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Enzyme-free electrochemical glucose sensors attract the attention of researchers due to their high 
reproducibility and stability compared to enzymatic sensors, which is of practical importance for both 
clinical diagnostics and the food industry. The development of an economical, controlled method for the 
synthesis of a multicomponent composite used to determine glucose is an urgent task for the prevention and 
treatment of diabetes. In this work, zinc cobaltite ZnCo2O4 nanostructures on nickel foam were synthesized 
using a simple hydrothermal method. The possibility of using the grown structures as a basis for enzyme-
free electrochemical sensors for determining glucose is shown. It was revealed that the concentration 
of the growth solution affects the morphology of the synthesized structures and their electrochemical 
properties. The highest sensitivity to glucose 18.65 mA·mM-1·cm-2 in an alkaline solution of 0.1 M KOH 
was demonstrated by ZnCo2O4 samples grown in an aqueous solution containing 40 mM zinc nitrate and 
400 mM cobalt nitrate. The results of the study show that the molar predominance of cobalt nitrate in the 
growth solution contributes to an increase in the electrochemical sensitivity of Ni-ZnCo2O4 electrodes. The 
obtained samples can be used as highly sensitive electrodes used both in medical applications and for the 
needs of the food industry.

Keywords: nanostructured composites, electrochemical biosensor, hydrothermal method, glucose, cyclic 
voltammetry, oxide semiconductors.
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1. Introduction

Diabetes, a serious chronic disease, is a public 
health problem. The number of recorded cases of 
this disease is steadily increasing. In this regard, 
the development of efficient, cost-effective, and 
highly glucose-sensitive biosensors is an urgent 
task [1-5]. Due to instability, high cost and com-
plexity of immobilization in the development of 
enzyme sensors, the development of enzyme- free 
glucose sensors attract special interest of research-
ers [6-9]. Nanostructured noble metals such as Pt, 
Au, etc. are actively used for non-enzymatic glu-
cose sensing [10-13]. The disadvantage of these 
sensors is that some noble metals are easily poi-

soned by intermediates formed during glucose 
oxidation, as well as chlorine ions in the test so-
lution. An alternative to noble metals for glucose 
electrooxidation is transition metal nanostructures 
and their oxides, which are promising due to their 
large surface area, low cost, and unique electro-
catalytic properties [14-16]. In particular, bimetal-
lic oxide NiCo2O4 has been actively used because 
of its high electrical conductivity as well as high 
electrocatalytic activity compared to single metal 
oxides such as NiO, Co3O4 and CuO [17-20]. How-
ever, disadvantages such as brittle structure, easy 
self-agglomeration and dissolution on the elec-
trode surface make it very difficult to use NiCo2O4 
for glucose determination [17, 21 – 23]. 
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Zinc cobaltite ZnCo2O4 is a well-known ternary 
spinel oxide possessing a high degree of cation disor-
der in two types of lattice sites tetrahedrally or octa-
hedrally coordinated by oxygen [23]. It is a promis-
ing p-type functional material attracting considerable 
interest in potential applications such as lithium ion 
batteries, electrocatalysts, supercapacitors, etc. due 
to its electrochemical and catalytic properties [24-
27]. In the ZnCo2O4 crystal Zn cations occupy tet-
rahedral positions, Co cations are uniformly distrib-
uted throughout the octahedral positions, and anions 
O2 tend to coordinate both Zn2+ and Co3+ cations tet-
rahedrally and octahedrally, respectively, forming a 
closely packed structure [28, 29]. 

The fabrication of nanoparticle arrays is relevant 
in applications where important electrochemical pro-
cesses take place. The morphology of the electrodes 
having a strong influence on their properties [30 – 34]. 
Nanostructured samples have enhanced reactivity 
and stability, providing pathways for electrolyte ions 
and electrons, thereby realizing maximum utilization 
of the electrochemical properties of the material [32 
– 39]. The hydrothermal method is an inexpensive 
low-temperature synthesis method of nanostructured 
materials based on oxide semiconductors, which are 
promising for use in biosensors for solving health-
care problems, for chemical and biological analysis, 
monitoring of the ecological state of the environ-
ment, and in the food industry [9, 40]. To create a 
highly sensitive enzyme-free electrochemical sensor 
for the detection of glucose in alkaline solution, the 
use of nanostructured materials is promising [7, 14, 
21, 22]. 

This paper presents the results of a study of the 
electrochemical properties of nanostructured com-
posite materials based on ZnCo₂O₄ spinel synthe-
sized by a low-cost hydrothermal method on nickel 
foam substrates. The study is aimed at assessing their 
potential as sensitive electrodes at electrochemical 
glucose (gl) detection.

