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This research study illustrates that synthesizing nitrogen-doped ZnO (N–ZnO) nanoparticles using ultrasound is a viable 
alternative method for improving photocatalytic performance. Acoustic cavitation during ultrasonication leads to improved 
incorporation of nitrogen atoms, a decrease in crystallite size, and alteration of the electronic structure of the N–ZnO 
nanoparticles, which ultimately improves their catalytic properties. The N–ZnO nanoparticles synthesized by this method 
have been extensively characterized using XRD, FESEM, EDS, XPS, and UV-visible spectroscopy. XRD analysis 
confirmed the hexagonal wurtzite structure of ZnO with successful nitrogen incorporation, which induced lattice distortions 
and reduced crystallite size. FESEM analysis revealed irregular and non-uniform morphology of the N–ZnO crystallites. 
Moreover, the successful and uniform incorporation of nitrogen ions into the crystal lattice of the ZnO particles is confirmed 
by both EDS and XPS analysis. Additionally, UV-Visible spectroscopy indicated a significant red shift in the absorption 
edge and a reduction in the bandgap from 3.21 eV (ZnO) to 2.59 eV (N-ZnO), enhancing visible-light absorption. 
Furthermore, the photocatalytic activity of N-ZnO has been evaluated for malachite green (MG) dye degradation under 
various operating conditions. Among the samples, 3% N-ZnO exhibited a maximum degradation efficiency of 96.43% at a 
photocatalyst loading of 0.15 g/100 mL of dye solution, an initial dye concentration of 20 ppm, and pH 12. Kinetic analysis 
demonstrated that MG degradation followed pseudo-first-order reaction kinetics. Thus, the results of this study support the 
use of ultrasound-assisted synthesis as an effective method for the preparation of N-ZnO nanoparticles. 
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Introduction 
Rapid industrialization and urbanization over the 

past few decades have led to an increased discharge of 
synthetic dyes into water bodies, posing significant 
environmental and health challenges1. Malachite 
green (MG) is one of the most well-known synthetic 
dyes due to its extensive use in the textile, leather, and 
paper industries. Moreover, MG is known to be 
carcinogenic, mutagenic, and teratogenic, making its 
removal from wastewater a critical environmental 
concern2. Conventional water treatment methods often 
fall short of addressing these challenges effectively, 
necessitating the development of advanced and 
efficient technologies for dye degradation3,4. 

Photocatalysis has emerged as a promising solution 
for the degradation of dyes in water5,6. Zinc oxide (ZnO) 
is a widely studied photocatalyst due to its excellent 
photocatalytic properties, environmental friendliness, 

and cost-effectiveness7,8. However, pure ZnO has some 
limitations, including a wide bandgap (~3.37 eV) which 
restricts its photocatalytic activity to the UV region, 
accounting for only about 4% of the solar spectrum9,10. 
To enhance its photocatalytic performance under visible 
light, various strategies have been explored, among 
which doping with non-metals, such as nitrogen (N), has 
shown significant promise11. Nitrogen doping introduces 
new energy levels within the bandgap of ZnO, thereby 
narrowing the bandgap and extending the absorption 
edge into the visible region12. This modification 
improves the light-harvesting capability and enhances 
the separation efficiency of photogenerated electron-hole 
pairs, leading to increased photocatalytic activity. 
According to the literature, numerous studies have 
demonstrated the potential of N-doped ZnO (N-ZnO) in 
the degradation of various dyes, including Amaranth, 
Methyl Orange, Methylene Blue, Rhodamine 6G, and 
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Rhodamine B8,13–19. A detailed summary of these 
reported studies is provided in the Supplementary 
Information (Table S1). Although nitrogen-doped ZnO 
has been reported for the photocatalytic degradation of 
several organic dyes, its application toward malachite 
green degradation has not been previously published. 
Further, the synthesis method of the photocatalyst plays 
a crucial role in determining its structural and functional 
properties. Traditional methods, such as sol-gel, 
hydrothermal, and co-precipitation, are time-consuming 
and require high energy consumption20. Recently, 
ultrasound-assisted synthesis has gained attention due to 
its simplicity, efficiency, and ability to produce high-
quality nanomaterials with desirable properties. 
Ultrasound irradiation generates acoustic cavitation, 
leading to high local temperatures and pressures, which 
enhance chemical reactivity and promote the formation 
of uniformly doped nanoparticles with a high surface 
area and improved photocatalytic properties21,22. 

