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Abstract

Herein, nickel oxide (NiO) nanoflowers with improved crystallinity
were grown on the NiO seed-coated glass substrates using different
annealing environments. An atmosphere of argon (Ar) gas was used
during the heat treatment process of the sample, and compared with
another sample annealed in an ambient atmosphere. The effects on the
structural and optical properties of NiO nanoflowers were then
investigated. The properties of NiO nanoflowers annealed at 500 °C in
an Ar and ambient atmosphere surrounding were analysed using X-ray
diffraction (XRD), field emission scanning electron microscopy, and
ultraviolet-visible spectroscopy. The XRD patterns of the highly porous
NiO nanoflowers showed they were in a cubic NiO-type polycrystalline
structure. The average crystallite sizes estimated from the three most
prominent peaks of XRD were quite similar, with 19.0 nm and 19.4 nm
for the samples annealed in the ambient and Ar environments,
respectively. The dislocation density is slightly higher for the sample
annealed in Ar. The optical properties demonstrated that the average
transmittance in the visible region was approximately 32% and 37%
for the NiO samples annealed in the ambient and Ar environments,
respectively. Further, the absorbance spectra showed a higher
absorption edge when the sample was annealed in the Ar atmosphere,
which is 410 nm compared to 360 nm when annealed in the ambient
environment.

1. Introduction

The binary semiconductor compounds, especially metal oxide semiconductors, are made up of n-type and p-type,
whose film deposition can be made by various techniques. Most metal oxides commonly engaged are zinc oxide,
titanium dioxide, stannic oxide, cupric oxide, and nickel oxide (NiO), which can be used in many application
branches. Among the p-type metal oxide materials, NiO is one of the favourable candidates that has been
extensively studied. NiO has been reported to have a wide bandgap (E¢) between 3.6 to 4.0 eV [1], [2] and has a
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particular specialty that can be used in different potential device applications such as sensors [3], [4] as well as
electrochromic devices [5] and organic light-emitting diodes (OLED) [6].

During the deposition or growth process of the film, deficiencies in terms of oxidation and impurities might
occur [7]. According to Yang et al. [1], the influence of the oxidation state of the cation under different ambient
conditions may vary the physical properties of the transition metal oxides. Besides, the presence of impurities
typically leads to a decrease in the melting point of certain bulk substances. One of the ways to change the
properties of the metal oxide semiconductors is to diversify the annealing process applied in different
environments, in which the process normally takes place after the growth or deposition process. In other words,
the post-annealing treatment is the standard parameter that can influence the nature of the material and further
enhance its crystallinity [8], [9]. For instance, by providing argon (Ar) as an isolated ambient gas, the contaminants
could be removed, and crystal defects coming from the external ambient can be eliminated. As such, the
conductivity and transparency of the film could be improved, and the resistive properties could also be lowered,
thus making a certain device application more stable and efficient [7].

Many existing studies have been intensively reported on the different annealing temperatures and various
fabrication techniques of NiO [10]. Nonetheless, not many have researched the annealing temperature in different
environments to see the effect on the physical properties of NiO. Hence, this work presents the properties of NiO
nanoflowers that grew using the solution-immersion method and were annealed at 500 °C under ambient and Ar
environments. Then, the influence of annealing in these environments on the structural and optical properties of
the samples was observed and investigated.

2. Methodology

2.1 Synthesis of NiO Nanoflowers

The sample preparation used two-step processes: the sol-gel spin coating and solution-immersion growth
processes. These processes are quite similar to the previous studies by Parimon et al. [4], [11], where immersion
is their predominant method. Before NiO nanoflowers grew, the NiO seed layer (SL) was deposited on the glass
substrate using the sol-gel spin coating technique. The SL solution containing chemicals of nickel acetate
(precursor), diethanolamine (stabiliser), and ethylene glycol monoethyl ether (solvent) was stirred for 2 hours
before the spin coating process was conducted. Then, the SL was dried at 150 °C for 5 minutes. The processes of
spin-coating and heating were repeated five times before the two seed-coated samples were annealed at 400 °C
for 2 hours. The next step was the growth of NiO nanoflowers by the immersion method at 95 °C for 2 hours,
where the nickel nitrate hexahydrate, hexamethylenetetramine, and deionised water were used as the solution.
The solution underwent the sonication and stirring processes before the samples were immersed. Further, the
available NiO nanoflowers were pre-baked at 150 °C in a furnace and annealed at 500 °C for 1 hour in the ambient
and Ar environments, respectively. The annealing in the ambient atmosphere was done inside the furnace
(Protherm), as shown in Fig. 1(a), while the annealing in the Ar environment was done in the chemical vapour
deposition (CVD), STF 40-1100, as shown in Fig. 1(b). To ensure the absence of oxygen in CVD, the Ar flowed into
the furnace at a gas flow rate of 100, with the samples placed inside before starting the annealing procedure. Both
types of equipment used during the annealing process for NiO nanoflower samples are shown in Fig. 1.

