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A B S T R A C T

Ni–Co co-doped ZnO thin films were synthesized on glass substrates via the spray pyrolysis technique to 
investigate the synergistic effect of dual doping on photocatalytic performance. The incorporation of Ni and Co 
ions effectively modified the structural, morphological, and optical properties of ZnO, as confirmed by XRD, 
SEM, AFM, EDX, and UV–vis spectroscopy. Photocatalytic tests under sunlight irradiation showed a remarkable 
enhancement in methylene blue degradation for Ni–Co co-doped ZnO films. In particular, 1.5 % Ni–Co co-doped 
ZnO achieves a 95 % degradation efficiency after 180 min of sunlight exposure.

1. Introduction

Metal oxide (MOX) semiconductor nanomaterials have attracted a 
great attention owing to their remarkable physical, chemical, optical 
and electronic properties. These characteristics make them suitable for a 
wide range of applications such as gas sensing, energy conversion, 
photocatalysis and optoelectronic devices [1–4]. The rising environ
mental impact of industrial effluents has recently increased the efforts to 
develop sustainable and effective wastewater treatment techniques. 
Conventional methods such as adsorption, coagulation, and biological 
degradation often fail to eliminate persistent organic pollutants or 
require complex and energy-intensive processes. In this context, 
advanced oxidation processes, particularly semiconductor-based pho
tocatalysis, have appeared as promising alternatives due to their ability 
to mineralize toxic organic compounds into harmless by-products using 
sunlight energy [5,6].

Within this context, photocatalysis has demonstrated strong po
tential for the degradation of dyes, pharmaceuticals, pesticides, and 
other emerging contaminants in wastewater [6,7]. Recent research has 
highlighted the rapid development of metal-oxide-based photocatalysts 
capable of operating under solar irradiation, providing high degradation 
efficiency and stability [8,9]. Among them, metal oxides such as TiO2, 
ZnO, and SnO2 have been widely studied for water purification appli
cations due to their stability, non-toxicity, and excellent chemical 
durability [10–12].

Zinc oxide (ZnO), in particular, has become a highly attractive 

candidate because of its wide band gap (3.37 eV), high exciton binding 
energy, low cost, and versatile nanostructures. Its favorable electrical 
and optical properties, combined with a high surface area, which are 
strongly dependent on the synthesis technique used, make of ZnO a 
suitable photocatalyst for solar-driven environmental applications [13,
14]. Nevertheless, pure ZnO suffers from limited visible-light absorption 
and fast electron–hole recombination, which significantly restrict its 
photocatalytic performance [15]. Consequently, numerous strategies 
have been explored to enhance its activity, including the formation 
heterojunctions with other metal oxides or its doping or co-doping with 
transition metals [16,17].

Doping ZnO with transition metal ions such as Ni, Co, Mn, or rare- 
earth elements has proven effective in introducing defect states, 
improving charge separation, and extending light absorption toward the 
visible region [18,19]. Recently, co-doping has attracted considerable 
interest, as the simultaneous incorporation of two dopants can produce 
synergistic effects not achievable through single doping. Several studies 
have reported that co-doped ZnO systems enhance photocatalytic effi
ciency by generating additional oxygen vacancies, modifying lattice 
strain, and altering optical transitions [20,21]. Despite these advance
ments, the simultaneous effect of Ni and Co co-doping on ZnO thin films 
remains insufficiently explored, particularly for films prepared through 
scalable deposition methods. In that sense, spray pyrolysis has emerged 
as a simple, cost-effective, and industrially scalable technique capable of 
producing uniform, porous, and adherent thin films suitable for photo
catalytic applications [22]. Its ability to control the microstructure, 
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porosity, and thickness through deposition parameters makes it a 
powerful method for engineering high-performance ZnO-based 
photocatalysts.

Previous works have extensively reported on the individual effects of 
Ni or Co doping in ZnO thin films [23,24]. However, systematic studies 
on the synergistic influence of Ni–Co co-doping remain scarce. To the 
best of our knowledge, no previous study has systematically explored 
the structural, optical, and photocatalytic properties of Ni–Co co-doped 
ZnO thin films prepared by spray pyrolysis, and has not assessed how 
dual doping influence their performance under natural solar irradiation.

