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Nickel Oxide (NiO) nanosheet architecture films were synthesized using solution immersion method on
indium tin oxide (ITO)-coated glass at different growth times. The X-ray diffraction patterns and Raman
spectra reveal that crystalline NiO films were grown on ITO glass. The microscopy images exhibit the
presence of 10 nm-width nanosheet architectures. The thickness of NiO nanosheet array films increases
from 0.78 mm to 2.50 mm, when the growth time increases from 1 h to 3 h. The estimated energy bandgap
for the prepared NiO nansosheets ranges from 3.55 to 3.62 eV. The prepared NiO nanosheet architecture
films has good optical transmittance in the visible region. In this work, the synthesized NiO nanosheet
arrays have high potential application for liquid ethanol sensor based on a good sensing response at room
temperature.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Nickel Oxide (NiO) is a wide band gap semiconductor material
with energy of 3.6–4.0 eV [1]. Particularly in nanostructures, NiO
has attracted many interests for investigation in field of magnetic
material, photocatalysts, and sensor due to outstanding physical
and chemical properties. Up to date, several methods have been
used to prepare NiO nanostructures including sputtering, spray-
pyrolysis, and hydrothermal.

Herein, we proposed a novel approach to prepare NiO nanosheet
array films using solution immersion method in water bath via
Schott bottle for liquid ethanol sensing applications. This technique
provides the direct growth of NiO nanosheet film on the ITO sub-
strate without NiO seed layer. Earlier reports showed that the
growth of NiO nanosheet on the substrate requires NiO seed layer
[2–4]. For example, Xia et al. synthesized NiO nanosheet arrays on
NiO film-coated glass substrate using hydrothermal method [2].
The NiO film, which act as the seed layer, was prepared using sol–
gel spin-coating technique at 1000–2000 rpm for 30 s. They
acquired the nanosheet arrays with the width of 200–400 nm after
hydrothermal process for 2 h at 90 �C. Luan et al. synthesized
three-dimensional porous nitrogen-doped NiO nanosheet on spin-
coatedNiO seed layer-coated Si/SiO2wafer usingdip growthprocess
[3]. The NiO seed layer was spin-coated at 4000 rpm for 30 s. After
the dip-growth process at 90 �C for 2 h, they obtained the NiO
nanosheet arrayswith thewidthof 20–30 nm.Hoa et al. synthesized
NiO nanosheet on a zinc oxide (ZnO) nanorod array-coated SiO2/Si
wafer using hydrothermal process [4]. Prior to the NiO nanosheet
growth, NiO seed layer was deposited on the ZnO nanorod arrays
using spin-coating process. They observed 20 nm-width NiO
nanosheetswere grownonZnOnanorod after hydrothermal process
at 90 �C for 30 min. Wu et al. synthesized iron doped NiO meso-
porous nanosheet arrays on Ni foam using autoclave solvothermal
method [5]. The process was conducted at 120 �C for 8 h to yield
10 nm-width NiO nanosheet arrays on Ni foam. However, the direct
growth of NiO on ITO glass substrate is very promising for electronic
device applications since the ITO glass is widely used as transparent
conducting electrode (TCE) in the electronic industries. To our
knowledge, there are only few reports on the fabrication of NiO
nanosheet array films using solution immersion approach in the
water bath. Furthermore, the liquid ethanol sensing performance
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based onNiOnanosheet architectures has been rarely reported. This
technique shows effective, reliable, and convenient approach for the
growth of NiO nanosheet.
2. Experimental

In this experiment, 0.1 M nickel nitrate hexahydrate (Ni(NO3)2-
�6H2O) and 0.1 M hexamethylenetetramine (HMT, C6H12N4) were
Fig. 1. (a) Experimental setup for preparing NiO nanosheet arrays in water bath with Sch
of (b) 1 h, (c) 2 h, and (d) 3 h at magnification of 30,000�. The cross-section of synthesize
of NiO nanosheets arrays. (i) NiO nanosheet arrays grown on bare glass substrate.
mixed into a beaker filled with 300 ml deionized (DI) water. Then,
the solution was sonicated for 30 min using an ultrasonic water-
bath (Hwasin Technology Powersonic 405, 40 kHz). Next, the solu-
tion was poured into Schott bottles. Commercially purchased
indium-doped tin oxide (ITO, sheet resistance value: 15 O∙cm, size:
2 cm � 2 cm) coated glass substrates were placed at the bottom of
the bottle. The bottles were closed tightly and immersed in water-
bath at 95 �C for 1 h, 2 h, and 3 h to yield different thicknesses. The
experimental setup is shown in Fig. 1(a). After immersion process,
ott bottle. The FESEM images of NiO nanosheets array films grown at different times
d NiO nanosheets thin film grown at (e) 1 h, (f) 2 h and (g) 3 h. (h) The EDS spectrum
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the samples were rinsed with DI water and baked at 150 �C for
10 min. Then, the samples were annealed at 400 �C for 1 h to
improve the crystallinity of the films.

