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tical advances in Cu/Sr Co-doped
ZnO nanomaterials for accelerated photocatalytic
degradation of organic pollutant

Asif Ayub, a Abdul Rauf,*a Aqsa Anam,a Riyadh H. Alshammari,b

Muhammad Zeshan Azam,cd Nida Ambreene and Muhammad Arshad *a

Rational co-doping of ZnO with electronically active and lattice-modifying elements has proven to be an

effective strategy to enhance photocatalytic efficiency through simultaneous band-structure tuning and

defect engineering. Herein, Cu/Sr co-doped ZnO nanomaterials (Zn1−(x+y)CuxSryO, with x = 0.03, 0.06,

0.09 and y = 0.04) were synthesized via a one-step chemical precipitation method under controlled pH

and thermal treatment. X-ray diffraction (XRD) confirmed the retention of the wurtzite ZnO structure

with systematic lattice expansion, indicating successful substitutional incorporation of Cu2+ and Sr2+

ions. Optical absorption measurements showed a red-shift of the absorption edge and reduced band-

gap energy (∼2.98 eV) compared with pristine ZnO (∼3.20 eV). Under simulated solar irradiation (678.32

W m−2), the co-doped ZnO exhibited markedly enhanced photocatalytic degradation of Congo red

(∼97% removal within 90 min at a catalyst dose of 15 mg), following pseudo-first-order kinetics (k =

0.040 min−1, R2 = 0.992). Photoluminescence (PL) quenching, radical scavenger experiments, and

reduced charge transfer resistance from electrochemical impedance spectroscopy (EIS) collectively

indicate improved charge separation and suppressed recombination in the co-doped system.

Furthermore, the photocatalyst retained its structural integrity and photocatalytic efficiency over five

consecutive cycles, as confirmed by post-reaction XRD analysis. These findings demonstrate that

synergistic Cu/Sr co-doping effectively tuned the structure–property–performance relationship in ZnO,

leading to enhanced and stable photocatalytic activity.
1 Introduction

The continuous discharge of dye-laden wastewater from textile,
pharmaceutical, cosmetic, and food industries poses a serious
environmental concern due to the high persistence, toxicity,
and potential carcinogenicity of synthetic dyes.1,2 Congo red
(CR), a water-soluble anionic azo dye, can undergo reductive
cleavage to form benzidine-type intermediates, which are well
known for their mutagenic and carcinogenic effects. These
byproducts exhibit a reported benzidine activity level of
approximately 0.108 ppm per day.3
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Conventional wastewater treatment and separation tech-
niques face considerable challenges and limitations, and oen
lead to partial transformation rather than complete minerali-
zation of such pollutants. In this context, advanced oxidation
processes (AOPs) offer promising potential for the complete
degradation of highly stable CR molecules in aqueous media.4–6

Heterogeneous photocatalysts such as TiO2 (ref. 7) ZnO8 BiVO4

(ref. 9) Fe2O3 (ref. 10) WO3 (ref. 11) MnO4 (ref. 12) SnO2 (ref. 13)
CeO2 (ref. 14) and ZnS15 have been widely investigated for
wastewater treatment.

ZnO, a n-type semiconductor with a wurtzite crystal struc-
ture, has gained signicant attention owing to its favourable
properties, including strong photochemical activity, good elec-
trical characteristics, chemical stability and non-toxicity.16

Despite these advantages, its photocatalytic application
remains limited due to its wide band gap (>3.0 eV), which
restricts photon absorption primarily to the ultraviolet region
(<380 nm),17 accounting for only about 5% of the solar spec-
trum.18 Furthermore, rapid electron–hole recombination
restricts the availability of charge carriers for redox reactions.
Consequently, current research efforts are concentrated on
enhancing the catalytic performance of ZnO through various
strategies such as cationic and anionic doping, morphological
© 2026 The Author(s). Published by the Royal Society of Chemistry
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engineering, synthesis of hybrid nanomaterials, and surface
modication techniques.19

Elemental doping with transition metals and alkaline earth
metals is an effective way to tailor the structural and electronic
properties of ZnO and ultimately enhance its photocatalytic
activity.20–22 In recent years, ZnO doped individually with Sr2+, has
been explored to induce lattice distortion and defect formation
due to its large ionic radius compared with Zn2+, leading to the
creation of oxygen vacancies.23,24 However, transition metals such
as iron, chromium, manganese, tungsten, and copper have also
been widely used to engineer the electronic properties of semi-
conductor materials by modifying the band gap energy, band
edge position, Fermi level, and d-orbitals conguration. The
partially lled d-orbital of these metals introduces intermediate
energy states within the band structure, facilitates bandgap
narrowing, and induces a redshi in optical absorption. This
strategic modication enhances visible-light harvesting, and
improve photocatalytic efficiency under solar irradiation.25 For
instance, Hossain et al., achieved 99% photocatalytic degradation
efficiency of Cu-doped hydroxyapatite.26 In another study, A. K.
Manna et al. reported 73% degradation efficiency for MB using
3% Cu-doped ZnO, synthesized via one step electrodeposition
method.27 Similarly, Rahman et al.28 demonstrated a 95.17%
degradation efficiency of the Cu-doped ZnO nanoparticles under
simulated sunlight.

Recent studies have demonstrated that co-doping in ZnO,
when carefully optimized, has shown better performance over
single-element doping due to synergistic effects that improve
both dopant solubility and charge carrier mobility.29 Several co-
doping combinations have been investigated for ZnO, such as
Scheme 1 Synthesis of CSZO via chemical precipitation method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
La/Cu,30 Ca/Mg,29 Al/La,31 Al/Ni,32 C/Ce,33 Ce/Gd,34 Ni/Cd.35

However, Cu/Sr co-doping has not yet been explored for tuning
the structural and optical properties of ZnO.

Inspired by the above discussion, the present study reports
the synthesis of Cu/Sr co-doped ZnO (CSZO) nanomaterials via
chemical precipitation method, a comparatively simple and
cost-effective technique. To the best of our knowledge, no prior
studies have explored the combined effect of Cu (transition
metal) and Sr (alkaline earth metal) as co-dopants in tuning the
structural, morphological, optical, electrochemical and thermal
properties of ZnO. Furthermore, the photocatalytic degradation
efficiency of the synthesized materials wasinvestigated under
visible-light irradiation against the organic dye CR as model
organic pollutant. Key operational parameters such as solution
pH, catalyst dose, and initial CR concentration were rigorously
optimized to improve degradation performance. In addition,
radical trapping experiments were performed to identify the
dominant reactive species involved and to gain insight into the
possible photocatalytic degradation mechanism.
2 Experimental section
2.1 Required materials

All the chemicals were of analytical grade and used as received
without further purication. Zinc acetate dihydrate (Zn(CH3-
COO)2$2H2O, $99%), strontium chloride hexahydrate (SrCl2-
$6H2O, $99%), copper(II) chloride dihydrate (CuCl2$2H2O,
$99%), Congo red, disodium ethylenediaminetetraacetate
(EDTA-2Na, $99%), p-benzoquinone (p-BQ, $98%), isopropyl
alcohol (IPA, $99.9%), silver nitrate (AgNO3, $99.9%), citric
RSC Adv., 2026, 16, 13896–13913 | 13897
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acid (C6H8O7, $99.5%), sodium hydroxide (NaOH, $98%), and
hydrochloric acid (HCl, 37%) were purchased from Sigma-
Aldrich (USA) and Merck (Germany).

