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The synthesis of metal-doped metal oxides nanostructures has become promising electrode materials to
enhance the performance of the electrochemical sensors. This work describes the synthesis of Ag@ZrO:
nanoparticles through a simplistic co-precipitation route for the electrochemical determination of
tinidazole (TNZ). The structural, optical, and morphological properties of Ag@ZrO. were characterized
with diverse spectroscopic techniques. The electrochemical impedance spectrum (EIS) of the Ag@ZrO-
electrode displays a higher active surface area of 0.248 cm? than the ZrO; electrode (0.172 cm?) and
exposes more active sites of Ag@ZrO- provides increased electrocatalytic activity for the monitoring of
TNZ compared with ZrO>. The voltammetric methods such as CV and DPV were employed to
investigate the electrocatalytic activity of Ag@ZrO./GCE. The results indicated that under optimized
electrochemical conditions, the fabricated electrode displays an ultra-sensitive detection potential of
TNZ at —0.29 V with a wide linear range of 0.2-414.5 uM, and the lowest detection limit (LOD) of 0.073
MM, respectively. The Ag@ZrO; sensor demonstrated good stability, precision, and excellent selectivity
in various interfering mixtures. The practicability of the Ag@ZrO> electrochemical sensor was further
confirmed to TNZ in real human serum with acceptable outcomes.
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1. INTRODUCTION

Tinidazole (TNZ, 1-(2-ethyl sulfonyl ethyl)-2-methyl-5-nitroimidazole) is an antibiotic drug that
belongs to one of the nitroimidazole derivatives. TNZ is developed to treat vaginal infection
trichomoniasis and parasite infections such as amebiasis, and giardiasis [1]. It is also used as an
antiprotozoal agent [2]. TNZ has been used to control the growth of microorganisms, especially
Helicobacter pylori, Clostridium difficile, and Bacteroides [3]. Further, TNZ can enter into the
microorganisms and undergoes a reduction reaction to produce cytotoxic derivatives which directly
affect the DNA by irreversible covalent binding. The half-life period of TNZ is 12.3 h and about 63%
eliminated being from the human body [4]. The market availability and over usage of TNZ in different
formulations initiate the possibility of entering its cytotoxic derivatives into the environment. To
determine the leakage during production, heavy dose issues in clinical usage, and over existence in the
environment, sensitive and selective determination of TNZ becomes inevitable. Various methods were
reported for the qualitative and quantitative determination of TNZ, for instance, spectrophotometry [5],
high-pressure liquid chromatography [6], fluorescence quenching [7], spectrofluorimetry [8], liquid
chromatography-mass spectroscopy [9], and potentiometry [10] methods. Among these methods,
voltammetric detection is a suitable method for TNZ sensing, due to its cost-effectiveness,
biocompatibility, environment friendliness, easy operation, and simplicity, which further provides
excellent physicochemical characteristics.

Very few works have been previously reported for the electrochemical detection of antibiotic
drug TNZ. For example, A. Taye and M. Amare developed voltammetric determination of TNZ in
pharmaceutical tablets using carbon paste electrode (CPE) with results showing a wide linear
concentration from 5 to 200 uM [11]. R. Jain et al. constructed polyaniline electrode towards TNZ
detection [12]. C. Wang et al. fabricated a poly(carmine) film-modified glassy carbon electrode (GCE)
and the electrochemical behavior of TNZ at the modified electrode was investigated [13]. S. Shahrokhian
et al. studied the electrochemical monitoring of TNZ on AuNP/CNT modified electrode through LSV
analysis with an achieved detection limit is 0.01 uM [1]. Y. Nikodimos et al. prepared a simple
electrochemical sensor based on 1,4-BQMCPE that was applied for the TNZ sensing [14]. E. Saeb et al.
synthesized Fe-MOF/Pt nanoparticles for the differential pulse voltammetry sensing of TNZ in
pharmaceutical tablets and human samples [15]. To bring higher selectivity and sensitivity, various
modifiers have been used on these electrode materials.

Metal oxides nanomaterials were widely studied in different applications of electrochemistry
such as batteries, supercapacitors, electrocatalytic reactions, photo-electrocatalysis, biosensors, solar
cells, sensing devices, energy storage, and conversion [16], because of their unique properties including
high conductivity, more catalytic sites, large surface to volume ratio [17][18][19]. Particularly, transition
metal oxides were gained much interest due to their tremendous potential in electrode modification and
electrochemical applications [16]. Zirconium oxide (ZrO.) is a p-type semiconducting material that
shows exclusive properties with high chemical activity, thermal stability, and non-toxic nature. Due to
this distinctive characters of ZrO> has been used in various areas for many applications such as nuclear
powerplant as they do not absorb neutrons, in the production of hard ceramics and dentistry, as a
refractive material in insulators, enamels, abrasives, as a corrosion inhibitor in high-quality pumps and
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valves [20]. Zirconia is even used as a protective coating on particles of TiO2 pigments which displays
its superiority over titania in terms of stability [21][22]. Besides, zirconia has three phases namely cubic,
tetragonal, and monoclinic, in which only the monoclinic phase is stable at room temperature [23]. Many
metal cations were doped into zirconia for stabilizing the most appropriate metastable tetragonal and
cubic phases of zirconia at room temperature [24] which exhibits that the doping increases the stability-
like properties of zirconia. In this regard, many researchers tried different transition metals dopants (such
as Pd, Au, Pt, and Ag) with zirconia for increasing their physicochemical properties. Among all dopants,
the metallic silver (Ag) material is an efficient dopant, due to its exclusive characteristics, environmental
nature, and low cost than that of other transition metals. Moreover, Ag nanoparticles make high surface
energy, which improves surface reactivity (e.g., catalysis) [25]. In addition, Zirconia is an excellent
choice with doping of Ag, owing to their remarkable optical, magnetic properties, chemical inertness,
metal-support interaction [25], and new catalytic sites thus may favorable for enhancing electrochemical
performance in sensor applications.

