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Abstract
Pure NiO, N-doped, Fe-doped, N and Fe codoped NiO NPs were fabricated via a precipitation process. The powder X-ray 
diffraction (XRD) revealed the face centered cubic phase of NiO products. The full width at half maximum (FWHM) of 
the XRD peak was steadily enlarged with the order of elements N, Fe, N/Fe doped to NiO, and shifted towards a greater 
angle due to decrease in grain size, as shown by XRD. The average crystallite size of NiO products was calculated, ranging 
from 6.67 to 3.76 nm, according to the Debye Scherrer formula. The scanning electron microscopy (SEM) demonstrated 
considerable morphological changes in the produced nanoparticles, including those directed to rock-like geometries 
(NiO and Fe/NiO nanoparticles) while gas covered-nanocrystals (N/NiO and N/Fe/NiO nanoparticles) were formed using 
precipitation method. The particle size range of 10–50 nm was estimated using the bar scale in transmission electron 
microscopy (TEM) pictures. The elemental composition of Ni, O, Fe and N atoms in the respected samples was analyzed 
by Energy Dispersive X-Ray Analysis (EDX). Photoluminescence (PL) showed band edge emission at 370 nm. The band 
edge-absorption peak, which is caused by electronic transitions between energy levels, is determined to be in the range 
314–325 nm. A UV–Vis analysis found an energy gap amid 3.2 eV and 2.5 eV. The chemical condition of the Fe and N 
doped NiO composites were validated using XPS. Using visible photo application of undoped and doped NiO NPs, the 
degradation of an azo dye termed methylene blue was examined. It was N/Fe/NiO (79.8%), Fe/NiO (76%), N/NiO (73%), 
and NiO (62%) throughout the 6 h irradiation duration. Increased production of  OH• radicals was detected in fluorescence 
tests using terephthalic acid (TA) for N/Fe/NiO NPs, indicating the higher photo-degradation described. Furthermore, 
the degradation trends of both undoped and doped NiO NPs closely matched the pseudo first order kinetics, according 
to the kinetic analysis. There was also a suggestion for a thorough MB breakdown mechanism.
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1 Introduction

Azo dye like methylene blue (MB) is extensively used in 
fabric industry, but contaminant of serious concern for 
their toxicological properties and widespread presence in 
textile water [1, 2]. To extract dye from effluent, physical, 
biological and chemical treatments were developed [3–6].

Photocatalysis is better alternative since it can miner-
alize pollutants completely without producing harmful 
by-products [7]. In this regard, certain materials could be 
employed as photocatalyst to accelerate the photoreac-
tion. For example, Subash and co-workers discovered that 
hydrothermal produced  Nb2O5 nanoparticles could break 
down MB photo catalytically. According to these reports, 
a maximum decolorization of 90% was reported for a low 
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initial dye concentration of 10 mg/L [8].  Fe2O3 nanoparti-
cles have been widely used as a heterogeneous photocata-
lyst in recent decades. Nevertheless, its poor electrical con-
ductivity, poor adsorption yields high rate of charge carrier 
recombination. In addition, the hydrophobic surface of 
 Fe2O3 can result in hydrophobic interactions between 
particles, which will promote particle agglomeration and 
lower surface area, limiting it to be an ideal photo-catalyst 
[9].  TiO2 and  MnO2 were renowned nanomaterials for their 
enormous surface area and high photo efficiency. But, they 
have a huge band gap (4–6 eV), which means it can only 
absorb UV light, is a substantial hurdle to its real-world 
use [10, 11]. Recently, Subash D et al. [12] synthesized 
 Bi2O3 nano layers by chemical deposition route. Photo-
catalytic degradation of organic dyes revealed that  Bi2O3 
has lower photosensitivity and creates fewer pairs of elec-
trons and holes, restricting their ability to use the entire 
UV spectrum. Although the addition of lanthanum metal 
(La) increases the photocatalytic efficiency of  Bi2O3, it is 
not widely available due to the laborious, time-consuming, 
and expensive mining procedure. Therefore, for the pur-
pose of photo-catalysis, a more photosensitive material 
is desirable.

