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ARTICLE INFO ABSTRACT

Keywords: This study synthesized Mg-doped ZnO nanoparticles using the co-precipitation method with doping concentra-
Mg-doped ZnO nanoparticles tions ranging from 2 % to 8 %. The structural, morphological, and optical properties of the synthesized nano-
Characterization

particles were systematically characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),

g::it:;itca}?s’is: Fourier-transform infrared spectroscopy (FTIR), and UV-Visible spectroscopy. XRD analysis confirmed the suc-
DET cessful incorporation of Mg?" ions into the ZnO lattice, evidenced by lattice parameter shifts and a significant
RDG reduction in crystallite size from 30.91 nm (pure ZnO) to 18.10 nm (6 % Mg doping). SEM images showed
QTAIM uniform morphology with reduced particle agglomeration at optimal doping levels, while FTIR analysis iden-
Wastewater treatment tified characteristic Zn-O and Mg-O bonding vibrations, confirming structural integrity. UV-Vis spectroscopy

revealed strong absorbance in the UV region, with the band gap energy decreasing from 3.68 eV (pure ZnO) to
3.16 eV (6 % Mg doping), indicating enhanced optical properties conducive to improved photocatalytic per-
formance. The photocatalytic activity of Mg-doped ZnO nanoparticles was evaluated by degrading Basic Fuchsin
(BF) dye under UV light irradiation. The Mg-doped ZnO nanoparticles exhibited significantly enhanced photo-
catalytic performance compared to undoped ZnO, achieving a maximum degradation efficiency of 99.38 % at 6
% Mg doping within 100 min. Optimal photocatalytic conditions were observed at pH 6, using 0.1 g of catalyst
and an initial dye concentration of 10 ppm. These enhancements were attributed to improved electron-hole pair
separation and increased generation of reactive oxygen species (ROS), facilitated by the strategic incorporation
of Mg. To complement the experimental findings, Density Functional Theory (DFT) simulations were performed,
integrating the Conductor-like Screening Model for Realistic Solvation (COSMO-RS), Reduced Density Gradient
(RDG), and Quantum Theory of Atoms in Molecules (QTAIM). The DFT analysis revealed enhanced charge
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separation, optimized electron transfer dynamics, and stronger adsorption interactions at Mg-doped sites, which
promoted efficient ROS generation. The calculated valence band (VB) and conduction band (CB) edge potentials
supported the formation of a Z-scheme heterojunction mechanism, enhancing charge separation and minimizing
recombination. These theoretical insights aligned with the experimental observations, confirming that Mg
doping effectively enhances photocatalytic efficiency by optimizing electronic interactions and promoting
reactive surface dynamics. This integrated experimental and theoretical investigation demonstrates that Mg-
doped ZnO nanoparticles exhibit superior photocatalytic properties, making them highly effective for environ-
mental remediation applications, particularly in degrading organic pollutants in wastewater treatment. The
study highlights the potential of Mg-doped ZnO as a promising photocatalyst for sustainable environmental

solutions.

1. Introduction

The rapid industrial growth worldwide has led to significant envi-
ronmental challenges, mainly due to the increasing presence of organic
pollutants in water sources [1,2]. Industries such as food processing,
leather manufacturing, and textiles are major contributors to releasing
synthetic organic pollutants into the environment [3-6]. The adverse
effects of these pollutants on human health and ecosystems are well-
documented, prompting a global effort to develop practical solutions
for their removal [7,8].

Zinc oxide (ZnO) nanostructures have attracted considerable atten-
tion over the past few decades due to their versatility in various appli-
cations, particularly in photocatalysis. ZnO possesses a unique
combination of optical and electrical properties, making it valuable in
multiple fields, including photonic sensors [9], photovoltaics [10], light-
emitting diodes [11], transparent thin-film transistors [12], and wear-
able electronics [13,14]. Additionally, ZnO nanostructures have been
extensively studied in heterojunction devices with materials such as CuO
and silicon, offering promising applications in photodetection [15], gas
sensing [16-19], and photoelectrochemical hydrogen production [20].
ZnO’s exceptional optical and electrical properties, including high op-
tical transmittance exceeding 80 %, make it a valuable material for
optoelectronic devices [21].

As a direct bandgap n-type semiconductor with a bandgap of
approximately 3.37 eV and an exciton binding energy of 60 meV
[21-24], ZnO has demonstrated its utility in many applications. Its
structural compatibility with gallium nitride (GaN) [25] and intense
ultraviolet (UV) laser emission make it a promising candidate for laser
technologies. ZnO adopts a wurtzite hexagonal crystal structure, with
lattice parameters a = 3.25 A and ¢ = 5.2 A, contributing to its excellent
mechanical and chemical properties [26,27]. Notably, doping ZnO with
various metallic ions—such as aluminum [28], indium [29], tin [30],
cadmium [31], and magnesium [32]—can significantly modify its
electrical and optical characteristics, allowing for tailored performance
in specific applications.

ZnO’s ability to absorb UV light while remaining transparent in the
visible spectrum makes it an ideal material for UV sensors, while its
piezoelectric and pyroelectric properties further expand its applicability
[33]. Moreover, ZnO’s environmental safety—especially in comparison
to materials like GaN, BN, SiC, ZnS, and CdS—has increased interest in
its use in eco-friendly devices [34,35]. Its biocompatibility also opens up
potential applications in medical devices, where using safe and non-
toxic materials is crucial [33].

Doping plays a crucial role in tuning ZnO’s optoelectronic properties.
As Asadi et al. [36] and Okeke et al. [37] reported that native defects
such as vacancies, interstitials, and morphological changes significantly
influence ZnO’s optical and electrical characteristics. Understanding
how impurity atoms and defects integrate into ZnO’s crystal structure is
essential for controlling its bandgap, emission properties, and conduc-
tivity. Magnesium (Mg) doping, in particular, has gained attention due
to its ability to increase ZnO’s bandgap by incorporating Mg2" ions,
which have a similar ionic radius to Zn2" (0.66 A for Mg2" compared to
0.74 A for Zn2") [38-42]. This similarity makes Mg an ideal dopant,
enhancing ZnO’s optical and electronic properties without significantly

disrupting the crystal lattice.

Recent studies have demonstrated that Mg-doped ZnO nanoparticles
exhibit significant improvements in photocatalytic performance. For
instance, Mg-doped ZnO nanostructures have shown a 200 % increase in
methylene blue degradation efficiency under sunlight compared to pure
ZnO [43]. Similarly, Wang et al. [44] reported that Mg-doped ZnO
synthesized via an auto-combustion method achieved 80 % dye degra-
dation, whereas pure ZnO exhibited only 30 % efficiency. Furthermore,
Ievtushenko et al. [45] investigated the degradation efficiency of methyl
orange (MO) dye using Mg-doped ZnO nanostructures deposited by at-
mospheric pressure MOCVD. Their results showed 100 % dye degrada-
tion with ZnO-Mg (2.4 at. %) after 9 h, compared to only 22 % efficiency
for pure ZnO. These findings highlight the potential of Mg doping to
enhance photocatalytic activity significantly. Other studies have also
reported substantial improvements in the degradation of organic dyes,
including Rhodamine B (RhB), with Mg doping, leading to higher
degradation rates and kinetic constants [46,47].

Despite the substantial progress in ZnO photocatalysis, challenges
remain in fully understanding and optimizing its degradation efficiency
for practical applications. While Mg doping is known to enhance the
photocatalytic activity of ZnO, detailed studies on its effects under
varying experimental conditions—such as different doping concentra-
tions, catalyst mass, pH, initial pollutant concentration, and temper-
ature—are still limited. Furthermore, a comprehensive theoretical
understanding of the interaction between Mg-doped ZnO and organic
pollutants is essential for rationally designing efficient photocatalysts.

While the photocatalytic properties of Mg-doped ZnO have been
investigated in previous years, less has been determined about how
different Mg doping concentrations and reaction parameters affect the
degradation efficiency of pollutants such as Basic Fuchsin (BF) dye. The
photocatalytic degradation of BF dye using Mg-doped ZnO nanoparticles
has not yet been examined. Furthermore, few thorough theoretical
models support experimental results. This work fills these gaps by
methodically analyzing the photocatalytic degradation of BF dye under
UV light using Mg-doped ZnO nanoparticles synthesized with varying
Mg concentrations. The novelty of this work results from its compre-
hensive integration of experimental and computational approaches,
which together provide new insights into the underlying mechanisms of
photocatalysis, allowing for a better understanding of the interactions
that drive degradation efficiency in Mg-doped ZnO systems.

The novelty of this work lies in its comprehensive integration of
experimental and computational approaches, providing new insights
into the underlying mechanisms of photocatalysis and enabling a deeper
understanding of the interactions that drive degradation efficiency in
Mg-doped ZnO systems. This study uses various analytical techniques to
synthesize and characterize Mg-doped ZnO nanoparticles to investigate
their structural, morphological, and optical properties. X-ray diffraction
(XRD) examines the crystalline structure while scanning electron mi-
croscopy (SEM) assesses nanoparticle morphology. Fourier transform
infrared spectroscopy (FTIR) provides insights into surface chemistry
and bonding interactions, and UV-Visible spectroscopy evaluates the
optical properties of the synthesized nanoparticles. Photocatalytic
degradation of Basic Fuchsin dye under UV light was systematically
analyzed, focusing on the effects of Mg doping concentration,
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photocatalyst mass, solution pH, dye concentration, and reaction tem-
perature. A kinetic model was developed to describe the degradation
process using pseudo-first-order kinetics. To complement the experi-
mental findings, Density Functional Theory (DFT) simulations were
conducted, including a Conductor-like Screening Model for Realistic
Solvation (COSMO-RS) for charge distribution, Reduced Density
Gradient (RDG) analysis for non-covalent interactions, and Quantum
Theory of Atoms in Molecules (QTAIM) for bond critical points. This
integrated experimental and theoretical approach offers a comprehen-
sive understanding of the photocatalytic behavior of Mg-doped ZnO
nanoparticles, contributing to developing highly efficient materials for
environmental remediation applications.

2. Materials and methods
2.1. Materials

The materials and chemicals used in this study were all analytical
grade, acquired from Sigma Aldrich. The precursor for zinc oxide was
zinc nitrate tetrahydrate ((Zn(NOs)z, 4H20, 99.0 %). The solvent was
distilled water. NaOH (sodium hydroxide) solution was used to maintain
pH. The manganese precursor for doped nanoparticles was magnesium
chloride hexahydrate (MgCly, 6H20, 99.0 %). Ethanol and deionized
water were used for washing.

