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Effect of electron beam irradiation on the structure and optical
properties of nickel oxide nanocubes
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Abstract. This work reports the effect of electron beam (EB) irradiation on the structure and optical properties
of nanocrystalline nickel oxide (NiO) cubes. NiO nanocubes were synthesized by the chemical precipitation method.
The characterization was carried out by employing analytical techniques like X-ray diffraction, transmission elec-
tron microscopy, UV–visible and photoluminescence (PL) spectroscopy. The present investigation found that non-
stoichiometry, defects and particle size variation caused by EB irradiation have a great influence on optical band
gap, blue shift and band modification of absorption and PL spectra. Moreover, EB irradiation can result enhanced
optical absorption performance and photo-activity in NiO nanocubes for optoelectronics and photo-catalytic appli-
cations. The study of International Commission on Illumination chromaticity diagram indicates that NiO can be
developed as a suitable phosphor material for the application in near ultraviolet excited colour LEDs.
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1. Introduction

Nanoparticles of transition metal oxides have been investiga-
ted by several workers in the last few years. Out of these, nic-
kel oxide (NiO) nanoparticles, as an important metal oxide
with a wide band gap act as a P-type semiconductor,1 draw
much attention due to its broad range of high-technology
application. NiO shows interesting optical, electrical and
magnetic properties. Magnetic measurement showed that the
NiO nanoparticles exhibit superparamagnetic behaviour at
300 K.2 It is a promising candidate for wide range of appli-
cations such as gas sensors,3 catalysts4–6 anode material in
Li ion batteries,7,8 nanoscale optoelectronic devices such as
electrochromic display9 and so on.

Various techniques have been adopted for the synthesis of
NiO nanostructures such as sol–gel,10,11 co-precipitation,12

hydrothermal,13 solvo-thermal14 and chemical precipitation.15

In the present study, NiO nanocubes have been synthesized
using the chemical precipitation route, which is simple and
low cost. The as-prepared and electron beam (EB) irradiated
NiO samples are characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), UV–visible spec-
troscopy and photoluminescence (PL) spectroscopy. In addi-
tion, dose-dependent effect of 8 MeV EB irradiation on
the structural parameters and optical properties of nanocrys-
talline NiO powder samples is also investigated.
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2. Experimental

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 99.8%, Merck)
and ammonium carbonate ((NH4)2CO3, 99.9%, Merck) were
used without further purification for the synthesis of NiO.
Distilled water was used in all synthesis procedures.

2.1 Preparation of sample

Synthesis procedures for preparation of NiO nanoparticles
used in this work were described elsewhere.16 Nanocrys-
talline NiO samples were prepared by reacting aqueous solu-
tions of nickel nitrate hexahydrate and ammonium carbon-
ate (0.1 M each) by heating at 70◦C for 2 h under constant
stirring. The green precipitate formed was washed with dis-
tilled water several times to remove the unreacted salts. The
resultant solution was refluxed at 70◦C for 20 h to obtain
NiO nanopowders. The obtained powder samples were cal-
cined in a muffle furnace at 400◦C for 2 h, which resulted
in a black solid mass. The flow chart showing the scheme of
preparation of NiO nanopowder is shown in figure 1.

The NiO samples were taken in microtubes and subjected
to EB irradiation at a distance of 30 cm from the beam exit
port. The samples were irradiated at a dose rate of 2, 4 and
6 kGy with an EB of energy 8 MeV obtained from a vari-
able energy Microtron at Mangalore University, Karnataka,
India. S1 is pure sample of NiO, S2, S3 and S4 are irradiated
samples with dose rates of 2, 4 and 6 kGy, respectively.

2.2 Characterization techniques

The thermogravimetric (TG) analysis of the precursor was
carried out using a Perkin Elmer, diamond instrument with
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Figure 1. Scheme of preparation of NiO nanocubes.

a heating rate of 10.00◦C min−1. The structural character-
istics of pure and irradiated NiO samples were studied by
X-ray powder diffraction using Bruker D8 Advance X-ray
diffractometer (λ = 1.5406 Å, step size = 0.020◦ and dwell
time = 31.2 s) with CuKα radiation in 2θ range from 20◦ to
80◦. TEM and HRTEM images of the pure sample annealed
at 400◦C were recorded on a JEOI-2010 at an accelerating
voltage of 200 kV.