(b)

Fig. 1 Annealing treatment at 500 °C of NiO nanoflowers in: (a) furnace for ambient atmosphere; and (b) CVD for
100 flow rate, Ar gas environment
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2.2 Characterisation of NiO Nanoflowers

The measurement only involved structural and optical characterisation. The surface morphological studies of the
samples were conducted using a field emission scanning electron microscope (FESEM), Zeiss Supra 40VP. The
polycrystalline structures of NiO nanoflowers were analysed using X-ray diffraction (XRD) patterns, PANalytical
X'Pert PRO. Meanwhile, the ultraviolet-visible (UV-vis) spectrophotometer, Jasco/V-670 EX, is used to examine
their optical properties.

3. Results and Discussion

3.1 Structural Properties

The XRD measurement was conducted to investigate the crystalline quality of the NiO nanoflowers that were
deposited on the NiO SL and annealed under different environments. As shown in Fig. 2, the XRD patterns indicate
that both NiO nanoflower samples display polycrystalline structures, which can be indexed to the cubic type of -
NiO (JCPDS N0.47-1049). Both samples show three prominent diffraction peaks at 26 values of approximately
36.7°,42.7°, and 62.4°, which were indexed to (111), (200), and (220) crystal planes, respectively. Meanwhile, two
infirm diffraction peaks at 75.0° and 79.1° were indexed to (311) and (222), respectively. Among the two
diffraction patterns exhibited, the three highest diffraction intensities at (111), (200), and (220) crystal planes
were detected in the sample annealed in an Ar environment. It shows that the sample had a higher crystallisation
and led to the successful growth of NiO at 500 2C-annealed under the Ar environment compared to the ambient
atmosphere. In other words, the crystallinity improved with Ar-annealing compared to ambient atmosphere-
annealing.
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Fig. 2 The XRD patterns of NiO nanoflowers annealed at 500 °C in the ambient atmosphere and Ar gas

As supported by Park et al. [12], using Ar as the ambient gas during the heat treatment improves the
diffraction peak intensity. In other research stated by Wang et al. [13], the enhanced crystallinity and high defect
state can cause good photovoltaic properties in terms of the efficiency of solar cells. It shows that certain
performance for any applications can be optimised when the crystallinity improves. The crystallite size (D) could
be assessed using the Scherrer Eq. (1) from the measured FWHM () values (in radians). 4 is the X-ray wavelength
with 1.54 A, and 6 is the diffraction angle.

0.944
b= Bcos(0) (1)

The D values from the three crystal planes of the samples were calculated and recorded in Table 1. The results
show that the average D values for both samples are quite similar, with the Ar-annealed sample being slightly
higher. This result was followed by the average dislocation density (0), which shows a similar trend and is
summarised in Table 2. This 6 can be calculated through Eq. (2), which measures the number of dislocations per
unit area in a crystal. The higher ¢, the higher distortions in the atomic arrangement, which implies a high degree
of defectiveness. A higher degree of defectiveness can sometimes enhance the electrical and thermal conductivity
of the materials. From the higher number of defects, the force of attraction between delocalized electrons and
nuclei will increase the stability of the NiO nanoflower that is annealed in Ar [14].
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Table 1 The average crystallite size at (111), (200), and (220) crystal planes

Crystallite Size, D (nm) Average D
Sample Annealed
(111) (200) (220) (nm)
Ambient 17.7 21.4 18.0 19.0
Argon 23.4 17.5 17.2 19.4

Table 2 The average dislocation density at (111), (200), and (220) crystal planes

Sample Annealed Dislocation density, 6 x 105 (Lines/m?) Aver'age 5
(111 (200) (220 %1015 (Lines/m?)
Ambient 3.182 2.183 3.088 2.818
Argon 1.829 3.263 3.381 2.824

