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Herein, we report the effect of calcination on the structural and optical properties of nanocrystalline NiO. NiO
nanoparticles were synthesized by chemical precipitation method using nickel nitrate hexahydrate and ammonium carbonate. Thermogravimetric analysis was done to determine the thermal behavior of the precursor.
The samples were characterized by X-ray diffraction (XRD), energy dispersive X-ray analysis (EDAX), high
resolution transmission electron microscopy (HRTEM), Fourier transform infrared spectroscopy (FTIR),
UV-visible and photoluminescence (PL) spectroscopy. Crystallite size and lattice strain on peak broadening
of NiO nanoparticles have been studied using Williamson–Hall (WH) analysis. Significant modifications
were observed in the crystallite size, absorption spectra and photoluminescence intensity due to calcination. The desired structural and optical properties of NiO nanoparticle make it as a promising material for
optoelectronic applications.
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1.

Introduction

In recent years nanocrystalline transition metal oxides have attracted extensive interest due to their different potential applications. Out of these, Nickel oxide (NiO) is
an attractive material due to its chemical stability. NiO has a wide intrinsic band gap of
∼ 3.6 eV. It shows interesting optical, electrical and magnetic properties [1, 2]. It is a
promising candidate for wide range of applications such as smart windows, gas sensors [3],
catalysts [4-6], anode material in Li ion batteries and nanoscale optoelectronic devices such
as electro chromic display [7, 8]. As an ion storage material, NiO semiconductor becomes a
motivating topic in the new era of research. These applications can be enhanced by decreasing the particle size and hence a precise control of the size and distribution in the nanometer
region is required.
Various techniques have been adopted for the synthesis of NiO nanostructures such
as sol-gel [9-12], co-precipitation [12], hydrothermal [13], solvo-thermal [14] and chemical
precipitation [6, 15]. In the present study, we have prepared NiO nanoparticles using the
chemical precipitation route which can yield high purity products at low cost starting from
easily available materials. Synthesized NiO nanoparticles have been characterized by XRD,
EDAX, TEM, FTIR spectroscopy, UV-visible and PL spectroscopy.
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Experimental details

Nickel nitrate hexahydrate (Ni(NO3 )2 6H2 O) (99.8%, Merck) and ammonium carbonate ((NH4 )2 CO3 )(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 the sample

Nanocrystalline NiO samples were prepared by reacting aqueous solutions of nickel
nitrate hexahydrate and ammonium carbonate (0.1M each) under stirring. The green precipitate formed was washed with distilled water several times to remove the unreacted salts,
and dried in a hot air oven at 70◦ C for 20 h. The precursor obtained was calcined in a muffle
furnace at different temperatures, ranging from 400–600◦ C for 2 hours, which resulted in a
black solid mass. NiO samples calcined at 400◦ C, 500◦ C and 600◦ C are denoted as S1, S2
and S3 respectively.
2.2.

Characterization techniques

Thermogravimetric (TG) analysis of the precursor was carried out using a Perkin
Elmer, Diamond instrument with a heating rate of 10.00◦ C/min. The structural characterization of the samples were done 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◦ . EDAX spectrum was obtained on a JEOL Model
JED–2300 equipment with an accelerating voltage of 30 kV. TEM and HRTEM images were
recorded on a JEOI–2010 at an accelerating voltage of 200 kV. Fourier transform infrared
spectra of the samples were recorded using Thermo Nicolet, Avatar 370 instrument. Shimadzu 2600/2700 UV–Visible spectrophotometer was used to record the optical absorption
spectra of the samples in a wavelength range of 200 to 600 nm. Photoluminescence spectra were measured over wavelengths ranging from 250–650 nm at room temperature by a
Fluoromax3 spectrophotometer.
3.
3.1.

Results and discussion
Thermogravimetric analysis

Fig. 1 shows the thermal decomposition result of the precursor from the ambient temperature to 700◦ C using both the thermogravimetric and the differential thermogravimetric
(DTG) curves. The TG curve indicates that the weight loss of the precursor occurred from
50◦ C to 350◦ C. This suggests that the precursor decomposed completely at 350◦ C to become
nickel oxide [10, 16]. Therefore the choice of suitable calcination temperature is highly dependent on the results of TG analysis. 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 second 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
nickel oxide.
3.2.

