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a b s t r a c t
This study was aimed to synthesize nickel oxide (NiO) powder and its subsequent use in bactericidal 
activities by exploring the role of interaction at nanoparticle-bacteria interface of E. coli (gram negative) 
microorganism as well as water treatment by catalysing the two toxic azo dyes reduction reactions 
by sodium borohydride. The NiO nanoparticles were synthesized through single-step, residue 
free, in situ thermal decomposition method. Their size, structural and morphological features were 
confirmed through various analytical tools. An average size of 7–8 nm, high crystallinity and cubic 
crystal structure of the synthesized nanoparticles was confirmed by XRD and HR-TEM analyses. The 
NiO nanoparticles revealed virtuous bactericidal activities against pathogenic E. coli. Field emission 
scanning electron microscopy images were used as the evidence of the cell wall deterioration. The 
prepared NiO nanoparticles were also used in the catalytic reduction reactions of methyl orange (MO) 
and congo red (CR) dyes by sodium tetra-borohydrate. The reaction rate constants for the MO and CR 
were 0.4989 and 0.298 min–1, respectively. The reaction mechanism, comparison with other catalyst 
and recyclability of the NiO were discussed.
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1. Introduction

The two threats posed on the human lives are the toxic 
pollutants and certain un-friendly microorganisms [1–10]. 
Basically, men themselves are responsible for the pollutants 
cause [3]. Among the different type of pollutions, toxic 
chemicals used in the industries are sometimes discharged 
without proper treatment. For instance, colouring 

compounds and dyes from different industries are drained 
in the form of their aqueous solutions into the nearby 
streams [11,12]. These compounds impose an adverse effect 
on the aquatic lives directly and on human lives indirectly. 
Some of the examples of such toxic compounds discharged 
by textile, pharmaceutical, leather and printing industries 
are azo functional group containing dyes, nitroaromatic 
compounds and heavy metal ions etc. The easiest approaches 
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for their removal are the adsorption assisted extraction 
from the aqueous environment or their complete reduction 
in short time by using suitable reductants and catalysts 
[13–15]. The latter method has advantage of complete 
chemical structure change of the pollutant [15]. In-fact noble 
metal nanoparticles have been considered efficient catalyst 
but their high cost is the main hurdle in their utilization as 
catalyst. Transition metal nanoparticles are also efficient 
catalyst but they are highly unstable. Therefore, stable oxide 
nanoparticles of various metals such as zinc, copper silver 
and nickel have been synthesized and used in catalysing 
different reactions [16–19]. 

To fight against the un-friendly microorganisms, 
antimicrobial studies on developed materials are often 
performed. Antibacterial activity is the ability to kill bacteria 
or slowing down their growth, without affecting the 
neighbouring tissues or cells. The materials with antibacterial 
properties are prime important in medicine, water treatment, 
textile and food packaging industry [20–22]. In particular, 
antibacterial agents are considered paramount to combat 
against various diseases. Even then, the bacterial resistance 
to antibacterial drugs has increased and became a common 
phenomenon, which is a primary problem in a global 
health concern [23,24]. The possible reason lying behind the 
bacterial resistance could be due to evolutionary processes 
in antibiotic therapy namely transduction and horizontal 
gene transfer by conjugation [25,26]. The resistant species are 
known as superbugs which lead to the evolution of diseases 
that were controlled for a long time. The bacterial strains 
causing tuberculosis could be stated as the better example in 
this aspect as it is approximated that nearly half a million new 
cases of multidrug-resistant tuberculosis appear globally 
during each year. Also, Delhimetallo-b-lactamase-1 enzyme, 
is accountable for bacterial resistance to all standard 
intravenous antibiotics for the treatment of severe infections 
[27]. Hence, infectious diseases persist to be one of the supe-
rior health threats all over the world. Also, the disadvantages 
of conventional organic antimicrobial compounds are their 
adverse side effects during prolong use, toxicity due to high 
dose, irritability and less stability at high temperature or 
pressure. 

