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Abstract

This work synthesized NiO nanoparticles by chemical precipitation and thermal decomposition
methods at different annealing temperatures. The properties of synthesized nanopowders were compared
by X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier transformed infrared
(FT-IR). The X-ray diffraction pattern analysis indicated that samples annealed at 300 °C'and 600 °C have
face-centered cubic (fcc) with lattice parameter a= 4.17960 A and hexagonal structures with lattice
parameters a=b= 2.95 A , ¢=7.23 A, respectively. Also, by increasing annealing temperature, the
crystallinity and size of NiO nanoparticles have increased, and samples synthesized by the chemical
precipitation method have a smaller size than other samples. For 600 °C calcination temperature and
compared to other methods, XRD pattern of samples synthesized by thermal decomposition method
showed higher intensity of peaks which resulted in larger nanoparticles. FT-IR results confirmed the
formation of NiO nanoparticle composition. Also, the FT-IR spectrum of samples synthesized with
different methods and varying annealing temperatures didn't change significantly. This enhanced
chemical understanding is paramount for the rational control of synthesizing NiO and its applications in
electronic and electro-optical research.
Keywords: Nickel oxide, Nanoparticle, Structural properties, Chemical precipitation, Thermal
decomposition.

1. INRODUCTION

Nanoparticles have special electronic,
magnetic, optical and catalytic properties
in comparison with their bulk structure [1-
6]. There are several methods for
synthesizing nanoparticles. Depending on
the method chosen for synthesis, the
resulting nanoparticles can have different
applications [7-12]. Nickel Oxide (NiO) is
a p-type semiconductor because of
vacancy in Ni** sites [13, 14]. NiO
nanoparticles have a usage in
antiferromagnetic  layer [15], p-type
transparent  conducting  films  [16],
electrochromic devices [17, 18], gas
sensors [19], catalyst [20] and perovskite
solar cells [21, 22]. NiO nanopowders
synthesize by different mechanical and
chemical methods. The Chemical methods
include: sol gel [23], low-pressure spray

pyrolysis [24, 25], simple liquid phase
process [26], hydrothermal [27] and
chemical precipitation [28]. Reduction of
synthesis costs is one of the main purposes
of synthesizing NiO nanoparticles.
Wardani et al. synthesized NiO
nanoparticles using Ageratum conyzoides
L. leaf extract via green route for catalytic
activity [29]. They showed that the
catalytic activity percentage of NiO-NP
shown 83% in the reduction of methylene
blue dye compared with catalytic activity
sans catalyst was 28%. Kim demonstrated
a facile polyethylene glycol (PEG)-assisted
sol-gel synthesis of the compact NiO layer
as the hole-selective layer in perovskite
solar cell [30]. His study revealed that the
compact NiO layer assisting better
interfacial characteristics for favorable
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charge transport and promotes all the
parameters  determining the  power
conversion efficiency of solar cell. Miao et
al.  synthesized NiO  flake-flower
architectures via hydrothermal method for
the gas sensing applications [31]. These
results demonstrated that gas sensor based
the flower-like NiO was highly sensitive
and selective for ethanol vapor. Bahari et
al. [32] prepared NiO nanoparticles by
chemical precipitation and using three
different surfactants. Their results showed
poly ethylene glycol was more effective in
reducing nanoparticles size than other
surfactants. Still, they didn't study the
effect of surfactant and calcination
temperature on samples’ phase structure
and chemical composition. Khani et al.
[33] synthesized NiO nanoparticles with
spherical morphology using the thermal
decomposition method. The particle size
average was 26 nm and 46 nm at 350°C
and 650°C calcination temperatures,
respectively. They didn't study the effect of
calcination temperature on phase structure
and chemical composition of NiO
nanoparticles.  Nickel nitrate, nickel
chloride and nickel acetate are the major
precursors  for  synthesis of NiO
nanoparticles. Nickel chloride and nickel
acetate are the most used and highly
available precursors. Unlike nickel acetate
and nickel chloride precursors corrode the
deposition equipment [34]. Accordingly, in
this work, nickel nitrate was selected as a
precursor for the synthesis of nanoparticles
via different chemical methods. Then,
structural properties of these nanoparticles
were compared with each other. We
studied the effect of calcination
temperature and the type of surfactant on
phase structure and chemical composition
of nanoparticles, while in previous
research this was not done.

2. EXPERIMENTAL
2.1. Synthesis of NiO Nanoparticles by
Chemical Precipitation Method

NiO nanoparticles were synthesized by
chemical precipitation [32]. The materials

used in this section are nickel nitrate
hexahydrate (Ni(NO3),.6H,0) (as a
precursor), sodium hydroxide (NaOH) (as
precipitator) and polymeric surfactants for
the  reduction in  particles  size
(polyvinylpyrrolidone (PVP MW=65000)),
polyethylene glycol (PEG, MW=6000).
Briefly, 8.70 g of nickel nitrate was
dissolved in 60 ml of deionized water.
Then, 3 g sodium hydroxide was dissolved
in this section we aim to present our main
in 150 ml of deionized water. 1 g PVP and
PEG as a surfactant were added to the
second solution in two different
experiments. The former solution was
added to the later solution. The obtained
solution was stirred by magnetic stirring
and filtered and washed with deionized
water. The resultant solution was calcined
at 300 and 600 °Cfor 2h. The most
important reactions of this synthesis
method are:

2NaOHg — 2Na+(aq) + 20H" (4¢)-

NL(N03)2 - 6H20(S) d Ni2+(aq) +
2NO5; (aq) + 6H,0(aq)

Ni2+(aq) + ZOH_(aq) + XHZO(aq) -
NL(OH)Z - tzo(S) Jr

. 50-100 |
Nl(OH)Z . XHZO(S) — Nl(OH)Z(S)

+ XHZO(g) T.

