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Here, the cost effective green synthesis of nickel oxide (NiO) nanostructures has been reported. The organic capping and/or reducing agents
were obtained by extraction from wastes of three different vegetables (cauliflower, potatoes and peas). The extracts of cauliflower and peas
peels gave nanowhiskers while the extract of potato peels gave nanorods of NiO, as confirmed by scanning electron microscopy. X-ray
diffraction analyses demonstrated the nanocrystalline cubic phase of NiO in all the samples. However, crystallite size varied with the
extract of vegetable waste used. Fourier transform infrared analysis helps in identifying different vibrations, particularly Ni–O stretching
vibrations, and diffuse reflectance spectra analyses led to the establishment of bandgap energies. The resulting NiO nanostructures were
tested for their efficiencies as photocatalysts for Methylene blue degradation. All the three samples have shown significant photocatalytic
activities. The exploration in this study clearly demonstrates the very high photocatalytic activities of the synthesised NiO nanostructures,
which can be used as competent agents for treatment of wastewater to remove toxic dyes.
1. Introduction: Nickel oxide (NiO) is among the p-type semicon-
ducting oxides with a wide bandgap of 3.6–4.0 eV, depending
upon the nature of defects and their density [1]. It is among the anti-
ferromagnetic materials having Neel’s temperature (TN) of ∼523 K,
and despite of having a high isoelectric point of ∼10.7, it shows
high ionisation. Nowadays, NiO nanoparticles (NPs) are studied
widely owing to their excellent electrocatalysis properties, high-
chemical stability, super conductivity, and electron transfer
capability at the nanometre level scale [2]. NiO NPs have been
found potential applications in different areas, for example, in
water treatment, catalysis, gas and chemical sensors, magnetic
and electrochromic devices, battery and photovoltaic devices,
and antimicrobial activities [1]. Numerous synthesis methods
have been adopted to fabricate NiO NPs in a range of sizes.
These various methods include but not limited to solvothermal
[3], precipitation–calcination [4], chemical precipitation [5],
microwave-assisted hydrothermal [6], and thermal decomposition
[7]. However, these methods involve complicated procedures,
harmful chemicals, and complex apparatuses. Therefore, following
the basic principles of green chemistry, alternate synthesis
methods which are simple, cost effective, and above all environ-
ment friendly have been employed for synthesis of metal oxide
NPs [8, 9]. The environmentally benign synthesis approach i.e. a
green synthesis method has also been used for preparation of
NiO NPs [10].
These recent researches are mostly focused on the synthesis of

NPs using plant extracts, and thus opened an era of nontoxic
methods for the production of NPs. The plants for the synthesis
of NPs readily supply extracts, which are best-known natural
capping and/or reducing agents. It has been reported that plant
extracts have a potential influence on the morphology and particle
size distribution of the resulting NPs. The morphology and the par-
ticle size distribution in turn affect the magnitude of the bandgap
[11]. Also it is well known that the bandgap has a strong influence
on the conductivity and chemical reactivity of NPs [12]. The bio-
genic methods for NP synthesis will be made further cost effective,
if vegetable wastes are used as sources of extracts. Since, hundred
thousand tonnes of vegetable wastes are produced each day, and
thus available locally at low cost or even cost free. The extracts
from these vegetable wastes for the synthesis of NPs can dramatic-
ally lower the production costs of the resulting nanomaterials.
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Here we report upon biogenic synthesis of NiO NPs using vege-
table (cauliflowers, potatoes and peas) waste extracts, which with
surface directing properties have an appreciable hold on the
morphology of the resulting NiO NPs. The recent research activities
highlight the importance of heterogeneous photocatalysis, having
the potential to efficiently degrade the organic contaminants in
the atmospheric and aquatic environments [13]. The process
involves sunlight and semiconducting photocatalysts to accelerate
the degradation or destruction of the toxic organic pollutants [14,
15]. However, efficiencies of photocatalysts stringently depend
upon their nature, composition and particularly the morphology,
which have been effectively controlled by employing structure
directing and/or capping agents (SDAs). We have controlled the
morphology by using extracts of cost effective vegetable wastes
i.e. cauliflower waste, and potato and peas peels. The resulting
NiO nanostructures have shown remarkable efficiencies as photoca-
talysts for degradation of Methylene blue (MB) dye which was
taken as test case.

