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Abstract: Gamma irradiation technique has been applied to produce non-stoichiometric nickel oxide nanoparticles (of
approximately 23 nm) from gels prepared at pH about 8.2. Characterization techniques so far discussed in this investigation
revealed that the sol product prepared before irradiation corresponded to Ni(OH),, which was transformed under gamma
irradiation to NiO. The present investigation has proven the efficiency of gamma rays in inducing changes in structure and
morphology of the sols prepared before irradiation. The synthesised NiO nanoparticle was found to be an efficient
photocatalyst for degradation of acid red G under UV light irradiation. And, finally the radiolytic mechanism production of
NiO nanoparticles in aerated solutions is suggested according to the experimental result.
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1. Introduction

Nanostructured materials have been extensively explored
for the fundamental scientific and technological interests in
accessing new classes of functional materials with
unprecedented properties and applications.

NiO, a well characterized oxide of nickel exists in two
forms in nature: (i) rhombohedral, black in colour and is
antiferromagnetic; (ii) cubic form, green in colour and
paramagnetic in [1]. Among magnetic nanoparticles it is
difficult to synthesize NiO nanoparticles as they easily get
oxidize. Like many other binary metal oxides, NiO is often
non-stoichiometric, meaning that the Ni: O ratio deviates
from 1:1. In nickel oxide this non-stoichiometry is

accompanied by a colour change, with the stoichiometrically
correct NiO being green, and the non—stoichiometric NiO
being black. Green NiO adopts the NaCl structure, with
octahedral Ni (IT) and O, sites. The conceptually simple
structure is commonly known as the rock salt structure [1].

Among transition metal oxides, nickel oxide (NiO) bulk
and nano size have received considerable attention, owing to
their wide range of applications in different fields, such as
catalysis, fuel cell electrodes and gas sensors electrochromic
films, battery cathodes, magnetic materials, and photovoltaic
devices. Furthermore, NiO is being studied for applications
in smart windows and electrochemical supercapacitors [2—
11].

Because of the quantum size and surface effects, NiO
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nanoparticles exhibit catalytic, optical, electronic, and
magnetic properties that are significantly different from those
of bulk-sized NiO particles [12, 13].

NiO nanoparticles have been prepared by various methods
like sol-gel, self-propagating low temperature combustion
method, thermal decomposition, co-precipitation method,
aqueous chemical growth techniques, surfactant-mediated
synthesis, spray pyrolysis, and microwave irradiation.
Hydrothermal / solvothermal synthesis have been proposed
for producing metal oxide nanoparticles. However, these
methods require long reaction times and use of organic
solvents, which required additional processes for the
complete synthesis. Some of the existing synthesis methods
suffer from the difficulty in size-homogeneity and well
dispersion of NiO nanoparticles [14, 15, 16-26].

The synthesis of metal oxides nanoparticles by gamma
irradiation offers some advantages compared to those from
conventional methods because it provides fully reduced and
highly pure nanoparticles. The latter are free from by-
products or chemical reducing agents. This synthesis method
is capable of controlling the size and structure of the particle.
The size of nanoparticles is influenced by certain parameters
such as the choice of solvents and stabilizer, the precursor to
stabilizer ratio, pH during synthesis, and absorbed dose. This
technique could hopefully, simplify the experimental process,
which is an interesting strategy to produce new catalysts [27-
28].

In our previous works, y-irradiation method has been
applied to produce magnetic Fe;0, nanorod particles, and
spinel Co;0, nanoparticles [29-31].

The present investigation reports on y-irradiation as a
facile technique to produce monodisperse non-stoichiometric
NiO particles, which have been prepared by irradiating the
starting aerated sol of Ni (OH),, which was converted to the
corresponded NiO at room temperature and ambient pressure.
The synthezised material was characterized in order to find
out about its structural and optical properties. Additionally,
the phototocatalytic activity of the synthesized NiO was
performed towards the degradation of acid red G, which was
chosen as a pollutant model.

