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Abstract
Mg-ZnO NPs with varying concentrations (4, 8, and 12) % were synthesized via a low-cost co-precipitation method.
Morphological transition revealed by SEM: a significant change was observed in morphology due to the high temperature;
NPs changed from irregular-shaped granules to spherical clusters for undoped ZnO to higher Mg concentrations. Single-
phase hexagonal wurtzite structure confirmed by XRD in all samples, with peak shifts indicating the successful
substitution of Zn²⁺ by Mg²⁺. The Debye-Scherrer formula was used to find the average crystallite size; the particle size
increased from 27.24nm to 31.19nm in the undoped ZnO and 12% Mg-doped samples, respectively, reflecting improved
crystallinity. PL analysis demonstrated a significant blue shift in the Near Band Edge (NBE) emission, with the optical
band-gap (calculated from the emission peak) increasing from 3.35 eV to 3.48 eV. EDX results validated the elemental
purity of the Zn, O, and Mg constituents. The 8% Mg-ZnO sample showed the lowest PL intensity, indicating suppressed
electron-hole recombination. These structural and optical modifications, particularly the formation of spherical clusters
and the tuning of band gaps, make these Mg-ZnO NPs highly efficient candidates for the photocatalytic degradation of
organic dyes in wastewater treatment.
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1. Introduction
Zinc oxide (ZnO) is a broadly used semiconductor material because of its remarkable physical [1] and chemical
properties [2], including its 3.37eV wide direct band-gap [3], 60meV high exciton binding energy [4], and excellent
chemical stability [5]. ZnO is a promising candidate for numerous applications such as photoelectronic devices [6],
sensors, and energy-related systems [7]. Due to its low cost, non-toxicity, and ease of synthesis, it further enhances its
technological significance [8]. To modify its functional properties for specific needs, ZnO is often tailored through doping
[9]. Doping plays an important role in tailoring the electrical [10], structural [11], and optical [12] characteristics of ZnO
by introducing controlled lattice defects and modifying its electronic band structure. Among many dopants, Al [13], Mn
[14], Fe [15], Ni [16], Cu [17], Mg has obtained noticeable attention due to its similar ionic radius to Zn²⁺ and its ability
to effectively substitute into the ZnO lattice without changing the fundamental hexagonal wurtzite structure [18]. Adding
Mg2+ ions can alter the lattice structure and tune the band gap, leading to a blue shift of the absorption edge [19]. Such
modification can lead to improved performance of ZnO-based materials in photocatalytic and UV-shielding applications
[20]. A notable research gap remains in a wide-ranging study of Mg-doped ZnO [21]. Many studies focus on optical
improvement without demonstrating a clear relation between high doping concentrations (up to 12%), induced lattice
distortion, and the resulting morphological transitions [22]. In particular, systematic investigations linking these structural
changes to defect-mediated Photoluminescence and band-gap tuning via the low-cost co-precipitation method remain
limited [23]. In this context, the present study aims to systematically investigate the effect of varying Mg-doping
concentrations (4, 8, and 12%) on the structural, morphological, and optical properties of ZnO nanoparticles [24]. To
ensure the high crystallinity of the nanoparticles, thermal treatment plays an important role in removing residual moisture
and organic impurities while providing the energy needed for proper atomic ordering of the lattice [25]. This leads to
lower structural defects, a highly stable, well-defined crystal phase [26]. The novelty of this work lies in establishing a
clear relationship between Mg-induced lattice modifications and the transition from hexagonal particles to spherical
clusters [27]. It is hypothesized that the substitution of Zn²⁺ by Mg²⁺ ions will improve the crystalline quality and increase
the crystallite size [28], leading to a significant widening of the band-gap (blue shift) [29]. Furthermore, this Mg
incorporation into Zn is expected to optimize charge-carrier dynamics, thereby enhancing the material's potential for
photocatalytic degradation of organic dyes in industrial wastewater remediation.
2.0. Materials and Methods
2.1. Chemical Reagents
All chemicals used in this study were of analytical grade and were used without further purification. Zinc chloride
(ZnCl₂), magnesium chloride hexahydrate (MgCl₂·6H₂O), sodium hydroxide (NaOH), and acetone (CH₃COCH₃) were
purchased from Sigma-Aldrich. Deionized (DI) water was used for the preparation of all solutions.
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2.2. Preparation of Stock Solutions
A 1.0 M zinc chloride (ZnCl₂) solution was prepared by dissolving the appropriate amount of ZnCl₂ in deionized water
using a volumetric flask, followed by thorough stirring to ensure complete dissolution. Magnesium chloride hexahydrate
(MgCl₂·6H₂O) solutions at 4%, 8%, and 12% were similarly prepared in deionized water and used as dopant sources
during the synthesis of ZnO nanoparticles. In addition, a 1.0 M sodium hydroxide (NaOH) solution was obtained by
dissolving the required quantity of NaOH pellets in deionized water, with subsequent stirring and sonication to achieve
complete dissolution
2.3. Synthesis of Undoped and Mg-Doped ZnO Nanoparticles
The co-precipitation method was applied for the synthesis of Undoped ZnO nanoparticles and Mg-doped ZnO
nanoparticles (Fig. 1). A 1 M ZnCl₂ solution was placed in a clean 200 mL glass beaker and stirred using a magnetic
stirrer. During stirring, a 1 M NaOH solution was added dropwise to the ZnCl₂ solution. The reaction mixture was
maintained at approximately 50 °C and continuously stirred for about 1 hour. After completion of the reaction, the
mixture was transferred to an oven and heated at 95 °C for 6 hours. During this process, ZnCl₂ is initially converted into
Zn(OH)₂, which subsequently decomposes upon heating to form ZnO nanoparticles. The mixture was then cooled to
room temperature, forming a visible precipitate. The precipitate was collected by filtration, washed several times with
deionized water to remove impurities, and then washed with acetone. The obtained product was dried in an oven at 60 °C
for 5 hours, followed by the same process of synthesis for Mg-doped ZnO nanoparticles. Appropriate amounts of ZnCl₂
and MgCl₂ solutions were mixed to achieve doping levels of 4%, 8%, and 12%. The co-precipitation process was carried
out under identical conditions to ensure uniform incorporation of Mg²⁺ ions into the ZnO lattice. All samples were
subsequently annealed under fixed conditions to improve crystallinity. The dried powders were placed in an alumina
crucible and annealed isothermally in a resistance furnace from room temperature to 500 °C for 4 hours to obtain
nanosized ZnO particles[31].

