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Abstract

ZnO nanorod thin films doped with cobalt were successfully synthesized on Indium Thin Oxide (ITO) glass
substrates using the chemical bath deposition method to assess their characteristics and methylene blue degradation
capabilities. ZnO nanorod thin films doped with cobalt were successfully synthesized on Indium ThinOxide (ITO) glass
substrates using the chemical bath deposition method to evaluate their characteristics and methylene blue degradation
capabilities. This study compared undoped and Co-doped ZnO on ITO glass substrates for photoelectrocatalytic (PEC)
applications. XRD analysis confirmed that all samples exhibited a crystalline hexagonal wurtzite structure, with no
additional phases detected in films with 5 % Co doping. The formation of nanorod structures in both undoped and Co-
doped ZnO was revealed by SEM images where the presence of Co in the doped ZnO was confirmed through EDX
analysis UV-DRS analysis indicated changes in band gap values with the addition of 5 % Co doping, decreasing from
3.09 to 3.07 eV for the ZnO/ITO and Co-ZnO/ITO photoanode. Evaluation of the PEC performance of the photoanodes
toward methylene blue in an aqueous solution showed that Co doping enhanced the PEC efficiency of the ZnO/ITO
photoanode. The decolourization efficiency of methylene blue reached 93.72 % using Co-ZnO/ITO, which is higher than
that of ZnO/ITO at 86.84 %. Furthermore, the kinetic study showed that Co-ZnO/ITO photoanode follows a first-order
reaction kinetics model with a reaction rate constant of 0.0085 min ™. The result of our study suggests the potential of Co-

ZnO/ITO photoanode in addressing dyecontamination issues effectively.
Keywords: ZnO, Thin film,Photoelectrocatalyst, Methylene blue, Nanorods, Chemical bath deposition

Introduction

The textile industry is classified as a major
producer of toxic and hazardous waste, with
approximately 95 % of its waste stemming from dyeing,
while the remaining 5 % originates from rinsing [1]. The
utilization of these dyes necessitates appropriate
treatment methods. Methylene blue is one of the most
used dyes in the textile industry, particularly for dyeing
silk, cotton, and wool. As a cationic dye, its prolonged
presence in the environment can adversely affect aquatic

organisms. Additionally, exposure to methylene blue

can cause symptoms such as vomiting, diarrhea, nausea,
and a burning sensation in the eyes [2].

The potential impact of dye waste must be
mitigated through appropriate waste treatment before its
release into the environment. Various methods for
treating dye waste include ozonation [3], adsorption [4],
chlorination [5], biological methods [6], and Advanced
Oxidation Process (AOP) [7]. Among these, the AOP
method is particularly efficient due to its highly reactive

species, which degrade pollutants non-selectively and
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rapidly. Photocatalysis, a promising technique within
the AOP framework, offers advantages such as ease of
application, high efficiency, stability, corrosion
resistance, low cost, no secondary pollution, non-
toxicity, and good reproducibility. It is highly effective
in treating dye waste, and several studies have
highlighted its efficacy in removing methylene blue dye.
However, despite its ease and cost-effectiveness, the
high recombination rate of charge carriers in
photocatalysis limits its practical application for
wastewater treatment. To address this limitation, the
photoelectrocatalytic technique is employed, combining
photocatalytic and electrochemical processes to achieve
a higher degree of degradation of organic dye
compounds, ensuring environmental safety [8].
Therefore, an analysis of methylene blue degradation
using the photoelectrocatalytic method, facilitated by a
semiconductor, was conducted to assess its
effectiveness.

Various semiconductor materials are commonly
utilized in the photoelectrocatalytic process, with ZnO
thin films being a prominent example due to their band
gap of approximately 3.37 eV at 300 K. Under UV-
visible light irradiation, electron-hole pairs are
generated which further form radical species such as
*OH and O, (superoxide) as strong oxidizing agents
against organic pollutant molecules [5]. However, the
relatively wide band-gap value of ZnO has consequence
in lower light absorption efficiency, thereby limiting its
photocatalytic performance [4].

Doping ZnO with other semiconductor metals can
enhance its physicochemical properties [9]. Previous
studies showed improved ZnO photocatalytic
performance by doping with transition metals such as
Fe, Co, Mn, Ni, and Ag [4]. Isai and Shrivastava [10]
conducted research utilizing Fe-doped ZnO for the
removal of methylene blue and achieved a degradation
efficiency of 92 %. Both pure and transition metal-
doped ZnO are frequently employed in diverse

applications,  including  solar  cell  sensors,

photoelectronic  devices, and photocatalytic or
photoelectrode systems.

