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A B S T R A C T   

Pristine and nitrogen (N) doped zinc oxide (ZnNxO1-x, x = 0, 0.005, 0.01, and 0.02) nanoparticles 
(NPs) were successfully synthesized using chemical co-precipitation approach. The formation of 
pure crystalline wurtzite ZnO phase without any second phase during N-doping was confirmed by 
X-ray diffraction (XRD) analysis of N-doped ZnO samples. X-ray photoelectron spectroscopic 
(XPS) analysis ensured the effective inclusion of nitrogen into ZnO matrix. The morphological 
analysis revealed the formation of nanorods as a result of N-doping. The optical band gap 
calculated from UV–vis spectroscopy was observed to decrease up to 1 mol.% N doping followed 
by a subtle increase. Photoluminescence (PL) spectra revealed that electron-hole recombination 
was the least for 1 mol.% N doped ZnO NPs. ZnN0.01O0.99 NPs showed superior photocatalytic 
activity among all samples due to rod-shaped NPs and reduced electron-hole recombination, 
which was accessed by the photodegradation of Rhodamine B (RhB).   

1. Introduction 

Environmental pollution has been triggered by countless dangerous organic pollutants, which are emitted by various chemical 
enterprises, pharmaceutical firms, chemical dye factories, and so on [1]. Discharge of these pollutants into the hydrosphere, as well as 
atmosphere, poses a threat to the ecological equilibrium of the Earth as well as human being. The fact that these complex chemicals 
have been discovered in wastewater as well as drinking water supplies is alarming. Multiple techniques, such as physical, biological, 
and chemical procedures with a variety of sub-techniques, are utilized to tackle the problem [2]. However, difficulties connected with 
them include imbalanced removal of all pollutants, ideal pH and temperature management, and pollutant transfer without breakdown 
[3]. As a result, all of these have ceased to make way for more efficacious, cost-effective, and plentiful methods, and photocatalytic 
degradation stands out with limitless applications. Photocatalysis as a water treatment technique has received widespread interest due 
to its efficacy, ease of operation, and ability to produce non-toxic products [4,5]. 

Photocatalysis is typically based on the semiconductor photocatalyst nanoparticles’ ability to absorb light which causes the 
electron to be excited from a lower to a higher energy band, resulting in the generation of an electron-hole pair [6,7]. But imple-
mentation of the photocatalytic technique is hampered by the rapid recombination of photoinduced e− /h+ pairs, which may hinder the 
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redox process in photocatalysis [8,9]. 
Among semiconductor photocatalysts (ZnO, TiO2, Fe2O3, CdS, ZnS, etc.), ZnO is a potential candidate for photocatalysis due to 

their cost-effectiveness, non-toxicity, outstanding chemical and physical stability, and superior light absorption efficacy [10–13]. 
Furthermore, due to the large exciton binding energy (60 MeV) and wide band gap (3.37 eV), ZnO NPs are developing as a promising 
candidate for various applications, including optoelectronics, photonics, spintronics, photocatalysis, and gas sensing [4,14–17]. 
However, ZnO nanoparticles also have the weakness of a high recombination rate of e− /h+, which can slow down the photo-
degradation process [18]. Various approaches have been used to increase the photodegradation of ZnO, including non-metal doping 
[19], inclusion of transition metals [20], and coupling with other semiconductors [21,22]. However, doping with transition metal are 
severely limited by their thermal instability and increased recombination of charge carriers [23]. The challenges involved in coupling 
with other semiconductors include complicated preparation methods, lower yield, and higher energy consumption [24]. So, non-metal 
doping has emerged as a suitable method to counter the limitations of pristine ZnO [25]. 

Non-metal doping, i.e., nitrogen and fluorine, has the potential to solve the recombination issue between electrons and holes by 
trapping electrons or holes [26]. Several studies have been published on N-doped ZnO owing to its potential applications of photo-
degradation of organic dyes using different synthesis procedures [27–31]. Sun et al. synthesized N-doped ZnO NPs by solvothermal 
route, which showed improved photocatalytic activities than pure ZnO NPs for methyl orange dye degradation under sunlight irra-
diation [27]. Lavand et al. also observed improved absorption ability of N-doped ZnO NPs prepared by microemulsion method [28]. 
Rajbongshi et al. employed sol-gel method to produce N-doped ZnO NPs and found that substitutional nitrogen doping in ZnO might 
boost photocatalytic activities by increasing the absorption properties of ZnO under solar radiation [29]. 