2.2. Synthesis of Mg-doped ZnO nanoparticles

Mg-doped ZnO nanoparticles were synthesized using a standard co-
precipitation method to ensure uniform doping and high crystallinity.
Initially, zinc nitrate tetrahydrate (Zn(NO3)2-4H20, 99.0 %) was dis-
solved in deionized water to prepare a 0.5 M solution. The mixture was
stirred at 80 °C for one hour using a magnetic stirrer to ensure complete
dissolution and homogeneity. Simultaneously, a 0.5 M NaOH solution
was prepared in 500 mL of deionized water. The NaOH solution was
then added dropwise to the zinc nitrate solution under constant stirring
at 80 °C, maintaining the reaction conditions necessary for the co-
precipitation process. The reaction mixture was subjected to sonicat-
ion for 20 min after NaOH was added entirely to enhance the nucleation
and growth of ZnO nanoparticles. The precipitates formed were allowed
to age at room temperature for 6 h to ensure the complete growth of ZnO
crystals. The resulting nanoparticles were collected by centrifugation at
4000 rpm for 20 min, followed by thorough washing with ethanol and
deionized water to remove residual ions or impurities. The washed
precipitates were dried in a hot air oven at 100 °C for 24 h. Subse-
quently, the dried powders were calcined at 500 °C for one hour to
enhance crystallinity and eliminate any remaining organic residues
[48]. The same procedure was followed to synthesize Mg-doped ZnO
nanoparticles, adding magnesium chloride (MgCl,-6H50) as the doping
precursor. The required stoichiometric amounts of magnesium chloride
were added to the zinc nitrate solution to achieve Mg doping concen-
trations of 2 %, 4 %, 6 %, and 8 %, corresponding to 0.16 g, 0.36 g, 0.58
g, and 0.84 g of MgCly-6H20, respectively. The Mg-doped ZnO nano-
particles were designated as 2 % Mg-doped ZnO, 4 % Mg-doped ZnO, 6
% Mg-doped ZnO, and 8 % Mg-doped ZnO. An identical synthesis
method was employed for preparing pure ZnO nanoparticles, ensuring
consistent experimental conditions [49]. This controlled doping method
ensures the uniform incorporation of Mg?" ions into the ZnO lattice,
influencing the structural and optical properties of the nanoparticles.
The consistency in the synthesis conditions and precise stoichiometric
control contributed to the reproducibility and reliability of the Mg-
doped ZnO samples.

2.3. Photocatalytic activity

The photocatalytic treatment of wastewater was carried out in a
photoreactor using a UV-visible lamp that produced light with a 25 W
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intensity. The basic fuchsin degradation process was examined to assess
the generated nanoparticles’ catalytic efficacy. The fundamental process
of removing basic fuchsin was monitored over time. Double-distilled
water creates a dye solution with 10 parts per million (ppm) concen-
tration. To assess the effect of adsorption during the first half-hour, an
equilibrium condition is reached by mixing 100 ml of dye solution made
from each sample with 10 mg of photocatalyst. At the same time, the
mixture is dark for half an hour. Every sample is subjected to a UV-vi-
sible spectroscopic study every 30 min.

The following formula can be used to calculate the percentage of
degradation, decolorization, or removal [50]:

Degradationefficiency =

Co—C
100 1
G X (€]

CO represents the initial dye solution concentration, and C represents the
final dye solution concentration in time.

2.4. Characterizations

Several methods were used to examine the impact of Mg-doped ZnO
on the nanoscale structure, shape, and spectral properties of Mg-doped
ZnO. Mg-doped ZnO NPs were analyzed chemically and elementally
morphology using SEM. XRD was used to analyze the structure, Rigaku
Ultima IV diffractometer equipped with Cu-Ka radiation (A = 1.5418A).
SEM was utilized to investigate the surface morphologies of ZnO NPs
doped with magnesium using FEI QUANTA 250. Fourier transformer
infrared spectroscopy, or FTIR, investigated functional groups and
determined a material’s molecular structure. The optical absorption
spectra of Mg-doped ZnO nanoparticles were analyzed using a Shimadzu
UV- vis 3600 plus spectrophotometer in UV-Vis-NIR spectral region
(200-800) nm. The optical and electrical properties of synthesized pure
and Mg-doped ZnO NPs were investigated using UV-visible spectros-
copy and a photoluminescence spectrometer (photoLab 6600-UV-VIS).

2.5. Computational methodology

A series of theoretical simulations were conducted to correlate the
quantum chemical properties of Mg-doped ZnO NPs with their experi-
mentally measured photocatalytic degradation efficiencies. The DFT
framework, explicitly employing the B3LYP functional [51-55], was
utilized through the Turbomole 7.4 software package [52,56-60]. The
def-SV(P) basis set [51,53,61-63] was chosen for its ability to accurately
model the electronic structure of ZnO and Mg-doped ZnO systems, while
the MO06-2X functional [19,64-67] was employed to account for
dispersion interactions and long-range electron correlation effects,
essential for studying the photocatalytic mechanisms in nanostructures.

Conductor-like Screening Model for Realistic Solvation (COSMO-RS)
calculations were performed to refine our understanding of the photo-
catalytic behavior further. These provided insights into the charge dis-
tribution across the Mg-doped ZnO cluster, allowing us to predict
reactive sites and assess the system’s reactivity during photocatalytic
degradation.

A comprehensive examination of NCI within the Mg-doped ZnO@BF
dye system was conducted using the (RDG method [68,69] and QTAIM
[70-72]. This approach identified and characterised weak interactions
such as hydrogen bonding, van der Waals forces, and steric repulsions,
which are critical to understanding organic pollutants’ adsorption and
degradation processes on the catalyst surface. The RDG analysis, carried
out using the Multiwfn program [73], visualized these interactions
based on electron density (p) and its gradients, providing a detailed map
of interaction strength [74-76]. This analysis is vital for elucidating the
stabilization mechanisms of BF dye molecules on Mg-doped ZnO NPs
and the efficient charge transfer that drives photocatalysis.

Color-coded scatter plots were also constructed using gnuplot [77] to
illustrate the interaction profiles between the dye molecules and the
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photocatalyst. QTAIM provided a quantitative assessment of bonding
interactions within the system by analyzing key topological parameters
at Bond Critical Points (BCPs), offering a deeper understanding of the
interactions that influence the photocatalytic degradation process. The
spatial arrangement and molecular interaction network were visualized
using the VMD interface [78], clearly presenting how Mg doping in-
fluences electron distribution and interaction sites within the ZnO
cluster.

3. Results and discussion
3.1. Structural characterization by X-ray diffraction (XRD)

XRD is a critical technique for assessing nanomaterials’ crystalline
structure, phase purity, and crystallite size. This study employed XRD to
investigate the structural properties of pure and Mg-doped ZnO nano-
particles synthesized via a co-precipitation method. The data obtained
from XRD confirms the successful doping of Mg into the ZnO lattice and
provides essential information on the crystallinity and phase stability of
the synthesized materials. As shown in Fig. 1 (a), the XRD patterns for
pure ZnO exhibit characteristic diffraction peaks at 20 = 31.84°, 34.52°,
and 36.36°, corresponding to the (100), (002), and (101) planes of the
hexagonal wurtzite structure of ZnO, consistent with JCPDS file No. 36-
1451 [79]. These sharp and intense peaks indicate high crystallinity in
the ZnO nanoparticles. Additional diffraction peaks at 20 = 45.54°,
47.64°, 56.70°, 58.32°, 62.96°, 66.34°, and 75.38° are observed, cor-
responding to the (422), (102), (2-10), (422), (103), (200), and
(202) planes, further confirming the structural integrity of the wurtzite
phase.

Upon doping with Mg, notable changes are observed in the diffrac-
tion patterns, particularly a shift in the positions of the prominent peaks,
as shown in Fig. 1 (b). This shift is most distinguished for the (1 00) and
(002) planes. The slight change towards higher 20 values can be
attributed to successfully incorporating Mg?" into the ZnO lattice,
replacing Zn®" ions. Given that Mg?" has a smaller ionic radius (0.66 A)
compared to Zn%* (0.74 [o\), the substitution leads to lattice contraction,
which is reflected in the peak shift [40-42]. This observation confirms
that Mg has been successfully doped into the ZnO matrix, resulting in a
minor alteration of the lattice parameters while maintaining the hex-
agonal wurtzite structure. The absence of additional peaks or new
phases in the XRD patterns of Mg-doped ZnO nanoparticles suggests that
the doping process did not introduce secondary phases, such as MgO,
and that Mg2* is homogeneously distributed within the ZnO lattice [80].
The high purity of the phase is critical, as the presence of secondary

(a)

—
2
S
2

Intensity (a.u)

Mg-doped ZnO 2%

l A \ A Mg-doped ZnO 4%
I A n Mg-doped ZnO 6%

A\
A Mg-doped ZnO 8%
20 30 40 50 60 70 80 90
260 (degree)

Inorganic Chemistry Communications 176 (2025) 114274

phases could hinder photocatalytic performance by acting as recombi-
nation centers for photo-generated charge carriers [81-83].
Furthermore, the XRD data were used to calculate the crystallite sizes
of the nanoparticles using Scherrer’s equation [84]:
K.A

b= p.cost 2

where D is the average crystallite size, K is the shape factor (typically
0.9), ) is the X-ray wavelength (0.15406 nm for Cu Ka radiation), § is the
full-width at half-maximum (FWHM) of the diffraction peak, and 0 is the
diffraction angle. The results, summarized in Table 1, indicate a pro-
gressive decrease in crystallite size with increasing Mg doping. Specif-
ically, the crystallite size decreases from 30.91 nm for pure ZnO to
26.52 nm, 23.68 nm, 18.10 nm, and 24.11 nm for Mg-doped ZnO
samples with 2 %, 4 %, 6 %, and 8 % Mg, respectively.

The reduction in crystallite size with increasing Mg concentration is
attributed to the smaller ionic radius of Mg2", which leads to lattice
shrinkage and reduced particle size. Similar trends have been observed
in other studies involving transition metal doping in ZnO, where the
dopant ion’s size influences the crystallite dimensions [85].