This research focuses on synthesizing ZnO thin
film electrodes by doping them with cobalt using the
chemical bath deposition method. The objective is to
evaluate the characteristics of the thin film electrode
substrate and the efficacy of the dopant in enhancing the
performance of ZnO thin films as anodes in the
photoelectrocatalytic degradation of methylene blue

waste before its release into the environment.

Materials and methods

Materials

The materials used in this study include
Zn(NO3),.6H,0, Co(CH3C0,),.4H20,
hexamethylenetetramine, and NaCl were analytical
grade and obtained from Merck. Acetone, isopropanol,
methylene blue dye, graphite plates, and Indium Tin
Oxide (ITO) glass (dimension: 20x20x1.1 mm, sheet
resistance 5.4 - 6.8 Q/sq, and transparency 78.8 %) were
obtained from commercial suppliers. All the chemicals

were used without further purification.

Synthesis of ZnO/ITO and Co-ZnO/ITO thin
film electrodes

The synthesis process for the Co-ZnO/ITO thin
film electrode began by mixing 25 mL of
Zn(NO3),.6H>0 and 25 mL of hexamethylenetetramine,
followed by stirring at 95 °C. For the Co dopant source,
an amount of Co(CH3CO»),.4H,0 was added with a Zn:
Cu molar ratio of 5 %. Once a homogeneous solution
was obtained, pre-washed ITO glass using isopropanol
and acetone subsequently was immersed vertically into
the solution with a deposition surface area of 2 x 1.5 cm.
During the process, the bath solution was continuously
stirred for 6 h to obtain the homogenous thickness of the
ZnO thin film and prevent agglomeration. The Cu-
ZnO/ITO glass was then dried at room temperature and

subsequently calcined at 300 °C for 1 h. For a
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comparison purpose, the ZnO/ITO thin film electrode

was also synthesized without the addition of Co dopant.

Characterization

The crystal structure and phase analysis of
ZnO/ITO and Co-ZnO/ITO were characterized using X-
ray Diffraction (Bruker D8 Advance X-Ray Diffraction)
with Cu-Ko radiation (A = 1.5406 A) at 40 kV and 15
mA over the range of 10 - 90°. Morphological
characterization of the ZnO/ITO and Co-ZnO/ITO thin
film electrodes was conducted using Scanning Electron
Microscopy (JEOL JSM-6510LA at the energy range of
0 - 20 keV at certain magnifications), and surface
composition and elemental identification were analyzed
using Energy Dispersive X-ray analysis. Band gap
values for both samples were determined using UV-Vis
Diffuse Reflectance Spectroscopy (Shimadzu UV-
2450). Absorbance values in methylene blue samples
before and after the photoelectrocatalytic process were
measured using UV-Vis spectrophotometry (Shimadzu

UV-1280).

Photoelectrodegradation test

The photoelectrodegradation test was conducted
on methylene blue samples using the synthesized thin
film electrode. The ITO glass deposited by ZnO and Co-
ZnO thin film served as the anode, while a graphite
electrode (dimensions: 40x20x1 mm) acted as the
cathode. These electrodes were positioned parallel to
each other with a fixed distance of 2 cm. A solution
containing 50 mL of methylene blue at a concentration
of 10 ppm, supplemented with 0.1 M NaCl as an
electrolyte, was prepared and placed into a sealed cell
reactor supplied with an external electrical current (DC)
atavoltage of 3 Volts from a power supply. The solution
was then exposed to irradiation from a 10-watt UV
lamp. The photoelectrocatalytic process was carried out
over various time intervals: 40, 80, 120, 160, 200, 240,
and 280 min at room temperature. The methylene blue

solution was sampled before and after the

photoelectrodegradation process and analyzed using a
UV-Vis spectrophotometer. Subsequently, these results

were analyzed to determine the reaction kinetics order.

Results and discussion

Design and characteristics of Co-ZnO/ITO
thin film

The synthesis and deposition of ZnO and Co-ZnO
on ITO electrodes were conducted using the Chemical
Bath Deposition method. The process for synthesizing
Co-doped ZnO/ITO thin film electrodes followed
similar steps, involving the addition of 5 %
Co(CH3CO3);-4H,0O along with HMTA. The mixing
process between ZnO and HMTA follows the following

Egs. (1) - (8) [1,11].