Chemical co-precipitation approach has various distinct advantages compared to other processing methods, i.e., complete inte-
gration of the dopant into the crystal lattice, control over temperature, solution pH, dopant amount, and rate of mixing [32–36]. This 
method offers the production of high-purity nanomaterials through environment friendly path, eliminating the use of toxic organic 
solvents, high pressure, and temperature [37–39]. But only a few studies on N-doped ZnO have been reported so far synthesized by the 
chemical co-precipitation technique. Kumari et al. used the chemical co-precipitation technique to examine the effect of N-doping on 
the structural and optical properties of ZnO NPs [40]. Other authors studied the defect states in ZnO crystal lattice after N-doping [41]. 
However, none of the studies have investigated the impact of varying nitrogen dopant concentrations on the photocatalytic activities of 
ZnO NPs synthesized by the chemical co-precipitation technique. Inspired by these gaps, and considering the potential enhancement of 
photodegradation in ZnO through N-doping, we opted for simple and cost-effective chemical co-precipitation method using urea as 
nitrogen source to synthesize a series of N-doped ZnO NPs, and investigated the photocatalysis activities. Urea is selected as the ni-
trogen source due to its ability to undergo a reaction in solution, resulting in the production of CO2 and ammonia [6,7]. The CO2 
generated further contributes to the formation of a carbonate ion (CO3

2− ), which plays a crucial role in ZnO formation, while the 
ammonia molecules serve as the essential source of N atoms [8]. Because NH3 exhibits a significantly lower N–H bonding energy, the 
decomposition of NH3H2O becomes the primary nitrogen source during the formation of N doped ZnO NPs. In this work, both pristine 
and N-doped NPs were produced and analyzed using a variety of characterization techniques and studied UV-induced photo-
degradation of RhB as an organic pollutant. 

2. Experimental aspects 

2.1. Materials 

Zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, Merck-India, assay 96 %) and Urea, (CO(NH2)2, Merck-India, assay 99 %) were used 
without further purification as a precursor for N-doped ZnO where NaOH was employed as the precipitating agent. For preparing the 
aqueous solutions, de-ionized (DI) water was used. Rhodamine B (RhB) was used as a standard organic dye for photocatalytic activity 
measurement. 

2.2. Preparation of nanoparticles 

First, 0.02 M Zn(NO3)2⋅6H2O aqueous solution was prepared using DI water, and preferred amount of urea was added while 
magnetically stirred continuously. 0.08 M NaOH solution was added dropwise to this solution while it was continuously stirred until 
the pH reached 7. The precipitates were settled overnight and separated by centrifuging at 5000 rpm. Later, the precipitates underwent 
multiple rinses with deionized water followed by a final rinse with ethanol. After drying overnight, precipitates were crushed using a 
mortar and then annealed at 500 ◦C in ambient condition for 2 h. 

2.3. Materials characterization 

For structural characterization, XRD machine (Empyrean, Panalytical-Netherlands) was employed using Cu-Kα1 X-ray (λ = 1.5406 
Å). XRD was carried out between Bragg’s angles of 2θ = 20◦–80◦. Field emission scanning electron microscope was employed for the 
morphological analysis (FESEM: JEOL, JSM, 7600F). The X-ray photoelectron spectra (XPS) were obtained using a K-Alpha Thermo 
Scientific XPS-spectrometer where Al Kα radiation (E = 1486.6 eV) was used. A PerkinElmer Lambda 365 spectrophotometer was used 
to get the diffuse reflective spectra (DRS) to calculate the band gap of NPs. The photoluminescence (PL) study was carried out with a 
spectrophotometer (Mini PL 110, Photon systems). 

S. Mondal et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e20948

3

2.4. Photocatalytic degradation Assessment 

For photocatalytic investigation, RhB aqueous solution was used under ultraviolet (UV) irradiation. The photocatalytic degradation 
measurement setup is depicted in Fig. 1. First, a 100 ml quartz beaker was filled with RhB aqueous solution, and the preferred amount 
of ZnO was added. Before the photoreaction, the RhB solution containing NPs was stirred with a magnetic stirrer within a dark 
chamber to reach adsorption-desorption equilibrium with ZnO NPs. Following that, the photocatalytic experiment was initiated by 
exposing the solution to a UV lamp (6W fluorescent, 365 nm wavelength). Degradation efficiency was measured by taking a 6 ml 
suspension sample at periodic intervals, and then particles were separated by centrifuging. Finally, the absorbance peak (553 nm) of 
RhB was measured with a UV spectrophotometer, which was used to measure the degrading efficiency of photocatalysts from Eq. (1). 

Degradation Efficiency,%=

(

1 −
C
C0

)

∗ 100%=

(

1 −
A
A0

)

(1)  

where, C0 and C represent dye concentrations before and after degradation, whereas A0 and A represent dye absorbance before and 
after degradation. 