Figure 1: A schematic diagram shows the experimental procedure of Undoped ZnO and different concentrations of Mg
content.

2.4. Structural Studies
Several characterized techniques examined Mg ZnO NPs. To analyze surface morphology, high- resolution images were
acquired at an accelerating voltage of 10kV with a magnification of 10,000x. The structural studies of nanoparticles were
characterized using a Panalytical X'Pert PRO diffractometer equipped with Cu-Kα radiation (1.5406 Å), operating at 40
kV and 40 mA. All measurements were conducted at room temperature to ensure the stability and accuracy of the
results[32]. The measurements were taken over a 2θ range of 10° to 80°, with a scanning step size of 0.05 °. Optical
properties were investigated by room-temperature photoluminescence spectroscopy with a PerkinElmer LS45
Fluorescence Spectrometer. The samples were tested at room temperature using an excitation wavelength in the UV range.
The emission spectra were recorded from 300 nm to 700 nm with a scanning speed of 800 nm/min. The elemental
composition of the nanoparticles was quantified using EDX spectroscopy.
3.0. Results and Discussion
The prepared nanostructures were characterized using advanced technologies and is discussed below.
3.1. Scanning Electron Microscope (SEM) of undoped ZnO and Mg-doped ZnO
Scanning Electron Microscopy (SEM) was used to examine the surface morphology and structure of the nanostructures.
The SEM images of undoped ZnO and Mg-doped ZnO (4%, 8%, and 12%) are shown in Figure 2(a–d). From Figure 2(a),
it can be seen that the undoped ZnO nanoparticles are irregularly shaped, granular, and have a relatively uniform
distribution. These grains act as the building blocks for the hexagonal crystal lattice (confirmed by XRD).
After introducing Mg, noticeable changes in morphology occur. In Figures 2(b and c), corresponding to 4% and 8% Mg
doping, the particle shape gradually shifts from granulated NPs to more spherical forms. In Figure 2(d), it is noted that
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NPs tend to aggregate at higher concentration and form spherical clusters, which significantly influence the overall
morphology and growth pattern as Mg content increases. Overall, the particles are slightly aggregated, which is due to the
high-temperature annealing. This leads to an increase in particle size from 27.24nm to 31.19nm. This transition in size
from small granules to spherical clusters is highly advantageous for photocatalytic dye degradation [33]. For dye
adsorption, clustered morphology provides a stable surface [34]. While the inter-particle spaces within the clusters can
enhance light trapping, ultimately improving the efficiency of organic pollutant removal in wastewater treatment [35].

