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2D assembled ZnO/ZnCo,0,4 heterostructures as
efficient electrocatalysts for electrochemical
detection of ofloxacin in water: experimental and
DFT study
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In this work, assembled ZnO/ZnCo,O,4 heterostructure nanosheets (ZnO/ZCO) were successfully
synthesized through a rapid one-step microwave-assisted hydrothermal method. The ZnO/ZnCo,04
sample features an ordered assembly of nanocrystals with a size of 30 nm forming two dimensional (2D)
nanosheets, and ZnO-ZnCo,0, heterojunctions are uniformly distributed. The physicochemical
properties of ZnO/ZCO heterostructures were systematically studied by combining experiments and
density functional theory (DFT) calculation. The heterojunction configuration of ZnO and ZnCo,04
produced an interfacial charge redistribution and strong electronic interaction, resulting in the enhanced
electrocatalytic performance towards ofloxacin (OFL). Consequently, the ZnO/ZnCo,0O,4 heterostructure
nanosheet-based electrochemical sensor possessed an outstanding sensing performance in the
detection of OFL with a high electrochemical sensitivity of 1.97 pA pM~t cm™2. In addition, the proposed

Received 19th November 2025 sensor was successfully applied for the detection of OFL in tap and lake water with recovery rates of
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97.0-99.2%. The study demonstrates the potential of spinel oxide-based electrochemical sensors for

DO!: 10.1039/d5ra08937a rapid and cost-effective detection of antibiotic residues, providing an effective solution for water quality
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1. Introduction

Antimicrobial resistance associated with antibiotic residues in
the environment has been recognized as one of the greatest
threats to global health.® Due to widespread and injudicious
usage of antibiotics in the treatment of human infectious
disease, livestock industry, and aquaculture, the non-
metabolized antibiotics and their residues will be discharged
into the natural water environment, resulting in antibiotic
pollution. Concern over the growing antibiotic pollution issues
has promoted the development of sensing techniques in the
monitoring of antibiotic residues to ensure the safety and
cleanliness of water environments. Ofloxacin (OFL), a synthetic
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antibiotic belonging to the quinolone class, has a broad-
spectrum antibacterial activity against both Gram-negative
bacteria and Gram-positive bacteria.””®> OFL is often abused in
medicine, aquaculture, and livestock industries due to its low
cost and importance in preventing and treating various bacte-
rial infectious diseases, leading to its excessive residue in food
and the environment. In addition, OFL is difficult to biodegrade
owing to its antibacterial action on beneficial microorganisms
that assist wastewater treatment, resulting in the rising OFL
accumulation in the environment. Therefore, it is urgent to
develop an efficient analytical technique for monitoring and
preventing the accumulation of OFL amount in aqueous
environments.

Traditionally, analytical techniques liquid
chromatography-tandem mass spectrometry (LC/MS/MS),®
high-performance liquid chromatography (HPLC),” and capil-
lary electrophoresis® are used to monitor the OFL amounts in
the environment. These analytical techniques require high
costs, sophisticated instruments, complex operations, time-
consuming sampling, and well-qualified operators. Electro-
chemical sensing strategies have been recognized as an attrac-
tive solution for developing a sensing system with high mobility
and sensitivity, enabling the online monitoring and on-site

such as
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detection of antibiotic residue.”'® Moreover, the customized
modification of working electrode surface with nanomaterials
allows the development of selective and sensitive electro-
chemical sensors that are fully operational in real conditions."
Nanomaterials can significantly improve the electrochemical
sensor performance by providing a high surface-to-volume
ratio, rapid electron transfer, and superior electrocatalytic
activity.”"* A large variety of nanostructures such as carbon
nanotubes, metal-organic frameworks (MOFs),** metal oxides,*
and graphene oxide'® have developed as electrochemical
sensing platforms for detection of OFL. Spinel oxides and their
nanocomposites have attracted great attention as excellent
electrocatalysts for electrochemical sensing applications owing
to their low cost, multiple oxidation states, and stability.'”*®
Solangi et al.™ developed the NiCo,0, nanoboulders with strong
electrochemical activity as electrode material for detection of
OFL. Liao et al.*® developed a electrocatalytic platform through
the in situ growth of Fe;O, nanoparticles on N-doped hollow
carbon spheres for electrochemical sensing of OFL in water. The
combination of Fe;O, nanoparticles and N-doped hollow
carbon spheres enhances the overall electron transfer capability
of the N-HCS/Fe;0, nanocomposites. JS de Castro et al.>*
developed an electrocatalytic amplified sensor using Zn,SnO,/
reduced graphene oxide composite for detection of OFL.
However, for a given analyte, the sensing performance signifi-
cantly depends on the nanostructured modifiers that is
precisely designed for selective signal amplification towards the
target analyte."™*® For a direct electrochemical detection of OFL,
the key factors affecting the electrochemical sensor perfor-
mance are the electrocatalytic activity and electron transfer
efficiency of electrode material.** Therefore, the development of
cost-effective electrocatalysts with rapid electron transfer and
a high electrocatalytic activity for electrochemical detection of
OFL is of great research and environmental safety.

