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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Sr-doped and undoped ZnO were pre
pared successfully.

• 3 wt% Sr-ZnO showed ≈100 % RR 120 
degradation under UV-A and sunlight 
irradiation.

• Sr-ZnO showed excellent antimicrobial 
activity against both Gram ± bacteria.
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A B S T R A C T

The escalating challenge of water contamination by persistent organic pollutants needs the development of 
effective and long-lasting cleanup strategies. To improve photocatalytic and antibacterial performance, this study 
detailed the synthesis of pure and strontium-loaded zinc oxide (Sr-ZnO) nanoparticles using a simple co- 
precipitation approach. Structural, morphological, and optical characterizations employing XRD, FT-IR, 
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Antibacterial activity
UV-A and sunlight degradation

Raman, PL, UV-DRS, FE-SEM, HR-TEM, EDS, and XPS demonstrated effective Sr2+ integration into the ZnO 
lattice without altering the wurtzite structure. Among the various loading doses, 3 wt% Sr-ZnO demonstrated the 
most efficient photocatalytic activity, attaining ≈ 100 % degradation of Reactive Red 120 (RR 120) dye under 
UV-A irradiation in 30 min and ≈ 100 % degradation under sunlight within 50 min. Improved charge carrier 
separation, longer light absorption, and enhanced reactive oxygen species (ROS) formation all contributed to 
improved performance. Optimal dye degradation occurred at neutral pH and a catalyst dose of 50 mg. Reus
ability testing revealed that after numerous cycles, efficiency exceeded 90 %. In addition to photocatalytic ap
plications, 3 wt% Sr-ZnO was examined for antibacterial efficacy against Staphylococcus aureus, Pseudomonas 
aeruginosa, Bacillus subtilis, and Escherichia coli and showed significant bactericidal activity. Overall, the study 
establishes Sr-loaded ZnO, particularly at 3 wt% loading, as a highly efficient, stable, and environmentally 
acceptable nanomaterial for dye degradation and microbial disinfection. These findings highlight its enormous 
potential for integrated wastewater treatment systems, which provide a long-term solution for reducing chemical 
and biological contaminants in aquatic ecosystems.

1. Introduction

Soaring urban development and the demand for manufacturing 
growth, spurred by expanding global populations, have made a 
considerable contribution to environmental degradation, notably water 
contamination [1]. Manufacturing industry effluents, agricultural 
runoff, home waste, mining operations, and oil spills all contribute 
harmful contaminants into aquatic habitats [2]. These pollutants 
endanger biodiversity and disrupt the biological equilibrium of aquatic 
life [3]. Among these contaminants, textile dyes are the most significant 
contribution. Although synthetic dyes are essential in industries such as 
fashion and textiles due to their brilliant and long-lasting colouring 
capabilities, they are chemically stable and very toxic even at low doses 
[4]. Their intricate molecular architectures, which include aromatic 
rings and azo linkages, render them resistant to natural destruction [5]. 
As a result, these colours remain in water bodies, reducing light pene
tration, disrupting photosynthesis [6], and having serious environ
mental implications. In addition to environmental damage, chronic 
exposure to dye-contaminated water can have major health conse
quences for humans, including an increased risk of cancer, reproductive 
difficulties, and developmental issues [7]. Alarmingly, a recent study 
indicated that over 3.2 million people perish each year as a result of 
drinking contaminated water, emphasising the critical need for more 
effective water treatment solutions [8]. Conventional procedures such as 
coagulation, flocculation, adsorption, and biological treatments are 
frequently insufficient for complete removal of synthetic dyes. These 
procedures often result in pollutant phase transfer rather than degra
dation, which produces secondary waste. Furthermore, the chemical 
robustness of dyes restricts the efficacy of biological therapies. To solve 
these issues, semiconductor-based photocatalysis has emerged as a 
viable option [9]. This approach uses light energy to activate semi
conductor materials, which can convert organic contaminants into 
innocuous byproducts such as water and carbon dioxide [10]. Zinc oxide 
(ZnO) has received a lot of attention among photocatalysts because of its 
many advantages, including low cost, environmental friendliness, high 
photosensitivity, ease of synthesis, and strong oxidative capabilities [11, 
12].

Zinc oxide (ZnO) is an extensively studied semiconductor material 
that has received a lot of attention recently due to its outstanding op
tical, chemical, and electrical properties [13,14]. It is an II-VI semi
conductor with a large direct band gap of 3.37 eV and a high exciton 
binding energy of 60 meV, allowing for substantial ultraviolet (UV) light 
absorption. ZnO is environmentally safe, non-toxic, thermally stable, 
and cost-effective, making it ideal for various applications, including 
sensors, solar cells, light-emitting diodes, and photocatalysis [15]. ZnO 
has shown considerable potential as a photocatalyst for environmental 
remediation, particularly in the breakdown of organic contaminants 
such as synthetic dyes found in industrial wastewater [16–18]. When 
exposed to UV light, ZnO produces reactive oxygen species (ROS), which 
can degrade complicated colour molecules into harmless byproducts 
[19]. Pure ZnO’s photocatalytic effectiveness is restricted by its inability 

to use visible light and the quick recombination of photogenerated 
electron-hole pairs [20]. To improve its performance, several tactics, 
including loading, composite creation, and surface modification, have 
been investigated. These efforts aim to improve light absorption, charge 
carrier separation, and overall catalytic activity, establishing ZnO as an 
important material in the development of sustainable water purification 
systems [21–23].

According to prior research, Jan et al., [24] investigated the hydro
thermal production of both zinc oxide and strontium-loaded zinc oxide 
nanoparticles. UV, FTIR, SEM, XRD, and EDX analysis verified the 
presence of strontium in the ZnO nanoparticles. The optical band gaps 
were discovered to be 3.16 eV for ZnO and 2.90 eV for Sr-ZnO nano
particles. Unloaded ZnO nanoparticles had better photocatalytic activity 
than strontium-loaded counterparts in the breakdown of Acid Violet 17 
dye. The degradation rate was regulated by the irradiation period, dye 
concentration, catalyst weight, and pH. Kumaran et al., [25] explore the 
photocatalytic activity of zinc oxide and strontium-loaded ZnO nano
particles, evaluating their efficacy in photocatalytic oxidation of methyl 
orange and methylene blue. The study shows that strontium loading 
greatly improves ZnO’s photocatalytic performance when compared to 
pure ZnO. The best results were obtained with a Sr/Zn mole ratio of 1:2, 
calcined at 600◦C for 7 h. The study also found that cationic methylene 
blue degrades more quickly than anionic methyl orange, possibly due to 
higher negative charge accumulation on the catalyst surface. Agale 
et al., [26] employ the hydrothermal approach to synthesise and char
acterise strontium-loaded zinc oxide hierarchical hexagonal nano discs. 
To characterise the synthesised materials, various techniques were used, 
including XRD, FTIR, UV, FESEM, EDAX, TEM, and XPS. The paper fo
cuses on the successful loading of strontium in ZnO, which was 
confirmed by X-ray diffraction examinations. The synthesised catalyst 
displayed outstanding photocatalytic activity in wastewater treatment, 
specifically the photodegradation of methylene blue dye. The greatest 
results were obtained with a 5 wt% Sr-loaded ZnO catalyst, which had 
an impressive degradation rate constant k of up to 0.0389 min⁻¹ . 
Although several Sr-ZnO-based photocatalysts have been reported, few 
studies have optimized Sr doping levels to maximize sunlight-driven 
degradation efficiency while maintaining structural stability. Our 
study introduces a tailored Sr-ZnO composition that achieves this bal
ance, offering improved reusability and photocatalytic efficiency.