. 300
NL(OH)Z(S) — NLO(S) + HZO(g)T

2.2. Synthesis of NiO Nanoparticles by
Thermal Decomposition Method

NiO nanoparticles were synthesized by
the thermal decomposition method [33].
The materials used in this part were nickel
nitrate hexahydrate (Ni(NO3),.6H,0) (as a
precursor) and oxalic acid (as precipitator).
Briefly, 2.46 g nickel nitrate hexahydrate
was dissolved in 20 ml ethanol. This
solution was transferred to double opening
distillation balloons while the solution was
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stirred at 50°C for 1h. In order to obtain
nickel oxalate complex, 1.89 g oxalic acid
was added to the solution quickly, and the
system was in reflux conditions for 3h. The
resultant green viscous gel was dried at
80°C and calcined at 300°C and 600°C for 2
h. In this method, total reactions for
decomposition  of  Metal  Oxalate
compounds are:

M+x(N03)x(aq) *xH0 + Hy (3045

xH,0 — [M(0,C,)] - 4H, 0
+ HN03(aq)

M(0,C;) - 4H,0 — Metal Oxide(y

€O, T +H,0 1

3. RESULTS AND DISCUSSION

The X-ray diffraction was taken using
Bruker's diffractometer model D8 advance.
The X-ray source was KaCu with a 1.54 A°
wavelength. Figures 1 and 2 show the
XRD patterns of the NiO nanoparticles
synthesized by chemical precipitation
(using PEG and PVP as surfactant) and the
thermal decomposition method calcined at
300°C and 600°C respectively. NiO has an
amorphous and crystalline structure.
Depending on the mechanism used for
synthesize and also growth conditions,
different types of crystal structure have
been identified for nickel oxide. Figure 1
with calcination temperature of 300°C,
shows crystal structure of the face center
cubic (fcc) with lattice parameter a=
417960 A . Figure 2 with calcination
temperature of 600 °C , shows hexagonal
crystal structure with lattice parameters
a=b= 2.95 A , ¢=7.23 A . This results is
compatible with standard cards JCPDS and
the works of others [16,17].
Crystallographic planes such as (111),
(200), and (220) have appeared, which
belong to NiO cubic and hexagonal
structures for samples calcined at 300°C
and 600°C, respectively.

The particle size (D) was calculated by

using Scherer's formula [35]:

0.91
D= Bcos6 (1)
A is the wavelength of the X-rays used, B is
the full width at half maximum (FWHM)
and 0 is the diffraction angle. The
calculated particles sizes are presented in

Table 1.
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Figure 1. XRD patterns of calcined
powder at 300°C(a) chemical precipitation
(PEG), (b) chemical precipitation (PVP),
(c) thermal decomposition.
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and high crystallinity at 600°C calcination

temperature.
Table 1. Particle size and full width at half
31500 4 Maximum (B) for calcined powder at 300
d 1200 | and 600°C.
o - | .
2 o0 synttliles(lls B(deg.) D(nm)
z metho (hkl) “Calcine Calcine Calcine Calcine
3 600 d at d at d at d at
E | 300°C  600°C  300°C  600°C
NP | BHEL TP chemical (111 0925 0197 91 426
0 T T T T ) precipitation )
20 30 40 30 60 70 (PEGas (200 1.246 0.246 6.8 34.7
surfactant) )
20 (Deg.) (220 0987 0344 97 270
)
chemical (111 0.862 0.246 9.7 34.1
2400 + (b) precipitation )
2000 | | (PVPas (200 0977 0246 88 347
s | surfactant) )
3:16‘]0' ‘ (220 0.906 0.296 10 315
211200 | | )
Z Thermal (111 0.423 0.226 20 38.5
s 800 decompositi )
= 400 1 on (200 0.637 0.236 13.4 36.4
0 NApeo it n sy N )
0 T T T T J (220 0.740 0.314 12.6 30.1
20 30 40 50 60 70 )
20 (Deg.)

Also, the appearance of low-intensity
3000 (c) peaks in Figure 1 maybe due to an
incomplete reaction, so increasing in
annealing temperature eliminates these
000 1 Co peaks (Figure 2). According to table 1,

L
S
=

.

L

Intensity (a. u.)