NiO can be used as an alternative material due to their 
abundance, high adsorptive affinity, high photosensitivity 
and low band gap [13]. Recently, NiO was produced via a 
simple chemical process, showed noticeable visible light 
activity on the degradation of MB. At pH 2, the level of 
breakdown of MB was discovered to be 98.7%. The find-
ings suggest that the NiO NPs have good photocatalytic 
activity for removing MB dye from their aqueous solution 
[14]. However, under normal reaction conditions, its practi-
cal applicability is limited. In this scenario, transition metal 
substitution doping (Mn, Cu, Fe, etc.) for NiO is considered. 
Notably, Eliza et al. [15] documented that the improved 
photo efficiency of the Fe/ZnO compound, iron (Fe) ions 
incorporation is expected to minimize charge recombi-
nation, resulting in a longer charge diffusion extent and 
improved photocatalytic activity. While Fe doping lower 
the energy gap, it would be difficult to incorporate it into 
the O (~  RFe >  RO) site of NiO crystal, as witnessed by the 
much higher formation energy needed for Fe substitution. 
Therefore, replacing with non-metal, nitrogen (N) doped 
NiO is another promising methodology [16].

Though there are several methods like thermal decom-
position [17], sol gel [18], chemical [19], hydrothermal [20], 
anodic plasma [21], sonochemical [22], solvothermal [23], 
and microemulsion [24] for developing of NiO nanostruc-
tures, chemical precipitation is widely researched. It allows 
for low-temperature production, superior homogeneity 
and purity, high yield, and cost effectiveness.

This paper focused on the preparation of N and Fe 
doped NiO nanocomposites. The influence of doping 

on the visible light absorption and associating property 
enhancements, as well as their impacts on MB photo 
deterioration were investigated. The insertion of  Fe3+ or 
 N3− into the matrix of NiO replaces some  Ni3+ ions, and 
creates abundant doping energy levels as well as charge 
compensating cation vacancies in the NiO lattice points, 
improving electrostatic attraction between opposite 
charged ions, which can affect the adsorption mecha-
nism. Doping ions may cause NiO to shrink in size, allow-
ing charge carriers to travel to the reaction sites on the 
surface and minimizing recombination. For N/Fe/NiO, the 
intensity of the PL spectra reduced, which corresponded 
to a decrease in photo-generated pairs and a decrease in 
electron–hole recombination, which increased photocata-
lytic activity.

2  Materials and methods

2.1  Materials

Sigma Aldrich provided the nickel nitrate hexahydrate 
 (6H2O. Ni(NO3)2), urea (CO(NH2)2), sodium hydroxide 
(NaOH), sodium dodecyl sulphate (SDS), and methyl blue 
and iron (III) nitrate nonahydrate  (9H2O. Fe(NO3)).

2.2  Synthesis of NiO nanoparticles and its 
nanocomposites

In a standard synthesis, 2.76 g of  6H2O.Ni(NO3)2 and 30 mg 
of SDS were dissolved in a 100 mL deionised water, and 
then 0.1 M of NaOH was slowly applied to the above solu-
tion while vigorously agitated for 2 h at ambient condi-
tions. The final mixture was washed before being heated 
for 12 h at 80 °C in a vacuum. The NiO NPs were produced 
by calcining the dried powder at 400  °C for 2  h. The 
doped NiO (in weight ratio, NiO = w(Ni(NO3)2.6H2O) = 10, 
N/NiO = w(CO(NH2)2)/w(Ni(NO3)2.6H2O) = 1:9, Fe/
NiO = w(Fe(N  O3)0.9H2O)/w (Ni(NO3)2.  6H2O) = 1:9, N/
Fe/NiO = w(CO(NH2)2)/w (Fe(NO3).  9H2O)/w(Ni(NO3)2. 
 6H2O) = 1:1:8, can be obtained. SDS increased the dissolu-
ble of the ingredients in water while also catalysing the 
reaction significantly. SDS is also essential for preventing 
random aggregation in synthesised nanoparticles and 
assisting in the formation of unique morphologies.