3. Results and discussion 

3.1. XRD analysis 

Fig. 2 depicts the XRD patterns of ZnNxO1-x (x = 0, 0.005, 0.01, and 0.02) NPs. The diffraction peaks for crystalline planes found at 
different 2θ values are nearly perfectly matched with JCPDS card 36–1451, confirming the formation of hexagonal wurtzite ZnO 
crystal structure [42]. The absence of any secondary phase diffraction peak suggests that N were completely integrated into ZnO 
matrix. The intensity of major diffraction peaks diminished with increasing N dopant concentration, showing a reduction in crys-
tallinity. This is mainly because of the substitution of O2− (1.26 Å) by N3− (1.32 Å), which created lattice disorder in the crystal [43]. 
Table 1 presents the reduction in crystallinity, from 90.1 % for pure ZnO to 82.1 % for 2 mol.% N-doped ZnO NPs. 

The crystallite size of the samples was measured using Williamson-Hall plot and Scherrer formula using Eqs. (2) and (3), 
respectively, which are listed in Table 1 [44,45]. 

For W–H plot, the following Eq. (2) was used. 

βCosθ=Kλ/D + 4εSinθ (2) 

For Scherrer formula, the following Eq. (3) was used 

D= kλ/β cos θ (3)  

in both cases, 
D = average size of crystallite in nm 
λ = 0.15406 nm (Cu X-ray). 
K = crystallite shape factor (0.9). 
β = FWHM, θ = Bragg’s angle, both in radians. 
From the W–H plots in Fig. 3(a–d) for pure and N-doped ZnO NPs, crystallite size (D) was calculated from the y-intercept, while 

strain (ε) was calculated from the slope of βCosθ vs. 4Sinθ. The crystallite size was gradually reduced from 27.7 nm to 20.8 nm after 2 
mol.% N-doped ZnO NPs, respectively. Full width at half maximum (FWHM) values increased for all planes with increasing dopant 
concentration, indicating a decrease in average crystallite size [46–48]. Crystallite size was also computed using the Scherrer formula, 
which showed a similar trend with increasing dopant concentration. The reduction in crystallite size is due to Zn–N formation on the 
surface of the doped products, which hinders ZnO crystal growth. This is because Zn–N (1.88 Å) is smaller in size compared to Zn–O 

Fig. 1. Photocatalytic measurement setup: (a) Dark box, (b) UV lamp, (c) Centrifuge.  
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(1.93 Å), and this size difference plays a key role in decreasing the crystallite size [49,50]. 
The calculated micro-strain from the W–H plot exhibited an initial increase up to 1 mol.% nitrogen doping, followed by a sub-

sequent decrease. Doping generated lattice disorder, due to size mismatch, leading to stress generation and consequently an increase in 
the average micro-strain increased [51–53]. However, micro-stain decreased with 2 mol.% doping, possibly due to lattice shrinkage, as 
supported by the lattice parameter values provided in Table 1. 

The Rietveld fitted curves of all samples are shown in Fig. 4(a–d). Lattice parameter values suggest that initial N doping in ZnO led 
to expansion along the c-axis which is consistent with an earlier report on N-doped ZnO [54]. This was primarily attributed to urea 
which potentially accelerated the formation of ZnO crystal along the c-axis direction [55]. But higher doping (2 mol.%) might inhibit 
the c-axis direction crystal growth because of the formation of short-length Zn–N bonds compared to the Zn–O bonds [49,50,56]. 

3.2. XPS analysis 

Fig. 5(a) depicts survey scans of pure and 1 mol.% N-doped ZnO NPs, which show characteristic peaks of various elements present 
in the samples. The binding energy values of Zn (2p 1/2, 2p 3/2) and O 1s are around 1044.08 eV, 1020.98 eV, and 530.08 eV, 
respectively, which resembles the ZnO wurtzite structure [57,58]. C 1s peak was detected at about 286 eV binding energy, which could 
be associated with carbon on the surface caused by contamination from exposure to the outside environment. Also, several auger 
emissions were found in the XPS scan, which was identified as O KLL, Zn LMM, Zn L3MM, Zn L2MM [59]. A distinct region corre-
sponding to N 1s was detected within the range of approximately 396 eV–402 eV, providing clear evidence of the presence of nitrogen 
in N-doped ZnO samples. To provide additional support for the investigations, a high-resolution scan was performed to obtain 
core-level spectra. 

High resolution characteristic XPS peaks of N 1s are depicted in Fig. 5(b) where the peak at 398.4 eV is attributed to O–Zn–N, which 
is regarded as a substitutional impurity [26]. Fig. 5(c) shows high resolution peaks of Zn 2p of pure and ZnN0⋅01O0.99 NPs. N doping 
shifts both Zn 2p peaks to slightly lower binding energies due to the electronic interaction between N3− ions and ZnO matrix. In both 
cases, the gap between these two peaks was calculated to be 23.1 eV. 