XRD analysis

The phase composition, purity and structure of the samples were examined using
XRD. Fig. 2 depicts the XRD patterns of the samples calcined at different temperatures.
Well defined diffraction peaks are observed in the figure corresponding to (111), (200), (220),
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Fig. 1. TG/DTG curve for NiO nanoparticles
(311) and (222) planes of cubic NiO crystals, which are in accordance with the standard
spectrum (JCPDS, No.73-1519) [11]. From the analysis of positions and relative intensities
of the diffracted peaks, the presence of single phase cubic structure of NiO with a space group
Fm3m is confirmed. Lattice constants calculated from XRD data are 0.4180 nm, 0.4176 nm
and 0.4171 nm respectively, for samples S1, S2 and S3 which are in good agreement with
the reported data [17].
Fig. 2 shows that the diffraction peaks become intense and their full width at half
maximum (FWHM) gradually decreases with increasing calcination temperatures. The reason is that at higher calcination temperatures, the formed crystallites are larger in size,
which can be attributed to the thermally promoted crystallite growth.
The crystallite sizes of all samples were calculated from the line broadening of the
diffraction peaks using Scherrer’s formula [18]. The crystallite size was found to increase
with an increase in the calcination temperature. Williamson- Hall analysis was carried out
to calculate the contributions of size and micro-diffraction to XRD line broadening. The
W-H equation [19-21] is given by,
β cos θ = kλ/D + 4ε sin θ.

(1)

The results are presented in table 1. The very small micro-diffraction values for
all the samples lead to the close agreement between the crystallite sizes estimated from
Scherrer’s equation and W-H analysis. The presence of O vacancies, structural imperfections
and surface defects in NiO nanoparticles can introduce micro-diffraction that results in the
broadening of XRD peaks [22, 23]. It is found that the micro-diffraction for NiO calcined at
400◦ C has large value, which decreases with increase in calcination temperature. This occurs
because defects like dislocations, edges or cuts are probably removed during the calcination
process [22].
3.3.

Energy dispersive X- ray analysis

Nickel (II) oxide is generally known as a non-stoichiometric compound (Ni1-x O) with
color varying from gray to black. EDAX analysis was carried out to know the presence of
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Fig. 2. XRD patterns of the NiO nanoparticle samples
Table 1. Geometric parameters of NiO nanoparticle from XRD spectra
Particle size (nm)
W-H method
Sample Sherrer’s equation Particle size Microstrain
(nm)
(*10−3 )
S1
9.82±0.196
10.83±0.217 6.67±0.13
S2
16.84±0.337
16.91±0.338 0.65±0.013
S3
23.54±0.47
26.16±0.523 0.1±0.002
nickel oxide in the sample. The EDAX pattern (Fig. 3) of the sample shows the presence of
nickel and oxygen. The mass percentage and the atom percentage of the prepared sample
are given in table 2. EDAX confirmed that the NiO sample contains nickel and oxygen with
a molecular ratio of 1 : 1, with no trace of any other materials.
Table 2. EDAX data for NiO nanoparticles
Elements keV
Mass %
Atom %
OK
0.525 9.3±0.186 27.34±0.547
Ni K
7.471 90.7±1.814 72.66±1.453
Total
100
100
3.4.

TEM analysis

In order to reveal the morphology and size of the synthesized products, typical TEM
and HRTEM images have been recorded, as shown in Fig. 4. Fig. 4(a) shows the TEM
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Fig. 3. EDAX pattern of NiO nanoparticles
bright field images of NiO nanoparticles calcined at 400◦ C. It can be clearly observed that
the synthesized product consisted of nearly cube shaped particles with size around 13 nm.
However, average crystallite sizes obtained from Scherrer’s formula and W–H analysis show
a slight decrease from that of TEM images, because of the difference in averaging particle
size distribution. The lattice fringes can be clearly seen from the HRTEM image (Fig. 4(b)),
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.

