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Abstract
In this work, nickel oxide (NiO) nanosheet/nanoball-flower-like structures (NSBS) were directly grown on a NiO seed-coated 
glass substrate using a low-temperature immersion method at 75 ºC. The thickness, or density, of the nanoball-flower-like 
structures differed based on the following samples order: NSBS1 < NSBS2 < NSBS3. The synthesised NSBS films were 
investigated in terms of structural, optical, electrical, and humidity sensing characteristics. The X-ray diffraction (XRD) 
analysis revealed that the NSBS samples corresponded to the face-centred cubic NiO with five diffraction patterns indexed 
to the (111), (200), (220), (311), and (222) planes. The interplanar spacing, lattice parameter, unit cell volume, strain, and 
stress were also determined from the XRD results. The transmittance spectra showed that the NSBS samples had a transpar-
ency of more than 30% in the visible region. The optical bandgap values for the NSBS samples were estimated in the range 
between 3.72 and 3.75 eV, which is directly related to their lattice expansion and defect characteristics. The current–voltage 
and Hall effect measurement results revealed that the NSBS2 displayed good electrical properties with the resistance, hole 
concentration, and hole mobility values of 7.84 MΩ, 8.71 × 1015 hole/cm−3, and 1.88 × 102 cm2/V s, respectively. The NSBS 
samples performed well for humidity sensing with the highest sensitivity value of 169 being obtained for the NSBS2. These 
humidity sensing results correlated well with their structural, optical, and electrical characteristics.

1 Introduction

Nickel oxide (NiO) is one of the transition metal oxides with 
a bandgap energy in a range between 3.6 and 4.0 eV. It is 
commonly known as a p-type semiconductor material due 
to the Ni-deficiency represented in the nonstoichiometric 
NiO, and its electrical conductivity is based on the hole as 
the carrier [1, 2]. Although a p-type semiconductor is rarely 
used as a preferred material for electronic device applica-
tions, it has become an alternative to n-type metal oxides 
in many applications. Due to the many attractive properties 
of NiO, it provides a huge potential for applications in solar 
cells [3–5], electrochemical energy storage devices [6, 7], 
photocatalysts [8], and sensors [9, 10].

To date, many NiO-based gas-related sensors can be 
referred to in the literature [11–13], while only a few reports 
on NiO-based humidity sensors are available. For instance, 
Ulhaq et al. fabricated Al-doped NiO ultralong nanow-
ires using a hydrothermal method for ethanol sensing [9]. 
They measured the ethanol sensing performance at differ-
ent humidity levels. According to their study, the maximum 
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sensitivity of the ethanol sensing was obtained at 45% RH 
with a value of 14. Singh et al. reported the performance of 
a ZnO–NiO heterostructure-based liquefied petroleum gas 
sensor that was prepared using a chemical co-precipitation 
method [14]. They measured the gas sensing at different 
humidity levels ranging from 20 to 60% RH and found that 
the response was reduced at higher humidity levels. Recent 
studies have shown that humidity sensors are still being 
developed for use in various fields, such as industrial and 
laboratory, agricultural, medical, and climatology for con-
tinuous monitoring of water vapour [15]. Therefore, a sys-
tematic study on the NiO nanostructures for humidity sens-
ing applications is required to understand the nanostructure 
characteristics in terms of structural, optical, and electrical 
parameters that influence the humidity sensing performance. 
Furthermore, the characteristics of NiO nanostructures, and 
their performances in several applications, are still far from 
expected, probably due to their structural parameters and 
the substandard activity of the energetic sites in the NiO 
lattice. A good humidity sensor requires high stability and 
sensitivity where the sensing performance is strongly influ-
enced by the high surface area and the porous structure [16]. 
Thus, a specific morphology with an enormous surface area 
is necessary to produce a large area of exposure to trap water 
molecules during humidity sensing activity. It will then pro-
vide more adsorption and desorption sites during the sensing 
process. Besides, the water molecules are easily adsorbed in 
open porous areas and cause water condensation within the 
capillary pores [15].

There are several ways to obtain unique and valuable 
NiO morphologies to improve the surface area and thus 
enhance the sensing performance. These approaches include 
a multiplicity of preparation methods by augmenting their 
growth parameters, surface engineering through physical 
and chemical techniques, and composite or doping processes 
[17–19]. In terms of the preparation method, solution-based 
approaches including electrochemical, hydrothermal, and 
solution immersion methods are very promising to produce 
NiO nanostructures with novel morphologies and charac-
teristics [12, 13, 20]. Particularly, by using the solution 
immersion method, NiO nanostructures could be synthesised 
at a low cost with exciting outputs due to the characteris-
tics of the method itself that is facile, and which does not 
require a complex and time-consuming process. Herein, in 
this work, we synthesised NiO nanosheet/nanoball-flower-
like structures (NSBS) that were grown directly on a NiO 
seed layer-coated glass substrate using the low-temperature 
immersion method at 75 °Ϲ. The properties in terms of the 
structural, optical, electrical, and humidity sensing of NSBS 
were thoroughly studied. To the best of our knowledge, the 
preparation of the NSBS based on a low-temperature solu-
tion immersion method, and their characteristics in humidity 
sensing have been scarcely reported in the literature.

