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Influence of annealing temperature on the sensitivity of nickel
oxide nanosheet films in humidity sensing applications
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Nickel oxide (NiO) nanosheet films were successfully grown onto NiO seed-
coated glass substrates at different annealing temperatures for humidity
sensing applications. NiO seed layers and NiO nanosheet films were
prepared using a sol-gel spin coating and sonicated sol-gel immersion
techniques, respectively. The properties of NiO nanosheet films at as-
deposited, 300 °C, and 500 °C-annealed were examined by X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), ultraviolet-
visible (UV-vis) spectroscopy, and humidity sensor measurement system.
The XRD patterns demonstrate that the grown NiO films have crystalline
cubic structures at temperature of 300 °C and 500 °C. The FESEM images
show that the large porous nanosheet network spread over the layers as the
annealing temperature increased. The UV-vis spectra revealed that all the
nanosheet films have the average transmittance below than 50% in the visible
region, with absorption edges ~ 350 nm. The optical band gap energy was

evaluated in ranges of 3.39 to 3.61 eV. From the obtained humidity sensing
results, it shows that 500 °C-annealed film exhibited the best sensitivity of
257, as well as the slowest response time, and the fastest recovery time
compared with others.
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1. INTRODUCTION

Due to the high demand for highly selective, stable, and sensitive humidity sensors, research is still
ongoing to find novel materials with optimization to achieve this goal. The latest investigation shows that
metal oxides have achieved the best consideration in sensing applications [1] including humidity sensor since
it can be synthesized with high surface area [2] and large pore volume [3]. Besides, the performance of the
metal oxide-based sensor also depends on the thickness of the film and its operating temperature [4, 5].
There are other advantages of using metal oxides as a sensing material such as low-cost preparation [3],
high sensitivity, fast response and recovery time [4], and also controllable synthesis [6]. Generally, there are
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two kinds of metal oxide-based sensors that are always in use. They are n-type metal-oxides whose majority
carrier is an electron and p-type metal-oxides whose majority carrier is a hole [4]. Although most n-type
metal oxides were used in sensing applications, the p-type is also among the preferred option, especially
nickel oxide (NiO).

Previously, few reports based on NiO and its nanocomposites such as NiO/Al,Os [7], CuO-NiO [8],
NiO-SnO; [9], and MoOs-NiO [10] have been utilized as the materials for humidity sensor applications.
Nevertheless, the humidity sensors using a single compound of NiO without composite structure could also
be fabricated. NiO is one of the metal oxides, which have been generally reported to have a wide bandgap
(3.6 to 4.0 eV) between the valence and conduction bands. NiO exhibits the p-type conductivity and can be
characterized by its high thermal stability and good chemical stability [3, 11, 12]. It shows the characteristics
of high surface to volume ratio, and good optical transparency and electrical conductivity [3, 13]. Besides,
the unique structure of nanostructured NiO substances could facilitate interesting characteristics and
performance of the fabricated sensor.

Previous researches have been conducted to increase the surface properties of NiO through variation
of deposition technique [12, 14], type of precursor [15], and different annealing temperature [16, 17] since
the improved surface properties could enhance the humidity response. The annealing temperature has
typically impacted the crystal growth as well as the surface area of the nanostructures, which influences the
response and sensitivity of NiO substance during the humidity sensing activity. Therefore, the study on the
fabrication of NiO at varying annealing temperatures could provide an interesting task towards improvement
and optimization of humidity sensing particularly at temperature of 500 °C and below. This is due to the fact
that most NiO materials are studied at high annealing temperature.

Amongst the common deposition techniques of NiO nanostructures, the sol-gel method [18, 19] has
received wide attention for the preparation of NiO at specific textural and microstructural characteristics [7].
Therefore, the deposition processes based on sol-gel including spin coating and immersion method have been
used in this study. These techniques seem to be rather promising and have been considered as facile and fast
fabrication processes compared to other methods. In the previous reports, research has been conducted to
fabricate NiO on the substrate; however, the NiO film was grown on the ITO-coated glass substrate [3, 20].
Accordingly, this two-dimensional (2D) NiO nanosheet films were prepared on seed-coated glass substrates
at different annealing temperatures and their humidity sensing properties were studied in term of their
sensitivity.