2.2 Synthesis of catalysts

Pristine ZnO (ZO), Sr-doped ZnO (SZO), and Cu/Sr co-doped
ZnO (CSZO) nanomaterials were synthesized via one-step
chemical precipitation method, as illustrated in Scheme 1. For
pristine ZO synthesis, 10.97 g of Zn(CH3COO)2$2H2O was mixed
with 50 mL of double-distilled (DD) water to obtain a 1.0 M
solution. The solution was homogenized by stirring at 600 rpm
at room temperature for 10 min. Subsequently, 0.5 g of citric
acid was added as a chelating agent while maintaining constant
agitation. The pH of the solution was then gradually adjusted to
11 by dropwise addition of freshly prepared 1.0 M NaOH solu-
tion under continuous stirring for 40 min. The alkaline pH was
selected to promote the complete precipitation of Zn(OH)2,
which subsequently transforms into ZnO upon thermal treat-
ment. The resulting precipitates were collected, washed
repeatedly with DD water to remove residual ions, and dried at
80 °C for 5 h in a hot-air oven. The dried powder was calcined at
550 °C for 2 h in air using a muffle furnace (heating rate 5 °C
min−1). Finally, the calcined product was ground into ne
powder of ZO nanomaterial. For SZO synthesis, a similar
protocol was followed, except that 0.04 M SrCl2$6H2O (0.53 g in
50 mL) was added into 0.96 M Zn precursor solution prior to
precipitation. For Cu/Sr co-doped ZnO, appropriate molar ratios
of Zn(CH3COO)2$2H2O, SrCl2$6H2O (x= 0.04), and CuCl2$2H2O
(y = 0.03, 0.06, 0.09) were prepared separately in 50 mL of water
and stirred for 30 min each. Aer that, Sr salt solution was rst
poured into the zinc salt solution, and stirred for further
30 min. Next, Cu salt solution was also added into the above
mixture and further stirred (600 rpm) for 30 min. Citric acid (0.5
g) was added as capping agent and precipitation was initiated
by adjusting the pH of the reaction mixture to 11 using a freshly
prepared 1.0 M NaOH solution. The resulting precipitates were
collected, thoroughly washed with DD water, dried and calcined
following the same procedure as adopted for pristine ZnO. The
synthesized samples were denoted as CSZO-1, CSZO-2, and
CSZO-3, and their detailed compositions are summarized in
Table 1.

2.3 Characterization of nanomaterials

Structural properties and crystalline size of the synthesised
nanomaterials were analysed by XRD, using PANalytical X’Pert
Table 1 Samples formulation with a different doping concentration, wit

Sr no Sample codes Samples

Precursor content

Zn precursor (M)

1 ZO ZnO 1.00
2 SZO Sr doped ZnO 0.96
3 CSZO-1 Cu/Sr co-doped ZnO 0.93
4 CSZO-2 Cu/Sr co-doped ZnO 0.90
5 CSZO-3 Cu/Sr co-doped ZnO 0.87

13898 | RSC Adv., 2026, 16, 13896–13913
PRO MPD, with Cu Ka radiation (l = 1.54 Å) operated at 40 kV.
Data were recorded over 2q range of 10–80° with scan rate of 0.02°
s−1. Functional groups and metal oxygen bonding were analysed
by Fourier Transform Infrared (FTIR) spectroscopy by utilizing
Shimadzu-MIRacle 10, in the wavelength range of 400–
4000 cm−1. X-ray photoelectron spectroscopy (XPS) was used to
probe the surface chemical state and elemental composition
using Thermo Scientic instrument (UK) with Al Ka X-ray source
(1486.6 eV). Morphological features of the catalysts were exam-
ined using scanning electron microscopy (SEM) with JEOL JSM-
7100F, 15 kV accelerating voltage and transmission electron
microscopy (TEM) using JEOL JEM-2100 Plus, operated at 200 kV.
Porosity and specic surface area of the samples were evaluated
using N2 adsorption–desorption isotherm (BET method), per-
formed on a NOVA touch LX analyser aer degassing the samples
at 150 °C for 6 h. A UV-vis spectrophotometer (PerkinElmer
Lambda 365) in the wavelength range of 200–800 nm was used to
investigate the optical properties of the samples. Photo-
luminescence (PL) measurements were carried out using Jasco
FP-8200 spectrouorimeter. Thermal stability was examined
using thermogravimetric analysis (TGA) (Hitachi Model-7300)
under nitrogen atmosphere at a heating rate of 10 °C min−1.

2.4 Photocatalytic experiment

Photocatalytic efficiency of both doped and undoped nano-
materials was assessed through the photodegradation of CR.
Initially, 5 mg of catalyst was added in 50 mL of a 10 ppm dye
solution. The solution mixture was then stirred magnetically in
the dark until it achieved adsorption–desorption equilibrium.
Subsequently, it was irradiated under visible-light provided by
500 W Xe lamp equipped with a 400 nm UV cut-off lter, posi-
tioned 15 cm from the reactor. The light intensity at the solution
surface was measured using calibrated radiometer and the
irradiance was recorded as 678.32 W m−2. The reaction
temperature was kept constant at 25 °C using a water-circu-
lating jacket. Aer every 15 min, 2 mL of aliquots were collected
and transferred to a cuvette for analysis. The catalyst particles
from the aliquots were separated by centrifugation. The
residual dye concentration was analysed using a UV-vis spec-
trophotometer in the wavelength range of 200–800 nm. All the
experiments were performed in triplicate, and results are pre-
sented as mean values ± standard deviation. The photo-
degradation efficiency h (%) was calculated using eqn (1)

hð%Þ ¼ C0 � Ct

C0

� 100 (1)
h sample codes

Doping levelCu precursor (x) (M) Sr precursor (y) (M)

Zn1.00O
0.04 M Zn0.96Sr0.04O

0.03 M 0.04 M Zn0.093Cu0.03Sr0.04O
0.06 M 0.04 M Zn0.090Cu0.06Sr0.04O
0.09 M 0.04 M Zn0.087Cu0.09Sr0.04O

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Here, C0 and Ct denote the initial concentration of dye solution
before irradiation and its concentration aer irradiation at
a specic time t, respectively.