2. Experimental Details
2.1. Sample Preparation Procedure

All the reagents used for producing nickel oxide
nanoparticles were analytical grade with minimum assay
95% and were purchased from Shanghai Chemical Reagent
Co., Shanghai, China. They were used as received, without
further purification. The following chemical reagents were
used: heptahydrated nickel sulphate [ NiSO,.7H,0 ], as Ni*"
precursor, distilled water [ H,O ], isopropyl alcohol,
[(CH;),CHOH], anhydrous sodium hydroxide, [NaOH],
polyvinyl alcohol [PVA] and ammonium buffers
[ NH ,OH /(NH ,),S0,].

a. Preparation of Ni(OH'), before y-irradiation

Sols of Ni(OH), were prepared by firstly dissolving 9g

of analytically pure NiSO,.7H,O in 400 mL of distilled

water. Secondly, concentrated solution of anhydrous sodium
hydroxide was added drop wise into the aqueous solution
under constant stirring with a magnetic stirrer until the pH of
the suspension increased to about 8.2. Ammonium buffers
were ultimately chosen to avoid the irreversible precipitation
of parasitic nickel salts. A green-coloured sol was obtained,
which expect the formation of Ni(OH), . The precipitate was
separated from the main solution by repeated filtration and
centrifugation and then washed by ethyl alcohol to eliminate
soluble salts. The prepared precipitate was dried in vacuum
oven at 60°C for 4 hours and analyzed by XRD. Its
morphology was observed by TEM and SEM.

b. y-irradiation fabrication of NiO nanoparticles

10g of the dried precipitate made of Ni(OH), were
dissolved in 100 mL of distilled water. To improve the yield
production of nanopowders oxides, isopropyl alcohol (3.0
mol L") was firstly poured into the solutions to act as
scavenger for oxidative radicals OH-produced during the
radiolysis of water under gamma irradiation. To prevent the
small particles from coming into close contact and
undergoing further aggregation, an organic surfactant,
polyvinyl alcohol, PVA (1%, w/w) was then added in the
solution.

To measure the radiation dose as well as the dose rate
delivered to the Ni(OH), solution, the dosimetry of gamma
irradiator was measured by Fricke dosimetry and was found to
be 0.25 kGy. The prepared sols were irradiated in the field of a
“Co V -ray source of 1.2025 x 1016 Bq (325000 Ci). The
absorbed dose of irradiation was 30 kGy with a dose rate of
about 0.25 kGy h™'. After irradiation, black-coloured precipitates
were obtained and were separated by washing with distilled
water and absolute alcohol, in order to remove the by-products.
They were finally dried in vacuum oven at 60°C for for 4 hours
and then characterized. The change in the colour of the sols
indicates the formation of nickel oxide nanoparticles.

2.2. Characterization Techniques

The structure and the phase identification of the prepared
materials was carried out on X-ray powder diffraction (XRD)
patterns, using a D/MAX-2550 Xray diffractometer with Cu-
Ko radiation (A\=1.54056 A) with a nickel filter (Rigaku Co.,
Japan). The crystalline sizes were calculated by using the
Debye- Scherrer formula. The chemical bondings in NiO
were recorded by Fourier transform infrared spectra
(SHIMADZU  Spectrophotometer) using KBr pellet
technique in the range from 4000 cm™ to 400 cm™ (spectral
resolution at 4 cm™ and number of scans at 20). The surface
morphology, size of particles and elemental compositions of
NiO were carried out by field emission scanning electron
microscopy (FE-SEM; JEOL JSM-6700F) well equipped
with an energy dispersive X-ray (EDAX) spectrophotometer
and operated at 20kV. The chemical bonding on the
composite surface was studied using X-ray photoelectron
spectroscopy (XPS), which was performed with a Thermo
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VG Scientific ESCALAB 250 spectrometer with a
monochromatized Al-Ka X-ray source (1486.6 eV energy).
Optical absorption measurements of the composites were
performed using a UV-Vis spectrophotometer (Perkin Elmer)
in lcm cuvettes at range between 200-600nm. A
homogeneous suspension in distilled water, obtained through
sonication (for 10 minutes) of well dispersed sample is used
for UV-vis studies. The morphology and the particles size of
NiO were determined by transmission electron microscopy
(TEM; Hitachi H-800), and selected area electron diffraction
(SAED). The TEM micrographs were taken with an
accelerating voltage of 200 kV with samples deposited on a
carbon coated copper grid.

