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Abstract

Nickel oxide nanoparticles (NiO NPs) were synthesised using a sol-gel method in a gelatinous medium. Gelatine was used as a size-
limiting polymerisation agent for the growth of NiO NPs. X-ray diffraction (XRD) analysis revealed that increasing the calcination
temperature increased the crystallite size and decreased the size of the lattice constant. The size-strain plot method (SSP) was used to
measure the individual contribution of grain sizes and micro strain on the peak broadening of NiO NPs. Transmission electron
microscopy (TEM) showed the ultrasmall size of the NiO NPs with a narrow size distribution(10 4+ 0.2 nm). The band gap value of NiO
NPs was calculated using ultraviolet—visible (UV—Vis) spectroscopy and decreased with increased calcination temperature.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nanostructured metal oxides exhibit novel properties that
are different from those of bulk solid state materials because
of the size difference. A reduction in particle size down to the
nanoscale level results in various special properties such as
quantum size effects, a high specific surface area, and lower
sintering temperature [1]. Among metal oxides, NiO nanos-
tructures are p-type semiconductors, with wide band gaps of
3.64.0 eV [2]. Furthermore, NiO NPs can be used in various
applications, including catalysis [3], battery cathodes [4],
electrochromic films [5], fuel cell electrodes, gas sensors [6],
photovoltaic devices, and magnetic materials [7]. In addition,
NiO NPs are being studied for applications in electrochemi-
cal supercapacitors [8], smart windows [9], and dye-sensitised
photocathodes [10]. The particle size, shape, and synthesis
route of NiO are very important in determining the electrical,
optical, and magnetic behaviours of NiO NPs.
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Several methods have been developed to synthesise NiO
NPs, including sol-gel [11], solvothermal [2], hydrothermal
[12], precipitation [13], sonochemical [6], anodic plasma [14],
microemulsion [15], and thermal decomposition [16] meth-
ods. In general, the preparation of NiO NPs is a complicated
process, and a wide variety of different variables may affect
the properties of the final products. As we know, there are
some essential factors, such as the size, morphology, compo-
sition purity, and crystallinity that eventually determine the
nanostructure and performance of the final products. There-
fore, it is very important to control these factors during the
preparation process. The sol-gel synthesis method is one of
the simplest and lowest-cost techniques for preparing pure
transition metal oxide nanostructures [11]. By selecting an
appropriate precursor, products with unique sizes and shapes
can be obtained. Organic molecules acting as templates have
been used as polymerisation agents to produce nanostruc-
tures [17]. Gelatine is one of the green natural polymerisation
agents that can be used for these applications [18].

In this work, a simple sol-gel route was adopted to
prepare ultrasmall NiO NPs in a gelatine medium [19].
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The calcination temperature was varied to investigate its
effect on the crystallinity and optical properties of
NiO NPs.

2. Experimental
2.1. Materials

Nickel nitrate was used as the precursor, gelatine was
used as the polymerisation agent, and distilled water was
used as the solvent. Nickel nitrate (Ni(NO3),.6H,0), was
purchased from Acros at a purity of 99%. Gelatine (Type
B from bovine skin) was purchased from Sigma Aldrich
and was used without further purification.

2.2. Preparation of NiO NPs

To prepare NiO NPs, first 20 g of nickel nitrate (Ni
(NO3),.6 H,0O) was dissolved in 40 ml of pure water, then
stirred for 40 min. Meanwhile, 10 g of gelatine was dis-
solved in 150 ml of pure water, then stirred for 30 min at
60 °C to obtain a clear gelatine solution. After that, the
nickel nitrate solution was added to the gelatine solution,
and the obtained mixed solution was moved to a water
bath. The temperature of the water bath was fixed at
80 °C. Stirring was continued for 12 h to obtain a dark
green gel. This gel was rubbed on the inner side of a
crucible before being left in a furnace at 350 °C for 30 min
to achieve the xerogel state. The xerogel was then placed
into a horizontal tube furnace (100 cm in length, 5 cm in
diameter). High purity O, and N, gases at a 1:4 volume
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Fig. 1. XRD patterns of NiO NPs after calcination.

Table 1

ratio were fed at about 50 Sccm into the furnace tube at
1 atm of pressure. The furnace was heated from room
temperature to 400, 500, 600, and 700 °C at a rate of
10 °C/min. After being held at the final temperature for 1 h,
the furnace was cooled down naturally to room temperature.