Shimadzu 2600/2700 UV–visible spectrophotometer was
used to record the optical absorption spectra of the pure
and irradiated NiO nanocube samples in a wavelength range
of 200–600 nm. PL spectra of the pure and EB irradiated
samples of NiO were measured at room temperature by a
Fluoromax 3 spectrophotometer.

3. Results and discussion

3.1 TG analysis of the precursor

Selection of suitable calcination temperature is based on
the results of TG analysis. Figure 2 shows the thermal
decomposition result of the precursor from the ambient
temperature to 700◦C with both the TG and the differential
thermogravimetric (DTG) curves. The TG curve indicated
that the weight loss of the precursor occurred from 50 to
350◦C. This suggests that the precursor decomposed com-
pletely around 350◦C to become NiO.7,17

Two distinct intervals of weight loss were observed in the
TG curve, accompanied by two peaks of weight loss rate in
the DTG curve. The first peak located around 100◦C might
be attributed to the thermal dehydration of the precursor and
the evaporation of physically adsorbed impurities. The sec-
ond peak near 300◦C may be related to the decomposition of
nickel carbonate. Based on the results of TGA, a temperature
of 400◦C was chosen to ensure the complete decomposition
of the precursor to form NiO.

Figure 2. TG/DTG curve for NiO nanocubes.

Figure 3. XRD spectra of pure and EB irradiated NiO nanocubes.

3.2 XRD analysis

The phase composition, purity and structure of the samples
were examined using XRD. Figure 3 shows the powder XRD
patterns of pure and EB irradiated samples of NiO nanoparti-
cles. Well-defined diffraction peaks are observed in the figure
corresponding to (111), (200), (220), (311) and (222) planes
of cubic NiO crystals which are in accordance with the stan-
dard spectrum (JCPDS, no. 73-1519).11 The lattice constant
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of NiO nanocubes calculated from XRD data is 0.417 nm
which is in good agreement with the reported data.10

The crystallite size of all the samples were calculated from
the line broadening of the diffraction peaks using Scherrer’s
formula

D = kλ/β cos θ, (1)

where D represents the average crystallite size, k = 0.89
(Scherrer constant), λ = 1.5406◦ (wavelength of the X-ray-
Cu Kα radiation), θ the diffraction angle of the peak and β

represents the full-width at half-maximum (FWHM) of the
peaks. The results are presented in table 1. Average crystal-
lite sizes obtained for samples S1, S2, S3 and S4 are 15.4,
9.9, 9.4 and 9.1 nm, respectively. The average crystallite size
of sample S2 was decreased from 15.4 to 9.9 nm due to
EB irradiation with a dose rate of 2 kGy. For S3, the size
was decreased to 9.4 nm after a dose of 4 kGy irradiation,
while for S4, the size was reduced to 9.1 nm due to an EB
irradiation of 6 kGy.

The XRD results show that crystallite size and crystallinity
decreased after irradiation. It confirms amorphization of the
sample due to irradiation,18 which leads for the change in
structural and optical properties. The results also show that
average particle size decreases with the EB irradiation dose
and suggest the possible control of size and density of the
NiO nanoparticles by EB irradiation.

Williamson–Hall analysis19 was carried out to calcu-
late the contributions of size and microstrain ε to XRD
line broadening. According to Williamson–Hall model, both
small crystallite size and microstrain contribute to the XRD
line broadening. This leads to the relation

β cos θ = kλ/D + 4ε sin θ, (2)

The rms microstrain, 〈ε〉 is obtained from the slope of
the straight line graph obtained by plotting (β cos θ) vs.
(4 sin θ), while the average crystallite size corrected for
microstrain is obtained from the y-intercept. The average
particle size and microstrain are also presented in table 1.
Very small microstrain values for all the samples lead to the
close agreement between the crystallite sizes estimated from
Scherrer’s equation and Williamson–Hall analysis. It is inter-
esting to note that microstrain values of the samples increases
as EB irradiation dose rate is increased. The presence of
O vacancies, structural imperfections and surface defects in
NiO nanoparticle samples due to EB irradiation may cause

Table 1. Geometric parameters of NiO nanocube samples.