2  Experimental and characterisation

The synthesis of NSBS films involved two steps. The 
first step was the deposition of the NiO seed layer as a 
base surface (also known as NiO seed-coated) on top of 
a glass substrate using sol–gel spin coating. Initially, the 
microscope glass substrates were cut into 2.5 cm × 2.5 cm 
and cleaned in a mixture of hydrochloric acid and deion-
ised (DI) water. Next, the substrates were rinsed with DI 
water. Subsequently, the substrates were cleaned sepa-
rately using acetone, ethanol, and DI water in an ultrasonic 
bath (Hwasin Technology PowerSonic 405, 40 k Hz) for 
15 min each. The cleansed glass substrates were blown 
dry using nitrogen gas. The solution of NiO seed lay-
ers was prepared using 0.2 M nickel acetate tetrahydrate 
(Ni(CH3COO)2·4H2O), diethanolamine (DEA,  C4H11NO2), 
and ethylene glycol monoethyl ether (EGMEE,  C4H10O2). 
The solution was prepared by mixing 0.2 M nickel acetate 
tetrahydrate and 2 ml DEA in a beaker before the EGMEE 
was added into the beaker to produce 50 ml solution. The 
prepared precursor solution was stirred for 2 h at room 
temperature. The solution was directly coated on the top 
of the glass substrates using a spin coater at the deposi-
tion speed of 4000 rpm for 1 min. After the coating, the 
film was pre-baked at 250 °C for 5 min. The coating and 
pre-bake processes were repeated five times to increase 
the seed layer thickness. Next, the seed layer film was 
annealed at 400 °C for 2 h.

The second step was the growth of NSBS by using 
the low-temperature immersion method. An aqueous 
solution consisting of 0.2 M nickel (II) nitrate hexahy-
drate (Ni(NO3)2·6H2O), 0.2 M hexamethylenetetramine 
 (C6H12N4), and deionised (DI) water as a precursor, 
stabiliser, and solvent, respectively, was prepared in a 
beaker to grow NSBS. The solution was sonicated using 
an ultrasonic bath for 30 min and was further stirred for 
45 min at 300 rpm in ambient conditions. The solution 
was then poured into Schott bottles, where the NiO seed-
coated glass substrates were placed at the bottom. The 
NiO-coated surface of the glass was placed facing up. The 
Schott bottles were immersed in a water bath instrument 
(Memmert) at 75 °C for different growth times, from 1 to 
3 h, to vary the thickness and the nanoball-like-flower den-
sity in the NSBS films. Then, the samples were removed 
from the bottles and rinsed with DI water. Finally, the 
samples were dried in a furnace (Protherm) at 150 °C for 
15 min and were annealed and 500 °C for 1 h. The sam-
ples grown for 1, 2, and 3 h were abbreviated as NSBS1, 
NSBS2, and NSBS3, respectively.

The NSBS samples were characterised using field 
emission scanning electron microscopy (FESEM, Zeiss 
Supra 40VP and Hitachi SU-8030) for the surface and 
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cross-sectional morphologies. The structural properties 
of the NSBS were investigated using X-ray diffraction 
(XRD, PANalytical X’Pert PRO). The optical properties 
of the NSBS were characterised using ultraviolet–visible 
(UV–vis) spectroscopy (Jasco/V-670 EX). The electrical 
properties of the NSBS samples were analysed using a 
two-probe current–voltage (I–V) measurement system 
(Advantest R6243) in the voltage range between − 10 
and 10 V. The Hall effect measurements of the NSBS 
were conducted using a Hall effect measurement system 
(ezHEMS). The humidity sensing performances of the 
devices were analysed in a humidity chamber (ESPEC-
SH261) with the measurement system (Keithley 2400). 
The schematic of humidity sensing measurement setup 
is depicted in Fig. 1. Prior to I–V, the Hall effect, and 
the humidity sensing measurements, silver (Ag) contacts 
were deposited on the NSBS samples as electrodes, using 
a thermal evaporation system (Ulvac VPC 1100) with the 
thickness fixed at 60 nm. The gap between the contacts 
was 2 mm.

3  Results and discussion

3.1  Field effect scanning electron microscopy 
analysis

Figure 2a–l shows the cross-sectional images and surface 
morphologies of the NSBS sample grown using the solu-
tion immersion method. The images show that at the low-
immersion temperature of 75 °C, the NiO nanosheet and 
NiO nanoball-flower-like structures were well grown on the 

NiO seed-coated glass substrates with a good coverage. It 
shows that the NiO seed layer successfully promoted the 
heterogenous growth of NiO nanostructures on the sub-
strate and acted as a catalyst. The average thicknesses of 
the NSBS1, NSBS2, and NSBS3 were 8.80, 16.08, and 
20.82 µm, respectively. The images in Figs. 2a–c, d–f, g–i, 
and j–l show the cross-sectional of the NSBS samples at a 
magnification of ×4000, cross-sectional of the NSBS sam-
ples at a magnification of ×10,000, a cross-sectional of the 
produced nanosheet in the NSBS films, and the surface mor-
phologies of the NSBS samples, respectively.

The cross-sectional images at a magnification of ×4000 
presented in Fig. 2a–c show that all samples consisted of 
NSBS. Dense and hierarchical nanoball-flower-like struc-
tures on the nanosheet layers can be clearly observed in the 
NSBS1–NSBS3. The nanoball-flower-like structures are 
well-formed on the substrates with a high density. The films 
of NSBS exhibit porous structures with the voids between 
the individual nanoball-flower-like structures clearly seen in 
the cross-sectional images. Meanwhile, the cross-sectional 
images at a larger magnification of ×10,000 are depicted 
in Fig. 2d–f. It is noteworthy that the nanoball-flower-like 
NiO in the NSBS1–NSBS3 samples have diameters vary-
ing between 1.5 and 3.3 μm. The petals of the nanoball-
flower-like structures can be seen as being tremendously 
thin with a highly porous surface. It can also be observed 
that the nanoball-flower-like structures consist of multiple 
nanosheets that are assembled together, producing networks 
of NiO nanostructures with a high surface availability.

