2p, and (d) N 1s.
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(a) (b) (c)

(d) (e)

Fig. 4 (a) Cyclic voltammograms of ITO, ZnO/ITO and ZnO@ZIF-67/ITO electrodes. (b) The current response of ZnO@ZIF-67 at
different potentials. (c) Amperometric curves of ZnO and ZnO@ZIF-67 to successive addition of glucose at an applied potential of
0.55 V. Insert: The time is from 200 s to 550 s. (d) The calibration curves of ZnO and ZnO@ZIF-67 sensors response to glucose.
(e) Amperometric response of ZnO@ZIF-67 to successive additions of 100 µM glucose and 20 µM other interfering species at an
applied potential of 0.55 V. (f) Response current of ZnO@ZIF-67 at the 1st, 18th, and 37th days, respectively.

within the potential range of 0.5 V to 0.6 V. Con-
sequently, the ZnO@ZIF-67/ITO electrode was tested
at a series of potentials, specifically 0.5 V, 0.53 V,
0.55 V, and 0.6 V, to determine the optimal potential
by incrementally adding glucose. As shown in Fig. 4b,
the current response to glucose was most pronounced
at a working potential of 0.55 V. Therefore, 0.55 V was
designated as the optimal working potential for subse-
quent chronoamperometric analyses in this research.

Under optimal conditions, the typical current-time
(I-t) diagram for ZnO/ITO and ZnO@ZIF-67/ITO in
the presence of 0.1 M NaOH, with successive additions
of varying concentrations of glucose, is presented in
Fig. 4c. The inset diagram illustrates an amplified
portion of the I-t curves corresponding to low glu-
cose concentrations (5 µM–45 µM). A transient and
stepwise amperometric response is observed for both
samples following each glucose addition within a 5-
s interval. However, ZnO@ZIF-67/ITO demonstrates
a significantly higher response compared to ZnO/ITO.
The linear calibration relationship between current
response and glucose concentration is depicted in
Fig. 4d. For the ZnO/ITO electrode, two linear rela-
tionships are established within the ranges of 5 µM
to 1.7 mM, exhibiting a correlation coefficient (R2)
of 0.983, and from 2.1 mM to 4.2 mM, with an
R2 of 0.986, respectively. The sensitivity, calculated
from the slope of the linear calibration curve, is
117.670 µA mM–1cm–2 in the low concentration range
and 46.714 µAmM–1cm–2 in the high concentration

range. As glucose concentration increases, the elec-
trode surface becomes partially covered by adsorbed
reaction intermediates, which limits the availability of
active sites for incoming glucose molecules [36, 37].
Consequently, the amperometric response gradually
approaches saturation, resulting in two distinct linear
responses across the tested concentration range. Fur-
thermore, the limit of detection (LOD) is estimated
to be 4.8 µM, calculated using the formula: LOD =
3 SD/S (where SD represents the standard deviation
of the blank signal, and S denotes sensitivity). In
contrast, the ZnO@ZIF-67/ITO electrode exhibits a
higher sensitivity of 532.239 µAmM–1 cm–2 in the low
concentration range and a lower LOD of 1.6 µM,
outperforming ZnO/ITO. This enhanced detection per-
formance of ZnO@ZIF-67/ITO can be attributed to
its ultra-large specific surface area, high density, and
uniformly dispersed catalytic active sites, which facil-
itate glucose preconcentration and provide abundant
active sites for the oxidation of glucose molecules.
Although the pore size of ZIF-67 is smaller than that
of the glucose molecule, glucose can still traverse the
ZIF apertures due to the mobility of the 2-MIM linker
[38, 39]. Additionally, the analytical performance of
the ZnO@ZIF-67/ITO sensor for glucose detection is
comparable to, or even superior to, other reported
glucose sensors, as summarized in Table S1.

In addition to glucose, human blood contains vari-
ous electroactive interfering species, including ascorbic
acid (AA), uric acid (UA), and dopamine (DA), which
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may compromise the accuracy of test results. However,
the concentrations of these substances in the blood are
typically 30 to 50 times lower than that of glucose [40].
Consequently, we assessed the anti-interference capa-
bility of ZnO@ZIF-67/ITO by analyzing the chronoam-
perometric response to different analytes at a potential
of 0.55 V. As illustrated in Fig. 4e, a significant current
response was observed upon the addition of 100 µM
glucose. In contrast, the subsequent introduction of
20 µM AA, 20 µM UA, and 20 µM DA resulted in only
minimal changes in current compared to that induced
by glucose. This finding indicates that the proposed
sensor exhibits a favorable selectivity for glucose.

