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ABSTRACT
Solution combustion method (SCM), with urea as a fuel, is a convenient method to synthesize nickel 
oxide (NiO) nanoparticles. NiO nanoparticles have been characterized using UV–visible spectroscopy 
(UV–Vis), X-ray diffraction (XRD), scanning electron microscopy (SEM) with EDX, transmission electron 
microscopy (TEM), and BET surface area determination. The average size of the NiO nanoparticles is 
22 nm, and it has a band gap of 3.17 eV. It also showed a cubical assembly. Furthermore, the 
average size of NiO nanoparticles has been confirmed via TEM analysis, which is 25 nm. Malachite 
green (MG) and Janus green blue (JGB) dye degradation under solar irradiation could be prevented 
with synthetic NiO nanoparticles with the modification of catalytic concentration, pH, and the dye 
concentrations. The NiO nanoparticles demonstrated superior photocatalytic degradation against 
MG, and JGB as 97% and 96%. The catalyst concentration, pH, and dye concentration were varied 
with the aim to measure the degradation efficiency. A dye concentration of 1 × 10−4  mol/dm3 and a 
dye pH of 4 provided the most effective results.

NOVELTY STATEMENT
The novelty of this work lies in the integration of green chemistry with the NiO nanoparticles, 
which are prepared via a solution combustion method (SCM) utilizing urea as a fuel. As a 
nano-catalyst, NiO nanoparticles offer a nontoxic, cost-effective, and highly efficient alternative for 
the photocatalytic degradation of these dyes. The study systematically identifies the optimal 
operational parameters for dye degradation, including a dye concentration of 1 × 10−4 mol/dm3 and 
a pH of 4, while underscoring the environmentally benign synthesis of NiO nanoparticles.

1.  Introduction

Wastewater containing dye has harmful effects on aquatic 
life and poses major issues for neighboring water frames and 
soil organic matter (Saikumari et  al. 2019; Lin et  al. 2025). 
Innovative new techniques to secure safely available water 
from household, farming, and other sources of activity has 
become necessary due to the depletion of water reserves and 
over exploitation of water resources that already exist. The 
natural environment is at risk by the 25%–30% hazardous 
dyes discovered in wastewater from industries as pulp and 
paper, paints & varnishes, textiles, cosmetics, ink, and plas-
tics. As a result, scientists have dedicated considerable atten-
tion to developing methods for treating wastewater 
contaminated with these organic dyes. One of the biggest 
problems in the industries is color removal (Balarak et  al. 
2020). In addition to their inability to totally eradicate color, 
conventional treatment techniques have the potential to 
spread contaminants from one medium to another, being 
done with newer techniques. Photo catalysis has been 

demonstrated to be an effective, appropriate, and potentially 
beneficial method for reducing organic pollutants, particu-
larly dyes, in industrial wastewaters (Ahamed et  al. 2019; 
Bomila et  al. 2019; Balarak et  al. 2021). Because of their 
structural and functional characteristics, semiconductor 
photo catalysis stands out among the others as a promising 
technique.

Heterogeneous photocatalysis has been demonstrated to be 
an effective, appropriate, and potentially beneficial method 
for reducing organic pollutants, particularly dyes, in industrial 
wastewaters (Al-Musawi et  al. 2021; Jiang et  al. 2025). It is a 
useful mechanism for treating wastewater containing dyes 
because it transforms hazardous, poisonous contaminants into 
safe byproducts without endangering the environment 
(Balarak, Al Musawi, et  al. 2020; Balarak, Zafariyan, et  al. 
2020). As photo catalysts, a variety of metal oxide semicon-
ductors, like nickel (Saffarzadeh et al. 2019), titanium (Balarak 
et  al. 2021), zinc, copper, tin, zirconium, tungsten, and car-
bon nanotubes, as well as mixed compounds of bismuth, 
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silver are used in dye degradation, and heterotrophic denitri-
fication (Zhu et  al. 2023; Fardood, Ganjkhanlu, et  al. 2024; 
Fardood, Moradnia, and Aminabhavi 2024; Fardood, 
Moradnia, Zare et  al. 2024; Fardood, Moradnia, Ganjkhanlu, 
et  al. 2024). In a variety of fields, like photovoltaic devices, 
optoelectronics, photoelectric, drug delivery, capacitors, 
hydrogen storage, gas sensors, catalysts, battery, and hybrid 
capacitors, NiO nanoparticles have displayed use in everyday 
life. Its electrical conductivity, chemical stability, mechanical, 
thermal and magnetic characteristics make NiO nanoparticles 
a popular choice among these applications (Taghizadeh et  al. 
2018; Ebin 2018).

