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Abstract 

In this present study, Nickel oxide (NiO) nanoparticles (NPs) have been synthesized using the hydrothermal meth-

od and characterized using powder X-ray Diffraction (XRD), UV-vis and Fourier Transform Infra Red (FTIR) spec-

troscopies, Scanning Electron Microscopy (SEM), and Energy-Dispersive X-ray (EDX) methods. The result of the 

characterization indicates that the synthesized sample has a pure cubic phase of NiO with roughly spherical shape 

morphologies and respective estimated crystallinity and microstrain values of about 78% and 5.1. Test of the pho-

tocatalytic activity of the synthesized sample towards the model contaminant dye methylene blue (MB) shows a 

degradation efficiency of 46% in a period of 2 h under nature sunlight irradiation at natural pH and that the reac-

tion could satisfactorily describe both pseudo-first-order and pseudo-second-order kinetic models. So, this synthe-

sis method may potentially be used for the effective elimination of toxic organic pollutants from water and 

wastewater over prolonged exposure under natural sunlight without adding any oxidant or adjusting the pH of the 

reaction medium.   
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1. Introduction 

Environmental pollution is the most serious 

problem facing in the world today, with scien-

tists recommending that conditions be created 

to achieve a clean and healthy environment for 

a better life in the world [1–3]. Population and 

global production growth have been linked to a 
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dramatic increase in the use of chemicals in re-

cent decades, due to their daily entry into the 

environment and resistance to biodegradation, 

which may result in the generation of hazards 

for various species [4–7]. To prevent water and 

environmental pollution caused by the arrival of 

polluted industrial effluents, appropriate strate-

gies for their treatment and reuse must be de-

veloped [8,9]. Today, safe and hygienic drinking 

water is a unique requirement of the global 

health community [10,12]. The critical feature of 
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densely populated and industrial areas close to 

water resources has resulted in the assumption 

of difficult global issues [13,14]. Designing nov-

el wastewater treatment methods while taking 

into account their shortcomings leads to an in-

crease in their ability and performance in re-

moving various contaminants from aqueous 

media [15].  

The problem with traditional wastewater 

treatment methods such as adsorption, chemi-

cal oxidation, flotation, flocculation, membrane 

filtration, adsorption, etc. is that they involve 

physical separation of the pollutants rather 

than eliminating them, have sludge formation, 

and are generally cost-ineffective and environ-

mentally unfriendly approaches. Heterogene-

ous photocatalysis, which utilizes catalysts for 

catalyzing photochemical reactions, is a prom-

ising technique for eliminating pollutants from 

water and wastewater in a cost-efficient and 

environmentally friendly manner [16–20].  

Nickel oxide (NiO) is one of the semiconduc-

tor transition metal oxides having such inter-

esting applications as in the manufacture of 

photochromic materials, magnets, transparent 

conducting films, electrochemical capacitors, 

gas sensors, electrodes in alkaline batteries 

and solid oxide fuel cells, antibacterial agent, 

and catalysis [21]. It is a p-type semiconductor 

oxide with an indirect bulk bandgap of 3.5 eV 

and exhibits antiferromagnetic and Mott insu-

lator behavior [22], high conductivity, good 

switching speed, stable and well-defined redox 

kinetics, etc. [23]. Various synthesis methods 

including sol-gel [24], hydrothermal [25], ther-

mal decomposition [26], microwave irradiation 

[27], solid-state reaction [28], precipitation, and 

sonochemical reaction [29], etc. have been em-

ployed to synthesize NiO nanostructures with 

different particle size, shape, and dimensionali-

ty for application in different sectors. 

The photocatalytic degradation efficiency of 

NiO NPs towards organic pollutants depends 

on the synthesis method employed while other 

experimental parameters are kept constant be-

cause the different synthesis methods can yield 

NiO nanostructures with different particle 

morphologies and crystal structures. For exam-

ple, The photocatalytic decomposition percent-

age of methyl orange dye using NiO synthe-

sized by emulsion nanoreactors method was 

found to be greater than that synthesized by 

hydrothermal, sol-gel, and thermal decomposi-

tion method, as reported by Fazlali et al. [30]. 

According to the authors, the enhanced catalyt-

ic activity of NiO structures synthesized by the 

emulsion nanoreactors method compared to the 

other approaches was due to the low scattering 

of light, large surface-active sites, and greater 

stability in a solvent of the resulting spherical 

like morphologies relative to plate-like, nan-

owood, and flower-like shapes produced by the 

other synthesis methods, respectively. Miri et 

al. [31] reported a degradation efficiency of 

65.5% in the methylene blue dye using biosyn-

thesized NiO NPs under UV light irradiation 

for a period of 3 h. 

