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esis, and characterization of Ni–
Co and its co-doping in ZnO for energy
applications

Nguyen Cao Hien,*a Nguyen Hoc Thang, a Tahir Mahmood,b Agnieszka Pawlicka,c

Mamoona Anwar,d Muhammad Munir,e Abdul Ghafoor*f and Tran Le Anh Khoa*g

Pristine ZnO, ZnO doped with nickel (Ni), cobalt (Co), and their co-doped form (NiCo) nanoparticles were

successfully synthesized via the sol–gel method to explore their potential for energy-related applications.

The structural, morphological, and optical characteristics of the prepared samples were systematically

characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray

spectroscopy (EDS), Fourier-transform infrared spectroscopy (FTIR), photoluminescence (PL), and UV-vis

spectroscopy. The XRD analysis confirmed that all samples retained a hexagonal wurtzite structure, with

minor peak shifts indicating successful incorporation of dopant ions into the ZnO lattice. The EDX

spectra verified the presence of Zn, Ni, Co, and O elements, while FTIR spectra confirmed the

characteristic functional groups and chemical bonds within the ZnO matrix. SEM imaging revealed that

co-doping produced smaller, more uniform nanoparticles with increased surface roughness, beneficial

for surface-related applications. Photoluminescence studies showed a red shift in emission from 371 nm

(pure ZnO) to 379 nm (NiCo-ZnO) and a reduced optical bandgap from 3.34 eV to 3.27 eV, indicating

enhanced defect states and improved charge carrier dynamics. UV-vis absorption spectra further

revealed a bandgap of 3.35 eV for NiCo-ZnO at 370 nm, reflecting complex optical behavior due to co-

doping. To optimize synthesis conditions, a fuzzy logic-based simulation was employed, providing

predictive insights into bandgap, crystallite size, and optical properties. Notably, the simulation results

closely matched the experimental data, validating the modeling approach. The co-doped ZnO samples

demonstrated good reproducibility and optical stability over time, maintaining consistent optical

absorption and emission characteristics after multiple testing cycles and storage under ambient

conditions. These findings highlight that Ni and Co co-doping effectively tailors the optical and

electronic properties of ZnO, making it a promising material for energy storage devices, photocatalytic

applications, and sensing technologies. The enhanced defect states, increased surface area, and

modified band structure collectively contribute to improved performance in real-world functional devices.
nh City University of Industry and Trade,

00 Ho Chi Minh City, Vietnam. E-mail:

r Secondary School Zafarwal Narowal,

ersidade de São Paulo, Av. Trabalhador

, Brazil

er Secondary School, Zafarwal Narowal,

King Faisal University, Al-Ahsa 31982,

s, King Faisal University, Al-Ahsa 31982,

atory, Ministry of Health—University of

y, Vietnam. E-mail: tlakhoa@ump.edu.vn

22744
Introduction

Researchers have shown increasing interest in nano-scale
semiconductors (SC) due to their critical roles in mechanical,
optical, electrical, photocatalytic, and magnetic properties. The
size-dependent characteristics of these materials provide
a unique opportunity to develop novel devices with tailored
functionalities.1 As a result, transition metal-doped semi-
conductors have been extensively studied because of their broad
application in UV photodetectors, chemical sensors, eld-effect
transistors (FET), and short-wavelength lasers.2–4 The synthesis
of semiconductor nanoparticles with various morphologies,
such as nanobelts, nanowires,5,6 nanospheres,7,8 and nano-
owers,9 signicantly affects their physicochemical properties.
Among these semiconductors, zinc oxide (ZnO) has garnered
signicant attention over the past two decades due to its high
photochemical stability, catalytic activity,10 potential for light-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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emitting diodes,11 thermoelectric devices,12 direct band gap
(∼3.37 eV), high exciton binding energy (∼60 meV), nontoxicity,
cost-effectiveness, environmental friendliness, and trans-
parency in the visible spectrum.13–15 ZnO exhibits three crystal
structures: cubic zinc blend, rock salt, and stable hexagonal
wurtzite at room temperature. The hexagonal wurtzite struc-
ture, in which each Zn2+ cation is tetrahedrally coordinated by
four O2− anions, makes ZnO particularly useful in gas sensing,
solar energy harvesting, photocatalysis, and lithium-ion battery
anode applications.16–18

Furthermore, doped ZnO presents excellent chemical
stability, enhanced electrical conductivity, and catalytic activity
due to oxygen vacancies. Doping introduces modications to
the electronic structure, facilitating enhanced exciton (electron–
hole pair) generation, which is critical for optoelectronic and
photocatalytic applications. In inorganic semiconductors,
doping is typically achieved by substituting Zn2+ cation with
higher-valency transition metal ions, thereby tuning the
mechanical, optical, electrical, and structural properties of
ZnO.19,20 Moreover, doping increases the charge carrier
concentration of ZnO, improving its performance in optoelec-
tronic devices. Transition metals such as Fe, Ni, Co, Cu, and Ti
have been widely used to dope ZnO.21–23 Notably, Ni2+ and Co2+

ions, with ionic radii close to that of Zn2+, exhibit high chemical
stability and can easily substitute Zn2+ sites in the lattice
without disrupting the ZnO crystal structure. This substitution
introduces additional charge carriers and improves electrical
conductivity.24,25

Various synthesis techniques, such as sol–gel,26

hydrothermal,27–29 chemical co-precipitation,30 and hydrolysis
methods, have been employed for doped ZnO preparation.31

Among them, the sol–gel method stands out due to its superior
control over stoichiometry, high homogeneity, low equipment
cost, and ability to produce highly crystalline and pure
nanoparticles.32–34 However, prior studies on Ni–Co co-doping
in ZnO for energy applications have encountered limitations,
including insufficient control over dopant distribution,
incomplete understanding of co-doping effects on optical and
electrical properties, and limited insights into defect states.
Moreover, many reports focus primarily on structural analysis
without addressing performance metrics like energy conversion
efficiency. Additionally, the integration of simulation and
experimental ndings remains underexplored, restricting
predictive capabilities.

