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Nickel oxide nanoparticles were synthesized by co-precipitation method at different
solution temperatures 37°C,50° C and 70°'C and calcined at 700°C.The
structure of NiO NPs were studied by X-ray diffractometer ( XRD).The results confirmed
the cubic structure of Nickel oxide nanoparticles and the solution temperature has no
effect on crystal structure .The optical properties of the NiO samples were characterized

crystalline

by FT-IR,UV-VIS and PL and the morphology by scanning electron microscopy. Cyclic
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voltammetry characterization was carried out to study the qualitative information about
the potentials at which electrochemical reactions occur.
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1.Introduction

Transition metal oxide nanoparticles have attracted much
attention due to their wide spread applications. Among them,
Nickel oxide has been the focus of recent attention due to its
superior properties. Because of the quantum size and surface
effects, NiO nanoparticles exhibit thermal, mechanical,
electronic, catalytic, optical and magnetic properties that are
significantly different from bulk-sized NiO particles [1,2].
NiO nanoparticles are utilized in several applications such as
in the manufacture of cell electrodes [3,4], gas sensors [5],
magnetic materials [6], anti ferromagnetic layers [7],
electrochemical capacitors/super capacitors [8], photovoltaic
devices [9], smart windows [10], electro chromic films [11],
battery cathodes [12], active optical fiber [13] and catalysis
[14].

Several techniques are wused to synthesis NiO
nanoparticles like thermal decomposition [15], sol-gel [16],
spray-pyrolysis.In  this article, well crystalline NiO
nanoparticles ~ were synthesized at  different solution
temperatures by a simple process called co-precipitation
method which is effective and low cost since the starting
materials are few and inexpensive.

2. Experimental
2.1 Synthesis of Nickel Oxide nanoparticles

Nickel (I1) Chloride (2.6 g ) (Aldrich, 98%) was dissolved
in 100 ml of de-ionized water and 6.4 g of Sodium hydroxide
(NaOH) pellets were added t0100 ml of de-ionized water in
separate beaker. The NiCl, solution was stirred by a magnetic
stirrer for 2 hours. The NaOH solution was added to the NiCl,
solution drop by drop under constant stirring. The resultant
light green solution was kept at room temperature and stirred
for 6 hours and then refluxed for 24 hours. The greenish
precipitate formed was washed with double distilled water and
ethanol to remove impurity. The sample was dried at 90°C in
air to remove moisture contents. The dried sample was heated
at 700 °C for 5 hours. The same procedure was repeated by
varying the solution temperature as 50°C, 70°C. According to
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Chen and Zhou, the solution temperature needs to stay below
75°C in order to prepare ultrafine nanoparticles [17].
The precursor Nickel hydroxide decomposes into Nickel
Oxide on calcinations as follows
NiCl. + 2NaOH . Ni(OH).+2NaCl 1)
Ni (OH)z calcinations NiO + H,0 (2)
2.2 Characterization of synthesized NiO nanoparticles.

The samples were analyzed by Powder X-Ray Diffraction
(XRD) using X’ Pert PRO Diffractometer with Cu K,
radiation of wave length 0.15406 nm in 29 range of 10°-80°
operated at 40kV and 30mA. Differential Thermal Analysis
(DTA), Thermo gravimetric Analysis (TGA- 4000 Perkin
Elmer) ,Differential scanning calorimetry (Instrument model
DSC 6000-Pyris 6) ,Fourier Transform Infrared (FT-IR)
spectroscopy analysis, UV-Vis spectroscopy analysis,
(Instrument model Lamda 35) and Photoluminescence
spectroscopy analysis (model-LS45) were used to analyze
the thermal property and optical property of the samples
prepared at different solution temperatures. Morphology of
NiO NPs was studied by Scanning electron microscopy
(SEM). Cyclic Voltammetry experiment was performed using
three electrode cell utilizing computer controlled potentiostat
(Princeton, Applied Research -Versa STAT MC —~AMETEK).
2.3 Electrochemical Characterization

Cyclic Voltammetry analysis was done using a three
electrode electrochemical cell consisting of a glassy carbon
electrode, saturated calomel electrode (SCE), platinum
electrode as the working electrode, the reference electrode
and counter electrode respectively. The Nickel Oxide NPs
were added to water which acts as solvent. Ethyl Tri methyl
Ammonium Bromide which acts as electrolyte was added to
the test solution to ensure sufficient conductivity. The
potential is swept between-1.4 V and 1.8V at a scan rate of 20
mVs™. The current flowing through working electrode is
recorded as a function of the varying potential.
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3. Results and Discussion
3.1Structure  characterization  of
nanoparticles