1500 | NiO nanoparticles size synthesized by
1000 - ‘ chemical precipitation is less than other
- samples at both calcination temperatures.
(Y — - — Figure 3 shows the scanning electron
20 30 40 30 60 70 microscopy (SEM) image of the NiO
20 (Deg.) nanopowders taken using TESCAN, Vega
3.
Figure 2. XORD patterns of  calcined According to Figure 3(b), the sample
powder at 600°C (a) chemical precipitation synthesized by chemical precipitation

(PEG), (b) chemical precipitation (PVP),

(¢) thermal decomposition (PVP as surfactant) has a spherical

morphology and a more uniform

Figure 2 shows sharper and more distribution than the other samples. In two
intensive diffraction peaks compared to different samples in some areas,
Figure 1. This increment in the intensity of agglomeration and less uniformity are
peaks is more considerable in the sample observed (Figures 3(a) and 3(c)).

synthesized by the thermal decomposition
method, leading to larger particle size [36]
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Figure 3. The SEM image of NiO
nanoparticles were annealed at 600°C. (a)
chemical  precipitation (PEG), (b)
chemical precipitation (PVP), (c) thermal
decomposition.

Figure 4 and Figure 5 show the FT-IR
transmission spectrum taken on Perkin
Elmer- Spectrum RX infrared spectrometer
in the range of 400-4000 cm™ at room
temperature; samples calcined at 300°C
and 600°C, respectively. As indicated in

the spectrum, peaks centered at about 400
cm?  correspond to Ni-O stretching
vibration bands [33]. According to Figure
4, the banding vibrations of samples are
almost the same; only the c-o0 absorption
bond in the sample synthesized by thermal
decomposition wasn't observed. The
absorption peaks have increased for all
samples annealed at 600°C (Figure 5). As
shown in Figure 5, banding vibrations in
all samples are almost the same. These
results indicate that different synthesis
methods and increasing calcination
temperature don't affect the chemical
composition samples [28]. Also, all
important bonds from the FT-IR spectrum
for NiO nanopowders with different
synthesis  methods and  annealing
temperatures are summarized in Tables 2
and 3 [33, 37]. According to these tables,
absorption peaks observed in IR spectrum
indicate the banding vibration of
ionicCO3™~. This indicates the fact that NiO
nanoparticles tend to absorb carbonate ions
[30, 33].
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Figure 4. FT-IR spectroscopy of NiO
nanoparticles synthesized by a) chemical
precipitation  (PEG), (b) chemical
precipitation (PVP), and (c) thermal
decomposition. All samples were annealed
at 300°C.
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Figure 5. FT-IR spectroscopy of NiO
nanoparticles synthesized by SEM image
of a) chemical precipitation (PEG), (b)
chemical precipitation (PVP), and (c)
thermal decomposition  (Reflux). All
samples were annealed at 600°C.

Table 2. The assignments of the most
important bonds in the FT-IR spectra of
NiO nanoparticles annealed at 300°C

synthesis wavenumber Relevan
method t bond
430 O-Ni
chemical 810 0-C
precipitation
(PEG as 1134.49,1376.13,1392.  (C0,*~
surfactant) 87
1633.13 H-O-H
3466.68 H-O
chemical 424 O-Ni
precipitation 835.78 0-C
(PfVP as 1364.10,1397.26 C05%~
surfactant) 1635.13 H-O-H
3465.72 H-O
432.10 O-Ni
thermal 1134.15, C05%~
decompositio 1442.26,1112.32
n 1626.06 H-O-H
3469.96 H-O

4. CONCLUSION

NiO nanoparticles were synthesized by
chemical precipitation (using PEG and
PVP as surfactant) and thermal
decomposition methods, using nickel
nitrate hexahydrate as a precursor and
calcination temperatures at 300°C and
600°C. XRD analysis showed that samples
calcined at 300°C are in the cubic phase
with lattice parameter a= 4.17960 A and
samples annealed at 600°Care in the
hexagonal phase with lattice parameters
a=b=2.95 A, ¢=7.23 A. Nanoparticles' size
has increased with an increase in annealing
temperature. According to the XRD
patterns, the crystallinity of NiO
nanoparticles that calcined at 600 °C was
higher than samples calcined at 300 °C.
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Table 3. The assignments of the most
important bonds in the FT-IR spectra of

Also, NiO nanoparticles synthesized by
thermal decomposition have a larger size

NiO nanoparticles annealed at 600°C than other samples. Size of NiO
synthesis wavenumber Relevan nanoparticles synthesized by chemical
method t bond precipitation is less than other samples at
hemical 485.79 O-Ni_ both calcination temperatures (300 and
precipitation 624.38 H-O-Ni 600 °C). SEM images confirmed that NiO
(PEG as 865.80 0-C nanoparticles have a spherical shape. FT-
surfactant) 111417, 1453.88 COs*~ IR analysis verified the formation of NiO
1617.96,1637.83 H-O-H nanoparticle composition. Changing the
2042.05,2940.25 C-H synthesis method and increasing in
3238-513‘:3175-87!3548- H-O calcination temperature doesn't change the
P 18177 o chemical composition of the NiIO
precipitation 57015 TONI nanopowders significantly.
PVP as
corthcamy 1815127711 C?)'S_ ACKNOWLEDGEMENT
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