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Abstract: This study presents the synthesis and multifunc-
tional evaluation of nanostructured zinc oxide nanorods (ZnO
NRs) using a hydrothermal method. Various characterisation
techniques, including X-ray diffraction (XRD), Fourier trans-
form infrared spectroscopy (FTIR), ultraviolet–visible (UV–vis)
spectrometry, fluorescence spectroscopy, energy-dispersive X-
ray spectroscopy (EDS), transmission electron microscopy
(TEM), and X-ray photoelectron spectroscopy (XPS), were
employed to analyse the ZnONRs. XRD analysis confirmed the
hexagonal wurtzite structure of the ZnO NRs. FTIR spectra
showed a characteristic peak near 873 cm−1 corresponding to
Zn–O stretching and out-of-plane C–H bending vibrations,
indicating surface interactions. UV–vis analysis revealed
strong absorption in the UV region and high optical trans-
parency in the visible range, while the Tauc plot determined
bandgaps of 3.29 ± 0.03 eV and 3.66 ± 0.01 eV, which enhance
electron transfer processes during photocatalysis. The fluo-
rescence spectrumdisplayed a sharp emission peak at 340 nm,
attributed to near-band-edge emission and quantum confine-
ment effects. SEM and TEM micrographs showed well-
dispersed, rod-like nanoparticles with an average width of
47.7 nm. EDS confirmed high purity with 60% Zn and 20% O,
while XPS verified the successful incorporation of ZnO within
the thin-film coating. The ZnO NRs demonstrated strong

photocatalytic performance in degrading crystal violet (CV)
dye under solar light, achieving over 95 % ± 0.01 degradation
with a rate constant of 0.6767min−1. Hydrophobicity testing
using a contact angle goniometer revealed a contact angle of
95.6° ± 0.3, indicating potential self-cleaning properties. XPS
analysis further confirmed the presence of ZnONRswithin the
thin-film coating and validated their successful incorporation.
These findings collectively highlight the effectiveness of ZnO
NRs in photocatalytic and surface coating applications, sug-
gesting their promising potential for environmental and
industrial use.
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mental applications

1 Introduction

In recent years, nanotechnology has become one of the most
rapidly advancing fields in science and technology, driving
significant innovations across multiple disciplines. Nano-
materials, defined by their unique physicochemical properties,
have enabled the development of novel systems, structures,
devices, and nanoplatforms with broad applications [1, 2].
These materials exist at the nanoscale, exhibiting superior
thermal conductivity, catalytic reactivity, optical performance,
and chemical stability due to their high surface area-to-volume
ratio [3]. This distinctive property has motivated extensive
research into new synthesis techniques for nanomaterials [4].
Among various nanomaterials, semiconductor-based photo-
catalysts have attracted considerable attention due to their
potential to address critical environmental challenges, partic-
ularly water pollution [5]. Industrial dye effluents, mainly
from textile and dye manufacturing industries, contribute
significantly to global water contamination. Consequently, self-
cleaning surfaces and photocatalytic materials have emerged
as promising solutions [6]. Among semiconductor photo-
catalysts, zinc oxide nanoparticles (ZnO NPs) have been
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extensively studied due to their unique optoelectronic and
physicochemical properties, making them suitable for diverse
applications [7].

Photocatalytic degradation, which uses semiconductor
metal oxides to decompose persistent organic pollutants in
wastewater, has proven to be a highly efficient approach to
water purification. This technique harnesses visible light and
does not require sophisticated infrastructure,making it a cost-
effective and sustainable method for environmental remedi-
ation. ZnO-based photocatalysts, serving as both active cata-
lysts and self-cleaning coatings, have demonstrated
exceptional efficiency in degrading hazardous organic dyes in
contaminated water and on various surfaces [8, 9]. Nano-
structured photocatalytic materials, including titanium diox-
ide (TiO2) [10, 11], ZnO [12], and carbon-based nanomaterials
[13], have been extensively explored for environmental ap-
plications. In particular, ZnOhas attracted significant research
interest due to its low cost, high redox potential, abundance,
non-toxicity, and eco-friendly nature. Its strong ultraviolet
(UV) absorption, wide bandgap (3.37 eV), excellent biocom-
patibility, thermal stability, and antimicrobial properties
further enhance its potential for various applications. ZnO
nanostructures can be synthesisedwith diversemorphologies,
such as nanowires, nanotubes, nanosheets, nanoplumes, and
nanorods, using different fabrication techniques, including
sol-gel, hydrothermal, electrodeposition and green chemistry
methods [14–17]. Despite its promising photocatalytic proper-
ties, ZnO has limitations, including rapid electron–hole
recombination,which reduces its efficiency under visible-light
irradiation. To address this challenge, researchers have
explored several strategies to enhance its photocatalytic per-
formance. Qi et al. [12] investigated modifications such as
metal and non-metal doping, heterojunction formation, car-
bon nanostructure integration, and noble metal incorpora-
tion. For example, Ag doping has been shown to enhance the
photocatalytic oxidation of both anionic and cationic dyes
using Ag@ZnO nanocomposites under UV irradiation [18, 19].
ZnO is inherently hydrophobic; however, its surface proper-
ties can be tailored to achieve superhydrophobicity using low-
surface-energy materials such as fluorosilane, stearic acid,
noctadecanoic acid, and polydimethylsiloxane [20]. Gao et al.
[21] developed superhydrophobic ZnO surfaces capable of
efficiently separating oil–water mixtures, while Nundy et al.
[22] synthesised morphologically distinct hydrophobic ZnO
microstructures without UV treatment, demonstrating their
potential for self-cleaning applications in photovoltaic and
glazing technologies. Recent research has also emphasised
ZnO-based composites and metal-doped systems to improve
photocatalytic and electrochemical performance. Pramod
Agale et al. [12] reported Sr-doped ZnO@g-C3N4 nano-
composites exhibiting enhanced charge carrier dynamics