X-ray diffraction patterns of the samples R1, R2 and R3
prepared at different solution temperatures 37°C, 50" C and
70°C respectively are shown in Fig.1. It is obvious from the
figure, that the all samples had same diffraction peaks and are
indexed as (111), (200), (220), (311) and(222) that correspond
to face centered cubic structure of NiO nano particles which
are in consistent with the standard data(JCPDS —file:78-0429 ,
Fm-3m space group). According to the peaks indexed ,it is
evident that the increase in the solution temperature has not
affected the crystal structure but it affects the morphology and
size of the particles. The sharpness and the intensity of the
peaks indicate the well crystalline nature of the particles. The
absence of any other peak illustrates the purity of the samples.
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Fig 1. XRD Patterns of the Nickel Oxide Nanoparticles at
different solution temperatures.

Crystallite size ‘D’ was calculated by applying the
Debye-Scherer formula [18]
D =k /pCosp (€))
Where k=0.9, j is the wavelength of Cu k, radiations (1.5406
A)), B is the full width at half maximum intensity in radians,o
is the Bragg’s angle. The average particle size of the NiO
nanoparticles was calculated. (Table.1). It is apparent that the
crystallite size increases with increasing solution temperature
from 37°C to 70°C. The reason behind this may be explained
as the increase in solution temperature enhanced the
nucleation rate which in turn increases the crystallite size [19].
The lattice parameters calculated from XRD data deviates
from its standard lattice parameter 4.177A’" [20] .This may be
due to strain induced in line broadening. This will mean that
the size of the crystallite obtained by using Debye-Scherer
formula will be slightly less than that of the actual size of the
crystallite.

If both size and strain simultaneously contribute towards
line broadening, the actual size of the crystallite and strain can
be determined from Williamson-Hall equation [21-23] is given
by

BCosp= kj/D + 4£Sing 4)
Where k=0.9, ¢ is the strain, D represents the size of the

T
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x-axis a linear fit is got for the data and from it crystallite size
and micro strain are extracted from y-intercept and slope
respectively (Fig.2).The size of the crystallites of all the three
samples are found and listed in table.1. It is revealed that the
crystallite size estimated from Scherer formula is found to be
small due to peak broadening caused by micro strain and
dislocations compared to the crystallite size obtained by W.H
analysis.
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Fig 2a. Williamson-Hall Plot for sample R1 at 37 °C.
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Fig 2b. Williamson-Hall Plot for sample R2 at 50°C.
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Fig 2c . Williamson-Hall Plot for sample R3 at 70 °C.

The micro strain (g) induced in the samples due to
imperfection and distortion is evaluated using the formula
g=_F ®)

4tand

Where g is the FWHM intensity and @ is the peak position
.The increase of solution temperature has an inverse effect on
micro strain (Table.1).

crystallite. By plotting gcosg along

y-axis and 4Sing along

Tablel.Crystallites size and XRD parameters of NiO nanoparticles at different solution temperatures.

Samples | Crystallite(mm) | size (D) | Microstrain ~ *10° | Dislocation density (8) (*10%*) | Lattice Unit cell
Scherer’s W-H Lines/m? Parameter volume(A")?
formula plot (A" (a)

R1 39 40 243 6.57 4.200 74.10

R2 41 44 2.38 5.95 4.185 73.30

R3 42 48 2.04 5.67 4,184 7324
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As the solution temperature increases, the decrease of the
FWHM of the diffraction peaks results in the decrease of the
slope indicating that the strain in the NiO lattice diminishes
gradually. This decrease may be due to the fact that with the
growing crystallite sizes, mobility of the ions on the surface
causes reduction of imperfections like vacancies and
interstitials in the crystallites [24]. The unit cell volume
expands due to size reduction which is due to reduced electro
static forces caused by surface dipoles. [25-27].

The dislocations and imperfections are important in
growth mechanism. The dislocation density (§) which is a
measure of amount of defects can also be determined using the
formula
§=1/D* (6)

Where, D is the grain size in nm. The dislocation
density was evaluated for all the three samples and listed in
Table 1. It is observed that the dislocation density (§)
decreases while the crystallite size increases [28]. It is due to
the fact that decrease in lattice imperfections caused by
increase in solution temperature leads to better crystallinity
with the increased crystallite size.