2.3  Characterization techniques

SEM (JEOL-SEM) and TEM (TEM Philips CM 200) exam-
ine topography of synthesized products. XRD facilitates 
structural information in terms of the diffraction angle 
range of 30°–80° (PANalytical X’Pert). UV–Vis spectrom-
eter (Ocean optics 4000) was used to investigate the 
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absorption-catalytic properties of synthesised materials. 
An X-ray photoelectron spectrometer (Kratos AXIS-HS) 
states chemical entity of prepared NiO composites. In 
order to investigate the luminescence properties, photo- 
luminescence spectra were recorded by fluoromax 
spectrofluorometer using a GaAs photomultiplier tube 
detector with the excitation wavelength, 351 nm (Hor-
riba, HR2000, Fluorolog -3, Light Source–450 W Xenon 
Lamp: Wavelength Accuracy–0.5 nm, Detector: visible 
(200–800 nm)-PMT and NIR (800–1500 nm). All meas-
urements were performed at room temperature. The 
photocurrent treatments were executed in a photo-cat-
alytic reactor. It is rectangular in shape and has a cooling 
water jacket. It’s area, power, voltage, intensity equals to 
26 × 41  cm2, 150 W, 24 V and 11.9 W/m2, respectively. Gas 
chromatography-mass spectroscopy was used to assess 
the by-products (GCMS-QP 2010 Plus Shimadzu mass 
spectrometer).

2.4  Photocatalysis

In an aqueous solution, the photocatalytic behaviour 
of synthesised products was tested using MB as a dye 
model. The photocatalyst was made up of four separate 
powders: NiO, N/NiO, Fe/NiO, and N/Fe/NiO. In a typi-
cal experiment, 30 mg of photo-catalyst was mixed in 
100 ml of 3 ×  10–5 M dye solution and agitated for 45 min 
to achieve equilibrium. The mixture was then irradiated. 
5 mL of the mixture was taken out at regular intervals to 
be analyzed for knowing the dye concentration using a 
UV–Vis spectrophotometer.

The proportion of dye degradation (%) was estimated 
using Eq. 3 [25]:

where;  C0 and  Ct are solution’s absorbance values at 0 min 
and t min, respectively.

A photo-catalytic reaction is triggered when an 
absorbed photon has energy (hv) that is comparable to 
the band gap of the photo-catalyst NiO and its composites 
(Fig. 1). The energy absorbed on the NiO nanocomposites 
causes the generation of charge carriers (electron and 
proton) [Eq. (4)]. These photo-induced electrons (e) and 
holes (h +) combine with  O2 and  H2O, high-reactive super-
oxide radicals (•O2

−) (Eqs. (5) and hydroxyl radicals  (OH•) 
[Eq. (6)] are produced. Superoxide radicals cause formation 
of hydroperoxy (•HO2) radicals when it react with protons 
 (H+) [Eq. (7)]. All these radicals were then oxidized MB into 
 CO2 and  H2O [Eq. (8)]. However, because NiO has a lower 
adsorption capacity, it is not a good candidate for easy 
electron transit between the excited dye and irradiation, 
which restrain the dye from degrading, as illustrated in 
Fig. 1(I). N, on the other hand, has the ability to build high 
concentrations of excess charge, which aids the photocat-
alytic process by reducing e–h recombination in the NiO 
volume, allowing radical species to attack the R–S +  = R 
functional group in MB, as shown in Fig. 1 (II). Addition-
ally, the three-dimensional Fe nanoparticles could gener-
ate charge carrier density via the delayed photon effect, 
which improved light harvesting and hence resulted in 
better photocatalytic activity (Fig. 1 (III)). Furthermore, as 
shown in Fig. 1 (IV), the combination of N and Fe could 

(1)% =
C0 − C

t

C0

× 100

Fig. 1  Schematic illustration of 
the fabrication of nanoparti-
cles (left), such as (i) NiO, (II) N/
NiO, (III) Fe/NiO, and (IV) N/Fe/
NiO and their usability in the 
photocatalytic process for the 
breakdown of MB
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significantly boost the photocatalytic effectiveness of NiO 
by increasing the density of possible reaction sites, which 
could form more  e–  h+ couples.