Over the past decades, ZrO, with various dopant-based materials have been synthesized by
several methods and applied for different applications. Such as, A. Husain et al. developed a ZrO,/PTh
composite for the detection of ethane gas [26]. L. Zhang et al. studied based on isopolyacid/ZrO;
combination of fabricating an electrochemical sensor for detecting clenbuterol and ractopamine [27]. S.
Zhou et al. prepared ZrO2/GNF/AUE for the impedimetric determination of osteopontin [28]. S.A.
Shahamirifard et al. reported ZrO,/Au/ChCl as effective material in electrochemical detection of gallic
acid and uric acid [29]. N. Gao et al. proposed ZrO./Au/Graphene nanocomposite for electrochemical
sensing of methyl parathion [30]. H. Mahajan et al. established ZrO2/rGO nanocomposite and its
potential in the electrocatalytic application of anticancer drug [31]. S.A. Alkahtani et al. designed
La/ZrO2/rGO nanosheets as electrocatalyst for the reduction of salinomycin [32]. Recently, S.
Vijayalakshmi et al. fabricated ZrO2/PANI-based electrochemical sensor to decompose the wastewater
from drug industries [33]. T. Alizadeh and S. Nayeri examined the electrochemical sensing activity of
ZrO-, and which can be enhanced via simple doping of cerium metal nanoparticles for the determination
of salicylic acid [34]. P. Bansal et al. introduced gold nanoparticles decorated ZrO; for enhancing its
electrochemical sensing potential of monitoring hydrazine and catechol [35]. X. Yin et al. boosted solar
cells using a flexible and cost-effective counter electrode of Ag@ZrO>/C nanofiber film, in which the
combination of the noble metal with zirconia plays a vital part in the enrichment of the potential [36]. T.
Tao et al. developed for voltammetric detection of methyl parathion using Au-ZrO, nanocomposite
modified graphene electrochemical transistor [37]. L. Li et al. executed a highly sensitive non-enzymatic
MP sensor built on electrospun CuO2 doped ZrO. composite microfibers [38]. F. Gonella et al. studied
the structural and optical properties of silver-doped zirconia and mixed zirconia-silica matrices have
synthesized through the sol-gel technique [39]. E. N. L. Rodrigues et al. studied ZrO-based
nanoparticles doped with silver using the polymeric precursor method (Pechini), and to validate their
bactericidal activity against Escherichia coli and Staphylococcus aureus [40]. E. Bharathi et al. prepared
p-type semiconducting materials of Ag doped ZrO» nanoparticles through the hydrothermal method and
utilized for photocatalytic degradation of Rh6G dye [41]. T.M.S. Dawoud et al. developed the production
of ZrO, and Ag doped ZrO; nanostructures using milk powder by low-temperature combustion method
and has been examined for the degradation of Rhodamine B (RhB) dye in visible light irradiations with
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experimental results show good photocatalytic efficacy of 95% [42]. It is worth indicating that the above
developed few techniques show complicated preparation methods, operational expensive equipment,
and are time-consuming. Usually, the coprecipitation technique is an environmentally friendly,
inexpensive, and easy way to synthesize nanomaterials with superior electrochemical enhancement
owing to high selectivity and low detection limits. So far, to the best of our research, there are no articles
for the determination of TNZ using the cost-effective Ag@ZrO> modified electrode. In this study, we
synthesized Ag doped ZrO» nanoparticles via the co-precipitation apporach towards the electrochemical
analysis of TNZ. The as-prepared Ag@ZrO were examined with various spectrometric studies. The
Ag@ZrO, modified electrode revealed an excellent sensing activity of TNZ detection than the bare
electrode. The electrochemical reduction of TNZ was succeeded by a WLR, low LOD, high selectivity,
reproducibility, good stability, and repeatability at the modified sensor. Finally, the as-fabricated
Ag@ZrO,/GCE was used for TNZ monitoring in human serum with noticeable recoveries.
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Scheme 1. The schematic illustration of as-prepared Ag@ZrO> nanoparticles for the sensitive
voltammetric sensing of TNZ.

2. EXPERIMENTAL SECTION

2.1 Chemicals

Silver nitrate (AgNO3, 99.99%), zirconyl chloride octahydrate (ZrOCl..8H.0, 98%), urea
(CH4N20, 99%), ethylene glycol (C2HsO2, 99.8%), sodium hydroxide (NaOH, >97.0%), tinidazole
(CsH13N304S, 99.6%), monosodium phosphate (NaH2PO4, 98%), and disodium phosphate (NazHPOa,
99%) were purchased from Sigma-Aldrich. For electrochemical investigations, distilled water was used
throughout the work for the preparation of all aqueous solutions. The prepared (0.05 M phosphate buffer
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(PB) solution) pH values such as 3.0, 5.0, 7.0, 9.0, and 11.0 were adjusted by using 0.1 M HCI and
NaOH.