The deconvolution of the O 1s peak of both pure and nitrogen-doped ZnO NPs revealed four separate fitted peaks, which are shown 
in Fig. 6(a and b). At 530 eV, a peak was observed for ZnO and ZnN0⋅01O0.99 NPs, corresponding to lattice O2 ions (OL), while the fitted 
peak at about 531 eV was associated with O2 vacancies (VO). At higher binding energies (around 531.98 eV and 533.28 eV), two fitted 
peaks were observed for both ZnO and ZnN0⋅01O0.99 NPs, which correspond to chemisorbed hydroxyl groups from water (OH) and 
separated weakly bonded surface oxygen (Oa) [59,60]. Here, OH (calculated from the ratio of peak area and total O 1s area) increased 
from 11.71 % to 12.07 % after N-doping. This increase in OH content, attributed to ZnO surface defects, facilitates the capture of holes, 

Fig. 2. XRD patterns of ZnNxO1-x (x = 0, 0.005, 0.01, and 0.02) NPs showing hexagonal wurtzite structure.  

Table 1 
Crystallinity data and lattice parameters of ZnNxO1-x (x = 0, 0.005, 0.01, and 0.02) NPs.  

Composition Average crystallite size (nm) Micro-strain, *10− 4 Percentage of crystallinity Lattice parameter (Å) c/a 

W–H plot Scherrer equation a c 

ZnO 27.7 24.2 8.77 90.1 3.2510 5.2072 1.6017 
ZnN0⋅005O0.995 24.1 21.0 8.92 87.4 3.2511 5.2080 1.6019 
ZnN0⋅01O0.99 22.7 20.1 9.28 85.2 3.2510 5.2080 1.6020 
ZnN0⋅02O0.98 20.8 18.1 5.55 82.1 3.2490 5.2038 1.6017  
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leading to the formation of hydroxyl radicals (•OH). These hydroxyl radicals play a crucial role in photodegradation, thereby 
enhancing the overall photocatalytic activities [61,62]. 

3.3. Morphological analysis 

The SEM images of ZnNxO1-x (x = 0, 0.005, 0.01, and 0.02) NPs are shown in Fig. 7(a–d). Due to urea-induced crystal growth along 
the longitudinal c-axis, the morphology of ZnO particles after N doping changed from spherical to rod-shaped [55]. The change of 
shape can be explained by considering the polar surfaces of ZnO NPs. ZnO possesses a hexagonal structure with alternating planes 
composed of tetrahedrally coordinated O2− and Zn2+ ions [63]. Introducing N3− into the ZnO matrix creates planar defects along these 
planes, potentially increasing the surface energy and promoting rapid anisotropic growth along various directions while preserving the 
inherent polarity of the nanostructures [64]. The particle-size analysis of all samples are shown in Fig. 7(e–h). For doped ZnO NPs, the 
average rod diameter gradually decreased with increasing N concentration. Similar results on ZnO nanorods have also been reported 
by other authors [65,66]. With increasing N concentration, the formation of short-length Zn–N bonds increased more than Zn–O bonds, 
which might inhibit crystal growth along the c-axis [67]. Therefore, nitrogen doping initially increased ZnO NPs’ diameter from 100 
nm to 172 nm due to nanorod formation and eventually decreased the diameter up to 141 nm for 2 mol.% N doped ZnO NPs. 

3.4. UV–vis spectroscopy 

Diffuse reflectance spectra of ZnNxO1-x (x = 0, 0.005, 0.01, and 0.02) NPs are depicted in Fig. 8. The absorption threshold of pristine 
and N-doped ZnO was observed to be approximately 370 nm, indicating a significant UV absorption band. Visible light reflectance 
dropped slightly, accompanied by a subtle redshift for up to 1 mol.% N-doped ZnO NPs, resulting in a narrower band gap [68]. 

The direct optical bandgap, Eg value for all samples was obtained using the Kubelka-Munk formula [69]. Fig. 9(a–d) depicts that Eg 
gradually decreased from 3.243 eV to 3.223 eV after 1 mol.% N-doping. This is mainly because of the creation of shallow acceptor 
states right above the valence band (VB) due to localized anionic defect states by nitrogen substituting lattice oxygen [66,70–74]. The 
band gap slightly widened for 2 mol.% N doping, likely resulting from the generation of nitrogen defect states that act as electron-hole 
recombination centers, lowering absorbability [75–78]. 