The hydroxyl radical rate during irradiation of samples 
was detected by fluorescence spectroscopy using tere-
phthalic acid: 30 mg photocatalysts was mixed in 50 mL 
aqueous terephthalic acid solution (1 mM). The solution 
was agitated for 45 min in the dark and then exposed to 
irradiation with a tungsten halogen light (380–800 nm, 
24 V/150 W). A part of the mixture was centrifuged to 

(2)

NiO products + photon → NiO products
(

e−in conduction h
+
valance band

)

(3)
e−in conduction band(conduction band of NiO) + O2 → O−∙

2

(4)
h
+
valance band (valance band of NiO) + H2O → OH∙ + H+

(5)O−∙
2
+ H+

→
∙ HO2

(6)
MB + O−∙

2
∕∙HO2∕OH

∙
→ CO2 + H2O + minor carriers

isolate the photo catalyst. Finally, the remaining solution’s 
fluorescence was calculated by excitation at 315 nm.

3  Results and discussion

3.1  Structural properties of NiO nanoproducts (XRD 
& XPS)

The XRD pattern was reported and illustrated in Fig. 2a to 
analyse the crystallinity of the prepared products. The char-
acteristic diffraction peaks in all the samples have been 
assigned to the FCC lattice of NiO [JCPDS Card No: 01-078-
0423] with a lattice constant of 4.174. Figure 2a shows the 
diffraction peak shifting slightly higher angles with N/&Fe 
doping, in the order of θNiO < θN/NiO < θFe/NiO < θN/Fe/NiO. Fur-
thermore, the amplitude of all diffraction peaks was sig-
nificantly reduced in the order of N/Fe/NiO < Fe/NiO < N/
NiO < NiO. The crystallite size of these products has been 
detected from the following equation [26, 27].

(7)D = K�∕�cos�

Fig. 2  XRD spectra in a larger scale, and b smaller scale and c XPS of undoped NiO and doped NiO NPs
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where K is a Scherer constant, D is the crystallite size, λ is 
X-ray wavelength (~ 0.54 Å), θ is the angle of diffraction 
and β is the FWHM. For NiO, N/NiO, Fe/NiO, and N/Fe/NiO, 
the grain sizes were determined to be 6.67 nm, 5.32 nm, 
4.52 nm, and 3.76 nm, respectively. The grain size of Fe/NiO 
NPs and N/Fe/NiO NPs was lower than that of undoped 
NiO NPs and N/NiO NPs, which can be explained by the 
fact that  Fe3+ and  N3− ions increase the nucleus number of 
NiO NPs when they incorporate. The dislocation density (δ) 
can also be detected using the following equation.

(8)� = n∕D2

where "D" is mean grain size and n equal to 1. The results 
are given in Table 1.

The XPS spectra of undoped NiO nanoparticles are 
shown in Fig. 2bb-c. The two dissimilar peaks in Fig. B 
(b), centred at 886.4 eV and 860.1 eV, are assigned to  Ni2+ 
ions in undoped NiO, due to  2P1/2 and  2P3/2 transitions, 
respectively. At 530 eV [28], the equivalent O 1 s peak of 
Ni oxide can be seen in Fig. B (c). Figure 2b a illustrates the 
XPS spectra of doped NiO nanoparticles by Fe and N [29]. 
Fe 2p3/2 is caused by the peak at 712.03 eV. Also, a peak 
about 404.3 eV corresponds to the typical N 1 s spectrum. 
As a result, the Fe and N dopants are presented in the 
experimental powders. The binding energies discovered 
are very similar to those described in the XPS manual [30].