Most earlier studies rely on conventional synthesis 
routes, which offer limited control over dopant 
incorporation and defect formation. In the present work, 
an ultrasound-assisted synthesis approach is employed 
as a process intensification strategy to prepare nitrogen-
doped ZnO nanoparticles with varying weight 
percentages (1%, 3%, and 5%) and applied for the 
photocatalytic degradation of MG dye under sunlight. 
Additionally, this research focused on optimizing 
photocatalytic variables such as the type of 
photocatalyst, catalyst dosage, initial pH, and dye 
concentration using a one-parameter-at-a-time approach 
to enhance the efficiency of the degradation process. The 
synthesized N-ZnO nanoparticles were characterized 
using various analytical techniques to analyze their 
structural, optical, and photocatalytic properties. 
Furthermore, the dye degradation mechanism of MG has 
also been proposed. To the best of the authors 
knowledge, this is the first study reporting the 
ultrasound-assisted synthesis of nitrogen-doped ZnO and 
its application for the degradation of malachite green 
dye under sunlight. This work clearly shows how 
ultrasound-based process intensification improves 
material properties and enhances photocatalytic 
performance. 
 
Experimental Section 
 
Materials 

The materials used in this study included analytical-
grade zinc acetate dihydrate [Zn(CH3COO)2ꞏ2H2O, 
purity 98%], urea (NH2CONH2, purity 99%), and 

sodium hydroxide pellets (NaOH, purity 99%), which 
were procured from Merck, India. The MG dye was 
purchased from Sigma-Aldrich and used as a target 
pollutant in the photocatalytic degradation process. The 
detailed properties of the MG dye are summarized in 
Table 123. All reagents were used as received, without 
further purification. The experiments were conducted 
using double-distilled water as the solvent. 
 

Ultrasound-assisted synthesis of ZnO nanoparticles 
To synthesize pure ZnO nanoparticles, 0.1 mol of 

zinc acetate dihydrate was initially dissolved in  
50 mL of double-distilled water. The solution was 
sonicated for 30 min to ensure complete dissolution of 
all components. Subsequently, a 2 M sodium hydroxide 
solution was added dropwise to the zinc acetate solution 
until the pH reached 7, leading to the formation of a 
white precipitate. The mixture was then sonicated for an 
additional 30 min. The precipitate was then washed with 
distilled water, filtered, and dried in a hot air oven at 
100°C for six hours. The dried precipitate was further 
ground using a mortar and pestle. Finally, the 
nanoparticles were annealed in a muffle furnace at 
500°C for two hours to obtain the desired final product 
of ZnO nanoparticles. 

The same procedure was followed for nitrogen-
doped ZnO nanoparticles, with urea added as a  
dopant in varying amounts (1, 3, and 5 wt%) during 
the initial synthesis stage. Fig. 1 shows a detailed 
schematic of the N-doped ZnO synthesis process. 
 

Photocatalytic degradation of MG dye 
The photocatalytic batch experiments were carried 

out in a 250 mL conical flask under direct sunlight 
exposure to evaluate the photocatalytic activity of the 
synthesized N–ZnO nanoparticles for the degradation 
of MG dye. The experiments were performed during 
the month of May within a fixed daily time window 
(11:00 a.m. to 2:00 p.m.) under clear sky conditions to 
minimize variations in sunlight intensity. The average 
solar irradiance during the experiments was measured 

Table 1 — Detailed properties of MG Dye 
Chemical Name Malachite Green 

Chemical Formula C23H25ClN2 
Molecular Weight 364.92 g/mol 

IUPAC Name 
4-[(4-dimethylaminophenyl)-phenyl-
methyl]-N,N-dimethylaniline chloride 