Therefore, the objective of this study is to elucidate how Ni–Co co- 
doping influences the crystallinity, surface morphology, and band-gap 
energy of ZnO thin films, and to determine how these modifications 
affect their photocatalytic activity toward the degradation of methylene 
blue (MB). By correlating the structural and optical properties with the 
degradation kinetics. According to our current understanding, Methy
lene Blue (MB) was selected as the model pollutant due to its widespread 
use in textile, paper, and pharmaceutical industries, its high chemical 
stability, and its resistance to biodegradation. MB poses environmental 
and health risks even at low concentrations, making it an ideal candidate 
to evaluate photocatalytic efficiency. Monitoring MB degradation over 
time allows for a quantitative assessment of photocatalyst performance 
under defined experimental conditions [25,26].

2. Material and methods

2.1. Preparation of the thin films

Before the spray deposition, the glass substrates underwent a careful 
cleaning procedure to remove any surface contaminants. This process 
involved sequential treatment with detergent, deionized water, acetone, 
and a mixture of 1/4 HNO3 and 3/4 HCl. After cleaning, the substrates 
were dried in an oven at 120 ◦C to ensure the complete removal of re
sidual moisture and impurities.

Then, pure and Ni–Co co-doped ZnO thin films, with a fixed nickel 
concentration of 1 at.% and cobalt concentration varying from 0.5 to 2 
at.% in steps of 0.5 at.%, were deposited using the spray pyrolysis 
technique. The spray solution was prepared by dissolving zinc chloride 
(ZnCl2) (99.9 %, Sigma-Aldrich), nickel chloride hexahydrate 
(NiCl2⋅6H2O) (99.9 %, Sigma-Aldrich, and cobalt chloride (CoCl2⋅6H2O) 
(99.9 %, Sigma-Aldrich) in 40 mL of distilled water. The solution was 
continuously stirred using a magnetic stirrer to ensure complete disso
lution and homogeneity. Then, the solution was sprayed onto the 
cleaned substrates for 10 min at a flow rate of 4 mL/min, with com
pressed air serving as the carrying gas at 10 mL/min. The substrate 
temperature was maintained at 400 ◦C. The distance nozzle-to-substrate 
and the hot plate rotation speed were set at 20 cm and 10 rpm, 
respectively. All deposition parameters were carefully controlled to 
produce homogeneous, porous, and well-adhered thin films, which are 
crucial for improved photocatalytic performance.

In fact, the dopant concentrations were carefully selected based on 
previous studies, which demonstrated that low to moderate doping 
levels enhance the photocatalytic performance of ZnO while preserving 
its crystalline structure. For instance, A. K. Azfar et al. [27] reported that 
1 % Ni doping achieved the highest methylene blue (MB) degradation 
efficiency, whereas higher Ni contents led to decreased activity due to 
increased charge carrier recombination. Similarly, Co doping beyond 
2–5 % may result in the formation of secondary phases such as Co3O4, 
which can adversely affect the optical and structural properties of ZnO 
[28]. Therefore, the chosen doping range was optimized to balance 
structural integrity and photocatalytic efficiency.

2.2. Photocatalytic tests

The photocatalytic activity of pure and Ni–Co co-doped ZnO thin 
films [Ni: 1 at.%, Co: 0.5–2 at.%] was evaluated using methylene blue 

(MB) as a model organic pollutant. A 3 mg/L aqueous MB solution was 
prepared and stirred to ensure homogeneity. Undoped and co-doped 
ZnO films were placed separately into five glass vessels, each contain
ing 30 mL of the dye solution. To achieve adsorption–desorption equi
librium between the films and MB molecules, the suspensions were 
magnetically stirred in the dark for 30 min.

After equilibration, the samples were exposed to sunlight irradiation 
for a total duration of 3 h. Aliquots of 3 mL were withdrawn every 30 
min for analysis. Photocatalytic experiments were carried out in Tunis, 
Tunisia irradiation (ambient temperature ≈ 38 ◦C, latitude 11.24◦) 
under direct sunlight irradiation, with the MB photodegradation 
occurring at an estimated solar irradiance ranging from 180 to 230 W 
m− 2. The degradation of MB was monitored using a Shimadzu UV-1800 
spectrophotometer, recording absorption spectra in the 450–900 nm 
wavelength range. A gradual decrease in the characteristic MB peak at 
660 nm indicated progressive photocatalytic degradation.