Figure  2g–i shows the nanosheet structures from 
the cross-sectional morphology of NSBS films. The 
nanosheets can be seen as grass-like shapes in an array 

Fig. 1  Schematic of the humid-
ity sensing measurement setup 
for NSBS samples
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which grows evenly on the NiO seed layers for all samples. 
Among the three samples, the NSBS2 sample showed the 
densest and most well-structured growth. The thicknesses 
of the nanosheet array in the NSBS showed slight varia-
tions for different samples, which were 830 nm, 870 nm, 
and 870 nm for NSBS1, NSBS2, and NSBS3, respectively. 
Note that the NiO seed layer, which was deposited by a 
sol–gel spin-coating technique on a glass substrate, had a 
thickness of approximately 100 nm.

The surface morphologies of NSBS1, NSBS2, and 
NSBS3 are shown in Fig. 2j–l. The images show that the 
NSBS structures have highly porous and hollow structures. 
The images show that NSBS samples have a series of thin 
interconnected network structures consisting of small 
granular NiO nanoparticles. The NSBS networks exhibit 
a hollow structure with the presence of fine holes on the 
surface. The surface area of the NSBS is enormous and 
beneficial to the acceleration and greater adsorption of 
water molecules when exposed to humidity. In general, 
no significant changes were observed on the surface mor-
phologies of NSBS for all samples. However, the petals 

structure in the NSBS3 sample appears to be gradually 
decomposed, dispersed, and not sharp compared to the 
petal structures in NSBS1 and NSBS2.

The growth mechanism of NSBS can be proposed as 
follows. The HMT acts as a complex agent and favours 
the growth of NiO nanostructures by providing alkaline 
conditions [21–23]. In general, HMT can dissolve in DI 
water to release ammonia and formaldehyde. This reaction 
can be described by the equation below:

The  Ni2+ ions, which are generated when the precursor 
dissolves in the water, react with the produced ammonia 
to form complex [Ni(NH3)6]2+ ions. The presence of water 
molecules also facilitates the basic conditions by hydroly-
sis of  NO3

− ions from the precursor which stimulates the 
planar growth of NiO. The reaction between  Ni2+ ions and 
ammonia decreases the concentration of the precursor’s 
 Ni2+ ions. As a result, the growth rate of the NiO crystal 
reduces in the solution. The overall reaction from this pro-
cess can be expressed by the following equation:

(1)(CH
2
)
6
N

4
+ 6H

2
O → 6HCHO + 4NH

3

Fig. 2  Cross-sectional images 
of a NSBS1, b NSBS2, and c 
NSBS3 samples at a magnifica-
tion of × 4000. Larger magnifi-
cation of cross-sectional images 
at × 10,000 for d NSBS1, e 
NSBS2, and f NSBS3 samples. 
Cross-sectional images of 
NiO nanosheet structures on g 
NSBS1, h NSBS2, and i NSBS3 
samples. Surface morphologies 
of j NSBS1, k NSBS2, and l 
NSBS3 samples
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The ammonia also reacts with the water to produce 
 NH4+ and  OH− ions. As the reaction proceeds, this reac-
tion increases the concentration of  OH− ions in the solu-
tion. This reaction can be described as follows:

When the solution contains a sufficient  OH− ion con-
centration to reach supersaturation level, which exceeds its 
critical value, the NiO nuclei forms on the seed-catalyst 
layer based on the reaction between [Ni(NH3)6]2+ and/or 
 Ni2+ ions with  OH− ions. These reactions are shown as 
follows:

and/or

The morphology of the nanosheet on the substrate is 
controlled by the remaining HMT which has not reacted 
with the precursor’s  Ni2+ ions. These HMT molecules are 
adsorbed on certain plane orientations of NiO, predomi-
nantly on the (001) plane. As such, the growth of NiO is 
favourable to form a thin nanosheet structure [24]. The 
highly dense nanosheet structure, which grows perpen-
dicular to the substrate, was firstly produced on the seed 
layer-coated glass due to the high concentration of precur-
sor ions and HMT in the solution. Therefore, NiO nuclei 
form on the seed layer-coated glass with high density to 
initiate the formation of a highly dense NiO nanosheet. 
As the reactions proceed, the NiO nanoball-flower-like 
structure is formed on the dense NiO nanosheet. The NiO 
nanoball-flower-like structures are assembled from aggre-
gated NiO nanoparticles, which act as seed catalysts to 
grow the structure into nanoball-flower-like structures. 
The nucleation of primary NiO nanoparticles is assisted by 
the hotspots created in the solution, which are considered 
as the starting reaction point in the solution [25]. These 
hotspots are formed through the heating of the precursor 
solution in the water bath. The HMT used in the precursor 
solution could also assist the formation of the hotspots in 
the solution. The HMT favours the nucleation of aggre-
gated NiO nanoparticles and their subsequent growth into 
nanoball-flower-like structures. During the immersion 
process, the aggregation of NiO nanoparticles happens to 
reduce the free surface energy of the system. Note that the 
surface energy of the initial NiO nanoparticles is high and 
as such, they tend to aggregate to reduce the free surface 
energy. In a slow precipitation condition, the aggregation 

(2)
Ni(NO

3
)
2
⋅ 6H

2
O + 6NH

3
→ [Ni(NH

3
)
6
]2+ + 2NO

−

3
+ 6H

2
O

(3)NH
3
+ H

2
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+
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−
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3
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6
]2+ + 2OH

−
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2
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3
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3

(5)Ni
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−
→ Ni(OH)

2
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2
O

of NiO nanoparticles happens along a crystal plane which 
forms a petal like morphology. Then, the produced pet-
als randomly self-assemble before the nanoball-flower-
like structure morphology is formed through the Ostwald 
ripening processes. The growth of the NSBS structure is 
also highly dependent on other parameters including tem-
perature, hydrogen bonding, interactions of hydrophobic/
hydrophilic, dipolar fields, forces (i.e. electrostatic and 
van der Walls), and attractions of crystal-faces [26]. The 
schematic for the growth of NSBS on the NiO seed layer-
coated glass substrate is depicted in Fig. 3.