Structure Triphenylmethane-based dye 
Appearance Green crystalline powder 
Solubility Soluble in water, ethanol, and acetone 
Type of Dye Cationic (Basic) Dye 
Absorption (λmax) ~ 615–620 nm in aqueous solution 
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(approximately 80000 to 100000 lux) using a lux meter 
and maintained at comparable levels for all runs. 
Initially, a specific quantity of N-ZnO nanoparticles 
was added to a 100 mL solution containing 20 ppm of 
the dye. This mixture was vigorously stirred in the 
absence of light for 30 min to establish adsorption-
desorption equilibrium. Subsequently, 4 mL aliquots 
were extracted from the reaction mixture, and 
subjected to centrifugation at 5000 RPM, after which 
absorbance of the resulting supernatant was measured 
at a wavelength of 617 nm using a UV-Visible 
spectrophotometer to determine the concentration of 
MG dye. The percentage removal of MG dye was 
determined using the following equation24: 

 

%  decolourization ൌ ቀ1 െ
େ

େబ
ቁ ൈ 100               …(1) 

 
In this equation, C0 and C represent the initial and 

final concentrations of MG dye, respectively. Similar 
experiments were conducted under varying 
conditions, including the type of photocatalyst  
(1,3 and 5% N-ZnO), catalyst loading (ranging  
from 0.05 g to 0.2 g per 100 mL dye solution), dye 
concentration (ranging from 10 ppm to 40 ppm), and 
pH levels (2, 7, and 12). The objective was to identify 
the optimal conditions that would yield the highest 
level of MG dye decolorization. All comparative 
photocatalytic experiments were conducted within the 
same daily time window and under similar solar 
irradiance conditions to ensure a fair comparison of 
photocatalytic performance among the samples. 

 

Characterization  
The crystallographic characteristics of all synthesized 

nanoparticles were examined using X-ray diffraction 

analysis (Rigaku Mini-Flex X-ray diffractometer). The 
nanoparticle's surface morphology and elemental 
composition were analyzed using a Field Emission 
Scanning Electron Microscope (FESEM, Carl Zeiss, 
Germany) equipped with an energy-dispersive X-ray 
Spectroscopy (EDS) detector. The chemical states and 
elemental composition were identified using an XPS 
spectrophotometer (Thermo Fisher). Additionally, the 
UV-visible spectra of the samples were recorded using a 
Lab India UV-3200 spectrophotometer. 
 

Results and Discussion 
 

Characterization of ZnO and Nitrogen-doped ZnO (N-ZnO) 
nanoparticles (1%, 3%, and 5%) 
 

XRD analysis 
Fig. 2 illustrates the XRD patterns of pure ZnO and 

nitrogen-doped ZnO nanoparticles (1%, 3%, and 5%). 

 
 

Fig. 1 — Schematic synthesis of N-ZnO (1, 3 and 5%) samples 
 

 
 

Fig. 2 — XRD pattern of ZnO and N-ZnO (1% NZ, 3% NZ, and 
5% NZ) nanoparticles 
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The XRD patterns exhibit characteristic diffraction 
peaks at 2θ values of 31.88°, 34.46°°, 36.35°, 47.64°, 
56.69°, 62.94°, 68.34°, and 69.04° corresponding to 
the (100), (002), (101), (102), (110), (103), (112), and  
(201) planes of the hexagonal wurtzite structure, 
respectively25. The XRD patterns of N-doped ZnO 
nanoparticles exhibit similar peak positions to those 
of pristine ZnO, indicating that the doping process 
does not significantly alter the primary crystal 
structure of ZnO. However, slight shifts in peak 
positions and variations in peak intensities confirm 
the incorporation of N ions into the ZnO lattice, 
which induces lattice distortion. Furthermore, the 
average crystallite sizes of the synthesized samples 
were calculated using the Debye–Scherrer equation26. 
The estimated crystallite sizes for ZnO, 1% NZ, 3% 
NZ, and 5% NZ were 19.62, 18.36, 17.67, and 16.92 
nm, respectively. The crystallite size decreases from 
19.62 nm (ZnO) to 16.92 nm (5% N–ZnO), which is 
beneficial for photocatalysis as smaller crystallites 
provide higher surface area and more active sites for 
dye degradation. 
 

FESEM and EDS analysis 

The morphological characteristics of ZnO and  
N-ZnO nanoparticles were analyzed using FESEM 
images, as shown in Fig. 3 (a, c, e, g). The 
incorporation of nitrogen did not result in significant 
changes to the overall morphology compared to pure 
ZnO nanoparticles. All samples exhibited irregular 
and non-uniform shapes. However, with increasing 
nitrogen content, further distortion in particle shape 
and random orientation of nanoparticles were 
observed. The average size of the ZnO nanoparticles 
was approximately 210±50 nm, while N-ZnO samples 
exhibited an average size of around 270±50 nm, 
consisting of smaller aggregated nanoparticles. 