2. Materials and methods

Zinc cobaltite samples were obtained by hydro-
thermal method on nickel foam. The growth solu-
tion contained cobalt nitrate Co(NO3)2·6H2O (Sigma 
Aldrich, 99% purity), zinc nitrate Zn(NO3)2·6H2O 
(Sigma Aldrich, 99% purity), and urea CH4N2O (Sig-
ma Aldrich, 99% purity). Urea acts as a precipitat-
ing agent during hydrothermal synthesis. Six types 
of samples with different molar concentration ratios 

of zinc nitrate (NZn) / cobalt nitrate (NCo) are con-
sidered in this work: ZC1 (NZn40mM/NCo40mM), 
ZC2 (NZn60mM/NCo60mM), ZC3 (NZn40mM/
NCo400mM), ZC4 (NZn60mM/NCo600mM), 
ZC5 (NZn400mM/NCo40mM), ZC6 (NZn600mM/
NCo60mM) (see Table 1). The hydrothermal synthe-
sis of nanostructures was carried out in a hermeti-
cally sealed autoclave at 140 °C for 4 hours. During 
the synthesis, the nickel foam substrate was placed 
vertically in the autoclave. At the end of the synthe-
sis, all samples were washed with distilled water and 
air-dried at 80 °C.

The surface morphology of prepared samples 
was studied with transmission electron microscope 
(TEM, JEOL, JEM-1400 plus, Japan) (Fig. 1). 
The morphology of the sample ZC2 (NZn60mM/
NCo60mM) presented in Figure 1a is characterised 
by nanoparticles in the form of plates or nanorods. 
The average particle size is of the order of 10-20 
nm, which is characteristic of the formation of nano-
crystalline spinel structure ZnCo₂O₄ during hydro-
thermal growth. A relatively homogeneous disper-
sion of crystallites is observed, indicating a close to 
stoichiometric ratio, as well as balanced conditions 
of nucleation and growth in solution at a molar ratio 
of Zn:Co = 1:1. This morphology is favourable for 
the formation of a developed specific surface area, 
which is critical for applications in sensing devices 
and electrochemical systems. Figure 1b shows a 
snapshot of sample ZC6 (NZn600mM/NCo60mM) 
synthesised at a precursor ratio of Zn:Co = 10:1. In 
contrast to sample ZC2, this material shows more 
pronounced aggregation and formation of larger 
crystallites (⁓ 30-40 nm), indicating enhanced 
crystallite growth under zinc excess conditions. Ap-
parently, high Zn²⁺ content leads to a change in the 
kinetics of hydrolysis and precipitation, while main-
taining the nanocrystalline structure characteristic 
of spinels, but with a lower specific surface area 
compared to the ZC2 sample.

3. Results and discussion 

Thus, by varying the molar ratios of Zn²⁺/Co²⁺ 
in the growth solution, the morphology of ZnCo₂O₄ 
nanostructures can be controlled. At a stoichiometric 
ratio (1:1), the formation of uniform nanoparticles 
with high dispersion is observed, whereas at a signifi-
cant excess of zinc (10:1), aggregation and crystallite 
growth are enhanced, leading to enlarged nanostruc-
tures.
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(a) (b)

Figure 1 – TEM of ZnCo2O4 samples: (a) ZC2, (b) ZC6.

The electrochemical properties of the obtained 
samples were investigated on a Corrtest CS310 sin-
gle-channel potentiostat using a three-electrode elec-
trochemical glass cell in 0.1M KOH alkaline solu-
tion at a scan rate of 25 mV/s. Cyclic voltammetry 
(CV) was measured at room temperature at potential 
changes from -0.1 to 0.65 V. An Ag/AgCl reference 
electrode was used for electrochemical measure-
ments in a three-electrode setup.

The concentration of glucose in the alkaline solu-
tion varied from 0.2 mM to 2 mM. Figure 2 shows the 
CVs of the synthesized samples. It is observed that 
maximum oxidation currents are observed at ~0.6 
V and maximum reduction currents are observed at 
~0.3 V. The peaks of oxidation and reduction cur-
rents gradually increase with increasing concentra-
tion of glucose in solution.

The corresponding redox potentials indicate that 
the synthesised material is ZnCo2O4 [41]. It is ob-
served that the anodic and cathodic peak potentials 
shift to the positive and negative side, respectively, 
with increasing glucose concentration in solution, in-
dicating increasing concentration polarization.