3.2  X‑ray diffraction analysis

To investigate the structural quality of the NSBS1, NSBS2, 
and NSBS3 samples, XRD measurements were conducted. 
The XRD patterns in Fig. 4 indicate that all NSBS samples 
display polycrystalline structures that correspond to the face-
centred cubic type of NiO, in accordance with JCPDS NO. 
047-1049. The XRD patterns show three diffraction peaks 
with high intensities, which were indexed to the (111), (200), 
and (220) planes. Meanwhile, there are two nonprominent 
diffraction peaks in the XRD patterns which can be indexed 
to the (311) and (222) planes. It can be perceived that the 
peak at the (200) plane displayed the dominant intensity 
for all the NSBS samples. In addition, no other phase was 
identified from the XRD measurements which indicate that 
the polycrystalline NiO samples were well formed during 
the growth process. The higher intensity of the diffraction 
peaks of NSBS3 and NSBS2, compared to that of NSBS1, 
is attributed to the higher density NiO nanoball-flower-like 
structures grown on the substrates. Note that, the broad peak 
between 20º and 40º is attributed to the peak of the glass 
substrate used in this study [27, 28].

A detailed description of the crystal properties is sum-
marised in Table 1. Among these values recorded are 2θ, 
intensity, full width at half maximum (FWHM), crystallite 
size (D), interplanar spacing (d), lattice parameter (a), unit 
cell volume (V), strain (ε′), and stress (σ). The crystal struc-
ture was evaluate based on the (200) plane orientation for 
all NSBS samples. The crystallite size (D) was estimated 
according to the Scherrer’s formula: 

where λ is the X-ray wavelength (1.542  Å), β is the 
FWHM in radians, and θ is the Bragg’s angle of diffrac-
tion in degrees. The calculated crystallite size values of 
NSBS1, NSBS2, and NSBS3 were 16.62 nm, 16.58 nm, 
and 17.73 nm, respectively. The differences in crystallite 
size, lattice parameter, and strain properties may cause peak 
broadening in the XRD pattern [29]. It has been reported 

(6)D =
0.94�

� cos �
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that the variation in crystallite size is due to the aggregation 
and recrystallization during the crystal growth processes 
including heat treatment [30, 31].

The interplanar spacing (d) and lattice parameter (a) of 
cubic NiO structure are estimated based on the following 
equations:

where n = 1 is the order value of diffraction, and h, k, and 
l are the Miller indices of the plane. The d and a values 
for NSBS1, NSBS2, and NSBS3 are tabulated in Table 1. 

(7)d =
n�

2 sin �

(8)1

d2
=

h2 + k2 + l2

a2

Fig. 3  The schematic for the growth of NSBS on the NiO seed layer-coated glass substrate

Fig. 4  The XRD pattern of NSBS samples

Table 1  2θ, FWHM, crystallite size, interplanar spacing, lattice parameter, unit cell volume, strain, and stress of NSBS1, NSBS2, and NSBS3 
samples

Sample 2θ (°) FWHM, β (°) Crystallite 
size, D (nm)

Interplanar 
spacing, d (Åm)

Lattice param-
eter, a (Åm)

Unit cell volume, 
V (× 10−29  m3)

Strain, ε′ (%) Stress, σ (GPa)

NSBS1 43.03 0.537 16.62 2.1023 4.2046 7.43 0.66 − 2.12
NSBS2 42.74 0.538 16.58 2.1159 4.2317 7.58 1.31 − 4.22
NSBS3 42.75 0.503 17.73 2.1154 4.2308 7.57 1.29 − 4.15
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The results show that all samples exhibit lattice expansion 
as compared to that of the bulk NiO structure. This lattice 
expansion occurrence might be an indication that high oxy-
gen atoms have been integrated into the NiO lattice [32]. 
Note that, nevertheless, the ionic radius of the oxygen 
ion (0.140 nm) is larger than the ionic radius of  Ni2+ ion 
(0.069 nm). The calculation results also show that the val-
ues of d and a for the NSBS2 sample were the highest, with 
values of 2.1159 Å and 4.2317 Å, respectively, followed by 
NSBS3 and NSBS1. As a result, the unit cell volume (V) of 
NSBS2 exhibits the highest value as can be calculated from 
the following formula:

The V values for all samples are tabulated in Table 1.
The strain ε values of the samples were estimated using 

Williamson–Hall plots as shown in Fig. 5a, b, and c cor-
responding to the NSBS1, NSBS2, and NSBS3 sample, 
respectively. The Williamson–Hall (W–H) plots were 
drawn from a following equation [33]:

Here, ε represents induced strain in crystallite, θ denotes the 
diffraction angle, and D is the average crystallite size. The 
slope and intercept value of the line fitted to the data points 
correspond to the strain value and average crystallite size, 
respectively. The strain value and average crystallite size 

(9)V = a3

(10)� cos � =
0.94�

D
+ 4� sin �

of the NSBS samples are shown in Fig. 5d and tabulated in 
Table 2.