Nickel oxide nanoparticle can take various forms as parti-
cles, tubes, rods, spheres, belts, prism, ribbons, rings, sheets, 
and flakes in nano size during the synthesis (Faraji et al. 2023; 
Fardood, Ganjkhanlu, et  al. 2024; Fardood, Moradnia, and 
Aminabhavi 2024; Fardood, Moradnia, Zare et  al. 2024; 
Fardood, Moradnia, Ganjkhanlu, et  al. 2024). Trypan blue 
organic dye was degraded by Faraji et  al. (2023) to show how 
NiO nanoparticles could be prepared in an economical and 
environmentally responsible manner. The methods that can be 
used to create these nanoparticles include electrochemical, 
sol-gel, electro-deposition, thermo-chemical processing 
(Mansour and Mir 2017; Abd-El-Lateef et  al. 2020; Ahmad 
et  al. 2022; Jamil et  al. 2022; Sivagami and Asharani 2022; 
Hassan et  al. 2023; Salim and Tarabiah 2023; Fardood et  al. 
2024), solution combustion, and ultrasound-assisted leaching 
(Rao et  al. 2024). The SCM is thought to be normal, easy and 
quicker than other approaches and is considered for the syn-
thesis as well as for further studies. Because of the unique 
characteristics with respect to crystallite size, surface area and 
quantization effect etc. (Jamal et  al. 2011; Chaudhary et  al. 
2013; Yadav et  al. 2014).

In this work the sample pollutants were common textile 
dyes namely Malachite green and Janus green. Malachite 
green is a problematic antibacterial agent used in aquacul-
ture as well as a dye. Paper, leather, and silk are also dyed 
with a similar material. Cell biology and tissues are inves-
tigated with the microscope using it as a biological stain. 
MG is a harmful pollutant released from industries and 
lethal due to its potential carcinogenicity, mutagenicity, 
and teratogenicity. Similarly, Janus Green B is another 
basic dye and is used to stain mitochondria. These dyes 
generally irritate the eyes, affect respiratory system and 

also toxic to living organisms. Long exposure to these dyes 
may cause dermatitis, conjunctivitis and infect throat, 
nose, lungs etc. The preparation and characteristic analysis 
of NiO nanoparticles as well as the degradation of MG 
and JGB dyes in the presence of sunlight were considered 
to be the main objectives of this study. The experimental 
setup focuses on efficient degradation under mild condi-
tions, making the process more accessible for practical 
implementation.

2.  Materials and methods

2.1.  Materials

We received the chemicals from Sigma-Aldrich, such as and 
nickel nitrate Ni(NO3)2.6H2O (99% pure). The dyes, 
Malachite green (MG) (λmax 617 nm), and Janus green blue 
(JGB) (λmax 492 nm) were obtained from Sigma-Aldrich. 
The chemical structures of methylene blue and malachite 
green are shown in Figure 1. Acetone (98% pure), urea 
((NH2CONH2, 98% pure), and double-distilled water were 
purchased from Merck. The materials were used as 
such given.

2.2.  Synthesis of nickel oxide nanoparticles

Exploiting urea as a fuel and commercial nickel nitrate, the 
solution combustion method (SCM) is utilized to synthesize 
NiO nanoparticles. A deionized water has been to employed 
to dissolve nickel nitrate (10.96 g) and urea (6 g) to deter-
mine their stochiometric composition. In addition, the solu-
tion was burned in a muffle furnace that had been warmed 
to 600 °C. The resulting particles were employed for charac-
terization and photocatalytic activity after being cooled and 
finely milled. The resulting particles were employed in char-
acterization and degrading processes. The possible chemistry 
reaction is given below.