The most pronounced anodic currents are ob-
served for samples ZC3 and ZC4 synthesised at 
excess of cobalt ions (Zn:Co = 1:10). In particular, 

sample ZC3 (Zn:Co = 40:400 mM) exhibits the high-
est anodic current upon addition of glucose, indicat-
ing high catalytic activity. In contrast, the samples 
with excess zinc (ZC5 and ZC6) show significantly 
weaker current responses, indicating that the cata-
lytic efficiency decreases as the proportion of Zn²⁺ 
in the growth solution increases. To compare the 
sensitivity of the samples, calibration plots were con-
structed for the oxidation current peaks as a function 
of glucose concentration in solution (Figure 3). On 
the graph R2=0.99, linear range 0–2 mM. All depen-
dences have a linear character in the investigated 
range, which confirms the suitability of these materi-
als for quantitative determination of glucose. 

On the basis of these dependences the sensi-
tivity of each sample was calculated (Table 1). It 
was observed that the highest sensitivity (18.65 
mА·mМ⁻¹·сm⁻²) is demonstrated by sample ZC3, ob-
tained at low concentration of zinc nitrate and high 
concentration of cobalt nitrate. Sample ZC4, similar 
to ZC3 in terms of Zn:Co ratio but with higher con-
centrations of all reagents, also shows high sensitivi-
ty: 15.40 mА·mМ⁻¹·сm⁻². This indicates that the high 
cobalt content of ZnCo₂O₄ promotes the formation of 
active centres that efficiently catalyse glucose oxida-
tion.
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Figure 2 – Cyclic voltammetry patterns of ZnCo2O4 samples: 
(a) ZC1, (b) ZC2, (c) ZC3, (d) ZC4, (e) ZC5, (f) ZC6
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In contrast, the samples with excess zinc (ZC5 
and ZC6) have the lowest sensitivity: 4.55 and 3.75 
mA·mM-¹cm-², respectively. This may be due to both 
less favourable morphology (larger aggregates, lower 
specific surface area) and lower catalytic activity of 
Zn-containing phases compared to Co-containing 

phases. Samples with equimolar ratio of Zn:Co (ZC1 
and ZC2) occupy an intermediate position, but at the 
same ratio the sensitivity decreases with increasing 
total precursor concentration, possibly due to the 
densification of the structure and decreased availabil-
ity of active centres.

Figure 3 – Plots of variation of peak current density CV at different glucose concentration  
in alkaline solution of 0.1 M KOH at scanning speed of 25mV/s.

Table 1 – Sensitivity of ZnCo2O4 samples for glucose detection.

Sample
name Composition of the growth solution Sensitivity,

mА·mМ-1·сm-2

ZC1 NZn40mM / NCo40mM, urea 100mM 12.05

ZC2 NZn60mM / NCo60mM, urea 150mM 5.25

ZC3 NZn40mM / NCo400mM, urea 100mM 18.65

ZC4 NZn60mM / NCo600mM, urea 150mM 15.40

ZC5 NZn400mM / NCo40mM, urea 100mM 4.55

ZC6 NZn600mM / NCo60mM, urea 150mM 3.75

To obtain more information about the charge 
transfer efficiency and charge separation at the 
ZnCo2O4/Ni interface, electrochemical impedance 
(EIS) measurement was performed in the range of 
0.1÷105 Hz at a bias voltage of +0.1 V. Figure 4 
shows Nyquist plots between imaginary and real 

impedance for all ZnCo2O4 samples of the consid-
ered series in 0.1M KOH. The inset of Fig. 4a shows 
the equivalent Randle circuit, where R1 represents 
the equivalent series resistance of the electrolyte so-
lution, R2 is the charge transfer resistance and Ws is 
the Warburg impedance. 
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(a) (b)

(c) (d)

(e) (f)

Figure 4 – Nyquist diagrams of ZnCo2O4 samples:
(a) ZC1, (b) ZC2, (c) ZC3, (d) ZC4, (e) ZC5, (f) ZC6.
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CPE (constant phase element) is the circuit ele-
ment used to describe the capacitance exhibited in 
real electrochemical systems due to surface rough-
ness or reaction rate distribution. The R2 value for 
samples ZC2 and ZC4 were compared and found to 
be 1.21 Ohm and 0.18 Ohm respectively. From Table 
1 it can be seen that sample ZC4 with a lower R2 
value has a sensitivity 2.5 times higher than sample 
ZC2. This shows the importance of achieving low R2 
values to achieve high sensitivity.