3.2  Optical properties of NiO nanoproducts (UV–
Visible & PL)

The optical properties of the synthesised NiO products 
are shown in Fig. 3. The absorption-wavelength spec-
trum of NiO products shows a characteristic absorption 
edge in the range 314–325 nm, which is due to electronic 
transitions between energy levels, as shown in Fig. 3a. It 
also referred that the absorption of doped NiO slightly 

Table 1  Structural and optical properties of undoped NiO and 
doped NiO NPs

Sample Crystallite 
size (nm)

Dislocation density 
(×  1015  m2)

Band gap (eV)

NiO 6.67 22.47 3.23
N/NiO 5.32 35.33 3.15
Fe/NiO 4.52 48.94 3.0
N/Fe/NiO 3.76 67.16 2.56

Fig. 3  a UV–visible absorption, b band gap and c PL spectrum of the undoped and doped NiO NPs
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shifted towards the higher wavelength with respect to 
the pure NiO, which is attributed to the smaller crystallite 
size [31, 32]. Since the absorption coefficient’s energy 
dependency indicates the presence of a direct band gap 
using Tauc’s plot (Fig. 3b), and the band gap (Eg) is cal-
culated by extrapolating the linear portion [33, 34]. The 
obtained direct band gap is 3.26, 3.16, 3.0 and 2.59 eV 
for the NiO, N/NiO, Fe/NiO and N/Fe/NiO, respectively, 
which shifted towards the lower energy with respect to 
the pure NiO due to the huge size distribution of synthe-
sized materials and as confirmed by our SEM findings.

The PL curves from four separate NiO samples were 
illustrated in Fig. 3c. They show strong peak at 370 nm 
due to the radiative recombination of the charge carri-
ers. The disparity in emission intensity is independent 
with size and morphology of the variations. As a result, 
we can see that NPs size decreased from 6.9 to 4.1 nm, 
the PL intensity decreased. By doping NiO nanocrystals 
with N and/or Fe ions, structural studies revealed that 
the NiO nanocrystals have additional defects such as 
cationic impurities and surface vacancies. Increases in 
cation vacancies and surface related defects, which act 
as alternative non-radiative pathways to PL emission, 
cause a decrease in PL strength for N and/ Fe-doped 

nanocrystals, rather than the presence of oxygen 
vacancy related states [35, 36]. However, in the N doped 
nanocrystals, there are a few cation vacancies, resulting 
in a partial reduction in luminescence intensity.

3.3  Topographical properties of NiO nanoproducts 
(SEM, TEM etc.)

To elucidate the morphology of the prepared products, 
we performed SEM and TEM imaging on a series of sam-
ples (Figs. 4, 5). In Fig. 4, imaging of NiO showed that the 
surface morphology consisted a rock like shape that is pro-
duced by assembling various sized NiO nanoparticles (Fig. 
NiO), while the N/NiO microparticles possessing consider-
able layers of N on the surface of the NiO particles due to 
the evaluation of the large amount of gases during the 
addition of nitrogen ions onto the NiO lattice (Fig. N/NiO). 
By replaced with Fe, the Fe ions are incorporated into NiO 
lattice, which is clearly seen by the block coating on the 
surface of the Fe/NiO nanocrystals, in orderly (Fig. Fe/NiO), 
Fe and N nanoparticles assembled to form precipitates and 
block coating on the NiO nanoparticles by being joined 
one on another during the synthesis of N/Fe/NiO nano-
composite (Fig. N/Fe/NiO). It is noted that the brightness 

Fig. 4  SEM micrographs of the undoped and doped NiO NPs calcined at 400 °C
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of certain spots in the above figures (Fe/NiO and N/NiO) is 
due to a reduction in charging or a rise in voltage.