2.3. Characterization

The phase purity and crystallite size of the NiO NPs were
characterised using XRD (Philips, X’pert, Cu K,) with a
radiation wavelength of 1=1.54056 A, step size 0.1and dwell
time 2 s. TEM was carried out on a Hitachi-7100 (acceleration
voltage 120 kV) to calculate the average particle sizes of the
nanoparticles. The samples were dispersed in ethanol using an
ultrasonic bath before placing them onto a copper-coated grid.
The UV-Vis (Perkin—Elmer Lambda 750 UV—Vis-NIR spec-
trophotometer) absorption spectra were recorded in a range of
200-800 nm to determine the band gap energy of the NiO
NPs. The samples were dispersed in deionized water.

3. Results and discussion
3.1. X-ray diffraction and crystallite-size analyses

The XRD patterns of the NiO NPs calcined at different
temperatures are shown in Fig. 1. All of the XRD patterns
clearly show the diffraction peaks of the (1 11), (200),
(220), (311), and (2 2 2) crystal planes, corresponding to
face-centred-cubic (fcc) structured NiO (PDF card No. 01-
078-0423). The results show that the synthesised NiO NPs
had high purity as there was an absence of impurity peaks.
It was observed that the intensity of the diffraction peaks
increased as the calcination temperature increased because
of the increase in the crystallite size of the NiO NPs. The
lattice constants of the prepared samples estimated from
the XRD data are presented in Table 1. Several techniques
are available to calculate the crystalline size, such as the
Scherrer equation (D= KA/Bcos @), in which D is the
grain size K is the constant of the Scherrer formula related
to index (hkl) and the shape of the NPs, /4 is the X-ray
wavelength, 6 is the XRD diffraction angle, and f is the
full width at half maximum (FWHM) of the diffraction
peak measured in radians. From the Scherrer equation,
parameter ff needs to be corrected because the width of the
broadening peaks is the result of both the crystalline size
and micro-structure strain. In order to correct for ffp, the
Gaussian equation is used to separate the effects of the

Geometric parameters of NiO NPs calcined at (a) 400 °C, (b) 500 °C, (c) 600 °C, and (d) 700 °C.

Temperature of Average particle size Constant lattice Size-strain plot Strain Band gab
calcinations (°C) (nm) +0.2 (A) D (nm) (eV)
400 10.2 4.181 7.9 0.020 3.91
500 19.2 4.179 13.3 0.006 3.86
600 35.8 4.178 16.0 0.005 3.76
700 48.6 4.174 19.0 0.003 3.63
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crystalline size and micro-structure strain, as shown in
Eq. (1) [20].

ﬁDz (ﬁz_ﬁstandard) (1)

The Williamson—Hall plotting method is another tech-
nique to separate the crystalline size and micro-structure
strain effects. In this technique, we considered that these
effects contribute to line broadening, which can be sepa-
rated using the Lorentzian equation, as shown in Eq. (2).

Bua = Bp £ B, 2

where fp is the width of the diffraction peak caused by the
particle size, f8, is the width of the diffraction caused by the
micro-strain, and f is the full line width corrected for
instrumental effects. The positive and negative signs indicate
lattice expansion and lattice compression, respectively [21].
However, a better evaluation of the size-strain factors in the
case of isotropic line broadening can be obtained by consider-
ing an average size-strain plot (SSP), which gives less weight to
data from reflections at high angles, where the accuracy is
usually lower. In this approximation, it is assumed that the
crystallite size profile and the strain profile are described by a
Lorentzian and a Gaussian function, respectively. The total
peak broadening is obtained from Eq. (3).

4 £\?
(dha B €8 0)2 =D (diaBra cos 0) + (5) 3

The constant 4 depends on the shape of the particles [22].

1/2

In Fig. 2, the term (dhwPByy cos 0)2 is plotted with respect
to A/D x (diyPrua cos 8) for all of the diffraction peaks of
the NiO NPs with the cubic phase from 20 = 20° to 26 = 80°.
In this case, the crystalline size is determined from the slope of
the linearly fitted data, where the root of the y-intercept gives
the strain. The results obtained from the SSP models are
summarised in Table 1. It was clearly seen that the crystallite
size of the NiO NPs increased by increasing the calcination
temperature. Furthermore, the size of the lattice constant
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Fig. 2. SSP plot of NiO NPs calcined at (a) 400 °C, (b) 500 °C, (c) 600 °C,
and (d) 700 °C. The particle size is determined from the slope of the
linearly fitted data while the root of the y-intercept gives the strain.

decreased because of the increase in the size of the particles,
which decreased the micro-strain. Although the effect of
particle size on the lattice constant has been noted, the reasons
for it are ambiguous. Some authors [23] have assumed that it
is a consequence of the Laplace pressure, P=20/r, where 0 is
the surface tension and r is the diameter of the NPs. In
addition, the concentration of vacancies might have an effect
on the size of the lattice constant [23].