2. Experimental
2.1. Materials: We have used analytical grade chemicals without
further purifications and/or treatments. The nickel source, nickel
nitrate hexahydrate (Ni(NO3)2·6H2O)), was purchased from
Riedel-de Häen and MB was purchased from a commercial supplier
of the company Sigma-Aldrich. We have collected the wastes of
vegetables i.e. cauliflower (Brassica oleracea), and potato
(Solanum tuberosum) and peas (Pisum sativum) peels from a
local market. Deionised water was prepared in our own laboratory.

2.2. Synthesis of NiO nanostructures: The extracts of the vegetable
wastes were prepared by a simple method following a reported pro-
cedure [16]. In a typical preparation protocol, we have taken 50 g of
the vegetable waste, which was washed thoroughly with deionised
water. The well-washed vegetable waste was dried and then was
grinded. The ground vegetable waste was dispersed in 1000 mL
of deionised water, and was mechanically stirred for a given time.
The solid was filtered off and the filtrate was collected in a clean
flask. To synthesise the NiO NPs, each individual extract of cauli-
flower waste, and potato and peas peels was added to an aqueous
solution of Ni(NO3)2·6H2O. Afterwards, the pH of each solution
was adjusted to 10 by adding NaOH solution. The resulting reaction
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mixture was stirred for 24 h at 60°C, and the precipitates were thor-
oughly washed with deionised water several times. The powder was
dried at 80°C in a laboratory oven, and the solid powders collected
from the cauliflower waste, potato peels and peas peels were la-
belled as N-1, N-2, and N-3, respectively. The NiO samples N-1,
N-2, and N-3 were calcined at 500°C for 3 h to remove any
organic impurities left after washing.

2.3. Photocatalytic degradation of MB dye: The synthesised NiO
NPs i.e. N-1, N-2, and N-3 were used as photocatalysts for
photo-induced degradation of MB dye. A typical photocatalysis
experiment involves a solution (1.0 × 10−5 M) of MB dye prepared
by dissolving 0.02 g of dye in the required amount of deionised
water. One hundred millilitre of the MB dye solution was taken
from this stock solution and 0.25 g of NiO NPs was added. The
photocatalyst containing dye solution was sonicated for 5 min,
kept under constant stirring for 30 min in the dark to establish the
equilibrium between adsorption and desorption. An aliquot was
taken off this solution, and analysed using a UV-Vis spectro-
photometer to obtain its absorption spectrum. This sample was
termed blank. Afterwards, a high-pressure Hg lamp (emission at
365 nm) was erected parallel to the solution flask, and the lamp
was switched on to irradiate the solution. Aliquots were taken at
every 30 min interval for analyses using the UV-Vis spectro-
photometer while the solution was under constant stirring and
irradiation.

2.4. Characterisation: The crystal structure, composition, and crys-
tallite size were determined by using a PANalytical (X’pert-PRO)
diffractometer, which was equipped with Cu Kα having average
X-ray wavelength of 1.542 Å. The diffracted X-ray beams were
detected using an X’celerator detector, which was circling at a
step size of 0.0840 2θ and counting time of 180 s. The Fourier
transform infrared (FTIR) spectra were recorded in ATR mode
using SMARTORBIT of the Thermo Electron Corporation FTIR
spectrophotometer. We have employed a scanning electron
microscope (SEM; JSM-5910) to study the morphology of the
resulting samples. A Lambda 950 UV-Vis spectrophotometer
from PerkinElmer Inc. was used to record the diffuse reflectance
spectra (DRS) of all the three samples. The MB dye degradation
under UV-Vis radiation was followed by measuring its spectra
using a PerkinElmer Inc. (Model; Lambda 950) spectrophotometer.

3. Results and discussion: The NiO samples N-1, N-2, and N-3
were analysed by different analytical tools to establish their micro-
structures and morphologies. The powder X-ray diffraction (XRD)
patterns of N-1, N-2, and N-3 samples are presented in Fig. 1. The
XRD patterns of all the samples N-1, N-2, and N-3 show two dis-
tinct peaks at 2θ around 37.38° and 43.48° which correspond to the
Fig. 1 XRD diffractograms of NiO NPs synthesised by using vegetable
waste extracts of cauliflower (N-1), and potato (N-2) and peas (N-3) peels
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reflection planes (111) and (200), respectively. The search and
match performed using X’pert Highscore software shows that
these crystallographic planes i.e. (111) and (200) in the XRD pat-
terns of N-1, N-2, and N-3 samples match with those of the standard
NiO in its cubic crystal system given in the Joint Committee for
Powder Diffraction Standards (JCPDS) database through powder
diffraction file (PDF) number 00-002-1216. The peaks are compara-
tively broader indicating the formation of crystallites in the nano-
metre level scale. The crystallite sizes were measured by
Scherrer’s formula which is given in (1):