The solvothermal synthesis method has 

such advantages as simplicity, high crystallini-

ty of obtained product at a relatively low tem-

perature of about 180 °C, and the ability to 

control crystal growth while producing a large 

quantity of products [32]. In this work, NiO na-

noparticles are synthesized using the hydro-

thermal method and its photocatalytic degra-

dation performance is evaluated for the model 

contaminant dye methylene blue dye using 

natural sunlight as a source of radiation. 

 

2. Materials and Methods 

2.1 Materials 

NiO nanostructures were formed by the hy-

drothermal synthesis route of nickel acetate, 

Ni(CH3COO)2.2H2O (purchased from Sigma-

Aldrich, Mumbai, India). All the chemicals and 

solvents used during the synthesis are analyt-

ic-grade reagents and were used as received 

without any further purification. Distilled wa-

ter (DW) was used throughout the experiment. 

 

2.2 Synthesis of NiO Nanoparticles 

For the synthesis of NiO NPs, the first 0.5 g 

of nickel acetate was dissolved in 100 mL of 

DW. Next, the solution was mixed under con-

stant magnetic stirring to ensure homogeneity. 

Then, the solution was transferred into a 50 

mL capacity Teflon-lined stainless-steel auto-

clave, sealed and put in an oven whose temper-

ature is maintained at 180 °C for 24 h. Finally, 

the autoclave was cooled to room temperature 

and the resulting greenish precipitate formed 

was washed with DW first (to remove any ex-

cess ions), and then with ethanol, dried in an 

oven at 60 °C for 5 h to obtain the NiO NPs, 

which has been stored carefully for next char-

acterization and application purpose.  

 

2.3. Photocatalytic Study 

We have examined the photocatalytic activi-

ty of the formed NiO nanopowder for Meth-

ylene blue (MB) dye. Firstly, 40 mg of the cata-

lyst sample was used to degrade 80 mL of 

2×10−5 M dye concentration for 120 min and al-

iquot sample solutions were collected at regu-
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lar time intervals of 15 min. Before starting the 

experiment, the sample mixture of catalyst par-

ticles and dye solution was stirred at room tem-

perature in the dark condition for 30 min. Then 

after the exposure of the reaction mixture to 

sunlight, the absorbance of the aliquots taken 

at regular time intervals was measured at the 

maximum wavelength of absorption (665 nm) of 

the dye with a UV-vis spectrophotometer. The 

absorption intensity of dyes decreased signifi-

cantly in the presence of light in comparison 

with reaction at dark with a photocatalyst, 

which confirms the effective degradation ability 

of the sample. The variation in the ratio of the 

concentration (C) after irradiation to the initial 

concentration (C0) as a function of irradiation 

time with different photocatalysts is also de-

rived and presented. The degradation efficiency 

(Degradation (%)) of MB dye was calculated 

with the help of Equation (1), 

 

(1) 

 

where, A0 and At are dye absorbance before and 

after exposure to visible light irradiation,      

respectively. 

 

2.4 Instrumental Analysis 

Powder X-ray diffraction (XRD) analysis 

was carried out using on Rigaku multiflex dif-

fractometer (Japan) that operates at 3 kW 

power and uses the Cu-Kα radiation (λ=1.5408 

Å and 2θ of 10–80° range). Fourier transform 

infrared (FTIR) spectroscopic analysis was car-

ried out using on Spectrum 100 FT-IR instru-

ment (Perkin Elmer, USA) and the samples for 

analysis were prepared using the KBr pellet 

method (wavenumber range of 4000–400 cm−1). 

The UV-Vis spectral analysis was performed on 

a Cary 50 UV-Vis spectrophotometer (Varian 

technologies, USA). The scanning electron mi-

croscopy (SEM) images were taken on the FEI-

Quanta FEG 200F instrument (Thermo Fisher 

Scientific, USA) connected to energy dispersive 

analysis by X-rays (EDAX) detector. 

 

3. Results and Discussion 

3.1. Physicochemical Characterization 

NiO NPs formed by the hydrothermal syn-

thesis method is analyzed for crystallinity, 

crystal sizes, and phase purity using the pow-

der XRD analysis, where the diffraction pat-

terns in the 2θ range of 20–80° are provided in 

Figure 1. From the spectrum shown, NiO NPs 

have the reflection patterns along the crystal 

planes of (111), (200), (220), (311), and (222) 

Figure 3. FTIR spectrum of the synthesized 

NiO NPs. 

Figure 1. Powder XRD pattern of the synthe-

sized NiO NPs. 

Figure 2. W-H plot for the synthesized NiO na-

noparticles. 