W–H method

Particle size (nm) Particle size Microstrain
Sample Sherrer’s equation (nm) (*10−3)

S1 15.4 15.93 0.655
S2 9.9 9.7 1.1
S3 9.5 9.5 2.14
S4 9.1 9.43 3.5

increase in microstrain,20,21 which in turn result broadening
of XRD peaks as shown in figure 3.

3.3 TEM analysis

In order to reveal morphology and size of the synthe-
sized products, typical TEM and HRTEM images have been
recorded, as shown in figure 4. Figure 4a and b shows the
TEM bright-field images of NiO nanoparticles calcined at
400◦C. It can be clearly observed that the synthesized prod-
uct consisted of nearly cube-shaped particles with a size
around 15 nm. The average crystallite sizes obtained from
Scherrer’s formula and W–H analysis are in good agreement
with that of TEM images. The lattice fringes can be clearly
seen from the HRTEM image (figure 4c), in which inter-
planar distance is determined to be about 0.21 nm, which
is consistent with the d spacing of (200) of cubic NiO.
From HRTEM image the unidirectional fringe patterns are
clearly observed, which indicates single crystalline nature of
NiO nanoparticle. Selected area electron diffraction pattern
(SAED) originated from the NiO nanoparticle is shown in
figure 4d.

3.4 UV–vis studies

Figure 5 shows the UV–visible absorbance spectra of pure
and irradiated samples of NiO nanocubes. It can be seen that
there is an exponential decrease in the intensity of absorption
with increase in wavelength. This behaviour is typical for
many semiconductors and can occur due to various reasons
like internal electric fields within the crystal, deformation
of lattice due to strain caused by imperfection and inelastic

Figure 4. TEM images of NiO nanocubes calcined at 400◦C.
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Figure 5. UV-Visible absorption spectra of NiO nanocube samples.

scattering of charge carriers by phonons.10 From the results,
it can be observed that the absorption peak of samples S2, S3
and S4 slightly shifts towards the shorter wave length region.
This blue shift in the absorption peak is attributed to size
reduction of the nanocubes resulting from EB irradiation.

Direct band gap (Eg) values are determined by fitting
absorption data to direct transition equation

αhυ = Ed(hυ − Eg)
1/2, (3)

where α is the optical absorption coefficient, hυ the photon
energy, Eg the direct band gap and Ed the constant. Band gap
of NiO nanocube samples have been measured by plotting
(αhυ)2 as a function of photon energy and extrapolating lin-
ear portion of the curve to absorption equal to zero. Optical
band gap energy values obtained are 3.26, 3.38, 3.394 and
3.4 eV, respectively, for the samples S1, S2, S3 and S4. The
optical band gap of NiO in the present study is lower than
the bulk value (3.65 eV). This may be due to the chemical
defects or vacancies present in the crystal generating new
energy levels to reduce the band gap energy. It is seen that the
band gap of NiO nanocubes shifted from 3.38 to 3.4 eV as
particle size reduced from 15.4 to 9.1 nm due to EB irradia-
tion. This increase in the band gap might occur due to surface
band bending with size reduction of the nanoparticles result-
ing from EB irradiation.22 The size reduction causes large
surface area to volume ratio, which in turn helps timely uti-
lization of photo-generated carriers in interfacial processes.23

Moreover, EB irradiation is a useful technique to enhance the
optical absorption performance of NiO nanocubes.

3.5 PL studies

Room-temperature PL emission spectra of pure and irradi-
ated samples of NiO nanocubes are shown in figure 6. NiO
nanoparticles exhibit a strong and wide peak in the range 2.3−
3.4 eV for all the samples with the excited wavelength of
280 nm (4.43 eV). Samples S1, S2, S3 and S4 show broad

Figure 6. Room temperature PL spectra of NiO nanocube samples.

PL band centred at about 2.70, 2.72, 2.73 and 2.77 eV,
respectively, which are smaller than the corresponding opti-
cal band gaps. This small blue shit for PL spectra of the
EB irradiated samples could be due to surface band bending
with surface structural modifications.22 The figure (sample
S4) also shows some shoulder emission peaks at 3.35, 3.26,
3.13, 3.03, 2.66, 2.58, 2.53 and 2.31 eV. The broad peak in
PL spectra corresponds to the direct recombination between
electrons in the conduction band and holes in the valence
band.