The topography of various synthesised NiO products 
were determined using TEM analysis. NiO and N/NiO 
particles have a size, ranging ~ 20 to 50 nm, while Fe/
NiO and N/Fe/NiO have a size around 10–25 nm. The NiO 
and Fe/NiO particles were spherical in shape and well 
distributed with a flat surface and identical size, while 
the N/NiO and N/Fe/NiO nanoparticles aggregated into 
secondary particles (Fig. 5). The SAED pattern consists 
of two diffraction rings with different radii correspond 
to (200) and (220) planes, respectively (as shown in the 
inset of Fig. 5). SAED pattern of the NiO nanoparticles 
obtained by chemical precipitation confirmed the crys-
talline diffraction planes. Further it was well matched 
with XRD of NiO nanoproducts. The particle diameter 
specified by TEM appropriately matched with the mean 
grain size measured using the Scherer formula from the 
XRD patterns.

The elemental composition of Ni, O, Fe and N atoms in 
the respected samples was analyzed by EDS, as shown in 
Fig. 6. Since a greater amount of Ni precursor was used, 
Ni and O were classified as the major elements in the 
chemical composition of the synthesised compound. In 

addition to NiO, the associated composites contained 
large concentrations of Fe and small amounts of N. This 
indicates that  Fe3+ and  N3− impurities have joined the 
NiO crystal matrix, replacing  O2− ions rather than occu-
pying the interstitials [37].

4  Photocatalytical properties of NiO 
nanoproducts

Figure 7 shows optical properties of various catalysts 
based on UV–visible absorption spectra. The UV–vis-
ible spectrum of MB was characterized by two types 
of absorptions. One absorption at 283 nm associated 
to benzene with the π → π* transition, while the other 
absorption at 664.3 nm corresponds to covalent bonded 
with the nitrogen group in the MB molecule. The dye 
amount was estimated by measuring the highest absorb-
ance value at max = 596 nm from the spectra at reaction 
time ranging ~ 0–6 h. The intensity of the absorption 
edge decreases with reaction time, and the overall wave-
length of absorption shifts dramatically towards lower 
wavelengths, suggesting catalytic decay of MB [38].

Fig. 5  TEM includes SEAD 
micrographs of the undoped 
NiO and doped NiO NPs cal-
cined at 400 °C
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Fig. 6  EDAX images of the undoped NiO and doped NiO NPs calcined at 400 °C

Fig. 7  Absorption-wavelength spectra for the breakdown of MB 
dye (dye concentration = 9.59 mg/L, photo catalyst dose (NiO & its 
composites) = 0.3  g/L, pH = 7, light bulb dimensions = 24  V/150  W, 

reactor size = 26 × 41   cm2, light intensity = 11.9  W/m2, tempera-
ture = 30 °C and time = 6 h)



Vol.:(0123456789)

SN Applied Sciences           (2021) 3:817  | https://doi.org/10.1007/s42452-021-04803-1 Research Article

To know the effectiveness of catalyst blank test was 
performed: it was discovered that there was no differ-
ence in catalytic activity between the blank and pure NiO 
catalysts; however, the catalytic activity was increased 
after doping with N, Fe. This is due to the shrinking of 
the band gap, which allows light to pass from the UV 
to the Vis region. Since NiO cannot absorb visible light 
because its band gap is 3.26 eV. For N/Fe/NiO, Fe/NiO, 
N/NiO, NiO and even without a catalyst, the dye deg-
radation efficiency is 79.8%, 76.3%, 73.8%, 62.8%, and 
61.5% in 6 h, respectively (Fig. 8). As a result, it’s worth 
noting that N/Fe/NiO as a photocatalyst resulted in a 
decolorization rate of 79.8 percent in just 6 h. The syner-
gistic effect of Fe, N, and NiO, which efficiently facilitates 
the separation and transfer of charge carriers, accounts 
for the increased photocatalytic activity of N/Fe/NiO. 
Besides, nitrogen served as an electron trap from the CB 
of N/Fe/NiO, adsorbing  O2 to produce •O2

−. These pho-
togenerated reactive radical species of •O2

−, •OH,  N3−, 
 Fe3+ worked together to efficiently degrade MB to H 2O 
and  CO2, resulting in increased photocatalytic activity 
[39, 40].