Building on ZnO’s photocatalytic potential, strontium-loaded zinc 
oxide (Sr-ZnO) has emerged as a promising modification technique for 
overcoming its inherent limits. Loading ZnO with strontium (Sr2+), an 
alkaline earth metal with a slightly greater ionic radius than Zn²⁺, in
troduces lattice distortions and defect sites, significantly modulating its 
structural and electrical properties [27]. These improvements result in 
improved charge separation and reduced recombination of photo
generated electron-hole pairs, considerably increasing photocatalytic 
efficiency. Furthermore, Sr loading can extend ZnO’s light absorption 
range into the visible region by reducing the band gap or introducing 
mid-gap states, allowing for greater solar spectrum utilisation [28]. This 
improvement renders Sr-ZnO especially effective in degrading persistent 
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organic pollutants like synthetic dyes when exposed to the sun or visible 
light. Furthermore, Sr inclusion can alter the surface morphology of ZnO 
and increase its specific surface area, resulting in additional active sites 
for photocatalytic processes. As a result, Sr-ZnO nanostructures out
performed virgin ZnO in terms of photocatalytic activity, providing a 
more efficient and sustainable method of water purification and envi
ronmental remediation. The synergistic effects of Sr loading offer up 
new avenues for optimising ZnO-based photocatalysts for enhanced 
wastewater treatment techniques [29].

This research focuses on synthesising and analysing pure and 
strontium-loaded ZnO nanoparticles to improve their structural, optical, 
and photocatalytic properties. Various techniques were used for 
comprehensive characterisation, including FE-SEM and HR-TEM for 
surface morphology, XRD for crystal structure, and FT-IR, FT-Raman, 
and XPS for identifying functional groups and bonds. PL and UV-DRS 
investigated optical behaviour such as band gap energy and charge 
carrier dynamics. The photocatalytic efficiency of Reactive Red 120 dye 
was tested under UV and sunlight, monitored using UV-Vis spectros
copy. Strontium loading enhanced photocatalytic activity, which was 
attributed to improved charge carrier separation, stability, and light 
absorption. Aside from photocatalytic degradation, gas 
chromatography-mass spectrometry (GC-MS) was used to identify in
termediate chemicals, offering vital insights into the dye’s breakdown 
route. Reusability tests revealed that the Sr-loaded ZnO nanoparticles 
were long-lasting, with just a minor decrease in photocatalytic efficacy 
between cycles. Furthermore, trapping studies were carried out to 
identify the essential reactive species involved in the degradation 
mechanism, such as hydroxyl radicals, superoxide radicals, and photo
generated holes, resulting in a better understanding of the photo
catalytic process. These findings point to a high potential for strontium- 
loaded ZnO nanoparticles in applications such as environmental reme
diation, optoelectronics, and antimicrobial treatments.

2. Experimental setup

2.1. Synthesis of Sr loaded and unloaded ZnO

All the chemicals utilized in this study were of analytical reagent 
(AR) grade with a purity of ≥ 98 %, procured from Sigma-Aldrich, and 
were used as received without any further purification. To make Solu
tion A, 11.899 g of zinc nitrate was dissolved in 100 mL of distilled 
water. In Solution B, 7.564 g of oxalic acid was dissolved in 100 mL of 
distilled water. Solution C involved dissolving 0.1956 g of strontium 
nitrate in 5 mL of water. After all, three solutions had been produced, 
they were combined and heated to 100 ◦C with constant stirring for 3 h, 
allowing the mixture to reach boiling point. The resultant mixture was 
filtered, rinsed with ethanol, and dried for 5 h in a hot air oven set to 100 
◦C. To produce a consistent powder, the dry product was finely pounded 
for 30 min with a pestle and mortar. This powder was placed in a silica 
crucible and calcined in a muffle furnace at 460 ◦C for 4 h. After calci
nation, the furnace was allowed to cool to ambient temperature before 
the finished product was collected and stored for future use. This syn
thesis process was used to produce the sample with the optimal 3 wt% 
strontium loading. The same procedure was used to create samples with 
strontium concentrations of 1 wt%, 2 wt%, and 4 wt%. With the 
exception of not adding strontium nitrate, the procedure was the same 
for the bare ZnO sample.

2.2. Photocatalytic activity studies

The photocatalytic degradation of the azo dye Reactive Red 120 (RR 
120) was studied using the Heber multi-lamp photoreactor model HML- 
COPACT-LP-MP88. The irradiation process was powered by four 8-watt 
mercury UV-A lamps with a wavelength of 365 nm. To begin the 
degradation process, 20 mg of the synthesised photocatalysts (ZnO and 
Sr-ZnO) were combined with 100 mL of a 50 ppm RR 120 dye solution at 

pH 7. The mixture was agitated for 30 min to reach adsorption- 
desorption equilibrium. The solution was then transferred to reaction 
tubes with inner diameters of 2.5 cm and lengths of 37 cm. To ensure 
uniform conditions before initiating the photodegradation process, the 
tubes were kept in the dark and constantly agitated. The dye solutions 
were exposed to UV radiation in a systematic fashion. At 10-minute 
intervals, 3 mL aliquots of the solution were withdrawn and centri
fuged to separate the photocatalysts (REMI-R-8C). The recovered su
pernatant was analysed with a UV-Vis spectrophotometer to measure the 
photocatalysts degrading efficacy on RR 120. Parallel photodegradation 
experiments were also performed under direct sunlight, maintaining 
identical sampling and analysis intervals. UV-Vis spectroscopy was also 
used to determine the photocatalytic performance of these samples 
under natural sunlight. The efficiency of dye degradation was estimated 
using the formula in Eq. (1), providing a comprehensive assessment of 
the photocatalysts’ ability to degrade the azo dye under both UV and 
solar irradiation conditions. This systematic approach established the 
efficacy of ZnO and Sr-ZnO photocatalysts in advanced environmental 
remediation. 

Degradation efficiency of RR120 dye (%) =
C0 − Ct

C0
x100 (1) 

where C0 is the RR 120 dye’s initial concentration and Ct is the dye 
concentration after irradiation for a specific time t.

Comprehensive information regarding the materials and reagents 
used, the isolation of test pathogens, the characterization techniques 
employed, the antibacterial assay methodology, and the GC-MS analysis 
is provided in the supplementary section. Table S1 (see Supporting In
formation) displays the chemical structure of the dye, along with its 
respective absorption maximum.