The origin of PL peaks attributed to electronic transitions
involving 3d8 electrons of the Ni2+ ions.24,25 The visible
emission might occur due to the defects related deep-level
emission such as oxygen vacancies and Ni interstitials.26

The PL spectra of irradiated samples have larger intensi-
ties relative to pure sample, due to defects and particle size
variation caused by EB irradiation.27 Also, the PL intensity
increases with dose rate, and the sample S4 irradiated with
6 kGy dose exhibits much larger intensity compared with
other samples due to increased absorption over the UV and
visible range. Intermediate energy levels are formed with
favourable characteristics due to EB irradiation, which are
necessary for recombination process (electron/hole) for the
improvement of the PL emission at room temperature.18 Ini-
tially, some electrons from lower intermediate energy lev-
els (oxygen—2p levels) near the valence band absorb the
photon energy (hν) at this wavelength (λ = 280 nm) and
these energetic electrons are promoted to higher intermedi-
ate energy levels (Ni—3d levels) located near the conduction
band.25 The energies generated during deexcitation process
are converted to photons (hν1). Several photons originating
from the participation of different energy states during the
electronic transitions are responsible for the intense PL emis-
sion. The increase in PL intensity indicates higher photocat-
alytic activity of irradiated samples.28 There was a small blue
shift and broadening for PL spectra of the EB irradiated sam-
ples S2, S3 and S4 (figure 6). This blue shift and broaden-
ing of PL spectra with size reduction could also be due to
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Table 2. CIE chromaticity coordinates of NiO nanocube samples.

CIE coordinates

Sample x y

S1 0.199420635 0.265229704
S2 0.212217088 0.295755782
S3 0.211600841 0.296967316
S4 0.17210395 0.220446929

Figure 7. CIE chromaticity diagram of NiO samples.

surface band bending with surface structural modifications
and lattice expansion.22

The structural characterization and optical studies of NiO
nanocubes confirm size reduction and structural modifica-
tions due to the EB irradiation, which in turn produce blue
shift, improved and broadened absorption and PL spectra.
Furthermore, EB irradiation is a suitable technique to enhance
photo-efficiency and photo-activity of NiO nanoparticles for
varied optoelectronics and photocatalysis applications.

The International Commission on Illumination (abbrevi-
ated CIE) XYZ colour space comprised all colour sensations
that an average person can experience. It serves as a standard
reference against which many other colour spaces are defi-
ned. The chromaticity of a colour is specified by parameters
x and y, which are projective coordinates and the colours of
the chromaticity diagram occupy a region of the real projec-
tive plane. The x and y chromaticity coordinates for samples
S1, S2, S3 and S4 under the excitation of 280 nm are cal-
culated in CIE XYZ colour space, and they are presented
in table 2. Figure 7 exhibits the CIE chromaticity diagram of
pure and irradiated NiO samples. The bluish-green emission

is obtained with CIE coordinates (0.199420635, 0.265229
704), (0.212217088, 0.295755782) and (0.211600841, 0.296
967316) for samples S1, S2 and S3, respectively, as shown
in figure 7. However, sample S4 exhibits greenish-blue light
emission with CIE coordinates of (0.17210395, 0.22044
6929). It can be found that by changing the EB irradiation
dose rate, the chromaticity coordinates can be tuned from one
colour to another. Moreover, the present study suggests that
the EB irradiation technique can be used to construct NiO
phosphor for efficient near ultraviolet (NUV) light excited
light-emitting diodes (LEDs).

4. Conclusion

NiO nanocubes have been successfully synthesized through
the chemical precipitation technique. The effect of 8 MeV
EB on their structural and optical properties was studied
in order to improve the optical absorption performance and
photocatalysis. The size variation, non-stoichiometry and
defects of the samples caused by the EB irradiation pro-
duced an increase in optical band gap and PL intensity. More-
over, the systematic investigations found that high-energy
EB irradiation of suitable dose rate is an efficient technique
to promote the optical response and photoactivity of NiO
nanocubes for optoelectronics and photocatalytic applica-
tions. The emission hue of the NiO phosphor can be tuned
from one colour to other by changing the EB irradiation
dose rate. Thus, NiO can be developed as a suitable phos-
phor material for the application in NUV excited colour
LEDs.
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