3. Results and Discussion
3.1. Xrd Studies

Figure 1 shows the X-ray diffraction pattern of the green
powder formed before y- irradiation. XRD analysis showed
that this substance is a typical O-type nickel hydroxide
powder with poor crystallinity. All of the diffraction peaks
were broad and belonged to Ni (OH),.6H,0O (JCPDS card
No. 38-0715). The insert in figure 1, provides a typical SEM
image of the Ni (OH), sample, illustrating irregular
morphology with different micrometer-sized particles due to
aggregation.
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Figure 1. XRD pattern of of green-coloured Ni (OH), precursor, prepared at
pH=8.2 before gamma irradiation. The various Bragg peaks are followed by
corresponding Miller indices. Results were obtained using CuKa radiation
(. =1.54178 A). The transmission electron micrograph, in insert, is of Ni
(OH); sol synthesized at room temperature (pH=38.2).

The XRD pattern (Figure 2) shows a series of intense
peaks corresponding to reflections from the (111), (200),
(220), (311) and (222) planes which occur angular positions
of about 37.26, 43.29, 62.88, 75.42 and 79.41° respectively
as indexed to JCPDS card No. 22-1189. The presence of
these peaks confirmed the formation of nickel oxide. No
peaks due to Ni(OH), were found from XRD, indicating that

Ni(OH), was completely converted under y-irradiation to
NiO, which is also confirmed by other characterization
methods.

It is well known that, the green-coloured has commonly
been reported for the stoichiometrically correct NiO semi-
conductor while the black-coloured being a non-
stoichiometry NiO. The fabricated product appeared in black
color. The color deterioration was attributable to the non-
stoichiometric character of the final NiO powder [32].
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Figure 2. XRD pattern black-coloured NiO particles fabricated at pH=8.2
under gamma irradiation. The various Bragg peaks are followed by
corresponding Miller indices. Results were obtained using CuKa radiation
(A =1.54178 A).

Figure 1 shows poor crystallinity of Ni(OH), precursor
while the semi-broad nature of the peaks at their base in
Figure 2. indicates high crystallinity and suggests the nano-
scaled nature of the NiO particles obtained under Y-
irradiation. According to the Scherer equation, the mean
crystallite size of the NiO calculated was found to be about
21 nm.

3.2. Sem and Tem Images

The morphology of NiO nanoparticles was studied by
scanning electron microscope (SEM) and by transmission
electron microscope (TEM). The TEM samples were
prepared by first dispersing the dried powder constituted of
NiO particles in alcohol using ultrasonic excitation, then
transferring the nanoparticles into the copper grid with
carbon support film.

The particles are spherical shape with a narrow size
distribution ranged from about 15 nm to 35 nm and an
average size around 23 nm, which is also supported by XRD
spectrum data. The SEM image in figure 3 (b) reveals that
the synthesized NiO is consisted of spherical shaped
particles. The average particle size distribution can be
estimated to lie within 20 - 40 nm range with average size is
nearly equal to 25 nm.
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Figure 3. (a) A low magnification bright field TEM images of NiO nanostructures

nanopowders.

3.3. Energy Dispersive Studies (Eds)

EDS analysis of nickel oxide nanoparticles was carried out
by using internal standard at energy from 0 keV to 10 keV.
EDS spectrum (Figure 4) showed that the fabricated
nanomaterial has mainly nickel and oxygen elements and
there is small amount of about 1.2% of carbon detected in the
spectrum (due to the polyvinyl alcohol used as caping agent
in the preparing NiO nanoparticles). This confirms that the
preprared nickel oxide was pure.

The experimental atomic percentages (figure 4, the insert)
of Ni and O are found to be 46.6% and 52.2%, respectively
and the atomic ratio between Ni and O is about 1: 1.12,
which illustrates that the composition of the nickel oxide is
non-stoichiometric.

Spectrum 1

Atom %
52.2
46.6

Figure 4. The EDAX spectra of NiO nanoparticles prepared under gamma
irradiation.

3.4. Ftir Study

FT- IR spectroscopy (investigated region: 4000-400 em™)
was carried at room temperature out in order to ascertain the
purity and the nature of metal oxide nanopowder. The FT-IR
spectrum of as-synthesized NiO nanoparticles is indicated in
figure 5.

(insert, a selected area electron diffraction) and (b) SEM micrograph of NiO
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Figure 5. The FTIR spectrum of NiO nanoparticles prepared under gamma
irradiation.