3. Results and discussion

3.1. Crystallographic and optical features

3.1.1. Evaluation of XRD profiles
The X-ray diffraction (XRD) patterns in Fig. 1, shows the structural 

properties of pure ZnO (a) and Sr-loaded ZnO photocatalysts with 
different loading concentrations: 1 wt% (b), 2 wt% (c), 3 wt% (d), and 
4 wt% (e). The samples’ high crystallinity is confirmed by strong peaks 
at 2θ values of 31.8◦, 34.4◦, 36.2◦, 47.5◦, 56.6◦, 62.9◦, 66.4◦, 68.0◦, 
69.1◦, 73.0◦ and 77.0◦ which correspond to the (100), (002), (101), 
(102), (110), (103), (200), (112), (201), (004) and (202) planes, 

Fig. 1. X-ray diffraction (XRD) patterns of (a) pure ZnO and Sr-doped ZnO 
photocatalysts with varying Sr concentrations: (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, 
and (e) 4 wt%.
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respectively [30–33]. No additional impurity peaks attributable to 
strontium oxides or other Sr-related phases were observed when the Sr 
loading concentration increased from 1 wt% to 4 wt%. This suggests 
that Sr is successfully absorbed into the ZnO lattice without generating 
distinct phases, implying substitutional loading. However, modest 
fluctuations in peak intensity and broadening are visible as Sr content 
increases, which could be related to lattice tension, flaws, or a reduction 
in crystallite size caused by Sr integration. Such structural alterations 
may have an impact on Sr-loaded ZnO’s electrical characteristics and, as 
a result, photocatalytic activity. Overall, the XRD examination verifies 
the effective synthesis of Sr-loaded ZnO photocatalysts with intact 
wurtzite structure. Slight variations in peak intensity and broadening 
suggest that Sr inclusion may have an effect on crystallite size and lattice 
strain. These structural changes are projected to significantly improve 
Sr-ZnO’s photocatalytic performance, making it a potential material for 
environmental remediation applications such as wastewater treatment 
and pollutant degradation under light irradiation [34].

3.1.2. FT-IR profile interpretation
Fig. S1 (see Supporting information) presents the FT-IR spectra of 

pure ZnO and Sr-doped ZnO photocatalysts with varying Sr concentra
tions. A broad absorption band observed in the range of 
3200–3600 cm⁻¹ corresponds to O–H stretching vibrations, indicative of 
surface hydroxyl groups. These groups are known to facilitate improved 
photocatalytic activity by promoting effective charge carrier separation. 
The presence of a distinct band between 1600 and 1660 cm⁻¹ is attrib
uted bending vibration of hydroxyl (-OH), likely due to surface adsorbed 
water. In the lower wavenumber region (400–600 cm⁻¹), characteristic 
Zn–O stretching vibrations confirm the formation of ZnO nanoparticles. 
Across all Sr loadings, the FT-IR spectra exhibit nearly identical vibra
tional profiles, with no emergence of additional peaks. However, slight 
variations in peak intensities and minor shifts in band positions suggest 
subtle modifications in surface chemical environments and bonding 
configurations due to Sr incorporation. These spectral changes imply 
potential influences on the photocatalytic behavior of the materials, 
although the core ZnO structure remains largely preserved [35,36].

3.1.3. Vibrational mode identification by FT-Raman spectroscopy
Fig. 2 shows the FT-Raman spectra of pure ZnO and Sr-doped ZnO 

photocatalysts at different Sr concentrations (1 wt%, 2 wt%, 3 wt%, and 
4 wt%). The detected vibrational characteristics represent major struc
tural alterations and defect states caused by Sr inclusion [37,38]. The 
phonon vibrations of the wurtzite ZnO lattice are responsible for the 
characteristic Raman modes E2L (in the low-frequency region, 

approximately 265 cm⁻¹), E2H-E2L mode (437 cm⁻¹), and E2H (in the 
high-frequency region, 757 cm⁻¹). These modes are highly defined in the 
undoped ZnO sample, indicating its intrinsic crystalline structure. 
Raman spectra show significant changes after Sr doping, including 
increased peak intensities and modest peak shifts, especially in the E2H 
area. These spectrum shifts confirm that Sr ions were successfully 
substituted into the ZnO lattice, resulting in local structural distortions 
and increased crystallinity. The gradual increase in Raman mode 
strength with increasing Sr concentration indicates improved phonon 
coupling and lattice ordering. Such enhancements are expected to 
greatly increase the photocatalytic performance of Sr-doped ZnO 
nanostructures by fostering more efficient charge carrier dynamics and 
decreasing recombination rates.

3.1.4. PL-based investigation of electron–hole dynamics
Fig. S2 depicts the photoluminescence (PL) spectra of pure ZnO and 

Sr-doped ZnO photocatalysts with varying strontium loading levels (1, 
2, 3, and 4 wt%). PL spectroscopy is a useful technique for investigating 
the recombination behaviour of photogenerated charge carriers in 
semiconductor materials. The undoped ZnO sample has a robust and 
broad emission band in the 400–550 nm wavelength range, encom
passing both near-band-edge (NBE) and deep-level emissions (DLE). The 
NBE emission is usually related to the recombination of free excitons 
along the conduction and valence bands, whereas the DLE corresponds 
to intrinsic defects such as oxygen vacancies, zinc interstitials, and 
surface states within the ZnO lattice [39–41]. The introduction of Sr into 
the ZnO matrix results in a considerable drop in PL intensity across the 
spectrum. The suppression of PL emission reflects a slower recombina
tion rate of photogenerated electron-hole pairs. The drop-in intensity 
means that Sr doping introduces localised states or affects the defect 
landscape in such a way that charge carriers can be separated and 
transferred more efficiently rather than recombining radiatively. 
Compared to bare ZnO, the doped samples exhibit the lowest PL in
tensity, indicating that they have the most effective charge carrier sep
aration and the fewest recombination losses, which is extremely useful 
for increasing photocatalytic efficiency. These findings show that Sr 
doping not only modifies the electrical structure of ZnO but also im
proves its optical and charge transport capabilities. The reduction in 
radiative recombination caused by PL quenching is a clear indication of 
increased photocatalytic capability. As a result, regulated Sr inclusion 
appears to be a promising technique for improving ZnO-based photo
catalysts for environmental and energy applications.

3.1.5. UV-DRS analysis
Fig. S3 shows the UV-Vis diffuse reflectance spectra (DRS) and 

Kubelka-Munk (KM) plots for ZnO and strontium-loaded ZnO (Sr-ZnO) 
photocatalysts with loading concentrations of 1–4 wt%, respectively. 
The UV-Vis reflectance spectra (Fig. S3a) show the light absorption 
characteristics of both unloaded and Sr-ZnO samples, providing 
important information on their optical properties. The Kubelka-Munk 
function, F(R), is used to calculate optical band gaps using conven
tional equations [42]. 

(F(R)hυ)n = A (hυ - Eg)                                                                  (2)

F(R) =
(1 − R)2

2R
(3) 

In these equations, R denotes the diffuse reflectance of the material, 
and hv represents the photon energy, where h is Planck’s constant and ν 
is the photon frequency. The band gap of pure ZnO was determined to be 
3.19 eV (Fig. S3b), consistent with previously reported values in the 
literature. Upon Sr doping, significant changes in the band gap were 
observed. At 1 wt% Sr-ZnO, the band gap slightly decreases to 3.18 eV 
(Fig. S3c), which may be attributed to quantum confinement effects or 
lattice distortion induced by the incorporation of Sr ions. As the Sr 
concentration increases, the band gap gradually decreases, measuring Fig. 2. FT-Raman spectra of (a) ZnO and Sr-doped ZnO photocatalysts at 

varying Sr concentrations: (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, and (e) 4 wt%.
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3.17 eV for 2 wt%, 3.16 eV for 3 wt%, and then slightly rises again to 
3.18 eV for 4 wt% Sr-ZnO (Fig. S3d-f). The observed fluctuations in 
band gap energy with varying Sr content are critical for tuning the op
tical and photocatalytic properties of ZnO. A decreased band gap favours 
enhanced absorption of light, which can improve photocatalytic activ
ity, whereas a reduced band gap shifts the absorption edge toward the 
visible spectrum, making the material more suitable for solar-driven 
applications. These results indicate that precise control over Sr doping 
concentration can optimize ZnO’s performance in various fields such as 
optoelectronics, photovoltaics, and environmental remediation, partic
ularly for photocatalytic degradation of pollutants [43].