Furthermore, Fig. 3(b, d, f, h) presents the EDS 
spectra of undoped and N-ZnO nanostructures. The 
spectra confirm the presence of Zn, O, and N, verifying 
the successful incorporation of nitrogen into the ZnO 
matrix.The EDS is limited in its ability to accurately 
identify and measure light elements such as nitrogen, 
especially when they are present in low amounts. 
Therefore, the nitrogen detected by EDS is near its 
limit of detection and should only be considered as 
evidence of N incorporation in a qualitative sense. A 
comprehensive EDS analysis of ZnO and N-ZnO 
nanoparticles is provided in Table 2. Additionally,  
Fig. 4 depicts the EDS mapping of N-ZnO 
nanostructures, specifically for the 5%NZ  

sample, providing further evidence of the uniform 
distribution and successful nitrogen doping within the 
ZnO matrix. 

 
XPS analysis 

The XPS spectrum of N-ZnO (5%NZ) nanoparticles 
is shown in Fig. 5. The survey spectrum revealed peaks 
corresponding to Zn, O, and N, with no detectable 
impurities, indicating high sample purity. The Zn 2p 
peaks at ~1021.5 eV and ~1044.6 eV correspond to Zn2+ 
in the ZnO lattice. The O 1s spectrum exhibited a 
dominant peak at ~530.2 eV, attributed to lattice oxygen, 
and a secondary peak at ~531.6 eV, corresponding to 
oxygen defects or surface-adsorbed species. Importantly, 
the N 1s spectrum displays a distinct peak at ~348.8 eV, 
which is characteristic of substitutional nitrogen  
(N–ZnO), confirming that nitrogen is incorporated into 
the ZnO lattice27. These results confirm the successful 
doping of nitrogen into ZnO, leading to potential 
modifications in the electronic structure and an 
enhancement in photocatalytic activity. 

 
UV-visible analysis 

The UV-visible absorption spectra of pure ZnO and 
N-ZnO were analyzed, as shown in Fig. 6. A 
significant redshift (Fig. 6a) in the absorption edge of 
N-ZnO photocatalysts was observed compared to pure 
ZnO, indicating a band gap reduction. This redshift is 
attributed to the introduction of localized energy 
states within the band gap due to the incorporation of 
N ions28. 

The optical band gap of the photocatalysts was 
calculated using the Tauc plot method. The Tauc plot 
analysis (Fig. 6b) revealed a decrease in the band gap 
from 3.21 eV for pure ZnO to approximately 2.59 eV  
for N-ZnO. This reduction in the band gap enhances  
the absorption of UV light, promoting the generation  
of electron-hole pairs and thereby improving  
the photocatalytic performance of the N-ZnO 
photocatalysts. 
 
Photocatalytic activity  
 
Effect of photocatalyst  

The effect of different photocatalysts (ZnO, 1% 
NZ, 3% NZ, and 5% NZ) on MG dye degradation  
was evaluated, as shown in Fig. 7. The results 
revealed that nitrogen doping consistently enhanced 
degradation efficiency, though the extent of 
enhancement depended on the doping concentration. 
Increasing the doping concentration up to 3% 
significantly improved the removal efficiency, rising 
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from 41.35% to 90.06%. The increase in degradation 
percentage may be due to the reduction in electron-
hole recombination as doping of ZnO with nitrogen 
introduces a new energy level  below  the   conduction  
band. However, a further increasing the concentration 
to 5% led to a slight reduction in removal  

efficiency to 81.56%. This might be due to the 
creation of excess oxygen vacancies which provide 
the recombination centers for the electrons and 
holes29. Based on these findings, 3% NZ was 
identified as the optimal photocatalyst for MG dye 
degradation. 