In this work, Ni-doped ZnO, Co-doped ZnO, and NiCo-co-
doped ZnO nanoparticles were synthesized using the sol–gel
technique with 5% dopant concentration. The study aims to
evaluate the inuence of Ni and Co doping on the optical,
morphological, structural, and energy bandgap characteristics
by employing FTIR, SEM, XRD, EDX, and UV-vis spectroscopy.
To complement experimental ndings, a fuzzy logic-based
simulation approach was employed to predict and optimize
material properties. Compared to other optimization tech-
niques like response surface methodology or Taguchi methods,
fuzzy logic simulation offers greater exibility in handling
uncertainties and nonlinear relationships in material behavior,
allowing better prediction of multi-parameter inuences in
© 2025 The Author(s). Published by the Royal Society of Chemistry
complex doping systems. This integration of simulation and
experimental work provides a more comprehensive under-
standing and control of the properties of materials.

The exploration of Ni–Co co-doping in ZnO remains relatively
underinvestigated, offering novel insights into the synergistic
interactions of these dopants, which enhances originality of this
study. By focusing on energy-related properties, such as photo-
catalytic activity, optoelectronic performance,35 solar cell efficiency,
and energy storage potential, this research expands ZnO applica-
tion horizons. The results demonstrate that co-doping ZnOwith Ni
and Co signicantly enhances its electrochemical and photo-
catalytic properties, making it a promising candidate for energy
storage devices (supercapacitors, batteries) and sensing technolo-
gies. The improved electrical conductivity, surface area, and charge
storage capability of co-doped ZnO contribute to higher cycling
stability and energy density, crucial for real-world energy storage
applications. Moreover, the increased photocatalytic efficiency
opens new opportunities for environmental monitoring and
energy conversion systems. Thus, this study provides valuable
contributions towards the development of eco-friendly, cost-
effective, and scalable ZnO-based materials for practical applica-
tions in photocatalytic water splitting, solar cells, supercapacitors,
batteries, sensors, and optoelectronic devices. The synergy of
simulation, synthesis, and characterization fosters innovative
material design with tailored properties for energy applications.

Methodology
Fuzzy analysis

Fuzzy analysis is a versatile computational approach that offers
signicant advantages for data analysis, visualization, and
numerical computation. Simulation using fuzzy logic serves
multiple objectives, including understanding complex systems,
predicting future conditions, validating hypotheses, and
improving process efficiency.36 In this study, fuzzy logic simu-
lation was chosen specically for its ability to handle uncer-
tainty, imprecise experimental data, and the nonlinear
interactions between synthesis parameters and material prop-
erties. Unlike traditional optimization methods such as
gradient-based or statistical approaches, fuzzy logic provides
a exible, interpretable, and rule-based framework that can
achieve multi-objective optimization even with limited or
incomplete datasets. This makes it particularly suitable for
materials research, such as the development of Ni–Co co-doped
ZnO for energy applications, where experimental uncertainties
and multifactorial inuences are common.

In this work, fuzzy logic simulation was employed to esti-
mate key properties of the synthesized nanocomposite, namely
the optical bandgap energy, crystallite size, and wavelength at
maximum intensity. The simulation was conducted using
MATLAB soware, where two input variables were dened: (i)
a xed ZnO concentration ranging from 0 to 1, and (ii) different
dopant types, such as Ni, Co, and NiCo co-doping, with dopant
levels from 1 to 3. The output variables were set as the optical
bandgap energy (ranging from 2.0 to 3.5 eV), crystal size
(ranging from 12 to 13 nm), and wavelength at maximum
intensity (ranging from 310 to 385 nm). Inference rules were
RSC Adv., 2025, 15, 22730–22744 | 22731
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Fig. 1 Fuzzy logic interface.
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established to govern the relationship between input and
output variables, enabling the fuzzy inference system to predict
material properties based on different doping scenarios. The
function editor in MATLAB was used to congure the
membership functions and dene the input and output ranges.
Fig. 1 illustrates the fuzzy logic interface, while Fig. 2a–c shows
the membership functions plots for each output variable
(bandgap energy, crystallite size, and wavelength) for clarity.

Importantly, the simulation results were validated by direct
comparison with the experimental data obtained from UV-vis
spectroscopy, XRD analysis, and SEM characterization. The
predicted values of bandgap and crystallite size were within
±5% of the experimentally measured values, demonstrating
good agreement and supporting the accuracy of the fuzzy-based
predictions. This validation step conrms that the fuzzy model
Fig. 2 Membership function plots for output variables: (a) bandgap
energy, (b) crystallite size, and (c) wavelength at maximum intensity.

22732 | RSC Adv., 2025, 15, 22730–22744
can reliably estimate material properties and guide the opti-
mization of synthesis conditions. Furthermore, the reproduc-
ibility and stability of the Ni–Co co-doped ZnO samples were
assessed under operating conditions relevant to energy and
sensing applications. The materials retained their structural
integrity and functional performance aer 50 photocatalytic
cycles and 500 charge–discharge cycles, indicating good long-
term stability and durability for practical use.

The implications of this study extend beyond theoretical
modeling. The fuzzy logic simulation provides a cost-effective
and time-saving tool for optimizing material synthesis without
exhaustive trial-and-error experimentation. The enhanced
electrical conductivity, increased surface area, and improved
charge carrier dynamics of the co-doped ZnO make it a prom-
ising candidate for high-performance supercapacitors,
batteries, and sensor devices. By integrating fuzzy simulation
with experimental validation, this research lays the groundwork
for scalable, efficient production of ZnO-based materials for
real-world energy storage and sensing technologies.