In recent years, the construction of heterostructures by
combining two semiconductors with different band gaps has
been a promising strategy for enhancing the electrochemical
sensing performance by boosting the electron transfer effi-
ciency and electrocatalytic activity at interface>** In particular,
the p—n heterojunction formation would induce a strong built-
in electric field, which can regulate the electronic structure of
nearby components.” In addition, the formation of built-in
electric field also promotes spatial charge carrier migration
and inhibits electron-hole recombination, resulting in an
enhancement of sensor performance.*® Recently, Song et al.””
developed a photoelectrochemical (PEC) aptasensor using
a CdS/Cu,MoS, Z-type heterojunction for determination of OFL
in water. The CdS/Cu,MoS, Z-type heterojunction significantly
inhibits electron-hole complexation, which significantly
increases photocurrent intensity of the system. Zinc cobaltite
(ZnCo,0,), a typical p-type semiconductor, is an excellent
cobalt-based ternary metal oxide for applications in the
electrochemical sensing field because of its favorable electro-
chemical properties.”®**° In the n-type semiconductors, ZnO has
attracted considerable attention due to its commendable
properties such as low cost, high electron communication
features, and electrochemical activities.*® In addition, ZnO
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crystalline phase has excellent interfacial compatibility with
ZnCo,0, phase and contributes to the construction of stable
and efficient heterojunction structures.>* The porous spherical
ZnCo,0,/Zn0O was developed for the gas semiconductor sensor
to detect butanone with high sensitivity.*® The ZnCo,0, can
regulate the electronic structure of ZnO surface, reducing the
HOMO-LUMO gap favorably to promote the reaction with
butanone.*® Currently, the microstructure and physical prop-
erties of heterostructures could be inferred based on the first
principle calculation, thereby improving the electrocatalytic
activity and providing reliable guidance for targeted design and
optimization of sensing performance.** The density func-
tional theory (DFT) calculations and experimental results
proved that the existence of built-in electric field in ZnO/
ZnCo,0, heterojunction promoted charge transfer and ions
diffusion.** Ma et al®” designed the ZnO/ZnCo,0, hetero-
structure by combining DFT simulations and purposely
designed experimental studies for improving the photocatalytic
CO, reduction. Therefore, the design and construction of ZnO/
ZnCo,0, heterostructure with a high electrocatalytic activity by
combining DFT calculations and experiments would be
a promising strategy for the on-site monitoring of OFL.

The microwave-assisted hydrothermal strategies enable
regulation of the heterojunction interface and controlling the
component uniformity, which can obtain a more uniform and
compact structure. This work presents a rapid synthesis of ZnO/
ZnCo,0, heterojunction with unique two-dimensional (2D)
nanostructure assembled by uniform nanoparticles via
a microwave-assisted hydrothermal approach. The high
electrocatalytic activity and rapid electron transfer of ZnO/
ZnCo,0, heterostructures are speculated and validated by
combining experimental and theoretical studies. With electro-
catalytic activity and electron transfer promotion, ZnO/ZnCo,0,
heterostructures show an excellent electrocatalyst towards OFL,
thereby facilitating on-site monitoring and detection of antibi-
otic residue. The application of the electrochemical sensor
based on 2D ZnO/ZnCo,0, nanosheets for detection of OFL in
the environmental samples was tested.

2. Experimental section

2.1. Reagents and apparatus

Zinc nitrate hexahydrate (Zn(NOj),-6H,0), cobalt(un) nitrate
hexahydrate (Co(NO3),-6H,0), Ks[Fe(CN)¢], urea ((NH,),CO),
and K,[Fe(CN)g] were provided from Xilong Scientific Co., Ltd
(China). NaOH and HCl were purchared from Ducgiang
Chemical JSC, Vietnam. Carbon screen-printed electrode (SPE)
was purchared from Metrohm Co., Ltd (Vietnam). All the
chemicals were used without any further purification.

The crystalline microstructure of as-prepared samples was
characterized using a Bruker D5005 X-ray Diffractometer (Ger-
many). The X-ray diffraction (XRD) patterns were analyzed by
the Rietveld refinement using the Fullprof program. Field
emission scanning electron microscopy (FE-SEM, Regulus 8100,
Hitachi) equipped an energy-dispersive X-ray spectrometer was
used to investigate the surface morphology and composition of
as-prepared samples. The Raman spectra were carried out on
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a MacroRam spectroscopy (Horiba Scientific) using a 785 nm
laser source. The various pH solutions were prepared by using
NaOH and HCI solutions, and examied by a LAQUA pH1200
meter (Horiba, Japan).

2.2. Synthesis of the ZnO/ZCO nanosheets

ZnO/ZCO nanosheets were successfully synthesized by using
a microwave-assisted hydrothermal method. In a typical
procedure, 7.5 mmol of Zn(NO3),-6H,0, 5 mmol of Co(NOj3),-
-6H,0 and 60 mmol of urea were orderly dissolved in 300 ml
deionized (DI) water. Then, as-prepared solution was loaded
into a 500 ml Teflon-lined autoclave in a UWave-2000 micro-
wave reactor system (SINEO, China), and heated at 160 °C for 5
minutes with a power setting of 600 W. The purple precipitates
were collected by centrifugation, washed with DI water and
ethanol, and dried at 80 °C for 12 h. In the end, the dried
powders were annealed at 400 °C for 2 h to obtain the ZnO/
ZnCo,0, heterojunction.

2.3. Preparation of ZnO/ZCO/SPE electrodes and
electrochemical response studies

The purchased-SPEs were rinsed with DI water and dried for 1 h
at 35 °C. 10 mg of ZnO/ZCO sample was dispersed sono-
chemically in 10 ml of DI water for 1 h to obtain the well-
dispersed ZnO/ZCO suspension. Then, 6 pl of ZnO/ZCO
suspension was used to modify the surface of SPEs via
a simple drop-casting method, and dried at 40 °C for 2 h. For
comparison, similar procedure is used to prepare ZnCo,0O,/SPE
electrode.