Specific surface area (SSA) is a material property which
is used to determine the type and properties of a material
which is defined as Surface Area (SA) per mass. It can be
calculated using the following relation [29] and the evaluated
values are listed in Table 2.

SSA = (SA part) 1 ( V pa*density) )

Where, SA part is surface area, V par is particle volume, D,
is particle size, p is the density of NiO (6.67g/cm®) [30]. From
Table.2, it is evident that as the size of the particle increases,
the ratio of the surface area to volume ratio decreases. If this
ratio becomes significantly large, a large portion of the atoms
resides on the surface where solution/interaction between NiO
based devices occurs mainly [31]. And also this ratio plays an
important role in changing the properties compared to bulk
material [32].

Table 2. Specific surface area of NiO nanoparticles at
different solution temperatures.

Samples | D(nm) | Surface Volume SSA SA/
Area (nm) | (nm)® (m’g") | volume

R1 39 4775 31043 23.07 | 0.154
R2 41 5278 36068 21.94 | 0.146
R3 42 5538 38772 2142 | 0.143
3.2 Thermal analysis
3.2.1 TGA/DTA Characterization

Thermo gravimetric and the differential thermo

gravimetric (TGA/DTA) analysis of the samples R1 and R3
prepared at solution temperatures 37°C and 70°C respectively,
calcined at 700 °C was carried out under Nitrogen atmosphere
at a heating rate of 10 "C/min in the temperature range of 35°C
- 750°C to investigate the thermal behavior of the samples.
TheTGA curve indicates the weight loss of 0.56% for the
sample R1 (Fig.3a) and 3.45 % for the sample R3 (Fig.3b )
which are accompanied by the endothermic peaks observed at
89.61°C and 86.14°C for the samples Rland R3 in the DTG
curve which are due to thermal desorption of water from the
surface of the nano particles [33]. While comparing the
weight losses of the samples R1 and R3, the weight loss of the
sample R1 is less than that of the sample R3 which is due to
the fact that the surface of the Nickel Oxide nanoparticles
prepared at 37°C (sample R1) is small compared to sample
R3 prepared at 70 'C (Table.2).
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Fig 3a. TGA-DTG plot for R1 at 37 °C.
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Fig 3b . TGA-DTG plot for R3 at 70 °C.

3.2.2 DSC Characterization

DSC analysis was also performed from 0 ' C to 445°C at
10 'C / min for the samples R1 and R3 (fig.4). The heating
curves indicates two strong endothermic peaks at 92.5°C and
89.1°C for the samples R1 and R3 respectively, correspond to
removal of water which is in good agreement with DTA
result.

Heat Flow (W/g)

T T T T
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Temperature® C

Fig 4. DSC analysis of the samples R1 prepared at 37
°C and R3 prepared at 70 °C.

3.3 Fourier Transform Infra Red (FT-IR) Spectroscopic
Analysis

Fig.5 shows the FT-IR spectra of the samples R1, R2 and
R3 prepared at different solution temperatures 37°C, 50° C and
70°C respectively. A broad absorption band at 3412 cm™ is the
characteristic of O—H stretching bond. The band at 1597 cm™
is attributed to H-O-H bending vibration because of absorption
of water molecule from air as the sample is synthesized in air.
The absorption bands at 1393 cm™ and 1119 cm™ indicate the
existence of carbonates. The band at 722 cm™ is assigned to
Ni—O—H vibration. The band at 492 cm™ is associated to Ni-O
vibration mode [34] which confirms the formation of Nickel
Oxide nanoparticles.



41948

It is clear from the spectra that when the solution
temperatures is increased from 37°C, to 50° C and 70°C, the
same functional groups are appeared with a slight change in
the intensity of the bands. It is important to note that strong
band exist at 494 cm™, 493 cm™ for samples R2 and R3
confirms the formation of NiO nanoparticles .Hence it is
apparent that there is no change in the crystal structure of
Nickel Oxide nanoparticles when the solution temperature is
varied.
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Fig 5. FT-IR Spectra of the samples R1, R2 and R3 at
different solution temperatures.