Fig. 4. TEM images of NiO nanoparticles calcined at 400◦ C
Selected area electron diffraction pattern (SAED) originated from the NiO nanoparticles is shown in the inset of Fig. 4 (b). The appearance of strong diffraction spots rather
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than diffraction rings confirmed the formation of single crystalline cubic nickel oxide. Size
distribution and abundance of NiO nanoparticles is plotted in histogram shown in Fig. 5.

Fig. 5. Size distribution of NiO nanoparticles

3.5.

FTIR analysis

The FTIR spectra of the samples calcined ed at 400◦ C and 500◦ C are shown in Fig. 6.
The spectrum has several significant absorption peaks recorded in the range of 4000 cm−1 to
400 cm−1 . The broad absorption band centered at 3450 cm−1 is assigned to O–H stretching
vibrations and the band at 1630 cm−1 is attributable to H–O–H bending vibration mode.
These indicate the presence of traces of water in the sample. The broad absorption band in
the region 430–490 cm−1 is assigned to Ni–O stretching vibration mode [14]. The broadness
of the band indicates the nanocrystalline nature of the samples.
3.6.

UV - Vis studies

Fig. 7 shows UV-visible absorption spectra and (αhν)2 versus energy plot for NiO
nanoparticles samples. It can be seen (Fig. 7 (a)) that there is an exponential decrease in
the intensity of absorption with increase in wavelength. This behavior 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 scattering
of charge carriers by phonons [9]. It can be seen from Fig. 7 (a) that the absorption edge
corresponding to samples S1, S2 and S3 are at 365, 375 and 415 nm respectively. Small blue
shift was exhibited by samples S1 and S2 because of their small particle sizes.
Optical band gap energy values obtained from Fig. 7 (b) are 3.385, 3.30, and 3.18 eV
respectively for the samples S1, S2 and S3. 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 level to reduce the band gap energy.
However, the band gap is found to decrease with an increase in the calcination temperature
due to the crystallite growth.
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Fig. 6. FTIR spectra of NiO nanoparticle samples

Fig. 7. (a) UV-Visible absorbance specta and (b) (αhυ)2 vs energy plot for
NiO samples
3.7.

PL studies

Room temperature photoluminescence emission spectra of NiO nanoparticle samples
calcined at different temperatures are shown in Fig. 8. NiO nanoparticles exhibit a strong
and wide peak in the 350 to 425 nm range with an excited wavelength of 280 nm. The figure
shows two obvious PL peaks at about 448 and 466 nm along with some shoulder emission
peaks at 370, 380, 396, 410, 481 and 490 nm. The origin of photoluminescence peaks is
attributed to electronic transitions involving 3d8 electrons of the Ni2+ ions [14].
The broad peak in PL spectra corresponds to the direct recombination between electrons in the conduction band and holes in the valence band. It is found that the PL intensity
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Fig. 8. Room temperature PL spectra for NiO samples
remains the same for samples S1 and S2. However, there was a decrease in intensity for the
sample S3. If the size of particle is smaller, oxygen vacancy content is larger, and absorption over UV and visible range increases. Hence, samples S1 and S2 have higher chance of
exciton occurrence, which in turn cause stronger PL signal. Moreover, calcination can result
in decreased PL intensity due to crystal growth.
4.

Conclusions

Nanostructured NiO particles have been successfully synthesized through the chemical precipitation technique using nickel nitrate hexahydrate and ammonium carbonate. TGA
results show a sharp weight loss at 350◦ C, caused by the conversion of nickel carbonate into
nickel oxide. The results obtained from XRD and TEM confirms the nanocrystalline nature
of the synthesized particles and the crystallite size was found to increase with increase in
calcination temperatures. W-H analysis found that the micro-diffraction for NiO calcined at
400◦ C has large value, which decreases with increase in calcination temperature. UV-visible
absorption studies revealed that an increase in the calcination temperature produces a blue
shift in the absorption spectrum, and a decrease of band gap being a consequence of the
increase in particle size. Also, photoluminescence studies showed that an increase in calcination temperature causes a decrease in PL intensity due to crystal growth. Furthermore,
calcination temperature plays a vital role in controlling the particle size, which in turn helps
to modify structural and optical properties of the formed NiO nanoparticles. Based on these
systematic observations, it is concluded that NiO nanoparticles can be a promising material
for optoelectronic applications because of its desired structural and optical properties.
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