The cyclic voltammetry (CV) experiments were recorded in
0.1 M KCl solution containing 2.5 mM K;[Fe(CN)¢] and 2.5 mM
K,[Fe(CN)s] in the potential range from —0.3 V to 0.6 V at
various scan rates of 10-60 mV s '. The electrochemical
impedance spectroscopy (EIS) experiments was performed in
a frequency range of 0.01-50 000 Hz with E,. = 10 mV, E4. =
0.15 V. The Mott-Schottky (MS) measurements were performed
at 1 kHz using 0.1 M Na,SO, solution as electrolyte with scan-
ning potential in the range from —1.0 V to 1.0 V. The electro-
chemical kinetic parameters of modified electrodes were
investigated by CV experiments in 0.1 M PBS solution contain-
ing 100 uM OFL. The chronoamperometry (CA) experiments
were carried out at the potential of 960 mV in 0.1 M PBS solution
containing of various OFL concentrations (0, 10, 25, and 100
uM). Differential pulse voltammetry (DPV) was carried out in the
potential range of 0.4 V and 1.0 V in 0.1 M PBS solution con-
taining a certain concentration of OFL with a pulse with of
0.25 s, a pulse height of 50 mV, a step potential of 5 mV, and
a scan rate of 0.006 V s~ ". All electrochemical tests were carried
out on an electrochemical workstation (PalmSens4) at room
temperature.

2.4. Theoretical calculations

All theoretical calculations were carried out using Dmol3 and
CASTEP modules included in Materials Studio Software (BIOVIA
Materials Studio). The model of ZnO/ZnCo,0, heterostructures
was built based on the ZnO (001) crystal plane and ZnCo,0,
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(001) crystal plane with a mismatch rate of 13% and a vacuum
region of 15 A. The geometry optimization and density of states
(PDOS and TDOS) were calculated using Dmol3 module with
the generalized gradient approximation (GGA) functional of the
Perdew-Wang exchange and correlation functional (PW91). The
calculations adopted a double numerical basis with polariza-
tion functions (DNP) to describe electrons and nuclear inter-
action. The convergence tolerance of energy, maximum force,
maximum displacement are set to 1.0 x 10> Ha, 0.002 Ha A™*
and 0.005 A, respectively. The maximum iterations and
maximum step size are 50 and 0.3 A. The Brillouin zone was
sampled by a 4 x 4 x 1 uniform k point mesh for geometry
optimization. The optimized lattice constants of ZnO/ZnCo,0,
heterostructures are found to be a = b = 6.10 A, ¢ = 21.78 A, and
a = = 90° vy = 105°. The electron density difference and
electron localization function are calculated by using the
CASTEP module with the generalized gradient approximation
(GGA) functional of the Perdew-Wang exchange and correlation
functional (PW91) based on the optimized ZnO/ZnCo,0,
heterostructures. The energy cutoff, SCF (Self-Consistent Field)
tolerance, and SCF maximum are 489.8 €V, 10> eV per atom,
and 100. The adsorption of OFL on the ZCO and ZnO/ZCO was
simulated by using Adsorption Locator tool in Materials Studio.
The model of surface was simulated by the (011) crystal plane of
ZCO and ZnO/ZCO with (3 x 3) layers and a 15 A vacuum region.

3. Results and discussion

3.1. Morphological and structural characterization of ZnO/
ZnCo,0, heterostructures

The crystal microstructure and phase composition of ZnO/
ZnCo,0, sample were determined by X-ray diffraction analysis.
XRD pattern and Rietveld refinement with Bragg positions of
ZnO and ZnCo,0, phases are depicted in Fig. 1a. The diffraction
peaks at 18.7°; 31.5%; 36.2°; 44.4°; 55.1°; 58.8° and 64.7° can be
indexed to the (111); (220); (311); (400); (422); (511) and (440)
crystal planes of ZnCo,0, spinel phase (JCPDS 23-1390). The
other diffraction peaks at 30.7°; 34.1°; 47.4°; 56.5% 62.6° and
68.0° can be assigned to the (100); (002); (102); (110); (103), and
(112) crystal planes of ZnO phase (JCPDS 36-1451). No other
impurities are observed in the prepared sample, confirming the
formation of heterostructures from two ZnO and ZnCo,0,
phases. Rietveld refinement was performed by a Fullprof suite
software to provide the detail structural information of ZnO and
ZnCo,0, phases in the prepared sample. The refinement is
good reliability (x> = 1.43) with low R-factors (Ry, = 6.66, and
Reyp = 5.58), and the obtained parameters are listed in Table S1.
The analysis results confirm ZnCo,0, crystalline in the cubic
spinel structure (Fd3m) where the tetrahedral sites are fully
occupied by Zn ions and all Co ions are filled in the octahedral
sites. The ZnO phase belongs to the hexagonal wurtzite struc-
ture system with space group P6s;mc. The obtained lattice
parameters are a = b = 3.26 A c=524Aanda=b=c=8.15A
for ZnO and ZnCo,0, phases, respectively. In addition, the
quality percentages of ZnO and ZnCo,0O, phases were calculated
to be 38.5% and 61.5% from the Rietveld refinement data,
respectively. Fig. 1b and c show SEM images of ZnO/ZnCo,0,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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heterostructures. It can be observed that ZnO/ZCO sample
exhibits nanosheets (2D) assembled by uniform nanoparticles
with a size of about 15-20 nm. The EDX elemental mapping
images of ZnO/ZnCo,0, heterostructures confirm the presence
of Zn, Co and O signals (Fig. 1d—f). It can be seen that the Zn, Co
and O atoms are uniformly distributed. The EDX analysis result
shows that the atomic percentages of Zn, Co, and O are 25.84%,
14.52%, and 59.46%, respectively. These results further confirm
the formation of ZnO/ZnCo,0, heterostructures.