2. RESEARCH METHOD

Before the growth of NiO nanosheets was carried out, the seed layers deposition process on the
glass substrate was conducted. It started with the cutting process of glass substrates into 2.5 cm x 2.5 cm
each. Then, the substrates were cleaned in a hydrochloric acid solution. Next, the substrates were cleaned
using solutions of acetone, ethanol, and de-ionized (DI) water in the ultrasonic bath (Hwasin Technology
PowerSonic 405, 40k Hz) for 15 minutes each. Finally, the glass substrates were blown using nitrogen gas for
drying. NiO seed layers were prepared using the sol-gel spin-coating method in which 0.2 M nickel acetate
(Ni(CH3C00),.4H,0) (Friendemann Schmidt), diethanolamine (CsH1:NOy), and ethylene glycol monoethyl
ether (CsH1002) were used as the precursor, stabilizer, and solvent, respectively. The solution was prepared
using 50 ml solvent and 2 ml DEA. The solution was stirred for 2 hours at room temperature. The seed layers
were deposited on top of the glass substrates using the spin coater at the deposition speed of 4000 rpm.
The coating process was repeated for five times. The seed-coated films were dried at 250 °C for 5 minutes for
each layer before annealed at 400 °C for 2 hours.

For the deposition of NiO nanosheet, sonicated sol-gel immersion technique was applied. The NiO
nanosheets were grown onto NiO seed-coated glass substrates at different annealing temperatures to look into
their performance towards humidity sensing. To grow NiO nanosheet films, a solution consisting of 0.2 M
nickel (1) nitrate hexahydrate (Ni(NO3)2.6H,0) (Friendemann Schmidt) as a precursor and 0.2 M
hexamethylenetetramine (CsHi2N4) (Sigma-Aldrich) as a stabilizer was prepared in a beaker filled with DI
water. The solution was sonicated using the ultrasonic bath for 30 minutes. Next, the solution was stirred for
45 minutes at a constant speed of 300 rpm in ambient. The solution then was poured into the Schott bottles,
where the NiO seed-coated glass substrates were located at the bottom. Afterwards, the bottles were
immersed in a water bath instrument for 2 hours at a temperature of 95 °C. After the immersion process,
the deposited NiO nanosheet film samples were taken out from the bottles and rinsed with DI water.
The films were further blown with nitrogen gas for drying. Then, the samples were pre-baked for 15 minutes
in a furnace at 150 °C followed by the annealing process at different temperatures of 300 °C and 500 °C
within 1 hour for each sample. The as-deposited sample (non-annealed) was also prepared for reference.
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The NiO nanosheet films then were characterized using field emission scanning electron microscopy
(FESEM, JEOL JSM-7600F) for the surface morphological studies. The crystallinity was investigated using
X-ray diffraction (XRD, PANalytical X’Pert PRO). The optical transmittances of the grown NiO nanosheet
films were characterized using ultraviolet-visible (UV-vis) spectrophotometer (Jasco/V-670 EX).
The humidity sensor measurements of the devices were performed using a sensor measurement system
(Keithley 2400) and humidity chamber (ESPEC-SH261). For humidity sensor measurement, platinum (Pt)
contacts were deposited on top of the nanosheet films by using thermal evaporation system (Ulvac VPC
1100) with the thickness of the metal contact was fixed at 60 nm.