Interestingly, a slight increase in crystallite size was observed at 8 %
Mg doping compared to the 6 % sample, which may be attributed to
agglomeration or slight lattice distortions at higher dopant concentra-
tions. This behavior is commonly reported in the literature when doping
concentrations exceed an optimal limit, leading to strain relaxation or
particle coalescence during synthesis [42,80,81]. Thus, while Mg doping
reduces the crystallite size, higher doping levels may introduce
competing effects, such as lattice distortion and defect formation, which
could affect the material’s photocatalytic efficiency.

In terms of structural implications, the reduction in crystallite size
with Mg doping is beneficial for photocatalysis. Smaller crystallite sizes
result in larger surface areas, which enhance the interaction between the
catalyst and the target molecules, such as dyes or pollutants in water

Table 1
Crystallite size (nm) of all synthesized pure and Mg-doped ZnO
NPs.
Sample Crystalline size (nm)
Pure ZnO NPs 30.91
Mg-doped 2 % 26.52
Mg-doped 4 % 23.68
Mg-doped 6 % 18.10
Mg-doped 8 % 24.11

(b)

Mg-doped ZnO 2%

Intensity (a.u)

Mg-doped ZnO 4%

Mg-doped ZnO 6%

Mg-doped ZnO 8%

33.0 34.0 35.0 36.0 37.0

26 (degree)

31.0 32.0

Fig. 1. XRD patterns of pure and Mg-doped ZnO NPs synthesized by the co-precipitation method and annealed at 500 °C for 1 h: (a) wide-angle XRD patterns
illustrating phase purity across all Mg doping concentrations, and (b) magnified view of the (1 0 0), (0 0 2), and (1 0 1) peaks, highlighting the shift in peak positions
as Mg content increases.
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treatment applications [86]. Moreover, the slight shifts in the XRD peaks
suggest that Mg incorporation could also influence the electronic
properties of ZnO, potentially altering its bandgap and charge carrier
dynamics, which are critical for improving photocatalytic efficiency
under UV or visible light irradiation.

Therefore, the XRD results confirm that Mg doping significantly

(@)

Mg-doped ZnO 6%
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alters the structural properties of ZnO NPs. These changes are expected
to influence their photocatalytic performance, which will be further
explored in subsequent sections on photocatalytic degradation. The
phase purity, crystallinity, and controlled reduction in crystallite size all
point to the successful synthesis of Mg-doped ZnO nanoparticles with
enhanced potential for environmental applications, such as the

Mg-doped ZnO 4%

Fig. 2. SEM images of pure and Mg-doped ZnO NPs at 5-um magnification and varying Mg doping concentrations: (a) pure ZnO, (b) 2% Mg-doped ZnO, (c) 4% Mg-
doped ZnO, (d) 6% Mg-doped ZnO, and (e) 8% Mg-doped ZnO, showing changes in particle agglomeration and morphology with increasing Mg content.
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degradation of organic pollutants.
3.2. Morphological observations by SEM

SEM was employed to investigate the surface morphology and par-
ticle size distribution of pure ZnO and Mg-doped ZnO NPs. The SEM
images, as shown in Fig. 2, provide clear evidence of how Mg doping
influences the morphology and aggregation behavior of the nano-
particles. These observations are critical, as nanoparticle morphology
plays a key role in determining the material’s surface area, charge
transfer efficiency, and photocatalytic performance. Fig. 2 (a) depicts
the SEM image of pure ZnO NPs, which exhibit a relatively uniform
distribution of small, spherical agglomerates. The pure ZnO particles are
tightly packed, and their aggregation is typical of nanoparticles syn-
thesized via co-precipitation. These particles tend to cluster due to their
high surface energy, which encourages the formation of agglomerates
during drying and annealing processes [87]. Upon doping with Mg, the
morphology of the ZnO nanoparticles undergoes significant changes, as
illustrated in Fig. 2 (b-e). The nanoparticles remain agglomerated at 2 %
Mg doping (Fig. 2 (b)), but the clusters appear more loosely packed than
pure ZnO. This may indicate that Mg?" ions, upon substitution into the
ZnO lattice, disrupt the regular crystallization process, resulting in a less
compact structure. The introduction of Mg?" likely influences nucle-
ation and growth mechanisms, leading to slight variations in the particle
size distribution [88-90].

As the Mg concentration increases to 4 % and 6 % (Fig. 2 (c) and (d)),
a noticeable increase in particle agglomeration is observed. The NPs
form larger, more compact clusters than pure ZnO and the 2 % Mg-
doped samples. This increased agglomeration can be attributed to
enhanced lattice strain caused by the incorporation of Mg2+ ions, where
the substitution of Mg?" for Zn?" within the ZnO lattice likely leads to a
contraction of the lattice, promoting particle aggregation as the system
tries to minimize surface energy [87]. The higher Mg doping levels may
also induce more significant changes in surface charge distribution,
altering the inter-particle forces and resulting in more substantial
agglomeration [37,91]. At 8 % Mg doping (Fig. 2 (e)), the SEM images
reveal the formation of even larger and more irregular aggregates. These
structures are composed of a highly clustered morphology, with parti-
cles forming dense, uneven agglomerates. The pronounced agglomera-
tion at this doping level may be due to the saturation of Mg?" in the ZnO
lattice, causing increased lattice distortion and defect formation, such as
oxygen vacancies, which could enhance particle interaction and aggre-
gation [37,87]. This behavior is characteristic of doped nanomaterials,
where exceeding a critical doping concentration threshold prevents the
effective incorporation of excess dopant ions into the lattice, ultimately
leading to particle coalescence [92]. Interestingly, the SEM images of
Mg-doped ZnO nanoparticles also show signs of a rod-like morphology,
particularly at higher doping levels. These rod-like structures may be
formed due to preferential growth along specific crystallographic di-
rections, which the presence of Mg?" ions can influence. Metal ion
doping, including Mg, has been reported to impact the anisotropic
growth of ZnO nanoparticles, leading to the development of 1D nano-
structures such as nanorods and nanowires. Although not dominant,
these morphological features could play a significant role in the pho-
tocatalytic performance of the material by enhancing light absorption
and charge separation efficiency [88]. The changes in morphology
observed in the SEM images directly correlate with the structural
modifications introduced by Mg doping. The increased agglomeration
and formation of irregular structures with higher Mg content can be
attributed to the strain induced within the ZnO lattice and the genera-
tion of defects, such as oxygen vacancies, which are known to influence
particle interaction and aggregation [93]. These morphological changes
are expected to substantially impact the material’s photocatalytic
properties, as the surface area, defect density, and particle dispersion are
critical factors affecting photocatalytic activity. Accordingly, the SEM
analysis reveals that Mg doping significantly alters the morphology of
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ZnO nanoparticles, leading to increased agglomeration and the forma-
tion of more compact and irregular structures at higher doping levels.
These morphological changes are likely to influence the photocatalytic
efficiency of Mg-doped ZnO, as they affect both the surface area and the
ability of the material to interact with light and generate reactive spe-
cies. Further investigation into the specific impact of these morpholog-
ical features on photocatalytic performance would provide deeper
insights into optimizing Mg-doped ZnO for environmental remediation
applications.

3.3. Analysis of FTIR spectra

FTIR spectroscopy is vital for identifying nanomaterials’ functional
groups, chemical bonds, and molecular interactions. It provides critical
insights into synthesized nanoparticles’ surface chemistry and bonding
environment, essential for understanding their structural integrity and
potential photocatalytic behavior. FTIR is particularly valuable in the
context of metal oxide nanoparticles, such as ZnO, as it allows for
detecting surface hydroxyl groups, metal-oxygen bonds, and residual
organic compounds, all of which can impact the material’s properties.
Fig. 3 presents the FTIR spectra of pure and Mg-doped ZnO nanoparticles
at different doping concentrations (2 %, 4 %, 6 %, and 8 % Mg). The
spectral analysis reveals several characteristic peaks corresponding to
various functional groups, with significant features identified in the
ranges of 3000-3700 cm ™, 1300-1400 cm ™!, and 500-600 cm ™. These
peaks provide critical information about the chemical composition and
structural changes Mg doping induces. The broad absorption band be-
tween 3000 cm ™! and 3700 cm ! is associated with the O-H stretching
vibrations. This peak is characteristic of hydroxyl groups, either from
surface-adsorbed water molecules or from Zn-OH and Mg-OH bonds on
the surface of the nanoparticles [94-97]. These hydroxyl groups are
essential, as they play a key role in photocatalytic reactions, where
hydroxyl radicals are generated under UV or visible light irradiation to
degrade organic pollutants [83,88]. The intensity and breadth of this
peak across all samples, including pure ZnO and Mg-doped ZnO, suggest
that surface hydroxyl groups are prevalent regardless of doping con-
centration. However, slight variations in intensity could indicate
changes in the amount of surface hydroxyl groups, potentially influ-
enced by the incorporation of Mg?* ions. The peak around 1362 cm ™},
observed consistently across the spectra, corresponds to the bending
vibrations of O-H bonds, further confirming the presence of hydroxyl
groups on the nanoparticle surfaces. This peak is crucial for
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Fig. 3. FTIR spectra of pure and Mg-doped ZnO nanoparticles at varying Mg
doping concentrations (2%, 4%, 6%, and 8%), showing characteristic O-H,
Zn-0, Mg-0, and C-H bond vibrations and their shifts due to Mg incorporation.
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understanding the surface reactivity of the nanoparticles, as the density
of surface hydroxyl groups can directly impact their photocatalytic ef-
ficiency [98]. Notably, this peak’s persistence with increasing Mg
doping suggests that the doping process does not significantly disrupt
the surface hydroxyl bonding. However, slight shifts and intensity
changes imply some modification in surface chemistry. In the low
wavenumber region, between 500 cm~1 and 600 cm™1, the spectra
exhibit prominent peaks corresponding to the stretching vibrations of
Zn-O bonds, a signature feature of the wurtzite ZnO structure [83].
These peaks are present in both pure and Mg-doped samples, confirming
that the fundamental crystal structure of ZnO remains intact after Mg
doping. However, as Mg concentration increases, a slight shift in the
position of the Zn-O stretching peaks is observed. This shift indicates
that Mg?* ions have successfully substituted for Zn?>* within the ZnO
lattice. This structural change is a key confirmation of the successful
incorporation of Mg into the ZnO lattice, further supported by the
absence of secondary phases or additional peaks that would indicate the
formation of MgO or other impurities [82,99].