The spectrum showed significant absorption peaks at 3450,
1650 and 455 cm™'. The band at 455 cm™ was assigned to Ni—
O stretching vibration mode [33]. The band which appeared
at 3450 cm™ is attributed to OH stretching of the polyvinyl
alcohol used as caping agent in the preparing NiO
nanoparticles and the band located at 1650 cm™ has been
assigned binding vibrations of absorbed water molecules on
NiO nanoparticles

3.5. Chemical Valence States by X-Ray Photoelectron
Spectroscopy

To further confirm the chemical nature of the NiO
nanopowders, X-ray Photoelectron Spectroscopy (Figure 6)
was carried out. The initial calibration of the instrument was
conducted with a binding energy (B. E.) of 284.5 eV for a C
Is electron. As shown in Figure 6, the pattern of the Ni 2p
core levels peaked at 854.8 and 873.2 eV corresponding to
the Ni 2p;;, and Ni 5,1, states of the Ni-O bond, respectively.
The binding energy located at 854.8 for the main Ni 2p;, and
its satellite peak located at about 860 eV confirms further the
existence of Ni*" ions.



Advances in Materials 2019; 8(3): 112-119 116

Moreover, the atomic ratio of Ni to O for the NiO sample
was calculated to be nearly 1: 1, which indicated that the
oxidation state of Ni was +2 in the as-fabricated non-
stochiometric NiO compounds [34]. The existence of Ni**
would cause the NiO material to exhibit p-type conductivity
even for stoichiometric composition [35].

The Ols peak at a binding energy of 529.6 eV can be
ascribed to O” anions in the NiO nanoparticles and is in
agreement with reported data [34-36].

ot (a) 5206 (b)
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Figure 6. XPS spectra of (a) Ni 2p and (b) Ols core levels of NiO
nanopowders synthesized under gamma irradiation.

3.6. Optical Studies
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Figure 7. UV-visible spectrum of NiO nanoparticles dissolved in water at
room temperature.3.7. Degradation of a Textile Azo Dye (Acid Red G) Using
Nio/Uv Lamp.

The optical measurements of the as-prepared NiO sample
was recorded at room temperature using UV-Visible
absorption spectrophotometer in the range of 200 to 700 nm.
Figure 7 shows the optical absorption spectrum of NiO
nanoparticles as a function of wavelength. The spectrum
shows that the main characteristic peak at a wavelength of
375 nm corresponds to the formation of nickel. The of NiO

exhibits a weak photoabsorption from in the visible light
region, which implies the possibility of high photocatalytic
efficiency of this material under visible light.

The prepared NiO was employed to study the
photodegradation of a textile azo dye, acid red G, which was
chosen as a pollutant model (structure insert in Figure 10).
The structure of the dye is characterized by sulphonic groups,
which are responsible for the high solubility of this dye in
water. When dissolved in distilled water, the UV-visible
spectrum of acid red G showed one main band at A=530nm
(with higher molar absorption coefficient) corresponding to
the n - s* transition of the azo bond.

The UV-visible spectrum of acid red G recorded at pH 2.5
is shown in Figure 10 as initial solution. The band at
A=530nm was used to monitor the degradation of acid red G.

The photoreactor setup for this experiment is presented in
Figure 9. The reactor cell was a 1000 mL cylindrical pyrex-
glass with an inside reflective surface. It was an open system
and was not insulated. The rector was placed inside an
enclosed compartment (12 cm x 8.0 x 28cm) made of
polyvinyl chloride (PVC) plates. Twelve high-pressure
mercury UV lamps (12 x 6 watt emitting at 365nm, provided
by Beijing Institute of Electric Light Source, China) were
mounted inside the PVC compartment. They were arranged
vertically and cylindrically around the reactor. The distance
between each lamp inside the compartment was about 3cm
and each lamp was 18 cm long. The lamps were placed 4 cm
away around the reactor and the UV light intensity could be
controlled by the use of four switches attached on the PVC
compartment. Each switch, once turned on could allow the
function of 3 UV lamps. There was no concentration of light
inside the photo reactor (the system is outdoors and not
insulated). The holes around the PVC compartment cool the
reactor system, and then prevent the reaction solution
overheating. The transmittance of light in Pyrex glass was
estimated to be 77% at 365 nm UV irradiation.

cylindrical pyrex-glass

UV light

—s compartment (PVC)

I—- Holes to cool the reactor
Pollutant mixed with NiO

Figure 8. The schematic diagram of the experimental reactor setup used for
the dye degradation.