2.2 Synthesis of Ag@ZrOz nanopatrticles

The synthesis of Ag@ZrO nanoparticles was followed by our previous report based on slight
variations [43]. 0.1 M of AgNOsz and 0.2 M of ZrOCl,.8H-0, 0.3 M of CH4N20 were dissolved in 100
mL of distilled water were vigorously mixed for 20 min under a magnetic stirrer. After that, 2 M of
NaOH (10 mL) was added drop by drop above the mixture with continuous stirring (600 rpm) for 1 h at
room temperature. The obtained precipitate was cooled down naturally and washed with H,O/C>HsOH.
The resultant precipitate was dried at 50 °C for 12 h. The dried precipitate was calcinated at 400 °C for
4 h at a heating rate of 5 °C min%, respectively. The collected precipitate was designated as Ag@ZrO>
nanoparticles are demonstrated in Scheme 1. For the electrochemical comparison study, ZrO> has been
prepared by the same experimental conditions without the addition of the silver precursor.

2.3 Techniques

The phase structure and crystallinity of as-synthesized Ag@ZrO, were examined by X-ray
diffraction (XRD) using Malvern PANalytical, the Netherlands in Cu Ko (1.5406 A) radiation. Fourier
transform infrared spectra (FT-IR) were determined in the range of 4000-400 cm™ using a JASCO
4600LE Shimadzu spectrometer in Japan. The absorption bands were studied using a UV-diffractive
reflectance spectrophotometer (JASCO V-770 from Japan). The optical properties were analyzed by
photoluminescence (PL) spectrometer using Ramboss-500i, Dongwoo Optron Co., Ltd., Korea.
UniNanoTach, ACRON (South Korea) was used to study the Raman spectrum. The morphological and
surface properties were performed in the FESEM (JEOL-JSM-6500F) along with energy dispersive X-
ray (EDX), and mapping studies. X-ray photoelectron microscopy (XPS) with a Thermo scientific multi-
lab 2000 in the United States demonstrated the presence of Ag, Zr, and O molecules in Ag@ZrO». The
electrocatalytic performance of the Ag@ZrO: electrode was investigated through cyclic voltammetry
(CV, CHI 1205B), electrochemical impedance spectroscopy (EIS; XPot-ZAHNER-Elektrik
instrument), and differential pulse voltammetry (DPV, CHI 410A) techniques. The electrochemical CH
instrument with the cell setup has the three-electrode system whereas, the glassy carbon electrode (GCE)
as a working electrode, Ag/AgCl, and platinum wire (Pt) was acted as reference and counter electrodes,
respectively.

2.4 Fabrication of Ag@ZrO./GCE

For the electrode fabrication, the glassy carbon electrode was well polished using 0.05 pum of
alumina slurry. Then, 5.0 mg of Ag@ZrO» material was dispersed in 1.0 mL of H.O and ultrasonication
for 30 min. Subsequently, 6.0 puL of the prepared Ag@ZrO- catalyst was drop cast in the well-cleared
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GCE and dried in an oven at 50 °C for perfect fabrication of Ag@ZrO./GCE. All the voltammetric
experiments were conducted using 0. 5 M PB for the sensing of TNZ at 0 to 0.9 V.

3. RESULTS AND DISCUSSION

3.1. Structural characterizations of Ag@ZrO-

The crystalline structure of Ag@ZrO; material was characterized by XRD analysis is revealed in
Fig. 1a. The characteristic diffraction peaks at 26 = 17.54, 24.09, 24.50, 28.21, 31.47, 34.19, 35.30,
40.79, 41.18, 44.83, 45.54, 49.32, 50.16, 50.61, 51.25, 54.12, 55.47, 55.95, 57.20, 57.91, 58.31, 59.94,
62.02, 65.70, 71.27, and 75.23° were corresponding to the planes of (100), (011), (110), (111), (-111),
(002), (200), (211), (-102), (-112), (202), (022), (220), (122), (221), (-202), (013), (130), (-310), (131),
(222), (-131), (213), (-222), (104), and (041), respectively. All the diffraction peaks were well-matched
in the monoclinic structure of ZrO (JCPDS. 00-007-0343) [44]. Besides, the presence of five diffraction
peaks at 20 = 38.20, 44.40, 64.60, 77.60, and 81.75°, which is assigned to the (111), (200), (220), (311),
(222) planes of face-centric cubic structured Ag metal nanoparticles standard peaks were confirmed in
the JCPDS. 01-087-0720 pattern [45], these results suggest that the Ag has efficaciously doped into ZrO;
without impurities or other phases. The average crystalline size (D) was further examined according to
Scherer’s formula (1) [31][35],

KA
b= B cosB S

Here k, A, 8, and p represents the Scherer constant (0.68), the wavelength of X-rays (1.5406 A),
the diffraction angle of the high-intensity peaks, and the full width at half maximum (FWHM) of the
diffraction peak, respectively. Given to equation (1), the calculated Ag@ZrO; average crystalline size is
~20.218 nm at the dealing temperature of 400 °C. These results approve that the formation of Ag@ZrO-
with high purity and crystallinity.