The Raman spectroscopy is a powerful technique, which can
provide unique information of nanostructured transition metal
oxides. The Raman spectrum of ZnO/ZnCo,0, heterostructures
shows five characteristic bands at 197 cm™, 490 cm™*,
530 cm ™, 630 cm ™', and 680 cm ', which are assigned to F,g,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) X-ray, (b and c) FE-SEM, and (d—f) EDX elemental mapping images of ZnO/ZnCo,04 heterostructures.

Eq, Fag, Fag and Ay, vibrational modes of ZnCo,0,, respectively.®®
The other bands at 432 cm ™" and 570 cm ™' are ascribed to E,y
and Ay, vibrational mode of ZnO, confirming the presence of
hexagonal wurtzite ZnO**** (Fig. 2).

The heterostructures and electrical characterization of ZnO/
ZnCo,0, sample were characterized by Mott-Schottky analysis.
The Mott-Schottky plots of ZnCo,0, and ZnO/ZnCo,0, samples
in 0.1 M Na,SO, solution with a frequency of 1 kHz in are shown
in Fig. 3. For ZnCo,0, sample, the Mott-Schottky plot shows
a negative slope, indicating the p-type of semiconductor char-
acteristic of ZnCo,0,. The flat band potential (Vg,) of ZnCo,0, is
approximated about 1.07 V (vs. Ag/AgCl). Notably, the Mott-
Schottky plot of ZnO/ZnCo,0, heterostructure exhibits a clear
inverted “V” shape with both negative and positive slopes,

RSC Adv, 2026, 16, 1368-1381 | 1371
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Fig. 2 Raman spectrum of ZnO/ZnCo,04 heterostructures.

confirming the formation of p-n heterojunction between ZnO
and ZnCo,0,. The Vj, value is calculated to be about 1.38 V (vs.
Ag/AgCl) for ZnO/ZnCo,0, heterostructure. The shift of Vg,
value can be attributed to the passivation of surface states by
forming heterojunction that suppress the Fermi-level pinning.*!
In addition, the acceptor density (N,) of ZnCo,0, and ZnO/
ZnCo,0, can be calculated by using following equation:**

1 —1
2 ()

Na = =/
A egpe dv

where C is capacitance of the space-charge layer. e, ¢, ¢, denote
elementary charge, relative permittivity, vacuum permittivity.
From slope of Mott-Schottky plots, the acceptor density of ZCO
and ZnO/ZCO was found to be about 4.73 x 10'® em > and 9.75
x 10”° em ™3, respectively. The acceptor density of ZnO/ZCO is
higher than that of ZCO. The more accumulation of holes at the
interface of ZnO/ZCO sample can boost the electron transfer
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efficiency from analyte to electrode, resulting in improving
electrochemical oxidation reactions towards analytes. Based on
above-mentioned results, we have successfully synthesized
Zn0O/ZnCo,0, heterojunction configuration with unique two-

dimensional  nanostructure  assembled by  uniform
nanoparticles.
3.2. Cyclic voltammetric response of OFL and kinetic studies

Benefiting from the unique characteristics of heterojunction,
the prepared ZnO/ZCO heterostructure was tested as an
electrocatalyst for electrochemical sensing of OFL. The
electrochemical response of OFL at different electrodes was first
evaluated by cyclic voltammetry (CV) in 0.1 M PBS buffer solu-
tion. Fig. 4 a shows the CV curves of 100 uM OFL recorded on
bare-SPE, ZCO/SPE, and ZnO/ZCO/SPE electrodes. All the CV
curves exhibit a well-defined peak at 0.95-1.04 V assigned to the
oxidation of OFL at electrode surface.>®** It is indicated that the
mechanism of OFL electrochemical oxidation at electrode
surface involved the oxidation of piperazine with two electrons
and release of two protons, as shown in Scheme 1.** As expected,
the ZnO/ZCO/SPE shows a significant enhancement of OFL
electrochemical response compared to bare-SPE and ZCO/SPE.
The OFL oxidation peak current is 1.6-fold and 1.3-fold higher
than those of bare-SPE and ZCO/SPE, respectively (Fig. 4b).
Moreover, the oxidation peak potential (E},) shifts to more
negative potential for ZCO (70 mV) and ZnO/ZCO (90 mV)
electrodes. The increase in peak current response with peak
potential shift suggest that the ZnO/ZCO heterostructures
exhibit an excellent electrocatalytic activity for oxidation of
OFL.*

As illustrated in Fig. 5a, the gradual increase of the oxidation
peak current of OFL with increasing of scan rate in the range of
10 mV s~ -60 mV s~ " was observed. The oxidation peak current
I, exhibits a linear relationship to v"?, with the fitted linear
regression equation is I,, = 77.96 v"*-1.32 (R* = 0.999), sug-
gesting a diffusion-controlled processe of OFL oxidation on the
ZnO/ZCO/SPE electrode (Fig. 5b). To confirm the OFL oxidation