0

0

(%) 100t
A A

Degradation
A

−
= 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 17 (2), 2022, 343 

Copyright © 2022, ISSN 1978-2993 

which can be attributed to the formation of the 

cubic structure of NiO [21]. Also, as provided in 

the figure, the diffraction patterns formed are 

of sharp, narrow, and significant intensity 

peaks where all these factors support the crys-

talline nature of the formed NiO. Moreover, the 

absence of other peaks indicates the phase pu-

rity of the obtained NiO product. 

The average crystallite size (D) calculated 

using Scherrer formula, Equation (2) is 24.5 

nm. 

 

(2)  

 

where, k = shape factor Scherrer constant val-

ue equal to 0.9,  is the wavelength of the x-ray 

Figure 4. SEM images at different magnifications (a-d) and EDX spectrum (e) of NiO NPs. 
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radiation source Cu-K = 0.15406 nm, β and θ 

are the peak width at half maximum intensity 

and Bragg angle, respectively. The crystallinity 

of the synthesized NiO NPs, calculated using 

Equation (3) by dividing the area of all crystal-

line peaks (AC) to that of the area of all peaks 

(crystalline plus amorphous, (AC+AA)) was 

77.84%. 

 

(3) 

 

The microstrain (ε) in the synthesized NiO 

sample powder obtained from the Williamson-

Hall plot method, Figure 2 and applying Equa-

tion (4) is about 5.1. 

 

(4) 

 

Figure 3 provides the FTIR spectral analysis 

of synthesized NiO NPs. Metal oxides generally 

give absorption bands below 1000 cm−1 arising 

from inter-atomic vibrations. From the FTIR 

spectrum, the broad and sharp peaks situated 

at 3461, 1645, and 1384.7 cm−1 can be correlat-

ed to the −OH stretching and bending vibra-

tions of adsorbed water molecules; however, 

the peak observed around 1135 cm−1 is indicat-

ing the hydroxyl group of surface adsorbed hy-

drated molecules. From the spectrum, the ob-

servation of a band at 428 cm−1 is attributed to 

Ni−O stretching vibration and thereby confirm-

ing the formation of the NiO compound. 

Figure 4 (a-d) shows the SEM images of as-

prepared NiO NPs at different magnifications 

in and from the figure, there is an aggregation 

or overlapping of smaller sized NiO particles to 

generate the larger ones. Also, from the SEM 

images, the grains seem to be distributed ran-

domly and are maintaining the homogeneous 

rod-like morphology. Further, the EDAX pro-

vided elemental analysis of NiO NPs shown in 

Figure 4(e) confirmed the presence of Ni and O 

elements in the powdered sample. 

The EDS elemental mapping of the synthe-

sized NiO NPs is shown in Figure 5. From the 

figure, it can be seen that the Ni and O ele-

Figure 5. EDS mapping of the synthesized NiO NPs.  
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ments are evenly distributed confirming the ho-

mogeneity of the sample. In addition, the 

EDAX provided the elemental composition of 

the NiO sample showed the presence of only 

two elements (Ni and O), thereby supporting 

the high purity of the synthesized sample 

which in turn indicates the efficiency of the hy-

drothermal synthesis route to produce pure 

NiO NPs. 

The UV-visible absorption spectrum of NiO 

is depicted in Figure 6(a). The maximum ab-

sorption peak at 250 nm of the sample lies in 

the ultraviolet region. The increasing absorb-

ance broad shoulder of the absorbance peak 

could be attributed to particle size distribution 

and defects. The optical bandgap of the NiO 

NPs was estimated using Tauc’s relation, 

Equation (5). 
 

(5) 
 

where,  is the coefficient of absorption, h is 

Planck’s constant, ν is photon energy (eV) and 

Eg is the bandgap energy in eV. Plotting the 

(hν)2 versus hν as shown in Figure 6(b) and 

extrapolating the line drawn tangent to the re-

sulting curve gives the value of the bandgap 

energy. The optical bandgap of the NiO NPs 

was calculated to be 3.14 eV. 

 

3.2. Photocatalytic Activity Analysis 

The photocatalytic performance of the syn-

thesized NiO NPs for the photodegradation of 

MB dye was studied under sunlight irradiation. 

As indicated in Figure 7, the absorbance of the 

sample solutions withdrawn from the reaction 

mixture went decreasing with time, achieving a 

degradation performance of 46% in 2 h of irra-

diation time at natural pH and employing cata-

lyst dose of 40 mg and 80 mL of 0.02 mM dye 

initial concentration. Negligible decomposition 

(nearly 12%) was observed in the absence of 

NiO catalyst but exposure to radiation and no 

decomposition were noted in a dark room while 

in the presence of a catalyst sample. This indi-

cates that the observed degradation percentage 

can be attributed to the photoactivity of the 

catalyst particles in the reaction medium. 