2.3. Characterization of the thin films

The structural, optical, and morphological characteristics of the 
deposited ZnO thin films were systematically investigated to assess the 
impact of Ni–Co co-doping. X-ray diffraction (XRD) was employed to 
examine the crystal structure and confirm the incorporation of dopant 
ions. Optical properties were analysed using a Shimadzu UV-1800 
spectrophotometer, providing insights into band gap modifications 
induced by co-doping. Morphological features were explored through 
field emission scanning electron microscopy (FE-SEM), revealing 
changes in surface topology associated with dopant incorporation. 
Additionally, atomic force microscopy (AFM, Dimension Icon, Bruker) 
in tapping mode was used to determine the root mean square (RMS) 
surface roughness, which is critical for understanding the photo
catalyst–pollutant interaction and the enhancement of photocatalytic 
efficiency.

3. Results and discussion

3.1. Structural analysis

The X-ray diffraction (XRD) patterns of Ni–Co co-doped ZnO thin 
films with varying Co concentrations (0.5–2 at.%) at a fixed Ni content 
(1 at.%) are presented in Fig. 1. The XRD results reveal diffraction peaks 
at 31.77◦, 34.39◦, 36.32◦, 47.64◦, and 62.90◦, corresponding to the 

Fig. 1. X-ray diffraction spectra of ZnO thin films co-doped with Ni and Co. (a) 
Shifting of the main diffraction peak with increasing cobalt doping 
concentrations.
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(100), (002), (101), (102), and (103) planes of the hexagonal wurtzite 
structure of ZnO, respectively. Notably, the (002) plane exhibits the 
strongest intensity, indicating a preferential orientation along the c-axis. 
All observed peaks are in good agreement with the standard JCPDS card 
no. 01-080-0074. Importantly, no additional peaks corresponding to 
separate Ni or Co phases were detected, suggesting that Ni2+ ions are 
effectively substituted into Zn2+ lattice sites, while Co ions likely occupy 
interstitial positions, demonstrating the successful incorporation of 
both dopants without forming secondary phases [29]. As shown in 
Fig. 1a inset, the (002) peak gradually shifts towards higher 2θ angles 
with increasing Co concentration, which is due to the incorporation of Ni 
and Co ions into the ZnO crystal system. This behavior can be attributed 
to the substitution of Zn2+ ions (ionic radius 0.74 Å) by Ni2+ (0.69 Å) 
and Co2+ (0.72 Å) ions, which slightly alters the lattice structure and 
may influence the optical and photocatalytic properties of the co-doped 
ZnO thin films [30].

The crystallite size (D) of the ZnO thin films was estimated using the 
Debye–Scherrer equation [31]: 

D=
kλ

β cos θ
(1) 

where k = 0.9, λ is a wavelength of 0.154 nm, β is full-width half 
maxima, and θ is the diffraction angle in radians.

The calculated crystallite sizes, summarized in Table 1, reveal a 
slight decrease in size upon Ni–Co co-doping. This reduction can be 
attributed to the substitution of Zn2+ ions by smaller Ni2+ and Co2+ ions 
within the ZnO lattice which induces distortions and defects into the 
ZnO lattice [32,33].

The dislocation density (δ) serves as a measure of the film crystalline 
quality, reflecting the extent of defects within the material [34]. δ is 
determined using equation (2) [35]: 

δ=
1
D2 (2) 

As presented in Table 1, a slight increase in (δ) was observed with 
increasing dopant concentration, with the lowest value of 2.29 × 10− 4 

nm− 2 obtained for the undoped ZnO thin film. This increase in dislo
cation density can be attributed to the incorporation of Ni and Co ions 
into the ZnO lattice. These distortions create additional strain within the 
crystal ZnO structure, which in turn leads to a higher density of 
dislocations.

The strain (ε), calculated using Equation (3) [35], is summarized in 
Table 1. 

ε= β cos θ
4

(3) 

A slight decrease in strain is observed with the addition of Ni and Co, 
reaching a minimum value of 4.15 × 10− 2 rad for the 1 % doped film. 
However, as the Co concentration continues to increase, the strain be
gins to rise again, indicating a gradual build-up of lattice distortion at 
higher doping levels.