Long-term stability and reproducibility are criti-
cal evaluation parameters for electrochemical sensors.
To evaluate the long-term stability of the ZnO@ZIF-
67/ITO sensor for glucose detection, the amperometric
response of the sensor to 10 µM glucose was recorded
over a period of 37 days. During this time, the
electrode was stored in ambient air at room temper-
ature. As illustrated in Fig. 4f, the sensor retained
94.9% of its original response current after 37 days
of storage, demonstrating the exceptional stability of
the ZnO@ZIF-67/ITO electrode. Reproducibility was
assessed by measuring the current response to glucose
from five identically prepared electrodes under the
same conditions (see Fig. S2). The relative standard
deviation (RSD) for these five electrodes was deter-
mined to be 4.98%, confirming the reproducibility of
the fabricated electrochemical sensor. Additionally,
repeatability was evaluated by successively measuring
the current response to 10 µM glucose five times using
a single electrode, resulting in an RSD of 3.86% (refer
to Fig. S3). This indicates that the electrochemical
sensor exhibits good repeatability.

In order to illustrate the practical application of the
ZnO@ZIF-67 electrode, we employed it to detect glu-
cose in human serum. A serum solution with a glucose
concentration of 6.2 mM was prepared in advance for
the experiment. Amperometric measurements were
conducted three times, and the results demonstrated a
significant current response to the serum, as depicted
in Fig. S4. The glucose concentration in the serum was
calculated and is presented in Table S2. The recovery
rates ranged from 98.71% to 105.48%, indicating that
our sensor exhibits considerable promise for practical
sample testing, characterized by exceptional reliability.

CONCLUSION

In summary, we have successfully developed an
enzyme-free electrochemical glucose sensor utilizing
ZnO@ZIF-67/ITO for the first time. The incorpora-
tion of a MOF thin film has significantly altered the
surface structure and electrochemical sensing perfor-
mance of ZnO in relation to glucose. Specifically,
the following enhancements were observed: (1) the
porous MOF, characterized by a large specific surface

area, increased the electrode’s adsorption capacity for
glucose molecules; (2) the sensitivity of ZnO@ZIF-67
was improved 4.5 times compared to pure ZnO; and
(3) the limit of detection was reduced 3 times. Fur-
thermore, the MOX@MOF electrode material demon-
strated excellent stability. This study confirms that
the integration of multifunctional MOF materials with
electroactive metal oxides represents a promising strat-
egy for the development of high-performance non-
enzymatic electrochemical glucose sensors, with po-
tential applications in the analysis of real samples.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2025.
033.
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Appendix A. Supplementary data

Fig. S1 Cross section view SEM image of ZnO@ZIF-67 nanowire array.

Fig. S2 Response current density of five different ZnO@ZIF-67/ITO electrodes toward 10 µM glucose.

Fig. S3 Response current density of ZnO@ZIF-67/ITO electrode toward 10 µM glucose for five continuous tests.
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Fig. S4 (a–c) The amperometric curves for glucose in human serum which was obtained by the ZnO@ZIF-67/ITO electrode
and repeated for 3 times.

Table S1 Determination of glucose concentration in human serum samples by ZnO@ZIF-67/ITO electrode.

Measured by medical equipment (mM) Test result (mM) RSD (%) Recovery (%)

6.30 101.60
6.20 6.54 3.33 105.48

6.12 98.71

Table S2 Comparison of the performance of recently developed ZnO-based sensor platforms for non-enzymatic glucose detection.

Sensor Electrochemical method Sensitivity (µA cm–2Mm–1) Linear range (mM) Detection limit (µM) Ref.

Au-ZnO/GOx Amperometry 24.613 0.1-7.1 5 1
ITO-ZnO/GOx Amperometry – 0.005–0.3 3 2
GCE- ZnO/GOx Amperometry 65.82 0.005–13.15 1 3
ITO-ZnO/GOx/pt/CHIT CV 62.14 0.1–2 16.6 4
GCE-ZnO/Ag/Graphen CV – 0.1–12 10.6 5
ZnO nanocombs Amperometry 1533 0.02–4.5 20 6
ZnO-Ag Amperometry 3.85 0.015–6.5 1.5 7
ZnO-Co Amperometry 13.3 0–4 20 8
ZnO/carbon Amperometry 2.97 0.1–10 1000 9
Ag@ZIF-67/GCE CV 379 0.002–1 0.66 10
Ag@TiO2@ZIF-67 CV 788 0.99 11
ITO-ZnO@ZIF-67 Amperometry 532.24 0.005–0.55 1.6 This work
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