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Zinc oxide (Zn0O) nanoparticles are attractive photocatalysts due to their wide band
gap, chemical stability, and nanoscale-dependent properties. Herein, ZnO
nanoparticles were synthesized and systematically characterized to correlate their
structural and optical properties with photocatalytic performance. Raman
spectroscopy and X-ray diffraction confirmed the formation of a single-phase
wurtzite ZnO structure with high crystallinity. UV-Vis diffuse reflectance
spectroscopy revealed a distinct absorption edge in the UV region, and the optical
band gap was determined to be 3.07 eV using the Kubelka—-Munk-Tauc method.
The photocatalytic activity of the synthesized ZnO was evaluated via methylene
blue degradation under UV irradiation. Time-resolved UV-Vis absorption
measurements showed a gradual decrease in the characteristic absorption peak
at 660-670 nm, indicating effective dye degradation. A photocatalytic degradation
efficiency of 60.55% was achieved after 150 min of irradiation. Kinetic analysis
demonstrated that the degradation process followed pseudo-first-order kinetics
with an apparent rate constant of 0.0062 min-'. These results demonstrate that the
synthesized ZnO nanoparticles exhibit efficient UV-driven photocatalytic activity,
highlighting their potential for nanoscale photocatalyst applications. The structure—
property—performance correlation established in this work provides insight for
further nanostructure and defect engineering strategies to enhance photocatalytic
efficiency.
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1. Introduction

The increasing discharge of organic dye pollutants from textile, paper, and pharmaceutical industries has
raised serious environmental and public health concerns due to their toxicity, chemical stability, and resistance
to conventional wastewater treatment methods [1], [2]. Among these pollutants, methylene blue is frequently used
as a model organic dye because of its widespread industrial application and high persistence in aquatic
environments [3], [4]. Therefore, the development of efficient and sustainable treatment technologies for dye-
contaminated wastewater remains an important research focus.

Semiconductor-based photocatalysis has emerged as a promising advanced oxidation process for
environmental remediation, as it enables the mineralization of organic pollutants into less harmful products under
light irradiation [5], [6]. Zinc oxide (ZnO) is one of the most widely studied photocatalytic materials owing to its
wide band gap, high electron mobility, non-toxicity, and good chemical stability. In addition, ZnO exhibits strong
absorption in the ultraviolet region and can generate reactive oxygen species that drive photocatalytic
degradation reactions [5], [6], [7]. However, the photocatalytic performance of ZnO is strongly dependent on its
crystal structure, optical properties, and synthesis conditions [8], [9].

Various synthesis approaches have been employed to tailor the structural and optical characteristics of ZnO,
including hydrothermal and solvothermal [5], [10], chemical vapor deposition [11], microemulsion/macroemulsion
[5], [6], electrodeposition [12], and sol-gel methods [13], [14]. Hydrothermal and solvothermal techniques enable
the growth of highly crystalline ZnO nanorods and hierarchical structures under controlled temperature and
pressure conditions, although they require sealed reactors and longer processing times [15]. Chemical vapor
deposition (CVD) produces high-quality and oriented ZnO thin films with excellent optoelectronic properties but
involves high temperatures and sophisticated equipment [16]. The microemulsion method allows precise particle
size control through nanoscale micellar confinement, yet it commonly relies on surfactants and organic solvents
[17]. Electrodeposition offers direct growth of ZnO films on conductive substrates with tunable thickness and
morphology; however, it is mainly suitable for thin-film fabrication [18]. Compared with these approaches, the
sol-gel method provides a simple, low-temperature, and scalable route, enabling good compositional
homogeneity and controlled nanoparticle formation in aqueous systems. Despite extensive studies, establishing
a clear correlation between synthesis method, structure, optical properties, and photocatalytic activity of ZnO
remains an ongoing challenge, particularly in relation to dye degradation efficiency and reaction kinetics.