Figure 9b depicts the creation of fluorescent products 
in various nanocomposites, along with quantitative esti-
mates. The presence of a fluorescent peak at 431 nm that 
progressively enhances in intensity with reaction time, 
suggesting accelerated hydroxyl radical creation, is shown 
in the results (Fig. 9a). However, under similar conditions, 
the amount of  OH• formation varies for different nanocom-
posite. The amount of hydroxyl radical could be expressed 
by the ratio of final intensity to initial intensity value (I/I0) 
is detected at 431 nm. N/Fe/NiO, in particular, produces 
more hydroxyl radicals than NiO and its nanocomposites, 
and it produces the highest hydroxyl radical rate among 
the composites studied, including NiO, N/NiO, and Fe/
NiO. These findings indicate that N/Fe/NiO will be the best 
photo catalyst of all the samples examined (Fig. 9a).

The breakdown yield produced at the end of the 6 h 
reaction was examined using GC–MS, and mass spectra 
data was used to recognise the N/Fe/NiO photocatalyst 
(Fig. 10a). The peaks at m/z ratios of 94, 109, 136, 158, 
218.6, and 292, as shown in Fig. 10b, correspond to organic 
by-products quite well [41, 42].

4.1  Kinetics of NiO nanoproducts

The kinetics of photocatalytic degradation of MB by vari-
ous photocatalysts are shown in Fig. 11 and can be repre-
sented using the equations below [43].

where  C0 is the dye concentration at 0 s and  Ct is the dye 
concentration at t sec, and k is the rate constant.

Table 2 shows the measured rate constants (k) and cor-
responding  R2 values for the photo decomposition of MB 
by various catalysts. Zero, first, and second order kinetic 
models are used to test the experimental sorption data for 

(9)Ct − C0 = −k0t (zero order)

(10)ln
(

Ct∕C0

)

= −k1t (First order)

(11)1∕Ct = k2t (second order)

Fig. 8  Effect of reaction time on the MB degraded by various NiO 
products

Fig. 9  a fluorescence spectra 
for the different times dur-
ing the irradiation of N/Fe/
NiO with terephthalic acid 
(1 mM) in water (excitation, 
λexc = 315 nm; emission, 
λem = 431 nm), and b produc-
tion rate of  OH• by different 
photocatalyst under identical 
situations
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Fig. 10  a Gas chromatog-
raphy–mass spectrometry 
chromatograms obtained for 
decomposition of MB with the 
catalysts N/Fe/NiO observed 
after 6 h and b decomposi-
tion pathway proposed for MB 
degradation

Fig. 11  Kinetic graphs for the MB onto various NiO products at the room temperatures

Table 2  Linear correlation 
coefficients  (R2), rate constant 
(k) of the zero order (mol 
 l−1  h−1), first order  (h−1) and 
second order (l mol  h−1) for 
photo-catalytic degradation of 
MB by different NiO NPs under 
visible light

Material Zero-order kinetic First –order kinetics Second –order 
kinetics

K R2 k R2 k R2

No catalyst  − 0.1847 0.90476  − 0.27 0.96019 0.65 0.95
NiO  − 0.1593 0.9740  − 0.2332 0.9749 0.53 0.96
N/NiO  − 0.1231 0.989  − 0.2172 0.9902 0.43 0.96
Fe/NiO  − 0.1601 0.9720  − 0.1605 0.9945 0.59 0.97
N/Fe/NiO  − 0.1256 0.99626  − 0.1603 0.99597 0.42 0.96
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MB-photocatalyst systems. For the MB-photocatalyst sorp-
tion, the  R2 value for the pseudo first order kinetic equa-
tion was detected to be higher than that of the pseudo 
zero order and pseudo second order kinetic equation. 
The rate of degradation of MB by NiO NPs is the following 
order: without catalyst≈NiO < N/NiO < Fe/NiO < N/Fe/NiO.