The FT-IR spectrum of Ag@ZrO; in the range from 4000-400 cm™* is presented in Fig. 1b. The
FT-IR bands at 526 and 747 cm™ were ascribed to the stretching vibration modes of Zr—O, and Ag-O
[46][47]. It is clear that there must be an attachment between silver and zirconium via oxygen, which
could be the manifestation of doping. Fig. 1c shows the UV-DRS spectrum of Ag@ZrO: in the range
between 200 to 800 nm. The absorbance peak at 277 nm exactly belonged to zirconia because a lower
wavelength occurred in the valence to conduction band transition [48]. However, the absorption of doped
material produced at 312 nm corresponds to M—O bond is assigned for Zr—O and not for dopant ions
[49]. The peak at 335 nm is attributed to the silver nanoparticles due to the blue shift oxygen interference
from zirconia. Doping of silver increased the surface defects and the surface to volume ratio in the
Ag@ZrO», thus there could be more available active sites [50]. The peaks obtained at about 212 and 255
nm were agreeing to the typical vibrations of the monoclinic zirconia [51][52].

The photoluminescence spectrum of Ag@ZrO. nanoparticles prepared at 400°C are illustrated
in Fig. 1d. It has a blue emission at ~488 nm is ascribed to the rich flaws such as dislocation, which are
beneficial for quick oxygen movement [53][54]. Furthermore, Raman analysis was employed by the
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functional bands of as-synthesized Ag@ZrO- is depicted in Fig. 1e. The obtained Raman active peaks
were compared with previous reports of zirconia in three phases. The peaks at 86, 181, 339 cm™ are
agreeing with the monoclinic phase of zirconia and the broad peak at 630 cm™ was attributed to
monoclinic as well as slightly cubic phase structures in Ag@ZrO; [55][56]. The additional Raman peak
at 482 nm was attributed to Ag—O bond [50].
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Figure 1. (a) XRD, (b) FTIR, c) UV-DRS, (d) PL, and (e) Raman spectrum of Ag@ZrO.

The structural morphology of Ag@ZrO» was evaluated using FESEM analysis, as displayed in
Fig. 2a—c. The FESEM micrograph of Ag@ZrO> nanoparticles reveals smaller pebble-like shapes that
turn into big stony structures.

The intermolecular interaction between the produced nanoparticles causes agglomeration. These
images also reveal the size of the nanostructures has less than £100 nm. Moreover, the mixed elemental
mapping image (Fig. 2d) of Ag@ZrO: exhibits that the elements were evenly spread over throughout
the nanostructures (see Fig. 2e—g). As displayed in (Fig. 2h) EDX spectrum of Ag@ZrO-, the presence
of elements such as Ag, Zr, and O in the Ag@ZrO2 was confirmed and the composition of the elements
was found to be 29.3% (Ag), 54.0% (Zr), and 16.7% (O), respectively. This confirms the effective
formation and doping of Ag into Ag@ZrO-.
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Figure 2. (a—c) FE-SEM images of the Ag@ZrO», (d) elemental mapping mixture of Ag@ZrO>, and the
matching each element of (e) Ag, (f) Zr, and (g) O, and (h) EDX spectrum with elemental weight
percentage.
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Figure 3. (a) XPS full survey scan, (b) Ag 3d, (c) Zr 3d, and (d) O 1s in the Ag@ZrO-.
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X-ray photoelectron spectroscopy analysis of as-synthesized Ag@ZrO; was carried out to study
the chemical composition and atomic states of the elements are demonstrated in Fig. 3. The survey
spectrum (Fig. 3a) reveals the presence of the Ag, Zr, and O elements in Ag@ZrOz. The enlarged high-
resolution spectra of Ag 3d, Zr 3d, and O 1s were given in Fig. 3b—d, respectively. The binding energy
peaks at 368.4 and 374.4 eV corresponds to Ag 3ds;2 and 3da/2 spin states (Fig. 3b). The peak variations
of Ag 3ds» and Ag 3dz» were calculated at about 6.0 eV is in good agreement with the previously
reported value [57]. This result strongly supports the construction of metallic Ag. The binding energies
at around 182.5 and 184.9 eV were attributed to the zirconium of 3ds and 3ds/2 [36] is shown in Fig. 3c.
The spin-orbit splitting of the two peaks (Zr 3ds/2 and Zr 3dzp) is 2.4 eV, confirming the presence of the
Zr** oxidation state of the as-prepared sample. The element of O1s (Fig. 3d) displays two different
binding energies at 530.3 and 531.9 eV relates to Zr—O and O—H bonding [58]. Above the analytical
systems namely XRD, FT-IR, Raman, UV-DRS, PL, FESEM, and XPS results prove that the as-
proposed Ag is well doped in ZrO- to the build of Ag@ZrO,. Additionally, the C 1s peak shows the
absorption of water molecules from the atmospheric moisture.

3.2 Electrochemical behavior of Ag@ZrO,/GCE

The electron transfer resistance (Rct) of the proposed electrodes of bare GCE, ZrO,/GCE, and
Ag@ZrO2/GCE was investigated by using an EIS experiment in 0.1 M KCI/5 mM [Fe(CN)s]* and 5
mM [Fe(CN)s]* solution at the potential frequency of 0.1 Hz—100 kHz with the detected potential of
10 mV. Fig. 4a inset shows the Randles circuit dependent on two frequencies: (1) the semicircle diameter
of the high-frequency region is assigned to Rct, and (2) the low-frequency linear region is corresponding
to diffusion rate kinetics. The observed Rct value of bare GCE was evaluated to be 92 Q, due to the
Ferri/Ferrocyanide system's reversible redox activity and GCE [59]. The modified ZrO,/GCE shows a
larger resistance value of 1398 Q, which is a poor electron transfer rate than the bare electrode. After the
doping of Ag in ZrO,/GCE was estimated at the lower impedance of 746 Q owing to the high electro-
conductivity and fast electron transfer efficiency of Ag@ZrO:..