The morphologies and structural properties of prepared NiO
samples were examined using field-emission scanning electron
microscopy (FESEM, JEOL JSM-7600F), X-ray diffraction (XRD,
PANalytical X’pert PRO and micro-Raman spectroscopy (Horiba
Jobin Yvon-79 DU420A-OE-325, 514 nm Ar laser). The elemental
analysis was conducted using energy dispersive X-ray spec-
troscopy (EDS, INCA). The optical properties of the samples were
characterized by ultraviolet–visible (UV–Vis) spectrophotometry
(Varian Cary 5000). The ethanol liquid responses of the samples
was investigated using current–voltage measurement system
(Keithley 2400) at room temperature with a bias voltage of 1 V.
For ethanol sensing measurement, a drop of liquid ethanol
(0.05 ml) was applied directly onto the films and the current signal
was measured.
Fig. 2. (a) XRD pattern and (b) Raman spectra of N

Fig. 3. (a) UV–Vis transmittance spectra, (b) Tauc’s plot, and (c) room temperature liq
3. Results and discussion

The surface morphologies of the samples at different growth
times are depicted in Fig. 2(b)–(d), which show that the synthe-
sized samples have nanosheet array architectures. The results also
indicate that the deposited NiO nanosheets are uniformly grown
on the ITO glass with porous morphologies and forms stacked
nanosheet structures. As the immersion time increases, the growth
of nanosheet was enhanced. Interestingly, the width of each indi-
vidual nanosheet remain unchanged at approximately 10 nm
regardless the growth time. The width of the synthesized
nanosheet is smaller than the width of the nanosheet grown on
the NiO seed layer in the previous reports [2–4]. Fig. 2(e)–(g)
shows the cross-sectional images of NiO nanosheet films at growth
time of 1 h, 2 h, and 3 h, which have an average thickness of
0.78 mm, 0.96 mm, and 2.50 mm, respectively. The EDS analysis
shown in Fig. 2(h) confirms the presence of Ni and O elements
iO nanosheet films grown at different times.

uid ethanol response of the NiO nanosheet array films at different growth times.



Table 1
Comparison of the ethanol (vapor/gas and liquid) sensing performance between the NiO nanosheet film and previously reported results.

Sensing material State (concentration) Temperature (�C) Sensitivity Ref.

NiO nanosheet (powder) Gas (200 ppm) 200 3.11 [10]
1.5% Fe2O3/NiO nanosheets Gas (1000 ppm) 255 4 � 102 [11]
NiO/ZnO microspheres Gas (175 ppm) 260 90 [12]
ZnO Liquid (3600 ppm) RT 1.43 [13]
ZnO/SnO2 spheres Gas (50 ppm) 240 34.8 [14]
NiO nanosheet (film) Liquid (0.05 ml) RT 1.66 � 103
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along with In and Si, which originates from the substrate. Fig. 2(i)
depicts the morphological structure of grown film on a bare glass
substrate deposited for 1 h. Interestingly, the NiO nanosheet film
was observed to grow on the bare glass substrate. However, the
adhesion of the film on the glass substrate is not as strong as the
film on the ITO glass and the film can easily scratched and
removed. This condition might be due to lattice mismatch between
NiO film and amorphous glass is higher than that of the ITO glass,
which forms a weak bonding between the film and glass substrate.

The formation of NiO nanosheets can be described as follows.
First, HMT decomposes into formaldehyde and ammonia. The
ammonia reacts with water to release ammonium ion and hydrox-
ide ion in the process. Thus, it can be suggested that the HMT act as
a pH buffer, which supplies hydroxide ion through these reactions.
The main chemical reactions are described as:

C6H12N4 þ H2O ! 6CH2O ! 4NH3; ð1Þ
NH3 þ H2O ! NHþ
4 þ OH�; ð2Þ
Ni2þ þ 2OH� ! NiOþ H2O or Ni2þ þ 2OH� ! NiðOHÞ2
! NiOþ H2O ð3Þ

During the growth of NiO nanosheets (Eq. (2)), the concentration of
OH� anions become very dominant. With the sufficient quantity of
OH� ions, it achieves supersaturation; subsequently, Ni2+ ions react
with OH� ions to form NiO nuclei on the ITO surface, thus initiating
the growth of NiO nanosheets (Eq. (3)). Successively, under the
supply of thermal energy, the nuclei expands to form networks of
interconnected nanosheets.