3.2. Morphological studies

3.2.1. FE-SEM analysis
Fig. 3 shows field emission scanning electron microscopy (FE-SEM) 

images of (a-c) pure ZnO and (d-f) 3 wt% Sr-loaded ZnO (Sr-ZnO) 
photocatalysts at different magnifications and locations. These micro
graphs provide valuable information regarding the surface shape and 
particle distribution of the synthesised nanomaterials. Pure ZnO nano
particles (Fig. 3a-c) have an aggregated structure made up of uniformly 
dispersed, almost spherical grains [33,34]. The particles are firmly 
packed with moderate porosity, as is characteristic of ZnO synthesised 
using wet chemical or hydrothermal methods. The ZnO particles are 
nanometres in size, with well-defined grain boundaries and a relatively 
smooth surface texture, confirming their crystalline structure. The 
nanoparticles in the Sr-ZnO sample (Fig. 3d-f) have better dispersion and 
appear slightly smaller and more uniform than the unloaded ZnO, as 
seen by the measured particle sizes displayed in the annotated photos. 
Incorporating Sr²⁺ ions into the ZnO lattice may cause lattice deforma
tion and limit excessive grain development, leading to finer particles. 
Furthermore, the surface of Sr-ZnO appears rougher and less compact 
than pure ZnO, indicating potential photocatalytic activity due to the 
exposure of additional active sites. The morphological differences be
tween pure ZnO and Sr-loaded ZnO show that Sr was successfully 

incorporated into the ZnO matrix. This loading has an impact not only 
on the photocatalyst’s structural properties but also on its optical and 
electrical behaviour. Sr-ZnO’s reduced particle size and increased sur
face roughness could allow for greater light absorption and better 
interaction with pollutants in photocatalytic applications, making it a 
promising candidate for environmental remediation processes, particu
larly wastewater treatment [44,45].

3.2.2. HR-TEM analysis
Fig. 4 presents a comprehensive exploration of the morphological 

and structural characteristics of the 3 wt% Sr-doped ZnO (Sr–ZnO) 
photocatalyst using transmission electron microscopy (TEM) and high- 
resolution TEM (HR-TEM) techniques. The low- and intermediate- 
magnification TEM images (Fig. 4a–c), obtained from different regions 
of the sample, reveal a diverse particle morphology consisting of both 
hexagonal and quasi-spherical nanoparticles. This morphological het
erogeneity implies a non-uniform nucleation and growth process, likely 
modulated by the incorporation of Sr during synthesis. HR-TEM mi
crographs (Figs. 4d and 4e) further disclose well-defined and periodic 
lattice fringes, reflecting the high degree of crystallinity within the 
Sr–ZnO structure. These lattice patterns correspond to characteristic 
planes of ZnO, confirming that Sr doping does not significantly disturb 
the parent ZnO lattice structure. To gain further insight into the lattice 
orientation and order, fast Fourier transform (FFT) patterns were 
extracted from specific areas marked in Fig. 4e (yellow square and red 
circle), and are depicted in Fig. 4f and 4j. The symmetrical and periodic 
diffraction spots in the FFT images validate the presence of well-ordered 
crystalline domains. The frequency-specific features identified in the 
FFT patterns were selectively enhanced using mask filtering, and the 
resulting filtered images are shown in Fig. 4g and 4k. These were sub
sequently processed through inverse fast Fourier transform (IFFT) to 
reconstruct real-space lattice information with reduced background 
noise, as illustrated in Figs. 4i and 4m. The IFFT-enhanced images 
significantly improve the clarity of lattice fringes, enabling precise 
estimation of interplanar distances and orientation. Furthermore, the 

Fig. 3. FE-SEM images of (a-c) ZnO and (d-f) 3 wt% Sr-ZnO photocatalysts.
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intensity line profiles (Fig. 4h and 4l), derived from the IFFT regions, 
provide quantitative evidence of consistent fringe spacing and period
icity, thus supporting the effective integration of Sr²⁺ ions into the ZnO 
matrix without disrupting the overall crystallographic integrity.

HR-TEM analysis of Sr-doped ZnO revealed two distinct interplanar 
spacings of approximately 0.260 nm and 0.777 nm, offering insight into 
the structural modifications induced by Sr incorporation. The d-spacing 
of 0.260 nm corresponds well to the (002) plane of the wurtzite ZnO 
structure, confirming that the host lattice remains largely intact. In the 
HR-TEM analysis of Sr-doped ZnO, the observation of a lattice fringe 
with a d-spacing of 0.777 nm is intriguing, particularly since no corre
sponding peak is detected in the X-ray diffraction (XRD) pattern. The 
absence of a matching XRD peak suggests that this feature does not arise 
from a well-crystallized, long-range ordered secondary phase such as 
SrO or Sr(OH)₂, which would otherwise manifest distinct reflections in 
the XRD spectrum. Instead, the 0.777 nm spacing is more plausibly 
attributed to local structural distortions, interfacial lattice mismatch 
regions, or defect-rich domains induced by Sr incorporation. The ionic 
radius of Sr²⁺ (1.18 Å) is significantly larger than that of Zn²⁺ (0.74 Å), 
and its substitution or interstitial presence within the ZnO lattice can 
induce localized strain, lattice expansion, or the formation of planar 
defects or stacking faults, particularly near grain boundaries. Such 
structural features are often non-periodic or poorly ordered, lacking 
sufficient crystallinity to produce detectable XRD peaks but clearly 
observable in high-resolution TEM due to its sensitivity to local atomic 
arrangements. Furthermore, in some cases, Sr segregation at the nano
scale, especially at surface or interface regions, can result in amorphous 
or partially ordered domains, which again evade detection by XRD but 

manifest as distinct lattice spacings in HR-TEM. Therefore, the 0.777 nm 
d-spacing likely reflects a short-range ordered region or strain-induced 
lattice expansion due to Sr doping, rather than a separate crystalline 
phase.

3.2.3. EDS and elemental mapping analysis
The catalysts were tested using energy dispersive spectroscopy, 

elemental mapping, and SEM. The elemental composition of ZnO and Sr- 
ZnO catalysts was established using EDS analysis. Fig. S4 depicts the 
elemental composition of the catalysts and the elements present in a 
specific area, as shown in Tables S2 and S3 (see Supporting material). 
The elemental composition of Sr-ZnO catalysts indicates effective Sr 
loading over ZnO. The elements O and Zn were largely obtained in 
naked EDS at 0.2–0.6 and 0.8–1.2 keV, respectively (Fig. S4a). However, 
a new peak between 1.8 and 2.0 KeV emerged, indicating the presence of 
Sr over ZnO, as seen in Fig. S4b [46,47]. Fig. S5 illustrates the elemental 
mapping of the constituent elements in both pure ZnO and Sr-doped ZnO 
photocatalysts.