The obtained CVs of bare GCE, ZrO2/GCE, and Ag@ZrO2/GCE in the presence of 0.1 M KClI
and 5 mM [Fe(CN)s]*"* solution at the scan rate of 50 mV s as portrayed in Fig. 4b. From these CVs,
the bare electrode demonstrates a well-defined redox peak current, indicating the dirt and oxide layer on
the GCE's surface was cleaned and polished, according to this result [60]. The lower oxidation and
reduction peak current occurred in ZrO2/GCE (lpa = 52.51 PA, and lpc =-50.48 pA) with the larger peak-
to-peak separation (AEp) 0f 0.23 V, respectively. The modified Ag@ZrO2/GCE shows the highest redox
peak current (lpa=62.85 YA, and lpc =—62.96 pA) and lowest peak separation (AE,=0.17 V), suggesting
the modified electrode has a good electron transfer pathway in the redox couple reaction (Fe?*/Fe3*).
These results were consistent with EIS analysis. Additionally, the anodic/cathodic current (lpa/lpc)
increases while increasing the scan rates from 20 to 200 mV st in Fig. 4c. The linear plot (Fig. 4d)
between redox peak current and the square root of the scan rate (v’) evidences the modified sensor is a
diffusion-controlled electrochemical process. Furthermore, the electroactive surface area (A) was
calculated in the following Randles—Sevcik equation (2) [61],
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I, =2.69 x 10° ADY2n3/2y1/2C (2)

Here I, A, D, n, v, and C represent the redox peak current, active surface area, diffusion
coefficient, total number of transfer electrons, scan rate, and addition of a 5 mM Ferri/Ferrocyanide
system. From equation (2), the A was estimated as 0.172 and 0.248 cm? for ZrO/GCE, and
Ag@ZrO,/GCE, respectively. It suggests that the Ag@ZrO,/GCE improves the active surface area and
promotes the response of electrochemical signals in the target detection.
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Figure 4. (a) EIS, and (b) CV of bare GCE, ZrO,/GCE and Ag@ZrO,/GCE in 0.1 M KCI/5 mM
[Fe(CN)s]*"* solution, (c) CV response of Ag@ZrO, modified GCE with diverse scan sweeps
(20-200 mV s?), (d) the plot of lp/lpc vs VY2, (e) CV for bare GCE, ZrO2/GCE, and
Ag@ZrO,/GCE in the absence and presence of 75 UM TNZ in pH 7.0 (0.05 M PB) at 50 mV s~
! scan rate, and (f) CV curves of the I, peak current on Ag@ZrO; sensor with different loading
concentration of TNZ (75 uM).
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3.3 Electrocatalytic performance of TNZ on Ag@ZrO,/GCE

The electroreduction activity was studied by CV in the absence and presence of TNZ on bare
GCE, ZrO2/GCE, and Ag@ZrO2/GCE in 0.05 M phosphate buffer (pH 7.0) at the scan rate of 50 mV s~
. As presented in Fig. 4e, there is no peak appeared in the absence of bare GCE, ZrO2/GCE, and
Ag@ZrO,/GCE. Meanwhile, the background current response of the Ag@ZrO,/GCE is higher than the
other electrodes, demonstrating the Ag@ZrO, modified GCE has a good surface area and enhanced
conductivity. The resultant CV current response in the presence of 75 pM TNZ, the bare GCE
appearances lower reduction peak current at I,c = —6.28 pA with the overpotential of —0.65 V. After the
modification of ZrO2/GCE, the reduction peak potential (Epc) slightly shifted to a positive direction (—
0.60 V) and increased reduction current observed at about lpc = —7.04 PA compare to bare GCE,
indicating the ZrO- could be adsorbed on the surface of TNZ resulting enhance sensitivity. In contrast,
Ag@ZrO, modified electrode exhibits a much lower reduction peak potential of —0.38 V with a higher
reduction peak current noted at I,c =—7.91 pA than that of others with the same amount of TNZ. Besides,
the reduction peak potential of TNZ on Ag@ZrO2/GCE was shifted to the overpotential of —0.22 V and
—0.27 V compared with ZrO,/GCE and bare GCE, respectively, which can facilitate a large number of
active sites to support the affinity and activation of the Ag@ZrO2/GCE towards TNZ with the four-
electron transmission [13]. Further, no oxidation peak was detected from the reverse scan, suggesting
that the overall reaction of TNZ is an irreversible process for the electrodes of Ag@ZrO./GCE,
ZrO,/GCE, and bare GCE.