In this study, ZnO nanoparticles were synthesized via the sol-gel method and systematically characterized
to investigate their structural and optical properties. The photocatalytic performance of the synthesized ZnO was
evaluated through the degradation of methylene blue under UV irradiation, and the reaction kinetics were
analyzed using a pseudo-first-order model. By correlating structural features, band gap energy, and
photocatalytic behaviour, this work aims to provide insight into the structure—property—performance relationship
of ZnO photocatalysts and to support their potential application in photocatalytic wastewater treatment.

2. Materials and Methods
2.1. Materials

Zinc acetate dihydrate (Zn(CH3COOQ)2) and sodium hydroxide (NaOH) was purchased from Merck. All
chemicals were directly used without any further purification.

2.2. Methods
2.3.1 Synthesis of ZnO

The synthesized method was adopted from Lee et al. with some modifications [19]. Zinc oxide (ZnO)
nanoparticles were synthesized using the sol-gel method, with zinc acetate dihydrate (Zn(CH3;COOQ),-2H,0)
serving as the precursor. A total of 2.64 g of Zn(CH3COO)2-2H20 was weighed, placed into a glass bottle, and
dissolved in 150 mL of deionized water under continuous stirring using a hot plate stirrer at room temperature.
Subsequently, 30 mL of 0.1 M NaOH solution was added dropwise until a turbid mixture was formed. The bottle
was then tightly sealed, placed in an oil bath, and the reaction was carried out at 100 °C for 2 h. After completion
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of the reaction, the product suspension was allowed to cool to room temperature. The synthesized solid was
separated from the solution by centrifugation. The collected precipitate was dried in an oven at 100 °C for 4 h,
followed by calcination at 400 °C for 2 h.

2.3.2 Characterization

The structural properties of the synthesized particles were characterized using Raman spectroscopy and X-
ray diffraction (XRD). The optical properties were analyzed by ultraviolet-visible diffuse reflectance spectroscopy
(UV-Vis DRS). The obtained spectra were subsequently processed using the Tauc plot method based on the
Kubelka—Munk function to determine the optical band gap energy.

2.3.3 Photocatalytic activity evaluation

The photocatalytic activity was evaluated using methylene blue (MB) solution as a model organic dye
pollutant. A total of 50 mg of ZnO nanoparticles was dispersed in 50 mL of methylene blue solution (5 ppm) and
shaken for 5 min to ensure homogeneous dispersion. Subsequently, the suspension was magnetically stirred in
the dark for 5 min to establish adsorption—desorption equilibrium. The mixture was then irradiated under 395 UV-
LED light for 150 min. At 30 min intervals, 5 mL aliquots were withdrawn and the photocatalyst particles were
separated by centrifugation. The concentration of methylene blue in the supernatant was analyzed using UV-Vis
spectroscopy.

The photocatalytic degradation kinetics were evaluated using the pseudo-first-order reaction model, as
expressed by the following equation:

In (& k 1

n(co) - 1)

with C,represents the concentration of methylene blue at reaction time t, Cyis the initial concentration of
methylene blue (5 ppm), tis the irradiation time, and kis the apparent first-order rate constant. The value of k was
obtained from the slope of the linear plot of In(C;/C,)versus irradiation time (t). In addition, the photocatalytic
degradation efficiency was calculated using the following equation:

Co — C¢

n() = G
with n(t)denotes the photocatalytic degradation efficiency at time ¢.
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3. Result and Discussion
3.1. Characteristics of The Synthesized Sample

The local structural characteristics of the synthesized ZnO particles were investigated using Raman spectroscopy.
Figure 1a presents the Raman spectrum of the as-synthesized sample. As shown in Figure 1a, the Raman spectrum
exhibits several characteristic peaks associated with ZnO. In the hexagonal wurtzite structure of ZnO (space group P6zmc),
the optical phonon modes at the I point are classified according to group theory as: = A1 + 2E> + E1 + 2B1. A; and E;
modes are polar and split into transverse optical (TO) and longitudinal optical (LO) components due to long-range Coulomb
interactions, E; modes are nonpolar and Raman active, and Bi modes are silent (inactive in both Raman and IR
spectroscopy) [20], [21], [22].