(CH2)¢N4 + 6H,0 — 6HCHO + 4NHj (1)
(CH2)eN4 + Zn2" > [Zn(CH2)eN4]** ()
NH; + H,O <> NH4" + HO™ 3)
Zn** + 4NH; < Zn(NH;),2* “4)
Zn?* + 4HO™ < Zn(OH)4* (5)
Zn(NH3)s%* + 20H™ <> ZnO + 4NH; + H,O (6)
Zn(OH),2" < ZnO + H,O + 20H" (7
[Zn(CH2)6N4]2* + 20H™ > ZnO + H20 + (CH2)6N4 ®)

The synthesis outcomes reveal the formation of a
thin white layer on the ITO surface, confirming the
effective deposition of both ZnO and Co-ZnO onto the
ITO substrate. The success of the synthesis is further
assessed through diverse characterization methods

including XRD, SEM-EDX, and UV-DRS.
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Characteristics of Co-ZnO/ITO thin film

X-Ray diffraction analysis

The range of 20 spanning from 10 to 90 degrees
was employed to analyze the crystallinity and crystal
size of ZnO/ITO and Co-ZnO/ITO. According to the
results, the peaks observed in the synthesis of thin film
electrodes correspond to a hexagonal wurtzite structure
with a P63mc space group, in accordance with ZnO
COD Card standard data No. 96-101-1259. The most
intense peaks were identified at 31.94 ° (100), 34.60 °
(002), and 36.43 ° (101) for ZnO/ITO, and at 32.21 °
(100), 34.86 ° (002), and 36.68 ° (101) for Co-ZnO/ITO.

No additional peaks indicative of CoO, C0,03, Co304,
or impurity phases were detected in the diffractogram of
the Cobalt-doped samples [1]. This indicates the
successful incorporation of Co metal into ZnO without
altering the hexagonal wurtzite structure, as depicted in
Figure 1 [12]. The crystal size of the ZnO/ITO and Co-
ZnO/ITO nanostructures was determined using the

Debye-Scherrer as in Eq. (9) [13].
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Figure 1 XRD diffractogram of ITO, ZnO/ITO, and Co-ZnO/ITO.

The crystal sizes measured for ZnO/ITO and Co-
ZnO/ITO were 58.599 and 74.907 nm, respectively.
These findings suggest that incorporating Co during
synthesis as a doping agent can increase the crystal size
of ZnO nanostructures, indicating improved crystallinity
in the presence of Co metal doping crystal sizes
measured for ZnO/ITO and Co-ZnO/ITO were 58.599
and 74.907 nm, respectively. These findings suggest that

incorporating Co during synthesis as a doping agent can
increase the crystal size of ZnO nanostructures,
indicating improved crystallinity in the presence of Co
metal doping [10,14]. Moreover, the calculation on
lattice parameters resulted in the c/a value ratio for
ZnO/ITO being 1.602, whereas for Co-ZnO/ITO it was
1.604. These results indicate that the c/a ratios do not

significantly differ from the expected value for the
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hexagonal wurtzite structure, which is reported to be indicate the formation of nanorods in both ZnO/ITO and

1.633 [15]. These results could be associated to oxygen Co-ZnO/ITO samples. The morphology of ZnO

formation occuring in interstitial sites and zinc nanostructures on ITO substrates is highly influenced by

vacancies (vZn). experimental conditions, particularly the concentration

of Zn®" ions, which can alter the reaction rates of

hydroxylation and dehydration during the growth

SEM-EDX analysis
The morphological analysis derived from the process of ZnO on the substrate, thereby facilitating the
synthesis results is presented in Figure 2. These results formation of ZnO nanostructures.
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Figure 2 SEM images in 5S000x magnification (left) and EDX spectra (right) of (a) ZnO/ITO and (b) Co-ZnO/ITO.

The composition analysis of the composite, Table 1 clearly indicate the successful doping of Co into
including elements Zn, O, Co, In, and Si confirmed the the ZnO structure, verifying the presence of Co within
incorporation of Co metal into Co-ZnO/ITO thin film the electrode [11].

electrodes using EDX. The findings in Figure 2 and

Table 1 The percentage of Zn O, Co, Si, and In elements contained in the thin film electrodes.