6Ni NO
3 2

10NH
2
CONH

2
6NiO 10CO

2
20H

2
O 16N

2( ) + → + + + ↑	(1)

As synthesized catalysts were characterized by different 
physio-chemical analytical methods and also the salient fea-
tures of the equipment’s are described.

Figure 1.  Chemical structures of (A) malachite green (MG), and (B) janus green blue (JGB).
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2.3.  Characterization

The NiO nanoparticles were characterized using XRD (6000, 
Shimadzu Scientific) for the determination of their miner-
alogical phase and crystalline structures. The SEM and TEM 
techniques made by Zeiss Auriga were explored to deter-
mine their morphologies, while the EDX was used to deter-
mine their elemental compositions. The SAED analysis also 
assisted to determine the crystallinity of the nanocomposites. 
The surface properties and functional groups present on the 
nanomaterials were investigated using BET (NOVA4200e, 
Quantachrome UK). Also, the pH point of zero charges 
(pHpzc) was carried out on the nano adsorbents of ZnWO4 
and ZnWO4@BCN/C using the salt addition method. Briefly, 
30 mL of 0.02 M NaCl solution was added to different bea-
kers, thereafter adjusting the pH values to 2, 4, 6, 8, 10, and 
12 using 0.02 M HCl and 0.02 M NaOH. 0.20 g of the nano 
adsorbents was added to each beaker and stirred using a 
magnetic stirrer at 250 rpm for 5 h. The solutions were 
allowed to settle and the final pH values were determined 
using a pH meter

3.  Result and discussion

3.1.  UV–visible absorption spectroscopy

NiO nanoparticles may effectively absorb UV light due to 
their bandgap. Tauc’s plot was used to calculate the bandgap. 
As indicated in Figure 2A, the bandgap for the NiO nanopar-
ticles was calculated by extrapolating the curve from the plot 
of (eV) against (αhv)2. There, the coefficient of optical absorp-
tion is denoted by α, whereas the frequency is indicated by ν. 
The resulted in NiO NPs’ absorption spectra can be seen by 
the extrapolated bandgap energy, which is calculated to be 
3.17 eV. According to the Tauc relation, which was presented 
by El-Kemary et  al., Puttaswamy et  al. (2018), Kumar et  al. 
(2019), and El-Latheef et  al., the band gap energy of NiO 
nanoparticles has been calculated to be 3.17 eV.

3.2.  XRD analysis

Figure 2B represents the XRD pattern of the NiO nanopar-
ticles. The diffraction peak was distinct and crystalline. 111, 

Figure 2.  (A) Tauc plot, (B) XRD pattern, and (C) FTIR spectra of the synthesized NiO nanoparticles.
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200, 220, 311, and 222 planes of NiO nanoparticles are 
denoted by the diffraction peaks 2θ of 37.2°, 43.2°, 62.2°, 
73.4°, and 77.8°, as well, with a lattice constant of 4.177 Å. 
The face-centered cubic structure with respect to JCPDS 
number (00-047-1049) indicates the crystalline nature of the 
catalyst, is also supported by the diffraction peaks of nickel 
oxide nano particles. Nonetheless, the particle size is 
impacted by the peaks’ broadening (Fardood et  al. 2024), 
reported a face-centered cubic structure of a similar sort. 
The average size of the NiO nanoparticles was determined 
using Scherrer’s method, and reported as 22 nm. The 
reported crystallite size (22 nm) and band gap (3.17 eV) sug-
gest that the synthesized NiO nanoparticles are well-suited 
for photocatalytic applications (Moradnia et  al. 2024), and 
the small particle size is beneficial for improving the cata-
lytic activity.