 
 

Fig. 3 — FESEM and EDS analysis of ZnO (a,b), 1% NZ (c,d), 3% NZ (e,f), and 5% NZ (g,h) nanoparticles 
 



DHAKARE et al.: NITROGEN-DOPED ZnO PHOTOCATALYST FOR MALACHITE GREEN DEGRADATION 
 
 

251

Effect of catalyst loading 
Fig. 8 illustrates the influence of photocatalyst 

loading on MG dye degradation at an initial 
concentration of 20 ppm. The photocatalyst dosage 
was varied from 0.05 g to 0.2 g per 100 mL (0.5 to  
2 g L-1) dye solution to determine the optimal loading. 
Optimizing the dosage is critical for maximizing 
sunlight absorption, which is essential for effective 
MG dye degradation. However, excessive catalyst 

loading causes aggregate formation in the reaction 
medium, reducing photocatalytic efficiency under 
sunlight. The optimal photocatalyst dosage of 0.15 g 
achieved a maximum MG dye degradation of 90.72%. 
The degradation efficiency increased from 40.34% to 
90.72% over 90 min as the catalyst dosage increased 
from 0.05 g to 0.15 g. This improvement is attributed 
to the higher number of active sites available at 
increased photocatalyst loadings, facilitating 
enhanced adsorption and degradation  
of MG dye. However, an increase in catalyst  
dosage to 0.2 g slightly reduced the degradation 
efficiency to 81.75%. This decline is attributed to 
photocatalyst particle aggregation at higher dosages, 
reducing the surface area available for photocatalytic 
reactions. Additionally, at higher dosages, the  
reaction mixture becomes opaque, hindering  
sunlight penetration and limiting photocatalyst 
activation, ultimately reducing its photocatalytic 
activity30,31. 

 
Effect of initial dye concentration 

The influence of the initial concentration of MG 
dye on its degradation using a 3% NZ photocatalyst 
was investigated at varying concentrations of 10, 20, 
30, and 40 ppm. The results, presented in Fig. 9, 
reveal that the percentage of MG dye degradation 
efficiency increased as the concentration rose from  
10 ppm to 20 ppm. However, beyond 20 ppm, a 
decline in degradation efficiency was observed with 
further increases in dye concentration. Specifically, 
the highest degradation efficiency of 90.17% was 
recorded at 20 ppm, which then decreased to 80.06% 
at 40 ppm. This trend can be attributed to the reduced 
ratio of accessible active sites to the initial dye 
concentration at higher concentrations, which limits 
the degradation rate due to the insufficient availability 
of catalytic surface area32. 

 
 

Fig. 4 — Elemental mapping of 5%NZ sample 
 

 
 

Fig. 5 — XPS spectrum of 5%NZ sample 
 

Table 2 — Detailed EDS analysis of ZnO and N-ZnO samples 

Sample Elements Wt% 

ZnO 
Zn 77.2 
O 22.8 

1% NZ 
Zn 79.2 
O 20.6 
N 0.2 

3% NZ 
Zn 76.6 
O 22.9 
N 0.5 

5% NZ 
Zn 70.3 
O 28.3 
N 1.4 
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Effect of initial pH  
The effect of pH on the degradation of MG dye 

using N-ZnO photocatalyst is a critical parameter, as 
pH significantly impacts the surface charge of the 
photocatalyst. The degradation efficiency of MG dye 

was investigated at pH values of 2, 7, and 12, as 
illustrated in Fig. 10. These pH conditions were 
selected  primarily for  mechanistic  understanding of  
the photocatalytic process. The results revealed that MG 
dye degradation was more efficient under basic 
conditions compared to acidic ones. At an acidic pH of 
2, the degradation efficiency was recorded at 40.95%. 
This lower efficiency can be attributed to the protonation 
of the N-ZnO surface, leading to a positively charged 
surface. Since MG is a cationic dye, electrostatic 
repulsion between the dye molecules and the positively 
charged photocatalyst surface inhibits adsorption, 
consequently reducing degradation efficiency. 
Conversely, at higher pH values in the basic range, the 
surface of N-ZnO becomes negatively charged due to 
deprotonation. This negative surface charge facilitates 
the adsorption of MG dye molecules through 
electrostatic attraction, significantly enhancing 
degradation efficiency. Moreover, the basic environment 
promotes the generation of hydroxyl radicals (•OH), 

 
 

Fig. 6 — (a) UV-visible spectra (b) Tauc- plot of ZnO and N-ZnO nanoparticles 
 

 
 

Fig. 7 — Effect of different photocatalyst (experimental conditions:
photocatalyst loading 0.1 g, dye concentration 20 ppm, pH 7)  