Figure 2: SEM images show the structural analysis of undoped and Mg-ZnO NPs. (a) undoped ZnO (b-d) 4%, 8%, 12%Mg-
ZnO NPs respectively

3.2. Structural analysis through X-ray Diffraction (XRD)
The crystal structure of the NPs was analyzed by using X-ray diffraction (XRD). Figure 3(a–d) shows the XRD patterns
of undoped ZnO and Mg-ZnO NPs (4, 8, and 12) %. All the XRD graphs exhibit a typical hexagonal wurtzite structure,
confirming that the basic crystal structure of ZnO remains unchanged after doping. Seven prominent peaks are clearly
observed at 31.6°, 34.3°, 36.1°, 47.4°, 56.5°, 62.8°, and 67.7°. These peaks correspond to the (100), (002), (101), (102),
(110), (103), and (112) crystal planes, respectively, and match well with the standard JCPDS card No. 36-145 [6]. This
rigorous structural confirmation supports the morphological observations seen in SEM, identifying the building blocks of
the observed nanoparticles as wurtzite-phase ZnO [36]. This confirms the successful synthesis of undoped ZnO, with no
secondary peaks. After Mg doping, no secondary peaks appear, which demonstrates their chemical purity and high
crystalline quality. After doping, the peak positions shift slightly towards both lower and higher angles, indicating that
Mg2+ ions are successfully replacing Zn²⁺ ions in the lattice. It is further noted that the peaks in the 8% and 12% Mg-
doped samples shift toward higher angles. In comparison, the 4% doped sample shows a shift toward lower angles
(Fig. 4). This difference is likely due to the strain or small defects introduced in the crystal structure as a result of Mg
incorporation [37].

Figure 3: Depicts the XRD samples of Undoped and Mg-ZnO (a) Undoped (b) 4% (c) 8% (d) 12%

Figure 4: Major shift of Undoped and Mg-ZnO
The XRD patterns of samples annealed at 230 °C exhibit significant noise and the presence of secondary peaks (Fig. 5).
To address this issue, the samples were re-annealed at 500 °C, resulting in a marked improvement in the diffraction
patterns, as shown in Fig. 6. All samples exhibit a hexagonal wurtzite crystal structure (JCPDS card no. 36-1451) [38].
With increasing annealing temperature, the diffraction peaks become sharper and more intense, indicating enhanced
crystallinity of the nanoparticles [39]. The observed decrease in the full width at half maximum (FWHM) of the
diffraction peaks with increasing Mg content can be attributed to an increase in grain size [21]. No additional impurity or
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secondary phases were detected upon Mg doping into the ZnO crystal lattice.The sample with 8% Mg content exhibits the
highest peak intensity, suggesting superior crystalline quality, which is favorable for potential future applications.

3.3. Mg Doping Effect on Crystallite Size
The Debye-Scherrer formula [40] was used to determine the crystallite size of undoped and Mg-ZnO NPs.

� =
0.89�
�����

Here, λ, β, and θ represent the wavelength of the X-ray radiation (1.54056 Å), the full width at half maximum (FWHM)
of the peak, and the diffraction angle, respectively. Figure 7(a-c) illustrates the effect of Mg doping on the crystal
structure of the nanoparticles, with detailed values given in Table 1. In Figure 7(a), the FWHM of the main diffraction
peak gradually decreases from 0.277° to 0.242° as the Mg concentration increases upto 12%. This decrease indicates that
the peaks are becoming sharper, suggesting better crystal quality and fewer structural defects [41]. Using the Scherer
formula, the calculated average particle size (Table 1). For undoped ZnO, the particle size is 27.24 nm. With increasing
Mg content, the final particle size is 31.19 nm, (Fig. 7b).The relationship between FWHM and crystallite size: as one
parameter decreases, the other increases (Fig.7c). This inverse relationship suggests that adding Mg²⁺ ions helps the
particles grow larger and become more well-ordered within this concentration range [42]. This structural improvement is
vital for advancing the application of ZnO in environmental remediation, specifically for the photocatalytic degradation
of organic dyes under natural sunlight irradiation [43]. By optimizing crystallite size and reducing structural defects, the
charge-carrier recombination rate is effectively suppressed, thereby increasing the generation of reactive oxygen species,
which are necessary for the rapid mineralization of toxic water pollutants [44].