As alternatives to organic compounds based antibacterial 
agents, the research in treatment of bacterial infections using 
bloomed nanomaterials as novel and efficient antimicrobial 
agents has recently increased. In nano-meter scale, the 
chemical, mechanical, electrical, structural, morphological 
and optical properties of the material is modified/enhanced 
due to greater number of atoms at their surface and thus 
high surface reactivity easing the interaction with any moiety 
and here biomolecules or cells thus, assisting the engulfing 
of nanoparticles into cells [14,22,28]. The antimicrobial 
effectiveness of nanoparticles rely upon their physiochemical 
properties namely composition, surface modification, 
particle size and finally, also on kind of bacterial species used 
for the study (cell). The exact mechanisms for antibacterial 
activity of nanoparticles are still under research, yet free 
metal ion toxicity and oxidative stress via the generation of 
reactive oxygen species (ROS) are the most popular proposed 
possibilities in this regard [29,30]. The metal and metal oxide 
nanoparticles tested for antimicrobial activity are Au, Ag, Si, 
Ag2O, TiO2, CuO, ZnO, CaO, CeO2 and MgO [31,32]. Besides, 

due to extensive use of nanoparticles, uncontrolled release 
of these nanoparticles into the environment would become 
inevitable [3,33].

Nickel oxide (NiO) is an inorganic p-type semiconductor 
of great attention with a large bandgap and deep valence 
band that lines up with the highest occupied molecular 
orbital levels of many p-type organic semiconductors and 
electrochromism. Therefore, its use as a hole transporting layer 
in organic optoelectronic devices and organic light-emitting 
diodes [34,35]. Moreover, it has been widely used in solar 
cell, capacitor, and rechargeable lithium ion batteries 
[36], and in smart windows, sensors and electrochemical 
super capacitors [37]. Different methodologies such as the 
precursor thermal decomposition method, calcination, 
the template method, the chemical precipitation method 
and the aqueous solution methods have been reported 
to produce NiO nanoparticles [37–40]. In few studies, 
NiO nanoparticles have been prepared by the direct high 
temperature treatment of Ni-based complexes synthesized 
by the reaction of Ni2+ ions with o-mercaptobenzoic acid [41], 
supercritical water treatment [42], glycine-nitrate combustion 
using nanocrystalline cellulose as template [43], hydrogel 
and cellulose filter paper as supports [44,45] and a green 
approach of using plant extract of plant Monsonia burkeana 
[46]. Moreover, till date; most of the available methods of 
nanoparticles synthesis methods have some limitations due 
to complex procedures, uneconomical and low yield, tedious 
procedures, special conditions or complex apparatus, and 
high cost. 

In this research study, we explored the NiO 
nano-powders antibacterial activity with its mechanism 
and biocompatibility tests. Towards this purpose, thermal 
decomposition of nickel(II) benzoate dihydrazinate 
an organometallic complex was used to prepare NiO 
nano-powders. The surface charge of NiO nanoparticles 
studied by zeta potential bestowed the electrostatic mode of 
attachment of the same on the cell wall. The prepared NiO 
nanoparticles through thermal decomposition of a nickel 
complex was also used as catalyst in the reduction reac-
tions. The catalytic properties of the NiO in these reduction 
reactions were discussed and comparatively presented with 
some recent reports.

2. Experimental setup

2.1. Materials

Hydrazine hydrate, nickel (II) nitrate hexahydrate, benzoic 
acid and ethanol, were purchased from Sigma–Aldrich. 
Congo red and methyl orange and NaBH4 were bought from 
Loba Chemie, India. These chemicals were used and received 
without further processing. Growth media for E. coli were 
obtained from Debco.

2.2. Synthesis of NiO nanoparticles

The aqueous solution of nickel (II) nitrate hexahydrate 
(0.01 mol) was mixed in-situ with hydrazinium benzoate 
(0.02 mol) and the subsequent mixture was concentrated to 
30% of its aggregate volume. After this, the reaction mixture 
was cooled, and the solids formed were separated by 
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filtration. The obtained solids were washed with ethanol to 
remove the unreactive components and dried. The complex 
formed of nickel benzoate dihydrazinate consequently 
decayed into NiO nanoparticles when heated at 200°C for 
an hour. 