Two high-intensity peaks located at Raman shifts of approximately 100 and 439 cm-' can be assigned to
the E2. and Ez4 vibrational modes, respectively. In addition, the peak observed around 330 cm-! corresponds to
the Ean—E21 combination mode. The Ezx mode is mainly associated with oxygen atom vibrations, whereas the
E21 mode originates from the vibration of zinc atoms within the ZnO crystal lattice [23]. The E2. mode correspond
to in-plane vibrational motion (perpendicular to the c-axis) and reflects lattice dynamics dominated by the metal
atom. Because it involves low-frequency lattice vibrations, it is sensitive to mass-related effects and long-range
crystal ordering. The E2x mode correspond to in-plane optical phonon vibrations of oxygen atoms and is widely
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regarded as a fingerprint of highly crystalline wurtzite ZnO [20], [21], [22]. These Raman features clearly indicate
that the synthesized particles possess a wurtzite ZnO crystal structure.
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Figure 1. Structural characterization of the synthesized sample; (a) Raman spectra, (b) XRD pattern along with
the corresponding CIF reference file No. 2300450.

To further confirm the global crystal structure and phase purity, the synthesized sample was also characterized by X-
ray diffraction (XRD). The XRD pattern of the sample, along with the corresponding CIF reference file No. 2300450, is
shown in Figure 1b. The reference CIF file of wurtzite ZnO was obtained from crystallography open database (COD)
website. The diffraction peaks exhibit excellent agreement with the reference data, confirming that the synthesized material
is ZnO with a wurtzite crystal structure and a P6;mc space group [24]. This structural assignment is supported by the
presence of three dominant diffraction peaks at 26 values of approximately 31.59°, 34.26°, and 36.08°, which correspond
to the (100), (002), and (101) crystallographic planes, respectively [24]. Additional diffraction peaks with lower intensities
are also observed and closely match those of the reference pattern. Notably, no impurity-related peaks are detected,
indicating that the synthesized ZnO exhibits high phase purity. We also calculate the crystallite size of samples from the
three main peaks using Scherrer equation. The results show that the crystallite size at direction of [100], [002], and [101] is
69.51, 70.56, and 65.10 nm, respectively. The crystallite size indicates that the synthesized sample is a nanocrystal.
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Figure 2. (a) UV-Vis DRS spectra of synthesized particles; (b) Tauc plot for direct bandgap to determine the

bandgap energy.

The optical properties of the ZnO particles were investigated using UV-Vis diffuse reflectance
spectroscopy (UV-Vis DRS). The UV-Vis DRS spectrum of the as-synthesized ZnO sample is shown in Figure
2a. The spectra exhibit a sharp decrease in reflectance is observed in the wavelength range of approximately
350-450 nm, which corresponds to the characteristic absorption edge of ZnO as a wide-band-gap semiconductor.
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The strong light absorption in this region is attributed to electronic transitions from the valence band to the
conduction band [25]. The optical band gap energy (E;) of the synthesized ZnO particles was determined using
the Tauc plot method based on the Kubelka—Munk approach, as shown in Figure 2b. The analysis indicates that
the as-synthesized ZnO exhibits a band gap energy of 3.07 eV.
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Figure 3. Photocatalytic evaluation of the synthesized ZnO; (a) evolution of MB absorption spectra, (b)
photodegradation efficiency, (c) pseudo-first-order kinetic plot.
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3.2. Photocatalytic Activity

The photocatalytic activity of ZnO was evaluated through the degradation of methylene blue under UV
irradiation. Figure 3a shows the temporal evolution of the UV-Vis absorption spectra of methylene blue during
the photocatalytic degradation process in the presence of the as-synthesized ZnO photocatalyst. As observed in
Figure 3a, the intensity of the characteristic absorption peak of methylene blue at around 660-670 nm gradually
decreases with increasing irradiation time. This progressive decrease in absorbance indicates a continuous
reduction in methylene blue concentration due to photocatalytic degradation. The obtained spectral data were
further processed to calculate the photocatalytic degradation efficiency.