Fig. 3. Williamson-Hall plot of (a) ZnO, (b) ZnN0⋅005O0.995, (c) ZnN0⋅01O0.99, (d) ZnN0⋅02O0.98 NPs for micro-strain and crystallite size calculation.  
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3.5. PL spectroscopy 

The photoluminescence (PL) spectra were analyzed to determine the luminescence properties and probable defect states using an 
excitation wavelength (λexc) of 230 nm. PL spectra were normalized with the highest peak at 460 nm, which is the second harmonic PL 
peak of excitation wavelength (230 nm) (Fig. 10(a)). From the PL spectra of ZnO NPs, typically, two emission bands were detected. The 
first one is near-band-edge emission (NBE) which appears mainly in the UV region (between 375 and 425 nm) and is attributed to 
mechanisms that include excitonic collisions [79]. The second in the visible spectrum is deep-level emission (DLE), which is primarily 
caused by the recombination of photogenerated electron holes resulting from point and surface defects (i.e., VO, Zni) [80,81]. The band 
gap value from NBE PL spectra was calculated around 3.1–3.2 eV, which is highly correlated to the value calculated from DRS spectra. 
A slight shift of the NBE peak towards a higher wavelength with nitrogen doping indicates band gap narrowing, which also matches 
well with UV–vis analysis. 

The broad emission band in the visible spectrum consists of multiple peaks. The strongest peak at 460 nm is mainly due to the 
second harmonic PL peak of excitation wavelength (230 nm) [82]. The violet-blue emission at around 410–490 nm has distinct peaks 
at 428 nm, 440 nm, and 488 nm, which is typically caused by zinc interstitial (Zni) defects [83]. The green emission at around 510–570 
nm might be caused by oxygen vacancies (Vo) [84]. The existence of multiple green emissions at 515 nm and 535 nm might be caused 
by the various narrow energy levels that are nearby to one another inside the band gap [85,86]. The yellow-orange emission at around 
570 nm and 600 nm is due to oxygen interstitial (Oi

2− ) defects [87]. 
Intense PL peaks indicate intense visible luminescence caused by radiative recombination between distinct metastable defect states. 

From Fig. 10(a and b), the intensity of all the DLE peaks reduced up to 1 mol.% N doping, indicating that the electron-hole recom-
bination rate is continually reduced [88,89]. The introduction of N dopants can create non-radiative recombination centers that trap 
excitons, hindering their radiative recombination and resulting in a decrease in photoluminescence (PL) intensity [29]. For 2 mol.% N 
doping, the intensity of the peaks slightly increased, which suggests a slightly increased recombination rate. This could be because 
defect states are being eliminated, or defect states are serving as a recombination center for increased doping [90,91]. 

Fig. 10(c) illustrates the CIE (International Commission on Illumination)1931 diagram of pure and N-doped ZnO NPs. The CIE color 
chromaticity coordinates were determined through CIE calculation software. For pure ZnO NPs, the coordinates were found to be (x, y) 
= (0.18, 0.16) [92]. However, a noticeable shift in chromaticity coordinates was observed in N doped ZnO NPs. From the Figure, it 
becomes evident that the CIE chromaticity coordinates for pure ZnO NPs fall within the blue region, whereas for N-doped ZnO NPs, the 
color shifts towards an even more pronounced blue emission region [65]. Therefore, N-doped ZnO samples show strong UV emission, 

Fig. 4. Rietveld fitted curves of (a) ZnO, (b) ZnN0⋅005O0.995, (c) ZnN0⋅01O0.99, (d) ZnN0⋅02O0.98 NPs.  
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making them suitable for use in UV-light emission devices. 

3.6. Photocatalytic activity 

Fig. 11(a–d) depicts the absorption spectra of Rhodamine B for ZnNxO1-x (x = 0, 0.005, 0.01, and 0.02) NPs at regular time in-
tervals. Under UV light, the RhB absorption peak at 553 nm was consistently decreased for all samples. However, in the case of N- 
doped ZnO NPs, the absorbance intensity of RhB decreased more rapidly compared to pure ZnO NPs. For better comparison, C/Co, and 
dye degradation were calculated using Eq. (1) and plotted versus reaction time for all the samples, as shown in Fig. 12[(a), (b)]. 

The plots indicate that nitrogen-doped ZnO NPs are far better photocatalysts than pristine ZnO NPs for degrading RhB dyes. The 
formation of ZnO nanorod due to N-doping and other factors, such as crystal growth directions, chemisorbed hydroxyl (OH) groups, 
and defect states of N near valence band, greatly influenced photocatalytic activities of N-doped ZnO NPs. Compared to pristine ZnO 
spherical particles, which mainly were formed with an exposed (001) plane, the crystal growth orientation of N-doped ZnO nanorods 
was along the c-axis, that is, [001] direction. It was reported in several studies that having reasonable charge separation between two 
polar {001} facets in ZnO nanorod can significantly minimize the possibilities of electron-hole recombination. So, these polar {001} 
surfaces are considered highly reactive surfaces for increased photocatalytic activity [93,94]. Another factor is that more chemisorbed 
hydroxyl (OH) groups might be present on the ZnO nanorod’s surface than ZnO nanosphere, which is confirmed by the XPS study. 
These OH groups may easily capture holes, forming hydroxyl radicals (•OH) which might increase photocatalytic activities. The 

Fig. 5. (A) Survey scan of ZnO and ZnN0⋅01O0.99 NPs; XPS high resolution spectra of (b) N 1s, and (c) Zn 2p states.  