and notable potential in energy storage, photocatalysis, and
environmental remediation. Similarly, ZarinaAnsari et al. [14]
synthesised Mn-doped ZnO@rGO nanocomposites with supe-
rior electrochemical and photoelectrochemical behaviour,
highlighting their applicability in supercapacitor and photo-
electrochemical (PEC) systems.

Despite these advances, few studies have explored the
interplay between ZnO nanostructure morphology, optical
properties, and multifunctional performance – particularly
the integration of hydrophobicity with photocatalytic activ-
ity. The present study aims to address this gap by synthe-
sising ZnO nanorods (ZnO NRs) via a hydrothermal route
and systematically investigating their structural, optical, and
surface characteristics. Furthermore, this work focuses on
evaluating their self-cleaning behaviour and photocatalytic
degradation efficiency using crystal violet (CV) dye as a
model pollutant. CV was specifically chosen due to its
carcinogenic nature and resistance to degradation,making it
an ideal compound for assessing photocatalytic perfor-
mance under solar irradiation.

2 Materials and methods

2.1 Hydrothermal synthesis of ZnO NRs

Zinc oxide nanorods (ZnO NRs) were synthesised using the
modified method described by Nundy et al. [22]. First, 1.1899 g
of NaOH was dissolved in 25ml of distilled water with a
magnetic stirrer until fully dissolved. An ice bathwasprepared
for the NaOH solution, and 0.09 g of cetyltrimethylammonium
bromide (CTAB)was addedwhile stirring, then left to stand for
5min.Next, 946.8mgof zincnitrite (Zn(NO2)2)was added to the
mixture, with continuous stirring for 1 h.

After complete dissolution, the solution was transferred
to an autoclave and placed in an oven at 80 °C for 6 h to
promote the dissolution–recrystallisation process, enhancing
the crystallinity and aspect ratio of the ZnO nanorods [22].
After cooling, the sample was centrifuged to precipitate the
nanoparticles, followedby threewash cycleswith ethanol and
distilledwater. Eachwashing step lasted 30min at 10,000 rpm.
The resulting white precipitate was collected and dried in a
hot air oven for 10 h at 80 °C. Finally, the powder was calcined
at 400 °C for 3 h.

2.2 Characterization of synthesized samples

The optical properties of the synthesised ZnO NRs were
investigated using a UV-1800 UV–vis spectrometer (Shi-
madzu, Switzerland) in the range 200–600 nm. The bandgap
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energy (Eg) was determined by the Tauc plot method. The
emission spectrum and fluorescence (FL) were measured
with a Fluorolog 3 spectrofluorometer (FL-3-11, Horiba
JobinYvon, Edison, NJ, USA). The crystalline structures and
average particle sizes were analysed using a Bruker D8
ADVANCE X-ray diffractometer (Bruker, Billerica, MA, USA)
at 40 kV and 40mA with CuKα radiation at 1.5418 Å. The
surface morphology and size of the nanoparticles were
examined using TEM with an accelerating voltage of 200 kV
(JEM-2100F, JEOL Ltd., Peabody, MA, USA). An energy-
dispersive X-ray spectrometer (EDS, JSM-2100F, JEOL, USA)
connected to the SEM (JEOL JSM-7600F, USA) was used for
elemental identification and mapping in the ZnO powder.
Functional groups on the surface of the ZnO NRs, in the CV
dye, and in the treated CV dyes were identified using a
Fourier transform infrared (FTIR) spectrometer (Shimadzu
IR, Prestige 21, Nakagyo-Ku, Kyoto, Japan) covering the range
4,000–400 cm−1. The chemical composition of the surface
was analysed using X-ray photoelectron spectroscopy (XPS)
(Jeol JPS-9200 photoelectron spectrometer) with a 500W
X-ray source (JEOL Ltd., Akishima, Tokyo, Japan).