(a) 6 (b) 2.0
ZnCOZO4 ZnO/ZnCOZO4 Slope =181
&2 & ,0%9
w Slope =-3.73 (I;I_ e 60 '
41 5 _ ‘ \
€ . £ Slope = 1.70 7/,’ \
% 3 '\\ OOC) ,/ \\
% % 3 / \\
= 24 \o o 1304 K, :
(E') \\ Q\) Il ‘\
= 4. A = V,=-0.35 , \
X 5 o \
i ‘—\\ 05 R el V,,=1.38 |
08 04 00 04 08 12  -1.0 -05 00 05 1.0 15

Potential (V vs. Ag/AgCl)

Potential (V vs. Ag/AgCl)

Fig. 3 The Mott-schottky plots of (a) ZnCo,0,4 and (b) ZnO/ZNC0,04 in 0.1 M NaSOy4.

1372 | RSC Adv, 2026, 16, 1368-1381

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08937a

Open Access Article. Published on 05 January 2026. Downloaded on 3/13/2026 11:16:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a) =0 L ——SPE PBS+OFL
25 _22%’2“’ E§2+OFL
———2Zn0/ZCO PBS+OFL
20}
< 15)
— 10t
5 L
0 L
Y A S R IR NP SR
0.0 0.2 0.4 06 0.8 1.0 1.2
E (V vs. Ag/AgCl)
Fig. 4

mechanism, the linear relationship between log1,, and logv
was established. The obtained regression equation is: log I;,, =
0.56 logv + 0.25 (R*> = 0.999) with a slope of 0.56, confirming
a diffusion mechanism for the OFL electrochemical oxidation,
as shown in Fig. 5c. In addition, a linear relationship of the
oxidation peak potential (Ep,) and logarithm of scan rate (Inv) is
found with a corresponding linear equation: Ep, = 0.0311Inv +
0.843. The proposed mechanism of electrochemical oxidation
of ofloxacin with two protons and two electrons is further
confirmed by the calculation results for the electron transfer
number (7). The electron transfer number 7 is calculated to be
about 1.66-2 by using following equation: slope = RT/n(1—a)F.*®
Where, « is the transfer coefficient, and T, R, F denotes the
standard implication.

To evaluate the electrocatalytic activity of heterostructure,
chronoamperometry (CA) was carried out in 0.1 M PBS (pH =
7.0) in the absence and presence of 100 uM OFL, and the cor-
responding results are depicted in Fig. 6a and b. A linear rela-
tionship of I../I and ¢/? is observed with regression equations:
L./l = 6.98 Y2 + 0.55 with R?> = 0.98 for ZnO/ZCO/SPE elec-
trode, and I.,/I; = 1.66t"% + 1.58 with R?> = 0.98 for ZCO/SPE
electrode, respectively (Fig. 6¢). Where I, and I.,. denote the
currents recorded on ZnO/ZCO/SPE and ZCO/SPE electrodes in
the absence and presence of OFL, respectively. The catalytic rate
constant (k) is evaluated according to the method presented
in the literature*” using following equation:

Il = (7ct) 1/z(kcalC)llz
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(a) CV curves and (b) peak current response of 100 uM OFL recorded on bare SPE, ZCO/SPE and ZnO/ZCO/SPE in 0.1 M PBS (pH = 7.0).

The catalytic rate constant is calculated to be 15.508 x10*
M 's 'and 0.877 x 10 M~ ' s~ for ZnO/ZCO/SPE and ZCO/SPE
electrodes, respectively. The k., of ZnO/ZCO/SPE is 17.68-fold
higher than that of ZCO/SPE, indicating a superior electro-
catalytic activity of ZnO/ZnCo,0, heterostructures.

The diffusion coefficient (Dogr) of OFL in solution is evalu-
ated by using Cottrell's equation: I = nFCAD"*(rct) "%, where C
and D are the bulk concentration (mol em?) and diffusion
coefficient (cm® s™'), n is number of electrons, and A is the
electroactive surface area (EASA). Fig. 6d shows chro-
noamperograms for ZnO/ZnCo,0,/SPE in the presence of
various OFL concentrations from 10 to 100 uM. The current I
shows a linear relationship with ¢ */* at long experimental times
(0.2 <t *? < 0.5), as depicted in Fig. 6e. The Doy, value can be
estimated from the linear relationship of slope and OFL
concentration (Fig. 6f). The Dogy, value is calculated to be about
3.86 x 10> em® s~

To clarify the enhanced electrocatalytic activity, the electro-
chemical active surface area (EASA) and charge transfer resis-
tance (R.) of bare-SPE, ZCO/SPE and ZnO/ZCO/SPE were
investigated by using CV and EIS tests, and the obtained results
are shown in Fig. S1 and S2. The calculation of EASA value and
fitting the R, value are presented in the SI, and the obtained
results are summarized in Table S3. The EASA value of ZCO/SPE
(0.130 cm?) and ZnO/ZCO/SPE (0.116 cm?) was 2.9-fold and 2.6-
fold greater than that of bare-SPE (0.045 c¢cm?), respectively.
Interestingly, there is no significant difference in EASA value of
ZnO/ZCO/SPE and ZCO/SPE, while R, value of ZnO/ZCO/SPE

(o} o (o} (o}
F F
r -2e, 2H* r
N N H.0 i N N
Hac’O °\)\ 2 Hco/"(\) °\)\
Ofloxacin 3