Element ZnO/ITO Co-ZnO/ITO
Zn 28.04 % 19.43 %
o 44.13 % 54.32 %
Co - 0.12 %
Si 0.64 % 221 %

In 1.91 % 4.74 %
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UV — diffuse reflectance spectroscopy (UV-
DRS) analysis

Band gap analysis was conducted to evaluate the
optical characteristics of the ZnO/ITO nanostructures
and assess the influence of Co doping on ZnO/ITO.
The calculation of the band gap value was derived
from measurements using the Tauc plot method, as

outlined in Eq. (10) [16].
ahv = ¢ (hv — Ey)*/? (10)

where E, is the energy band gap, c is the energy
constant, and a is the absorption coefficient calculated

by the following Eq. (11) [17].
a=2303 % (11)

where A is the absorbance and t is the thickness of the
Zn0O film.

The band gap values are explained by
extrapolating the equation (ahv)? versus the hv plot on
the horizontal axis. Figure 3 shows these plots for both

ZnO/ITO and 5 % cobalt-doped ZnO/ITO, showing a

decrease in the band gap of Co-doped ZnO/ITO
compared to undoped ZnO/ITO. This reduction in band
gap is attributed to the interaction exchange between
localized sp-d and d electron configurations, where Co**
ions replace Zn' ions, thereby narrowing the band gap
in ZnO/ITO [18]. The band gap value of ZnO/ITO is
3.09 eV, while for Co-doped ZnO/ITO, it is 3.07 eV.
Previous studies conducted by Kaphle, Reed, Apblett
and Hari [14] reported larger band gap values for ZnO
(3.18 eV) and Co-doped ZnO (3.34 eV). These findings
indicate that the addition of a dopant can reduce the band
gap value in ZnO thin films, which is consistent with the
results of this study. This band gap value for ZnO/ITO
is lower than that of bulk ZnO, typically around 3.3 eV,
potentially due to internal defects such as oxygen
vacancies, zinc vacancies, and Zn and O
interstitials [19]. The variability in band gap values in
Co-doped samples may be attributed to the
concentration of the dopant, the thickness of the thin
film, and the specific deposition and annealing
conditions during the preparation of the doped ZnO

samples.
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Figure 3 Tauc plot graph for band gap values of thin layer electrodes (a) ZnO/ITO (b) co-ZnO/ITO.

Photoelectrocatalytic test on methylene blue
samples

The synthesized thin-layer electrode samples
underwent a photodegradation test using methylene blue
to assess their capability in degrading organic dyes. This
photoelectrodegradation process involved varying the
duration of photoelectrocatalysis, which is critical for
the electrochemical oxidation reaction occurring on the
electrode surface under UV light exposure. This reaction
generates hydroxyl radicals that enhance the
degradation process [20].

In this investigation, both synthesized samples
were employed as anodes, while graphite electrodes
served as the cathode, and methylene blue samples were
evaluated using a UV-Vis spectrophotometer at a
wavelength of 665 nm [18]. The findings indicated that
Co-ZnO/ITO exhibited better degradation efficacy
compared to ZnO/ITO, achieving yields of 93.15 and
86.84 %, respectively. Pedanekar et al. [21] conducted
an evaluation study on the -electrophotocatalytic
degradation of methylene blue using Bi2WO«/FTO,

achieving a maximum degradation efficiency of 90 %.

This result is lower than the degradation efficiency

reported in the present study, highlighting the
effectiveness and advantages of the material synthesized
herein. These results were also graphically represented
in Figure 4(a) to illustrate the relationship between time
and decolorization efficiency. The degradation
mechanism of methylene blue is elucidated through Egs.

(12) - (21) [22].