3.3.  FTIR analysis

Figure 2C shows the FTIR spectra of synthesized NiO 
nanoparticles, which show several significant absorption 
peaks. There were prominent peaks in 3423, 2345, 1624, 
1401, 665, and 444 cm−1. The absorption band in the 
region of 450–700 cm−1 is assigned to Ni–O stretching 
vibration mode and the broadness of the absorption band 
indicates that the NiO nanoparticles are nanoparticles. 
The wide band at 3423 cm−1 and 1624 cm−1 shows the 
presence of O–H and N–H groups. The peaks at 1401 cm−1 
are due to C–O stretching. Finally, the peak at 444 cm−1 
which falls within the range of metal-oxide stretching 
vibration confirms the formation of NiO nanoparticles 
(Qiao et  al. 2009).

3.4.  Morphological characterization

The surface composition as well as morphology of synthe-
sized NiO nanoparticles is shown in Figure 3. The SEM 
confirmation of the non-homogeneity and agglomeration 
among the particles is depicted in Figure 3A. EDAX con-
firmed the existence of NiO nanoparticles (Figure 3B). It 
was discovered that O and Ni had weight percentages of 
23.17% and 76.83%, respectively. The size and shape of the 
NiO nanoparticles were assessed by TEM is shown in Figure 
3C. The NiO nanoparticles are hexagonally aggregated and 
are non-homogeneous, as the TEM images demonstrate. The 
average particle size was within 10–25 nm. Inter planar spac-
ing (d) had been determined with SAED patterns (Figure 
3D). The lattice fringes of NiO nanoparticles are represented 
in Figure 3E. The distance that existed of the two bright 
areas was 4.021 nm, while the d-spacing was calculated to be 
0.23 nm. It was an acceptable agreement with the crystalline 
diameters and the results of the XRD (Puttaswamy 
et  al. 2018).

3.5.  Adsorption–desorption analysis

For nickel oxide, the calculated surface area can be calcu-
lated with the nitrogen adsorption-desorption method. The 
resultant isotherm was found to be similar to type IV behav-
ior (Figure 4A) and shows the characteristic pore dimen-
sions of <2 nm. The surface area of the synthesized nickel 
oxide nanoparticle was calculated to be 2.56 m2/g. Effectively 
enhancing photocatalysis, the measured surface area of NiO 
nanoparticles is directly proportional to the accessible sur-
face area. Figure 4B illustrates the pore size curve 

Figure 3.  Synthesized NiO nanoparticles; (A) SEM, (B) EDAX spectrum, (C) TEM, (D) SAED pattern, and (E) lattice fringes.
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distribution that has several peaks, indicating the existence 
of distinct pore size distributions within a 15 nm range. 
TEM confirmed the existence of distinct particle sizes. 
Within a range of 100 nm, the pore size distribution was dis-
covered (Liu et  al. 2025).

3.6.  Dye degradation experimental procedure

50 mL of distilled water were mixed with 0.025 g of MG and 
0.015 g of JGB dye to produce a stock solution. The 10 mL 
of dye from the stock solution were further diluted to 50 mL 
using double-distilled water for each experiment, and 0.01 N 
HCl was added to bring the pH decrease to 4. The whole 
system was set up on a magnetic stirrer and placed in to 
direct sunlight for 180 min. The average light intensity was 
estimated to be 925 × 100 Lux. A 5 mL sample was collected 
at every 30 min during the experiment for use in a UV-visible 
spectrophotometer to observe the degradation process. A 
100 mL was used for each batch experiment and side by side 
as a precautionary effect it has been closed by petri plates to 
avoid evaporation of the sample in direct sunlight (Al-Sehemi 

et  al. 2014; Zeng et  al. 2016; Arunachalam et  al. 2017; 
Santhosh et  al. 2020). The equation was used to calculate 
the percentage of degradation.

	 D A
0

A
t

A
0

100= −( ) ×/ 	 (2)

where; A0 is absorbance of the sample at the initial stage, 
and At is absorbance of the sample at time t (after 180 min).