2.3. Characterization

0.1 % (w/v) NiO nanoparticles were suspended in an 
ethanol solvent by sonicating for 1 h. Then a small drop of 
this solution was deposited on a TEM grid. Size and structure 
of synthesized nanoparticles was confirmed through 
transmission electron microscopy (TEM), performed on a 
JEOL JEM-2100 microscope. The instrument was operated 
at ultra-high resolution voltage of 200 kV. X-ray diffraction 
patterns were obtained from the prepared sample using an 
X-Ray diffractometer (X0Pert-APD PHILIPS, Netherland) 
with an X-ray generator (3 KW) and anode (LFF Cu). The Cu 
Kα radiations with wavelength of 1.542 A° were used while 
X-ray generator current and voltage were 30 mA and 40 kV, 
respectively. The scanning angle in the X-ray diffractometer 
was varied from 10 to 70°. Zeta potential were measured 
through a Malvern Zetasizer Nano instrument (Nano-ZS90, 
England). The instrument uses a laser wavelength of 633 nm 
under the Smoluchowski approximation. Final data was 
an average of three individual measurements. A uv-visible 
spectrophotometer was used in the catalytic reductions 
reactions by measuring the absorbance of the dye solutions.

2.4. Antimicrobial activity

Antibacterial activities of NiO nanoparticles were made 
against E. coli through colony-forming unit (CFU) count 
method following the procedure reported earlier [1]. Briefly, 
0.003 g NiO nanoparticles were added to various test tubes. 
The tubes were then seeded with 1 mL fresh cultures of E. coil 
and incubated at 37°C at 150 rpm for 1, 2 and 3h. Afterwards 
100 µL of each sample from tubes were spread on plates 
containing E. coli agar media. These plates were incubated 
at 37°C for 18 h. After incubation, colonies were counted and 
results between plates were compared.

2.5. Catalytic activity tests

Catalytic activity of the synthesized nanoparticles was 
determined by reduction reactions of two dyes containing 
azo functional group. The two dyes were congo red (CR) 
and methyl orange (MO). We used the reported method 
for the catalytic reduction of theses dyes [11,47,48]. Stock 
solutions of the two dyes were prepared with concentrations 
of 0.12 mM. The dye was then filled to a uv cell of 3.5 mL. 
The volume of dye was always 2 mL. The reductant aqueous 
solution amount was 1 mL which was introduced to the dye 
solution containing uv cell. Its concentration was 0.1 M. The 
sodium borohydride solution was always freshly prepared 
and subsequently used. An initial uv-vis spectrum was 
recorded from the dye + reductactant solution. The solution 
was remained for some time to check the reducibility of the 
dyes by NaBH4. It was found that the reaction was quite 
slow as no change in color was observed. As soon as the NiO 
nanoparticles (8 mg) were added to the UV cell, the reaction 

started which was monitored using continuous recording of 
the UV-vis data.

3. Results and discussion

Fig. 1 portrays the synthesis of NiO nanoparticles in 
a non-hydrolytic way i.e. by thermal decomposition of 
nickel benzoate dihydrazinate complex. The central reason 
for choosing this complex revolves around two reasons: 
the exothermic disintegration of hydrazine helps in the 
development of nanoparticles at generally low temperature 
and the scattering of metal particle in 3D coordination circle 
permits the arrangement of fine particles after deteriora-
tion. In addition, thermal decomposition method gives the 
end product with no purity in a simple way. This approach 
is based on a previously reported method for preparing 
NiO nanoparticles [49], but it was notably modified with 
respect to temperature to see any changes in morphology. 
Herein, we obtained NiO nanoparticles which could be an 
effective bactericide due to large surface area compared to 
nanorods.