ZnO: Co+hv g>gg > h'vs+ e cs (12)
(hw") + HoO@a) = OH® (g + H (13)
(hw") + OH™ (aa) = OH* (aq) (14)
0s+e >0, (15)
0, +H' > HOy (16)
2HO;" > H,0, + 0, (17)
HO," + 0y~ > OHy™ + 0, (18)
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HO, + H' 2 H,0; (19)
H,0,+ ¢ cp > OH" + OH- (20)
H,0,+ 0" > OH + OH + O, (21)

When the anode surface is exposed to UV light
equal to or exceeding the band gap energy, electron-hole
pairs (e /h") are generated. Electrons (eCB™) move to the
empty conduction band, leaving holes (hVB™) in the
valence band. With maintained charge separation,
electrons and holes migrate to the catalyst surface,

participating in redox reactions with adsorbed species.
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Electrons (e7) drive reduction reactions, while holes (h*)
catalyze oxidation reactions on the semiconductor
surface. Holes in the valence band may react with
surface-bound H,O or OH, producing hydroxyl radicals,
while electrons in the conduction band react with
oxygen, forming superoxide radical anions (Oz*").
These radicals subsequently react with hydrogen ions to
(HO2*), H»0,, and OHe.

Hydroxyl radicals (OH¢) and superoxide radical anions

generate hydroperoxyl

(O2*7) play pivotal roles in the photocatalytic oxidation
process responsible for degrading methylene blue dye

[23].

0.0 =~ L] L]
¥
N e = ITO
054 \.\\ )
-1.04 \ . [
ZnO/ITO
L]
1.5 : \\\
o
\‘\:
2.0 \\\\.
254 R =0839(T0) Co-ZnO/ITO
R*=0.911 (ZnQ/ITO)
Rj =0.939 (Co-ZnO/ITO)
-3.0 . . . , . .
0 40 80 120 160 200 240 280
Time (min)

Figure 4 Graph of (a) decolorization efficiency and (b) first reaction order kinetics of thin film electrodes.

From the results of photoelectrocatalysis, the
kinetic of the methylene blue degradation was studied
based on the Langmuir-Hinshelwood (L-H) model, as
expressed by Eq. (22) [24].

dac _ KrKdyeC

Degradation rate (r) = ~u

14K dyeC (22)
where dC/dt is the degradation rate (mgL'min™!) and C
for the concentration of methylene blue concentration
(mgL™") at degradation time (t). The rate constant and
coefficient of adsorption coefficient of methylene blue
by the catalyst surface are denoted as K, and Kaye,

respectively.

The reaction order of the photoelectrodegradation
of methylene blue was determined based on the value of
the squared correlation coefficient (R?), where an R?
value close to 1 indicates that the kinetics model is in
accordance with the experiment. Calculation of first-
order kinetics according to Eq. (23), which is done from
the data of initial concentration (Co), final concentration

(C)), and In(Cy/Co) [25].

In(£) = —K:Kayet = —Kappt

0

(23)

The calculation reveals that using Co-ZnO/ITO as
an anode follows a first-order reaction kinetics model

with an R? coefficient of 0.939, indicating a close fit to
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the model, as presented in Figure 4(b). From the graph,
the reaction rate constant is determined to be 0.0085
min !, This high constant value underscores the rapidity
of the reaction. The increased reaction rate indicates
accelerated production of radical ions, which in turn
enhances the degradation efficiency of methylene blue

during the photoelectrocatalytic process [26].

Characterization of methylene blue at optimum
conditions

Following the photoelectrocatalytic process under
optimal conditions, methylene blue samples require
analysis using a UV-Vis spectrophotometer to
determine if decolorization has occurred. The objective

is to detect spectral changes before and after treatment.

Figure 5 presents the UV-Vis spectra of methylene blue
samples before and after application under optimal
conditions. The figure demonstrates a notable decrease
in absorbance at the maximum wavelength of methylene
blue (665 nm) following the photoelectrocatalytic
process using ITO, ZnO/ITO thin-layer electrodes, or
Co-ZnO/ITO. Both types of thin-layer electrodes
exhibited decreased absorbance values, with Co-
ZnO/ITO demonstrating a more pronounced reduction
than ZnO/ITO and ITO alone. This decrease in
absorbance signifies a significant reduction in
methylene blue concentration, aligning with Beer's
Lambert Law, which states that absorbance is linearly

proportional to concentration [27,28].
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Figure 5 UV-Vis spectrum (a) of methylene blue before application to thin film electrodes. methylene blue after being

applied to thin film electrodes via photoelectrocatalyst (b) ITO, (¢) ZnO/ITO, and (d) Co-ZnO/ITO. the contact process

or protoelectrocatalysis was carried out for 280 min.