3.2. Morphological and compositional analysis

Atomic force microscopy was carried out to assess the surface 
topography of the films at different dopant concentrations. The three- 
dimensional AFM images (Fig. 2) reveal that the undoped and the 
Ni–Co co-doped ZnO at different dopant concentrations films exhibit a 
granular and compact morphology. The root-mean-square (RMS) 
roughness values were extracted using the WSxM 5.0 Develop 6.4 

Table 1 
Comparison of the thin film parameters for the different co-doped samples.

Thin film Pure 
ZnO

Ni-ZnO- 
Co 0.5 %

Ni-ZnO- 
Co 1 %

Ni-ZnO- 
Co 1.5 %

Ni-ZnO- 
Co 2 %

Crystallite size 
(nm)

66 64 62.6 61 59

Dislocation density 
(δ) (10− 4) 
(nm− 2)

2.29 2.44 2.55 2.68 2.87

Strain (ε) (10− 2) 
(rad)

4.18 4.15 4.4 4.85 4.56

Roughness (nm) 76 79 85 86.9 98.5
Thickness (nm) 300 320 365 400 420

Fig. 2. Three-dimensional (3D) AFM topography for (a) undoped ZnO, (b) Ni-ZnO-Co 0.5 %, (c) Ni-ZnO:Co 1 % (d) Ni-ZnO-Co 1.5 % and (e) Ni-ZnO:Co 2 % 
thin films.
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software. From the values presented in Table 1, a clear increase in 
roughness was observed upon doping. Indeed, the RMS roughness in
creases from 76 nm in undoped ZnO film to 98.5 nm for the sample 
doped with 2 % Co. In parallel, the surface texture became more irreg
ular with a noticeable presence of agglomerations. These morphological 
changes are beneficial for the photocatalytic activity, as higher rough
ness and grain interconnection provide more active sites for dye 
adsorption and facilitate the degradation process [36].

The Field Emission Scanning Electron Microscopy (FESEM) images of 
Ni–Co co-doped ZnO thin films are presented in Fig. 3, revealing distinct 
structural features. The images show numerous microscopic grains 
aggregating to form a rough, granular surface with noticeable gaps and 
overlaps. A similar wrinkled, network-like morphology has been re
ported for ZnO thin films prepared via spray pyrolysis [37,38]. This 
network-like structure plays a crucial role in enhancing photocatalytic 
activity, as it provides a large number of active sites that facilitate sur
face reactions, thereby improving the photocatalytic efficiency [39].

The thickness of the thin films was estimated from the cross-sectional 
SEM images. Fig. 4 presents an example of the cross-section of an SEM 
image for a Ni- ZnO-Co 0.5 % thin film. These results are presented in 
Table 1. The value of the thickness of thin films for the undoped ZnO and 

Fig. 3. SEM images of (a) pure ZnO, (b) Ni-ZnO-Co 0.5 %, (c) Ni-ZnO-Co 1 %, (d) Ni-ZnO-Co 1.5 % and (e) Ni-ZnO-Co 2 % thin film samples.

Fig. 4. Cross section of Ni-ZnO- Co 0.5 % thin film.
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for Ni and Co co-doped ZnO films range approximately from 300 to 420 
nm. The increase in thickness with dopant concentration can be 
explained by the incorporation of foreign ions modify the growth ki
netics of ZnO. Higher dopant levels increase the density of nucleation 
centers and enhance grain coalescence, which promotes a faster vertical 
growth rate of the film. These results are consistent with our AFM data, 
showing that the RMS roughness increases with dopant concentration, 
thus confirming that the enhanced dopant-induced grain growth allows 
the formation of thicker films. [18]. Indeed, the increase in film thick
ness may also contribute to the enhanced photocatalytic efficiency, as 
thicker films provide more active sites for dye adsorption and light ab
sorption. These results are in agreement with recent studies on 
ZnO-based thin films [40].

The elemental composition of the Ni–Co co-doped ZnO thin films was 
analysed using Energy Dispersive X-ray (EDX) spectroscopy. The EDX 
spectra shown in Fig. 5, confirm the presence of Zn, O, Ni, and Co. The 
detection of Si, along with trace levels of Mg, Cl and Ca, is attributed to 
the composition of the glass substrate used for film deposition [12]. The 
elemental composition of the prepared thin films is summarized in 
Table 2. These results confirm the incorporation of Ni and Co into the 
ZnO lattice. The relatively high oxygen content observed in all samples 
can be attributed to the experimental conditions, particularly the use of 

distilled water (H2O) as the solvent during the spray pyrolysis process.
These compositional results are consistent with the XRD analysis, 

which showed minimal peak shifts and slight changes in lattice pa
rameters, further confirming the successful incorporation of the dopants 
into the ZnO crystal structure.