3.2.4. XPS analysis
Fig. 5. shows the X-ray photoelectron spectroscopy (XPS) examina

tion of Sr-ZnO photocatalysts, which provides important information 
about their elemental composition, oxidation states, and chemical 
bonding. Fig. 5a shows the survey spectrum, which confirms the pres
ence of Zn, O, and Sr in the Sr-ZnO sample. The peaks corresponding to 
Zn 2p, O 1 s, and Sr 3d demonstrate the successful incorporation of Sr 
into the ZnO lattice, supporting the structural alteration caused by 
loading. Fig. 5b depicts the high-resolution Zn 2p spectrum, which 

Fig. 4. (a-c) TEM images, (d and e) HR-TEM images of 3 wt% Sr-ZnO photocatalyst, (f and j) corresponding FFT, (g and k) mask area, (h and l) profile of IFFT, (i and 
m) IFFT images with crystalline planes of Sr-ZnO.

V. Mariyappillai et al.                                                                                                                                                                                                                         Colloids and Surfaces A: Physicochemical and Engineering Aspects 727 (2025) 138212 

6 



contains two distinct peaks at 1022.4 eV and 1045.5 eV, which corre
spond to Zn 2p3/2 and Zn 2p1/2, respectively. These binding energies 
align with Zn²⁺ in ZnO, indicating that Zn remains in its anticipated 
oxidation state without metallic Zn or other oxidation states. The peak 
positions indicate negligible alterations due to Sr loading, implying that 
Sr inclusion has no substantial effect on the Zn 2p electronic structure 
but may contribute to defect generation.

Fig. 5c depicts the O 1 s spectrum, which shows two different peaks 
at 531.18 eV and 532.17 eV. The peak at 531.18 eV corresponds to 
lattice oxygen, verifying ZnO’s structural integrity. The peak at 
532.17 eV is due to oxygen vacancies and chemisorbed oxygen species, 
which play an important role in improving photocatalytic performance 
by trapping charge carriers and boosting surface reactions. The exis
tence of oxygen vacancies shows that Sr loading alters the defect states 
in ZnO, perhaps improving charge separation and overall photocatalytic 
activity. Fig. 5d depicts the Sr 3d spectrum, indicating the incorporation 
of Sr into the ZnO matrix. The Sr 3d spectrum shows two peaks at 
139.70 eV and 140.96 eV, which correspond to Sr 3d5/2 and Sr 3d3/2, 
respectively. These peaks confirm the successful loading of Sr²⁺ in the 
ZnO lattice. The insertion of Sr most likely causes lattice distortions and 
defect development, which can improve the material’s electrical char
acteristics and photocatalytic performance. Overall, the XPS results 
demonstrate the effective synthesis of Sr-loaded ZnO with well-defined 
oxidation states and defect architectures. The presence of oxygen va
cancies and Sr incorporation are critical for altering the electronic 
structure, minimising charge carrier recombination, and increasing 
photocatalytic activity. These results are consistent with previous 

characterisation approaches, supporting the importance of Sr loading in 
modifying the physicochemical parameters of ZnO for environmental 
applications, particularly photocatalytic water treatment [48].

4. Photocatalytic activity study

4.1. Photodegradation of RR 120 under UV-A light

The Fig. 6 shows the UV-Vis absorption spectra of RR 120 dye 
(50 ppm, pH 7) exposed to UV-A light in the presence of Sr-loaded ZnO 
photocatalysts with varying Sr concentrations (1 wt%, 2 wt%, 3 wt%, 
and 4 wt%) throughout a variety of irradiation times (0–70 min). The 
absorption peak of RR 120, located at around 523 nm, rapidly decreases 
with increasing irradiation time, indicating that the dye is successfully 
photodegraded. The absorbance of clean ZnO (Fig. 6a) steadily de
creases, indicating photocatalytic activity. However, adding Sr to ZnO 
improves photocatalytic performance. Among the loaded samples, 3 wt 
% Sr-ZnO (Fig. 6b) exhibits a faster rate of dye degradation than pure 
ZnO, implying that Sr loading promotes charge separation. The best 
degradation efficiency is obtained with 3 wt% Sr-ZnO (Fig. 6d), where 
the dye absorption peak drops dramatically in a shorter time period. 
This shows that 3 wt% Sr loading maximises charge carrier separation, 
hence boosting photocatalytic efficiency. However, at 4 wt% Sr-ZnO 
(Fig. 6e), the deterioration rate slows compared to the 3 wt% sample. 
This decrease in efficiency could be attributable to high Sr loading, 
which can operate as recombination centres, preventing charge sepa
ration and lowering photocatalytic efficacy. Overall, the study shows 

Fig. 5. XPS of Sr-ZnO photocatalysts, (a) survey spectrum, (b) Zn 2p, (c) O 1 s and (d) Sr 3d.
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that Sr loading has a favourable effect on ZnO, with a 3 wt% loading 
concentration resulting in maximum photocatalytic degradation of RR 
120 dye. This shows that Sr-modified ZnO photocatalysts may be a po
tential material for efficient wastewater treatment under UV-A 
radiation.

Fig. 7 depicts the photocatalytic activity of Sr-loaded ZnO with 
various Sr concentrations (1–4 wt%) compared to pure ZnO under 
sunlight irradiation. Fig. 7a depicts the percentage of dye degradation 
over time, with 3 wt% Sr-ZnO having the highest degradation rate, 
outperforming pure ZnO and the other loaded samples. Fig. 7b shows the 
normalised dye concentration (Ct/C0), which falls faster for 3 wt% Sr- 
ZnO, showing greater photocatalytic efficiency. Fig. 7c displays the 

kinetic linear fitting results, which show that dye degradation occurs in a 
pseudo-first-order reaction model. The calculated rate constants (k) for 
photocatalytic activity varied according to doping concentration. The 
rate constant for bare ZnO is 0.01206 min⁻¹ , for Sr loadings of 1 wt% is 
0.00706 min⁻¹ , 2 wt% is 0.0095 min⁻¹ , 3 wt% is 0.03827 min⁻¹ , and 
4 wt% is 0.00838 min⁻¹ . The corresponding R2 values were 0.86566 for 
bare ZnO, 0.89641 for 1 wt%, 0.98366 for 2 wt%, 0.90251 for 3 w%, 
and 0.96477 for 4 wt% Sr-ZnO. Finally, Fig. 7d compares the degrada
tion efficiency at 70 min, revealing that 3 wt% Sr-ZnO exhibits nearly 
complete degradation (≈100 %), whereas pure ZnO and other loaded 
samples exhibit lower efficiency. Overall, the findings demonstrate that 
Sr loading greatly increases ZnO’s photocatalytic activity, with 3 wt% 

Fig. 6. UV-Vis absorption spectra of RR 120 with different irradiation time under UV-A light with (a) ZnO (b) 1 wt% (c) 2 wt% (d) 3 wt% (e) 4 wt% Sr-ZnO 
photocatalysts [Catalyst dosage = 20 mg; pH = 7; Dye concentration = 50 ppm].
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Sr-ZnO being the most effective composition for dye degradation. This 
improvement is likely due to enhanced charge separation, decreased 
recombination, and greater light absorption, making it an attractive 
candidate for wastewater treatment applications.