The enhanced catalytic activity of N/Fe/NiO NCs can be 
interpreted in terms of optical and structural properties. 
To begin, XRD results show that the mean crystal size of 
N/Fe/NiO is small, with higher dislocation density than 
NiO, which increases the quantum size effect due to the 
confinement of the electronic movement. This leads to 
the energy bands of the NiO change into discrete energy 
levels. As a consequence, the conduction band’s electric 
potential changes more negative; otherwise, the valence 
band electric potential changes more positive. The oxida-
tion–reduction potential of holes and electrons increased 
as a result, increasing the oxidation activity of NiO photo-
catalyst [44]. Charge recombination is also known to be a 
function of luminescence intensity. As shown in Fig. 3c, the 
PL intensity of N/Fe/NiO crystal was lower than NiO, N/NiO, 
and Fe/NiO, illustrating that the N/Fe/NiO nanoparticles 
efficiently segregated photo-generated charge carriers. 
As a result, it causes a lower charge carrier recombination 
rate, resulting in a dramatic synergistic effect on the photo 
efficiency of N/Fe/NiO NPs.

According to SEM studies, dopants are coated with NiO, 
which prevents NiO NPs from aggregating and serves as 
electron transfer channels for the generation of hydroxyl 
and peroxyl radicals, which have a high capability for the 
decomposition of MB. The thin N and Fe can also shorten 
the electron and ion diffusion paths, enhancing the photo-
chemical catalyst’s stability and rate capability. As a result, 
the N/Fe/NiO hybrid regarded as a potential catalyst for 
the decomposition of MB molecule and exhibit excellent 
catalytic properties [45, 46].

4.2  Recyclability of NiO nanoprducts

For three times, photocatalytic experiments were carried 
out utilising NiO, N/NiO, Fe/NiO, and N/Fe/NiO, as well as 
MB solutions. As demonstrated in Fig. 12, there was no 
significant change in the total concentration of the catalyst 
when exposed to visible light. NiO, N/NiO, Fe/NiO, and N/
Fe/NiO photocatalysts retain over 96–99 percent of their 
original photocatalytic activity.

5  Conclusion

NiO nanocomposites were fabricated via a chemi-
cal precipitation route. The average crystal size of NiO 
products was determined from 6.67 to 3.76 nm using 

the Debye Scherrer formula based on XRD, whereas the 
mean particle diameter of NiO products was estimated 
to be in the range of 10–50 nm using TEM. The phase and 
morphology of NiO NPs alter when they are doped with 
iron, nitrogen, or both, ensuing in a decline in crystallite 
size and an increase in dislocation density, as assessed 
by XRD. In addition, the energy gap of composites was 
reduced from 3.2 to 2.5 eV, as estimated by Tauc Plots 
based on UV–visible analysis. The chemical state of the 
Fe and N doped NiO composites were also validated 
using XPS. This is remarkable since, when compared 
to undoped NiO, the N/Fe/NiO had a smaller crystallite 
size, higher dislocation density, and a lower band gap. 
These features boosted NiO’s photocatalytic efficacy for 
the decomposition of MB; as a result, at 30 mg N/Fe/
NiO irradiated with visible light for 6 h, up to 80% of MB 
was degraded. Besides, it is also advised that the fractal 
dimension, which is linked to a high density of porous 
structure and higher quantities of defects in N/Fe/NiO 
particles as estimated by photoluminescence, influences 
both MB adsorption and the creation of super oxide and 
hydroperoxy radical species. Also noteworthy is the fact 
that employing the precipitation method and nickel (II) 
nitrate as a precursor resulted in the development of a 
high number of oxygen vacancies, which played a key 
role in the production of hydroxyl radicals when visible 
radiation was used. According to these findings, the 
synthesized N/Fe/NiO may have a promising application 
for wastewater treatment when exposed to visible light 
irradiation.

Fig. 12  Reusability data over various catalysts in the degradation of 
100 ml of 3 ×  10–5 M MB for different irradiation time under visible 
light
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