From the optimal voltammetric conditions, the effect of loading catalyst was performed on
Ag@ZrO,/GCE with different volumes (4.0, 6.0, 8.0, and 10.0 pL) at an applied scan sweep of 50 mV/s
using 0.05 M PB (pH 7.0) solution in the presence of 75 uM TNZ is given in Fig. 4f. The observed Ipc
current increased gradually with an increasing volume of 4-6 pL. Then, the lpc current progressively
decreased with an increase in the volume of 8-10 uL attributed to a poor catalytic response due to the
bonding adhesion on the electrode surface. Hence, 6.0 uL of Ag@ZrO2/GCE was succeeded maximum
reduction current (Ipc =—7.91 pA) than other volumes of 4.0 L, 8.0 pL, and 10.0 uL were measured as
lpc = —7.38 YA, —7.57 YA, and —7.70 PA, respectively. It is shown that the highest catalytic activity of
6.0 puL of Ag@ZrO,/GCE was used for further electroreduction analysis of TNZ.

3.4 Influence of pH towards TNZ

The CV studies were carried out by Ag@ZrO, modified GCE in the diverse pHs from 3.0 to 11.0
at the scan rate of 50 mV s with the concentration of 75 uM TNZ in 0.05 M PB. Fig. 5a displays that
the Iyc current increases with an increase in pH of 3.0 to 7.0. After, Iyc current decreases with a rise in
the pH above 7.0, suggesting the proton involves in the irreversible reduction process of TNZ. Therefore,
the highest reduction current has been achieved at pH 7.0 for TNZ detection, which is well suitable for
further electrochemical examinations. Fig. 5b exhibits the plot of different pHs vs reduction current and
peak potential with correlation coefficient were follows lpc (LA) =—0.011 C (pH) —0.3148 (R? = 0.9908).
In addition, the possible electrocatalytic reduction mechanism of TNZ, the nitro group (-NO>) directly
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involves four-electrons (e”) and four protons (H™) transfer to the derivative of hydroxylamine species (-
NHOH) [13][14], as presented in Fig. 5c.
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Figure 5. (a) CV curves of Ag@ZrO2/GCE with diverse pHs 3.0, 5.0, 7.0, 9.0, and 11.0 in 0.05 M PB
solution at 50 mV s towards 75 pM TNZ, (b) the plot shows Ipc and Epc vs pHs (3.0-11.0), and
(c) the probable electroreduction mechanism of TNZ at the Ag@ZrO2/GCE.

3.5 Influence of concentration on TNZ

Fig. 6a establishes CV curves of Ag@ZrO2/GCE in pH 7.0 (0.05 M PB) at 50 mV/s scan rate
with various enhancing addition of TNZ from 0-200 uM. The noted peak current (l,c) steadily enlarged
by increasing the TNZ concentration (0-200 pM). The linear diagram (Fig. 6b) between peak current
(Ipc) and addition of TNZ (M) with correlation coefficient was calculated by Ipc (MA) = 0.0551 C [uM]
—4.0754 (R? = 0.9985). These results exhibit that the obtained sharp peak has excellent sensing ability
for the detection of TNZ using Ag@ZrO,/GCE.
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3.6 Influence of scan rate for TNZ

The effect of the scan rate is directly related to the electron transfer kinetics between the surface
electrode and electrolyte solution. CV was examined by Ag@ZrO,/GCE with different scan rates (20—
200 mV s) in 50 uM TNZ using 0.05 M PB (pH 7.0) as depicted in Fig. 6c.
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Figure 6. (a) CV response of Ag@ZrO, modified GCE with varying concentration of TNZ (0-200 uM),
(b) the linearity of Ipc vs concentration of TNZ, (c) CV of 50 pM TNZ at Ag@ZrO- electrode
with changing diverse scan rates (up to 200 mV s™1), (d) the calibration curve Ipc current vs v, (e)
linear graph showed Ipc current vs v2, and (f) the linear plot between peak potential (Epc) and
logarithmic of scan rate (log v). The obtained results were used in nitrogen saturated 0.05 M
phosphate buffer (pH 7.0).
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The CV curves indicate the reduction peak current increased progressively with increasing scan
sweeps from 20-200 mV s™. The plot (see Fig. 6d) of reduction peak current (loc) versus scan rate (v)
with their linear equation were found as Ipc (UA) = 0.0243 C (v) — 5.749 (R? = 0.9938), showing the
electrochemical behavior of TNZ at the Ag@ZrO,/GCE obeys adsorption controlled kinetics. Moreover,
the reduction peak current versus square root of scan rate exhibits a linear equation of Ipc (LA) = 0.4674
C (v¥?) —3.6866 (R? = 0.9908), as exposed in Fig. 6e, indicates that the reduction of TNZ is also obeying
diffusion-controlled kinetics. These results clarify that the overall electroreduction of TNZ on Ag@ZrO-
modified GCE is a mixed controlled kinetic process [62][63][64]. Further, the plot (Fig. 6f) amongst the
reduction peak potential (Epc) and logarithmic of scan rate (log v) exhibits a regression equation: Epc (V)
=0.0224 C (log v) + 0.3472 (R?= 0.9968), respectively. According to the Laviron theory, the electron

transfer number (n) was calculated by E, equation (3) [65],
2.303 RT RTk® 2.303RT

anF log anF + anF log v )

Here E® = formal potential, a = electron transfer coefficient, n = the electron transfer number, k°
= heterogeneous rate constant and v = scan rate, respectively. Given slope value is 0.0224, F = 96480
C/mol, R =8.314 JJK mol, and T = 293 K, respectively. The calculated an value is 2.59 and the found «
value is 0.55, which is the complete irreversible electrode [66][67]. Applying equation (3), the electron
transfer number was estimated to be ~4.71 (considering to 4), which is in agreement with earlier reported
works [11][14], indicating the modified electrode is four electrons (4 e) and four protons (4 H") transfer
for the reduction of TNZ with the irreversible process.