Additionally, the role of reactive species like electrons (e−),
holes (h+), hydroxyl radicals ($OH), and superoxide radicals
(O2

$−) was investigated under similar experimental conditions.
Specic scavengers were employed to selectively suppress each
species: IPA (10 mM) for $OH, AgNO3 (1 mM) for e−, EDTA (1
mM) for h+, and p-BQ (1 mM) for O2

$−. This approach allowed
the identication of their respective contribution to the pho-
tocatalytic degradation of CR. Control experiments without
scavengers were also performed to ensure mechanistic validity.
3 Results and discussion
3.1 Structural analysis

To investigate the effects of Sr2+ and Cu2+ doping on phase
purity and structural properties of the ZnO lattice, XRD analysis
of ZO, SZO, CSZO-1, CSZO-2, and CSZO-3 was performed in the
2q range of 10–80° as shown in Fig. 1a. The diffraction peaks of
ZO were observed at 2q values of 31.89°, 34.53°, 36.33°, 47.67°,
56.71°, 62.96° and 66.49°, 68.03°, 69.16°, 72.74°, 77.08° which
are consistent with the (100), (002), (101), (102), (110), (103),
(200), (112), (201) lattice planes, respectively. All characteristic
diffraction peaks observed in the ZO sample correspond to the
hexagonal wurtzite structure of ZnO (JCPDS no. 36-1451).36

The diffraction patterns of SZO, CSZO-1, CSZO-2, and CSZO-
3 catalysts are consistent with that of ZO, which supports the
purity of the synthesized samples and rules out the presence of
secondary phases of SrO and CuO in the crystal lattice. The weak
peaks near 25° and 43° do not coincide with the full set of
characteristic CuO and SrO reections, indicating no detectable
secondary phases within the XRD detection limit. A shi of
diffraction peaks toward lower 2q value is observed upon Sr2+

doping, as depicted in the enlarged view of XRD patterns
(Fig. 1b). This shi can be attributed to lattice expansion caused
by substitution of larger Sr2+ ions (0.118 nm) at Zn2+ sites (0.074
nm), leading to an increase in the lattice parameters and lattice
distortion. In case of co-doping, a slight peak shi toward lower
2q values is also observed, which can be attributed to (i) strain
Fig. 1 (a) XRD pattern (b) enlarge view of XRD of ZO, SZO, CSZO-1, CSZ

© 2026 The Author(s). Published by the Royal Society of Chemistry
produced in ZO lattice because of mismatch in ionic radii
among Sr2+, Cu2+ (0.073 nm) and Zn2+, (ii) dopant induced
lattice strain and (iii) changes in lattice spacing. Ghorbali et al.
have observed a similar doping effect of In and Cu in ZnO
nanostructures.37 These shis in peak positions indicate effec-
tive doping and co-doping without disrupting the ZO crystal
structure. Fig. 1b also illustrates that Sr2+ doping reduces the
peak intensity, while co-doping with Cu2+ enhances the peak
intensity at moderate Cu concentration, followed by a slight
reduction at higher dopant levels. Lower peak intensities in
doped materials suggest lower crystallinity in the sample due to
lattice strain and distortion, while higher peak intensity in co-
doped samples signies a well-crystallized structure. The
average crystallite size was calculated by Debye–Scherrer's
equation38 as shown below.

D ¼ Kl

b cos q
(2)

where D, k, l, b, and q represent the avereage crystallite size,
shape factor (0.9), wavelength of X-ray source, full width at half
maxima (FWHM), and Bragg angle, respectively.

Although the Debye–Scherrer method provides a convenient
way to estimate crystallite size, but instrumental effects and
residual stress can inuence the peak broadening. To separate
sample-induced broadening from instrument-related effects,
instrumental broadening was corrected using a standard silicon
reference sample with a well-dened (111) diffraction plane.
The instrumental contribution was subtracted from the exper-
imentally observed peak width to obtain corrected FWHM (bhkl)
values of the co-doped samples, as described in eqn (3). The
corrected bhkl values were subsequently employed to estimate
the average crystallite size using Debye–Scherrer eqn (2).

bhkl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðbobsÞ2 � ðbinstÞ2

q
(3)

The crystallite size of the synthesized samples was found to
be in the range of 29–46 nm. The dislocation density (d) of the
synthesized samples was calculated using eqn (4), and the
results are summarized in Table 2.
O-2, CSZO-3 nanomaterials.

RSC Adv., 2026, 16, 13896–13913 | 13899
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Table 2 Crystallite size, micro strain, and dislocation density values of the catalysts

Samples

Debye–Scherrer method Williamson–Hall method

Crystallite
size (nm)

Microstrain
(3) × 10−3

Dislocation density
(d) × 10−3

Crystallite
size (nm)

Microstrain
(3) × 10−3

Dislocation density
(d) × 10−3

ZO 38.98 2.31 0.93 37.88 0.17 0.70
SZO 29.97 3.84 1.49 38.51 0.94 0.68
CSZO-1 46.02 2.66 0.63 51.16 0.42 0.38
CSZO-2 35.85 5.80 1.46 60.81 0.11 0.27
CSZO-3 35.74 3.02 1.04 43.32 0.70 0.53
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d ¼ 1

D2
(4)

An increase in dislocation density and microstrain has been
observed on doping and co-doping, which indicates distortion
in the ZO lattice. This distortion may reduce nucleation and
subsequent growth rates, ultimately leading to a decrease in the
crystallite size of the synthesized nanomaterials. Debye–Scher-
rer method neglects the contribution of lattice strain to peak
broadening, the Williamson–Hall (W–H) method (Fig. 2), based
on uniform deformation model was employed to separate size
and strain-induced broadening effects using eqn (5).39

b cos q ¼ Kl

DW�H

þ 43 sin q (5)

A linear plot of b cos q versus 4 sin q, yields the microstrain
from the slop and the crystallite size from the intercept.24 As
summarize in Table 2, the crystallite size obtained from the
Fig. 2 Williamson–Hall plot of (a) ZO, (b) SZO, (c) CSZO-1, (d) CSZO-2,

13900 | RSC Adv., 2026, 16, 13896–13913
W–H method are generally larger than those estimated by
Scherrer equation, reecting the removal of strain-induced
broadening effects. The SZO exhibit higher microstrain,
consistent with lattice distortion caused by Sr2+ substitution,
where as the Cu/Sr co-doped samples show comparatively lower
microstrain values, indicating partial strain relaxation and
improved crystalline ordering.