The structural and morphological characteristics of NiO 
nanoparticles were identified using XRD and TEM as shown 
in Fig. 2. First, the XRD pattern (Fig. 2(a)) shows a little broad 
diffraction peaks indicating the well crystalline nature of the 
NiO nanoparticles. The broadness of the peaks might be due 
to the nano-sized particles of the NiO powders. The three 
peaks appearing at 2θ = 37.096°, 43.099°, 62.593°, correspond 
to the (111), (200), (220) planes of cubic crystal structure of 
NiO, respectively [37]. No peaks due to any other Ni analogue 
or impurities were found from XRD, indicating the complete 
decomposition of nickel benzoate dihydrazinate complex to 
NiO at elevated temperature of 200°C for 1 h. The images 
of the morphology and microstructures observed by TEM 
shown in Figs. 2(b) and (c) clearly manifest that as-synthesized 
NiO nanoparticles has an average size of around 7–8 nm. The 
HR-TEM image in Fig. 2(d) confirms that the synthesized 
NiO nanoparticles have a cubic crystal structure, of which 
the interplanar spacing of 0.221 nm agreeing to (111) lattice 
planes of the cubic rock salt NiO in just one simple step of 
thermal decomposition. The ring structure in SAED of NiO 
nanoparticles conveyed the highly crystalline NiO nature 
and the patterns can be readily indexed to (111), (200) and 
(220) reflection planes of FCC NiO nanoparticles.

To validate the mode of interaction at NiO 
nanoparticle-bacterial interface we measured zeta potential 
of NiO nanoparticles as a function of pH as shown in Fig. 3. At 
acidic pH, the surface of NiO nanoparticles bears a positive 
charge whereas at basic pH it exhibits a negative charge. 

Fig. 1. Schematic representation of the NiO nanoparticles 
synthesis.



219T. Kavitha et al. / Desalination and Water Treatment 155 (2019) 216–224

 

 

(a)

(b) (c)

(d) (e)

Fig. 2. NiO nanoparticle’s (a) XRD pattern, (b) and (c) TEM, (d) HR-TEM images and (e) the SAED pattern.
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The chemistry behind such change with pH is protonation/
deprotonation of surface group. In acidic environment, 
NiO nanoparticles carries a positive surface charge due 
to protonation and in basic environment deprotonation 
gives negative surface charge [50]. The pH of our interest 
6–7 happens to be isoelectric point of NiO nanoparticles. 
The attachment of bacteria on any surface can happen 
via number of non-specific interactions like electrostatic, 
dipole-dipole, H-bond, hydrophobic and van der Waals [51]. 
At pH of 7, NiO nanoparticles carries a charge of −7.30 mV, so 
electrostatic repulsion arise between NiO nanoparticles and 
bacterial surface (E. coli surface charge= −7.20 mV at pH 6.5 
[52], and hence we foresee, hydrophobic and van der Waals 
kind of interactions at NiO nanoparticle-bacterial interface.

NiO nanoparticles antimicrobial activity was tested 
against E. coli as they are most common pathogen. The 
respective bacteria were cultured with 3 µg/ml of NiO 
nanoparticles for 18 h and then viable bacteria were 
monitored by culturing in agar plates for 1, 2 and 3 h and 
counting the number of colony-forming units (Fig. 4). The 
untreated control culture has high tally of microorganisms 
and with time of incubation its development was colossal. 
It can be seen that with NiO the viability lessened nearly by 
78% for E. coli after 1 h of treatment and with additional time 
of gestation there is very little development of microscopic 

organisms. The bactericidal features of nanomaterials and 
their mechanism are well-known and small particle size 
enhances the bactericidal efficacy [53]. It can be seen clearly 
that there is no noticeable bacterial cell growth for 60 and 120 
min while after 180 min of incubation, there is significantly 
less development.

The structure and properties of bacterial cell wall 
plays a crucial role in diffusion of nanoparticles and hence 
the tolerance and susceptibility of bacteria. For clear 
understanding of antibacterial activity of NiO nanoparticles 
we intrigued the morphological changes of the bacteria 
as manifested in Fig. 5. The untreated control sample of 
E. coli has rod shape and the cell membrane was intact with 
smooth and normal surface morphology. After the treatment 
with NiO nanoparticles for 30 min, the cell membrane was 
wrinkled and ruptured with severe change in morphology 
of cell. These changes in surface morphology suggest the 
antibacterial activity of NiO nanoparticles could be through 
the membrane-dependent bacterial disinfection. The 
observed bactericidal features are in accordance with some 
previous reports [52,54]. 