Conclusions

The synthesis of ZnO/ITO and Co-ZnO/ITO thin
film electrodes was successfully achieved through the
chemical bath deposition method, utilizing zinc nitrate
hexahydrate and cobalt acetate tetrahydrate precursors
for the photoelectrocatalytic degradation of methylene
blue. XRD analysis indicates that the addition of Co as
a dopant increases the crystal size (crystallinity) of ZnO

without altering its hexagonal wurtzite structure.
Morphological analysis using EDX confirms the
presence of Co metal in the nanorod structure of the thin
film electrodes synthesized. The band gap value,
determined through Tauc plot analysis, demonstrates a
redshift indicating a decreased band gap due to Co
doping in the ZnO thin films. In the

photoelectrodegradation test using methylene blue dye,



Trends Sci. 2025; 22(2): 8697

10 of 11

Co-doped ZnO/ITO exhibited better dye degradation
performance than ZnO/ITO
degradation yields of 93.15 and 86.84 % within 280 min,

alone, achieving

respectively.

Acknowledgements

The authors gratefully acknowledge the financial
support provided by the Ministry of Education, Culture,
Research, and Technology, the Republic of Indonesia,
Directorate General of Higher Education, Research, and
Technology via World-Class Research (Number: 207
02/UN7.6/PP/2022).

References

[1] NT Son, J Noh and S Park. Role of ZnO thin film
in the vertically aligned growth of ZnO nanorods
by chemical bath deposition. Applied Surface
Science 2016; 379, 440-445.

[2] W Wang, F Zhang, X Wang, S Zhang, J Yan, W
Zhang and W Zhang. Magnetic and optical
properties of Co-doped ZnO nanorod arrays. The
European Physical Journal Plus 2020; 135, 40.

[3] M Figueredo, EM Rodriguez, J Rivas and FJ
Beltran. Photocatalytic ozonation in water
treatment: Is there really a synergy between
systems? Water Research 2021; 206, 117727.

[4] X Zhang, Y Chen, S Zhang and C Qiu. High
photocatalytic performance of high concentration
Al-doped ZnO nanoparticles. Separation and
Purification Technology 2017;172,236-241.

[5] RB Rajput, R Shaikh, J Sawant and RB Kale.

ZnO-based

Recent developments in

heterostructures as photoelectrocatalysts for
wastewater treatment: A review. Environmental
Advances 2022; 9, 100264.

[6] RT Sapkal, SS Shinde, MA Mahadik, VS Mohite,
TR Waghmode, SP Govindwar, KY Rajpure and
CH Bhosale. Photoelectrocatalytic decolorization
and degradation of textile effluent using ZnO thin

Journal

films. of  Photochemistry  and

Photobiology B: Biology 2012; 114, 102-107.

(9]

[10]

[11]

[12]

[13]

[15]

KM Lee, CW Lai, KS Ngai and JC Juan. Recent
developments of zinc oxide based photocatalyst in
water treatment technology: A review. Water
Research 2016; 88, 428-448.

E Amaterz, A Tara, A Bouddouch, A Taoufyq, B
Bakiz, A Benlhachemi and O Jbara. Photo-
electrochemical degradation of wastewaters
containing organics catalysed by phosphate-based
materials: A review. Reviews in Environmental
Science and Bio/Technology 020; 19, 843-872.

W Mantele and E Deniz. UV-VIS absorption
spectroscopy: Lambert-beer reloaded.
Spectrochim.  Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 2017,
173, 965-968.

KA TIsai and VS Shrivastava. Photocatalytic
degradation of methylene blue using ZnO and 2 %
Fe-ZnO semiconductor nanomaterials synthesized
by sol-gel method: A comparative study. SN
Applied Sciences 2019; 1, 1247.

C Lausecker, B Salem, X Baillin and V Consonni.
Effects of zinc nitrate and HMTA on the formation
mechanisms of ZnO nanowires on Au seed layers.
Crystal Growth & Design 2023; 23, 2941-2950.
LK Gaur, P Gairola, SP Gairola, MC Mathpal, P
Kumar, S Kumar, D Kushavah, V Agrahari, FFH
Aragon, MAG Soler and HC Swart. Cobalt doping
induced shape transformation and its effect on
luminescence in  zinc  oxide  rod-like
nanostructures. Journal of Alloys and Compounds
2021; 868, 159189.

S Kaassamani, W Kassem and M Tabbal. X-ray
diffraction lineshape analysis of pulsed laser
deposited ZnO nano-structured thin films. Applied
Surface Science 2019; 473, 298-302.