The emergence of a peak around 876 cm™! can be attributed to C-H
bending vibrations, likely originating from residual organic compounds
such as alcohols or stabilizers used during the synthesis process. The
presence of this peak, particularly in the Mg-doped samples, suggests
that Mg incorporation may influence the surface chemistry, potentially
allowing organic residues to remain adsorbed on the surface of the
nanoparticles. Such residues could result from incomplete annealing or
the complexation of organic molecules with Mg?* during synthesis [95].
While these organic species are generally undesired, their influence on
photocatalytic activity may vary depending on their interaction with
surface active sites. Furthermore, in the 1300-1400 em ! range, we
observe peaks associated with the Mg-O bond stretching, particularly
prominent in the Mg-doped samples. These peaks increase in intensity
with higher Mg doping concentrations, indicating that Mg2™ ions are not
only incorporated into the ZnO lattice but also interact with oxygen
atoms to form Mg-O bonds. These peaks’ appearance and the shift in the
Zn-0 bond vibrations provide strong evidence of successful Mg doping,
with no signs of phase separation or the formation of secondary MgO
phases [83,94].

Consequently, the FTIR analysis provides strong evidence of suc-
cessfully incorporating Mg?" ions into the ZnO lattice, with no in-
dications of secondary phases or impurities. The presence of key
functional groups such as O-H and the shifts in Zn-O and Mg-O bond
vibrations confirm that Mg doping induces subtle yet essential changes
in the chemical structure and surface chemistry of ZnO NPs. These
structural and chemical modifications, as revealed by FTIR, are expected
to influence the photocatalytic properties of the Mg-doped ZnO, mainly
through enhanced surface reactivity and altered charge transfer
dynamics.

3.4. Analysis of optical properties

The optical properties of pure and Mg-doped ZnO NPs were inves-
tigated through UV-Vis absorption spectroscopy, as illustrated in Fig. 4.
The spectra were recorded over the 200-500 nm wavelength range,
providing crucial insights into the synthesized nanoparticles’ electronic
transitions and absorption behavior. These optical characteristics are
essential for evaluating their potential applications in photocatalysis
and optoelectronic devices, as they are directly linked to the material’s
band gap and photo-response efficiency.

The absorption spectrum of pure ZnO nanoparticles exhibits a
prominent peak around 370 nm, corresponding to the intrinsic band
edge absorption of ZnO, which is characteristic of its wide band gap
[88,100,101]. This peak is associated with electronic transitions from
valence to conduction bands. With the introduction of Mg as a dopant,
significant shifts in the absorption edge and variations in absorption
intensity were observed, indicating the impact of Mg incorporation on
the optical properties of ZnO.
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Fig. 4. UV-Vis absorption spectra of pure and Mg-doped ZnO NPs with varying
Mg concentrations, illustrating shifts in the absorption edge and changes in
absorbance intensity.

In detail, the absorption spectrum of pure ZnO shows a sharp exci-
tonic peak at approximately 250 nm, corresponding to the intrinsic band
edge transition. This feature is attributed to the excitonic absorption
near the band gap of ZnO, which confirms its high crystallinity and
defect-free structure. Additionally, a shoulder around 350 nm is
observed, which is linked to defect states such as oxygen vacancies and
zinc interstitials, contributing to sub-bandgap absorption. These defect-
related states are characteristic of ZnO and are known to influence its
photocatalytic activity.

Upon doping with 2 % Mg, a slight redshift in the absorption edge is
observed, indicating a shift towards longer wavelengths. This redshift
suggests a reduction in the band gap due to lattice strain induced by
incorporating Mg?™ ions into the ZnO lattice, which modifies the elec-
tronic band structure [100]. This behavior enhances the absorption of
lower-energy photons, improving the photocatalytic potential of Mg-
doped ZnO under visible light. The increased absorbance at this
doping level can be attributed to enhanced defect density, particularly
oxygen vacancies, and changes in particle size and surface morphology,
collectively contributing to higher light absorption [102].

However, at higher Mg concentrations (4 %, 6 %, and 8 %), a blue
shift in the absorption edge and a noticeable decrease in absorbance
intensity are observed. This blue shift is associated with a widening band
gap, which is attributed to the Burstein-Moss effect, where increased
carrier concentration from Mg doping leads to band filling and a
consequent shift to higher energies. Additionally, the reduction in
absorbance intensity at higher Mg doping levels can be linked to
increased particle agglomeration, which reduces the effective surface
area available for light absorption. Moreover, excessive Mg incorpora-
tion introduces additional lattice defects, acting as scattering centers
and diminishing the overall light absorption efficiency.

The shoulder at ~350 nm diminishes progressively with increasing
Mg doping, suggesting reduced defect states such as oxygen vacancies.
This observation aligns with the improved crystallinity confirmed by
XRD analysis, indicating that Mg doping effectively modifies the defect
landscape of ZnO. The overall blue shift in the absorption edge at higher
doping levels suggests partial band gap recovery due to the interplay
between quantum confinement effects and defect formation within the
ZnO lattice [82,88,100,102].

The optical band gap energies (Eg) of the pure and Mg-doped ZnO
nanoparticles were calculated using the Tauc plot method, derived from
UV-Vis absorption data, as shown in Fig. 5. The Tauc plot is constructed
using the following equation [103]:
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Fig. 5. Tauc plots to determine optical band gap energies of pure and Mg-
doped ZnO nanoparticles, showing band gap reduction with increasing Mg
doping levels.

ahv = A(h — Eg)l/2 3

Here, a denotes the absorption coefficient, h is Planck’s constant, v is the
frequency of the incident light, and A is a proportionality constant.

The calculated band gap for pure ZnO was 3.68 eV, which appears to
be higher than the typical bulk ZnO band gap of ~3.37 eV. This exces-
sive band gap value can be attributed to the quantum confinement effect
resulting from the nanoscale size of the ZnO particles. When the particle
size approaches the exciton Bohr radius, quantum confinement causes a
widening of the band gap due to the spatial restriction of charge carriers.
Additionally, surface effects such as increased surface-to-volume ratio
and surface defects, including oxygen vacancies, can contribute to
localized energy states, influencing the optical band gap. These factors
collectively result in the observed blue shift and the higher band gap
value for the undoped ZnO nanoparticles [88,100].

A significant reduction in the band gap is observed upon incorpo-
ration of Mg as a dopant. For the 2 % Mg-doped ZnO, the band gap
decreased to 3.16 eV, indicating the impact of Mg doping on narrowing
the band gap. This reduction is attributed to the substitution of Zn>*
with Mg?" in the ZnO lattice, which induces lattice strain due to the
smaller ionic radius of Mg?*. This lattice distortion alters the electronic
band structure, effectively reducing the energy gap between the valence
and conduction bands [102,104]. However, the band gap values grad-
ually increase as the Mg doping concentration increases. The band gaps
for 4 %, 6 %, and 8 % Mg-doped ZnO were calculated to be 3.26 eV, 3.41
eV, and 3.52 eV, respectively. This trend can be explained by the com-
plex interplay between particle size, quantum confinement effects, and
defect density [103]. At higher doping concentrations, particle
agglomeration may occur, leading to an increase in the effective particle
size, which reduces the quantum confinement effect, thereby causing a
slight widening of the band gap.

Additionally, excessive Mg incorporation can introduce more sig-
nificant defect formation, such as oxygen vacancies and interstitial de-
fects, which can act as scattering centers, altering the material’s
electronic properties. These defects contribute to localized energy levels
within the band gap, influencing the absorption characteristics and
leading to the observed blue-shift in the absorption edge and a partial
recovery of the band gap energy [93,102]. The ability to tune the band
gap through controlled Mg doping has significant implications for the
photocatalytic and optoelectronic applications of ZnO nanoparticles.
The redshift in the absorption edge and band gap reduction at lower
doping concentrations enhances the material’s ability to absorb visible
light, improving photocatalytic efficiency. Conversely, the increased
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band gap at higher Mg concentrations benefits applications requiring
higher energy photon absorption, such as UV sensors and optoelectronic
devices [91,104].

Consequently, the systematic modulation of the optical properties of
ZnO through Mg doping demonstrates the potential of these nano-
particles for a range of applications, including photocatalysis, UV
detection, and optoelectronic devices. This study provides a compre-
hensive understanding of how Mg doping influences the electronic
structure and optical behavior of ZnO nanoparticles.

3.5. Photocatalytic analysis

The photocatalytic degradation of BF dye was systematically inves-
tigated using pure ZnO and Mg-doped ZnO nanoparticles under UV light
irradiation to assess their photocatalytic efficiencies. The calibration
curve for BF dye concentrations, presented in Fig. 6 (a), exhibits a highly
linear relationship between absorbance and dye concentration, with an
R? value exceeding 0.99. This strong linearity confirms the accuracy and
precision of the absorbance measurements, validating the robustness of
the analytical system developed for monitoring the photocatalytic
degradation process. Such validation is essential for ensuring the
reproducibility and reliability of the experimental results, which is
critical in photocatalytic degradation studies.

Photocatalytic performance was evaluated by tracking the reduction
in BF dye concentration over time, with degradation efficiencies calcu-
lated for pure and Mg-doped ZnO samples under varying experimental
conditions. These conditions included changes in Mg doping concen-
tration, photocatalyst mass, solution pH, initial dye concentration, and
reaction temperature, as illustrated in Figs. 6 and 7. This comprehensive
investigation provides valuable insights into the critical parameters
influencing the photocatalytic activity of the synthesized ZnO-based
materials.

To further elucidate the photocatalytic degradation mechanism, ki-
netic analysis was conducted by plotting In(Cy/C) versus time, where Cy
and C represent the initial and instantaneous dye concentrations,
respectively. This approach enabled the determination of reaction rate
constants (k) under various experimental conditions. The high linearity
observed in the kinetic plots, supported by strong R? values, indicates
that the degradation process adheres to pseudo-first-order reaction ki-
netics across all tested scenarios. The kinetics of the degradation process
were modeled using the pseudo-first-order equation [102]:

Co

lnE =kt @
where k represents the reaction rate constant, and t is the reaction time.

This extensive analysis thoroughly explains the key factors affecting
the photocatalytic degradation of BF dye by ZnO and Mg-doped ZnO
NPs. The results demonstrate that Mg doping significantly enhances the
photocatalytic efficiency of ZnO, with optimal degradation observed
under specific conditions of catalyst mass, solution pH, and dye con-
centration. Furthermore, the kinetic data affirm the suitability of the
pseudo-first-order model in describing the photocatalytic degradation
process. These findings highlight the potential of Mg-doped ZnO NPs for
effective environmental remediation, particularly in the degradation of
organic pollutants.