FTIR analysis was performed to analyse the bond vibrations
and functional groups present in the synthesized samples.
Fig. 3a depicts the FTIR spectra of ZO, SZO, CSZO-1, CSZO-2,
and CSZO-3, obtained over the wavelength range of 400–
4000 cm−1. An intense peak originating at 400 cm−1 in ZO
spectrum corresponds to Zn–O bond stretching vibration,
which is commonly observed in ZnO-based nanomaterials.40 On
the other hand, a band between 403 and 580 cm−1 also veries
the Zn–O–Zn vibrational mode at the surface of the wurtzite ZO
lattice and conrms the synthesis of ZO nanomaterial. A band
at 1107 cm−1 in the SZO spectrum can be attributed to the Sr–O–
Sr stretching vibrations.41 The band at 1457 cm−1 corresponds
(e) CSZO-3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to the C]O of adsorbed CO2 at the surface of the samples.42 A
band observed at 3310 to 3617 cm−1 arises due to O–H
stretching vibrations of adsorbed water molecules on the cata-
lyst surface,43,44 while a peak at 1648 cm−1 is due to the bending
vibration of the H–O–H group in the water molecule present at
the surfaces of all synthesized materials, which has also been
reported in literature.45 Further, a peak detected at 2334 cm−1

may be due to asymmetric stretching of the C]O bond. Peaks
in the range of 611–730 cm−1 in CSZO-1, CSZO-2, and CSZO-3
may correspond to metal oxygen (M–O) (M = Cu, Sr) stretch-
ing vibrations.46,47 However, changes in peak intensities and
a slight shi in peak positions have also been observed in doped
and co-doped samples.

The chemical states of the host elements (Zn, O) and dopants
(Sr, Cu) in the CSZO-2 photocatalyst were investigated by XPS
analysis. The survey spectrum of CSZO-2 photocatalyst (Fig. 3b)
conrms the presence of Zn 2p1/2, Zn 2p3/2, O1s, Sr 3d3/2, Sr
3d5/2, and Cu 2p. Surface charging during XPS measurements
was compensated using the instrument's charge neutralization
system, and binding energies were calibrated accordingly. Peak
deconvolution was performed using mixed Gaussian–Lor-
entzian function, and standard constraints on spin–orbit
splitting, area ratios and full width at half maximum (FWHM)
were applied for all core-level doublets.

The narrow scan XPS spectra of Zn 2p core level show two
peaks of 2p3/2 and 2p1/2 at 1025.8 and 1048.9 eV, respectively, as
shown in Fig. 3c. The energy separation between these two
peaks is 23.1 eV, which suggests that Zn in CSZO-2 exists in the
+2 oxidation state.48 Fig. 3d shows XPS data of O 1s for the
CSZO-2, and three distinct energy peaks at low, middle, and
Fig. 3 (a) FTIR spectra and (b) XPS survey spectrum and high-resolution

© 2026 The Author(s). Published by the Royal Society of Chemistry
high binding energies at 530.1, 530.9, and 531.9 eV can be seen.
The low binding energy peak at 530.1 eV can be attributed to
O2− in Zn–O bond in ZO lattice, while the middle binding
energy peak at 530.9 eV is associated with O2− as oxygen vacancy
in ZO lattice. The high binding energy peak at 531.9 eV corre-
sponds to C]O or H2O at the surface of the photocatalyst.49 The
presence of oxygen vacancies plays a important role in charge
separation and photocatalytic activity.

Fig. 3e shows Sr 3d spectrum, which exhibit a spin-orbit
doublet with binding energies at 133.8 eV and 138 eV that are
associated with Sr 3d5/2 and Sr 3d2/3, respectively. The absence
of additional Sr-related spectral features suggests that Sr is
predominantly incorporated into the ZO lattice. Given the low
dopant concentration, Sr2+ is inferred to substitute Zn2+ sites in
the ZO lattice, causing lattice distortion, which is in agreement
with the observed XRD peak shis.50 Fig. 3f shows the high-
resolution XPS spectrum of Cu 2p core level, where spin–orbit
doublet at 933.6 (Cu 2p3/2) and 953.7 eV (Cu 2p1/2) can be seen,
separated by 20.1 eV, which suggests that Cu is co-doped in ZO
as Cu2+.51 In addition, weak shake-up satellite features are
observed at higher binding energies, further supporting this
assignment. No distinct spectral features corresponding to Cu+

or metallic Cu are observed, indicating that Cu in predomi-
nantly present as Cu2+ and is highly dispersed within the ZO
matrix.
3.2 Morphological analysis

In order to analyse the surface morphology of the synthesized
doped and undoped nanomaterials, SEM analysis was
spectra of (c) Zn 2p, (d) O 1s (e) Sr 3d (f) Cu 2p of CSZO-2 catalyst.
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Fig. 4 SEM images of (a) ZO, (b) SZO (c) CSZO-2 nanomaterials, and (d–f) the corresponding diameter distribution histogram plots.
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performed. SEM micrographs of ZO, SZO, and CSZO-2 photo-
catalysts recorded at the same magnication (scale bar 100 nm)
are depicted in Fig. 4(a–c). The pristine ZO sample exhibits
densely packed nanograins with irregular morphology and
noticeable agglomeration, with a particle size in the range of 15–
80 nm. Upon doping and co-doping of Sr2+ and Cu2+ (Fig. 4c), the
morphology shows a reduction in particle size (10–40 nm) along
with comparatively less compact agglomeration, suggesting that
doping suppresses the grain growth during synthesis. Aer
doping and co-doping, a decrease in particle size is observed,
while the hexagonal disk-shaped structure of the nanomaterial
remains intact, which is aligns with earlier reported ndings.52

Quantitative particle size analysis was conducted using ImageJ
soware, by measuring more than 100 particles for each sample,
and corresponding size distribution histograms are shown in
Fig. 4(d–f). Gaussian tting of size distribution yielded an average
particle size of 56.97 nm, 35.01 nm, and 26.52 nm for ZO, SZO,
and CSZO-2, respectively. Incorporation of Cu2+ and Sr2+ into the
ZO decreased the particle size, and conrm the role of dopants in
hindering crystallite growth, which is consistent with the peak
broadening observation in XRD analysis. Although a decrease in
the particle size is generally associated with an increase in surface
to volume ratio, which ultimately increases the surface area. The
large surface area of CSZO-2 increases the exposure of active sites,
improve reaction kinetics, and enhances its catalytic perfor-
mance. The observed surface roughness and grain structure of
CSZO-2 indicate high potential for photocatalytic activity. Some
aggregation in the CSZO-2 is also observed, which is due to high
surface energy caused by the dopant incorporation, facilitating
13902 | RSC Adv., 2026, 16, 13896–13913
the adsorption of organic pollutants and improve light
interaction.