2.3 Experiment on self-cleaning surfaces

To prepare the self-cleaning surface, glass slides were
meticulously cleaned to remove contaminants. The slides
were immersed in a 10 % sulfuric acid (H2SO4) solution for
15 min, and then thoroughly rinsed with distilled water
and acetone to achieve a pristine surface. For the coating
preparation, a ZnO NR solution was formulated using
polymethyl methacrylate (PMMA) as a binder to enhance
adhesion. The PMMA (in pellet form, provided by SABIC,
Saudi Arabia; density: 1.20 g/cm3, SABIC® PMMA) was dis-
solved in toluene (99.8 %, Sigma) as the solvent. Specif-
ically, 1.5 mg of ZnO NR powder was dispersed in 20 ml of a
PMMA solution (0.5 mg/ml) to ensure uniform distribution.
The dispersion was carried out using an ultrasonicator
(750 W, 20 kHz) for 1 h. The coating solution was then
applied to the cleaned glass slides using the spin-coating
technique. To achieve a homogeneous thin film with
adequate thickness, a two-step spin-coating cycle was
employed for each sample: first, a spread cycle at 500 rpm
for 10 s, followed immediately by a high-speed cycle at
2,000 rpm for 30 s. This two-step cycle was repeated three
times to build the film layer by layer. After each coating
cycle, the slides were dried at 45 °C for 5 min in an oven to
partially evaporate the solvent. After the final coating
cycle, the slides underwent a final drying step at 45 °C
for 15 min to ensure complete solvent removal and film
consolidation, before being cooled to room temperature,

following established protocols [23]. To evaluate the sur-
face wettability of the ZnO NR-coated glass slides, water
contact angle (WCA) measurements were conducted using
the sessile drop method with Dataphysics OCA15EC
equipment (Stuttgart, Germany). A 5 μl droplet of deion-
ised water was carefully deposited onto the coated surface
using a microsyringe, and the contact angle (θ) at the
liquid–solid interface was recorded. To ensure accuracy
and reliability, WCA measurements were performed three
times for each sample, and the average value was calcu-
lated and reported in the analysis.

2.4 Photocatalysis activity studies

In this experimental investigation, a rigorous protocol was
implemented to assess the photodegradation efficacy of zinc
oxide nanoparticles (NPs) on crystal violet (CV) dye. Initially,
100 ml of distilledwaterwas thoroughlymixedwith 1 ppmof
CV dye until fully dissolved. The dye solutionwas then placed
in a glass vessel, and a predetermined amount of catalyst
was added. Simultaneously, another sample was taken
immediately after the introduction of the nanoparticles to
serve as the “time zero” reference.

The mixture was then exposed to solar irradiation out-
doors. This exposure to sunlight occurred daily for 3 h over a
five-day period, from 25 to 29 May 2023. The experimental
conditions simulated a relatively hot climate, with peak
temperatures ranging from 35 to 37 °C and lows between 25
and 28 °C. At specified intervals, approximately 5 ml aliquots
were withdrawn and allowed to settle to prevent potential
interference from the catalyst. Additional samples were
systematically collected, and the entire procedure was
repeated three times to ensure the robustness of the
experimental results. Dye degradation was assessed using a
UV-visible spectrometer for all collected samples, with
distilled water as the blank reference. This approach pro-
vides a comprehensive understanding of the impact of ZnO
NRs on CV dye under real-world environmental conditions.
The removal percentage (%) was calculated using the
following formula:

Removal percentage %( ) = Co – C/Co × 100[ ] (1)

C0 represents the initial concentration of crystal violet dye,
whileC denotes the crystal violet dye concentration at various
time intervals. The experiment was repeated three times to
ensure consistency, enhancing the reliability and compre-
hensiveness of the investigation into the impact of ZnONRs on
CV dye under real-world environmental conditions.
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2.5 Statistical analysis

The data were statistically analysed using one-way analysis of
variance (ANOVA) and Tukey’s post hoc test with Origin 2019b
software (version 9.65 forWindows,Ontario, Canada). For each
experiment, the data are presented as the mean ± standard
deviation (SD) of three independent experiments.