3.2 Morphological Properties

As shown in Fig. 3, the surface morphological images of NiO nanoflowers at different annealing environments
revealed that their shape and pattern were similar to flower-like nanostructures with very thin and porous petals.
The unique structure with a bouquet of rounded flowers can be observed to be the same as the nanocarnation-
like and nanoflower NiO reported by Parimon et al. [15], [16]. In addition, the average diameter of an individual
flower-like NiO is also the same for both annealing environments, of approximately 1.5 pm. As shown in Fig. 3(a)
and Fig. 3(b), the NiO nanoflower images refer to the magnification of 10 k x and 50 k x for ambient atmosphere-
annealed samples, respectively. Whereas in Fig. 3(c) and Fig. 3(d), the NiO nanoflower images refer to the
magnification of 10 k x and 50 k x for Ar gas-annealed samples, respectively. These images revealed that more
prominent petals and porous matter could be seen in the sample annealed in the Ar environment than in the
sample annealed in the ambient environment. Meanwhile, Fig. 4 shows the energy-dispersive X-ray analysis (EDX)
for the sample annealed in Ar. Well-defined peaks for nickel (Ni) and oxygen (0O) can be observed. In addition,
there are two lower peaks, silicon (Si) from the glass substrate and Ar from the annealing environment.

Meg= 5000KX 100am WD =80mm  EWT= 600K/  SgaA=SEZ  Dete 22 Apr 2018
supraaovpat-at MNofs® Reducton = Frams Avd Vac Stats = Ready  Trme 83001

(b)

Mag= 6000KX 1000m  WO=83mm  EHT=600KS  SignalA= InLens Dats 22 Apr2019
SUPRA 40vP-31.31 Noise Reduction = Frame Avg Vac Stabus = Reacy  Time 8:03:13

Mag= 1000KX 1pm WD = 8.3 mm EHT = 500k Signal A= InLens Dete 22 Apr 2018
SUPRA 40VP-31-31 Moise Reduction = Frams A0 Vac Stahus = Ready  Tme 75757

(© (d)
Fig. 3 The FESEM images of NiO nanoflowers annealed at 500 °C in: (a) and (b) ambient atmosphere;
and (c) and (d) Ar gases
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Fig. 4 Energy dispersive X-ray analysis for Ar-annealed sample

3.2.1 Optical Properties

Fig. 5(a) and Fig. 5(b) demonstrate the optical transmittance and absorbance of the NiO nanoflowers at different
annealing environments, respectively. The transmittance plot shows that the NiO nanoflowers exhibit
transparency in the visible region with a slightly higher value when annealed in the Ar ambient than when
annealed in the ambient atmosphere. The average transmittance percentage value in the visible region (VR) ~
(400 — 800 nm) was estimated to be at 32% and 37% for the ambient and Ar environments, respectively. It can
be seen that both optical transmissions are less than 50 %. The lowest transmittance percentage in the ambient
environment may be due to the greater nanoflower thickness than that of annealing in an Ar environment [4]. It
shows that the changes in optical properties could be related to the variation in thickness after annealing in
different atmospheres.

The absorbance spectra in Fig. 5(b) revealed that NiO nanoflowers exhibit different optical absorption values.
The absorption in the VR can be related to some local energy levels caused by intrinsic defects [17]. According to
Cergel etal. [18], the increase in absorption value depends on the oxygen vacancies on the nanostructure surfaces
due to the annealing environment. In addition, the spectra show the UV absorption edges at a wavelength below
410 nm for the Ar-annealed sample, while the absorption edge is below 360 nm for the ambient atmosphere-
annealed sample. The optical absorption at the absorption edge correlated with the transition from the valence
band to the conduction band [17]. From the results, it can be postulated that the optical properties can be changed
by using different gases in the annealing process. For instance, the optical bandgap of the sample annealed in the
Ar environment can be considerably smaller than that of the sample annealed in the ambient atmosphere.
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Fig. 5 NiO nanoflowers at 500 °C in different annealing environments: (a) transmittance; and (b) absorbance

4. Conclusion

The effects of annealing environments on the structural and optical properties of NiO nanoflowers prepared via a
solution-grown immersion method were studied. The annealing environment treatment was performed at 500 °C
for 1 hour under the ambient atmosphere and isolated Ar gas. The surface morphologies show that the nanoflower
shape of NiO annealed in Ar is more prominent and porous than in the ambient atmosphere. From the XRD
patterns and optical properties, NiO annealed in the Ar environment exhibits improved crystallinity and high
transparency compared to the sample annealed in an ambient atmosphere. A higher crystallite size was produced
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in the Ar atmosphere, generating a higher density of defects. The absorption edge in the sample annealed in the
Ar environment is at a longer wavelength than in the ambient environment. In conclusion, both NiO samples
annealed in different environments have comparable structural and morphological characteristics. They may be
applied in possible applications, such as photovoltaic devices, sensors, and electrochemical devices. Therefore,
further optimisation and characterisation of NiO are needed to achieve the best results for each application.
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