CR (chemical structure in Fig. 6(a)) is considered as 
a stable toxic organic dye. Due to the presence of an azo 
functional group (-–N=N–), it is also named as an azo toxic 
dye. It has been reported that it is widely used in different 

Fig. 3. Zeta potential of NiO nanoparticles as a function of pH.
Fig. 4. NiO nanoparticles antimicrobial activity against E. coli 
for 1, 2 and 3 h.

 

(a) (b)

Fig. 5. FESEM images of (a) and (b) E. coli, control and after being treated with NiO nanoparticles for 30 min, respectively.
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industries (textiles, plastics and paper) as a coloring agent 
[47]. Fig. 6(b) shows the uv-vis spectra of CR during its treat-
ment with the NaBH4 in the presence of NiO nanoparticles. 
It is clear from the initial spectrum of the CR that two peaks 
appeared at the 342 and 490 nm in the uv-vis region. These 
peaks were due to the forbidden (n–π*) and allowed (π–π*) 
transitions of the azo groups present in the CR molecular 
structure. The addition of the reducing agent solution to the 
CR containing solution caused a slight decrease in the inten-
sity of both the peaks in the UV-vis spectrum. This decrease 
in intensity was due to the dilution effect. Slight after the 
addition of the NiO nanoparticles to the reaction medium, 
the UV-vis spectral data were continuously recorded. A con-
tinuous decrease in the intensity of peak located at 490 nm 
was observed. At the same time, a new peak centered at 288 
nm was also appeared. The new peak appearance was due 
to the sigma–d* transition which indicates the reduced form 
(–NH–NH–) of the azo group in the dye molecules. The time 
taken by the catalyst to reduce the CR dye was 9 min as noted 
from the nearly complete vanishing of the peak intensity at 

490 nm. For the kinetic analysis of this reaction, the peak 
values at 490 nm were noted as At (absorbance at time t) 
except the initial reading after addition of the NaBH4 as A0. 
The data was treated according to the following equation of 
pseudo-first order kinetics,

ln(Ct/C0) = ln(At/A0) = –kappt� (1)

where Ct, C0 and kapp represent the concentration of the CR 
dye at time t, at time zero (before the beginning of the reduc-
tion reaction) and rate constant of the reaction. The kapp was 
calculated from the slope of the plot between ln(At/A0) and 
t. This plot has been shown in Fig. 6(c). The determined 
rate constant of the reaction was 0.298 min–1 with the r2 
being 0.817.

MO (chemical structure shown in Fig. 7(a)) is another azo 
dye which is vastly used in common chemical laboratories 
and different industries. This dye causes an environmental 
pollution when comes to the outer world. Fig. 7(b) represents 
the MO reduction profiles using NaBH4 in the presence of 

Fig. 6. The reduction reaction of CR by NaBH4: (a) Chemical 
structure of CR, (b) uv-vis spectra of the reaction and (c) the 
absorbance ratio vs. time plot the reaction.

 

Fig. 7. The reduction reaction of MO by NaBH4: (a) chemical 
structure of MO, (b) uv-vis spectra of the reaction and (c) the 
absorbance ratio vs. time plot the reaction.
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NiO nanoparticles as catalyst. The uv-vis spectrum at the 
beginning of reduction reaction has λmax at 464 nm. The 
intensity of this characteristics peak gradually decreased 
with time. Moreover, a new peak also appeared at 247 nm. 
This appearance was due to the hydrazine derivative. The 
degradation efficiency was more than 75% after 6 min of the 
reduction reaction. To determine the kinetic rate constant 
of the MO reduction reaction, the uv-vis data was treated 
using equation 1 similar to that of the CRs’ data and shown 
in Fig. 7(c). The determined rate constant of the reaction was 
0.498 min–1. We also compared our results with the literature 
available reports in Table 1. Kamal et al. reported that the 
CR reduction reaction proceeded with a rate constant of 
0.2683 min–1 using copper nanoparticles-chitosan coated 
filter paper catalyst [47]. Similarly, a rate constants of 
0.3308, 1.7 × 10−3 s−1, 0.559 and 2.1 × 10−3 were reported for 
Co-Cu/ZnPC-Chitosan nanocomposite [21], gold nanopar-
ticles synthesized using 5,7-dihydroxy-6-metoxy-3ʹ,4ʹ 
methylenedioxyisoflavone (Dalspinin) obtained from 
Dalbergiacoromandeliana roots [55], Ag and Pt Nanoparticles 
[56], and nanoporous gold [57]. The extra high values of 
the rate constants in some of those reports were due to the 
extremely small particle size of their catalyst.