 

 
 

Fig. 8 — Effect of photocatalyst loading (experimental conditions:
3% NZ photocatalyst , dye concentration 20 ppm, pH 7)  

 

 
 

Fig. 9 — Effect of dye concentration (experimental conditions:
3% NZ photocatalyst, photocatalyst loading 0.15 g, pH 7)  
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which are highly reactive species crucial for the 
breakdown of dye molecules. The highest degradation 
efficiency of 96.43% was observed at a basic pH of 12, 
highlighting the favourable role of alkaline conditions in 
photocatalytic dye degradation29. Although alkaline pH 
enhances photocatalytic activity, operating under 
strongly alkaline conditions is not considered 
economically viable or environmentally sustainable for 
large-scale wastewater treatment due to the additional 
chemical consumption required for pH adjustment. 
 
Effect of different processes 

Fig. 11 shows the effect of different processes  
on the degradation of MG dye, which was investigated 
at optimized conditions. The experiments were 
conducted with a photocatalyst loading of 0.15 g, an 
initial dye concentration of 20 ppm, and a pH of 12. 
Among the processes studied, photolysis alone resulted 
in negligible dye degradation, indicating the limited 
ability of light irradiation to degrade MG dye in  
the absence of a photocatalyst. In contrast, ZnO 
photocatalysis demonstrated a significant improvement 
in degradation efficiency due to the generation of 
reactive oxygen species under light irradiation. 
However, the highest degradation efficiency was 
achieved using 3% N-ZnO as the photocatalyst, which 
exhibited superior activity due to its enhanced light 
absorption, improved charge separation, and increased 
generation of hydroxyl radicals (•OH) in the alkaline 
medium. This highlights the synergistic role of nitrogen 
doping in improving the photocatalytic performance of 
ZnO for MG dye degradation 

Additionally, the time-dependent UV-visible 
spectra of MG dye were studied under optimized 

conditions using the 3% N-ZnO photocatalyst  
(Fig. 12). The spectra were recorded at regular time 
intervals to monitor the decrease in the characteristic 
absorption peak of MG dye, typically observed at 
around 617 nm. At the beginning of the reaction, the 
peak was sharp and intense, indicating a high 
concentration of MG dye in the solution. Over time, 
with the application of the 3% N-ZnO photocatalyst 
under light irradiation, the peak gradually decreased 
as the dye molecules were decomposed. 
 
Kinetic study of different photocatalysts at optimized 
conditions 

The degradation kinetics of MG dye were 
examined for pure ZnO and N-ZnO catalysts under 
their respective optimum reaction conditions 

 
 

Fig. 10 — Effect of pH (experimental conditions: 3% NZ
photocatalyst , photocatalyst loading 0.15 g, dye concentration 20
ppm)  

 

 
 

Fig. 11 — Effect of different processes (experimental conditions: 3%
NZ photocatalyst, photocatalyst loading 0.15 g, dye concentration 20
ppm, pH 12)  

 

 
 

Fig. 12 — Time-dependent UV spectra at optimized conditions
(experimental conditions: 3% NZ photocatalyst, photocatalyst
loading 0.15 g, dye concentration 20 ppm and pH 12)  
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(photocatalyst loading 0.15 g, dye concentration  
20 ppm and pH 12), as shown in Fig. 13(b). The 
pseudo-first-order kinetic model, which is frequently 
used for heterogeneous photocatalytic reactions at low 
dye concentrations, was used to examine the kinetic 
data. This pseudo-first-order kinetic model is 
expressed as follows7: 

 

𝑙𝑛 ቀ
஼బ
஼
ቁ ൌ 𝑘𝑡     . ..(2) 

 
Where ‘t’ is the irradiation period, ‘k’ is the 

pseudo-first-order rate constant (min⁻¹), and ‘C0’ and 
‘C’ are the initial and instantaneous dye concentrations, 
respectively.  