Figure 3b presents the variation of the photocatalytic degradation efficiency of methylene blue as a function
of irradiation time. In general, the degradation efficiency increases with prolonged irradiation. At the initial stage
of the reaction, the efficiency increases relatively rapidly, which can be attributed to the high availability of active
sites on the photocatalyst surface and the relatively high dye concentration. At longer irradiation times, the rate
of efficiency increase tends to slow down as the dye concentration decreases and the system approaches a
saturation condition [3]. After 150 min of UV irradiation, a photocatalytic degradation efficiency of 60.55% was
achieved.

The pseudo-first-order kinetic plot for methylene blue degradation using the synthesized ZnO photocatalyst
is shown in Figure 3c. As depicted in Figure 3c, a linear relationship between In(C;/C,) and irradiation time is
obtained for the sample, indicating that the photocatalytic degradation process follows pseudo-first-order kinetics.
The high coefficient of determination (R?) confirms a good agreement between the experimental data and the
applied kinetic model. This behavior is consistent with the characteristics of heterogeneous photocatalytic
reactions at relatively low dye concentrations [26]. Furthermore, the apparent rate constant (k) obtained from the
slope of the linear fit is 0.0062 min-!, demonstrating that the synthesized ZnO effectively facilitates the
photocatalytic degradation reaction with a relatively high reaction rate.

Here, we also compared the photocatalytic activity in this work and the data reported from recent articles.
The data can be seen in Table 1. The data comparison shows that the synthesized ZnO has higher photocatalytic
activity under UV irradiation that the data reported Elsisi et al. and by Atta et al. [27], [28]. However, it was still a
challenge to enhance the photocatalytic activity especially under sunlight or visible light irradiation. The
synthesized ZnO has bandgap energy about 3,07 eV, which is only has high activity under UV light irradiation.
Some modifications should be performed to enhance the photocatalytic activity under visible light irradiation
including metal doping, heterojunction construction, and so on.
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Table 1. Photocatalytic activity of the synthesized ZnO compared with the data from several previously reported
articles

Synthesized . Catalyst Photodegradation .
Sample method Light source loading (g/L) efficiency k(min-1) Refs.
Zn0 Sol-gel  395nm UV LED 1 60.55% in 150 min  6.2x103 'S
nanocrystal work
nanf;fmcle Sol-gel UV light 3 58.79%in60min  4.5x10%  [27]
Zn0 thin film Sol-gel 305 nm laser NA 60% in 24 h 5.1x10°  [28]
nanf;fmcle Sol-gel Sunlight 2 100%in 180 min  1.95x102  [29]
ZnOthinfim  Solgel W ﬁ;’ﬁ white NA NA 20x104  [30]
nanfgfﬁicle Sol-gel Sunlight 1 77%in120min - 1.14x102  [31]
nanfgfmde Sol-gel 150 V\I’ig“;tem“ry 1 +80% in 180 min ~ 1.07x102  [32)]
4. Conclusion

Zn0O nanoparticles were successfully synthesized and exhibited a single-phase wurtzite crystal structure,
as confirmed by Raman spectroscopy and X-ray diffraction. UV-Vis diffuse reflectance analysis revealed a
characteristic UV absorption edge, and the optical band gap energy was determined to be 3.07 eV using the
Kubelka—-Munk-Tauc approach. The synthesized ZnO demonstrated effective photocatalytic activity toward
methylene blue degradation under UV irradiation, achieving a degradation efficiency of 60.55% after 150 min.
Kinetic analysis showed that the degradation followed pseudo-first-order behaviour with an apparent rate
constant of 0.0062 min-'. The established correlation between structure, optical properties, and photocatalytic
performance provides a basis for further material optimization to enhance efficiency and extend activity toward
visible-light-driven environmental applications.
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