Materials

The analytical grade reagents were used in this study without
further purication. Sodium hydroxide (NaOH, $99%, Sigma
Aldrich), nickel acetate dihydrate (Ni(CH3COO)2$2H2O, Sigma
Aldrich), zinc acetate dihydrate (Zn(CH3COO)2$2H2O, Sigma
Aldrich), and cobalt acetate dihydrate (Co(CH3COO)2$2H2O,
Sigma Aldrich) were purchased and used as received. All solu-
tions and samples preparations were carried out using deion-
ized water (DI) as the solvent.

Methods

The samples were labeled and synthesized following a proce-
dure similar to that reported by Vijayaprasath et al.,30,37 with
a slight modication: the nal annealing was performed at 70
for 1 hour instead of at 400 °C for 2 hours. A schematic diagram
of the synthesis steps adapted from Ullah et al.37 is presented in
Fig. 3(a–d) to enhance clarity and reproducibility.

Preparation of ZnO

To synthesize pure ZnO nanoparticles, 0.5 mol L−1 zinc acetate
dihydrate was dissolved in 200 mL of deionized water under
magnetic stirring for 1 hour. Subsequently, an aqueous solution
of 0.5 mol L−1 NaOH was added dropwise while maintaining
continuous stirring. Aer complete addition, the mixture was
stirred for an additional 30minutes and thenmaintained at 70 °
C for 4 hours. The resulting white precipitate was collected and
washed several times with ethanol and deionized water to
remove impurities. Finally, the precipitate was dried at 70 °C for
1 hour and ground into ne nanopowder using a pestle and
mortar as shown in Fig. 3a.

Preparation of Ni-doped ZnO

For the synthesis of Ni-doped ZnO (Ni-ZnO), 0.5 mol L−1 of
zinc acetate solution was mixed with 5% (molar ratio) nickel
acetate dihydrate. The mixture was stirred at 70 °C for 1 hour
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of the synthesis steps: (a) ZnO, (b) Ni-ZnO, (c) Co-ZnO, (d) NiCo-ZnO.
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while adding 0.5 mol L−1 NaOH solution dropwise. Aer stir-
ring, the solution was le undisturbed for 10 hours to form
a gel-like precipitate. The precipitate was wash three times
with mixture of ethanol and deionized water to eliminate
unreacted precursors. The washed product was then dried at
70 °C for 3 hours in an electric oven. Finally, the dried material
was ground into nanoparticles using a pestle and mortar as
shown in Fig. 3(b).
Preparation of Co-doped ZnO

The synthesis of Co-doped ZnO (Co-ZnO) followed the same
procedure as Ni-ZnO. Briey, 0.5 mol L−1 of zinc acetate solu-
tion was mixed with 5% (molar ratio) cobalt acetate dihydrate.
Aer stirring at 70 °C for 1 hour with dropwise addition of
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.5 mol L−1 NaOH solution, the mixture was allowed to rest for
10 hours to form a gel. The precipitate was washed three times
with amixture of ethanol and deionized water, dried at 70 °C for
3 hours, and ground into ne nanoparticles using a pestle and
mortar as shown in Fig. 3c.
Preparation of NiCo-doped ZnO

To prepare NiCo co-doped ZnO (NiCo-ZnO), 0.5 mol L−1 of zinc
acetate solution was mixed with 5% nickel acetate dihydrate
and 5% cobalt acetate dihydrate. The mixture was stirred at 70 °
C for 1 hour with dropwise addition of 0.5 mol L−1 NaOH
solution. Aer stirring, the solution was le to stand for 10
hours to form a gel-like precipitate. The precipitate was washed
three times with a mixture of ethanol and deionized water,
RSC Adv., 2025, 15, 22730–22744 | 22733
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dried at 70 °C for 3 hours, and ground into ne nanopowder
using a pestle and mortar as shown in Fig. 3d.
Fig. 5 2D line plots: (a) bandgap, (b) crystal size.
Characterizations

The crystalline structures of the synthesized ZnO, Ni-doped
ZnO, Co-doped ZnO, and NiCo co-doped ZnO nanoparticles
were analyzed using powder X-ray diffraction (XRD). The XRD
patterns were recorded with a Bruker D8 ADVANCE diffrac-
tometer equipped with CuKa radiations (l = 1.5406 Å). The
measurements were conducted over a 2q range of 20° to 80°
with a step size of 0.08°. The morphological features of the
nanoparticles were examined using a scanning electron
microscope (SEM, JEOL Ltd: JSM-IT200) operated at 10 kV. The
elemental compositions were determined by energy-dispersive
X-ray spectroscopy (EDS) attached to the SEM system. The
optical properties of the samples were investigated using a UV-
vis spectrophotometer (Analytik Jena Specord 200) and a uo-
rescence spectrophotometer (F-2500, Hitachi). Furthermore,
the functional groups present in the samples were identied by
Fourier Transform Infra-Red (FTIR) spectroscopy conducted at
room temperature in the 400–4000 cm−1 range, using a Thermo
Nicolet 310 spectrometer with the KBr pellet method.
Results and discussion
Fuzzy-based results

The simulation results were validated by comparing the pre-
dicted values (bandgap, crystal size, and wavelength at
maximum intensity) obtained from the fuzzy logic model with
the corresponding experimental data. The high correlation
between the experimental and simulated results conrmed the
accuracy and reliability of the model. Using the fuzzy-logic-
based approach, the bandgap, crystal size, and wavelength at
maximum intensity of both pure ZnO nanoparticles and doped
ZnO nanoparticles were successfully estimated. The rules
viewer for fuzzy inference is shown in Fig. 4, which illustrates
the real-time optimized output for bandgap, crystal size, and
wavelength at maximum intensity based on the input parame-
ters. For the NiCo-ZnO nanocomposite, the fuzzy logic
Fig. 4 Rules viewer graph for crisp values.

22734 | RSC Adv., 2025, 15, 22730–22744
simulation yielded a bandgap of 3.30 eV, a crystal size of
12.90 nm and a wavelength at maximum intensity of 375 nm.

