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Abstract 
 

Nickel oxide (NiO) nanowall network films were successfully prepared on indium tin oxide (ITO) glass substrates by sonicated sol-gel 
immersion method using a precursor solution of nickel nitrate hexahydrate. The NiO nanowall network films were annealed at different 

annealing temperature that ranges from 300 ⁰C to 500 ⁰C. The effects of annealing temperature on the structural, optical and humidity 

sensing properties of NiO nanowall network films were investigated by X-ray diffraction (XRD), field emission scanning electron 
microscopy (SEM), ultraviolet-visible (UV-vis) spectroscopy and humidity sensor measurement system. The X-ray diffraction patterns 

revealed that the grown NiO nanowall network films have a crystalline cubic structure. The UV-vis spectra demonstrates that the average 

transmittance value of all samples in the visible region are high and exceeded 90% transmission. The optical bandgap energy of NiO 
nanowall network films ranged from 3.76 to 3.77 eV. Results obtained showed that the humidity sensing performance of NiO nanowall 

network films are very promising and could be tuned by annealing temperatures.  
 
Keywords: nickel oxide; nanowall network film; structural properties; optical properties; humidity sensing. 

 

1. Introduction 

Humidity sensors have received great attention in various fields 
including meteorology, chemical, agriculture, and medicine, 

which require the continuous monitoring of water vapour 

concentration. The humidity level is normally measured as relative 
humidity (RH), which defines as the pressure of actual vapour 

over the pressure of saturated vapour at a specified temperature. 
Among the desirable properties of humidity sensors are high 

sensitivity and reliability. Various materials have been explored 

for humidity sensor applications. These materials include polymer, 
photonic crystal, electrolytes, and metal oxides [1-5]. Particularly 

metal oxide-based humidity sensor, the performance of the device 
is very promising. Since the performance of the humidity sensor is 

closely related with availability of the surface area to react with 

water molecules, the metal oxide that has size in nano is favorable 
[6, 7]. The performance of sensors is also influenced by the 

morphology and structure of the metal oxide [8, 9]. Thus, the 
development of outstanding nanostructured metal oxide with good 

humidity sensing capability is very important to achieve high 

device performance.  

Various metal oxides have shown great response to humidity such 
as zinc oxide (ZnO), tin oxide (SnO), titanium dioxide (TiO2) and 

nickel oxide (NiO) [10-13]. NiO is one of the attractive materials 

with potential applications in solar cell, water splitting, and 
sensors [14-16]. NiO has p-type conductivity in native and it has 

structure similar with sodium chloride (NaCl). NiO can be 
fabricated by various physical and chemical approaches including 

sputtering, evaporation, chemical vapour deposition, and sol-gel 

[17-23]. Particularly in nanowall network configuration, the 
humidity response using NiO film is expectedly to enhance due to 

high surface area availibity and porous surface. The three-
dimensional mesoporous nanowall with well-connected structure 

also offers a numerous active sites on the exposed surface for 
humidity sensing applications. There are several techniques used 

to enhance the surface properties of NiO nanostructures. Among 

them are doping process, metal-coating, and heat treatment [24-
26]. Among these approaches, tailoring of NiO nanostructures by 

heat treatment presents a facile and good potential for tuning the 
response and sensitivity during humidity sensing. 

Accordingly, NiO nanowall network films with different 

annealing temperatures were prepared in the present study and 
their humidity sensing properties were investigated. The nanowall 
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network films were grown using a facile route of sol-gel 

immersion method at temperature of 70⁰C. The main focus of this 

research was the finding of appropriate annealing temperature for 
designing highly responsive NiO nanowall network films with 

high sensitivity and stability. 