D = Kl/b cos u (1)

where D, K, λ, β, and θ stand for the average crystallite size,
Scherrer constant (0.89), wavelength of the X-rays (Cu
Kα = 1.542 Å), angle of diffraction, and the full width of the peak
at half maximum (FWHM), respectively. The average crystallite
sizes are 15.25, 21.50, and 24.15 nm, respectively, for N-1, N-2,
and N-3 samples (Table 1). It is evident from the data given in
Table 1 that the crystallite size varies significantly by varying the
capping agent (extract). The smallest crystallite size was obtained
by using cauliflower waste extract (N-1) followed by potato peel
extract (N-2) and the largest crystallite size was observed for peas
peel extract (N-3).

Beside the peaks for NiO, the XRD patterns of N-2 and N-3 show
additional peaks at 2θ of 44.64° and 52.03° which correspond, re-
spectively, to the reflections from crystallographic planes (111) and
(200) of Ni in its cubic crystal system. This was confirmed by
matching with the standard Ni pattern given in the JCPDS database
through PDF no. 00-001-1260. The average crystallite sizes of Ni
were measured to be 38.65 and 54.35 nm for N-2 and N-3
samples, respectively, employing Scherrer’s formula (1). The
peaks for Ni are not observed in the XRD pattern of N-1, and the
Ni peaks are lower intense in the XRD pattern of N-3. The existence
of Ni could be explained on the assumption that the vegetable
extracts may possess some reducing agents, which reduce the
Ni2+ to Ni [17]. Subsequently, the as-synthesised Ni was oxidised
in the calcination process to NiO. The nearly complete conversion
of Ni to NiO in the case of N-1 and N-3, and partial conversion in
the case of N-2 could be corresponded to the very smaller diameters
of nanowhiskers and large diameters of nanorods, respectively. In
fact, the larger the diameter of nanostructures, the more they have
resistance to thermal oxidation and vice versa.

FTIR spectra of N-1, N-2, and N-3 samples were obtained in the
range of 4000–400 cm−1, and the pertinent data are presented in
Table 1. The FTIR spectra show a weak but broad peak in the
range of 3200–3400 cm−1. This peak corresponds to the O–H
stretching vibration due to adsorbed water molecules. Peaks pecu-
liar of Ni–O vibrations appear in the FTIR spectra of all the
samples in the range of 750–400 cm−1 [18, 19]. The blue shift
in the FTIR vibrations of Ni–O bond compared with that of
bulk could be corresponded to the quantum confinement at the
nanoscale [20].

SEM micrographs of N-1, N-2, and N-3 samples are presented in
Fig. 2. As shown in Fig. 2a, N-1 contains uniformly distributed
whisker-like nanostructures. The nanowhiskers are self-assembled
into chiral nematic liquid crystalline-like structures (Fig. 2b). The
nanowhiskers in N-1 are nonuniform longitudinally. Contrary to
N-1, the SEM micrograph (Fig. 2c) of N-2 shows rod-like struc-
tures, which are self-assembled through longitudinal edges. The
larger rods seem to be formed of nanowhiskers which are aligned
longitudinally to each other (Fig. 2d ). The SEM micrograph,
given in Fig. 2e, of N-3 shows nanowhiskers as were seen in the
case of N-1. However, the nanowhiskers in this case seem to be
round and pointing (Fig. 2f ).