3.3. Optical analysis

The optical properties of the thin films were investigated using 
UV–vis absorption spectroscopy. The transmittance spectra of the pure 
and Ni–Co co doped ZnO thin films are shown in Fig. 6a. All films exhibit 
high transparency in the visible and near-infrared regions, with average 
transmittance values ranging from 75 % to 80 %. The remarkable 
transparency of these samples suggests their potential use for trans
parent conducting electrode applications [41].

A distinct absorption edge is observed in the UV region, which was 
analysed using Tauc’s formalism [42]. 

(αhν)2
=A

(
hν − Eg

)
(4) 

α=
1
d

((
1 − R2

)

T

)

(5) 

where ν is the frequency of the incident photon, hν is the photon energy, 

Fig. 5. EDX spectrum of the (a): undoped ZnO and (b): Ni ZnO-Co (1.5 %) thin films.

Table 2 
Elemental concentrations calculated from EDS of ZnO thin films with different 
Ni and Co levels.

Thin 
film

Zn (at 
%)

O (at 
%)

Ni 
(at 
%)

Co 
(at 
%)

Si (at 
%)

Ca 
(at 
%)

Mg 
(at 
%)

Cl 
(at 
%)

Pure 
ZnO

19.53 56.26 0 0 18.39 4.48 1.34 –

Ni- 
ZnO- 
Co 
0.5 
%

20.76 54.13 0.78 0.28 17.48 5.20 0.83 0.41

Ni- 
ZnO- 
Co 1 
%

19.39 53.06 0.69 0.61 19.22 5.56 0.96 0.54

Ni- 
ZnO- 
Co 
1.5 
%

20.28 54.38 0.7 0.86 17.65 4.32 0.91 0.89

Ni- 
ZnO- 
Co 2 
%

17.57 55.10 0.61 1.02 19.26 4.65 0.84 0.95 Fig. 6. Optical transmittance and reflectance spectra for the Ni,Co co-doped 
ZnO thin films.
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A is a constant (0.9) corresponding to the probability parameter for 
transitions, which reflects the degree of disorder in the material, and α is 
the absorption coefficient.

The optical band gap of ZnO thin films were measured for Ni and Co 
co-doped ZnO thin films at different doping concentrations (Fig. 7). Pure 
ZnO exhibits a band gap of approximately 3.26 eV, whereas increasing 
amounts of Ni and Co lead to a gradual reduction to 3.25 eV, 3.22 eV, 
and 3.19 eV for samples co-doped with Ni and Co at 0.5 %, 1 %, and 1.5 
%, respectively. Interestingly, at the highest dopant level, the band gap 
slightly increases again to 3.21 eV. Indeed, the initial band gap nar
rowing is attributed to the introduction of structural disorder and defect 
states associated with the incorporation of Ni and Co, which introduce 
localized impurity levels within the forbidden gap [43].

Then, at the highest doping level (2 %), a mechanism that may 
contribute to the band gap widening is the saturation of defect states. As 
the dopant concentration increases to 2 % of Co, many of the defect- 
related states become fully occupied or compensated, which lowers 
the density of active sub-bandgap states. This saturation reduces sub- 
bandgap absorption, effectively increasing the band gap. As a result, 
fewer electronic transitions can occur at energies below the intrinsic 

band gap, leading to the observed blue shift. Similar behavior has been 
reported in other doped ZnO systems, supporting the role of defect state 
saturation in modifying the optical properties [44,45].

3.4. Photocatalytic activity

Photocatalytic degradation tests were conducted to assess the per
formance of pure ZnO and Ni–Co co-doped ZnO thin films in the removal 
of methylene blue (MB) under solar irradiation. The initial MB con
centration was fixed at 3 mg L− 1. The degradation process was followed 
by measuring the evolution of the UV–vis absorbance spectra of the dye 
solution within the 450–900 nm range. As illustrated in Fig. 8, MB dis
plays a prominent absorption peak at 660 nm, whose progressive 
decrease indicates the continuous degradation of the dye molecules 
during irradiation. The degradation efficiency, calculated using eq, (6), 
was evaluated for all samples after 180 min of exposure.