3. RESULTS AND ANALYSIS
3.1. X-Ray Diffraction Patterns of NiO-Ni(OH). Nanosheet Films

The XRD patterns of NiO nanosheet films at different annealing temperatures in the 20 ranges of
20° to 80° are shown in Figure 1(a). The measurement was conducted to confirm that each sample consisted
of crystalline NiO during the immersion and annealing processes. The XRD patterns indicate that 300 °C and
500 °C-annealed samples display polycrystalline structures, which can be indexed to the cubic type of B-NiO
(JCPDS NO.47-1049). From the diffraction patterns, it can be clearly observed that the intensity of the XRD
peaks increase when the films were annealed at high temperature. Four diffraction peaks were recorded in the
XRD spectrum of the NiO nanosheet film annealed at 500 °C. These peaks were indexed to the (111), (200),
(220), and (222) crystal planes of approximately at 36.7°, 42.7°, 62.3° and 78.7°, respectively. The peaks of
500 °C-annealed NiO can be seen narrower than 300 °C-annealed sample, which indicates that this nanosheet
film has the best crystalline quality. The 300 °C-annealed NiO shows broader diffraction peaks than 500 °C-
annealed NiO. These peaks were indexed to three diffraction peaks which are (111), (200), and (220)
orientations at 36.7°, 43.0° and 62.1°, respectively.

—— B-Ni(OH), at as-deposited (JCPDS 14-0117)

(111)
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Figure 1. (2) XRD patterns of the as-deposited, 300°C-annealed and 500 °C-annealed NiO. (b) The
diffraction pattern of as-deposited Ni(OH).
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Meanwhile, the diffraction peaks for the as-deposited sample displays weaker intensity as compared
with 300 °C and 500 °C-annealed samples, where we can see the peak of NiO has not yet existed.
This situation revealed that the crystallinity of as-deposited nanosheet film is poor and the formation of NiO
structure is still incomplete. However, there are two small diffraction peaks of Ni(OH), for the as-deposited
film as shown in Figure 1(b). These peaks were indexed to the (100), and (110) planes of hexagonal
B-Ni(OH), (JCPDS 14-0117) correspond to 33.1°, and 59.3°, respectively. As mentioned by Zhao et al. [21],
B-Ni(OH), was recognized as isostructural with brucite and consists of closely stacked 2D Ni(OH)..
In conclusion, no peaks associated with B-Ni(OH), were observed for 300 °C and 500 °C-annealed samples
showing that B-Ni(OH), was completely converted to NiO in these temperatures. Moreover, the diffraction
peaks of NiO crystals become stronger and narrower with increasing annealing temperature, indicating that
the degree of NiO crystallinity [21].

3.2. Surface Morphological Characterization
The surface morphology images of NiO nanosheet films at different annealing temperatures were

characterized using FESEM. The images as shown in Figure 2 were arranged according to the sequence of
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their annealing temperature which is (a) as-deposited, (b) 300 °C, and (c) 500 °C at a magnification of
50,000x. The growth of NiO nanosheet films is heavily influenced by the NiO seed layer acting as a seeded
catalyst. It can be observed that the 2D NiO nanosheet films uniformly grew and exhibited almost the same
morphology on the NiO seed-coated glass substrates for all samples. It is also noted that a large porous
network assembled by plenty of two-dimensional plain curving NiO [3] spreads over the coating layers.
In addition, the porous channel structure was grown even for the non-annealed film although the image of the
petals is not so sharp and clear as can be observed in Figure 2(a).

However, when the annealing temperature was applied at 500 °C, the nanosheet exhibits a hollow
structure with the presence of tiny black spots on the nanosheet surface as reported by Mamat et al. [20].
They mentioned that the black spot with high density represents small void and originated from the
evaporation of OH group and impurities at a high temperature. In addition, the structure of 500 °C-annealed
becomes split and conglomerating, which indicates that a serious aggregation phenomenon occurs during the
higher annealing temperature, resulting in a slightly changed in the surface area [21]. Therefore, the surface
area of the nanosheets is expected to provide more adsorption of water molecules when exposed to humidity
sensing activity. According to clarification from Kennedy et al. [13], the enhancement of sensing properties
strongly depends on the surface properties which works on the principle of chemical and physical adsorption
of water on the surface. For this reason, different annealing temperature plays an important role in
determining the morphology and structural properties of NiO nanosheet films thus determining different
performance against humidity sensors. Further, an explanation of chemical reactions for the formation of NiO
nanosheet films can be followed in our previous work [3].