3 Result and discussion

3.1 XRD pattern analysis of ZnO NRs

The distinctive X-ray diffraction (XRD) pattern of the hy-
drothermally synthesised ZnO NRs is shown in Figure 1,
revealing characteristic peak values consistent with stan-
dard data for ZnONRs. The XRD analysis, in accordance with
JCPDS card number COD 9008877, assigns all diffraction
peaks to the wurtzite structure of ZnO, with lattice param-
eters a = b = 3.24950 nm and c = 5.20690 nm. Notably,
diffraction peaks at 2θ = 31.773°, 34.420°, 36.256°, 47.540°,
56.600°, 62.856°, 66.383°, 67.951°, 69.091°, 81.380°, and 92.811°
were observed, corresponding to the (1 0 0), (0 0 2), (1 0 1), (1
0 2), (2 1 0), (1 0 3), (2 0 0), (2 1 2), (2 0 1), (1 0 4), and (3 1 0)
crystallographic planes, respectively. The strong and sharp
nature of these peaks indicates excellent crystallinity,
highlighting the characteristic diffractions of the hexagonal
wurtzite ZnO structure [24, 25]. The absence of significant
impurity peaks demonstrates the high purity of the syn-
thesised ZnO NRs. The average crystallite diameter of ZnO
NRs was calculated using Scherrer’s formula [26]. According
to the XRD data, the ZnO NRs had an average crystallite size
of approximately 22 nm. This comprehensive XRD analysis
provides important insights into the structural characteris-
tics and purity of the synthesised ZnO nanorods.

3.2 FTIR spectrum analysis of ZnO NRs

The FTIR spectrumof ZnOnanorods is illustrated in Figure 2,
highlighting significant variations associated with the pres-
ence or absence of –OH groups The synthesized ZnO nano-
rods exhibit a characteristic Zn–O stretching vibration,
typically observed around 546 cm⁻¹. The broad absorption
peak centered at 3419 cm⁻¹ corresponds to the stretching
vibrations of O–H groups on the ZnO NR surface, indicating
surface hydroxylation [27]. Additionally, the FTIR spectrum
reveals distinct peaks at approximately 873 cm⁻¹ and 1620
cm⁻¹. The peak at 873 cm⁻¹ is typically attributed to out-of-
plane bending vibrations of C–H bonds or Zn–O stretching,

suggesting possible interactions between the ZnO nanorods
and surface-adsorbed species. Furthermore, it may indicate
the presence of carbonate species adsorbed onto the surface.
The peak at 1620 cm⁻¹ corresponds to the bending vibration
of adsorbed water molecules (H–O–H bending) or the
stretching vibration of C=O groups, which could originate
from atmospheric moisture or residual precursor compo-
nents. Additionally, the peaks observed around 2800 cm⁻¹
correspond to C–H stretching vibrations, likely arising from
residual precursor molecules that remained or evaporated
during the synthesis process [28].

3.3 UV-Visible absorption spectrum analysis

UV–visible absorption spectroscopy was used to investigate
the optical properties of the synthesised ZnO nanorods. As
shown in Figure 3, the absorption spectrum displays two
prominent peaks at 336 nm and 370 nm, characteristic of the

Figure 1: The XRD analysis results of ZnO NRs.

Figure 2: The FTIR spectrum of ZnO NRs.
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hexagonal wurtzite structure of ZnO [29–31]. These two
distinct absorption features correspond to electronic transi-
tions within the material, providing insight into its structural
and optical behaviour [31]. The optical bandgaps were esti-
mated from Tauc plots [17], yielding values of 3.66 ± 0.01 eV
and 3.29 ± 0.03 eV. The higher bandgap (3.66 eV), associated
with the 336 nm peak, is attributed to excitonic absorption
and possible defect-related transitions, where bound
electron-hole pairs or lattice imperfections create discrete
energy states [32, 33]. The lower bandgap (3.29 eV), linked to
the 370 nm peak in the UV-A region, is commonly associated
with oxygen vacancies or impurity-induced states within the
band structure. Such vacancies, which are abundant in ZnO,
play a key role in tuning its optical response. The coexistence
of these two bandgaps is advantageous, as it can enhance
electron transfer processes and thus facilitate applications
such as photocatalytic dye degradation [34]. Variations in
peak position and intensity may result from differences in
particle size, morphology, synthesis conditions, or the pres-
ence of surface states and dopants. Careful analysis of these
spectral features is therefore essential for understanding the
electronic structure and optical performance of ZnO nano-
materials, which underpin their applications in photo-
catalysis, sensors, and optoelectronic devices [35, 36].