The photocatalytic degradation rate was calculated using the equa
tion [46]: 

% Photodegradation rate= [(A0 − A) /A0] × 100 (6) 

Fig. 7. Plot of (ahυ)2 versus (hυ) of undoped and Ni- Co-co-doped ZnO thin films at different doping concentration.
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where A0 is initial absorbance of the dye solution and A is the absor
bance after solar irradiation.

As shown in Fig. 9, pure ZnO achieved a degradation rate of 72 % 
after 180 min. Then, as the concentration of the dopant increases, the 
photocatalytic response increases as well. The highest activity observed 
was for the Ni and Co co-doped at 1.5 % film, which reached a degra
dation efficiency of 95 %. The efficiency of MB degradation exhibited a 
slight decrease for the sample doped at 2 % of Co.

This enhancement in the photocatalytic activity can be ascribed to 
the increased surface area, the creation of additional oxygen vacancies, 
and the inhibition of photogenerated electron–hole recombination 
induced by the incorporation of Ni2+ and Co2+ ions. Indeed, the pres
ence of dopant ions allows electron–hole pairs to migrate to the surface, 
resulting in a higher generation of hydroxyl radicals [15,18,47]. 
Furthermore, the morphological and optical analyses affirm this 
improvement, showing that the ZnO sample co-doped at 1.5 % exhibits 
the lowest band gap energy and presents a high surface roughness 
(RMS), which promotes a higher adsorption capacity of MB molecules 
on the surface.

Table 3 present a comparison of the photocatalytic activities ob
tained for the different ZnO samples. Notably, the ZnO thin film co- 
doped with Ni and Co present the highest photocatalytic performance 
among all the samples studied. This performance is superior when 
compared to other reported studies on Ni and Co doped ZnO 

Fig. 8. Absorption spectra of MB after solar irradiation for 3 h using the Ni and Co co-doped ZnO thin films contents.

Fig. 9. Degradation rate of MB after solar irradiation for 3 h using the Ni-Co co- 
doped ZnO thin films at various Ni and Co contents.
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nanoparticles or other thin films co-doped with others materials, indi
cating that the optimized co-doping strategy significantly enhances the 
degradation efficiency.

3.4.1. Photocatalytic kinetics
The photocatalytic degradation of methylene blue (MB) by Ni–Co co- 

doped ZnO was investigated using a pseudo-first-order kinetic model, 
based on the Langmuir–Hinshelwood approach (equation (7)) [55]: 

ln
(

A0

A

)

=Kt (7) 

where A0 is the initial absorbance of the MB dye, A is the absorbance of 
MB dye after an irradiation time t and K is the pseudo first order rate 
constant. The constant rate K is calculated from the slope of the ln(A/A0) 
versus the irradiation time t plot, and is shown in Fig. 10. The rate 
constant K increases with dopant concentration, reaching a maximum 
for the Ni-ZnO co-doped Co 1.5 % thin films and then decreases for the 2 
% co-doped thin films. In fact, a higher rate constant indicates more 
efficient photocatalytic degradation. Nanostructure, surface defects, 
surface area, and reactivity all influence performance by enhancing 
electron transfer.

To evaluate the stability of the photocatalyst, four successive 
degradation cycles were carried out using the 1.5 % Ni–Co co-doped film 
(Fig. 11). Only a slight reduction in activity was observed after the 
fourth cycle, confirming the good stability and reusability of the mate
rial for solar-driven MB degradation. Overall, the enhanced photo
catalytic performance originates from the combined effects of defect- 
induced charge separation, increased surface-active sites, and band- 
gap modulation induced by Ni–Co co-doping, demonstrating the po
tential of these thin films for environmental remediation applications 
[56].

3.4.2. Mechanism of photocatalytic degradation
Extensive research has been dedicated to clarifying the photo

catalytic mechanism. This process consists of a series of oxidation and 
reduction reactions, in which electrons are excited from the valence 
band (VB) to the conduction band (CB), simultaneously producing 
oxidative holes (h+) in the valence band and reductive electrons (e− ) in 
the conduction band [57,58]. These reactions are typically initiated 
when the energy of the incident light is equal to or exceeds the band gap 
energy of the catalyst (Fig. 12). Upon UV–visible light irradiation, Ni–Co 
co-doped ZnO nanoparticles absorb photons with energy equal to or 
greater than their band gap (Eg), generating electron-hole pairs (e− /h+). 