2. Experimental Procedure 

In this work, an indium tin oxide (ITO)-coated glass was used as a 

substrate to grow NiO nanowall arrays. Prior to the growth 
process, ITO glass was cleaned using solutions of acetone, 

methanol and de-ionized (DI) water in the ultrasonic bath (Hwasin 

Technology PowerSonic 405, 40k Hz) for 10 min each. Next, the 
ITO glass was dried using nitrogen gas. To grow NiO nanowall 

network films, a solution consisting of 0.1M nickel (II) nitrate 
hexahydrate and 0.1M hexamethylenetetramine (HMT) was 

prepared in a beaker filled with DI water. The solution was 

sonicated using ultrasonic bath for 30 minutes. Then, the solution 
was transferred to the Schott bottle, where the ITO glass substrates 

were positioned at the bottom. Afterward, the bottle was immersed 
in water bath instrument for 2 h at temperature of 70ºC. After the 

immersion process, the ITO glass deposited with NiO films were 

taken out from the bottle and blown with nitrogen. Then, the 
samples were baked in a furnace for 10 min at 150ºC. The samples 

were annealed at diverse temperatures of 300 ºC, 400 ºC, 500 ºC. 
The process flow of the experiment is shown in Fig. 1. 

 

Fig. 1: The process flow to grow NiO nanowall network films using 

solution immersion method 

 

Field-emission scanning electron microscopy (FESEM; JEOL 

JSM-7600F) was used to observe surface morphologies of the 
samples. The crystallinity properties of the samples were 

characterized by X-ray diffraction (XRD; PANalytical X’Pert 
PRO). The optical transmittance spectra of nanowall network 

films were characterized by ultraviolet-visible (UV-vis) 

spectroscopy (Jasco V-670). The humidity sensor measurements 

of the fabricated devices were performed using sensor 

measurement system (Keithley 2400) and humidity chamber 
(ESPEC-SH261). For humidity sensor measurement, gold (Au) 

contacts were deposited on top of the film by using thermal 
evaporation system (Ulvac VPC 1100). The thickness of the metal 

contact was fixed at 60nm. The humidity sensor structure using 
NiO nanowall network film is shown in Fig. 2.  

 

Fig. 2: The humidity sensor configuration using NiO nanowall network 

film 

3. Results and Discussion 

The FESEM surface morphology images of the as-deposited and 

annealed NiO films on ITO-coated glass substrates are shown in 
Fig. 3. The FESEM images are arranged according to the 

following sequence: a) as-deposited, b) 300 ⁰C-annealed, c) 400 

⁰C-annealed, and d) 500 ⁰C-annealed NiO films. All films exhibit 

unique NiO nanowall network structures with high porous channel 

densities. As observed from the FESEM images, the nanowall 
arrays and porous channel structures for as-deposited, 300 ⁰C-

annealed, and 400 ⁰C-annealed are nearly identical. These films 

reveals porous structure of well-connected particles to form 

nanowall networks. However, when the annealing temperature is 

increased to 500 ⁰C, the nanowall structure deteriorated, where the 

presence of tiny black spots on the individual nanowall can be 
clearly observed in the FESEM image. The black spot represents 

void which originates from the evaporation of OH group and 
impurities that exist within the nanowall [27, 28]. The applied 

annealing temperature to the certain extent clearly plays important 

role in determining the structural behavior of the deposited NiO 
nanowall network films. In general, the high thermal energy from 

high annealing temperature provides sufficient kinetic energy to 
the system and enhances the reaction process inside the sample. 

As a result, the growth reaction process is enhanced, which 

increases the mobility of the atoms to move and subsequently, 
cause a merging activity of the NiO crystallites. These atoms tend 

to diffuse and rearrange themselves to achieve low surface energy 
by occupying the correct sites in the crystal lattice of NiO. 

Simultaneously, the OH groups and other impurities such as HMT 
evaporate at high temperature, which leave voids on the nanowall 

surfaces. These evaporation occurs dominantly at high 

temperature as manifested by the presence of small voids with 
high density on the nanowall surfaces for the sample annealed at 