Analysis of Nyquist diagrams shows that all 
dependences are characterised by the presence of a 
semicircle in the high-frequency region and a linear 
section in the low-frequency region. The radius of 
the semicircle directly correlates with the value of 
R2: the smaller the radius, the lower the resistance 
to charge transfer and the higher the kinetics of the 
electrochemical reaction. The most pronounced 
small semicircle is observed in the ZC3 sample, in-
dicating the lowest charge transfer resistance among 
all samples. This is in agreement with the previously 
obtained cyclic voltammetry data, where sample ZC3 
showed the highest sensitivity to glucose. The low 
R2 indicates high interface conductivity and efficient 
separation of electron-hole pairs, which is probably 
due to the high concentration of Co³⁺/Co⁴⁺ centres 
acting as active catalytic sites, as well as favour-
able morphology promoting rapid charge transfer. 
The ZC4 sample recorded a close half-circle radius, 
which also corresponds to a low charge transfer re-
sistance. On the contrary, samples with excess zinc: 
ZC5 and ZC6 have the largest half-circle radii, in-
dicating high charge transfer resistance and less ef-
ficient conduction at the interface, which is consis-
tent with their low sensitivity (Table 1). Apparently, 
excess Zn²⁺ leads to the formation of less conductive 
phases or impairs electronic cohesion in the coating, 
and may also promote particle aggregation, reduc-
ing the availability of active centres. Meanwhile, 
samples with equimolar Zn:Co ratios (ZC1 and ZC2) 
occupy an intermediate position in terms of half-
circle radius value and charge transfer resistance, re-
spectively. The low-frequency linear sections of the 
diagrams corresponding to the diffusion region also 
differ in slope. Samples ZC3 and ZC4 show steeper 
slopes, indicating more efficient mass transfer asso-
ciated with the diffusion of glucose and OH- ions to 
the electrode surface, which also confirms their high 
electrochemical activity.

Thus, the excess of cobalt in the composition pro-
motes the formation of conductive and catalytically 
active Co³⁺/Co⁴⁺ centres, improving the kinetics of 
the oxidation reaction. The EIS results confirm that 
controlling the composition of the growth solution 

allows not only controlling the morphology but also 
directly influencing the electronic and kinetic charac-
teristics of ZnCo₂O₄. The ZC3 sample is of most in-
terest for applications in electrochemical sensors and 
energy storage devices due to its low charge transfer 
resistance and high reactivity.

4. Conclusion

The hydrothermal method allowed the prepara-
tion of ZnCo₂O₄ nanostructures on nickel foam with 
controlled morphology. Transmission electron mi-
croscopy showed that at a molar ratio of Zn:Co = 1:1, 
uniform nanoparticles with a developed surface are 
formed. When the zinc content increases, crystallite 
enlargement and particle aggregation occur, leading 
to a decrease in the specific surface area of the mate-
rial. It is shown that the optimal morphological char-
acteristics of ZnCo₂O₄ are achieved when the ratio of 
zinc and cobalt is close to stoichiometric. The elec-
trochemical activity of ZnCo₂O₄ nanostructures in 
the reaction of glucose oxidation in alkaline medium 
depends significantly on the molar ratio of Zn:Co in 
the initial growth solution. The samples with excess 
cobalt (Zn:Co = 1:10) show the highest sensitivity to 
glucose, which is due to the high catalytic activity 
of Co³⁺/Co⁴⁺ redox couples and, probably, to a more 
developed surface morphology. Samples with excess 
zinc show low sensitivity, which is due to the less 
favourable structure and lower activity of the zinc-
containing phases. At higher salt concentrations in 
the growth solution, a decrease in sensitivity was ob-
served, possibly due to greater particle aggregation. 
The ZC3 sample (Zn:Co = 40:400 mM) is the most 
promising for application in non-enzymatic glucose 
sensors due to its high sensitivity (18.65 mA·mM-

¹cm-²). The electrochemical impedance spectroscopy 
method showed that the charge transfer resistance 
R2 depends significantly on the molar ratio of Zn:Co 
in the growth solution. The lowest R2 was recorded 
for the ZC3 sample, which correlates with its highest 
sensitivity to glucose and indicates efficient charge 
transfer and high catalytic activity.

The results obtained confirm the possibility of 
controlling the electrochemical properties of ZnCo₂O₄ 
by controlling the composition of the growth solu-
tion, which opens prospects for the development of 
highly sensitive and stable non-enzymatic biosensors 
based on transition oxides.
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