S. Mondal et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e20948

8

formation of anionic defect states of N just above VB also plays a vital role for the increased photodegradation of N-doped ZnO NPs by 
increasing charge separation efficiency, which is evident from PL spectra as well as slightly decreased band gap value after N doping. 

From Fig. 12, after 6 h of exposure to UV-light, pure ZnO showed 59 % degradation, whereas for ZnNxO1-x (x = 0.005, 0.01, and 
0.02) NPs, degradation was 81 %, 88 %, and 78 %, respectively. Similar results were also found for the photocatalytic efficiency of N- 
doped ZnO photocatalysts in the dye degradation as demonstrated in Table 2. 1 mol.% nitrogen-doped ZnO NPs showed better 
photodegradation because of the formation of long nanorods along the c-axis or [001] direction (evident from lattice parameter c/a 
ratio) with the primary crystal faces with exposed {100} polar surfaces, which are likely to prevent electron-hole recombination more 
effectively than pure ZnO [55]. However, 2 mol.% nitrogen-doping decreased photocatalytic activity since higher doping may increase 
recombination rate, which is confirmed by the PL spectrum of 2 mol.% nitrogen-doped ZnO NPs. This might result from eliminating 
defect states or acting as a recombination center for higher doping. 

3.7. Degradation kinetics 

Langmuir-Hinshelwood (L-H) kinetic equation [Eqs. (4)–(6)] was used to simulate how various organic dyes degrade in the 
presence of semiconductor photocatalysts under illumination. The model states that the photodegradation rate, R, depends upon the 
percentage of the reactant-covered surface, θ: 

R= − dC/dt = krθ (4)  

where, C is the reactant concentration, and Kr is the reaction rate constant. The value of θ depends on absorption co-efficient which 
implies, 

R= − dC/dt = krθ = krKC / (1+KC) (5) 

The equation can be integrated and reduced to a first-order equation for low initial concentration, C0. 

ln(C0 /C)=Kt (6)  

where, K is denoted as the reaction rate constant (first-order). 
Fig. 13 depicts a plot of ln (C0/C) vs. irradiation time for UV-induced RhB photodegradation where all the samples are shown to 

follow a linear pattern indicating a pseudo-first-order reaction rate. Better photocatalytic effectiveness is correlated with a greater 
value K, which can be calculated from the slope of each straight line. The K value for pure ZnO NPs was around 0.00258 min− 1, while 
the highest K value was around 0.00563 min− 1 for ZnN0⋅01O0.99 NPs which indicates around 2.2 times better photocatalytic activities 
than pristine ZnO NPs. 

3.8. Reusability and recyclability test 

The reusability and recyclability of 1 mol.% N-doped ZnO photocatalyst were assessed under the same condition. Fig. 14 dem-
onstrates that there is a negligible drop in the photodegradation efficiency for RhB, from 88 % to 81 %, even after undergoing three 
successive runs. This result indicates that the photocatalyst exhibits promising reusability. Moreover, the photocatalyst can be easily 
retrieved from the mixtures through a simple centrifugal separation process. These favorable attributes of excellent reusability and 
recyclability make the photocatalyst well-suited for the purpose of wastewater treatment. 

Fig. 6. Deconvoluted XPS scan of O 1s for (a) ZnO, (b) ZnN0⋅01O0.99 NPs.  
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Fig. 7. SEM images (30,000X) of (a) ZnO, (b) ZnN0⋅005O0.995, (c) ZnN0⋅01O0.99, (d) ZnN0⋅02O0.98 NPs; Particle size distribution of (e) ZnO, (f) 
ZnN0⋅005O0.995, (g) ZnN0⋅01O0.99, (h) ZnN0⋅02O0.98 NPs. 
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3.9. N-doped ZnO NPs photocatalytic mechanism 

A possible mechanism for the increased photocatalytic activities of N-doped ZnO NPs is shown in Fig. 15 by combining the 
experimental results with the related literature [99,100]. Under UV irradiation (hν ≥ Eg), e− is promoted to the conduction band from 
the valence band, forming electron-hole (e− /h+) pairs [Eq. (7)]. Substitutional nitrogen doping in ZnO would create new defect states 

Fig. 8. UV–vis DRS spectra of ZnO, ZnN0⋅005O0.995, ZnN0⋅01O0.99, ZnN0⋅02O0.98 NPs.  