3.5.1. Effect of Mg doping on photocatalytic degradation of BF dye

The photocatalytic performance of ZnO NPs, modified by Mg doping,
was evaluated for the degradation of BF dye. Fig. 6 (b) illustrates the
impact of varying Mg doping percentages on degradation efficiency. Mg-
doped ZnO acts as a photocatalyst by generating electron-hole pairs
upon UV light irradiation. These electron-hole pairs lead to the forma-
tion of ROS, such as hydroxyl (¢OH) and superoxide radicals (¢O3), both
of which are essential for breaking down organic pollutants like BF dye
[105]. Upon UV light exposure, electrons in the valence band are excited
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to the conduction band, leaving behind holes in the valence band. These
photogenerated electrons react with oxygen molecules in the solution,
generating 03, while the photogenerated holes can react with water
molecules or OH™ to produce ¢OH [106]. ROS are highly reactive and
responsible for oxidizing and decomposing the dye molecules. As shown
in Fig. 6 (b), increasing the Mg doping concentration from 2 % to 6 %
enhances the degradation efficiency, with the 6 % Mg-doped ZnO
sample achieving the highest degradation efficiency of 99.38 % within
100 min. This improvement is attributed to the increased surface area
and additional active sites introduced by Mg doping, which facilitate
greater adsorption of pollutant molecules and more efficient charge
separation, leading to more superoxide and hydroxyl radicals [107].
However, increasing the Mg doping concentration beyond 6 %-8 %
results in a slight reduction in efficiency. This decline is likely due to
particle agglomeration and the formation of recombination centers,
which reduce the availability of free electrons and holes necessary for
effective photocatalysis, thus lowering the production of ROS like ¢O3
or ¢OH [105,108].

Additionally, the linear plots of In(Cy/C) versus time, as shown in
Fig. 7 (a), demonstrate that the degradation process follows pseudo-first-
order kinetics, with high R? values confirming the model’s applicability
across all doping levels. The reaction rate constants, presented in
Table 2, further support this observation. The Mg-doped ZnO 6 %
sample exhibits the highest reaction rate constant (k = 0.0512 min’l),
highlighting its superior photocatalytic activity. In contrast, the rate
constant for the Mg-doped ZnO 8 % sample is slightly lower, reflecting
the decreased efficiency due to agglomeration and charge recombina-
tion at higher doping levels, which diminishes the generation of ROS
includes ¢O5 or ¢OH radicals [103,106,107].

Thus, moderate Mg doping (6 %) significantly enhances the photo-
catalytic degradation of BF dye by optimizing surface area and charge
carrier dynamics. However, higher doping concentrations (>6%) can
impede performance due to the formation of recombination centers. The
kinetic data confirm that the photocatalytic degradation follows pseudo-
first-order kinetics for all doping levels, with the Mg-doped ZnO 6 %
sample demonstrating the highest reaction rate and overall degradation
efficiency.

Table 2
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3.5.2. Effect of Mg-doped ZnO photocatalyst mass

The influence of photocatalyst mass on the degradation efficiency of
BF dye using Mg-doped ZnO NPs was investigated by varying the cata-
lyst mass from 0.05 to 0.15 g. Fig. 6 (c) illustrates the relationship be-
tween photocatalyst mass and degradation efficiency over time, while
Fig. 7 (b) provides the corresponding kinetic analysis based on the
pseudo-first-order model.

As depicted in Fig. 6 (c), increasing the mass of Mg-doped ZnO from
0.05 to 0.15 g led to a marked improvement in photocatalytic perfor-
mance. The sample with 0.10 g of Mg-doped ZnO achieved almost
complete degradation efficiencies of 94.95 %, 98 %, and 99.38 %
observed for 0.05, 0.12, and 0.15 g after 100 min irradiation. This
enhancement in degradation efficiency with increasing photocatalyst
mass can be attributed to the larger number of active surface sites
available for the photocatalytic reactions, which facilitates the genera-
tion of eOH and eO; radicals, key intermediates in the oxidation of
organic pollutants such as BF dye [105]. However, while increasing the
photocatalyst mass initially enhances degradation efficiency, the results
in Fig. 6 (c) suggest that after a certain mass threshold (0.12 g), the rate
of improvement diminishes. This may be due to light scattering and
reduced photon penetration within the reaction medium at higher
catalyst concentrations, leading to less effective utilization of active
sites’ available light and saturation [109]. Thus, while higher catalyst
masses provide more active sites, the excessive use of photocatalysts can
limit the reaction efficiency due to mass agglomeration and light
attenuation effects.

The pseudo-first-order kinetics of BF dye degradation were also
evaluated, and the linear plots of In(Cy/C) versus time for different Mg-
doped ZnO masses are shown in Fig. 7 (b). The kinetic analysis dem-
onstrates that the degradation process follows pseudo-first-order ki-
netics, with rate constants kk increasing as the photocatalyst mass
increases. The rate constants for 0.05, 0.10, 0.12, and 0.15 g Mg-doped
ZnO masses are 0.0192, 0.0514, 0.0341, and 0.0348 min’l, respec-
tively, as presented in Table 2. The highest rate constant (k = 0.0514
min~1) is observed for the 0.10 g sample, indicating optimal catalyst
loading for efficient photocatalytic degradation. As the mass increases to
0.15 g, the rate constant slightly decreases, consistent with the observed
saturation effect, where further increases in photocatalyst mass do not

Summary of photocatalytic degradation efficiency, R, and reaction rate constants for BF dye degradation using pure and Mg-doped ZnO NPs.

Parameter Condition Degradation R? Rate constant k (min~1) Uncertainty
(%) )

Mg doping concentration Pure ZnO 87.28 0.9641 0.0190 0.00122
Mg-doped ZnO 2 % 88.70 0.9733 0.0191 0.00106
Mg-doped ZnO 4 % 97.90 0.9699 0.0384 0.00225
Mg-doped ZnO 6 % 99.38 0.9799 0.0512 0.00245
Mg-doped ZnO 8 % 98.15 0.9888 0.0402 0.00143

Photocatalyst mass (g) 0.05 95.49 0.9675 0.0318 0.00194
0.1 99.38 0.9802 0.0514 0.00243
0.12 87.16 0.9560 0.0192 0.00137
0.15 96.36 0.9078 0.0341 0.00362

Solution pH pH 2 78.15 0.9670 0.0133 0.00082
pH 4 69.26 0.9299 0.0103 0.00094
pH 6.9 (Neutral) 99.38 0.9799 0.0512 0.00245
pH 8 83.83 0.8964 0.0147 0.00167
pH 10 88.33 0.8847 0.0171 0.00206

Initial dye concentration (ppm) 10 ppm 99.38 0.9808 0.0507 0.00237
15 ppm 67.78 0.9022 0.0105 0.00115
20 ppm 47.53 0.6726 0.0052 0.00120

Reaction temperature (°C) 15°C 66.79 0.9579 0.0098 0.00069
25°C 99.38 0.9799 0.0512 0.00245
35°C 90.00 0.9725 0.0237 0.00133

10
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proportionally enhance degradation efficiency due to the aforemen-
tioned light attenuation and particle agglomeration [37,109].

Consequently, the results suggest that the optimal Mg-doped ZnO
photocatalyst mass for the degradation of BF dye under UV irradiation is
0.10 g, providing the highest degradation efficiency and reaction rate
constant. While increasing the catalyst mass improves the degradation
rate by providing more active sites, excessive amounts of photocatalyst
can result in diminishing returns due to light scattering and mass
agglomeration. The pseudo-first-order kinetic model effectively de-
scribes the degradation process, with a strong correlation between
photocatalyst mass and reaction rate.

3.5.3. Effect of initial solution pH

The influence of initial solution pH on the photocatalytic degrada-
tion of BF dye was examined over a pH range of 2 to 10, with a dye
concentration of 3 ppm. The results, presented in Fig. 6 (d), demonstrate
that the pH of the solution significantly affects the degradation effi-
ciency. pH is a critical factor influencing the photocatalyst’s surface
charge and the dye molecules’ ionization state, affecting the overall
adsorption and photocatalysis processes [1]. As shown in Fig. 6 (d), the
degradation efficiency increases with rising pH, reaching a maximum of
99.38 % at neutral pH (6.9). The degradation efficiency is considerably
lower in acidic conditions (pH 2) (78.15 %). This reduced performance
at low pH levels can be attributed to the protonation of the Mg-doped
ZnO surface, which creates a positively charged surface that repels the
cationic BF dye molecules, thereby limiting their adsorption onto the
photocatalyst [110-112].

Additionally, the competition between protons (H") and dye mole-
cules for the available adsorption sites further reduces the photo-
catalytic efficiency under highly acidic conditions [113,114]. At basic
pH values (pH 8 and 10), the degradation efficiency decreases again,
with the lowest value (88.33 %) observed at pH 10. The reduction in
degradation at higher pH can be explained by the formation of excess
OH™ in the solution. These hydroxide ions act as scavengers of the
photo-generated holes, preventing the formation of ¢OH and ¢O5 radi-
cals, essential for the oxidative breakdown of organic pollutants.
Furthermore, the basic environment may alter the dye structure,
reducing interaction with the photocatalyst surface [112,115].

The kinetic analysis of BF dye degradation at different pH levels was
performed using the pseudo-first-order kinetic model. The linear plots of
In(Cp/C) versus time, shown in Fig. 7 (c), confirm that the degradation
process follows pseudo-first-order kinetics across all tested pH condi-
tions. The highest reaction rate constant, k = 0.0512 min }, was
observed at pH 6.9, consistent with the optimal degradation efficiency
observed at this pH. The R? values for the kinetic plots, as presented in
Table 2, further validate the kinetic model, with R? = 0.9799 at pH 6.9.
At higher pH values, the reaction rate constant decreases, with k =
0.0147 min~! at pH 8 and k = 0.0171 min~! at pH 10. This decline in
rate constant at basic pH levels confirms the detrimental effect of hy-
droxide ions on the photocatalytic process by hindering the formation of
reactive radicals and altering the dye structure [111,116].