Figure 2. The surface morphologies of (a) as-deposited, (b) 300 °C, and (c) 500 °C-annealed NiO nanosheet
films at a 50,0000x magnification

3.3. Optical Transmittance, Absorption Coefficient, and Energy Band Gap

The transmittance measurement of NiO nanosheet films as a function of annealing temperature were
carried out in the wavelength ranges between 300 nm to 800 nm as shown in Figure 3(a). The transmittances
in the visible region (400 — 800 nm) were estimated to be approximately 38%, 14%, and 45% for as-
deposited, 300 °C, and 500 °C-annealed NiO nanosheet films, respectively. These results show that all the
transmittance percentages are less than 50%. The lowest transmittance percentage was identified at 300 °C-
annealed film. It can be suggested that the transmittance percentages and the properties of NiO nanosheet
films are changing according to the annealing temperature. This condition may be due to the variation of NiO
nanosheet film thickness when annealed at different temperatures. Generally, low transmittance percentage is
due to the high thickness of the nanosheet film as mentioned by Malliga et al. [22]. In addition, the variation
of film colours also resulting in the variation of transmittance percentages. For 300 °C-annealed sample,
the film colour is blackish and slightly darker compared to the other nanosheet films causing the
transmittance percentage to be the lowest.

The absorption coefficients spectra of NiO nanosheet films produced at various annealing
temperatures are presented in Figure 3(b). The spectra reveal that the 300 °C-annealed NiO exhibits the
highest UV absorption properties at wavelength below than 340 nm, while as-deposited showing the lowest.

To determine the optical bandgap (Eg) of NiO nanosheet films, the Tauc’s plot was constructed and
presented in Figure 4. The Eq were determined from the extrapolated linear line of the graph of (a/v)? versus
photon energy with estimated value are 3.39, 3.62, and 3.53 eV for as-deposited, 300 °C, and 500 °C-
annealed, respectively. It shows that the annealing temperature affects strongly on the bandgap energies as
mentioned by Yazdani et al. [23]. From the results, the as-deposited and 500 °C-annealed samples are slightly
missed from the estimated value that reported which is within 3.6 to 4.0 eV. However, some reported that the
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NiO band gap was between 3.2 and 3.8 [21]. For the case of 500 °C-annealed sample, this result may be
caused by the increase of lattice disorder and defect states upon the application of high annealing
temperature. For the as-deposited sample, the lowest Eq; value may be due to the thickness of the film,
which is about 882 nm and smaller compared to other samples. The thicknesses of other samples are
approximately 751 nm and 787 nm for 300 °C and 500 °C-annealed, respectively. The width of the Egof the
films can be determined from the following (1) [20, 24]:

(ahv)? = A(hv — Eg) 1)

where Eg o, A, and Av is the optical bandgap, absorption coefficient, constant, and photon energy,
respectively.
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Figure 3. The (a) transmittance spectra, and (b) absorption coefficient of the nanosheet films
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Figure 4. The Tauc’s plot for optical bandgap estimation of NiO nanosheet films

3.4. Humidity Sensing Performance

Figure 5(a) represents the changes in the current signal of NiO nanosheet films-based humidity
sensors at different annealing temperatures. The conducted ranges of the humidity sensing measurement are
between 40%RH to 90%RH. During the measurement, the ambient temperature was set to 25 °C, and a
voltage source of 5 V was applied across the electrodes. Based on the results, it can be observed that all
nanosheet films produce good current responses with exponent curve to the increased humidity.
The measurement results show a stable current value at 40%RH. When the humidity is increased to 90%RH,
the current increases rapidly. Meanwhile, the current value decreases as the humidity level are reduced to
40%RH again. From the humidity sensing plot, the sensitivity, S was calculated by (2):