Scheme 1 The proposed oxidation mechanism of ofloxacin with two electrons and two protons.
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Fig.5 (a) CV responses of 100 pM OFL on ZnO/ZCO/SPE in 0.1 M PBS (pH = 7.0) with different scan rates ranging from 10 mV s *to 60 mV s %,
the corresponding calibration plots of (b) /,, vs. v/2; (c) logllp) vs. log(v); and (d) Ep vs. In(v).
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Fig. 6 Chronoamperograms for (a) ZCO/SPE and (b) ZnO/ZnCo,04/SPE (20 s) in the absence and presence of 100 uM OFL, and (c) corre-

sponding calibration plots of I/ vs. t

1/2

responding calibration plots of / vs. tY2,(f) corresponding calibration plots of slope vs. OFL concentration.
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, (d) chronoamperograms for ZnO/ZCO/SPE in the presence of various OFL concentrations, (e) cor-
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Fig. 7 (a) DPV curves recorded on the SPE electrode modified by ZnO/ZnCo,04 heterostructures in 0.1 M PBS (pH = 4.0) containing different
concentrations of OFL; (b) the corresponding calibration plot of /,, and Cor with error bars; (c) DPV tests of 5 uM OFL with 15 consecutive runs
in.0.1 PBS (pH = 4.0); (d) stability tests of ZnO/ZCO/SPE electrode.

(269.3 Q) is 2.2-fold lower than that of ZCO/SPE (593.7 Q).
Moreover, the standard heterogeneous electron transfer rate
constant (k) for electrochemical oxidation of OFL is determined
by using Velasco's equation.*®

ks = 2.145 exp (4)0T2F

where, D is diffusion coefficient of OFL (cm® s~ '), v is the scan
rate (Vs '), E, and E,,, denote the peak potential and half-peak

Table 1 Comparison of ZnO/ZnCo,04 heterostructures with various nanostructures for the electrochemical sensing of OFL®

Electrodes Techniques Linear ranges (uM) LOD (nM) Real samples ref.
rGO/Pt-Au DPV 0.08-100 50 Tablets and human urine samples 50
ZnO/GR/GCE DPV 1-100 330 Pharmaceuticals 51
MW-CNTs/Nafion/GCE LSV 0.5-100 100 Pharmaceuticals 52
GrO/CD/CPE SWV 1-20 89 River water synthetic urine 53
Ag-CPE DPV 4-1000 947 Tap water 54
Bi,03/Zn0O:f-MWCNT/GCE DPV 0.5-39 30 Urine and serum samples 55
TAPB-TPA-COFs/PtNPs/GCE CA 9.901 x 1073-1.406 2.184 Water 56
2.024-15.19
N-HCS/Fe304/GCE DPV 0.096-40 28 Tap water and lake water 20
MoS,@MWCNT/GCE LSV 0.24-0.82 170 Rain, tap, and distilled water 57
DPNV 0.29-0.82 120
Zn0O/ZnCo,0,/SPE DPV 0.25-100 52 Tap water and lake water This work

“ Reduced graphene oxide (rGO); 1,3,5-tris(4-aminophenyl)benzene (TAPB) with terephthalaldehyde (TPA); covalent organic frameworks (COFs); N-doped
hollow carbon spheres (N-HCS); multiwalled carbon nanotubes (MWCNT).
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Table 2 Recovery report for detection test of OFL in environmental
water and pharmaceutical samples

Added/
Labeled Found Recovery RSD
Sample content (uM) (M) (%) (%, n=3)
Tap water 0.5 0.49 98.0 1.2
10 9.86 98.6 2.5
25 24.7 98.8 3.6
50 49.6 99.2 3.6
Lake water 0.5 0.49 98.0 1.0
10 9.88 98.8 3.2
25 24.25 97.0 3.6
50 49.22 98.4 4.8
Eye drop 1 10 10.22 102.2 3.0
Eye drop 2 10 10.51 105.1 1.7

potential (Fig. S3). The & value is calculated to be about 0.73
em?® s7! and 1.13 em? s! for ZCO/SPE and ZnO/ZCO/SPE,
respectively. These results confirm that the improved electron
transfer efficiency of heterostructures is decisive factor in
contributing to the enhanced electrocatalytic activity of 2D ZnO/
ZCO nanosheets.

3.3. Electrochemical sensing of OFL

The investigation of effect of pH electrolyte on the sensing
properties was carried out to provide further information for
redox mechanism of OFL, and optimize the analytical test
conditions. The DPV curves of 100 uM OFL were recorded on the
ZnO/ZCO/SPE in 0.1 M PBS solutions with various pH values, as
illustrated in Fig. S4. It can be observed that the peak current
response reaches the highest value at pH = 4 (Fig. S4). The
result shows that the OFL electrochemical oxidation process

Fig. 8

View Article Online
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involves gain and loss of proton. This can be attributed to the
OFL molecules is accumulated on the ZnO/ZCO electrode
surface primarily through combined hydrogen bonding and
electrostatic forces. When pH value is less than pK, of OFL
(about 5.97), the OFL molecules are positively charged because
of the amino group in the piperazine ring.* When pH value is
greater than pK,; and less pK,, (7.9-8.2), the OFL molecules are
uncharged because the carboxyl group on the OFL molecule
loses a proton.* At pH = 4.0, the OFL molecules can be easily
adsorbed to the surface of ZnO/ZCO, the highest value of peak
current response is achieved. Thus, pH = 4.0 was selected for
the subsequent tests. Moreover, there is the dependence of peak
position (Ep) on the pH supporting electrolyte. The plot of Ej, vs.
pH indicates a linear relationship with regression equation of
E(V) = —0.03 pH + 0.977. The obtained slope of 30 mV deviates
significantly from the Nernst theoretical value (59 mV),
implying an imbalance in the number of electrons and protons
involved in the oxidation process of OFL.