The morphology and structure of ZO, SZO, and CSZO-2
nanoparticles were further analysed by using TEM. Fig. 5(a–
c) reveals nanomaterials with predominantly quasi-spherical,
and irregular morphologies, which tend to form aggregate
due to their high surface energy and strong van der Waals
interactions at the nanoscale.53 The average particle size of as-
synthesized ZO, SZO, and CSZO-2 photocatalysts were
approximately 53.42 nm, 32.23 nm, and 25.15 nm, respec-
tively, as shown in Fig. 5(d–f). These TEM results validate the
morphological features observed in SEM and indicate reduc-
tion in particle size upon co-doping.
3.3 Surface area analysis

The textural properties of all the synthesized samples (ZO, SZO,
CSZO-1, CSZO-2, and CSZO-3) were investigated by Brunauer–
Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)
methods and the corresponding surface area, pore volume, and
pore size values are summarized in Table 3. Fig. 6(a–e) presents
the adsorption–desorption isotherms recorded at 77 k. All
samples exhibit type IV isotherms with pronounced H3 hyster-
esis loops, which indicate that synthesized materials are
mesoporous (pore size 2–50 nm). The sharp increase in
adsorption at higher relative pressures (P/P0 > 0.8), is indicative
of capillary condensation process occurring within interparticle
spaces.54 The presence of H3-type hysteresis loops suggests slit-
shaped pores originating from the aggregation of plate-like
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of (a) ZO, (b) SZO (c) CSZO-2 nanomaterials, and (d–f) the corresponding diameter distribution histogram plots.

Table 3 BET surface area, pore volume, and pore Size of synthesized
samples

Sample code
BET surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Pore size
(nm)

ZO 10.16 0.121 46.07
SZO 10.61 0.157 42.28
CSZO-1 14.85 0.072 34.82
CSZO-2 18.02 0.320 28.55
CSZO-3 17.63 0.097 31.98
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particles, where porosity is primarily governed by interparticle
voids rather than well-dened cylindrical pores.

The BET specic surface area of ZO was recorded as 10.16 m2

g−1, which increased slightly to 10.61 m2 g−1 upon Sr2+ doping,
(SZO), accompanied by a modest reduction in the average pore
size. However, co-doping with Cu2+ led to noticeable changes in
the textural parameters. CSZO-1 exhibited a moderate increase
© 2026 The Author(s). Published by the Royal Society of Chemistry
in surface area (14.85 m2 g−1) with reduced pore volume.
Whereas CSZO-2 showed the highest surface area (18.02 m2

g−1), with smaller pore size (28.55 nm) and reduced pore
volume, 0.041 cm3 g−1. These changes may be associated with
improved dispersion of Cu ions within the ZOmatrix, leading to
reduced particle agglomeration and formation of a mesoporous
network dominated by accessible interparticle voids. Although
CSZO-3 retained a relatively high surface area, a decrease in
pore volume was observed, likely due to denser particle packing
at higher dopant content.22 These ndings highlight the critical
role of co-doping in altering the porosity of the nanomaterial,
particle aggregation and interparticle spacing, which provided
more binding sites for dye molecules to adsorb, and ultimately
enhancing the photocatalytic activity.55
3.4 Optical analysis

Optical properties of the synthesized samples (ZO, SZO, CSZO-1,
CSZO-2, and CSZO-3) were examined using a UV-vis
RSC Adv., 2026, 16, 13896–13913 | 13903
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Fig. 6 N2 adsorption desorption isotherm (a) ZO, (b) SZO (c) CSZO-1, (d) CSZO-2 (e) CSZO-3 nanomaterials (inset: BJH pore size distribution).
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spectrophotometer in the range of 200–800 nm. The UV-vis
absorption spectra of all photocatalysts are presented in
Fig. 7a. The absorption edge of ZO was observed at 370 nm,
which suggests negligible absorption in the visible-light region.
Fig. 7 (a) UV-visible absorption spectra and Tauc plot of (b) ZO, (c) SZO

13904 | RSC Adv., 2026, 16, 13896–13913
The photocatalyst underwent a red shi to the visible region
when Sr2+ and Cu2+ were incorporated into the ZnOmatrix. This
shi toward higher wavelengths is because of the combined
effect of the dopants in changing the local structure of ZO.56 In
particular, Cu2+ incorporation introduces localized Cu 3d states
(d) CSZO-1, (e) CSZO-2 (f) CSZO-3 nanomaterials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) PL (b) EIS Nyquist plots of ZO, SZO, and CSZO-2 (c) TGA (d) DTG curves of ZO, SZO, CSZO-1, CSZO-2, CSZO-3 nanomaterials.
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within the band gap, while Sr2+ substitution induces lattice
distortion and polarization effects due to ionic size mismatch.
The combined effect of these dopants results in enhanced band
tail formation in the co-doped samples. The Tauc's eqn (6) was
used to calculate the optical band gap (Eg) of the synthesized
samples.57

(ahv)n = A(hv − Eg) (6)

where a corresponds to the absorption coefficient, h is Planck's
constant, v is the frequency of incident light, A is the pro-
portionality constant and n = 2 corresponds to allowed direct
electronic transitions. ZnO is a well-established direct band gap
semiconductor, therefore plots of (ahv)2 vs. hv were employed to
determine the optical band-gap. Although dopant incorporation
may introduce localized states within band-gap, the dominant
optical transition in the doped ZnO systems remains direct, as
widely reported in the literature.58–60 The band gap energies
were obtained by extrapolating the linear portion of the high
absorption region near the absorption edge to the photon
energy, while excluding low-energy absorption tails associated
with defect related states. The estimated band gaps for ZO,
doped SZO, and co-doped CSZO-1, CSZO-2, and CSZO-3 are
3.20 eV, 3.15 eV, 3.04 eV, 2.98 eV, and 2.96 eV, respectively, as
illustrated in Fig. 7(b–f). The incorporation of dopants in the ZO
lattice leads to a pronounced reduction in its band gap. This
progressive reduction in band gap can be attributed to dopant-
© 2026 The Author(s). Published by the Royal Society of Chemistry
induced localized defect-related states, lattice distortion, and
changes in electronic band structure.20

Photoluminescence (PL) spectroscopy was also employed to
investigate the optical and defect-related emission behaviour of
pure and co-doped samples. This technique offers valuable
information regarding charge-carrier recombination, band
structure and defect states, which are essential for under-
standing the optical and electrical behaviour of synthesized
samples.61 The PL spectra of undoped, Sr-doped and Cu/Sr co-
doped ZnO samples were recorded at 392 nm excitation and
are shown in Fig. 8a. Since PL emission mainly originates from
the radiative recombination of e− and h+, its intensity is
strongly correlated with charge-carriers recombination kinetics
and consequently, photocatalytic performance. In general,
a higher PL intensity implies faster recombination of e− and h+,
whereas PL quenching indicates effective charge separation and
prolonged carrier lifetime.62 The PL spectrum of undoped,
doped and co-doped samples exhibit a peak centered at 386 nm
which corresponds to near band-edge (NBE) emission and is
attributed to interband recombination of e− and h+. In addition,
multiple emission bands in 480–555 nm range arises from
radiative recombination involving intrinsic defects states such
as zinc interstitials (Zni), oxygen vacancies (Vo) and zinc
vacancies (VZn). In particular the green emission at 532 nm is
commonly attributed to oxygen vacancies (Vo), acting as deep-
level defects in ZO band gap, and zinc interstitials (Zni)
related transitions.34 The orange-red emission near 608 nm
RSC Adv., 2026, 16, 13896–13913 | 13905
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originates from deep-level or surface-related defects states.
Compared with ZO, SZO exhibits a marked reduction in PL
intensity, over the entire visible region, indicating suppression
of e− and h+ recombination. Suggesting that Sr doping modies
the defect landscape and introduces localized states that
promotemore efficient charge separation.63 Amore pronounced
PL quenching is observed in CSZO-2 samples, demonstrating
the most effective inhibition of charge carrier recombination.
The incorporation of Cu ions introduce additional localized
energy levels within the ZO band structure, and further modify
the recombination pathways.64 The synergistic effect of Cu and
Sr codoping promotes defect-assisted charge separation and
carrier trapping, resulting in signicantly reduced PL intensity,
including suppression of deep-level emissions. Overall, the
progressive decrease in PL intensity from ZO to CSZO-2
conrms the enhanced charge and reduced recombination of
photogenerated charge carriers in the co-doped system which is
highly benecial for photocatalytic application.
3.5 Electrochemical and thermal analysis