The linear ln(C0/C) versus time(t) plots shown in 
Fig. 13(b) indicate that all catalysts degrade  
MG dye according to pseudo-first-order kinetics.  
Pure ZnO has the lowest slope, so it has the lowest k, 
indicating that it has relatively poor kinetics for 
degrading MG. On the other hand, as we increase  
the doping amount of nitrogen in N-ZnO from  
1% to 3%, the slope of the linear plot becomes  
steeper with increasing ‘k’, indicating accelerated 
kinetics. However, the 5% N-ZnO sample has a 
smaller slope than the 3% N-ZnO catalyst, indicating 
that severe nitrogen doping may result in 
recombination centers that prevent charge separation. 
The calculated rate constants, summarized in Table 3, 
clearly follow the order 3% N–ZnO > 5% N–ZnO > 
1% N–ZnO > ZnO. 

Mechanism 
The degradation of MG dye using N-ZnO 

photocatalyst occurs through a photocatalytic 
mechanism driven by light irradiation (shown in  
Fig. 14). When exposed to light, N-ZnO absorbs 
photons, promoting electrons (e⁻) from the valence 
band to the conduction band and creating electron-
hole pairs (e-/h+). Nitrogen doping reduces the 
bandgap of ZnO, improving its visible-light 
absorption and extending its photocatalytic activity. 
The photogenerated holes (h⁺) in the valence band 
react with water to form hydroxyl radicals (OH•). 
Simultaneously, the electrons (e⁻) in the conduction 
band reduce dissolved oxygen molecules to form 
superoxide radicals (O2

⁻•). These reactive oxygen 
species (OH•and O2

⁻•) attack the MG dye molecules, 
breaking their chromophoric structures and  
ultimately leading to the mineralization of the dye 
into simpler, non-toxic compounds like CO2 and H2O. 
The enhanced charge separation and reduced 
recombination of e-/h+pairs due to nitrogen doping 
play a critical role in improving the efficiency of MG 
dye degradation33. 
 
Radical scavenger study  

Experiments involving radical scavengers were 
conducted to examine the principal reactive species 
involved in photocatalytic degradation using 3% N-ZnO 
nanoparticles, as illustrated in Fig. 15. The photocatalyst 
demonstrated a high degradation efficiency (96.43%) 
when no scavenger was present. To evaluate how 

 
 

Fig. 13 —  (a) Effect of different photocatalysts on MG dye degradation and (b) pseudo-first-order kinetic plots (ln C₀/C vs. time) under 
optimized conditions (3% N–ZnO photocatalyst, catalyst loading: 0.15 g, dye concentration: 20 ppm, pH 12) 
 

Table 3 — Pseudo-first-order kinetic parameters for MG dye degradation over ZnO and N-ZnO photocatalysts 
Photocatalyst Linear fit Equation Rate Constant (k) R2 Value Relative Kinetic Performance 

Pure ZnO y = 0.0114 x 0.0114 0.9929 Lowest 
1% NZ y = 0.0225 x 0.0225 0.9934 Moderate 
3% NZ y = 0.0404 x 0.0404 0.9842 Highest 
5% NZ y = 0.0301x 0.0301 0.9944 Lower than 3% NZ 
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individual radicals affect  photocatalytic   degradation,  
isopropyl alcohol (IPA) and benzoquinone (BQ) were 
added to the reaction system as scavengers for hydroxyl 
radicals (OH•) and superoxide radicals (O2

⁻•), 
respectively. Upon introducing IPA into the reaction 

mixture, the degradation efficiency decreased 
significantly, clearly showing that hydroxyl radicals are 
the primary reactive species contributing to the 
degradation process. In contrast, the introduction  
of BQ also reduced the degradation efficiency 
significantly, indicating the contribution of superoxide 
radicals. While both IPA and BQ reduced the 
degradation efficiency significantly, the reduction 
caused by IPA was greater than that caused by BQ; 
therefore, it can be concluded that the dominant radical 
species are OH• radicals and the secondary species are 
O2

⁻• radicals. Overall, the radical scavenger experiments 
confirm that the enhanced photocatalytic activity of 3% 
N-ZnO nanoparticles was mainly attributed to the 
presence of hydroxyl radicals with some contribution 
from superoxide radicals. 
 