Fig. 8 shows the reaction mechanism for the dye reduc-
tion reaction by NaBH4 using NiO nanoparticles catalyst. The 
dye molecules and borohydride ions (BH4

+1) approaches to 
the catalyst surface. They are adsorbed on the catalyst sur-
face. The BH4

+1 acts as a carrier of hydrogen. The hydrogen 
attacks the dye molecules after the BH4

+1 transfer electrons 
from them to the catalyst [58]. As a result of electron carri-
ers, the catalyst nanoparticles activate the –N=N– bonds in 
the dye molecules. The dye solution becomes colorless due to 
first the –N=N– to –HN–NH–. The hydrogenated product is 
diffused out of the catalyst surface and mix into the bulk solu-
tion while leaving behind the surface available for another 
dye molecule. It has been reported that compare to the CuO, 
Fe2O3, and Co3O4, the NiO is not an efficient catalyst for some 
other molecules hydrogenation due to its high band gap [59]. 
However, in the mixed or supported form, NiO outperform 
in the catalytic reduction reactions [60]. In the current study, 
the high catalytic activity of the NiO nanoparticles in the azo 
dye reduction reactions might be due to the presence of the 
carbon residue from the thermal decomposition reaction of 
the Ni metal complex.

The reusability tests are quite important in catalysis. 
These tests determine the service life and help reduce the 

overall cost of the reaction by introducing it in same kind of 
reaction for several times. Fig. 9 represents the kapp of the CR 
and MO reduction reactions by using same amount of the 
NiO nanoparticles as catalyst. Each reaction was proceeded 
with the same amount of catalyst recovered by centrifuging 
the reaction solution. It can be seen that the reaction rate con-
stant was almost similar to the initial value which suggest no 
loss of the catalytic activity upon using it in cyclic manner. 

Table 1
Comparison of the NiO catalyst with literature reports

Catalyst Rate constant (min–1) References

Co-Cu/ZnPC-Chitosan nanocomposite 0.3308 Ali et al. [21]
Gold nanoparticles 1.7 × 10−3a Umamaheswari et al. [55]
Copper nanoparticles-chitosan coated filter paper 0.2683 Kamal et al. [47]
Pt nanoparticles 0.0029 Gupta et al. [56]
Ag nanoparticles 0.5853 Gupta et al. [56] 
Nanoporous gold 2.1 × 10−3 Hakamada et al. [57]
NiO nanoparticles 0.4989 This study

aThe value was reported in s–1 units.

Fig. 8. Mechanism for the dye reduction reactions by NaBH4. 

Fig. 9. Recyclability tests; reaction rate constants during multiple 
runs of the same NiO nanoparticles catalyst in reduction 
reactions.
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4. Conclusions

In a summery, we have synthesized NiO nanoparticles 
by thermal decomposition technique at a comparatively 
moderate temperature and concentrated on the utilization 
of NiO nanoparticles as a viable and potential antibacterial 
agent against E. coli. The broad peaks in the XRD pattern 
of the combusted product suggested the nano-sized NiO 
particles which were further verified using TEM analysis. 
The data, altogether, indicated that the interaction pattern 
at the nanoparticle-bacteria interface is the curtain-raiser in 
determining the antimicrobial activity of NiO nanoparticles. 
The NiO nanoparticles also outperformed in catalysing 
the two pollutants reduction reactions. These outcomes 
suggested the potential use of NiO nanoparticles in beauty 
care products, water treatment, biomedical and other 
modern areas.
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