S = Imax

I'min

@
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where Inaxand Imin are the current values at 90%RH and 40%RH, respectively. The value of the sensitivity at
different annealing temperatures is presented in Table 1. The results revealed that the NiO nanosheet film
which annealed at 500 °C show the highest sensitivity of 257. However, the as-deposited nanosheet film
shows the lowest sensitivity at 154, while the annealed film at 300 °C shows the sensitivity of 195.
The highest sensitivity produced by 500 °C-annealed NiO may be caused by a hollow structure with highly
porous as well as void density on the nanosheet surface. The porous surface of NiO plays an important role in
enhanced the humidity response. Besides, specific surface area in 500 °C-annealed nanosheet film would be
more sensitive than others. In addition, the high sensitivity of 500 °C-annealed sample can be attributed to the
random distribution in the nanosheet size, high heterogeneity and specific surface area available for
adsorption of water vapour. Generally, the humidity sensing mechanism based on NiO material can be
followed through the description by Mamat et al. [20]. They mentioned that the quantity of water molecules
available is very small at a low humidity level of 40%RH. At first, the water molecules are adsorbed on the
nanosheet surface to form the chemisorbed layer. These water molecules formed the chemisorbed monolayer
on the nanosheet surface by electrostatically attaches between Ni?* and OH" as described in (3).

Ni* + H,0 — Ni- OH + H* (3)

The reaction leaves H* ions, which jump from one site to another to contribute to the flow of
electricity. At this stage, the value of the current of the sensor increases due to protonic conduction. When the
humidity level increases, more water molecules are adsorbed on the nanosheet surface. The adsorbed water
molecules can form hydrogen bonds between them that is between the chemisorbed OH- layer and oxygen
atom O of water molecules. Therefore, the physisorbed water layer is formed on top of chemisorbed water
monolayer. The thickness of the physisorbed water layer changes depending on the humidity level of RH.
In general, if the RH level is increased, the thickness of the physisorbed water layer increase. Thus, more H*
ions are produced during the protonic conduction at high RH levels to contribute high current signals.

To confirm the stability and test the repeatability behaviour of the humidity sensor, the response of
500 °C-annealed was measured for five cycles as shown in Figure 5(b). The identical curves of five cycles
were observed nearly the same indicating that the sample of 500 °C-annealed was very stable [25].

The response, T, and recovery, T, time were calculated from the humidity sensing response plots.
These T, and T values also are recorded in Table 1. As stated, the as-deposited film exhibits the fastest
response time with 367 s, while the 500 °C-annealed film shows the fastest recovery time with 167 s towards
humidity. This response and recovery time results may be caused by its specific surface area in as-deposited,
300 °C, and 500 °C-annealed films lead to a specific period of adsorption (response) and desorption
(recovery) which is within 40%RH to 90%RH."
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Figure 5. (2) Humidity responses at different annealing temperatures, and (b) repeatability behaviour of NiO-
based humidity sensor at annealing temperature of 500 °C

Table 1. Humidity Sensing Properties of NiO at Different Annealing Temperatures

Samples Tr (S) T (5) S
as-deposited 367 174 154
300 °C 401 180 195
500 °C 403 167 257
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4.  CONCLUSION

In summary, the 2D NiO nanosheet films were successfully synthesized using a facile sonicated sol-
gel immersion method at three different annealing temperatures. There were significant changes in films
upon annealing. The XRD patterns show that NiO nanosheet films at annealing temperature of 300 °C and
500 °C have a pure polycrystalline structure, while the as-deposited revealed that the diffraction peak as
Ni(OH),. The FESEM images observation confirms that all nanosheet films exhibited a highly porous
nanostructure. The NiO nanosheet film annealed at 500 °C has the highest transmittance percentage.
Consequently, its absorption coefficient experienced a reduction. The different annealing temperatures also
caused the bandgap energy changes. The effects of annealing temperature to humidity sensing properties
were investigated, and their sensitivities were calculated. From this study, the best sensitivity humidity sensor
produced by the sample annealed at 500 °C with a value of 257, while the as-deposited sample shows the
fastest response and recovery time.
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