Subsequently, the strain (ε′) and stress (σ) can also be 
calculated from the values of d and a. The ε′ and σ of the 
samples were analysed by using the following equations:

Here, a is the lattice parameter of synthesised NiO, 
ao = 4.1771 Å is the lattice constant of the bulk NiO, E = 200 
GPa is the Young’s modulus for NiO, and p = 0.31 is the 
Poisson ratio for NiO. The strain ε’ was also calculated 
using other formula reported in the literature and the results 
obtained could provide complementary data to the strain ε 
calculated from Williamson–Hall plot [23, 34]. For both ε 
and ε′ strain evaluation, if the strain is in a positive value, it 
is considered as a tensile strain, otherwise, it is considered 

(11)�� =
a − ao

ao
× 100

(12)� =
−E

(

a − ao
)

2aop

Fig. 5  The Williamson–Hall 
(W–H) plot for a NSBS1, b 
NSBS2, and c NSBS3 samples. 
d The strain, ε , and average 
crystallite size of NSBS sam-
ples from W–H plot

(a) (b)

(d)(c)

Table 2  Crystallite size and strain values of NSBS samples from 
W–H plot

Sample Average crystallite size (nm) Strain, ε

NSBS1 19.28 7.52 × 10−4

NSBS2 20.47 1.37 × 10−3

NSBS3 22.19 1.12 × 10−3
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as a compressive strain. Meanwhile, for the stress evalua-
tion, if the stress is in a positive value, it is considered as 
tensile stress, while at negative stress values, it represents a 
compressive stress [2, 35]. Therefore, the calculated strain 
and stress presented in Table 1 and in Fig. 6 showed that 
the all NSBS samples exhibit tensile strain and compres-
sive stress. This can be attributed that the highest values 
of d, a, and V in the NSBS2 sample causing the percentage 
of strain to increases in a positive direction (more tensile) 
and the stress decreases negatively (more compressive). 
The presence of deficiencies in the crystal’s lattice such as 
grain boundaries, stacking faults, and dislocation possibly 
contributes to the stress and strain in the films [29]. The 
grain boundary formations are often considered to generate 
the stress and strain in the films. The attractive interactions 
between the grains causes tensile stress, while the addition 
of an adatom into the grain boundaries causes a compres-
sive stress [36]. Meanwhile, their stress and strain magni-
tudes are related to an interaction between the atom surface 
mobility and their growth rate [37]. During the fabrication 
of nanostructured films using the aqueous solution approach, 
stresses can occur in the grown films resulting in a lattice 
strain. The stress and strain are mainly dependent on the 
growth parameters, and it can exhibit either compressive or 
tensile or both during the growth process. The increase of 
stress towards a compressive stress provides an indication of 
high adsorbed oxygen ions or oxygen interstitial defects in 
the NSBS2 sample, which commonly occurs for the growth 
in an oxygen-rich environment such as the growth in the 
aqueous-based method. The formation of adsorbed oxygen 
ions, or interstitial oxygen defects, could be described by the 
following equation:

According to several literature reports, these adsorbed 
oxygen ions or oxygen interstitials could increase the  Ni3+/

(13)
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2
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2
+ 2NiO⟶O

��
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∙

Ni
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O

Ni2+ ratio by the oxidation process of  Ni2+ ion in NiO into 
 Ni3+ [9, 38]. During the growth processes of the NSBS, inci-
dence of structural defects, which include broken bonds, dis-
locations, and nonstoichiometric composition, could be gen-
erated at the grain boundaries. These defects might facilitate 
intrinsic stresses in the NSBS, which produces compressive 
stress and tensile strain in the NSBS samples. This result 
suggests that the NSBS2 sample exhibits higher structural 
defects compared to the other samples.

3.3  Optical properties

The changes in the lattice properties as shown by the XRD 
results may contribute to the changes in the optical proper-
ties. As shown in Fig. 7, the transmittance spectra for NSBS 
samples were measured in the wavelength range between 
300 and 800 nm. The transmittance of light is relatively high 
in the visible region but drops rapidly when the wavelength 
reaches the UV region below 400 nm. From the glimpse of 
the transmittance spectra, the highest transparency in the 
visible region (400–800 nm) was identified for NSBS1. This 
value may be due to the thinness of the NSBS1 structure, 
which can be seen in the cross-sectional image of FESEM. 
Therefore, it allows the incident light to easily penetrate 
the NSBS1 sample. The second highest transparency was 
recorded for the NSBS2 sample, while the NSBS3 sam-
ple showed the lowest transparency value. The reduction 
of transparency for the NSBS2 and NSBS3 samples may 
be closely related to the high density of the NiO nanosheet 
and the hierarchical nanoball-flower-like structures for 
NSBS2 and NSBS3 samples, as can be viewed from the 
cross-sectional FESEM images in Fig. 2a–c. Therefore, 
the loss of penetrated light could be due to light scatter-
ing as it travels into the NSBS samples [39]. In addition, 
the NSBS2 and NSBS3 samples might have higher oxygen 
interstitial defects, as shown by superior lattice expansion 

Fig. 6  The strain, ε’ and stress of NSBS1, NSBS2, and NSBS3

Fig. 7  Transmittance spectra of NSBS1, NSBS2, and NSBS3
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in the XRD result, which causes the defect scattering of 
light and reduces the light transmission that passes through 
the samples [32]. The average transmittance values in the 
visible spectral region (400–800 nm) were estimated to be 
approximately 70%, 46%, and 39% for NSBS1, NSBS2, and 
NSBS3 samples, respectively. These values are summarised 
in Table 3.