500 ⁰C. 
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Fig. 3: The surface morphologies of NiO nanowall network films at 

different annealing temperatures  
 

The XRD patterns for as-deposited and 500 ⁰C-annealed NiO 

nanowall network films grown on ITO glass substrates are shown 

in Fig. 4. The XRD patterns indicate that both films display 
polycrystalline structure, which can be indexed to the cubic type 

of β-NiO (JCPDS NO.47-1049). The as-deposited and 500 ⁰C-

annealed NiO nanowall network films show diffraction peaks at 

approximately 37.9° and 43.8° corresponding to (111) and (200) 
crystal planes, respectively. Meanwhile, the diffraction peaks 

labelled with star belong to SnO2 peaks from the ITO. The result 
shows that the as-deposited NiO film displays weaker intensity 

and broader peaks as compared with 500 ⁰C-annealed film. This 

condition indicates that the crystallinity of as-deposited sample is 

poor and consists of amorphous structure. However, the XRD 
peaks for 500 ⁰C-annealed film shows improved intensity, which 

implies that the crystallinity of the film is enhanced.  
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Fig. 4: The XRD patterns of as-deposited and 500 ⁰C-annealed NiO 

nanowall network films 

 

The transmittance spectra of NiO nanowall network films as a 
function of annealing temperatures are depicted in Fig. 5. All films 

have good transmittance properties in the visible region with the 
average transmittance values exceeding 90% at wavelength of 

400-800 nm. The as-deposited, 300 ⁰C-annealed, 400 ⁰C-

annealed, and 500 ⁰C-annealed NiO nanowall network films have 

average transmittance of 94%, 92%, 90%, and 93%, respectively 

in the visible region (400-800 nm). The results suggested that the 
transmittance properties of NiO nanowall network films are 

almost constant regardless of annealing temperature. However, at 
wavelength below than 400 nm, the transmittance of all samples 

decrease. This result indicates that the NiO nanowall array films 

have good absorption properties in the UV region. To determine 
the optical bandgap of NiO nanowall array films, the Tauc’s plot 

was constructed, which is based on the following equation: 
 

)()( 2

gEhAh                                                      (1) 

 

where Eg, A, α, hν is the optical bandgap, constant, absorption 

coefficient, and photon energy, respectively. The Tauc’s plots of 
NiO nanowall network films at different annealing temperatures 

are presented in Fig. 6. The Eg of NiO nanowall network films at 
different annealing temperatures were determined from the 

extrapolated linear line of the graph of (αhν)
2 versus photon 

energy. The estimated values are 3.77 eV, 3.77 eV, 3.76 eV, and 

3.76 eV, for as-deposited, 300 ⁰C-annealed, 400 ⁰C-annealed, and 

500 ⁰C-annealed NiO nanowall network films, respectively. These 

results are in agreement with the reported bandgap values in the 

previous studies [29, 30]. 
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(c) 400 ⁰C 

(d) 500 ⁰C 
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Fig. 5: The transmittance properties of NiO nanowall network films in the UV 

and visible regions 
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Fig. 6: The Tauc’s plots of NiO nanowall network films for optical 

bandgap energy estimation 
 

The change in the current signal of the as-deposited and annealed 
NiO nanowall network film-based humidity sensor devices for the 

various RH values is shown in Fig 7. The current signals of the 
samples were measured as a function of RH level at room 

temperature with the initial RH level was fixed at 40%RH. For 

this measurements, a 5 V bias was applied across the electrodes. 
From these measurements, all samples show increased current 

values with increasing RH values up to 90%RH. The as-deposited 
and 300 ⁰C-annealed NiO nanowall network films show a smooth 

current response with exponent curve to the increased humidity. 

The current signal for 400 ⁰C-annealed sample also shows 

exponent curve. However, the curve starts to show a slight 

deterioration at the increasing RH level. This deterioration in 
current signal is worse for 500 ⁰C-annealed NiO nanowall 

network film. These results indicate that the humidity response for 

the sample annealed at high temperature is not stable. This 
condition might be due to the interchange of protonic to electronic 

conductions and vice-versa as suggested by Dhonge et al. [31]. 