3.6.1.  Influence of catalyst concentration
The effect of NiO nanoparticles loading on the removal of 
MG and JGB dye was investigated by increasing the catalyst 
concentration from 0.025 to 0.045 g with the dye concentra-
tion constant at pH 7 at 1 × 10−4 mol/dm3 (Figure 5A,B). The 
degradation efficiency enhanced as the concentration of NiO 
nanoparticles increased due to the increased amount of dye 
that was adsorbed on the NiO nanoparticles surface (Table 
1). The separation between the sample and the catalyst sur-
face decreased the degradation with further increases in cat-
alyst concentration. Agglomeration between the dye and 
NiO nanoparticles molecules lowers the amount of available 

Figure 4.  (A) N2 adsorption and desorption isotherm plot and (B) pore size distribution.

Figure 5. E ffect of catalyst concentration (0.025–0.045 g) on (A) MG, and (B) JGB degradation.
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and lessens light penetration through the solution (Babar 
et  al. 2019; Dhanalakshmi et  al. 2019; Honarmand et  al. 
2019; Saikumari et  al. 2019). Our results regarding heteroge-
neous photo catalysts are well correlated with those reported 
by Santhosh et  al. (2020). Therefore, the optimal load for 
the catalyst was found.

3.6.2.  Effect of pH
The ideal pH range for degrading MG and JGB dyes was 
found by varying it between 2 and 10, while maintaining a 
constant catalyst loading of 0.035 and 0.030 g/50 mL, and 
1 × 10−4 mol/dm3 as strength of the sample dye. Table 1 and 
Figure 6 present degradation pattern of dye samples. For 
both dyes, extent of degradation increased for pH 2–4 and 
decreased for pH 10. For both dyes, the greatest degradation 
percentage was attained for pH 4. Previous studies have 
reported findings similar to these (Boruah et  al. 2016; 
Santhosh et  al. 2020). Our findings showed that the acidic 
medium had a higher rate of MG and JGB degradation. 
Photoelectrons convert a significant amount of O2 into O2− 
radicals at acidic pH levels. The transfer of photoelectrons is 
facilitated by the positively charged surface of the photocat-
alyst. Due to the attractive electrostatic force between the 
dyes and the catalyst, a positive charge of the photo catalyst, 
the maximum amount of dye removal was achieved, increas-
ing overall percentage of adsorption and degradation (Shilpa 
et  al. 2020; Fu et  al. 2025). Nonetheless, the dyes’ degrada-
tion is aided by the production of OH-ions and their 
approach toward adsorption sites of the dye molecules on 
the NiO nanoparticles. The same factor as mentioned earlier 
reduces the degradation efficiency above the optimal pH 

(>4). Moreover, the catalyst’s amphoteric nature might be 
another factor contributing to the decline (Kale et  al. 2019; 
Isai and Shrivastava 2019).

3.6.3.  Effect of initial concentration of dye
The concentration of dye can be essential for the removal of 
dye samples from any solution. The concentration of MG 
and JGB dyes has been changed from 1 × 10−4 to 4 × 10−4 mol/
dm3, while the catalyst loading has remained constant at pH 
4 between 0.035 and 0.030 g/50 ml. The degradation % indi-
cated major results (Table 1 and Figure 7). As the dye con-
centration grew, it also increased the photocatalytic 
degradation efficiency. If the concentration of a specific dye 
increased more, the catalyst’s degrading activity decreased 
and the quantity of time required to complete the process 
increased. If concentrations increase to >2 × 10−4 mol/dm3, it 
is discovered that a sizable portion of the sample dye com-
pounds have been absorbed on the catalyst’s surface, limiting 
the entry of sunlight. The reverse effect is observed at min-
imal concentrations.

The catalyst produces fewer OH and superoxide radicals 
as a result of constant surface area, which results in fewer 
active sites (Duraimurugan et  al. 2019; Kakhki et  al. 2019; 
Nasiri et  al. 2019). The similar results have been observed 
with other colors (Shilpa et  al. 2019). The concentration of 
dye plays a crucial role in the removal process of dyes 
from an aqueous solution. For MG and JGB dyes, the con-
centration was varied between 1 × 10−4 and 4 × 10−4 mol/dm3 
while maintaining the same catalyst amount varying from 
0.035 to 0.030 g/50 mL at pH 4 experimentally. The per-
centage degradation results (as presented in Figure 7)  

Table 1. D egradation percentage of the analyzed samples.