Referring to the Tauc plot of (αhv)2 versus photon energy 
(hv) in Fig. 8, the optical bandgap energies (Eg) of the 
NSBS1, NSBS2, and NSBS3 were estimated. The Eg can be 
determined by obtaining the hν value, found by extrapolating 
the linear curve and noting the intercept with the x-axis. The 
Eg in the high absorption region could be expressed by the 
following Tauc relation:

where α is the absorption coefficient, hv is the photon 
energy, Eg is the optical bandgap, B is an energy-independ-
ent constant (1 × 105 to 1 × 106 cm−1eV−1) which is depend-
ent on the electron–hole mobility, and n = ½ is used for 
directly allowed transitions. The acquired optical bandgap 
values are summarised in Table 3 and estimated at 3.75, 
3.72, and 3.73 eV for the NSBS1, NSBS2, and NSBS3 sam-
ples, respectively. According to this analysis, the calculated 

(14)�hv = B
(

hv − Eg

)n

bandgap energy values of the samples follow this order 
NSBS2 < NSBS3 < NSBS1. This ordering also imitates the 
lattice expansion as discussed in the XRD results. Therefore, 
the disparity in the bandgap values results from the variation 
in structural parameters as discussed in the XRD analysis. A 
lower bandgap energy value is normally produced in the film 
that has a higher tensile strain or compressive stress [40]. 
Meanwhile, a higher bandgap energy will be induced in the 
film if it has a higher compressive strain or tensile stress. In 
addition, the lattice expansion also influences the bandgap 
energy of the film. The lattice expansion provides a lower 
band gap because it lessens the repulsion between the Ni 3d 
and O 2p orbitals. These findings agree with the reported 
results in the literature [23, 32]. In addition, the variation 
in bandgap energy could be attributed to the agglomera-
tion of particles and formation of big clusters in the films 
as reported by other researchers [41–43]. The variation of 
the bandgap energy value might also be associated to the 
correlation energies between the electrons and holes and 
the existence of defects in the quasi-particle systems [44]. 
It is noteworthy, that the decrease in Eg for the NSBS2 and 
NSBS3 samples could be related to the transitions that hap-
pen in NiO. The interstitial oxygen in the lattice could create 
defects in the NSBS and thus engender extra energy states 
between the valence band and the conduction band. Subse-
quently, it lowers the bandgap energy value due to the defect 
state interactions [45].

3.4  Current–voltage analysis

In order to investigate the electrical properties of the NSBS1, 
NSBS2, and NSBS3, the current–voltage (I–V) using a two-
probe measurement was performed at room temperature. 
The I–V plot with a bias range of − 10 to 10 V, as shown 
in Fig. 9a–c, indicates the ohmic behaviour for all the sam-
ples. The linear plot at the current signal obeys Ohm’s law 
with the current passing through the material being directly 
proportional to the voltage. Based on the I–V plots, it can 
be seen that the highest current at the respective voltage 
was recorded for the NSBS2 sample with the lowest resist-
ance value of 7.84 MΩ. The resistances of the NSBS1 and 
NSBS3 samples are 9.42 and 8.74 MΩ, respectively, which 
were determined from the graph via Ohm’s law (V = IR). 
The resistance values for the synthesised samples ware sum-
marised in Fig. 9d.

3.5  Humidity sensing performance

The changes in the current signal of the NSBS samples 
as a function of relative humidity (RH) level are shown in 
Fig. 10. The measurement was performed for a complete 
cycle from an initial RH level of 40% to 90% RH, and 
subsequently back to the initial value of 40% RH again. 

Table 3  The average 
transmittance in the visible 
region and optical bandgap of 
NSBS samples

Sample Transmit-
tance (%)

Optical 
bandgap 
(Eg)

NSBS1 70 3.75
NSBS2 46 3.72
NSBS3 39 3.73

Fig. 8  The Tauc plot for estimation of optical bandgap energy, Eg for 
NSBS samples
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During the measurement, the humidity chamber was set at 
room temperature of 25 °C while a voltage source of 5 V 
was applied across the two Ag electrodes. Based on the 
results, it can be observed that all NSBS samples yielded 
the same pattern of current responses with the exponen-
tial curves, but with different current values. Primarily, 
the measurement results show a stable current value at an 
initial level of 40% RH and the current increases rapidly 
when the humidity increases to 90% RH. Subsequently, 
the value of the current decreases gradually as the humid-
ity level reduces back to initial value of 40% RH. The 

sensitivity (S) of the sensor device was calculated using 
the following equation [46]:

where R90 is the resistance at 90% RH and R40 is the resist-
ance at 40% RH. The results revealed that the NSBS2 sam-
ple shows the highest sensitivity of 169. Meanwhile, the 
NSBS1-based sensor shows the lowest sensitivity of 110, 
while the NSBS3 recorded a sensitivity value of 129. The 
highest sensitivity generated by the NSBS2 can be attributed 
to the highest current produced at 90% RH, compared to that 
of other samples. Kennedy et al. [47] stated that the high 
response of the humidity sensor is due to the high surface 
area where it facilitates water molecules to adsorb more at 
the active sites through the chemisorption and physisorption 
processes. Ismail et al. [39] explained that the wide pore 
channels in the structures will lead to the improved sensitiv-
ity of humidity sensing.

Furthermore, the stability of the NSBS2 sample, which 
recorded the highest sensitivity value, was tested for sev-
eral cycles and at different humidity levels. Figure  11 
shows the humidity response of NSBS2 for five cycles. 
The humidity response was measured to confirm the stabil-
ity of the NSBS2 at various cycles. It can be observed that 
the NSBS2 showed a very stable response as the curves 

(15)S =
R
40

R
90

Fig. 9  I–V measurement plot 
for a NSBS1, b NSBS2, and c 
NSBS3 samples. d The resist-
ance plot of the NSBS samples

(a) (b)

(c) (d)

Fig. 10  Humidity sensor responses of nanoball-flower-like NiO at 
different immersion hours with a bias voltage of 5 V
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produced are nearly of identical shape and height for all 
cycles.