Accordingly, the results demonstrate that pH plays a crucial role in
determining the photocatalytic degradation efficiency of BF dye. The
optimal pH for degradation is neutral (pH 6.9), where the surface charge
of the photocatalyst is balanced, allowing maximum interaction be-
tween the cationic BF dye and the negatively charged surface sites. At
both highly acidic and highly basic conditions, the degradation effi-
ciency decreases due to charge repulsion and hydroxide ion interfer-
ence, respectively. The kinetic analysis further supports these findings,
with the highest reaction rate constant observed at neutral pH, con-
firming that solution pH is a critical parameter for optimizing photo-
catalytic processes.

3.5.4. Effect of initial dye concentration
The effect of initial dye concentration on the photocatalytic degra-
dation of BF dye was investigated at three different concentrations: 10,

11
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15, and 20 ppm. The results, presented in Fig. 6 (e), reveal a strong
dependence of the degradation efficiency on the initial dye concentra-
tion. As the initial concentration of BF dye increases, a notable decrease
in degradation efficiency is observed. The highest degradation efficiency
(~100 %) is achieved with a 10-ppm dye concentration, while lower
efficiencies of 67.78 % and 47.53 % are recorded for 15 and 20 ppm
concentrations, respectively, after 100 min of UV irradiation. The
interaction between dye molecules drives the photocatalytic degrada-
tion process and ¢OH radicals, which are generated on the surface of the
photocatalyst upon UV light exposure. At lower dye concentrations (10
ppm), the availability of hydroxyl radicals is sufficient to ensure efficient
interaction with the dye molecules, resulting in complete degradation.
However, at higher dye concentrations (15 and 20 ppm), the increased
number of dye molecules competes for the limited number of active sites
on the catalyst surface. This reduces the formation of ¢OH and O3
radicals as the catalyst surface becomes saturated with dye molecules,
thereby inhibiting the degradation process. The excess dye also absorbs
more UV light, reducing the effective light reaching the catalyst surface
and further hindering the generation of reactive species [117].

The pseudo-first-order kinetic model was applied to describe the
degradation process at different initial dye concentrations, as shown in
Fig. 7 (d). The linearity of the plots for each concentration confirms that
the degradation follows pseudo-first-order kinetics, with higher dye
concentrations exhibiting slower reaction rates. The reaction rate con-
stants for 10, 15, and 20 ppm are 0.0507, 0.0105, and 0.0052 min~},
respectively, as presented in Table 2. The highest rate constant is
observed for the 10-ppm concentration, corresponding to the fastest
degradation process. The rate constants decrease significantly as the
initial dye concentration increases, with the 20-ppm solution exhibiting
the lowest rate constant. This reduction in reaction rate is due to the
limited availability of hydroxyl radicals and active sites on the catalyst
surface, which are essential for the photocatalytic process [116,118].
Furthermore, the R? values for the kinetic plots demonstrate a strong
correlation between the pseudo-first-order model and the experimental
data, particularly for the 10-ppm concentration (R% = 0.9808).

Hence, the results highlight that lower initial dye concentrations
result in more efficient photocatalytic degradation, with the optimal
concentration for BF dye removal being 10 ppm. At higher concentra-
tions (15 and 20 ppm), the degradation efficiency decreases due to the
saturation of active sites on the photocatalyst surface and reduced
availability of hydroxyl radicals. The kinetic analysis confirms that the
degradation follows pseudo-first-order kinetics, with the reaction rate
decreasing as the initial dye concentration increases. These findings
underscore the importance of optimizing dye concentration in photo-
catalytic processes to maximize degradation efficiency and reaction
rates.

3.5.5. Effect of reaction temperature

The influence of reaction temperature on the photocatalytic degra-
dation of BF dye was assessed by performing experiments at 15, 25, and
35°C. Fig. 6 (f) shows that increasing the reaction temperature generally
enhances the degradation efficiency. The highest degradation efficiency
was observed at 25 °C, where 99.38 % of the dye was degraded after 100
min of UV irradiation. In comparison, 90 % and 66.79 % degradation
efficiencies were recorded at 35 and 15 °C, respectively. The enhanced
degradation efficiency at 25 °C can be attributed to the optimal balance
between the kinetic energy of the BF dye molecules and the mobility of
photo-generated charge carriers (electrons and holes) at this moderate
temperature. At higher temperatures (e.g., 35 °C), while charge carrier
mobility improves, factors such as potential thermal deactivation of the
photocatalyst and particle agglomeration may begin to counteract these
benefits, slightly reducing the overall degradation efficiency [118-120].
Conversely, at 15 °C, the lower kinetic energy of the dye molecules and
reduced charge carrier mobility hinder the photocatalytic process,
leading to the lowest degradation efficiency.

The kinetic analysis in Fig. 7 (e) further supports the observed
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temperature effects on photocatalytic activity. The linear plots of In(Cy/
C) versus time for different temperatures confirm that the degradation
follows pseudo-first-order kinetics across all conditions. The reaction
rate constants derived from the slopes of these plots reveal a
temperature-dependent increase in reaction rate, with the highest rate
constant observed at 25 °C (k = 0.0512 min’l). In contrast, lower rate
constants were recorded at 35 °C (k = 0.0237 min 1) and 15 °C (k =
0.0098 min’l), as summarized in Table 2. Although the reaction rate at
35 °C is higher than at 15 °C, the slight reduction in degradation effi-
ciency compared to 25 °C can be explained by potential drawbacks at
elevated temperatures, such as thermal deactivation or agglomeration of
catalyst particles. These effects reduce the available surface area for
photocatalytic reactions, thus explaining why 25 °C provides the most
favorable conditions for photocatalytic degradation in this study.
Therefore, this study demonstrates the significant impact of reaction
temperature on the photocatalytic degradation of BF dye. While higher
temperatures generally improve photocatalytic activity by enhancing
charge carrier mobility and dye diffusion, 25 °C was the optimal tem-
perature, yielding the highest degradation efficiency (~100 %) after
100 min. A slight reduction in efficiency at 35 °C highlights the
importance of balancing thermal effects to avoid potential deactivation
or agglomeration. Thus, controlling reaction temperature is essential for
optimizing photocatalytic systems for effective pollutant degradation.
As a result, the photocatalytic degradation of BF dye using Mg-doped
ZnO NPs was systematically studied under various experimental con-
ditions, including Mg doping percentage, photocatalyst mass, initial
solution pH, dye concentration, and reaction temperature. The findings
demonstrated that each parameter significantly influences degradation
efficiency and reaction kinetics. Optimal photocatalytic performance
was achieved at a Mg doping concentration of 6 %, a photocatalyst mass
of 0.10 g, a neutral pH of 6.9, a dye concentration of 10 ppm, and a
reaction temperature of 25 °C. Under these conditions, the highest
degradation efficiency and the fastest reaction rates were observed, with
degradation following pseudo-first-order kinetics across all tested sce-
narios. These results emphasize the critical role of optimizing experi-
mental parameters to enhance photocatalytic activity, particularly for
environmental applications that effectively remove organic pollutants.

3.6. Comparative study

A comparative analysis was conducted with other metal-doped ZnO
systems reported in the literature to evaluate the photocatalytic per-
formance of Mg-doped ZnO NPs synthesized via co-precipitation. The
focus was on studies where co-precipitation methods were used, as this
technique is widely recognized for its simplicity and ability to produce
uniformly doped ZnO nanoparticles. Co-precipitation allows for a ho-
mogeneous distribution of dopants within the ZnO lattice, enhancing
photocatalytic properties [121,122].

Table 3 presents a comparative summary of photocatalytic degra-
dation efficiencies for various metal-doped ZnO NPs. The current study
achieved a ~100 % degradation efficiency for BF under UV light irra-
diation with a catalyst dose of 0.1 g and a reaction time of 100 min.
Undoped ZnO under the same conditions exhibited a degradation effi-
ciency of 87.28 %. These results are consistent with those of Moulahi
[123], where Mg-doped ZnO showed a 98 % efficiency for Rhodamine B
(RhB) degradation, compared to 13 % for pure ZnO. The improved
performance of Mg-doped ZnO is attributed to reduced electron-hole
recombination rates and increased surface area, providing more active
sites for photocatalytic reactions. This highlights the effectiveness of Mg
as a dopant in enhancing ZnO’s photocatalytic performance across
various dye pollutants.

Noble metal doping enhances the photocatalytic efficiency of semi-
conductors like ZnO, primarily due to the surface plasmon resonance
(SPR) effect, which increases visible light absorption. For instance,
Ahmad et al. [124] reported that Au-doped ZnO achieved a 95 %
degradation of RhB in 180 min using 0.03 g of catalyst, compared to 74
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Table 3
Comparative summary of photocatalytic efficiency of metal-doped ZnO NPs
synthesized via co-precipitation.

Dopant Target Time Catalyst Degradation Reference
element Pollutant (min) dose (g) efficiency (%)
Pure Doped
ZnO ZnO
Mg Methylene 100 0.06 55 [83]
Blue (MB)
Cu Crystal 210 0.25 48.19 78.7 [126]
Violet (CV)
1Z Rhodamine 120 0.05 8 76 [128]
B (RhB)
Cu Methyl 120 0.3 99 [129]
Orange
MO)
Sb MB 120 0.03 84 [130]
Au MB 160 0.02 8 25 [125]
Ag MB 160 0.02 8 45 [125]
Sm MB 90 0.025 57 96 [130]
Mn MB 120 0.02 19 81 [127]
Co MB 120 0.02 19 48 [127]
Zr MB 30 0.07 90 97 [131]
Mg RhB 120 1 13 98 [123]
Au RhB 180 0.3 74 95 [124]
Mg BF 100 0.1 87.28  99.38 This
study

% for pure ZnO. Similarly, Pathak et al. [125] reported that Ag-doped
ZnO showed a 45 % degradation efficiency for Methylene Blue (MB),
compared to 8 % for pure ZnO under UV light. These improvements are
attributed to enhanced charge separation and prolonged electron-hole
lifetimes, which boost the generation of ROS. Although the mecha-
nisms differ, with Mg doping modifying the band gap and noble metals
enhancing photocatalysis via SPR, both approaches yield high degra-
dation efficiencies, comparable to the current study’s findings with Mg-
doped ZnO.