3.4 Fluorescence spectrum analysis of ZnO
NRs

In Figure 4, the fluorescence spectrum of ZnO NRs shows a
distinct emission peak at 340 nm, whichmay be attributed to

near-band-edge emission, potentially influenced by quan-
tum confinement effects or excitonic transitions [37, 38]. The
sample exhibited strong fluorescence with no noticeable
quenching. When the excitation wavelength was increased
beyond 300 nm, a red shift in the emission peak was
observed, along with a decrease in fluorescence intensity
[39, 40]. The modest shift in both fluorescence peak position
and intensity can be attributed to enhanced crystallinity and
controlled vacancy formation within the nanoparticles. The
absence of fluorescence quenching suggests high crystal-
linity, indicating minimal non-radiative recombination and
controlled defect states. The correlation between thisfinding
and the UV–vis absorption results of ZnO NRs lies in their
shared dependence on the material’s electronic structure,
defect states, and crystallinity [36].

3.5 Elemental composition and TEM analysis
of ZnO NRs

The elemental composition of the synthesised ZnO nanorod
photocatalyst was assessed using EDS analysis. In Figure 5A,
the EDS results confirm the presence of signals corresponding
to zinc and oxygen, which are characteristic of zinc oxide
nanoparticles. The analysis also identified peaks related to the
optical absorbance of the synthesised nanoparticles [41]. The
elemental composition of the nanoparticles revealed
approximately 60% zinc and 20% oxygen, indicating a high
level of purity in the synthesis process. Traces of carbon (13 %)
and sodium (7%) were also detected, which may have been
introduced during the washing step of the synthesis. This
finding is consistent with the FTIR results, confirming the
presence of characteristic functional groups such as hydroxyl
(–OH) and carbonate species. These functional groups corre-
spond to the elemental composition detected by EDS,

Figure 3: Presents the UV-visible spectrum of the synthesized ZnO NRs,
showcasing three distinct absorption peaks along with their corre-
sponding band gaps.

Figure 4: Fluorescence spectrum of ZnO nanorods.
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particularly the presence of oxygen and carbon. The Zn–O
stretching vibration observed in the FTIR further supports the
presence of Zn and O elements identified by EDS.

TEM analysis was used to characterise the surface
morphology of the synthesised ZnONRs. In Figure 5B, a typical
TEM image of the synthesised ZnO NRs shows the prevalence
of rod-shaped particles, with some particles aggregating into
rods. The particle size distribution of the synthesised ZnONRs
was determined using ImageJ software. Figure 5B illustrates
the formation of rods with varying widths and lengths.
Notably, the absence of rod branching indicates the sponta-
neous nucleation of ZnO nanorods with high crystal perfec-
tion [42]. The nanorod-shaped particles have a width of
47.7 nm, confirming the formation of nanoscale ZnO. Shakee
N. et al. reported a strong correlation between nanorod
morphology and enhanced photocatalytic performance. The
one-dimensional (1D) rod-like structure of ZnO provides a
high aspect ratio and directional pathways for charge trans-
port, which significantly suppress electron–hole recombina-
tion. In addition, the exposed polar facets of the hexagonal
wurtzite structure, particularly the (0001) planes, act as highly
active sites for dye adsorption and the generation of reactive
oxygen species under solar irradiation. Furthermore, the
uniform alignment and high crystallinity of ZnO nanorods
enhance light absorption, promote efficient charge separa-
tion, and increase surface–reactant interactions. Collectively,
these structural and morphological features account for the
superior photocatalytic efficiency of ZnO NRs [43].

3.6 XPS spectrumanalysis of ZnONR thinfilm

X-ray photoelectron spectroscopy (XPS) was used to inves-
tigate the chemical states of elements and functional groups

in the ZnO nanorod coating solution applied to the glass
slides. The XPS spectra confirm the presence of oxygen and
carbon in the samples, as indicated by peaks at approxi-
mately 284.9 eV and 533.7 eV, corresponding to the C 1s and O
1s electrons, respectively (Figure 6). The XPS spectrum also
shows two distinct peaks for zinc: Zn 2p3/2 at around 1,021 eV
and Zn 2p1/2 at around 1,044 eV (Figure 6) [44]. These peaks
indicate the presence of ZnO nanorods within the PMMA
matrix of the thin film coating on the glass slides, further
confirming the incorporation of ZnO nanorods into the
coating.