4.1.1. Photodegradation of RR 120 under sunlight
Fig. 8 depicts the UV-Vis absorption spectra of an RR 120 dye solu

tion at various irradiation durations under sunlight using (a) pure ZnO 
and (b) 3 wt% Sr-ZnO as photocatalysts. The absorbance peak at 523 nm 
is the distinctive absorption of RR 120 dye. As the irradiation period 
increases (from 0 to 50 min), the absorbance intensity drops, indicating 

dye degradation. In Fig. 8a, ZnO has a steady decrease in absorbance, 
indicating modest photocatalytic activity. However, in Figs. 8b, 3 wt% 
Sr-ZnO shows a more dramatic decrease in absorbance, indicating 
improved photocatalytic activity. Sr-loaded ZnO exhibits higher activity 
due to improved charge separation, reduced electron-hole recombina
tion, and increased light absorption. The photocatalytic degradation 
happens when electron-hole pairs are generated by sunlight exposure, 
resulting in the creation of reactive oxygen species (ROS) that break 
down the dye molecules. The more effective degradation observed with 
3 wt% Sr-ZnO shows that Sr loading increases ZnO’s photocatalytic ef
ficiency. Overall, the results reveal that Sr loading greatly increases 

Fig. 7. (a) Photocatalytic activity results, (b) Normalized absorbance spectra (Ct/C0), (c) Kinetic linear fitting results (d) Comparison of photocatalytic activity at 
70 min with, 1 wt%, 2 wt%, 3 wt% and 4 wt% Sr-ZnO photocatalysts.

Fig. 8. UV-Vis absorption spectra of RR 120 with different irradiation time under Sunlight irradiation with (a) ZnO (b) 3 wt% photocatalysts [Catalyst dosage 
= 20 mg; pH = 7; Dye concentration = 50 ppm].
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ZnO’s photocatalytic ability, with 3 wt% Sr-ZnO demonstrating greater 
degradation efficiency. This makes it an attractive material for envi
ronmental remediation, particularly in wastewater treatment 
applications.

Fig. 9 shows the photocatalytic performance of ZnO and 3 wt% Sr- 
ZnO for RR 120 dye degradation when exposed to sunshine. Fig. 9a 
shows the percentage of dye degradation over time, demonstrating that 
3 wt% Sr-ZnO has much higher degradation efficiency than pure ZnO. 
This suggests that Sr loading boosts ZnO’s photocatalytic activity. 
Fig. 9b plots the normalised dye concentration (Ct/C0) vs irradiation 
time. The concentration of RR 120 dye falls more quickly with 3 wt% Sr- 
ZnO, showing higher degradation efficiency over ZnO. This demon
strates that Sr loading enhances charge carrier separation, lowering 
recombination losses and accelerating dye degradation. Linear fitting of 
degradation. The kinetics revealed rate constants (k) of 
0.02961 min⁻¹ for bare ZnO and 0.0475 min⁻¹ for 3 wt% Sr-ZnO. The R2 

values for bare ZnO is 0.92552, and 3 wt% Sr-ZnO is 0.90571, as seen in 
Fig. 9c. Finally, Fig. 9d compares the degrading efficiency of ZnO and 
3 wt% Sr-ZnO after 50 min. The dye degradation efficiency of ZnO is 
78.4 wt%, whereas 3 wt% Sr-ZnO reaches ≈ 100 % degradation, 
demonstrating its superior performance. Overall, these findings show 
that Sr loading greatly increases the photocatalytic effectiveness of ZnO, 
making 3 wt% Sr-ZnO a potential material for environmental applica
tions such as wastewater treatment.

4.2. Effect of catalyst loading and initial pH

The performance of 3 wt% Sr-loaded ZnO (Sr-ZnO) nanoparticles in 
photocatalytic degradation was thoroughly evaluated at various pH 
levels and catalyst dosages. The purpose of this investigation was to 
identify the optimal conditions for efficiently eliminating RR 120 dye 
under UV light exposure, and the results are shown in Fig. 10 As 

demonstrated in Fig. 10a, the solution pH had a substantial effect on 
degradation performance. Using 20 mg of Sr-ZnO and 70 min of UV-A 
irradiation, the degradation efficiency increased with increasing pH, 
reaching a high of around ≈ 100 % at pH 7. At acidic pH levels (pH 3 
and 5), breakdown efficiency was lower, at 58 % and 72 %, respectively. 
Excess H+ ions and dye molecules compete for active sites, resulting in 
reduced production of hydroxyl radicals (•OH). Under neutral condi
tions, optimal charge interaction between the dye and the catalyst sur
face led to increased adsorption and reactive species formation. At 
higher pH levels (9 and 11), degradation somewhat decreased to 96 % 
and 88 %, probably due to electrostatic repulsion between negatively 
charged catalyst surfaces and dye molecules. Fig. 10b shows how the 
catalyst dose affects the photocatalytic degradation efficiency of RR 120 
dye after 30 min of UV-A light exposure at pH 7. The 3 wt% Sr-ZnO 
catalyst was tested at dosages of 10 mg, 30 mg, 50 mg, and 70 mg. At 
lower catalyst concentrations of 10 mg and 30 mg, degradation effi
ciencies were relatively low, at 19.9 % and 37.6 %. This poor perfor
mance can be due to a scarcity of active sites accessible for 
photocatalytic processes. However, when the dosage was increased to 
50 mg, the degradation efficiency increased dramatically to around 
≈ 100 %, demonstrating the optimal amount of catalyst for maximum 
light absorption and interaction with dye molecules. However, 
increasing the dose to 70 mg resulted in a 96.5 % drop in degradation 
efficiency. This drop is most likely caused by abundant catalyst particles, 
which cause light scattering, limited light penetration, and probable 
agglomeration, all of which impede the photocatalytic process. In 
conclusion, neutral pH 7 and a catalyst dosage of 50 mg was discovered 
to be best for maximal photocatalytic degradation, providing useful 
insight into process optimisation for wastewater treatment applications.