Figure 7(a-c): Illustrates the relationship between the Mg doping concentration and the crystalline evolution of NPs.
Table 1: Crystallite size of Undoped and Mg-ZnO NPs

Samples 2θ (Degree) d-spacing (nm) FWHM (Degree) Crystallite size (D) nm
ZnO NPs 36.107 0.993 0.277 27.249

4% Mg-ZnO NPs 36.018 0.996 0.257 29.373
8% Mg-ZnO NPs 36.155 0.992 0.249 30.321
12% Mg ZnO NPs 36.203 0.991 0.242 31.199

3.4. Optical properties of Undoped ZnO and Mg-doped ZnO by Photoluminescence (PL) spectroscopy
For optimizing the optical properties of Undoped ZnO and Mg-doped ZnO samples, photoluminescence (PL)
spectroscopy was used. The PL results arise from the recombination of photo-generated electrons and holes, which helps
us understand how charges behave at the surface [45], how efficiently they are trapped, and how quickly they recombine
[46]. The PL spectra for undoped ZnO and Mg-ZnO (4, 8, and 12) % is presented in the Figure 8.

Figure 5: shows the multi XRD pattern of Undoped and
Mg-ZnO samples annealed at 230⁰C

Figure 6: shows the multi XRD pattern of Undoped and
Mg-ZnO samples annealed at 500⁰C
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Figure 8: Photoluminescence spectra of Undoped and different Mg concentration with ZnO
Two main emission peaks are observed: one in the ultraviolet (UV) region, called the near-band-edge (NBE) [47], and the
other in the visible region, known as deep-level emission (DLE) [48]. The NBE peak is related to direct recombination of
electrons and holes (band-to-band transition), while the visible emission is mainly due to defects in the material [49]. At
around 370nm, the UV emission peak appears for undoped ZnO, and for Mg-doped samples, shifts were observed at 365
nm, 361 nm, and 356 nm for 4%, 8%, and 12%, respectively (Table 2). This demonstrates an increase in band-gap energy
from about 3.35eV to 3.48eV. The visible emission spans 430-715 nm, with a main peak at 577 nm (yellow-green). This
emission is linked to structural defects [50]. However, its intensity decreases with increasing Mg content, which suggests
that defects are being reduced [51]. There are many reasons for visible-region emission, which depend on the synthesis
process, annealing temperature [52], doping material [53], pH parameters, and dopant concentration [54]. Another
important observation is that the intensity of the NBE peak decreases as Mg concentration increases. This indicates
reduced recombination of charge carriers and suggests better charge separation [20]. It also hints at an increase in particle
size. Additionally, the peak becomes narrower, indicating that crystal quality improves as the Mg concentration increases.
This is because of the annealing temperature (500ᴼC), which enhanced the crystal quality and increased the size of the
Mg-ZnO NPs. Hence, it is observed that increasing the temperature leads to fewer defects, a better crystal structure, and
an increased band gap [55]. These improvements enhance the optical properties of ZnO nanoparticles, making them more
suitable for future applications, especially in photocatalysis [30].
Table 2: Band gap energy and wavelength of Undoped and Mg Concentration at (4, 8, 12) %

Composition Wavelength (nm) Band Gap Energy (eV)
Undoped 370 3.35

4% Mg doped ZnO 365 3.39
8% Mg doped ZnO 361 3.43
12% Mg doped ZnO 356 3.48

3.5. Band-gap analysis through Photoluminescence
The optical band gap (Eg) was estimated from the NBE emission peak position using the relation:
to address the optical behavior,