Transition metals, including Cu, Mn, and Co, have also been exten-
sively studied for their photocatalytic properties when used to dope
ZnO. Mittal et al. [126] reported that Cu-doped ZnO achieved a 78.7 %
degradation efficiency for Crystal Violet (CV) and 99 % for Methyl Or-
ange (MO) with 0.25 g and 0.3 g catalyst doses, respectively. In contrast,
pure ZnO exhibited much lower degradation efficiencies of 48.19 % for
CV and 30 % for MO. Qi et al. [127] found that Mn-doped ZnO displayed
an 81 % efficiency for MB degradation compared to 19 % for pure ZnO.
While Co-doped ZnO showed a relatively lower efficiency (48 %), it still
significantly outperformed pure ZnO (19 %). The increased efficiencies
of Cu, Mn, and Co-doped systems are mainly due to enhanced charge
carrier mobility and reduced electron-hole recombination. In compari-
son, Mg-doped ZnO in this study demonstrates even higher degradation
efficiency for BF, indicating that Mg is a more versatile dopant for a
broader range of photocatalytic applications.

Besides, doping with rare earth metals such as Zr and Sb has notably
improved ZnO’s photocatalytic performance [132]. Dtugosz et al. [131]
reported that Zr-doped ZnO achieved 97 % degradation of MB in just 30
min with a catalyst dose of 0.07 g, compared to 90 % for pure ZnO.
Similarly, Jagadhesan et al. [130] found that Sb-doped ZnO reached an
efficiency of 84 % for MB in 120 min with 0.03 g of catalyst, a significant
increase from 19 % for pure ZnO. The improvement in photocatalytic
activity with Zr and Sb is attributed to the formation of oxygen vacancies
and enhanced light absorption due to the increased surface area. These
results are consistent with the findings in this study, where Mg-doped
ZnO showed remarkable photocatalytic activity for BF degradation,
with an efficiency of 99.38 %. This suggests that Mg doping is as
effective as, or even superior to, rare earth metal doping in some cases,
especially for the degradation of cationic dyes like BF. Subsequently, this
comparative analysis underscores the significant impact of doping ZnO
with various metals on its photocatalytic efficiency. Mg-doped ZnO
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stands out as one of the most efficient photocatalysts for the degradation
of organic dyes, achieving 99.38 % degradation of BF in this study and
showing consistently high performance across different dyes in the
literature. Noble metals such as Au and Ag provide significant en-
hancements through the SPR effect, while transition metals like Cu and
Mn improve charge separation and recombination rates. Rare earth
metals like Zr and Sb further boost photocatalytic activity by creating
oxygen vacancies and increasing surface area. The results from this
study suggest that Mg-doped ZnO is highly competitive and, in some
cases, superior to other metal-doped ZnO systems, making it an ideal
candidate for environmental applications, particularly in the degrada-
tion of toxic organic pollutants.

3.7. DFT analysis and computational insights

DFT calculations were employed to elucidate further the mechanisms
responsible for the enhanced photocatalytic activity observed in the
experimental results of Mg-doped ZnO. The optimized structure of the
Mg-doped ZnO cluster, designed to model the optimal Mg doping con-
centration of 6 %, was utilized to simulate the interaction with BF dye.
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This computational model provides detailed insights into the electronic
properties, charge distribution, and non-covalent interactions between
the Mg-doped ZnO cluster and the dye molecule.

3.7.1. Structural insights

Fig. 8 (a) presents the optimized structure of the Mg-doped ZnO
cluster, demonstrating its interaction with the BF dye molecule. This
cluster, designed to simulate the experimentally observed 6 % Mg-doped
ZnO sample, includes a lattice framework consisting of hexagonal (six-
membered rings) and tetragonal (four-membered rings). These struc-
tural motifs are essential for maintaining the stability and reactivity of
the ZnO surface during photocatalytic reactions. The Mg atoms, repre-
sented in green, substitute Zn atoms within the lattice, particularly
around the tetragonal rings. This substitution causes local geometric
distortions, modifying the electronic density in the surrounding regions
and introducing new active sites for the interaction with organic pol-
lutants like BF dye. The Mg doping enhances the surface reactivity of
ZnO by modifying the electron distribution within the hexagonal and
tetragonal rings, creating electron-rich regions that act as enhanced
adsorption sites for dye molecules [91,102]. These modifications

0.03

-0.03
mHighly positive m Slightly positive m Neutral
Slightly negative m Highly negative

« Bond CPs - Ring CPs « Cage CPs

Fig. 8. (a) Optimized structure of Mg-doped ZnO cluster interacting with BF dye molecule, (b) COSMO-RS charge distribution visualizing surface reactivity, (c) RDG
scatter plot highlighting non-covalent interactions within the Mg-doped ZnO@BF complex, and (d) QTAIM molecular graph illustrating bond, ring, and cage critical

points (CPs) in the interaction network between Mg-doped ZnO and BF dye.
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promote efficient charge transfer and adsorption, facilitating stronger
interactions between the catalyst and the dye molecules. The substitu-
tion of Zn by Mg creates localized electronic states that enhance charge
separation, thereby reducing the recombination of electron-hole pairs, a
critical factor in promoting the generation of ROS such as ¢OH, which
drives the oxidative degradation of BF dye.

3.7.2. COSMO-RS charge distribution

The COSMO-RS charge distribution analysis offers critical insights
into the Mg-doped ZnO cluster’s reactivity and surface interaction po-
tential, particularly in its interaction with BF dye during photocatalytic
degradation. As illustrated in Fig. 8 (b), the surface charge distribution
varies from highly positive (blue) to highly negative (red) regions,
providing valuable predictions about where key degradation reactions
are likely to occur. The highly positive regions (blue/purple) represent
electron-deficient zones, crucial for attracting negatively charged spe-
cies, such as ROS generated during photocatalysis. These regions are
significantly influenced by Mg doping, which alters the electronic
environment within the ZnO lattice by replacing Zn atoms, thereby
creating new active sites that enhance the material’s adsorption capacity
for pollutants [62,133-135]. Neutral to slightly positive regions (green)
facilitate intermediate charge transfer processes, stabilizing the
adsorption of dye molecules and preventing rapid recombination of
electron-hole pairs. These regions are critical in maintaining the cata-
lyst’s reactivity during continuous photocatalysis [133].

On the other hand, highly negative regions (red/orange) correspond
to electron-rich zones, ideal for nucleophilic reactions, particularly
involving ROS like ¢OH, which are instrumental in breaking down the
dye molecules. These findings align with experimental observations,
where Mg-doped ZnO demonstrated superior photocatalytic activity
compared to undoped ZnO. The COSMO-RS analysis, thus, underscores
the significant role of charge redistribution induced by Mg doping,
which optimizes electron transfer and enhances pollutant-catalyst in-
teractions. COSMO-RS complements experimental data by visually
representing the most reactive sites, offering a deeper understanding of
how Mg-doped ZnO achieves high photocatalytic efficiency through
improved charge separation and surface reactivity [136,137]. These
computational insights, supported by published works, demonstrate the
substantial improvement in degradation performance attributed to Mg
doping [123,124].

3.7.3. NCI-RDG analysis

NCI, such as Van der Waals forces and hydrogen bonding, are
fundamental to understanding the molecular interactions that drive
photocatalytic systems [133]. The RDG analysis, paired with color-
coded scatter plots, provides an advanced visualization of regions
dominated by these weak interactions [63,138-142]. Fig. 8 (c) presents
the RDG scatter plot for the Mg-doped ZnO cluster in interaction with BF
dye, showcasing the varying strengths of these interactions. The blue
regions in the plot indicate strong, attractive forces, particularly
hydrogen bonds, which play a critical role in anchoring dye molecules to
the catalyst surface and ensuring efficient adsorption. Halogen bonds, if
present, also contribute to these strong interactions. Green regions
represent moderate Van der Waals forces, essential for maintaining the
proximity of dye molecules to the catalyst’s active sites without strong
covalent bonding. While weaker than hydrogen bonds, these in-
teractions facilitate continuous contact between the dye and the pho-
tocatalyst, promoting effective electron transfer. Finally, the red regions
signify areas of strong steric repulsion, which prevent molecular
crowding and ensure that active sites on the catalyst surface remain
accessible. This balance between attractive and repulsive forces is crit-
ical for the system’s overall photocatalytic efficiency. The RDG analysis
confirms the presence of these essential non-covalent interactions in the
Mg-doped ZnO system, which significantly contribute to the high pho-
tocatalytic performance observed experimentally. These interactions,
particularly the hydrogen bonding and Van der Waals forces, stabilize
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the dye molecules on the catalyst surface, facilitating charge transfer
and enhancing degradation efficiency. The NCI-RDG analysis is, there-
fore, instrumental in providing a comprehensive understanding of how
these weak forces influence the photocatalytic degradation of organic
pollutants, corroborating results found in similar studies [83].

3.7.4. QTAIM analysis and bond critical points (BCPs)

QTAIM analysis provides a deeper understanding of the bonding
interactions within the Mg-doped ZnO and BF dye complex. This anal-
ysis focuses on key features at BCPs, which serve as indicators of sig-
nificant bonding interactions. Table 4 summarizes the topological
characteristics of selected BCPs within the Mg-doped ZnO@BF complex.
Parameters such as electron density (p(r)), Laplacian of electron density
(Vzp(r)), potential energy density (V(r)), kinetic energy density (G(r)),
and the ratio of potential to kinetic energy density (|V(r)|/G(r)) are
analyzed to quantify the strength and nature of the bonding interactions
[134,143-145]. Notably, higher p(r) values and negative V(r) values at
BCPs indicate strong hydrogen bonding interactions, critical in facili-
tating BF dye adsorption and degradation. For example, BCPs such as
161 and 239 exhibit significant electron density, indicating robust
hydrogen bonding between BF dye and the Mg-doped ZnO surface.
These strong interactions contribute to the enhanced photocatalytic ef-
ficiency observed experimentally. The potential energy density values at
these BCPs further highlight the strength of these attractive interactions,
correlating with the high degradation efficiency reported in experi-
mental studies. The molecular graph in Fig. 8 (d) visualizes the distri-
bution of bond critical points, ring critical points, and cage critical
points, reinforcing the presence of strong interactions that facilitate the
catalytic degradation pathway of BF dye. This QTAIM analysis, in
conjunction with the experimental results, validates the critical role of
these bonding interactions in the high photocatalytic performance of
Mg-doped ZnO.

Consequently, the DFT analysis, combined with COSMO-RS, RDG,
and QTAIM insights, provides a comprehensive understanding of the
molecular interactions driving the high photocatalytic activity of Mg-
doped ZnO. These computational results align with the experimental
findings, highlighting the crucial role of Mg doping in enhancing elec-
tron transfer, charge separation, and reactive oxygen species generation.
By optimizing the interactions between the catalyst surface and BF dye
molecules, Mg-doped ZnO demonstrates exceptional potential for envi-
ronmental remediation applications, particularly in the degradation of
organic pollutants.