3.7 Transmittance spectrum analysis of ZnO
NRs

The light transmittance of the ZnO NR sample, synthesised
and evaluated across the 200–800 nm wavelength range (as
shown in Figure 7), exhibited high transparency in the
visible region and clear absorption in the UV region. The
transmittance reached nearly 100 % between 400 and
800 nm, with a substantial decrease observed near 400 nm
(∼65 %), followed by a complete decline beyond 300 nm. This
pronounced reduction in transmittance in the UV range
compared to the visible range highlights the inherent UV-
light absorption capability of ZnO NRs. These optical prop-
erties are consistent with previous literature, confirming
ZnO’s well-established behaviour as a material with high
transparency in the visible spectrum and effective UV-
blocking properties [45]. This finding supports the potential
of ZnO NRs as an effective component in self-cleaning coat-
ings for windows, solar panels, and building exteriors.
Furthermore, the high transparency in the visible spectrum

Figure 5: Elemental composition and structural morphology of ZnO NRs: (A) EDS spectrum confirming the elemental composition of ZnO NRs; (B) TEM
micrographs with particle size distribution of ZnO NRs.
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allows ZnO-based coatings to be applied to glass surfaces
without compromising optical clarity, enhancing their
practicality for real-world applications.

3.8 Contact angle measurement for self-
cleaning analysis of ZnO NRs

Contact angle (CA) measurements were carried out using a
5 μL water droplet at ambient temperature. Figure 8A shows
the water droplet before and after contact with the ZnO NRs-
coated surface. The CA value was measured as 95.6° ± 0.3,
confirming the hydrophobic nature of the surface, while
Figure 8B illustrates the actual droplet shape. The high
contact angle is attributed to the structural characteristics of
the ZnONRs, which form a rod-like assembly bothwithin the
PMMA matrix and on the glass surface. The PMMA matrix
plays a key role in enhancing the durability of the ZnO NR-
based hydrophobic coating. Embedding the nanorods within
PMMA provides mechanical stability, improves adhesion to
the glass substrate, and reduces the likelihood of detachment
during handling or exposure to water. The polymer matrix
also prevents nanorod agglomeration andminimises surface
wear, thereby supporting the long-term retention of hydro-
phobicity. In addition, PMMA offers excellent transparency

Figure 6: The wide XPS spectrum shows Zn 2p, C 1s, and O 1s peaks of the thin film-coated glass slide.

Figure 7: Illustrates the light transmittance (%) spectrum of the
synthesized ZnO NRs.
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and weather resistance, ensuring that the coating maintains
both optical clarity and hydrophobic performance under
repeated use. These combined effects make the ZnO NR/
PMMA composite more durable than coatings composed of
nanorods alone. The rod-like arrangement of nanorods also
introduces microstructural roughness, which, according to
Wenzel’s model [46], amplifies the intrinsic wetting behav-
iour of the material. The presence of numerous troughs
between nanorods restricts water spreading, resulting in
droplet beading and the observed hydrophobicity. While
these findings suggest that ZnO NRs could be promising for
self-cleaning applications, it should be noted that direct self-
cleaning tests (such as roll-off or dust-removal experiments)
were not conducted in this study. Nevertheless, the
measured hydrophobicity highlights their potential for
future self-cleaning surface designs without compromising
light transmission (Figure 8C).

Table 1 summarises the hydrophobic properties of the
synthesised ZnO NRs and compares them with reported
values for similar nanomaterials.

3.9 Photodegradation efficiency of ZnO NRs
for CV dye under visible light

Figure 9A shows the photodegradation of CV dye in the
aqueous phase, facilitated by ZnO nanoparticles under
sunlight, in a yard in Al Riyadh city, Saudi Arabia. The CV dye
solution, containing ZnO nanorods, exhibited notable and
time-dependent degradation, with 95 % ± 0.01 of the colour
fading observed within one day of sunlight exposure, as
shown in Figure 9B. The effective photocatalytic degradation
of CV dye is further demonstrated in Figure 9C. Table 2
presents the performance of the current ZnO NR photo-
catalysts compared to reported values from previous studies
on other nanomaterials as photocatalysts. A comparative
analysis of CV dye concentration over irradiation time was
conducted. In this context, “C0” denotes the CV dye concen-
tration before irradiation, while “C” signifies the concen-
tration after irradiation, as shown in Figure 9D. The
graphical representation shows a consistent decline in CV
dye concentration over time. Using kinetic reaction model-
ling, the experimental data were analysed to elucidate the
photocatalytic behaviour [52].

ln C/C0( ) = Kt (2)

In the above equation, C0 and C represent the concentrations
of CV dye at time zero and at time t, respectively; t denotes
the reaction time, and the apparent rate constant is given in
min−1. This formulation indicates that the photocatalytic
degradation curve follows first-order kinetic behaviour.