Under optimized conditions, DPV voltammograms were
recorded on the ZnO/ZCO/SPE electrode in 0.1 M PBS solution
containing various concentrations of OFL. As depicted in
Fig. 7a, the peak current gradually increases with the increase of
OFL concentration from 0.25 to 100 pM. Fig. 7b shows linear
relationship of peak current and OFL concentration with two
different slopes, and the obtained regression equations are: I,,
(MA) = 0.300Cop; (M) + 0.290 with R*> = 0.988 in the OFL
concentration range from 0.25 pM to 6.25 uM and I,, (nA) =
0.070Cop., (UM) + 0.984 with R* = 0.995 in the range of 6.25-100
uM, respectively. From the slope of linear calibration with low
OFL concentration, limit of detection (LOD) value was esti-
mated to be 52 nM using the equation: LOD = 3SD/b, where SD
and b denote the standard deviation of blank sample and slope
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value. The electrochemical sensitivities were estimated to be
1.97 and 0.46 pA uM~ ' ecm™? using the equation; S = b/EASA,
with EASA denotes electrochemical active surface area. The
higher slope value in the low OFL concentration range reveals
that the ZnO/ZnCo,0, heterojunction promotes efficient elec-
tron transfer kinetic through electrolyte/electrode interface.
Owing to the high electrocatalytic activity of ZnO/ZnCo,0,
heterojunction, the OFL molecules on the modified electrode
surface can be rapidly oxidized, resulting in a high sensitivity in
the OFL concentration range from 0.25 uM to 6.25 uM.
However, the reaction products may block the pores of the
modified layers at high OFL concentrations, inducing a lower
electrochemical sensitivity in the range of 6.25-100 uM. This is
further confirmed by the CV response of OFL with various
concentrations from 1 pM to 100 uM on the ZnO/ZnCo,0,
heterojunction. It is observed that the peak potential and half-
peak potential of OFL shift to more positive potential towards
the OFL concentrations in the range from 10 pM to 100 uM
(Fig. S5). The obtained results suggest a slower electron transfer
kinetics or mass transport limitations at high OFL concentra-
tions. The sensing performance parameters of ZnO/ZnCo,0,
heterojunction and different nanostructures in the previous
reports for detection of OFL is summarized in Table 1. The
results revealed the ZnO/ZnCo,0, heterojunction as a low cost
and effective electrocatalyst for the monitoring of OFL in water.

3.4. Repeatability, reproducibility, and stability

The repeatability of ZnO/ZCO/SPE was evaluated by using the
consecutive DPV measurements in the same conditions. Fig. 7c
shows the DPV curves of 5 uM OFL in 0.1 M PBS with 15
consecutive runs. The obtained relative standard deviation
(RSD) value was 2.58%, indicating the good repeatability of
ZnO/ZCO/SPE. In addition, the reproducibility of ZnO/ZCO/SPE
is also estimated by recording the peak current of five inde-
pendent electrodes (Fig. S6a). The obtained result indicates an
acceptable reproducibility of ZnO/ZCO/SPE with a RSD value of
3.60%. For long-term stability test, ZnO/ZCO/SPE electrode was
stored at room temperature for detection of OFL. Fig. 7d shows
the DPV curves of 5 uM OFL in 0.1 M PBS recorded on ZnO/ZCO/
SPE electrode at different storage times. It can be seen that
93.8% of OFL peak current was retained after 30 days of storage
at room temperature with an increase of RSD value to 5.2% for 6
consecutive runs.

3.5. Interference and real sample testing

To evaluate the anti-interference of ZnO/ZCO/SPE electrode, the
analytical tests of OFL were carried out by adding the potential
interfering compounds and ions, including: Mg**, Cu**, Co*",
K, Na*, PO;, SO, Cl7, acid ascorbic, glucose, chloram-
phenicol, paracetamol, furazolidone, and amoxicillin. As illus-
trated in Fig. S6b, it can be seen that the presence of 100-fold
concentration of ions and 10-fold concentration of interfering
compounds has a negligible effect on the detection of OFL.
Therefore, it can be concluded that the ZnO/ZCO/SPE electrode
can be used for the detection of OFL in environmental water
samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To examine the feasibility of ZnO/ZCO/SPE electrode for
detection of OFL in the environmental water samples and
pharmaceutical samples, the analytical tests were conducted on
lake water samples, tap water samples and eye drop samples.
The environmental water samples were added with known
concentrations of OFL, and DPV analysis were performed under
optimized experiment conditions. It is worth emphasizing that
the environmental water samples were analyzed without
a pretreatment step. Fig. S7 shows the DPV curves of lake water
and tap water samples recorded on ZnO/ZCO/SPE electrode.
The test results were reported in Table 2. The recoveries were in
the range of 97.0-98.8% for lake water, and from 98.0 to 99.2%
for tap water, with the RSD values below 4.8%. For eye drop
samples, the RSD values were lower than 3.0%, and recovery
from 102.2 to 105.1%. These results demonstrate that the ZnO/
ZnCo,0,-based electrochemical sensor is dependable for on-
site analysis in real-water samples.