To know the bandgap energies of N-1, N-2, and N-3 sample,
DRS spectra were recorded, and are presented in Fig. 3 which
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Table 1 Pertinent data from FTIR, XRD, and DRS results of NiO NPs

Sample FTIR frequency, cm−1 XRD DRS

ν(Ni–O) ν(Ni–O) ν(Ni–O) Crystallite size, nm Energy bandgap, eV

N-1 426 586 711 15.25 4.810
N-2 425 583 644 21.50 4.932
N-3 425 600 650 24.15 4.973

Fig. 2 SEM micrographs of NiO NP samples synthesised by using extracts
of cauliflower waste, potato peels and peas peels, respectively
a, b N-1
c, d N-2
e, f N-3

Fig. 3 DRS spectra of N-1, N-2, and N-3, and Kubelka–Munk function plot
vs. hυ (inset)

Fig. 4 UV-Vis absorption spectra of the MB dye solution (1× 10−5 M) in the
presence of NiO photocatalysts, and bar graph showing decomposition of
MB dye in percent as a function of irradiation time in the presence of
NiO photocatalysts
a N-1
b N-2
c N-3
d N-1, N-2, and N-3
show that the three samples absorb nearly similarly. The direct
energy bandgaps were measured by plotting the Kubelka–Munk
function ({F(R)hυ}2) against the photon energy (hυ), and the
plots are presented as an inset in Fig. 3. The energy bandgaps deter-
mined by extrapolating the straight portion of plots down to zero are
4.810, 4.932, and 4.973 eV for N-1, N-2, and N-3 samples,
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respectively. The bandgap energies are larger than those of bulk
NiO [21]. The increased bandgaps can be justified by the nanosisa-
tion of the NiO particles.

The obtained NiO nanostructures, N-1, N-2, and N-3, were tested
to find their photocatalytic efficiencies. As could be seen in Fig. 4,
series of UV-Vis spectra, the maximum absorption peak around
665 nm of MB depletes after irradiation with the UV lamp, indicat-
ing photo-induced degradation of the test case dye. In fact, the dye
degradation is owed to the redox reaction mechanism which
involves holes and electrons undergoing successive oxidation and
reduction, respectively, with organic species, here in this case
MB dye [22]. The organic species aimed to be degraded might be
adsorbed at the surface of the heterogeneous photocatalyst, NiO
nanostructures here in our case, to initiate and finally complete
the degradation reactions [22]. The degradation rate of MB dye is
faster in the beginning, i.e. in the time span of zero to 30 min,
and then becomes slow. The decrease in dye degradation rate
could be corresponded to the dilution factor. It is also pertinent to
mention here that the degradation rate in this first 30 min is far
higher in the case of N-1 photocatalyst followed by N-2 and the
least is observed for N-3. Likewise, the percent degradation of
MB dye at the end of 120 min is the largest for the N-1 photocata-
lyst (∼99%) followed by N-2 (∼91.5%) and the least is observed for
N-3 (∼67%) as depicted by the bar graph presented in Fig. 4d.

To know the MB dye degradation as a function of time, the ratio
of concentration after each interval of 30 min (Ct) to the initial
105
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Fig. 5 Plots as a function of time
a Ct/C0

b ln(C0/Ct)
concentration (C0) is plotted as a function of irradiation time
(Fig. 5a). As shown by the graph, the MB dye degradation is
faster and higher while using N-1 sample as the photocatalyst,
and sluggish as well as lower when N-2 and N-3 samples are
employed as photocatalysts. The MB dye degradation reaction
rate was determined by following the previously derived formula
(2) [23]:

ln
C0

Ct

( )
= k · t (2)

In (2), the terms C0, Ct, k, and t are used to represent the initial
concentration, concentration at time ‘t’, rate constant, and irradi-
ation time, respectively. The plot of ln(C0/Ct) vs. time is presented
in Fig. 5b which shows a straight line, indicating that the MB dye
degradation is a pseudo-first-order reaction [23].

4. Conclusion: In summary, we have synthesised NiO nanostruc-
tures in different morphologies by a simple green synthesis
method, which is environment friendly and cost effective. The
microstructure and morphology investigations revealed that the
vegetable waste extracts contain efficient SDAs. Furthermore,
the variation in morphology revealed that the different vegetable
waste extracts contain SDAs of different natures. The cubic phase
NiO nanostructures possessed longitudinally nonuniform whiskers
like morphology when the cauliflower waste and peas peel extracts
were use. On the other hand, self-assembled nanorods were
achieved by using potato peel extract. The heterogeneous photoca-
talysts thus obtained have shown very high photo-induced MB dye
degradation activities. The NiO nanostructures obtained by using
cauliflower waste extract have degraded ∼99% of MB dye in
120 min followed by those obtained with potato (∼91.5) and peas
(∼67%) peel extracts.
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