Fig. 9. (a) Photocatalytic activity results, (b) Normalized absorbance spectra (Ct/C0), (c) Kinetic linear fitting results (d) Comparison of photocatalytic activity at 
50 min with ZnO, 3 wt% Sr-ZnO photocatalysts.
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4.3. Reusability and trapping

To determine the practical applicability of 3 wt% Sr-loaded ZnO, the 
reusability and active species involved in the photocatalytic degradation 
of RR 120 dye under UV-A light were examined. These tests are neces
sary to establish the catalyst’s stability across numerous cycles and to 
comprehend the underlying degradation mechanism in Fig. 11. Fig. 11a 
shows the reusability performance of 3 wt% Sr-ZnO across four 
consecutive cycles for the degradation of RR 120 dye under UV-A irra
diation (30 min, pH 7, 50 mg catalyst dosage). The degrading efficiency 
remained high throughout, with ≈100 % in the first cycle, gradually 
dropping to 97 %, 95 %, and 91 wt% in the second, third, and fourth 
cycles, respectively. This steady drop can be attributed to slight catalyst 
deactivation caused by surface fouling, partial loss of active sites, or 
intermediate adsorption during each cycle. Despite this, the photo
catalyst retained over 90 % efficiency after several uses, indicating 
outstanding recyclability and structural integrity during repeated 
operation. Fig. 11b depicts the impact of different scavengers on the 
photocatalytic degradation efficiency of RR 120 dye under UV. A light 
irradiation for 50 min at neutral pH (pH 7) with 50 mg of catalyst. The 
judicious employment of certain scavengers allows for the detection of 
key reactive species involved in the degradation mechanism. Benzo
quinone (BQ), a selective quencher of superoxide radicals (O₂•⁻), 
significantly suppressed photocatalytic activity, reducing degradation 
efficiency by approximately 25 %. This significant drop underlines the 
importance of superoxide radicals as the major reactive species. Using 
potassium iodide (KI) to scavenge photogenerated holes (h⁺) lowered 
degradation efficiency to 48 %, indicating a significant contribution 
from holes to the process. Tert-butanol (TBA), a well-known hydroxyl 
radical (•OH) scavenger, resulted in a 49.5 % degradation efficiency, 

showing a moderate but significant function for hydroxyl radicals. 
Furthermore, silver nitrate (AgNO₃), an electron (e⁻) scavenger, resulted 
in 63 % degradation, indicating a minor but significant participation of 
electrons in the chemical pathway. The control experiment, which did 
not include a scavenger, resulted in nearly total destruction (≈100 %), 
demonstrating the synergistic action of several reactive oxygen species. 
These findings show that the photocatalytic degradation of RR 120 using 
Sr-ZnO is primarily controlled by the formation of superoxide radicals, 
with significant contributions from hydroxyl radicals and photo
generated holes, indicating a multi-pathway degradation mechanism.

4.4. Degradation pathway of RR 120 using GC-MS

The photocatalytic degradation of Reactive Red 120 (RR 120) under 
UV-A light using 3 wt% strontium-doped ZnO (Sr-ZnO) was thoroughly 
investigated through gas chromatography–mass spectrometry (GC-MS). 
This high-resolution analytical method facilitated the identification of 
numerous intermediate products, detailed in Table S4. Based on the 
observed molecular ion peaks and fragmentation patterns, a plausible 
degradation mechanism has been mapped out and depicted in Fig. 12. It 
is important to recognize that during photodegradation, the parent dye 
does not immediately break down into harmless substances; instead, it 
often forms transitional compounds, some of which may retain toxicity 
or environmental persistence.

In this study, three major intermediates labeled IIP 1, IIP 2, and IIP 3 
were isolated as significant products formed during the UV-A-assisted 
degradation of RR 120 under neutral pH conditions in the presence of 
Sr-ZnO. The degradation pathway was initiated by the rupture of the azo 
linkage (–N=N–) within RR 120, yielding two primary intermediates: 
IIP 1, structurally identified as a triazine-linked aminonaphthalene 

Fig. 10. (a) The effect of pH levels (using 20 mg of 3 wt% Sr-ZnO; 70-minute irradiation time). (b) Effects of catalyst dosage on photocatalytic degradation of RR 120 
after 30 min of UV-A light at pH 7.

Fig. 11. (a) Reusability results (b) Effect of scavengers in pH 7 with catalyst dosage of 50 mg in RR 120 degradation under UV-A light with 30 min of irradiation.
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derivative, and a secondary species referred to as compound 1. IIP 1 
subsequently broke down through cleavage of a phenyl-carbon-nitrogen 
(Ph–C–N) bond, leading to the formation of 2,8-diaminonaphthalene- 
1,3,6-triol (IIP 2) and compound II. Meanwhile, compound 1 under
went further azo bond scission, generating 6-chloro-1,3,5-triazine-2,4- 
diamine (IIP 3) and compound III. Compound IV emerged via partial 
amine removal and dihydroxylation of IIP 2, while compound V was 
derived from compound II and also from IIP 3. Similarly, compound VI 
resulted from the transformation of compound III, involving similar 
deamination and hydroxylation steps. Ultimately, the advanced degra
dation products (compounds IV, V, and VI) experienced oxidative 
breakdown processes, culminating in complete mineralization. This 
final stage yielded non-toxic end products such as carbon dioxide (CO₂), 
water (H₂O), and trace inorganic acids evidence of thorough detoxifi
cation. Overall, the proposed degradation pathway highlights the effi
cacy of Sr-ZnO as a visible-light-active photocatalyst. It not only 

facilitates the stepwise degradation of complex azo dye molecules but 
also ensures the conversion of hazardous intermediates into environ
mentally benign final products.

4.5. Degradation mechanism of RR 120 with Sr-ZnO

Upon exposure to UV-A or solar irradiation, Sr-doped ZnO absorbs 
photons that excite electrons from the valence band (VB) to the con
duction band (CB), generating electron–hole pairs, as illustrated in 
Fig. S6 (see Supporting information). In pristine ZnO, these charge 
carriers rapidly recombine, which restricts its photocatalytic capability. 
The substitution of Zn²⁺ with Sr²⁺ in the crystal lattice of ZnO induces 
lattice strain and creates oxygen vacancies that function as electron- 
trapping centers. These defects effectively hinder the immediate 
recombination of electrons and holes, thereby prolonging their lifetimes 
and enhancing their involvement in redox reactions at the 

Fig. 12. Photocatalytic degradation pathway of RR 120 dye under UV-A light with Sr-ZnO.
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photocatalyst’s surface. Furthermore, Sr²⁺ doping slightly modifies the 
band structure of ZnO by introducing mid-gap states, resulting in a 
modest bandgap narrowing that improves its ability to harness visible 
light. Concurrently, the incorporation of dopants alters the surface 
characteristics leading to increased surface roughness, improved 
wettability, and greater surface area. These features promote better dye 
adsorption and stronger interfacial interaction with organic pollutants 
like Reactive Red 120 (RR 120), facilitating more efficient degradation. 
The presence of oxygen vacancies not only supports prolonged charge 
separation but also boosts the formation of reactive oxygen species 
(ROS) such as superoxide anions (O₂•⁻) and hydroxyl radicals (•OH). 
These species are highly oxidative and are instrumental in attacking and 
decomposing dye molecules into smaller, non-toxic substances. Collec
tively, Sr²⁺ doping enhances ZnO’s photocatalytic efficiency under both 
UV-A and solar illumination by simultaneously improving photon ab
sorption, suppressing charge recombination, increasing surface-active 
sites, and intensifying ROS generation culminating in the effective 
breakdown of RR 120 dye.