Figure 8: Water droplet contact angle measurement: (A) water drop
before coming into contact with the surface and after coming into contact
with the film of ZnO NRs-PMMA coated glass substrate, while (B) is
represents the photograph of water drop on film of ZnO NRs – PMMA
coated glass substrate, (in supplementary file see the video of video of
water drops sliding without getting the glass slide coated with the hy-
drophobic film wet.), (C) illustrates the schematic representation of the
hydrophobic surface, where water droplets effortlessly roll off, confirm-
ing the effective utilization of hydrophobic ZnO NRs for self-cleaning
applications.

Table : Efficacy of the hydrophobicity properties of the synthesized ZnO
NRs in comparison to the values for various nanomaterials reported in the
literature.

Nanomaterials Substrate Contact
angle

Bandgap
(eV)

Size of nano-
particles (nm)

Tenorite (CuO)
[]

Glass .° .–.  to 

Kenaf fiber with
ZnO NPs []

Fabric .° – –

Alumina NPs [] Glass slide  ±  –  nm
Silica/alumina
nanoparticle
mixture []

Ceramic
alumina
disk

° – Average pore
size of . μm

Titanium dioxide
nanoparticles
(T) []

BK-
substrates

≈.° .  nm

ZnO NRs (current
study)

Glass .° . and
.

 nm
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Figure 9D shows the linear relationship between ln (C/
C0) and the irradiation time for CV dye degradation. This
relationship yields a rate constant (k) of 0.6767 min−1 and a
pollutant half-life of 0.959 units for ZnO NRs. To understand
the degradation of CV via different processes, we conducted

FTIR analysis, with the results presented in Figure 9E. A clear
distinction between the FTIR spectra of the degraded dye
and the untreated control solution demonstrates substantial
degradation of CV induced by ZnO nanoparticles. The FTIR
spectra showmarked differences in both the fingerprint and

Figure 9: (A) The photodegradation of CV dye over different time durations. (B) The UV–vis spectra of dye photodegradation induced by solar radiation,
obtained for CV dye under optimal conditions. (C) The effectiveness of ZnO NRs in degrading CV dye, with different letters (a, b, and c) indicating
significant differences at p > 0.05. (D) the kinetic plot, including the rate constant and half-life of dye degradation, for the ZnONR-catalyzed photocatalytic
degradation of CV dye. (E) FTIR analysis results of CV dye samples treated with ZnO NRs over varying time durations.
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functional group regions (3,500–500 cm−1) of the degraded
samples compared to the control (CV dye), consistently
observed across all degradation processes.

The most prominent peaks in the FTIR spectrum of the
untreated sample correspond tomono-substituted and para-
disubstituted benzene rings, supporting the peak at
1,598 cm−1 attributed to C=C stretching in the benzene ring.
Additionally, the peaks at 1,950 cm−1 and 2,930 cm−1 are
associated with C–N stretching vibrations and C–H stretch-
ing of the asymmetric CH3 group, respectively. Notably, the
N=N stretching vibration peak at 1,950 cm−1 is absent in the
FTIR spectrum of the CV dye after treatment with ZnO
nanoparticles. This absence suggests changes in the molec-
ular structure, potentially indicating cleavage of the N=N
bond during interaction with ZnO nanoparticles. After CV
degradation, the region from 1,117 to 534 cm−1 is altered,
suggesting possible decomposition of aromatic rings. The
unchanged Zn–O band at 536 cm−1 indicates the structural
stability and reusability of ZnO nanorods during photo-
catalytic degradation [59]. Table 2 compares the photo-
catalytic performance of ZnO NRs with values for various
nanomaterials reported in previous studies. This compari-
son offers valuable insights into the efficiency of ZnO NRs as
photocatalysts and their potential for environmental appli-
cations. The materials included were selected based on their
reported photocatalytic efficiency, relevance in recent
studies, and ability to degrade organic pollutants.

Scheme 1 outlines the reaction mechanisms underlying
the degradation properties of ZnO NRs. The degradation of CV
dye depends on UV radiation, requiring the elimination of a

positive hole (h+) in the valence band. This process initiates the
movement of valence electrons through the conduction band.

Under UV or sunlight exposure, vacant sites and free
electrons interact with absorbed water molecules on the
photocatalyst surface, generating OH radicals (OH*). These
light-induced radicals play a crucial role in breaking down
dyemolecules into simpler compounds, such as CO2 andH2O.
This mechanism is consistent with the findings of [60–63],
providing a comprehensive understanding of the photo-
catalysis process (Equations (3)–(8)).