The electrochemical impedance spectroscopy (EIS) was carried
out to evaluate the impact of co-doping on charge transfer
dynamics in the synthesized nanomaterials. The EIS measure-
ments were performed using 1 M KOH solution with
a frequency range of 0.01−100 kHz and the resulting Nyquist
plots are presented in Fig. 8b. Each plot exhibits two charac-
teristic parts, a semicircle in the high-frequency region followed
by a linear part in the low-frequency region. The offset of the
high frequency intercept from the origin on the real impedance
axis (Zreal) represents the solution resistance (Rs) of the elec-
trolyte. The Rs values for the prepared samples ZO, SZO and
CSZO-2 are 1.7 U, 1.3 U, and 0.99 U. The diameter of the
semicircular arc corresponds to the charge transfer resistance
(Rct) of the materials coated on the electrode.65 A larger arc
radius denotes higher Rct and smaller radius reects lower Rct.
The Rct values for ZO, SZO and CSZO-2 are 235U 117U and 58U.
As CSZO-2 exhibits the smallest Rct value compared with both
pristine ZO and doped SZO, indicating lower charge transfer
resistance. The reduced Rct effectively improves the electro-
chemical properties of the co-doped material, leading to
improved photocatalytic activity by suppressing the recombi-
nation of photogenerated e−/h+ pairs. The inclined line
appearing in the low-frequency region is associated with War-
burg impedance (Zw), which arises from ion diffusion and
concentration polarization effects during the electrochemical
process.

Thermal analysis of the ZO, SZO, CSZO-1, CSZO-2, and CSZO-
3 samples was conducted to evaluate their thermal stability and
mass changes using TGA and its rst derivative (DTG), from
ambient temperature to 800 °C. As shown in Fig. 8(c and d) both
the TGA curves and corresponding DTG proles reveal three
regions of mass loss. All samples exhibit a minor weight loss of
approximately 0.5% below 100 °C, except CSZO-1, which shows
a signicantly higher weight loss of 3.2% in this region. This
initial weight loss is associated with the desorption of physically
bound water molecules from the catalysts surface.66
13906 | RSC Adv., 2026, 16, 13896–13913
Correspondingly, the DTG curves show a low-temperature peak
centered around 70–80 °C, with CSZO-1 showing a noticeably
higher intensity peak, indicating a higher rate of moisture
desorption. In the second region, a weight loss of 5.6% occurs
from 200 to 450 °C, which is likely due to the removal of
chemically bound water and the thermal decomposition of
organic contents.67,68 This decomposition process is clearly re-
ected in the DTG minima, indicating maximum decomposi-
tion rate around 300–350 °C. Finally, between 450 and 800 °C,
an additional 1–5% weight loss was recorded for different
samples, which indicates the formation of themally stable
nanomaterials aer complete decomposition of precursors.69

This stage is represented in the DTG proles as broad, low
intensity peaks, signifying a slow and continuous mass loss
process.

However, ZO exhibits the lowest overall weight loss of 6.7%,
while that of doped SZO shows the highest weight loss among
all samples (approximately 10.6%), indicating reduced thermal
stability upon single dopant incorporation. In contrast, the co-
doped CSZO-1, CSZO-2, and CSZO-3 samples demonstrate
progressively improved thermal stability with increasing Cu
content, as evident by 9.5% weight loss for CSZO-1 to 7.3% for
CSZO-3. This trend is further supported by the DTG data, where
the main decomposition peaks of co-doped samples shi
slightly to higher temperatures and exhibit reduced intensity
compared to SZO, indicating delayed decomposition and
enhanced thermal stability. A slightly higher weight loss in
single doped materials indicates dopant induced lattice modi-
cation, which initially destabilized the ZO framework;
however, co-doping compensates this effect and restored
thermal stability.70 In addition to total mass loss, the residual
mass at 800 °C provides further insight into the thermal
robustness of the samples. The co-doped materials exhibit
higher residual mass compared to SZO, indicating amore stable
inorganic oxide framework aer complete precursor decompo-
sition. This enhanced residue retention suggests stronger
metal–oxygen bonding and improved lattice integrity induced
by Cu–Sr codoping, which effectively suppresses thermally
driven structural degradation and supports the enhanced
functional stability of the co-doped photocatalysts.
4 Assessment of photocatalytic
efficiency

The photocatalytic potential of the prepared catalysts ZO, SZO,
CSZO-1, CSZO-2, and CSZO-3 for environmental remediation
was explored by investigating the degradation of CR, used as
a model organic pollutant, under visible-light irradiation. Prior
to illumination, the catalyst-dye suspensions were magnetically
stirred in the dark to establish adsorption–desorption equilib-
rium between CRmolecules and the catalyst surface. The UV-vis
absorption spectra showing the temporal evolution of CR
degradation over ZO, SZO, and CSZO-2, with maximum
absorption peak at 500 nm are shown in Fig. 9a–c. Upon
exposure to visible-light in the presence of as-prepared cata-
lysts, a signicant decrease in the absorbance intensity of CR
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 UV-vis spectra of CR using (a) ZO, (b) SZO, (c) CSZO-2 and (d) % degradation (e) kinetic plots of Ct/C0 (f) linear fitting plots of CR
degradation using ZO, SZO, CSZO-1, CSZO-2, CSZO-3 nanomaterials.
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dye is recorded. The CSZO-2 catalyst exhibited the highest
degradation efficiency of 91.82%, while ZO, SZO, CSZO-1 and
CSZO-3 showed 40.34%, 61.38%, 71.79%, and 80.73% degra-
dation efficiency, respectively as shown in Fig. 9d. The codoped
CSZO-2 catalyst exhibit enhance photocatalytic activity due to
its superior light absorption capacity compared to other
samples.