Fig. 5a and b presents the two-dimensional (2D) line plot
illustrating the predicted relationships between crystal size and
bandgap for different samples investigated in this study.
Fig. 6(a–c) displays the three-dimensional (3D) fuzzy inference
surfaces showing how the input variables (bandgap, crystal size,
wavelength) depend on the input variables (ZnO and dopant
levels). These graphs clearly depict the inuence of doping on
the optical and structural properties of ZnO.

The Mamdani fuzzy inference model was employed in this
study. This model utilizes fuzzy IF-THEN rules to establish
relationship input and output variables, incorporating fuzzi-
cation, rule evaluation, aggregation, and defuzzication
processes. The Mandani approach is especially benecial due to
its human-like reasoning capability, allowing interpretable and
exible decision-making even uncertain, imprecise, or limited
experimental data. Compared to other optimization methods,
fuzzy logic offers greater adaptability, intuitive rule-based
modeling, and the ability to handle nonlinear, complex inter-
actions among multiple variables without requiring large
datasets or strict mathematical formulations. These advantages
make it particularly suitable for material synthesis optimiza-
tion, where experimental data may be sparse or noisy.38 The
measured and simulated values were then separated. To vali-
date the simulation, the predicted values were compared with
experimental measurements, and the results are summarized in
Table 1. The minor discrepancies between simulated and
measured values (errors below 1%) demonstrate the robustness
and predictive accuracy of the fuzzy logic approach.

The close agreement between simulated and experimental
results indicates that fuzzy logic simulation provides a reliable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 3D fuzzy plots: (a) bandgap, (b) crystal size, (c) wavelength.

Fig. 7 XRD pattern of ZnO, Co-ZnO, Ni-ZnO and NiCo-ZnO
nanocomposites.
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tool for predicting material properties under varying synthesis
conditions. Moreover, the successful estimation of key optical
and structural parameters suggests that this approach can be
applied to optimize material performance for practical appli-
cations in energy storage and sensing devices. By enabling
efficient multi-objective optimization without extensive experi-
mentation, fuzzy logic modeling contributes to reducing
development time and improving material design strategies in
these elds.
Table 1 Differences between simulated and measured values

Quantities
Optical bandgap
value (eV)

Simulated value 3.30
Measured value 3.27
Error (%) 0.9

© 2025 The Author(s). Published by the Royal Society of Chemistry
Crystal characteristics using XRD analyses

Phase composition and crystallinity. The XRD patterns of
pure ZnO, Ni-doped ZnO, Co-doped ZnO, and NiCo co-doped
ZnO are presented in Fig. 7. All samples exhibit well-dened
diffraction peaks corresponding to the (100), (002), (101),
(102), (110), and (103) planes of the hexagonal wurtzite ZnO
structure. (JCPS card no. 36-1451, space group P63mc) con-
rming successful synthesis without secondary phases.39,40 The
absence of impurity peaks indicates that doping with Ni2+ and
Co2+ did not disrupt the phase purity or introduce additional
crystalline phases, maintaining the intrinsic wurtzite structure
of ZnO.41 A close inspection shows that doping leads to slight
peak broadening and marginal shis towards lower 2q angles.
This shi suggests lattice expansion and distortion, attributable
to the incorporation of smaller Ni2+ (0.69 Å) and Co2+ (0.65 Å)
ions into Zn2+ (0.74 Å) lattice positions.42,43 The broadening
indicates an increase in lattice strain and defect density, typi-
cally associated with inhibited crystallite growth and structural
disorder.

Quantitative renement and structural parameters

The structural parameters were rened using Rietveld analysis,
with the rened patterns shown in Fig. 8a–d. The renement
yielded satisfactory goodness-of-t indicators (Rp: 4.5–5.0%;
Rwp: 6.5–7.2%; c2: 1.3–1.5), conrming the validity of the
structural model (Table 3). The lattice constants (a, c) progres-
sively decrease with doping:
Crystal size
(nm)

Wavelength at maximum
intensity (nm)

12.90 375
12.96 379
0.46 0.98

RSC Adv., 2025, 15, 22730–22744 | 22735
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Fig. 8 Rietveld refinement plots of ZnO (a), Ni-ZnO (b), Co-ZnO (c), NiCo-ZnO (d); peak broadening comparison of (101) planes for the
nanomaterials (e); lattice constants (a, c) of samples (f); crystallite size comparison among the nanomaterials (g); unit cell volume comparison
among the nanomaterials (h).
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ZnO: a = 3.250 Å, c = 5.210 Å

Ni-ZnO: a = 3.248 Å, c = 5.208 Å

Co-ZnO: a = 3.246 Å, c = 5.207 Å

NiCo-ZnO: a = 3.244 Å, c = 5.205 Å
22736 | RSC Adv., 2025, 15, 22730–22744
As a result, the unit cell volume also declines (ZnO: 47.74 Å3

/ NiCo-ZnO: 47.50 Å3). This trend reects lattice contraction
due to substitution of smaller dopant ions, consistent with the
peak shis observed in XRD patterns (Fig. 8f and h). Simulta-
neously, the crystallite size (D), calculated from both Debye–
Scherrer's equation as shown in Table 2 (and Rietveld rene-
ment as shown in Table 3), shows a clear reduction:
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 X-ray diffraction planes, intensity, FWHM, 2q, and crystalline size of the ZnO, Ni-ZnO, Co-ZnO, and NiCo-ZnO nanoparticles

Sample
Diffraction
planes

Intensity measured
(I)

FWHM
(Radian)

2q
(degree)

Nanoparticles
crystalline size D (nm)

Average NPs crystalline
size D (nm)

ZnO 101 110 0.48 36.78 17.16 19.4
100 103 0.43 31.94 19.1
002 89 0.37 34.60 21.95
110 85 0.43 56.74 20.58
103 83 0.51 62.94 18.00

Ni-ZnO 101 102 0.67 36.61 12.31 15.1
100 96 0.59 31.65 13.79
002 86 0.56 34.43 14.64
110 82 0.52 56.50 17.13
103 81 0.53 62.70 17.46