Fig. 9. Direct band gap of (a) ZnO, (b) ZnN0⋅005O0.995, (c) ZnN0⋅01O0.99, (d) ZnN0⋅02O0.98 NPs.  
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just above the valence band, responsible for enhanced photodegradation. These intra-bandgap defect states associated with substi-
tutional N-doping in O sites can exist in either neutral states (NO

0), or negative charge (− 1) states (NO
− ) [101]. The presence of NO

0 and 
NO
− states enhance charge (e− /h+) separation efficiency in two steps (electron migration from VB to N defect states, and then to CB) 

where these defect states work as an intermediate step or “stepping-stone” [Eqs. (8) and (9)] [101,102]. 
The e− /h+ pairs formed after irradiation can quickly move to the ZnO surface and participate in redox processes. Here, e− combines 

with O2 to form superoxide anions radical (O2•
-), which readily reacts with H+ to produce per hydroxyl free radical (HO2•) and is later 

converted to hydrogen peroxide (H2O2) [Eqs. (10)–(12)]. The hydroxyl radicals are formed when hydrogen peroxide is decomposed by 
taking e− from CB or under irradiation [Eqs. (13) and (14)]. On the other hand, h+ may react with hydroxide ions or direct water to 
generate hydroxyl (OH•) radicals [Eqs. (15) and (16)]. The generated OH• from redox processes are strong oxidizing agents that target 
pollutants adsorbed on ZnO, rapidly forming intermediate compounds before being converted to green chemicals like CO2, and H2O 
[Eq. (17)] [103]. The degrading mechanism of N-doped ZnO NPs may be summed up as follows.  

ZnO + hν (UV irradiation) → ZnO (e−(CB)) + ZnO (h+(VB))                                                                                                                (7)  

NO
0 + e− = NO

− (electron migration from VB)                                                                                                                                (8)  

NO
− − e− = NO

0 (electron migration to CB)                                                                                                                                    (9)  

e−(CB) + O2 → O2•
-                                                                                                                                                                   (10)  

H+ + O2•
- → HO2• (11) 

Fig. 10. Photoluminescence spectra from (a) 300–700 nm, (b) 500–620 nm of ZnO, ZnN0⋅005O0.995, ZnN0⋅01O0.99, ZnN0⋅02O0.98 NPs; (c) CIE 
chromaticity coordinates for ZnO, ZnN0⋅01O0.99 NPs. 

S. Mondal et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e20948

12

2HO2• → O2 + H2O2                                                                                                                                                              (12)  

e−(CB) + H2O2 → OH• + OH− (13) 

Fig. 11. Time dependent UV–vis absorption spectra of RhB showing photodegradation by (a) ZnO, (b) ZnN0⋅005O0.995, (c) ZnN0⋅01O0.99, (d) 
ZnN0⋅02O0.98 NPs. 

Fig. 12. (A) Remaining concentration of RhB (C/Co); (b) Degradation efficiency of RhB solution by ZnO, ZnN0⋅005O0.995, ZnN0⋅01O0.99, 
ZnN0⋅02O0.98 NPs. 
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H2O2 + hν → 2OH• (14)  

h+(VB) + OH− → OH• (15)  

h+(VB) + H2O → H+ + OH• (16)  

Organic contaminants + OH• → Intermediates → CO2 + H2O                                                                                                       (17)  

Table 2 
Comparison of photocatalytic activities of N doped ZnO NPs.  

Photocatalyst Pollutant Preparation method Irradiation Degradation efficiency (%) Ref. 

N doped ZnO NPs RhB Citrate precursor method UV for 120 min 60 [95] 
Thymol blue (TB) Solid state reaction UV for 180 min 59.5 [96] 
RhB Mechanochemical method UV for 180 min 86 % [97] 
K2Cr2O7 Heat treatment method UV for 180 min 39 % [98] 
RhB Co-precipitation method UV for 180 min (360 min) 64 % (88 %) This work  

Fig. 13. Kinetics of photodegradation of RhB in the presence of ZnO, ZnN0⋅005O0.995, ZnN0⋅01O0.99, ZnN0⋅02O0.98 NPs.  

Fig. 14. Reusability and Recyclability test for three successive runs using 1 mol.% N-doped ZnO NPs.  
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4. Conclusion 

In this study, chemical co-precipitation method has been successfully used to synthesize high purity N doped ZnO NPs as potential 
photocatalysts. XRD and XPS analysis confirmed successful nitrogen doping in ZnO NPs without any secondary phase. SEM images 
depicted that nitrogen doping changed the shape of ZnO nanoparticles from spherical to nanorods. The average diameter of ZnO 
nanorod gradually decreased with increasing N concentration. Nitrogen doping boosted photocatalytic activity relative to undoped 
ZnO NPs up to a certain concentration. 1 mol.% N-doped ZnO NPs showed 2.2 times better photocatalytic activities than pristine ZnO 
NPs after 6 h under UV irradiation. From SEM images and PL spectra, it was concluded that increased photocatalytic activities are 
mostly due to nanorod formation, and decreased recombination of e− /h+ pairs. Higher doping (2 mol.%) was found to decrease 
photocatalytic activities because of increased e− /h+ recombination. These findings indicate a promising and environmentally 
favorable synthesis method for the rapid and simple production of photocatalysts, allowing for efficient pollutant elimination. 
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photocatalytic performance of ZnO by doping with transition metal oxides, Sci. Rep. 11 (2021) 1–9, https://doi.org/10.1038/s41598-020-78568-9. 