3.7.5. Photodegradation mechanism

The photocatalytic degradation mechanism of BF dye using Mg-
doped ZnO NPs is illustrated in Fig. 9. This mechanism is developed
based on a combination of experimental findings and DFT insights,
elucidating the critical role of Mg doping in enhancing ZnO’s photo-
catalytic efficiency. Upon UV light irradiation, electrons in the ZnO are
excited from the valence band (VB) to the conduction band (CB),
generating electron-hole pairs (e”/ h™) that drive the photocatalytic
process. In Mg-doped ZnO, the doped Mg atoms act as efficient electron
traps by substituting Zn atoms within the lattice, significantly reducing
the recombination rate of photo-generated electron-hole pairs, a com-
mon issue in pure ZnO systems [146]. The trapped electrons are then
transferred from the CB to surface-adsorbed oxygen molecules, reducing
them to O3, which are highly ROS responsible for initiating the
oxidative degradation of organic pollutants like BF dye [105,108].
Simultaneously, the photo-generated holes (h™) migrate to the ZnO
surface, where they react with water molecules or OH™ ions in the so-
lution, generating eOH. These eOH radicals are powerful oxidizing
agents that attack the dye molecules, breaking down their complex
structure into smaller degradation products. The involvement of both
07 and eOH as active ROS highlights the synergistic role of Mg doping
in enhancing ROS generation.

The valence band (VB) and conduction band (CB) edge potentials of
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Light

Table 4
Topological parameters of the interaction sites (in a.u.) at selected BCPs in Mg-doped ZnO@BF complex.
BCP X-Y p(r) V2p(r) V(r) G(r) [V(D)|/G@) H()
161 9(0)-88(N) 0.000464 0.002796 —0.000187 0.000443 —0.422570 0.000256
208 3(0)-99(C) 0.002259 0.007742 —0.001001 0.001468 —0.681853 0.000467
239 20(0)-114(H) 0.007089 0.027447 —0.004318 0.005590 —0.772462 0.001272
270 17(0)-95(C) 0.006888 0.024906 —0.003672 0.004949 —0.741861 0.001278
297 14(0)-97(C) 0.003388 0.011872 —0.001662 0.002315 —0.717962 0.000653
370 28(0)-102(C) 0.006642 0.019462 —0.003312 0.004089 —0.809990 0.000777
394 25(0)-104(C) 0.012102 0.038020 —0.007531 0.008518 —0.884097 0.000987
417 39(0)-86(N) 0.008341 0.026081 —0.005667 0.006093 —0.929954 0.000427
422 36(0)-119(H) 0.005000 0.021178 —0.003384 0.004339 —0.779813 0.000955
’
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Fig. 9. Proposed photocatalytic degradation mechanism of BF dye by Mg-doped ZnO NPs under UV light irradiation.

pure and Mg-doped ZnO nanoparticles were calculated using the Mul-
liken electronegativity approach to elucidate the charge transfer dy-
namics and the enhanced photocatalytic activity. The band edge
potentials were calculated using the following equations [147,148]:

E

Eoy =X —Er 6]

Evp =Ecp —E; (6)

X is the absolute electronegativity of ZnO (5.79 eV), E. is the energy of
free electrons on the hydrogen scale (4.5 eV), and E; is the band gap
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energy obtained from the Tauc plots shown in Fig. 5. The calculated
band gap values are 3.68 eV for pure ZnO, 3.16 eV for 2 % Mg-doped
Zn0, 3.26 eV for 4 % Mg-doped ZnO, 3.41 eV for 6 % Mg-doped ZnO,
and 3.52 eV for 8 % Mg-doped ZnO. The calculated CB and VB edge
potentials are summarized in Table 5 using these values

These calculated band edge positions indicate that the CB potentials
for all Mg-doped ZnO samples are more negative than the reduction
potential of Oz/e03 (—0.33 V vs. NHE), confirming the capability of
photogenerated electrons to reduce oxygen molecules into highly reac-
tive #0; radicals. Concurrently, the VB potentials are more favorable
than the oxidation potential of HyO/eOH (+2.38 V vs. NHE), indicating
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Table 5
Calculated Conduction Band and Valence Band edge potentials for pure and Mg-
doped ZnO NPs.

Sample Ecg (eV) Eyg (eV)
Pure ZnO —0.55 +3.13
2 % Mg-doped ZnO —0.74 +2.42
4 % Mg-doped ZnO —0.68 +2.58
6 % Mg-doped ZnO —0.59 +2.82
8 % Mg-doped ZnO —0.53 +2.99

that the photo-generated holes possess sufficient oxidation power to
generate eOH radicals from surface-adsorbed OH™ ions. The alignment
of these band edge potentials supports forming a Z-scheme hetero-
junction mechanism, where the photogenerated electrons in the CB of
ZnO interact with holes in the VB of the Mg-doped sites. This Z-scheme
charge transfer facilitates enhanced charge separation, minimizes
recombination, and promotes efficient ROS generation. The band gap
variation observed in the Tauc plots further supports the Z-scheme
heterojunction mechanism. The redshift in the band gap at 2 % Mg
doping (3.16 eV) suggests enhanced visible light absorption and
increased generation of ROS, primarily due to improved charge sepa-
ration and minimized recombination. However, with increasing Mg
concentrations (4 %, 6 %, and 8 %), a blue shift in the band gap is
observed, attributed to the Burstein-Moss effect. This shift results from
band filling due to increased carrier concentration, widening the optical
band gap. As illustrated in Fig. 9, the proposed mechanism involves a
series of redox reactions. Under UV light irradiation, the photogenerated
electrons in the CB of Mg-doped ZnO reduce oxygen molecules adsorbed
on the surface to e03 radicals, initiating the oxidative degradation of BF
dye molecules. Concurrently, the photo-generated holes in the VB
oxidize water molecules or surface-adsorbed OH™ ions, generating «OH
radicals, which further attack the dye molecules, breaking down their
complex structure into more straightforward degradation products. The
presence of Mg enhances this process by acting as a mediator that fa-
cilitates electron mobility and minimizes electron-hole recombination.
This Z-scheme mechanism promotes efficient charge separation and
enhances ROS formation, leading to the superior photocatalytic degra-
dation performance observed experimentally.

Thus, this comprehensive mechanism, supported by experimental
observations and DFT calculations, conclusively demonstrates that Mg-
doped ZnO nanoparticles are highly effective in photocatalytically
degrading organic pollutants like BF dye. The key to superior photo-
catalytic performance is the synergy between Z-scheme charge transfer,
enhanced ROS generation, and optimized surface interactions. The
calculated band edge potentials and proposed Z-scheme heterojunction
mechanism comprehensively explain the improved photocatalytic ac-
tivity, advancing the fundamental understanding of the photocatalytic
mechanism. These findings underscore the potential of Mg-doped ZnO
as a highly efficient photocatalyst for environmental remediation ap-
plications, particularly in the degradation of organic pollutants.

4. Conclusion

This study successfully demonstrated the synthesis of Mg-doped ZnO
nanoparticles via a co-precipitation method, with doping concentrations
ranging from 2 % to 8 %. Comprehensive characterization using XRD,
SEM, FTIR, and UV-visible spectroscopy revealed significant structural,
morphological, and optical modifications induced by Mg doping. XRD
analysis confirmed the effective incorporation of Mg?" ions into the ZnO
lattice, as evidenced by lattice parameter shifts and a reduction in
crystallite size from 30.91 nm (pure ZnO) to 18.10 nm at 6 % Mg doping.
SEM images showed uniform morphology and reduced agglomeration at
optimal doping levels, while FTIR spectra identified characteristic Zn-O
and Mg-O bonding vibrations, confirming structural modifications.
UV-Vis spectroscopy demonstrated enhanced optical properties, with
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the band gap energy decreasing from 3.68 eV (pure ZnO) to 3.16 eV at 6
% Mg doping, indicating improved photocatalytic potential.

The photocatalytic degradation of Basic Fuchsin (BF) dye under UV
light irradiation showed that Mg-doped ZnO nanoparticles significantly
outperformed undoped ZnO. The highest degradation efficiency of
99.38 % was achieved at 6 % Mg doping within 100 min under optimal
conditions: pH 6, 0.1 g catalyst mass, and an initial dye concentration of
10 ppm. These findings highlight the critical role of Mg doping in
enhancing photocatalytic activity, likely due to improved electron-hole
pair separation and increased generation of reactive oxygen species
(ROS).

To complement the experimental results, Density Functional Theory
(DFT) simulations were conducted, incorporating COSMO-RS, Reduced
Density Gradient (RDG), and Quantum Theory of Atoms in Molecules
(QTAIM) analyses. The DFT results revealed that Mg doping induces
significant charge redistribution and enhances the interaction between
the photocatalyst surface and dye molecules. Improved charge separa-
tion at Mg-doped sites and stronger dye adsorption were key factors
driving the enhanced photocatalytic performance. Simulations further
confirmed that Mg doping facilitates more efficient electron transfer and
promotes ROS formation, aligning well with the observed experimental
efficiencies.

In conclusion, this study provides a comprehensive understanding of
how Mg doping enhances the photocatalytic efficiency of ZnO nano-
particles. Both experimental and theoretical analyses demonstrate that
Mg-doped ZnO is an exceptionally effective photocatalyst for degrading
organic pollutants such as Basic Fuchsin dye. Its enhanced photo-
catalytic activity, tunable optical properties, and optimized surface in-
teractions position Mg-doped ZnO as a promising material for
environmental remediation, particularly in wastewater treatment.

Building on these findings, future work will explore the scalability of
these nanoparticles for industrial wastewater treatment and investigate
their photocatalytic mechanisms under varying environmental condi-
tions, including different light sources and pollutant types. Furthermore,
the impact of pH at the point of zero charge (pHp,c) on photocatalytic
efficiency will be examined to understand the influence of surface
charge dynamics better. Additionally, we plan to perform scavenger
tests to identify the active radicals responsible for the enhanced pho-
tocatalytic activity. Specifically, quenchers such as isopropanol for hy-
droxyl radicals (¢OH), benzoquinone for superoxide radicals (¢03), and
EDTA for photogenerated holes (h™) will be used to elucidate the
degradation mechanism. This continued research will further advance
the application potential of Mg-doped ZnO nanoparticles in environ-
mental remediation technologies.
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