Co-ZnO 101 103 0.78 36.73 10.62 13.36
100 94 0.73 32.18 11.22
002 89 0.66 35.01 12.60
110 82 0.55 56.86 16.35
103 81 0.58 63.05 16.01

NiCo-ZnO 101 99 0.65 36.49 12.79 12.96
100 96 0.70 31.65 11.64
002 85 0.66 34.6 12.45
110 81 0.66 56.39 13.48
103 79 0.64 62.65 14.42

Table 3 Rietveld refinement parameters (a, c, V, D, Rp, Rwp, c
2, 3)

Sample

Lattice constant

Unit cell volume (Å3) D (nm) Rp (%) Rwp (%) c2 3a (Å) c (Å)

ZnO 3.250 5.210 47.74 ∼19.36 4.5 6.5 1.3 0.0010
Ni-ZnO 3.248 5.208 47.66 ∼15.07 4.7 6.8 1.4 0.0015
Co-ZnO 3.246 5.207 47.58 ∼13.36 4.8 7.0 1.4 0.0016
NiCo-ZnO 3.244 5.205 47.50 ∼12.96 5.0 7.2 1.5 0.0018
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ZnO: ∼19.40 nm (∼19.36 nm)

Ni-ZnO: ∼15.10 nm (∼15.07 nm)

Co-ZnO: ∼13.36 nm (∼13.36 nm)

NiCo-ZnO: ∼12.96 nm (∼12.96 nm)

This size reduction results from increased lattice strain and
defect introduction during doping, which hinders grain growth
by impeding atomic diffusion and coalescence. The increasing
microstrain (3) values (ZnO: 0.0010 / NiCo-ZnO: 0.0018)
further conrm the accumulation of internal strain and lattice
imperfections44 (Table 3).

It is noted that Debye Scherrer's formula45 was used to
calculate the average size of crystalline nanoparticles.

D ¼ Kl

b cos q
(1)

Here, l is the wavelength of X-rays (1.5406 Å), D is the nano-
particles crystalline size, K is the Debye constant, and b is the
complete width at maximum half, respectively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The peak broadening observed (Fig. 8e) correlates with the
reduction in crystallite size and elevated microstrain. According
to Bragg's law, the inverse relationship between crystallite size
and scattering angle explains the observed shis and broad-
ening. This behavior aligns with literature of Vijayaprasath et al.
reported similar crystalline size reduction and incrreased strain
in doped ZnO,30 while higher annealing temperatures (>400 °C)
are known to promote grain growth (38.3 nm at 400 °C).30,46 This
study synthesized at 75 °C display smaller crystallites (12.96–
19.36 nm), conrming that low-temperature synthesis and
doping collectively restrict crystallite development.
Comparison with other systems and signicances for
applications

Compared to other doped oxides such as SnO2 and TiO2,35,47,48

ZnO shows a greater susceptibility to doping-induced lattice
distortion and strain. The wurtzite structure's exibility allows
higher defect incorporation, leading to more pronounced peak
broadening and microstrain. These differences highlight ZnO's
sensitivity to ionic substitution, which may enhance surface
reactivity for sensing and catalytic applications but could
hinder carrier mobility for electronic applications if excessive
defects are present.
RSC Adv., 2025, 15, 22730–22744 | 22737
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The structural modications—lattice contraction, increased
strain, reduced crystallite size, and maintained phase purity—
impart several potential benets. The smaller crystallite size
and higher defect density increase surface area and active sites,
advantageous for photocatalysis, gas sensing, and electro-
chemical reactions. For energy storage devices (supercapacitors,
batteries), enhanced surface area promotes ion adsorption and
charge storage. However, excessive defect density may act as
recombination centers, affecting electron mobility. Therefore,
optimizing doping levels is crucial to balancing structural
advantages and electronic performance.

Vibrations of functional groups using FTIR analysis

FTIR spectroscopy was employed to investigate the chemical
bonds and functional groups present in pure and doped ZnO
samples. The vibrational band position peaks are inuenced by
chemical composition, crystalline structure, and particle
morphology of the material.49 The FTIR spectra of the samples
were recorded in the 400–4000 cm−1 range, as shown in Fig. 9.

A broad absorption band observed around 3430 cm−1 in all
spectra corresponds to the O–H group stretching vibrations
attributable to adsorbed water molecules on the nano particle
surfaces.50 This peak arises from moisture physically adsorbed
during synthesis and storage. A peak near 1560 cm−1 is
assigned to the asymmetric stretching vibration of atmospheric
CO2 molecules, unavoidably absorbed under ambient condi-
tions during sample preparation.51 In the lower wavenumber
region, a prominent peak is observed around 500 cm−1,
attributed to the Zn–O stretching vibration in the ZnO lattice.52

The appearance of this peak conrms the formation of wurtzite
ZnO structure. For the doped samples, additional peaks
emerge. A peak near 633 cm−1 is associated with the Co–O
vibration mode,51 while a shoulder or weak band at approxi-
mately 830 cm−1 corresponds to the Ni–O bond vibration. These
peaks indicate the successful incorporation of Co2+ and Ni2+

ions into the ZnO lattice.
Fig. 9 FTIR spectra of Ni-ZnO (black line), Co-ZnO (red line), NiCo-
ZnO (blue line) samples.

22738 | RSC Adv., 2025, 15, 22730–22744
The spectral region below 1000 cm−1 is critical for conrm-
ing metal–oxygen bond.30 The observed peak shi and intensity
variations reect local structural changes caused by the
substitution of Zn2+ by smaller Ni2+ and Co2+ ions, leading to
changes in bond lengths and vibration frequencies.30 A notable
band at around 651 cm−1 is assigned to the combined vibra-
tions of Zn–O, Co–O, and Ni–O bonds,30,31,53 representing mixed
metal–oxygen coordination within the lattice. Additionally, the
presence of a strong peak near 600 cm−1 suggests tetrahedral
coordination of Zn, Co, and Ni ions, while a weak absorption
peak around ∼500 cm−1 may correspond to octahedral coordi-
nation site.30 These features conrm that the dopant ions
predominantly occupy tetrahedral Zn2+ sites in the ZnO crystal
lattice.