ZnO+ hϑ → e−CB + h+
VB (8) 

• e+CB: electron in the conduction band
• h+

VB: hole in the valence band

Oxygen vacancies contribute to hole formation and enhance charge 
separation: 

V+
O + e− → VO + h+

VB (9) 

The photogenerated holes react with adsorbed water, producing 
hydroxyl radicals (OH.): 

ZnO+ h+
VB +H2O(ads) → H+ + OH. (10) 

Ni and Co dopants improve charge separation by trapping electrons 
in the conduction band, reducing recombination and enhancing radical 
formation: 

Table 3 
Comparison of photocatalytic activities of ZnO-doped and co-doped materials for degrading dyes.

Photocatalyst Method of elaboration Sources of Irradiation Sources of Irradiation Sources of Irradiation Ref.

Ni-ZnO Co-precipitation visible light Indigo carmine 91.67 %-150 min [48]
Co-ZnO Spray coating UV irradiation MB 76.31 % − 120 min [49]
Co-ZnO Hydrothermal artificial solar light Rhodamine-B 64.13 %- 120 min [50]
Cu- ZnO Ni Spray pyrolysis Sunlight MB 92 % [51]
Cu-Ni-ZnO Co-precipitation Visible light Indigo carmine 93.32 %-60min [52]
Ni-Eu-ZnO Spray pyrolysis UV lamp Green malachite 93 % − 120min [53]
Ni-Co-ZnO Co-precipitation Visible light irradiation RhB 42 % − 360 min [54]
Ni-ZnO-Co Spray Pyrolysis Solar irradiation MB 95 % - 180min This work

Fig. 10. The kinetic rate K as a function of Ni and Co content.

Fig. 11. Recyclability of Ni-ZnO co-doped Co at 1.5 %.
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Ni2+ +Co2+ + e−CB→Ni+
/

Co+ (11) 

Ni+
/

Co+O2(ads)→O.−
2 (12) 

O.−
2 +H+→H2O. (13) 

Water and oxygen molecules act as electron and hole scavengers, 
forming reactive radicals that attack methylene blue (MB): 

H2O. +H+ + e−CB→H2O2 (14) 

H2O2 + e−CB → HO. + OH− (15) 

h+
VB +H2O → H+ + OH. (16) 

H+ +OH.→HO. (17) 

The hydroxyl radicals (OH⋅) generated in this process enable the 
degradation of MB molecules into CO2 and H2O: 

MBdye +HO. → CO2 ↑ + H2O (18) 

This mechanism, as schematically shown in Fig. 12, is explained by 
the Ni–Co co-doping of ZnO modifying its electronic structure, creating 
impurity levels that extend light absorption and enhance charge sepa
ration, thereby reducing electron-hole recombination. Consequently, 
the photocatalytic performance is markedly enhanced relative to that of 
pure ZnO.

4. Conclusion

In this work, undoped and Ni–Co co-doped ZnO thin films were 
successfully synthesized on glass substrates via the spray pyrolysis 
technique, offering a simple, cost-effective and scalable approach for 
thin film fabrication. Comprehensive characterization using XRD, SEM, 
AFM, EDX, and UV–vis spectroscopy revealed that Ni–Co co-doping 
effectively modulates the structural, morphological, and optical prop
erties of ZnO films. The introduction of Ni and Co ions led to subtle band 
gap tuning, enhanced surface roughness, and increased density of active 
sites, all of which are critical factors for improving photocatalytic 
performance.

Photocatalytic tests using methylene blue as a model pollutant 
demonstrated a remarkable enhancement in degradation efficiency, 
with the 1.5 % Ni–Co co-doped ZnO film achieving the highest MB 
degradation activity of 95 % under sunlight irradiation. Moreover, the 
films exhibited excellent stability and reusability over multiple cycles, 
highlighting their potential for sustainable environmental remediation 
applications.

Overall, this study demonstrates that Ni–Co co-doping is a highly 
effective strategy to enhance the photocatalytic properties of ZnO thin 
films, providing new insights into defect engineering, charge carrier 
dynamics, and surface reactivity. These findings pave the way for the 
design of high-performance, solar-driven photocatalysts for practical 
wastewater treatment and other environmental applications.
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