�� =
ℎ�
�

where "h" is Planck's constant, "c" is the speed of light, and "�" is the emission wavelength. For undoped ZnO, the band-
gap was calculated to be 3.35 eV. After the incorporation of Mg into ZnO, a systematic blue shift was observed in the
NBE peak, with the band-gap increasing to 3.39eV, 3.43eV, and 3.48eV for the 4%, 8%, and 12% Mg samples,
respectively (Fig. 9). This widening of the band-gap is attributed to the substitution of Zn²⁺ by Mg²⁺, which modifies the
electronic band structure [56].
3.6. Defect States and Photocatalytic Significance
A broad visible emission (green-yellow region) is observed in the UV spectrum, associated with intrinsic defects such as
oxygen vacancies (Vo) and zinc interstitials (Zni). Interestingly, the PL intensity decreases with increasing temperature and
Mg doping up to 8%, suggesting a reduction in the electron-hole recombination rate. This suppression of recombination is
a critical factor for photocatalytic dye degradation [57]. A lower recombination rate ensures that more photo-generated
electrons and holes are available at the surfaces of spherical clusters to react with organic pollutants [58]. Therefore, the
8% Mg-doped sample, with its optimized band gap and reduced recombination, is expected to exhibit the highest
efficiency in degrading industrial dyes under sunlight [1]. The increase in band-gap energy is crucial because, with Mg-
doping, it reduces the recombination rate of photo-generated electrons and holes (Fig. 9) [59]. By reducing this
recombination, more charge carriers remain available on the NPs surface to react with and break down organic pollutants
[60]. Consequently, the 8% Mg-doped sample is identified as the most efficient for photocatalysis under sunlight due to
this optimized balance of band-gap tuning and reduced defect-related recombination [59].
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Figure 9: The relationship between Mg concentrations and band gap energy (eV) of ZnO NPs
3.7. EDX analysis for Undoped and Doped Mg-ZnO NPs
EDX was used to analyze the chemical composition of undoped ZnO and Mg-doped ZnO NPs to identify the percentage
ratios of undoped ZnO and Mg-doped ZnO NPs, and to present only undoped ZnO and 8% Mg concentration in the EDX
quantitative data. The weight and atomic percentages of elements in undoped and 8% Mg-ZnO NPs (Table 4). The
elemental analysis confirms the formation of pure ZnO in the undoped sample, with Zn and O present in near-
stoichiometric proportions. In the 8% Mg-doped ZnO, the appearance of Mg (3.15 wt%, 5.53 at%) verifies successful
incorporation into the ZnO lattice. A slight decrease in Zn content indicates partial substitution of Zn²⁺ by Mg²⁺ ions.
Additionally, the reduction in oxygen percentage suggests the possible formation of oxygen vacancies upon doping.
Overall, the results confirm effective Mg doping with minor compositional changes in the ZnO structure.
Table 4: Shows the percentages of elements present in undoped and 8%Mg-ZnO NPs
Element Wt% (undoped) At% (undoped) Wt% (8% Mg-ZnO) At% (8% Mg- ZnO)
Zn 81.61 52.36 80.62 52.11
O 18.39 47.64 16.23 42.36
Mg - - 3.15 5.53
4.0 Conclusion
In this study, Mg-doped ZnO nanoparticles were successfully synthesized using a low-cost co-precipitation method with
concentrations ranging from 0% to 12%. Annealing plays a crucial role in achieving high-crystal particles and NP
aggregation. XRD analysis confirmed that all samples maintained a high-purity hexagonal wurtzite phase, with the
average crystallite size increasing from 27.24 nm (undoped) to 31.19 nm (12% Mg). This incorporation of Mg2+ enhances
the crystalline order and reduces lattice defects. SEM revealed a notable change in the NPs from irregular granular shapes
to spherical clusters in the Undoped and Mg-doped samples. Optical studies using PL spectroscopy confirmed a blue shift
in the near-band-edge emission, with the optical band gap widening from 3.35 eV to 3.48 eV. Notably, the 8% Mg-doped
sample exhibited the most significant suppression of electron-hole recombination, as evidenced by the quenched PL
intensity. This combination of an expanded band gap, improved crystallinity, and clustered morphologies suggests that
these Mg-ZnO nanoparticles are highly effective for environmental remediation. Specifically, the optimized 8% sample
shows great potential for photocatalytic degradation of organic dyes, offering a promising, sustainable solution for
industrial wastewater treatment.
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