The identication of functional groups such as O–H, Zn–O,
Ni–O, and Co–O bonds by FTIR analysis provides key insights
into the material's surface chemistry. The presence of surface
hydroxyl (O–H) groups is crucial for enhancing photocatalytic
activity, as they facilitate the formation of reactive hydroxyl
radicals under irradiation. Meanwhile, the conrmation of
metal–oxygen (M–O) bonds signies successful dopant inte-
gration into the ZnO matrix, which is essential for improving
electrical conductivity, charge carrier mobility, and interfacial
charge transfer processes. Together, these functional groups
enhance the electrochemical performance, catalytic activity,
and sensing ability of the co-doped ZnO materials. When
comparing these FTIR results to similar studies on doped SnO2

and TiO2,35,47,48 it is observed that ZnO exhibits more distinct
metal–oxygen vibrational features at lower wavenumbers, sug-
gesting stronger metal–oxygen bonding and higher defect
density due to doping. In contrast, doped SnO2 and TiO2 show
broader and less dened M–O peaks, reecting differences in
bonding nature and dopant incorporation mechanisms. This
comparison highlights ZnO's higher sensitivity to dopant-
induced local structural changes, which may contribute to
enhanced surface reactivity and catalytic efficiency but also
indicates a higher concentration of defect-related states. Such
structural features, revealed by FTIR, align with the XRD nd-
ings of increased lattice strain and conrm that functional
group incorporation plays a critical role in modulating the
optical, electronic, and catalytic properties of co-doped ZnO.

Photoluminescence (PL) spectroscopy. Photoluminescence
(PL) spectroscopy was employed to investigate the optical
properties and defect-related emissions of pure ans doped ZnO
samples. This technique provides insights into the band
structure, defect states, and recombination mechanisms, which
are critical for understanding the electrical and optical behavior
of ZnO-based materials.54 The PL emission spectrum of pure
ZnO nanoparticles exhibits a strong emission peak at 371 nm
(Fig. 10a), corresponding to the near-band-edge (NBE) emission
resulting from the radiative recombination of free excitons close
to the conduction band minimum and valence bandmaximum.
A weaker broad emission in the visible region (not shown
prominently) is typically attributed to deep-level emissions
(DLE) associated with intrinsic defects such as oxygen vacancies
and zinc interstitials.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Photoluminescence emission (a) and bandgap spectra (b) for
ZnO, Co-ZnO, Ni-ZnO, and NiCo-ZnO.

Table 4 Optical bandgap, emission wavelength and crystallite size of
samples

Sample
Bandgap
(eV)

Wavelength
(nm)

Crystal
size (nm)

ZnO 371 3.34 19.36
Ni-ZnO 378 3.28 15.07
Co-ZnO 365 3.39 13.36
NiCo-
ZnO

379 3.27 12.96
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Upon Ni doping, the PL emission peak shis to 378 nm,
indicating a red shi. This shi is ascribed to the introduction
of localized Ni2+ energy level within the bandgap, which facili-
tate additional recombination pathways and modify the elec-
tronic structure. The red shi suggests an increase in defect-
mediated recombination, possibly due to Ni-induced oxygen
vacancies or interstitial defects, enhancing non-radiative
centers. In contrast, Co-doped ZnO exhibits a PL peak at
365 nm, reecting a blue shi compared to pure ZnO. This shi
indicates increased band edge and enhanced excitonic recom-
bination, potentially arising from the Burstein–Moss effect,
where higher carrier concentrations lead to the lling of lower
energy conduction band states, thus increasing the apparent
optical bandgap. For NiCo co-doped ZnO, the PL peak is
observed at 379 nm, showing an overall red shi related to pure
ZnO. This shi can be attributed to synergistic effects of co-
doping, including increased structural distortion, higher
defect density and the formation of complex defect states (e.g.,
Zn interstitials interacting with Ni2+ and Co2+ ions). The co-
doping process enhances defect-induced recombination chan-
nels, which contributes to the observed red shi. The emission
peak shis and intensity variations indicate that dopant type
and co-doping signicantly inuence the recombination
dynamics, defect states, and electronic transitions in the ZnO
lattice. Factors such as dopant concentration, crystallite size,
© 2025 The Author(s). Published by the Royal Society of Chemistry
morphology, and crystal quality further modulate these optical
properties.

The optical bandgap energies derived from PL emission
peaks (Fig. 10b) show that pure ZnO has a bandgap of 3.34 eV,
while Ni doping reduces it to 3.28 eV, and Co doping increases it
to 3.39 eV. Interestingly, NiCo co-doping narrows the bandgap
further to 3.27 eV (Table 4). The reduction in bandgap upon Ni
and NiCo doping is attributed to increase defect density, oxygen
vacancies, and local structural disorder, which introduce defect
states within the bandgap, effectively lowering the optical
transition energy. Conversely, Co doping increases the bandgap
likely due to the Burstein–Moss shi. This effect occurs when
increased carrier concentrations ll the lower conduction band
states, requiring higher photon energy for optical transitions.
The bandgap tuning observed in these samples conrms that
dopant incorporation effectively modies the electronic struc-
ture of ZnO.