3.6. In-depth evaluation for ZnO/ZnCo,0, heterostructure
based on DFT calculations

The DFT calculations were conducted to validate the design
concept of ZnO/ZnCo,0, heterostructures and provide an insight
for the enhanced electrocatalytic activity. As depicted in Fig. 8a, the
crystalline structure of ZnO/ZnCo,O, heterostructure was built
using the ZnO (001) crystal plane and the ZnCo,0O, (001) crystal
plane of with a mismatch of 13% for the DFT calculations. The
electron localization function and charge density difference of
ZnO/ZCO heterostructure is simulated to clarify the electron
transfer process, as shown in Fig. 8(b and c). The electron locali-
zation function analysis indicates that the electrons mainly occur
around O atoms, and some part of a covalent bond exists between
Co and O atoms. The charge density difference results show
a strong electron accumulation (blue region) on the interface side
of ZnCo,0,, and whereas an electron depletion (yellow region) is
near the ZnO side. This demonstrates that the electron transfer
from ZnO to ZnCo,0,, resulting in the interfacial charge redistri-
bution and a built-in electric field. The inner electric field can act
as a driving force for interfacial electron transfer. Fig. 8(d—f) shows
the TDOS and PDOS of ZnO, ZnCo,0,;, and ZnO/ZnCo,0,
heterostructure. It is clear that the ZnO and ZnCo,O, crystal
structures possess a band gap to be about 2.960 and 1.144 eV,
respectively. With the formation of the heterostructure, the PDOS
in the ZnO/ZnCo,0, heterostructure crosses the Fermi level (Eg),
resulting in the higher electrical conductivity and lower interface
electron transfer resistance for the heterojunctions compared to
a single component.**® Interestingly, ZnO/ZCO heterostructure
shows a higher density of occupied electron states near the Fermi
level compared to single phases. It can be observed that the Co d-
orbital and O p-orbital are responsible for the PDOS near Er of
ZnO/ZCO heterostructure. The ZnO/ZCO heterostructure
possesses a higher O p-orbital and Co d-orbital near Fermi level
than that of ZnO or ZnCo,0, arising from the increased hybrid-
ization between O p-orbital and Co d-orbital.** According to
Marcus-Gerischer theory, the heterogeneous electron transfer rate
depends on the DOS of electrode materials.*® It has been reported
earlier that the increase of DOS near Ep of electrode material

RSC Adv, 2026, 16, 1368-1381 | 1377
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promotes the electron transfer across the interface of electrolyte/
electrode.”** Therefore, the formation of ZnO/ZCO heterojunction
induces a significant increase of DOS near Er, resulting in the
faster electron transfer kinetics as compared to ZnCo,0,. These
calculation results are in good agreement with the above-
mentioned Mott-Schottky and CV analysis. The DFT calculation
was carried out to provide insight into the interaction of OFL
molecules with nanostructures. The geometries of adsorption
configuration of OFL on the on the ZCO and ZnO/ZCO hetero-
structure are shown in Fig. S8, and adsorption energy (E,) and
distance between metal ion center and oxygen atom of electro-
catalytic materials (ZCO and ZnO/ZCO) and atoms (O and H) of
OFL are documented in Table S4. The ZnO/ZCO heterostructure
shows E, value of —20.51 kcal mol ™" which is larger absolute value
of adsorption energy of OFL on the ZCO (—15.06 kcal mol ). The
OFL molecules adsorbed on the ZCO surface through the O atom
and H atom with the O-Co and H-O distances are 2.865 and 2.815
A, respectively. For ZnO/ZCO heterostructure surface, the OFL
molecules interact with O atom and Zn atom of ZnCo,0, surface
with the O-Zn and H-O distances are 2.752 and 2.841 A, respec-
tively. With the formation of ZnO/ZCO heterostructure, Zn atoms
act a crucial role in the interaction of OFL molecules with ZnCo,O,
surface. These results suggest that the surface charge redistribu-
tion can affect the adsorption capacity of OFL on electrocatalyst
material. The experimental and DFT calculation results confirm
that constructing the ZnO/ZCO heterostructure allows the inter-
facial charge redistribution and a built-in electric field formation,
which promote the interfacial electron transfer and electrocatalytic
activity to achieve excellent electrochemical performance in the
detection of OFL.

4. Conclusion

In summary, this study proposes a rapid synthesis method of
Zn0O/ZnCo,0, heterostructures via microwave-assisted hydro-
thermal technique. The ZnO/ZnCo,0, heterostructures with 2D
nanosheet structure exhibited an excellent electrocatalytic
activity towards ofloxacin with a 17.68-fold increase in catalytic
rate constant value as compared to single ZnCo,0,. The p-n
heterojunction configuration with internal electric field
promoted electron transfer efficiency, leading to enhanced
electrocatalytic activity towards ofloxacin. The ZnO/ZnCo,0,
nanosheets-based electrochemical sensor provided a high
electrochemical sensitivity in linear range of 0.25-100 uM and
limit of detection reached to 52 nM. The proposed sensor also
exhibits a good stability and good anti-interference with the
addition of interference substances. The reliability of ZnO/ZCO/
SPE has been verified in actual water samples and pharma-
ceutical samples with a good recovery rate of 97.0-105.1%. The
present study recommends that the ZnO/ZnCo,O, hetero-
structures can be useful for the affordable electrochemical
sensing of antibiotics with enhanced performance.
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