3.4 UV-VIS Analysis

The formation of Nickel Oxide nanoparticles is confirmed
by the appearance of Surface Plasmon absorption maxima in
UV-VIS spectra of the samples R1, R2 and R3 prepared at
different solution temperatures 37°C, 50° C and 70°C
respectively. The peak absorption wavelengths show blue shift
in their spectra (Fig.6 and the insets show corresponding
absorption spectra) because of increase in the crystallite size
with increase in solution temperature (Table.3). From the
observed UV-VIS spectrum, the optical band gap is calculated
using the following relational expression proposed by Tauc,
Davis and Mott.
(Ahv) "=k (hv - Ey) (8)

(Ahv)? (eV)’

15 20 25 30 35 40 45 50 55 60 65
hv (eV)

Fig 6a. TAUC’s Plot of the sample R1 and insets
corresponding absorption spectra.
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Fig 6b. TAUC’s Plot of the sample R2 and insets
corresponding absorption spectra.
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Fig 6. TAUC’s Plot of the samples R3 and insets
corresponding absorption spectra.

Where A: the absorbance, h: Plank’s constant, v:
frequency of vibration, k: material constant, Eg: energy gap.
The value of exponent n depends on the type of transition: n =
2 for direct band gap and n= % for indirect band gap. The
graph of (Ahy )? as a function of hy is plotted for direct
allowed transition. The direct band gap values of Nickel Oxide
nanoparticles at different solution temperatures are determined
by extrapolating linear portion of the curve to energy axis and
listed in Table. 3. It is apparent that the increase in both
solution temperature and crystallite size leads to decrease in
energy band gap which is an evidence of quantum
confinement effect [35].

Table 3.0Optical parameters of NiO NPs at different

solution temperatures.

Samples | Peak absorption | Energy gap | Transmittance
Wave length (eV) %
(Amax) (NM)

R1 325 3.90 13

R2 337 3.65 33

R3 342 3.25 55

Fig.7 shows UV-Visible transmittance spectra of the

samples R1, R2 and R3. It is evident from Table.3 that the
optical transmittance of the NiO nanoparticles increases as
solution temperature increases.

60
R3
50

R2
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Fig 7. Transmittance spectra of the samples R1, R2 and
R3.
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3.5 Photoluminescence analysis

The room temperature Photoluminescence spectra
of Nickel Oxide nanoparticles prepared at different solution
temperatures is shown Fig.8 The sample R1 excited by 280
nm exhibits main emission peak at 303 nm (Fig.8a). The
samples R2 ,R3 excited by 320 nm exhibit the main peaks at
332 nm, 364 nm and weak peaks at 338 nm ,357 nm
respectively (Fig.8b, Fig.8c). The origin of main peaks and the
shoulder peaks are attributed to the electronic transitions of
3d® electrons of Ni** ions [36, 37]. The optical absorption
study reveals that there are several transitions at energies
below band gap in Nickel Oxide [38]. The broad peaks in PL
spectra of the samples are due to radiative recombination
between electrons in the conduction band and holes in the
valence band. As it is evident from Table.4 the emission peaks
are shifted to lower PL energy as the particle size increases
from 39nm - 42nm. This is due to the fact that oxygen vacancy
is more in smaller size particles which makes absorption more
hence it causes stronger PL signal. Hence the size of crystallite
and the solution temperature are the main factors in the
variation of PL intensity. It is concluded that, the PL intensity
decreases with increase in both solution temperature and
particle size [39]. In all the samples R1, R2 and R3 weak
visible emissions are observed at 426 nm, 402 nm, 409 nm
respectively which are due to defects-related deep level
emissions like oxygen vacancies and Ni interstitials.

Table 4. PL Energy of NiO NPs at different solution

temperatures.
Samples | Emission Peaks | PL Intensity | PL Energy
(nm) (a.u) (eV)

R1 303 41.48 4.09
R2 332 16.73 3.73
R3 364 12.94 3.41

45 -
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40 =280 nm

35

30

25

PL intensity (a.u)

20

154

10 T T
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Fig 8a. PL spectra of the sample R3 at 70 °C.
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Fig 8b. PL spectra of the sample R2 at 50 °C.
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Fig 8c. PL spectra of the sample R3 at 70 °C.