The temporal decrease in CR concentration with irradiation
time (Fig. 9e) follows the order CSZO-2 > CSZO-3 > CSZO-1 > SZO
> ZO, demonstrating a progressive improvement in the photo-
catalytic degradation of CR. The kinetics of CR degradation
were estimated using eqn (7);

ln
C0

Ct

¼ kt (7)

Here, C0, Ct, and k represent the CR concentration before irra-
datition, concentration of dye at irradiation time t, and rate
constant. The plots of ln(Co/Ct) versus time (Fig. 9f) exhibit
linearity, conrming that the degradation process follows
pseudo-rst-order kinetics under applied experimental condi-
tions. The regression coefficients (R2) were found to be 0.8911,
0.9752, 0.9662, 0.9870 and 0.9966 for ZO, SZO, CSZO-1, CSZO-2,
and CSZO-3, respectively. The corresponding rate constants
were calculated to be 0.005 min−1, 0.010 min−1, 0.013 min−1,
0.028 min−1, and 0.019 min−1. Notably, CSZO-2 exhibited the
highest rate constant for CR degradation, showing its superior
photocatalytic efficiency compared with other synthesized
catalysts. This improvement in the photocatalytic performance
of CSZO-2 can be attributed to the more efficient generation and
separation of photoinduced charge carriers under visible-light
irradiation, as supported by PL and EIS analysis. However,
excessive Cu incorporation (as in CSZO-3) results in reduced
© 2026 The Author(s). Published by the Royal Society of Chemistry
activity, which may be associated with agglomeration and
partial blockage of active sites, thereby limiting interfacial
electron transfer.
4.1 Effect of CSZO-2 dose

The effect of CSZO-2 catalyst dosage on the photodegradation of
CR dye was studied by increasing catalyst mass from 5 to 20 mg
while keeping other parameters constant. Fig. 10a demon-
strates the UV-vis absorbance spectra of the dye, clearly showing
a decrease in absorbance intensity with increasing irradiation
time, indicating dye degradation. Increasing the catalyst
amount from 5 to 15 mg enhanced the CR degradation from
64% to 97.42% (Fig. 10b) owing to increased availability of
surface active sites, and enhanced generation of reactive species
such as $O2− and $OH radicals. However, further increase in the
catalyst dose (20 mg) resulted in a decline in the photocatalytic
activity. This can be attributed to increaased solution turbidity,
photon scattering, impaired light transmission through the
reaction medium at higher catalyst concentration, which
diminish photon absorption by active sites and induces satu-
ration effects.71 Consequently, 15 mg of CSZO-2 was identied
as the optimal catalyst dose for CR degradation, as it provided
maximum efficiency without adverse effects associated with
higher dosage. Kinetic analysis (Fig. 10c and d) shows linear
tting and high R2 values, conrming pseudo-rst-order
kinetics. The rate constants for 5, 10, 15, and 20 mg of CSZO-
2 catalyst are 0.022 min−1, 0.027 min−1, 0.040 min−1, and
0.033 min−1, respectively. The highest rate constant of
0.040 min−1 is recorded for 15 mg of sample, indicating optimal
catalyst loading for degradation. However, beyond this
threshold, a decline in k was noted, which suggests that further
RSC Adv., 2026, 16, 13896–13913 | 13907
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Fig. 10 (a) UV-vis spectra of CR (b) % degradation of CR (c) kinetic plots ofCt/C0 vs. time and (d) linear fitting plots of CR degradation over various
doses of CSZO-2.
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increases in catalyst mass do not result in proportional
improvement in degradation efficiency. This may be due to the
aggregation of catalyst, which curtails reactive sites accessibility
and impedes light absorption.

4.2 Effect of CR concentration

The impact of CR concentration on degradation efficiency was
evaluated at four different concentrations (10, 20, 30, and 40
ppm) using CSZO-2 as the photocatalyst. Fig. 11a displays the
time-dependent UV-vis absorption spectra of CR dye degrada-
tion, and a continuous decrease in the absorbance of the CR can
be observed aer different time intervals and nally reaching at
0.1 aer 90 min. The degradation efficiency decreases with
increasing CR concentration (Fig. 11b) because at higher CR
concentration, dye molecules overcrowd the catalyst's limited
active sites. This saturation impedes the generation of $O2− and
$OH radicals. Moreover, the CR molecules themselves absorb
light and reduce its penetration to the catalyst surface and
ultimately decreasing photocatalytic activity. Fig. 11c demon-
strates an inverse correlation between dye concentration and
degradation efficiency. Kinetics of the reaction at various CR
concentrations were analysed and the linear correlation in the
plotted data and higher R2 values for each concentration
(Fig. 11d) validates the alignment of the degradation process
with pseudo-rst-order kinetics, where higher concentrations
result in a slower reaction rate. The rate constants calculated for
10, 20,30, and 40 ppm solutions were 0.027 min−1, 0.025 min−1,
13908 | RSC Adv., 2026, 16, 13896–13913
0.021 min−1, and 0.016 min−1, respectively. Results show that
lower CR concentration has a higher rate constant value,
reecting its rapid degradation efficiency. A signicant decline
in the rate constant can be observed with increasing dye
concentration, and a 40 ppm solution exhibits the lowest value.
This trend can be attributed to less availability of $OH radicals
and catalyst active sites. Thus, these ndings demonstrate that,
at low initial concentration, the degradation efficiency is high,
while at higher CR concentration, the degradation efficiency is
low due to the limited availability of binding sites at the catalyst
surface.

4.3 Effect of solution pH

The adsorption and photocatalytic degradation of CR are
strongly inuenced by the solution pH due to pH-dependent
surface charge variation of the catalyst. Prior to light irradia-
tion, the reaction suspension was magnetically stirred in the
dark until adsorption–desorption equilibrium was established.
Thereby minimizing the contribution of pH-driven dye
adsorption during photocatalytic evaluation.

All the experiments were performed under controlled
conditions (solution volume: 50 mL, catalyst dose: 10 mg, CR
concentration: 10 ppm, contact time: 90 min) to evaluate the
degradation efficiency across a pH range of 2–8. As shown in
Fig. 12a, the degradation efficiency increased from 75% at pH 2
to a maximum of 91% at pH 6.6 followed by a decline to 69% at
pH 8. This trend is primarily governed by electrostatic
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08566g


Fig. 11 (a) UV-vis spectra of CR using CSZO-2 (b) % degradation efficiency of CR (c) kinetic plots of Ct/C0 vs. time (d) linear fitting plots of CR
degradation at various concentration.
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interactions among CR molecules and the catalyst surface. The
point of zero change (pHPZC) for CSZO-2 was determined via the
salt addition method and recorded as 6.7. At lower pH (<6.7),
the CSZO-2 surface becomes positively charged via protonation
of –OH groups, favouring electrostatic interaction with nega-
tively charged CR molecules. In addition, enhanced CR degra-
dation under slightly acidic conditions (pH 6.6) can be
attributed to the formation of $OH radicals, at elevated pH,
deprotonation of functional groups on the CSZO-2 surface
occures, generating more OH groups that are key mediators in
generating $OH radicals.72 However, at very low pH (pH 2)
excessive CR adsorption onto the catalyst surface likely hinders
light penetration and blocks active site, reducing catalytic
Fig. 12 (a) % degradation (b) kinetic plots of Ct/C0 vs. time (c) linear fitti