The photocatalytic degradation of acid red G was studied
by taking 100ml distilled water containing 15 ppm of the dye
and 50 mg of NiO. The reaction mixture was irradiated under
UV light.

The remaining concentration of the dye during the
photodegradation was measured by plotting a calibration
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curve from Beer-Lambert law. It was assumed that the Beer-
Lambert law works over the whole concentration range.

The maximum experimental temperature was kept about
30+£3°C. Throughout the degradation experiments, sample
aliquots were regularly collected from the reactor every 30
minutes in a test tube to monitor the breakup of acid red G
aqueous solution with spectrophotometer methods (refer to
Figure 10).

The photodegradation of acid red G was quantified as
time-dependent normalized dye concentration, which is the
dye concentration removed at any time (Cy-Ct) divided by
initial dye concentration (Cy), C; is the remaining
concentration of the dye at any time. The photodegradation
of acid red G after 5 hours of UV illumination was about
95% at pH 2.1

The experimental results as evidenced in Figure 9 showed
that the NiO enhanced the photodegradation of acid red G. In
the system UV/ NiO almost 95% of acid red G 15 ppm was
decolorized in 5 h and without UV lamp (in dark) in the
presence of NiO semi-conductor no degradation was

observed.
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Figure 9. Degradation of acid red G in the presence of 50mg of NiO
nanoparticles.

H,000" . H, ,H,0,,H"

The formation of the final NiO nanoparticles occurs via the
oxidation of the Ni (OH), to oxyhydroxy nickel, NIOOH and
finally, the reduction of NiOOH to NiO can be effectively
coupled with the oxidation of H,O, to O,, which explains the
conversion of NIOOH to NiO under Y-irradiation.

Ni 2+ + 20H - — Ni (OH) 2 (green-coloured) (2)

The Ni (OH) , then undergoes oxidation to form NiOOH
via through reaction:

Niy+ (sol) + ®0H — [Ni(OH);] — Ni OOH + H,0 (3)

It was observed that, isopropyl alcohol did not totally act
as scavenger for oxidative OH- radicals, produced during the

During the photocatalytic oxidation, the UV bands
intensity at 530nm corresponding to the azo bound decreased
significantly with irradiation time. When the irradiation time
was increased to 5h, the degradation of acid red G was nearly
about 95%. This feature implies that the azo bond (-N=N-) in
the structure of acid red G was cleaved. This result shows
that the NiO exhibit good photocatalytic activity. The surface

interface of the combined systems NiO significantly
influenced on the structure relation properties.
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Figure 10. Evolution in time of absorption spectra of acid red G (15 ppm,
pH 2.1) aqueous solution with NiO nanoparticles (NiO: 50mg), (1): initial
solution, (2): 1 h, (3): 2h, (4): 3 h and (5): 5 h irradiation.

3.8. Proposed Reaction Mechanism of Nio Nanoparticles
Formation

From the experiment, the following mechanism could be
suggested to illustrate the formation of NiO under gamma
irradiation process.

It is well known that, the radiolysis of water produces free
radicals such as: e-,, H, OH-and HO, or O,- and molecular
products such as H, and H,O,. It was reported that, hydrated
electron, e-,q and hydrogen radical H- are reducing species,
the standard electrode potentials of e-,; and H- radical at
25°C being -2.77V and -2.31 V respectively and OH-, HO,,
0,-, H,0, are oxidizing species [37, 38].

,HO" e, ,H,0",H,0",HO, )

radiolysis of water under gamma irradiation
(CH3)2CHOH + *OH — (CH3)2C*OH + H20 (4)

Some amount of the remained "OH in the solution could
act directly as oxidizing agent (Equation 4) or could
recombined to produce H,0,.

*OH +*OH — H202 (5)

The reduction of NiOOH to NiO is accelerated in the
presence of H,O, via the reaction:

2NiOOH + 3H,0, — 2NiO + 20, + 4H,0 (6)
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4. Conclusion

Spherically shaped NiO nanoparticles (with an average
size of 23 nm) were prepared successfully by y-irradiation
technique at room temperature, ambient pressure, without
catalysts, in water system. The optical properties of the as-
prepared NiO show that the samples exhibited photo
absorption in UV light region, which implies the possibility
of high photocatalytic efficiency of these materials under UV
light. The results conclude that the fabricated nickel oxide
nanoparticles have higher activity for the degradation of acid
red G.
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