The formation of crystalline NiO phase for all samples were con-
firmed from the XRD pattern as shown in Fig. 2(a). The NiO charac-
teristic peaks were observed at 2h value of 37.9� and 45.9�, which
corresponds to the crystal planes of (1 1 1) and (2 0 0), respectively
[6]. All these peaks are indexed to crystalline cubic structure of
NiO, which matches well with NiO standard pattern (JCPDS NO.
47-1049). The structural analysis based on XRD data is presented
in supplementary material. The obtained XRD pattern is compara-
ble to the XRD pattern of NiO on the seed layer as reported by other
researchers [2–5].

The Raman spectra of NiO nanosheet architectures at different
growth times are shown in Fig. 2(b). There are two prominent
peaks observed in the spectra located at approximately 500 cm�1

and 1090 cm�1, corresponding to longitudinal optical (LO) and
2LO phonon modes of NiO, respectively. A weak peak at approxi-
mately 785 cm�1 was also observed, which indicates the presence
of NiO two-transverse optical (2TO) vibration mode. This finding
satisfies the characteristics of cubic NiO, which also matches with
the XRD results.

The optical transmittance spectra of the NiO nanosheet in a
range of 300–800 nm are shown in Fig. 3(a). The average transmit-
tance of NiO nanosheet architectures in the visible region are 75%,
61%, and 53% at the growth time of 1 h, 2 h, and 3 h, respectively.
The reduced transmittance with the growth time might be associ-
ated with the increases of thickness and scattering effect in the
porous NiO nanosheet architectures [7]. The optical band gap
energy (Eg) of the films were examined from the Tauc‘s plot of
NiO nanosheets shown in Fig. 3(b), which was calculated using
Tauc‘s relation below:

ahv ¼ Bðhv � EgÞ1=2; ð4Þ
where a is the absorption coefficient, hv is the photon energy, B is a
constant, and Eg is the bandgap energy. The values of optical band
gap energy of the film were obtained by extrapolation of the linear
region. The energy band gap values for samples at the growth time
of 1 h, 2 h, and 3 h are 3.66 eV, 3.64 eV, and 3.62 eV, respectively [8].
These narrowing band gap might be due to the expansion of lattice
size (see supplementary material) [9].

Fig. 3(c) shows the liquid ethanol response characteristics of
NiO nanosheets for different growth times. The highest current val-
ues upon liquid ethanol exposure was obtained for NiO at growth
time of 3 h, follows by 2 h and 1 h. From these results, the sensitiv-
ity, which is defined as a ratio of current values upon liquid ethanol
exposure, IMax over initial current value (before ethanol exposure),
IBase was calculated. The sensitivity values were calculated to be
2.23 � 102, 3.82 � 102, and 1.66 � 103 for NiO nanosheet at growth
time of 1 h, 2 h, and 3 h, respectively. The acquired response times
of the samples at the growth time of 1 h, 2 h, and 3 h are are 2.8 s,
2.6 s, and 0.6 s, respectively. All films show good response to the
liquid ethanol due to the porous nanosheet architectures, which
provide very large surface area for ethanol interaction. The porous
channels inside NiO nanosheet films also improve with the
increase in the thickness, which provides more sites for ethanol
sensing reaction and thus enhances the ethanol response. The
sensingmechanism is discussed in supplementarymaterial. Table 1
shows the sensing performance of previous reports using various
metal oxide structures for ethanol vapor/gas and liquid ethanol
detections. Based on this table, the synthesized NiO nanosheet film
shows a promising result for liquid ethanol sensing.

4. Conclusions

A direct growth of NiO nanosheet architectures was successfully
achieved on ITO glass using a novel approach of solution immer-
sion method at different growth times without NiO seed layer.
The uniform films consisting of dense and porous NiO nanosheets
were observed from morphological analysis. The thickness of the
films increase with the growth time. The NiO nanosheet array-
based sensors demonstrate high sensitivity to liquid ethanol with
values in the range of 2.23 � 102 to 1.66 � 103. The good response
to liquid ethanol might be due to the high surface area of NiO
nanosheet architectures. In conclusion, grown NiO nanosheet
arrays are a promising material for liquid ethanol sensing.
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