Table : The performance of the current photocatalysts – ZnO NRs – in comparison to literature-reported values for different nanomaterials as
photocatalysts.

Nanomaterials Size of nano-
particles (nm)

Photodegradation percentage (%)/Dye Duration of
irradiation

Bandgap (eV)

Cobalt-doped titanium ox-
ide []

– nm %/amido black dye Under UV radiation –

ZnO NPs []  nm .% and .%/methylene blue and aliz-
arin red S dyes, respectively

UV light irradiation for
min

.

ZnFeO [] . nm %/CV dye Sunlight for min .–.
MnVO/BiVO hetero-
junction []

.–. nm % and %/MB and RhB dyes,
respectively

After irradiation with
direct sunlight

. eV and . eV for BiVO
and MnVO, respectively

Zinc oxide-coated biochar
nanocomposite []

 nm %/methylene blue dye Under sunlight irradia-
tion for –min

. eV

Copper oxide nano-
particles []

. nm .% ± . and .% ± ./
methyl green and methyl orange,
respectively.

Sunlight irradiation for
min

Approximately ≈. eV

ZnO NRs – current study  nm %/CV dye Sunlight irradiation for
 days and daily for  h

. and . eV

Scheme 1: Reaction mechanisms for the degradation of CV dye using
ZnO NRs.
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ZnONRs + hν UV( ) → ZnONRs e− CB( ) + h+ VB( )( )H2O

+ h+ + VB( )→ OH+̇H+ (3)

O2 + e− CB( ) → O2
−−

˙ (4)

CV dye + OḢ → CO2 + H2O (5)

CV dye + h+ VB( ) → oxidation products CV dye

+ e− CB( ) → reduction products (6)

CV dye + hν→ CV dye* (7)

CV dye* + ZnONRs → CV dye+ + ZnONRs– (8)

According to the experimental results, the relatively
small bandgap of ZnO nanoparticle coatings is responsible
for their superior photocatalytic activity. This is because it
enables better contact between the coatings and faster
electron transfer during the degradation reaction. ZnO
nanoparticle coatings have potential for use in self-cleaning
coatings and interfaces for occupational and ecological ap-
plications, as well as in the light-induced catalytic degrada-
tion of organic dyes, due to their strong photocatalytic
properties, recyclability, and durability.

4 Conclusions

Zinc oxide nanorods were synthesised using a hydrothermal
preparation method, followed by comprehensive charac-
terisation with various analytical techniques, including
X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FTIR), UV-visible spectroscopy, fluorescence spec-
troscopy (FL), transmission electron microscopy with
energy-dispersive X-ray spectroscopy (TEM-EDX), X-ray
photoelectron spectroscopy (XPS), and transmittance spec-
troscopy. XRD analysis confirmed the hexagonal wurtzite
structure of ZnO nanorods, with an estimated average
crystallite size of approximately 22 nm. UV-visible spectros-
copy revealed absorption peaks at 336 nm and 370 nm, cor-
responding to optical bandgap values of 3.29 ± 0.03 eV and
3.66 ± 0.01 eV, respectively. TEM images showed rod-shaped
nanostructures with a width of 47 nm. In photocatalysis
tests, the ZnO nanorods exhibited superior photocatalytic
activity, particularly in the degradation of crystal violet (CV)
dye, attributed to bandgap constriction. Coating experi-
ments demonstrated a photocatalytic decomposition rate
constant of 0.6767 min−1, highlighting the material’s effi-
ciency and stability. Photodegradation assessments indi-
cated that the ZnO nanorods maintained a degradation

efficiency exceeding 95 % ± 0.01, underscoring their excel-
lent photocatalytic performance. The ZnO nanorods also
displayed hydrophobic behaviour, with a water contact
angle of 95.6° ± 0.3, indicating their suitability for self-
cleaning applications. XPS analysis revealed two distinct
peaks for zinc, Zn 2p3/2 at ∼1,021 eV and Zn 2p1/2 at ∼1,044 eV,
confirming the presence of ZnO nanorods within the thin
film coating on glass slides used for self-cleaning analysis.
These results highlight the potential of synthesised ZnO
nanorod coatings for environmentally friendly applications,
including self-cleaning technologies, with promising capa-
bilities for effectively reducing pollutants and contributing
to sustainable environmental solutions. Future studies
should evaluate the effectiveness of ZnO nanorods against
diverse pollutants and address challenges related to indus-
trial scalability, cost, and reproducibility. Advancing depo-
sition techniques and hybrid materials could further
enhance their photocatalytic and self-cleaning properties for
broader environmental applications.
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