Reusability and stability 

To evaluate the recyclability and long-term stability  
of the synthesized 3%NZ photocatalyst, a cyclic 
degradation experiment was conducted under solar 
irradiation.The degradation efficiency of MG dye using 
the 3%NZ photocatalyst was systematically monitored 
over four cycles, with the corresponding results depicted 
in Fig. 16(a). Following each degradation cycle, the 
photocatalyst was recovered through centrifugation to 
ensure minimal loss of active material. To eliminate  
any residual organic contaminants, the recovered 
photocatalyst underwent a thorough washing, involving 
sequential rinsing with acetone and deionized water 
three times. Subsequently, the washed photocatalyst was 
subjected to drying at 90°C for 2 h to remove any 
adsorbed moisture and volatile components. The 
regenerated photocatalyst was then reused in subsequent 
degradation cycles under identical experimental 
conditions to assess its performance over repeated 

 
 

Fig. 14 — Proposed Mechanism of MG Dye Degradation by
N-ZnO 

 

 
 

Fig. 15 — Radical scavenger study for MG dye degradation using 
3% N–ZnO photocatalyst 

 
 

Fig. 16 — (a) Reusability and stability of 3% N–ZnO photocatalyst for MG dye degradation over four cycles and (b) XRD patterns of
fresh and reused photocatalyst 
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applications. The recorded MG degradation efficiencies 
over four successive cycles were 96.43%, 91.2%, 
85.48%, and 82.81%, respectively. Further, the XRD 
analysis of the photocatalyst used for photocatalytic 
reaction revealed no changes to the ZnO crystal structure 
when compared to the fresh sample, demonstrating 
excellent structural stability during the multiple 
photocatalytic use of the catalyst as shown in Fig. 16(b). 
A progressive decline in degradation efficiency was 
observed with increasing cycles, which can be attributed 
to several factors. Primarily, the adsorption of organic 
intermediates and degradation by-products on the 
photocatalyst surface can partially deactivate active sites, 
thereby reducing its overall photocatalytic activity. 
Additionally, minor losses of the photocatalyst during 
the recovery and washing processes could contribute to 
the observed decrease in efficiency. Furthermore, 
prolonged exposure to reaction conditions may induce 
structural or morphological changes in the photocatalyst, 
affecting its reusability. The lack of post-reaction SEM 
and XPS analysis is a limitation of this study and will be 
considered in future investigations. 
 
Chemical Oxygen Demand analysis 

Chemical oxygen demand (COD) analysis was 
performed utilizing 3% N–ZnO photocatalyst under the 
optimized photocatalytic conditions to assess the total 
amount of oxidizable organic material in a treated MG 
dye solution. COD of the MG dye solution prior to and 
after degradation has been estimated. The initial COD of 
the dye contaminant was found to be 245 mg/L, while 
the final COD after degradation was 48 mg/L,  
which reflects a COD reduction of approximately 
80.40%. This significant decrease in COD values  
after photocatalysis supports the conclusion that the 
chromophoric molecules of the MG dye not only 
underwent decolourization but also partially oxidized to 
form smaller and simpler molecules. 

 
Conclusion 

In this study, pure ZnO and nitrogen-doped ZnO 
(N-ZnO) photocatalysts were successfully synthesized 
using an ultrasound-assisted method and exhibited 
exceptional performance in the degradation of MG 
dye. XRD analysis confirmed the retention of the 
hexagonal wurtzite structure of ZnO with nitrogen 
doping, accompanied by a reduction in crystallite  
size, enhancing surface area and active sites for 
photocatalytic reactions. FESEM and EDS analyses 
demonstrated consistent morphology and successful 
nitrogen incorporation, while XPS analysis confirmed 

the substitutional doping of nitrogen into the ZnO 
lattice, contributing to modifications in the electronic 
structure. UV-Visible spectroscopy and Tauc plot 
analysis revealed a significant red shift and bandgap 
reduction, enabling better light absorption in the 
visible range. Photocatalytic experiments showed that 
N-ZnO nanoparticles, particularly at 3% doping, 
achieved a maximum degradation of 96.43%, due to 
improved charge separation, enhanced hydroxyl radical 
generation, and favourable adsorption characteristics 
under basic conditions (pH 12). Furthermore, kinetic 
analyses demonstrated that MG dye degradation 
followed a pseudo-first-order reaction model. Radical 
scavenger tests revealed that hydroxyl radicals were 
the primary reactive species, with superoxide radicals 
playing a minor role in the breakdown process. In 
addition, COD measurement revealed a large 
reduction (~80.40%), showing that the dye molecules 
were not only decoloured but also mineralized into 
simpler and less hazardous compounds. 
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