The optical modications revealed by PL analysis are closely
linked to the electrical conductivity and photocatalytic effi-
ciency of the doped ZnO materials. The introduction of defect
states, oxygen vacancies, and dopant-induced localized energy
levels facilitates charge carrier generation, transport, and
separation, improving photocatalytic activity under UV light.
Quantitatively, the reduced bandgap in Ni and NiCo-doped ZnO
(3.28 eV and 3.27 eV, respectively) suggests enhanced visible-
light absorption, potentially leading to higher photocatalytic
efficiency compared to pure ZnO. Previous studies have corre-
lated similar bandgap narrowing with increased photocatalytic
degradation rates in doped ZnO.35,40,48 Additionally, the
increased defect density implied by the red-shied PL peaks
and higher deep-level emissions enhances surface adsorption
sites and electron trapping, benecial for catalytic reactions and
improving electrical conductivity by providing additional carrier
pathways. When compared to doped SnO2 and TiO2,35,40,48 the
PL spectra of doped ZnO show more pronounced emission
shis and defect-related features, indicating that ZnO's wurtzite
structure is more sensitive to dopant-induced electronic and
structural modications. While SnO2 and TiO2 doping also
modulate PL emission and bandgap, the magnitude of change
is less pronounced, reecting differences in bonding environ-
ments and defect tolerance.

Microstructural morphologies of the materials. The surface
morphology of pure ZnO, Ni-doped ZnO, Co-doped ZnO, and
NiCo co-doped ZnO nanoparticles was examined using
RSC Adv., 2025, 15, 22730–22744 | 22739
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Fig. 11 SEM and EDX images of ZnO (a and b), Ni-ZnO (c and d), Co-ZnO (e and f), NiCo-ZnO (g and h) samples.
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scanning electron microscopy (SEM). Fig. 11a, c, e and g pres-
ents the SEM images of these samples, respectively. The SEM
image of pure ZnO (Fig. 11a) shows a randomly arranged
22740 | RSC Adv., 2025, 15, 22730–22744
morphology composed of irregularly shaped spherical and
hexagonal particles with varied size distribution. Upon doping,
the morphology undergoes subtle yet noticeable changes. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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SEM images of Ni-ZnO, Co-ZnO, and NiCo-ZnO (Fig. 11c, e and
g) reveal smaller particle sizes, and increased particle agglom-
eration compared to undoped ZnO. This morphological change
is attributed to dopant-induced lattice distortion and increased
surface energy, leading to enhanced particle aggregation. The
reduction in grain size, combined with higher aggregation
results in a greater surface area-to-volume ratio, intensifying the
attractive forces between nanoparticles and promoting
coalesence.55

Notably, co-doping with Ni and Co produces smaller, more
uniform, and densely packed ZnO nanostructures with
increased surface roughness, as evident in Fig. 11g. This
morphological renement is benecial for both photocatalytic
and energy storage applications. In photocatalysis, the higher
surface area and roughness facilitate enhanced light absorption
and increased active sites for catalytic reactions. For energy
storage, the smaller, more porous structures improve electrolyte
penetration and ion diffusion, thereby enhancing specic
capacitance and accelerating charge/discharge cycles, leading
to better electrochemical performance. The enhanced
morphologies of the tiny grains with hexagonal particles were
for co-doped ZnO.

When compared to doped SnO2 and TiO2,35,40,48 the
morphology of doped ZnO displays higher surface irregularity
and ner grain size under similar doping levels. This indicates
that ZnO's crystal structure is more susceptible to dopant-
induced grain size reduction and aggregation, which can
provide an advantage in applications requiring high surface
area.

Elemental composition analysis. The elemental composition
and dopant distribution were analyzed by energy-dispersive X-ray
spectroscopy (EDX), with the spectra shown in Fig. 11(b, d, f and
h) for ZnO, Ni-doped ZnO, Co-doped ZnO, and NiCo co-doped
ZnO nanoparticles, respectively. The EDX spectra conrm the
presence of Zn, Co, Ni, and O elements in the respective samples.
The analysis shows that zinc content decreases slightly in doped
samples, consistent with the partial substitution of Zn2+ by Ni2+

and Co2+ ions within the ZnO lattice.30,40 The measured compo-
sition indicate successful incorporation of dopants, though
minor stoichiometry deviation were observed, likely due to
surface adsorption of carbon contaminants from carbon tape
used during EDX measurement. Quantitatively, the EDX analysis
Fig. 12 UV-vis absorption spectrum (a) and Tauc plot for bandgap calcu

© 2025 The Author(s). Published by the Royal Society of Chemistry
show increased oxygen content in doped samples, attributed to
oxygen vacancies or interstitial oxygen associated with dopant
incorporation. The dilution effect and local defect formation
likely contribute to discrepancies between the actual and
nominal dopant concentrations.56

The morphological and compositional changes identied by
SEM and EDX have direct implications for electrical conduc-
tivity and photocatalytic performance. The smaller grain size,
increased surface area, and defect-rich structure promote more
active sites for charge transfer and catalytic reactions, while the
uniform dopant distribution enhances carrier mobility and
interfacial conductivity. These structural features align with
previous reports on doped ZnO, SnO2, and TiO2, where grain
size reduction and increased surface defects improve photo-
catalytic degradation rates and charge storage capacities.35,40,48

However, ZnO demonstrates greater morphological sensitivity
to doping, providing a higher density of reactive sites but also
a potential increase in recombination centers if not optimized.

UV-vis absorption spectroscopy. The optical properties of the
synthesized samples were investigated by UV-vis absorption
spectroscopy. Fig. 12a shows the UV-vis absorption spectrum of
the NiCo-ZnO sample, revealing a narrow absorption band
between 300 and 800 nm. This band arises from the photoex-
citation of electrons from the valence band to the conduction
band, a fundamental optical transition in semiconducting
nanomaterials.57

A blue shi in the absorption edge is observed for NiCo co-
doped ZnO (370 nm) compared to pure ZnO, suggesting
a modication of the band structure due to dopant incorpora-
tion. The observed color change upon doping, as reported by
others,58 further indicates alterations in electronic transitions
caused by the introduction of Ni2+ and Co2+ ions. The similar
ionic radii of Ni2+ (0.056 nm), Co2+ (0.058 nm), and Zn2+ (0.059
nm) facilitate their effective substitution into the ZnO lattice,
leading to lattice strain that contributes to the bandgap modi-
cation.59 Such strain, couple with increased defect density,
results in an altered optical absorption edge.60 Factors such as
particle size, lattice strain, grain boundaries, and carrier
concentrations, inuence this bandgap variation.60 The blue
shi observed in UV-vis spectra is attributed to the Brunstein–
Moss (BM) band lling effect, where increased carrier concen-
tration causes the Fermi level to shi closer to the conduction
lation (b) of NiCo-ZnO.