S. No Catalyst concentration (g)

MG JGB pH MG JGB Dye concentration (mol/dm3) MG JGB

% degradation % degradation % degradation

1. 0.025 88.12 92.06 2 91.89 93.50 1 × 10-4 97.10 96.07
2. 0.030 – 95.39 4 97.10 96.07 2 × 10-4 86.98 90.98
3. 0.035 96.63 91.03 6 93.65 90.23 3 × 10-4 80.00 87.55
4. 0.040 91.04 87.40 8 89.03 87.43 4 × 10-4 71.41 84.39

Figure 6.  Influence of pH on (A) MG and (B) JGB samples.
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showed notable trends. The photocatalytic degradation effi-
ciency increased with dye concentrations up to 1 × 10−4 mol/
dm3. However, at concentrations exceeding 1 × 10−4 mol/
dm3 the time taken for the whole degradation increased 
and thereby overall efficiency decreased. This decline in 
activity at higher concentration is attributed to the accu-
mulation of a greater number of dye molecules onto the 
surface of the catalyst, which obstructs the light penetra-
tion into the solution. Conversely, at lower concentrations, 
the reduced availability of active sites due to the fixed sur-
face area of the catalyst leads to saturation, resulting in 
decreased generation of superoxide and hydroxyl radicals. 
Similar trends have been observed with other dyes, as 
reported in the literature (Duraimurugan et  al. 2019; 
Kakhki et  al. 2019; Nasiri et  al. 2019). The results showed 
a clear and efficient degradation of pollutants at an optimal 
pH (pH = 4), which suggests that the material is suitable 
for real-world applications under various conditions.

3.7.  Reuse of catalyst

The synthesized NiO NPs’ reusability was investigated, and 
the results demonstrated that during the consecutive cycles, 
the degradation efficiency for MG and JGB were 88.6% and 
77.9%, respectively (Figure 8). The bleaching of the surface 
of the nanoparticles, reduced surface area, and a small quan-
tity of catalyst loss while washing are the causes of the 
observed reduction in efficiency. With these limitations, the 
nanoparticles produced exhibited significant reusability and 
the potential for extensive water treatment applications 
(Santhosh, Yogendra, Madhusudhana et  al. 2020; Santhosh, 
Yogendra, Mahadevan, et  al. 2020). The study’s limitations 
include a narrow scope of pollutants tested (only MG and 
JGB), lacking long-term stability and reusability testing of 
NiO nanoparticles. Additionally, there is limited investiga-
tion into the degradation mechanisms, environmental impact, 
and the influence of external variables like light intensity 
and temperature on photocatalytic performance. Finally, the 
study uses a single synthesis method, and advanced charac-
terization techniques could provide more in-depth insights 
into the material’s properties.

4.  Conclusions

We used the SCM method to synthesize NiO nanoparticles. 
Analytical techniques verified the crystallite size, surface 
area, morphology and elemental composition and optical 
properties etc. and thus characterize the unique nature of 
synthesized nanoparticles. The crystallite size and Eg (band 
gap) of the cubic-structure catalyst were determined as 
22 nm and 3.17 eV. TEM confirmed that the particle size was 
less than 25 nm. The study inspected the efficacy of MG and 
JGB as pollutants in water, finding that both dyes degraded 
to their maximum extent at pH = 4. Furthermore, the NiO 
nanoparticles that was utilized to treat wastewater contami-
nated with MG and JGB showed increased photocatalytic 
activity in a quicker and more economical manner. In future 
this work can contribute to the development of more effi-
cient, stable, and scalable NiO nanoparticles as a promising 

Figure 7.  Influence of initial dye concentration on (A) MG and (B) JGB degradation.

Figure 8. R euse of catalyst.
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photocatalyst for wastewater treatment and environmental 
remediation.
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