The photodegradation data were fitted with 

pseudo-first-order and pseudo-second-order re-

action models, Equations (6) and (7), respec-

tively and graphically illustrated in Figures 

8(a) and (b) and the result exhibited that the 

data can be described with the specified models 

Figure 6. UV-vis absorbance spectrum (a) and the corresponding Tauc’s plot (b) of NiO NPs. 

( ) ( )
2

g
hv A hv E = −

Figure 7. Time-dependent concentration change 

and degradation were achieved for MB during 2 

h of irradiation under visible light  
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with satisfactory values of correlation coeffi-

cient (R2). The half-life of the pseudo-first-order 

reaction, that is, the reaction time decreases 

the initial concentration of the dye by half, giv-

en by Equation (8) which is 141 min, while that 

for the second-order reaction is 7×107 

min−1.mol−1, Equation (9) [33]. The kinetics pa-

rameters are also summarized in Table 1. 

 

(6) 

 

 

(7) 

 

 

(8) 

 

 

(9) 

 

 

where, k1, k2, C0 and Ct refer to the first order 

and second-order reaction rate constants, and 

the initial concentration and concentration af-

ter exposure time t, respectively. 

3.3 Photocatalytic Degradation Mechanism 

Photocatalytic decomposition of organic pol-

lutants using semiconductor photocatalysts 

may occur through direct or indirect mechanis-

tic routes. In the direct route, degradation oc-

curs by hydroxyl radical (HO•) formed by the 

direct injection of electrons into the CB of the 

semiconductor from the photosensitized organ-

ic pollutant which results in the reduction of  

to superoxide radical ion (O2
−•) and then into 

HO•, Equations (13)–(16). However, in the in-

direct mechanism of dye degradation into less 

harmful end products, decomposition occurs 

following the generation of charge carriers in 

the semiconductor catalyst surface when radia-

tion of energy  greater than or equal to the 

bandgap energy (Eg) irradiates it and then the 

subsequent formation of reactive radicals, pri-

marily HO• and O2
−• radicals, Equations (6)–

(13) [33,34] and it has been reported that this 

latter mechanism is a more dominant and ki-

netically faster route in the photocatalytic deg-

radation of dyes [35]. 

 

Order of reaction 
Reaction rate constant 

(k1/k2) 
Degradation (%) t1/2 R2 

Pseudo 1st order 0.0049 46% 141 min 0.95 

Pseudo 2nd order 0.00723 46% 7×107 min−1.mol−1 0.98 

Table 1. Pseudo-first-order and pseudo-second-order reaction kinetics parameters for the degradation 

of MB dye. 
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Figure 8. Pseudo-first-order (a) and second-order kinetics (b) plots for the degradation of MB using NiO 

NPs. 
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NiO (s) + hν → NiO (s)(e− + h+) (10) 

e− + O2 → O2
−• (11) 

H2O + h+ → HO• + H+  (12) 

MB + hν → MB* + O2 → MB+• + O2
−• (13) 

O2
−• + H+ → HOO• (14) 

2HOO• → H2O2 + O2 (15) 

H2O2 → 2HO• (16) 

MB + HO•/O2
−• → Degradation products (17) 

 

4. Conclusion  

Nickel oxide is a multifunctional semicon-

ductor oxide used in such application areas as 

in the manufacture of photochromic materials, 

magnets, transparent conducting films, electro-

chemical capacitors, gas sensors, electrodes in 

alkaline batteries, and solid oxide fuel cells, an-

tibacterial agents, and heterogeneous photoca-

talysis. Since different synthesis methods em-

ployed result in particles with different crystal 

structures and surface morphologies, the photo-

catalytic performance could also vary. In this 

summary, NiO NPs were successfully synthe-

sized using the hydrothermal technique at a 

relatively lower temperature and characterized 

thoroughly for their crystallinity, morphology, 

surface functionality, and optical properties. 

From the powdered XRD analysis, the as-

synthesized NiO was found to be a cubic phase 

and crystalline nature while the SEM images 

indicated roughly spherical like particle mor-

phology The FTIR analysis demonstrated evi-

dence for the formation of NiO NPs. The syn-

thesized NiO NPs achieved degradation effi-

ciency of about 46% in 2 h of irradiation under 

natural sunlight without adjusting the natural 

pH of the medium. The photodegradation reac-

tion mechanism is mainly attributed to the in-

direct route and can be described with pseudo-

first-order and pseudo-second-order reaction ki-

netics with a satisfactory value of the correla-

tion coefficient. Therefore, the prepared NiO 

NPs could potentially be used in the treatment 

of water or wastewater bearing toxic organic 

pollutants just by utilizing nature sunlight as a 

source of radiation. 
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