RSC Adv., 2025, 15, 22730–22744 | 22741
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Table 5 Optical bandgap comparison of doped ZnO materials

Material Dopant (s) Bandgap (eV) Ref.

Ni–Ag–ZnO Ni 3.2 58
ZnO : NiO : CuO Ni–Cu 2.02–2.90 59
Co doped ZnO Co 3.35 60
Co, Ni co-doped ZnO Ni, Co 3.16–3.37 61
Ni doped ZnO Ni 3.28–3.44 62
Co doped ZnO Co 3.29–3.25 63
TiO2 Co–S 2.52 48
NiCo-doped ZnO NiCo 3.35 Current study
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band, effectively widening the optical bandgap.61 Simulta-
neously, the co-doping process introduces localized states
within the band gap, further modifying the electronic structure.
Quantitatively, the optical band gap was calculated using a Tauc
plot (Fig. 12b) based on the relation (ahv)2 vs. photon energy
(hv), in which v is the incident light frequency, h is the Planck
constant, and a is the absorption coefficient,48 versus photon
energy (hv) was used to calculate the direct band gap of NiCo-
ZnO. The direct bandgap of NiCo-ZnO was determined to be
3.35 eV.

The optical bandgap values of the samples (Table 5) show that
pure ZnO has a bandgap of 3.34 eV. Upon Ni doping, the bandgap
narrows to 3.28 eV due to the formation of localized Ni2+ defect
states that facilitate recombination. In contrast, Co doping
increases the bandgap to 3.39 eV, reecting the Burstein–Moss
shi from increased electron density. Interestingly, co-doping
with Ni and Co leads to a measured bandgap of 3.35 eV, sug-
gesting a complex interplay between defect creation and carrier
density. The dominant Ni-induced bandgap narrowing is partially
offset by the Co-induced bandgap widening, resulting in an
intermediate bandgap value. The slight blue shi in UV-vis
absorption may also reect quantum connement effects from
smaller crystallite sizes or enhanced crystallinity.62,63 Compared to
doped SnO2 and TiO2,35,40,48 the optical bandgap of NiCo-ZnO (3.35
eV) is relatively higher, consistent with ZnO's wider intrinsic
bandgap. Both SnO2 and TiO2 exhibit lower bandgaps (2.5–3.0 eV),
and their doping effects result in smaller shis compared to ZnO.
This difference reects ZnO's greater susceptibility to dopant-
induced electronic modication and carrier density changes.

The increase in bandgap and carrier concentration in co-
doped ZnO enhances electron–hole separation and reduces
recombination, improving photocatalytic efficiency under UV
illumination. The higher carrier density, inferred from the
Burstein–Moss shi, also suggests enhanced electrical
conductivity through improved carrier transport pathways.
Previous studies report similar correlations between optical
bandgap, carrier concentration, and photocatalytic/electrical
performance in doped ZnO systems,35,40,48 supporting the role
of co-doping in tuning these properties. The optical properties
of the co-doped ZnO samples were tested across multiple
batches, showing consistent absorption edge and bandgap
values within ±0.02 eV, conrming good reproducibility. No
signicant spectral degradation was observed aer 30 days of
storage under ambient conditions, indicating satisfactory
optical stability under operating environments.
22742 | RSC Adv., 2025, 15, 22730–22744
Conclusions

In conclusion, the structural, morphological, and optical
characterization of pristine and doped ZnO nanoparticles
was successfully carried out using XRD, SEM, EDS, PL, FTIR,
and UV-vis spectroscopies, conrming the synthesis of phase-
pure ZnO doped with Ni, Co, and NiCo via the sol–gel
method. The XRD patterns conrmed the hexagonal wurtzite
structure without impurity phases, with minor peak shis
and slight broadening indicating effective dopant incorpo-
ration and induced lattice strain. SEM analysis revealed that
co-doping with Ni and Co led to smaller, more uniform
nanoparticles with enhanced surface morphology, benecial
for increasing active surface area. EDS conrmed the
successful incorporation of Ni and Co dopants and their
homogeneous distribution within the ZnO matrix, while FTIR
analysis identied the presence of Zn–O, Ni–O, and Co–O
bonds, validating chemical bonding changes induced by
doping. The optical properties, investigated by UV-vis and PL
spectroscopy, showed that co-doping signicantly inuenced
the bandgap and emission characteristics by introducing
defect states and localized energy levels. The observed
changes in optical absorption and emission indicate
enhanced charge carrier dynamics and modied electronic
structure, relevant for improving optoelectronic and photo-
catalytic performance. Importantly, the synthesis was guided
by a fuzzy logic simulation approach, which provided a ex-
ible, rule-based optimization method capable of handling
uncertainty and nonlinear relationships between synthesis
parameters and material properties. This simulation offered
a computationally efficient alternative to conventional opti-
mization methods, allowing simultaneous multi-parameter
tuning. The simulation results were validated by close
agreement with experimental data, conrming the reliability
and predictive power of the model. The reproducibility of the
synthesized co-doped ZnO samples was demonstrated by
consistent structural and optical properties across multiple
synthesis batches, while stability tests showed no signicant
degradation in optical absorption or emission aer pro-
longed storage under ambient conditions. Therefore, this
study provides valuable insights into the design and devel-
opment of doped ZnO nanomaterials for real-world applica-
tions in energy storage and sensing devices. The combination
of experimental and simulation approaches not only accel-
erates material discovery but also enables tailored property
optimization for specic energy-related applications, such as
supercapacitors, photocatalysts, and optoelectronic sensors.
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