When the NiO nanowall arrays annealed at high temperature, the 
crystal properties and purity of NiO improve, which enhance the 

p-type conductivity that NiO have natively. The enhancement of 
p-type conductivity might contribute to electronic conduction 

mechanism in the devices, which affect the current response at the 

increased RH level. Another possible reason is that the worsening 
structure of nanowall at high annealing temperature might play a 

role to distract the charge transportation in the sensor at the 
increased RH level. Further investigation need to be conducted in 

the future to verify this. 
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Fig. 7: The humidity sensing response of NiO nanowall network films 

annealed at different temperatures 

 

From the humidity sensing plot, the sensitivity, S of the devices 
was estimated by using following equation: 

 

40

90

I

I
S 

                                                                                        (2) 

 
where I90 and I40 is the current values at 90%RH and 40%RH, 

respectively. The sensitivity of NiO nanowall network films 

annealed at various temperature is shown in Fig. 8. The graph 
shows that the sensitivity of the device increases at high annealing 

temperature. The sensitivity values of the humidity sensor made 
from as-deposited, 300 ⁰C-annealed, 400 ⁰C-annealed, and 500 

⁰C-annealed NiO nanowall network films are 4.36×102, 6.84×102, 

6.71×102, and 1.80×103, respectively. The high sensitivity 

produced by NiO nanowall arrays annealed at high temperature in 

the ranges from 40%RH to 90%RH may be ascribed to the 
contribution of the high void density on nanowall surfaces and 

crystal improvement. 



International Journal of Engineering & Technology 281 

 

 

100 200 300 400 500

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

As-deposited 

(baked at 150C)

 

 

S
e
n

si
ti

v
it

y
 (


1
0

3
)

Annealing Temperature (C) 

Fig. 8: The sensitivity plot of humidity sensor based on as-deposited and 

annealed NiO nanowall network films. 

 

In general, the humidity sensing mechanism could be described as 

follows [10, 32, 33]. At low humidity level when the RH is 
increased slightly from initial humidity level of 40 %RH, the 

quantity of water molecules available is very small. The water 

molecules are adsorbed on the nanowall surface to form 
chemisorbed layer. The water molecules form chemisorbed 

monolayer on the nanowall surface by strong electrostatic 
interaction between Ni2+ and OH-. This reaction leaves H+ ions, 

which hop from one site to another site to contribute electric 

conduction. Thus, the current signal of the sensor increases at this 
stage due to the protonic conduction. When the humidity level 

increases, more water molecules are adsorbed on the nanowall 
surface. The adsorbed water molecules can form hydrogen bonds 

between themselves; that is between the chemisorbed OH- layer 

and oxygen atom of water molecules via hydrogen bonding. As a 
result, physisorbed water layer is formed on top of chemisorbed 

water monolayer. Depending on the RH level, the thickness of 
physisorbed water layer will change. If the RH level is increased, 

the successive physisorbed water layer will stick on the first 

physisorbed water layer and the reaction process will be repeated 
to increase the thickness of physisorbed water layer. Thus, more 

H+ ions are generated at high RH level to contribute more current 
signal in the process via protonic conduction. The H+ ions can be 

generated from dissociation of hydronium ions at the physisorbed 

water layer as described by Grotthuss chain, as expressed: 
 

  OHOHOH 322                                                           (3) 

 
  HOHOH 23

                                                              (4) 

 

The protonic conduction occurs via proton hopping, which carries 
electric charge and happens along multiple series of hydrogen 

bonds between hydronium ions and water molecules. As the RH 
level increases, more charges are generated to contribute higher 

current signal. At very high humidity level, the large amount of 

water molecules adsorb between the nanowall networks to induce 
capillary condensation. During this stage, the charge 

transportation is significantly improved to produce more current 
signal in the process. 

4. Conclusion  

NiO nanowall network film were successfully prepared by sol-gel 
immersion method and annealed at different temperatures of 300 

⁰C, 400 ⁰C, and 500 ⁰C. The structural, optical, and humidity 

sensing properties of the films were investigated. The FESEM 

images showed that the grown NiO films have nanowall network 

with porous channel structures. The NiO nanowall network film 
annealed at 500 ⁰C showed deprivation in nanowall structure with 

the presence of high void density. The transmittance properties of 

NiO nanowall network films in the visible region are excellent 

with an average transmittance value above 90% for all samples. 
The humidity measurement results suggested that all samples were 

responsive to humidity level that ranges from 40%RH to 90%RH. 
The sensitivity of the sensors improved at high annealing 

temperature up to 500 ⁰C. However, the stability of the curve was 

degraded for samples annealed at high annealing temperature.     
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