3.2. Morphological studies

The TEM images of the NiO NPs and their correspond-
ing size distribution histograms are given in Fig. 3.
According to these size distribution histograms, average
particle sizes of 10.2+0.2, 19.24+0.2, 35.84+0.2, and
48.6 + 0.2 nm were obtained for NiO NPs prepared at
calcination temperatures of 400, 500, 600, and 700 °C,
respectively. The mean particle size results estimated from
the TEM micrographs are in good agreement with the
XRD analysis, where the average particle size increased as
the calcination temperature increased.

Fig. 4 shows crystallite and particle size as a function of
temperature. Particle growth was greater than crystal
growth. This shows that the agglomeration of primary
NPs (formed at low temperature) plays an important role
in the growth of NPs that are calcined at a higher
temperature. The NiO samples calcined at 500, 600, and
700 °C showed larger particle sizes with wider size dis-
tributions compared to the NiO sample calcined at 400 °C.
The coalescence of primary particles in the agglomerates
led to the elimination of primary particles below 20 nm in
size because of the higher calcination temperature. The
small primary particles tended to be connected together.
This created larger particles, along with rapidly minimised
interfacial free energy, which is proportional to 2y/R,
where R is the radius of spherical particles and is the
specific interfacial free energy [24].

3.3. Optical structure

The UV-Vis absorption spectra were investigated in the
range of 200-800 nm for NiO NPs synthesised at different
calcination temperatures of 400, 500, 600, and 700 °C, (Fig. 5).
The absorption coefficient was very low for photon energies in
the visible region, while a rapid increase in the absorption
coefficient occurred in the UV region. Absorption peaks
centred at 318, 320, 323, and 333 nm were observed for the
NiO NPs calcined at 400, 500, 600, and 700 °C, respectively,
which can be attributed to the intrinsic band gap absorption
of NiO NPs. A blue shift was exhibited by the sample calcined
at a lower temperature because of the smaller particle size [25].

A common way to obtain the band gap from absorbance
spectra is to get the first derivative of the absorbance with
respect to the photon energy and find the maximum in the
derivative spectrum, as shown in the inset of Fig. 5. The
band gaps of the NiO NPs were estimated at about 3.91,
3.86, 3.76, and 3.63 ¢V for NiO NPs calcined at 400, 500,



3912 S. Pilban Jahromi et al. /| Ceramics International 39 (2013) 3909-3914

40 - Mean=10.15

30 1 1

Frequency
8
1

'

Frequency
5
I
\_

T
5.00 10.00 15.00 2000 2500 3000 3500

20 Mean=35.74

Frequency

/—S

t T
10.00 2000 3000 4000 50.00 60.00 70.00

Mean=48.57

Frequency

20 40 60 80
Particle size/nm

Fig. 3. Size distribution (shown on the left-hand side) and TEM micrographs (shown on the right-hand side) of NiO NPs calcined at (a) 400 °C,
(b) 500 °C, (c) 600 °C, and (d) 700 °C.
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Fig. 4. A profile of crystallite size and particle size versus temperature.
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Fig. 5. UV-Vis spectrum of the NiO NPs at (a) 400 °C, (b) 500 °C,
(c) 600 °C, and (d) 700 °C. Inset shows the derivative of the absorbance
spectrum.

600, and 700 °C, respectively. These estimated band gap
energies are in good agreement with the results reported for
NiO NPs, which are in the range of 3.64.0eV [2].

4. Conclusion

NiO NPs were prepared by a low cost sol-gel method using
gelatine as a green polymerisation agent. During the calcina-
tion of the NiO samples, the gelatine acted as a size-limiting
agent, producing NiO NPs with very small dimensions and a
narrow size distribution. The calcination temperature played
an important role in controlling the particle size, with 400 °C
found to be the best calcination temperature.
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