[24] R. Guan, J. Li, J. Zhang, Z. Zhao, D. Wang, H. Zhai, D. Sun, Photocatalytic performance and mechanistic Research of ZnO/g-C3N4 on degradation of methyl 
orange, ACS Omega 4 (2019), 20742, https://doi.org/10.1021/acsomega.9b03129. –20747. 

[25] F.M. Sanakousar, C. Vidyasagar, V.M. Jiménez-Pérez, K. Prakash, Recent progress on visible-light-driven metal and non-metal doped ZnO nanostructures for 
photocatalytic degradation of organic pollutants, Mater. Sci. Semicond. Process. 140 (2022), https://doi.org/10.1016/j.mssp.2021.106390. 

[26] H. Qin, W. Li, Y. Xia, T. He, Photocatalytic activity of heterostructures based on ZnO and N-doped ZnO, ACS Appl. Mater. Interfaces 3 (2011) 3152–3156, 
https://doi.org/10.1021/AM200655H. 

[27] S. Sun, X. Chang, X. Li, Z. Li, Synthesis of N-doped ZnO nanoparticles with improved photocatalytical activity, Ceram. Int. 39 (2013) 5197–5203, https://doi. 
org/10.1016/j.ceramint.2012.12.018. 

[28] A.B. Lavand, Y.S. Malghe, Synthesis, characterization and visible light photocatalytic activity of nitrogen-doped zinc oxide nanospheres, Journal of Asian 
Ceramic Societies 3 (2015) 305–310, https://doi.org/10.1016/j.jascer.2015.06.002. 

[29] B.M. Rajbongshi, A. Ramchiary, S. Samdarshi, Influence of N-doping on photocatalytic activity of ZnO nanoparticles under visible light irradiation, Mater. Lett. 
134 (2014) 111–114, https://doi.org/10.1016/j.matlet.2014.07.073. 

[30] E. Prabakaran, K. Pillay, Synthesis of N-doped ZnO nanoparticles with cabbage morphology as a catalyst for the efficient photocatalytic degradation of 
methylene blue under UV and visible light, RSC Adv. 9 (2019) 7509–7535, https://doi.org/10.1039/C8RA09962F. 

[31] S. Monga, N. Sharma, R.K. Choubey, Y.K. Mishra, R.S. Katiyar, A. Singh, Prospects of non-linear optical behaviour of PZT/ZnO heterostructures, Ceram. Int. 49 
(2023) 11737–11752, https://doi.org/10.1016/j.ceramint.2022.11.297. 

[32] C. Selvaraju, R. Karthick, R. Veerasubam, The modification of structural, optical and antibacterial activity properties of rare Earth gadolinium-doped ZnO 
nanoparticles prepared by Co-precipitation method, J. Inorg. Organomet. Polym. Mater. 29 (2019) 776–782, https://doi.org/10.1007/S10904-018-1051-0/ 
FIGURES/6. 

[33] N. Prasad, B. Karthikeyan, Cu-doping and annealing effect on the optical properties and enhanced photocatalytic activity of ZnO nanoparticles, Vacuum 146 
(2017) 501–508, https://doi.org/10.1016/J.VACUUM.2017.03.028. 

[34] S. Mondal, S.A. Ayon, M.M. Billah, Comparative Study of Structural, Optical, and Photocatalytic Properties of ZnO Synthesized by Chemical Coprecipitation 
and Modified Sol–Gel Methods, Surface and Interface Analysis, 2023, pp. 1–6, https://doi.org/10.1002/sia.7210. 

[35] S. Kinra, M.P. Ghosh, S. Mohanty, R.K. Choubey, S. Mukherjee, Manganese ions substituted ZnO nanoparticles: synthesis, microstructural and optical 
properties, Phys. B Condens. Matter 627 (2022), 413523, https://doi.org/10.1016/J.PHYSB.2021.413523. 

[36] L.K. Sharma, D. Mandal, R.K. Choubey, S. Mukherjee, On the correlation of the effect of defects on the microstructural, optical and magnetic properties of 
doped ZnO, Physica E Low Dimens Syst Nanostruct 144 (2022), 115370, https://doi.org/10.1016/J.PHYSE.2022.115370. 

[37] C. Pereira, A.M. Pereira, C. Fernandes, M. Rocha, R. Mendes, M.P. Fernández-García, A. Guedes, P.B. Tavares, J.M. Grenéche, J.P. Araújo, C. Freire, 
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