A Kaphle, T Reed, A Apblett and P Hari. Doping
efficiency in cobalt-doped ZnO nanostructured
materials. Journal of Nanomaterials 2019; 2019,
7034620.

MS Nadeem, T Munawar, F Mukhtar, MNU
Rahman, M Riaz, A Hussain and F Igbal.

Hydrothermally derived co, Ni co-doped ZnO



Trends Sci. 2025; 22(2): 8697

11of 11

[16]

[17]

[18]

[19]

[20]

(21]

[22]

nanorods; structural, optical, and morphological
study. Optical Materials 2021; 111, 110606.

Y Pan, X Li, K Fu, H Deng and J Shi. Degradation
of metronidazole by UV/chlorine treatment:
Efficiency, mechanism, pathways and DBPs
formation. Chemosphere 2019; 224, 228-236.
GAM Amin and NM Spyrou. Study of gamma-
radiation-induced optical effects in Ge-Se-Cd for
possible industrial dosimetric applications.
Radiation Physics and Chemistry 2005; 72(4),
419-422.

M Abdelfatah, HY Salah, MI El-Henawey, AH
Oraby, A El-Shaer and W Ismail. Insight into Co
concentrations effect on the structural, optical, and
photoelectrochemical properties of ZnO rod arrays
for optoelectronic applications. Journal of Alloys
and Compounds 2021; 873, 159875.

LK Jangir, Y Kumari, A Kumar, M Kumar and K
Awasthi. Investigation of luminescence and

structural properties of ZnO nanoparticles,
synthesized with different precursors. Materials
Chemistry Frontiers 2017; 1, 1413-1421.

J Cai, M Zhou, Y Pan, X Du and X Lu. Extremely
efficient electrochemical degradation of organic
pollutants with co-generation of hydroxyl and
sulfate radicals on Blue-TiO; nanotubes anode.
Applied Catalysis B: Environmental 2019; 257,
117902.

RS Pedanekar, SV Mohite, SB Madake, Y Kim,
JL Gunjakar and KY Rajpure.
Photoelectrocatalytic activity of methylene blue
using chemically sprayed Bi,WOg photoanode
under natural sunlight. Journal of Alloys and
Compounds 2023; 942, 168866.

A Darmawan, S Sulaksono, MS Arifin, H Muhtar
and S Sriyanti. Highly efficient TiO»-pillared
smectite clay with Ni and Co doping for

Rhodamine B removal: Kinetics of adsorption and

(23]

(24]

[25]

[26]

[27]

(28]

photodegradation. Clays and Clay Minerals 2024;
72, e7.

IA Saleh, N Zouari and MA Al-Ghouti. Removal
of pesticides from water and wastewater:
Chemical, physical and biological treatment
Environmental
Innovation 2020; 19, 101026.

NG Asenjo, R Santamaria, C Blanco, M Granda,

approaches. Technology &

P Alvarez and R Menendez. Correct use of the
Langmuir-Hinshelwood equation for proving the
absence of a synergy effect in the photocatalytic
degradation of phenol on a suspended mixture of
titania and activated carbon. Carbon 2013; 55, 62-
69.

F Poorsajadi, MH Sayadi, M Hajiani and MR
Rezaei. Synthesis of CuO/Bi,O3 nanocomposite
for efficient and recycling photodegradation of
methylene blue dye. International Journal of
Environmental  Analytical — Chemistry — 2022;
102(18), 7165-7178.
S Garcia-Segura

and E Brillas. Applied

photoelectrocatalysis on the degradation of
organic pollutants in wastewaters. Journal of
Photobiology C:

Photochemistry Reviews 2017; 31, 1-35.

Photochemistry and

727 Vasiljevic, MP Dojcinovic, JD Vujancevic, 1
Jankovic-Castvan, M Ognjanovic, NB Tadic, S
Stojadinovic, GO Brankovic and MV Nikolic.
Photocatalytic degradation of methylene blue
under natural sunlight using iron titanate
nanoparticles prepared by a modified sol-gel
method. Royal Society Open Science 2020; 7(9),
200708.

RS Dariani, A Esmaeili, A Mortezaali and S
Dehghanpour. Photocatalytic reaction and
degradation of methylene blue on TiO nano-

sized particles. Optik 2016; 127(18), 7143-7154.