Figure  12 depicts the humidity sensing response of 
NSBS2 at five relative humidity (RH) levels ranging from 
50 to 90% RH. The sensitivities of 50%, 60%, 70%, 80%, and 
90% RH are 1.4, 2.7, 8.3, 25.5, and 169, respectively. This 
result indicates that the NSBS2 is sensitive to the different 
levels of RH. Moreover, it can be seen that its sensitivity 
increases with the increase of RH levels.

Generally, the performance of the humidity sensor is 
largely dependent on the surface availability. The large sur-
face area, large surface-to-volume ratio, and small grain size 
of the prepared materials have been reported to be the rea-
sons on the good sensing performance obtained [48–50]. The 
availability of a large surface area stimulates water vapour 
dispersion and expedites the adsorption of water molecules 
during sensing activities [51, 52]. Besides, the morphology 
of NSBS plays an important role in enhancing the humidity 

response because its high surface area facilitates more 
adsorption and desorption of water vapour effectively on the 
NSBS surfaces. From the FESEM images in Figs. 2a and 1b, 
it is obvious that the NSBS2 sample possesses a larger sur-
face area compare to NSBS1 due to its higher density of NiO 
nanoball-flower-like structures and thicker NiO nanosheet 
arrays. The larger the surface area, the larger the water mol-
ecules could be adsorbed on the film. Hence, a higher den-
sity of charge carriers could be generated in NSBS2, which 
results in a high current and improved sensitivity values. 
However, the current and sensitivity values of the NSBS3 
sample decreased, although it does have a higher density of 
NiO nanoball-flower-like structures compared to the other 
samples. We believe that the resistance of the NSBS samples 
affects the humidity sensing performance as characterised by 
the I–V measurement. The resistance of the NSBS3 sample 
is higher compared to NSBS2 sample which may be due 
to grain boundary scattering induced by a high density of 
NiO nanoball-flower-like structures that obstruct the move-
ment of free charge carriers. This carrier scattering effect 
occurs at the grain boundaries, which results in a decreased 
sensing performance, as also reported by other researchers 
[53]. The increase in the density of the NiO nanoball-flower-
like structures in the NSBS3 sample induce excessive grain 
boundaries, resulting in the generation of higher interfacial 
states between the NiO nanoball-flower-like structures with 
one another and subsequently produces poor carrier trans-
port properties in the NSBS3 sample [54]. Furthermore, the 
surface morphology of NSBS3 showed a slight deteriora-
tion compared to the other samples, as discussed previously, 
which might contribute to the slight decline in the humidity 
sensing performance. Therefore, the generated current dur-
ing humidity exposure to a high level up to 90% RH, reduced 
slightly for NSBS3, and produced a lower sensitivity value 
than that of the NSBS2 sample.

It has been reported that high tensile strain produced 
in the material resulted in a high ionic conductivity of the 
material [55, 56]. The ionic conduction is one of the impor-
tant mechanisms in the humidity sensing, which is discussed 
later. Therefore, the high tensile strain in the NiO lattice 
could contribute to the high ionic conductivity in the film 
during NSBS exposure to humidity. The high tensile strain 
may result in a decrease of the migration activation energy 
of the hydronium ions. Therefore, the ions could move freely 
at high density in the film that has a high tensile strain. 
From the XRD analysis, the NSBS2 exhibits the highest 
tensile strain, which could explain the highest current value 
recorded in the humidity plot in Fig. 10, compared to the 
other samples, when the humidity level reach 90% RH. This 
trend of current level was followed by NSBS3 and NSBS1, 
which follows the trend of the tensile strain values calculated 
in the XRD analysis.

Fig. 11  Five cycles of humidity sensing response at NSBS2 sample

Fig. 12  Humidity sensing response of NSBS2 at different levels of 
relative humidity
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In addition, the carrier concentration and carrier mobil-
ity of the samples also contribute to the performance of the 
humidity sensing. It has been reported that the carrier type 
and carrier concentration of the materials play important role 
in the sensing mechanism and sensing performance [57, 58]. 
The improvement in hole concentration also improved the 
ionic conductivity, as previously reported [59]. Therefore, 
the Hall effect measurements were conducted on NSBS1 
and NSBS3, which have the lowest and the highest current 
response at 90% RH. From the measurement, both samples 
exhibited p-type semiconductor behaviour. Therefore, the 
carrier concentration and mobility are of the hole carrier 
type for the NSBS samples. The sheet resistances were 
measured for the NSBS1 and NSBS2 samples with values 
of 1.17 × 105 and 5.44 × 104 Ω/sq., respectively. The hole 
carrier concentration for the NSBS2 sample (8.71 × 1015 
hole/cm−3) was greater than the hole carrier concentration 
for the NSBS1 sample (6.11 × 1015 hole/cm−3). In addition, 
the hole mobility in the NSBS2 was 1.88 × 102 cm2/V s, 
which is larger than that of the NSBS1 sample with a value 
of 6.1 × 101 cm2/V s. Generally, nonstoichiometric NiO is 
recognised to have hole conductivity due to the excessive 
amount of ionised  Ni2+ cationic vacancies and oxygen inter-
stitial defects [60]. The defect in the lattice is crucial for the 
sensing mechanism and plays important role to control the 
reaction rate of the sensor [61]. Based on the Hall measure-
ment results, it indicates that the NSBS2 sample has a higher 
number of  Ni2+ cationic vacancies and oxygen interstitial 
defects than the NSBS1 sample, which produced the higher 
p-type conductivity of the NSBS2 sample compared to the 
NSBS1 sample. It also reinforces that the NSBS2 sample has 
a higher  Ni3+/Ni2+ ratio than the NSBS1 sample. The rela-
tionship between the  Ni2+ cationic vacancies, oxygen inter-
stitial defects, and  Ni3+ in the NiO lattice can be expressed 
by the following equation [1]:

where NiX
Ni

 represents  Ni2+ ions at the lattice, Ni∙
Ni

 is the 
 Ni3+ ions at  Ni2+ site, O×

O
 represents  O2− ion at the lattice, 

and V′′
Ni

 denotes the  Ni2+ cationic vacancy. The gener-
ated  Ni3+ ions are acceptors, which influence the electrical 
properties of the NiO. Thus, a higher hole concentration is 
generated in the NSBS2 when higher  Ni2+ cationic vacan-
cies and  Ni3+ ions are created in the sample [62]. The  Ni3+ 
ions are reported to facilitate the sites for chemisorption of 
the hydroxyl groups, which plays an important role in the 
humidity sensing mechanism [63]. This result confirmed the 
XRD and optical results as discussed earlier. These results 
also indicate that the NSBS2 sample is a good p-type NiO, 
which has a low sheet resistance value as a result of its high 
hole carrier concentration and hole mobility. Therefore, we 
believe that the low sheet resistance of the films also plays 
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an important role to improve the current response of the 
humidity sensor.

Generally, the humidity sensing mechanism for this 
humidity sensor can be described in several stages. At 
an initial stage of low relative humidity (RH), the quan-
tity of water molecules available in atmosphere is very 
small. These water molecules are adsorbed and chemi-
cally react with the NSBS surface and form a chem-
isorbed monolayer. The attraction of water molecules 
was induced by the electrostatic interaction between  Ni3+ 
or  Ni2+ and  OH− ions. When the environment gets more 
humid, another layer of the water molecules is physically 
adsorbed on the chemisorbed monolayer. This condition 
is known as the physisorbed layer due to the formation of 
hydrogen bonds (chemisorbed  OH− layer and the oxygen 
atom of water molecules). The water molecules from the 
physisorbed layer are then decomposed into  H3O+ and 
 OH− ions because of the high electrostatic field on the top 
of the NSBS surface. The positive charge  (H+) from the 
hydronium ion  (H3O+) jumps from one water molecule to 
another continuously and becomes the source of electri-
cal conduction. The  H+ ions could hop or tunnel from one 
water molecule to another water molecule due to the high 
mobility of the proton in the water vapour. The conduc-
tion occurs by  H+ ions in the surface of the aqueous layer. 
This hopping incidence is called proton hopping and the 
mechanism is known as the Grotthuss chain. Thus, at this 
stage, the current signal of the humidity sensor increases 
due to the protonic conduction. The reaction at the phy-
sisorbed water layer as described by the Grotthuss chain 
can be shown as follows [64]:

At the stage of high RH level, the thickness of the phy-
sisorbed water layer increases and the reaction processes 
happen at a higher rate. Thus, more  H+ ions are generated 
at this stage to contribute a higher current signal due to the 
protonic conduction. At the very high humidity stage, huge 
amounts of water molecules are adsorbed in the crevices 
between the NSBS which induces capillary condensation 
[65]. At the same time, electrolytic conduction occurs 
simultaneously with the protonic conduction and attains 
an equilibrium state. During this stage, charge transport 
increases significantly to produce more current signals. As 
a result, the conductivity of the NSBS is enhanced signifi-
cantly. The conduction mechanism of humidity sensing for 
the NSBS samples is illustrated in Fig. 13.
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4  Conclusion

The growth of NSBS1, NSBS2, and NSBS3 samples on 
NiO seed-coated glass substrates was accomplished using a 
low-temperature immersion method. The grown NSBS sam-
ples were highly porous and their surfaces exhibited hollow 
structures with the presence of fine holes in a thin network 
series consisting of granular NiO nanoparticle structures. 
The nanoball-flower-like NiO, grown in the NSBS1–NSBS3 
samples, has diameter between 1.5 and 3.3 μm. The XRD 
patterns showed that all the NSBS samples have polycrystal-
line structures that corresponded to the face-centred cubic 
NiO. There are five diffraction peaks observed in the XRD 
patterns, which were indexed to (111), (200), (220), (311), 
and (222) planes. The lattice parameters d and a for the 
NSBS2 sample were the highest, with values of 2.1159 Å 
and 4.2317 Å, respectively, followed by NSBS1 (d: 2.1023 
Å, a: 4.2046 Å) and NSBS3 (d: 2.1154 Å, a: 4.2308 Å). 
As a consequence, this condition causes the NSBS2 sam-
ple to have a higher tensile strain and compressive stress 
than other samples, with values of − 4.22 GPa and 1.31%, 
respectively. The optical bandgap energy values for NSBS1, 
NSBS2, and NSBS3 samples were 3.75, 3.72, and 3.73 eV, 
respectively. The calculated bandgap energy values with 
NSBS2 < NSBS3 < NSBS1 correlated to the lattice expan-
sion discussed in the XRD results. The I–V measurement 
results showed that the NSBS2 sample exhibited the low-
est resistance value of 7.84 MΩ. The humidity sensing 
results revealed that the NSBS2 sample shows the highest 

sensitivity of 169 due to its excellent structural and electrical 
characteristics such as high lattice tensile strain, enormous 
surface area, low resistance, high hole carrier concentration, 
and hole mobility. In addition, NSBS3 also showed a good 
repeatability performance and sensitivity to different humid-
ity levels, ranging from 40 to 90% RH.
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