— 0
E, =E°+

3.7 Determination of TNZ on Ag@ZrO2/GCE by DPV method

DPV method exhibits a wide linear range (WLR), high selectivity, low detection limit (LOD),
and quantification limit (LOQ) than other voltammetric methods. Fig. 7a displays DPV curves of
Ag@ZrO,/GCE with diverse TNZ concentration in 0.05 M PB (pH 7.0) solution with potential window
of 0 to —0.9 V and their parameters were used as follows: sensitivity = 10, modulation time = 2 s,
interval time = 0.2 s, step potential = 0.004 V, and pulse amplitude = 0.05 V, respectively. The Iy current
increases considerably while increasing TNZ concentrations of 0.2 uM to 414.5 uM with E,c potential
were obtained at about Epc = —0.29 V (versus Ag/AgCl). The linearity plot (Fig. 7b) shows the relation
of Ipc current vs concentration of TNZ (0.2-414.5 pM), the regression equation was followed by Ipc (LA)
=0.0488 C [uM] — 1.5266 (R?= 0.9958). The calculated LOD and LOQ is applied via using equations

(4,5) [63][67],
30

LoD ==~ (4)
=2
T q

Here o is three blank measurements value (0.012) of the standard deviation, and q is the linear
plot of the slope value. Substituting equations (4,5), the found LOD and LOQ are 0.073 and 0.246 uM
with a sensitivity of 0.669 pM™ cm™. These voltammetric results reveal that the proposed
Ag@ZrO,/GCE has enhanced electrocatalytic performance for the detection of TNZ than the earlier
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reported materials. Besides, Table 1 results concluded that the Ag@ZrO,/GCE is a good sensing

platform for the testing of TNZ.
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Figure 7. (a) DPV current response of Ag@ZrO, modified GCE with increasing concentration of TNZ

from 0.2-414.5 uM, (b) the plot between reduction peak current and concentration of TNZ, (c,d)
DPV shows the lower and higher amount detection of TNZ and MTZ molecules, (e) DPV studies
on modified electrode displays possible interfering molecules such as 4-NP, NFT, FZ, Glu, UA,
Cd?*, Pb?*, and Na" to the detection of 5 pM TNZ in 0.05 M PB, and (f) the bar diagram of
relative error versus interfering species. The results were used the DPV technique in 0.05 M PB

solution (pH 7.0) at a 50 mV s,
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Metal doped metal oxides or binary metal oxides have very efficient potential applications for
the recent electrochemical sensors. Based on these materials can be ascribed to the higher
electrochemical activity, enhanced electroactive surface property and excellent stability compare to the
single metal oxides [68]. Especially, Ag@ZrO. displays improved resistance and greater electrochemical
performance of TNZ, because of the good electron transfer movement and excellent synergistic effect
between Ag and ZrO». Further, the electrode can absorb a more reactive substance of TNZ resulting in
a rapid electroreduction process. As a consequence, we built a low-cost Ag@ZrO, modified electrode
for TNZ determination.

Table 1. Comparison of TNZ at the various modified electrodes.

Modified electrodes Methods PB/pH Detection WLR LOD  Ref.

potential (UM) (UM)
V)

CPE? DPV 3.0 —0.44 5-200 051  [11]
PANI®/GCE swvf 9.5 -0.65 10-60 471 [12]
poly(carmine)/GCE DPV 5.7 —0.60 0.1-50 0.01 [13]
AuNPs-CNTYGCE LSV 7.0 -0.55 0.1-50 0.01 [1]
1,4-BQMY/CPE DPV 5.0 -0.39 1-300 011  [14]
Fe-MOF¢/Pt/GCE DPV 3.0 -0.38 0.02-525  0.043  [15]
Ag@ZrO,/GCE DPV 7.0 -0.29  0.2-4145 0.073  This

work
3Carbon paste electrode. °Polyaniline. “Carbon nanotubes. 91,4-Benzoquinone. ¢Metal
organic framework. 'Square wave voltammetry. 9Linear sweep voltammetry.

3.8 Interference studies on TNZ

The interference studies of the proposed sensor were observed by the DPV analysis using 0.05
M PB (pH 7.0) in the presence of TNZ. Fig. 7c shows 10 uM of TNZ and metronidazole (MTZ-15 and
30 pM), the obtained current response of Ag@ZrO2/GCE has no significant variation in the lpc current
and Epc potential of TNZ and MTZ with a crucial potential difference were obtained at —0.29 and —0.33
V, respectively. Fig. 7d displays the DPV responses of individual and simultaneous detection of 10 uM
TNZ and 75 pM MTZ wherein the signal of TNZ is slightly altered with the amount of 50 uM MTZ.
The integrated peak currents of TNZ with MTZ show less than 5% interference-effect. Besides, 25 uM
concentration of organic compounds namely 4-nitrophenol (4-NP), nitrofurantoin (NFT), furazolidone
(FZ), glucose (Glu), uric acid (UA), and 50 pM of metal ions including Cd?*, Pb?*, and Na* have selected
interferents as 5 UM of TNZ are illustrated in Fig. 7e. The Ipc current of TNZ was not affected but signals
lost only <7%. These experimental results confirm that the as-synthesized material showed good
selectivity in potential interferents for the TNZ detection. The bar graph (Fig. 7f) of relative error (%)
demonstrates the significant reduction current response of TNZ with variable interferents.
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3.9 Stability (cyclic and storage), and precision study of the electrocatalyst