© 2026 The Author(s). Published by the Royal Society of Chemistry
activity.73 Conversely, at higher pH (>6.7), hydroxyl groups on
the CSZO-2 become negatively charged, creating electrostatic
repulsion with anionic CRmolecules, which hinders adsorption
and ultimately reduces degradation efficiency.74

Fig. 12b shows the change in CR concentration with time at
different pH values, while Fig. 12c shows the corresponding
kinetic plots. Aer accounting for the dark adsorption–
desorption equilibrium, the degradation data reasonably follow
the pseudo rst-order kinetic model. The calculated rate
constants at pH 2, 4, 6.6, and 8 were 0.015 min−1, 0.021 min−1,
0.041 min−1, 0.012 min−1 respectively. The high rate constant at
pH 6.6, indicates faster photodegradation of CR dye.
ng plots of CR degradation at different pH values using CSZO-2.
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Fig. 13 (a) ROS capturing (b) recycle stability and (c) XRD patterns of fresh and used CSZO-2.
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4.4 Scavenger study

To identify the key active species responsible for the photo-
degradation of CR, quenching experiments were conducted by
introducing different radical scavengers into the reaction
medium under identical experimental conditions as used in the
assessment of the catalytic performance of the catalysts.
Various scavengers such as EDTA, AgNO3, IPA, p-BQ were
employed for quenching h+, e−, $OH and O2

$− radicals respec-
tively. As shown in Fig. 13a, the addition of AgNO3 and EDTA
caused only a marginal decrease in degradation efficiency,
suggesting that the direct participation of e− and h+ in dye
oxidation is limited under the present experimental conditions.
In contrast, the addition of IPA and p-BQ resulted a decline in
Fig. 14 Schematic representation of proposed mechanism of photocata

13910 | RSC Adv., 2026, 16, 13896–13913
photocatalytic activity, indicating that $OH and O2
$− radicals

are likely the predominant reactive species contributing to the
degradation of CR dye.
4.5 Reusability and stability

The stability of the catalyst is of key importance for its practical
application, and its reusability is an important indicator of its
feasibility. To assess the stability of the CSZO-2 photocatalyst,
reusability tests were conducted over ve successive cycles
under optimized conditions. Following each cycle, the catalyst
was recovered and washed with DD water followed by ethanol,
and then reused. Results demonstrate a 7.8% decline in the
activity of the CSZO-2 catalyst aer ve repeated cycles, as
lytic degradation of CR over CSZO-2 catalyst.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 13b. This decrease in efficiency can be attributed
to surface fouling, adsorption of by-products, and a reduction of
active sites, possibly due to minor leaching of CSZO-2 catalyst
during the recovery process.75 Despite this slight reduction in
photocatalytic efficiency over multiple cycles, the CSZO-2 cata-
lyst retains signicant activity, demonstrating effective reus-
ability and positioning it as a promising candidate for
photocatalytic applications. Aer photocatalytic experiment,
the XRD patterns of the CSZO-2 were recorded (Fig. 13c) to
evaluate the structural stability. All diffraction peaks remain at
their original positions, indicating the structural stability of
CSZO-2. A slight reduction in the peak intensity indicates
a minor loss of crystallinity, which can be attributed to
incomplete catalyst recovery or presence of residual impurities
from the previous reaction cycles.76
4.6 Photodegradation mechanism

To gain a deeper understanding of the charge-transfer mecha-
nism, the VB and CB band edge position of the CSZO-2 catalyst
was estimated using the following eqn (8) and (9):

EVB = c − Ee + 0.5 Eg (8)

ECB = EVB − Eg (9)

Here, EVB and ECB denote valence band and conduction band
potentials, respectively; c is the absolute electronegativity, Eg and
Ee represents the band gap energy and energy of free electrons
(4.5 eV), respectively. Based on these calculations EVB and ECB
edge position of CSZO-2 were estimated to be approximately
+1.93 and −1.05 eV (vs. NHE), respectively. Fig. 14 illustrates the
proposed photocatalytic mechanism of the CSZO-2 catalyst. The
incorporation of Cu2+ and Sr2+ dopants is expected to induce
defects levels and localized trapping sites, which can retard the
recombination of photoinduced charge carriers and conse-
quently accelerates the generation of radical species.77 Upon
exposure to visible-light, e− are promoted from VB to the CB,
leaving behind h+ in the VB. These photogenerated e− in the CB
are captured by the dopant ions, which inhibit their recombi-
nation with the h+ and facilitate the reduction of the molecular
oxygen to O2

$−. These O2
$− can further participate in a sequence

of reactions to generate HOO$ and $OH. Both O2
$− and $OH are

highly reactive species involved in the degradation of CR dye.
Scavenger experiments indicate that O2

$− and $OH radicals play
a dominant role in the CR degradation, while direct redox reac-
tion by free h+ and e− remain comparatively limited. Neverthe-
less, photogenerated h+ and e− remain essential, as they initiate
and sustain the formation of reactive oxygen species rather than
directly degrading the dye molecules.78 The overall photocatalytic
degradation pathway of CR over CSZO-2 can be summarized as
follows:

CSZO-2 + hn / CSZO-2(hVB
+ + eCB

−) (10)

CSZO-2(eCB
−) + O2 / O2

$− (11)

O2
$− + H+ / HOO$ (12)
© 2026 The Author(s). Published by the Royal Society of Chemistry
2HOO$ / H2O2 + O2 (13)

H2O2 + e− / OH− + $OH (14)

O2
$−/$OH + CR / degraded products (H2O + CO2) (15)
5 Conclusion

Cu/Sr co-doped ZnO nanomaterials were successfully synthe-
sized via one-step chemical precipitation method and evaluated
for the photocatalytic degradation of CR dye under visible-light.
Structural analysis conrmed the retention of the wurtzite ZnO
phase aer Cu/Sr co-doping, with no signicant structural
distortion. XPS analysis veried the presence of Cu and Sr
species in the ZnO lattice. UV-vis spectroscopy revealed a red
shi in the absorption edge and a reduction in the band gap
upon co-doping. PL spectra showed supressed emission inten-
sity for the co-doped samples, indicating reduced charge-carrier
recombination, while EIS measurements further supported the
improved charge transfer behaviour of CSZO-2. Among all the
synthesized samples, CSZO-2 exhibited highest photocatalytic
activity, achieving approximately 97% degradation of CR within
90 min at natural pH, following pseudo rst order kinetics. The
scavengery study suggest that O2

$− and $OH were the main
reactive species involved in the degradation process. The CSZO-
2 catalyst, retaining 89% of its initial efficiency aer ve
consecutive cycles, indicating good reusability and stability.
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