3.6 Morphology of the NiO nanoparticles

Scanning electron microscopy was used to analyze the
morphology of NiO nanoparticles prepared at different
solution temperatures. The SEM images (Fig 9) clearly show
an agglomeration of the nanoparticles in all the samples and
snowflakes like morphology at low temperature [40, 41]. As
the solution temperature increases, the particles accumulate
into sharp walls. It is evident that sample R3 prepared at
higher temperature 70°C exhibited more defined shapes
compared to the sample R1, R2 prepared at 37°C and 50°C
respectively, which indicate that shape and size of the
nanoparticles are influenced by the solution temperatures.

Fig 9. SEM images of the samples R1, R2 and R3 at
different magnifications.
3.7 Electrochemical characterization
Fig.10 compares the cyclic voltammograms of the samples
R1, R2 and R3 prepared at different solution temperatures
37°C, 50° C and 70°C respectively in the potential range of -1.4
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V to 1.8V at a sweep rate of 20 mVs™. It is apparent that there
is a pair of strong redox peaks which indicate that capacitance
characteristics are controlled by Faradic reactions [42]. The
redox peaks occur in all the three samples due to Ni** to Ni **
transition at the surface of NiO NPs according to the
following equation [43,44].
NiO + OH" <—»NiOOH + ¢ 9)
The formation of NiOOH layer on the surface initiates the
electro catalytic activity of NiO NPs. [45, 46]. The results
indicate that sample R1 prepared at 37°C exhibits highest peak
current but the sample R3 prepared at 70°C exhibits minimum
peak current. The increase in current indicates that reaction
activity of NiO increases with the increase in specific surface
area and surface area to volume ratio (Table.2).

300 o

R1
R2
R3

200 4

100

Current (A)

-100 4

-200 T T T T T T 1
-1.0 -0.5 0.0 05 1.0 15 20

Potential (V)

Fig 10. Cyclic voltammograms of the samples R1, R2 and
R3 at different solution temperatures.

Since the increase in crystallite size of the sample R3 due
to high solution temperature leads to decrease in both specific
surface area and surface activity which leads to less capacitive
behavior [47, 48]. Hence Specific surface area and surface
reactivity are the main factors in determining the capacitive
behavior and can be illustrated from XRD patterns of nickel
oxides Fig (1), which shows a large increase in grain size at
increasing solution temperature. It is concluded that sample
R1 with high specific surface area have high charge-storage
capability .

Specific capacitance of the samples are calculated by
the formula
E2
C=[i(E)dE/2 (E2—-E1)) mv (10)
El

where E2
Ji®dE

El
is the total voltammetric charges obtained by integration of
positive and negative sweep in cyclic voltammogram , (E, —
E,) is the potential window width,’m’ mas of the sample and v
is the scan rate. Since the anodic voltammetric charges and
cathodic voltammetric charges are not same in the CV curves
Jntegral area of CV curve/scan rate represent the sum of
anodic and cathodic voltammetric charges [49,50]. The
electrochemical measurements show that samples R1, R2 and
R3 prepared at different solution temperatures exhibit specific
capacitance of 861 Fg™, 837 Fg™ and 836 Fg™ respectively.
Obviously NiO nanoparticles prepared at 37°C exhibit the
maximum specific capacitance. It is apparent that there is a
decline of specific capacitance with the increase of solution
temperature.

The position of the peaks on the potential axis (Ep) is
related to the formal potential of the redox process. The
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formal potential for a reversible couple is centered between
anodic peak potential (Ey,) and cathodic peak potential (Epc)
[51]
E® = (Epa+ Eyc) 12 (11)

The separation between the peak potentials AE, is
evaluated using the relation
AE; = Epa - Epe. (12)

The AE,;for the samples R1, R2 and R3 is 0.89V,
0.84V, and 0.82 V respectively. A fast one-electron transfer
would exhibit a AEp = 0.059 V at 298 K [52]. The
discrepancy from this ideal value is attributed to slow electron
transfers and solution resistance.
4. Conclusion

Nickel Oxide nanoparticles were prepared by co-
precipitation method at various solution temperatures. XRD
studies confirmed the FCC structure of the NiO nanoparticles
and the average particle size increases from 39 nm to 42 nm
with increasing the solution temperatures. The optical
properties of the samples were elucidated by FTIR, UV-VIS,
PL Spectroscopy. The morphologies of the samples were
observed by SEM analysis. Cyclic voltammetry analysis of the
samples revealed that particles with smaller size have high
electrochemical reaction activity due to high specific surface
area and an excellent capacitance behavior which is very
important for electrode materials of a super capacitor.
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