The CV of the Ag@ZrO,/GCE electrode was developed for stability test (see Fig. 8a) over 75
cycles in 25 pM TNZ containing PB (0.05 M, pH 7.0) at 50 mV s™X. The Ag@ZrO- electrode shows
only a 0.36 pA decrease in the reduction current from the initial cycle (1% cycle) to the final cycle (75
cycle), demonstrating good stability in the optimized peak potential of —0.29 V, respectively. The storage
stability was checked in 10 days at the Ag@ZrO- electrode in nitrogen saturated 0.05 M phosphate buffer
as shown in Fig. 8b.
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Figure 8. (a) The stability (over 75 cycles) of the proposed sensor with the addition of TNZ (25 uM),
(b) the storage stability of Ag@ZrO, modified electrode towards sensing of 25 uM TNZ over 10
days, (c) CVs for reproducibility (five independent electrodes) and (d) repeatability (five
successive electrodes) tests were carried out 25 uM of TNZ with using pH 7.0 (0.05 M PB) at
the scan rate of 50 mV s,

This CV response was performed in 25 uM TNZ every two days with obtained reduction peak
current decreased only <14% after 10 days, which reveals the modified electrode has appreciable storage
efficiency. Fig. 8c exhibits the reproducibility of five modified electrodes was estimated by CV in the
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addition of 25 uM TNZ with the scan rate of 50 mV st containing pH 7.0 (0.05 M PB). The observed
RSD value is 2.65%, indicating the fabricated sensor is highly reproducible. We also studied the
repeatability of the sensor by repeatedly using the modified Ag@ZrO- electrode with the measurements
of 5 times in CV analysis for the spiked amount of 25 UM TNZ is presented in Fig. 8d. The 5
measurements of CV curves show a slight difference in peak current with the RSD of 3.30%, presenting
well repeatable to the detection of TNZ. Furthermore, the morphology of five modified electrodes was
studied by FESEM and XRD (before and after TNZ sensing) analysis as displayed in Fig. 9. The results
indicated that the modified electrode was highly stable after the CV test in the presence of 50 uM TNZ.
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Figure 9. (a—j) Reproducibility test of five independent modified electrodes and (k) their CV response
of 50 uM TNZ detection, and (I) XRD analysis for before (a) and after (b) addition of TNZ (50
KM) in nitrogen saturated 0.05 M PB (pH 7.0) at 50 mV s 2.

3.10 Real sample test of TNZ

To study the practical application of the Ag@ZrO. modified electrode with various addition of
TNZ from 0.50 uM to 4.25 uM in the human serum sample by using the DPV technique. The human
serum was collected by a volunteer healthy people. The prepared serum sample was directly spiked into
0.05 M PB in pH 7.0 and results are observed based on the standard addition method in Fig. 10. The
recoveries of the serum sample were succeeded to be 94.0% to 99.42% with an RSD of 2.24% for the
detection of TNZ (Table 2). Hence, our fabricated Ag@ZrO,/GCE exhibits the excellent electrocatalytic
performance of TNZ detection with good recoveries in the real human sample.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220414 19

1.4+
background

e (.50 M

< 1.2+ 1.25 uM

=R 2.75 uM

by 3.50 uM

5 — 4.25 utM

O _1.04

L]

=]

@)

-0.8

0.0 02 -04 -06 -08 -1.0
E vs. Ag/AgCl (V)

Figure 10. DPV response on Ag@ZrO; sensor for the human serum analysis with various concentrations
of TNZ in the pH 7.0 (0.05 M PB solution).

Table 2. Real-time sensing of TNZ at the Ag@ZrO,/GCE using human serum sample.

Sample Spiked (uM)  Found (UM) RSD (%) Recovery (%)
Human serum 0.50 0.47 3.43 94.0
1.25 1.23 2.71 98.40
2.75 2.72 2.06 98.90
3.50 3.48 1.64 99.42
4.25 4.21 1.39 99.05

4. CONCLUSION

In summary, we developed low-cost Ag@ZrO, nanoparticles through the co-precipitation
method. The as-prepared material was characterized by suitable spectroscopic measurements such as
XRD, FT-IR, UV-DRS, PL, Raman, FESEM, EDX, and XPS analyzes. As a result, the Ag was
successfully doped into ZrO2 shows pebble-shaped stone-like nanoparticles morphology. The Ag@ZrO-
shows superior reduction activity with a lower detection potential of —0.29 V towards TNZ than
previously constructed electrodes at the first time. The Ag@ZrO> modified GCE displays extensive
linearity of 0.2-414.5 uM, low detection limit with a sensitivity of 0.073 uM and 0.669 pA uM—cm2
between reduction peak current and concentration of TNZ. The Ag@ZrO; sensor further established
good selectivity in the sensing of TNZ with potential interferents were MTZ, 4-NP, NFT, FZ, Glu, UA,
and metal ions as Cd?*, Pb?*, and Na*. The fabricated sensor demonstrates high stability, long-term
efficiency, accuracy, and applicability of TNZ in human serum with results showing satisfactory. The
overall performance suggests that the Ag@ZrO> nanoparticles can be used as a potential candidate for
electrochemical sensors applications.
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