4.5.1. Antibacterial activity
Antibacterial activity describes a substance’s ability to suppress or 

destroy bacterial growth. Metal oxide nanoparticles, particularly zinc 
oxide (ZnO), have recently received a lot of attention due to their 
antibacterial properties. ZnO nanoparticles have remarkable antibacte
rial properties because they can produce reactive oxygen species (ROS), 
which can damage bacterial cell membranes, DNA, or proteins. ZnO’s 
release of Zn²⁺ ions helps suppress microorganisms. However, loading 
ZnO with other elements can improve its efficiency even further. 
Strontium (Sr) loading has been investigated to improve ZnO’s photo
catalytic and antibacterial properties, resulting in improved bacterial 
inhibition even at low concentrations. Pure ZnO and 3 wt% Sr-loaded 
ZnO were tested for antibacterial activity against four common bacte
rial strains: Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa (P. 
aeruginosa), Bacillus subtilis (B. subtilis), and Escherichia coli (Fig. S7). The 
antibacterial activity of these photocatalysts was evaluated by 
measuring the zone of inhibition (mm) at varied doses (60, 80, and 
100 µg/mL) (Table 1). Results were compared to a control (aqueous 
solution) and a conventional antibiotic (10 µL/disc). The results show 
that pure ZnO has moderate antibacterial activity, with inhibition zones 
spanning from 1 to 7 mm for various bacterial strains and concentra
tions. E. coli and S. aureus were marginally more susceptible to pure ZnO 
than P. aeruginosa and B. subtilis. However, 3 wt% Sr-loaded ZnO showed 
dramatically increased antibacterial activity. At 100 µg/mL, Sr-ZnO 
inhibited E. coli up to 13 mm, whereas pure ZnO only inhibited up to 
6 mm. Similarly, S. aureus had a maximal inhibitory zone of 11 mm with 
Sr-ZnO but only 7 mm with pure ZnO. Other bacteria followed a similar 
pattern, with inhibition zones expanding as catalyst concentrations 
increased. The control (aqueous solution) exhibited no inhibition, 

indicating that the antibacterial effects were primarily due to ZnO and 
Sr-ZnO. The typical antibiotic, amoxicillin, has the largest inhibition 
zones, spanning from 7 to 14 mm, showing its strong antibacterial 
characteristics. Nonetheless, the Sr-ZnO sample exhibited inhibitory 
zones similar to those of amoxicillin, notably for E. coli and S. aureus, 
showing increased antibacterial activity. This enhancement can be 
ascribed to Sr-ZnO’s improved catalytic activity, which enhances ROS 
production, resulting in more bacterial damage. Finally, the study found 
that Sr loading considerably improves the antibacterial efficacy of ZnO 
nanoparticles. Sr-ZnO’s enlarged inhibitory zones suggest that it could 
be a useful antibacterial agent with uses in healthcare, water treatment, 
and antimicrobial coatings. Further research could look at the processes 
underlying the increased activity and its long-term stability for practical 
application.

Table 2 summarises a comparison of the photocatalytic performance 
of Sr-loaded ZnO with other reported strontium-modified materials, 
emphasising the efficacy of the current photocatalyst system. In this 
investigation, 3 wt% Sr-loaded ZnO displayed superior degradation ef
ficiency, removing over 100 % of RR 120 dye (50 ppm) under UV-A light 
in 70 min with a catalyst dosage of only 20 mg per 100 mL at neutral pH. 
This finding establishes the synthesised material’s better activity when 
compared to previous research using similar catalysts under different 
settings. For example, under a 400 W mercury lamp, Sr-loaded ZnO 
degraded malachite green (MG, 20 ppm) with 84.8 % efficiency in 
30 min [48], while another study using solar irradiation achieved 
89.62 wt% and 94.67 % degradation of methylene blue (MB, 4 ppm) 
and rose bengal (RB, 3 ppm), respectively, over extended periods of 300 
and 240 min [49]. A system using Sr-loaded ZnO and H₂O₂ under UV 
radiation demonstrated 78 % degradation of AV-17 dye (20 ppm) in 
140 min [24], suggesting the need for additional oxidants. The use of 
Sr²⁺-ZnO under visible light resulted in 100 % degradation of MB in 
25 min [25], but the dye system and circumstances were different. 
Another important result revealed 99 % degradation of MB (100 ppm) 
in 60 min under sun irradiation with a 10 mg dose [26]. In comparison 
to earlier investigations, the current work shows good photocatalytic 
performance at a greater pollutant concentration and a moderate cata
lyst dosage, without the requirement for auxiliary reagents. Incorpo
rating Sr²⁺ into ZnO improves its electrical characteristics, resulting in 
greater charge separation and reactive species formation. This reinforces 
the potential of 3 wt% Sr-ZnO as a highly efficient and reusable pho
tocatalyst for practical environmental remediation applications. Thus, 
our results demonstrate both higher efficiency and shorter reaction time 
at comparable or lower catalyst dosages.

5. Conclusions

In this study, pure and strontium-loaded ZnO (Sr-ZnO) nanoparticles 
were effectively synthesised using a simple co-precipitation approach 
and extensively characterised for structural, morphological, optical, 
photocatalytic, and antibacterial properties. XRD, FT-IR, Raman, PL, 
UV-DRS, SEM, TEM, EDS, and XPS investigations verified the effective 
integration of Sr²⁺ into the ZnO lattice without affecting its wurtzite 
structure. Sr loading caused lattice defects, altered band gaps, enhanced 
charge carrier separation, and increased surface area, all of which hel
ped to increase photocatalytic activity. Among the investigated com
pounds, 3 wt% Sr-ZnO performed best, attaining nearly complete 
degradation (≈100 %) of the Reactive Red 120 (RR 120) dye in 30 min 
under UV-A light and ≈ 100 % under natural sunshine in 50 min. The 
Sr-ZnO photocatalyst synthesized in this work outperforms previously 
reported ZnO-based materials in degradation efficiency, owing to the 
controlled Sr doping and refined particle morphology. The improved 
performance was due to higher visible light absorption, reactive oxygen 
species (ROS) production, and effective electron-hole recombination 
suppression. Photocatalytic tests with various pH and catalyst dosages 
revealed that neutral pH and 50 mg catalyst loading were the best set
tings. Furthermore, reusability experiments revealed the catalyst’s long- 

Table 1 
Antibacterial activity of pure ZnO, 3 wt% Sr -ZnO catalysts.

Samples Organisms Concentrations (µg/mL) and Zone of inhibition (mm)

60 80 100 Control 
(Aqueous) 
10 µL/disc

Antibacterial 
Standard (std) 
(Amoxicillin) 
10 µL/disc

Bare 
ZnO

S. aureus 3 5 7 0 12
P. 
aeruginosa

2 3 5 0 8

B. subtilis 1 2 3 0 7
E. coli 2 3 6 0 11

3 wt% 
Sr- 
ZnO

S. aureus 7 9 11 0 13
P. 
aeruginosa

5 6 9 0 10

B. subtilis 6 7 8 0 9
E. coli 7 10 13 0 14
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term stability and sustainability across several cycles, keeping more than 
90 % efficiency. In addition to its outstanding photocatalytic activity, 
3 wt% Sr-ZnO demonstrated improved antibacterial efficacy against 
both Gram-positive and Gram-negative bacteria, with inhibition zones 
comparable to standard antibiotics. The combination of photocatalytic 
and antibacterial properties makes Sr-loaded ZnO a promising multi
functional nanomaterial for environmental remediation, particularly in 
wastewater treatment and microbial control. Overall, this study dem
onstrates the potential of Sr-ZnO nanostructures as efficient, cost- 
effective, and environmentally friendly photocatalysts and antibacte
rial agents, stimulating further research into real-world water purifica
tion and disinfection systems.
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