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Abstract: Excessive ethanol gas is a huge safety hazard, and people will experience extreme dis-
comfort after inhalation, so efficient ethanol sensors are of great importance. This article reports on
ethanol gas sensors that use NiO hollow spheres assembled from nanoparticles, nanoneedles, and
nanosheets prepared by the hydrothermal method. All of the samples were characterized for perfor-
mance evaluation. The sensors based on the NiO hollow spheres showed a good response to ethanol,
and the hollow spheres assembled from nanosheets (NiO-S) obtained the best ethanol gas-sensing
performance. NiO-S provided a larger response value (38.4) at 350 ◦C to 200 ppm ethanol, and it had
good stability and reproducibility. The nanosheet structure and the fluffy surface of NiO-S obtained
the largest specific surface area (55.20 m2/g), and this structure was beneficial for the sensor to adsorb
more gas molecules in an ethanol atmosphere. In addition, the excellent sensing performance could
ascribe to the larger Ni3+/Ni2+ of NiO-S, which achieved better electronic properties. Furthermore, in
terms of commercial production, the template-free preparation of NiO-S eliminated one step, saving
time and cost. Therefore, the sensors based on NiO-S will serve as candidates for ethanol sensing.

Keywords: NiO; hollow structure; nanosheets; gas sensing

1. Introduction

In the environment we live in, in addition to nitrogen and oxygen, there are also some
carbides and sulfides. Volatile organic compounds (VOCs) are common in daily life and
are used in glues for footwear, upholstery materials, detergents, and paints. According to
the survey, there are up to 300 kinds of VOCs in the indoor environment [1]. Hydrocarbons,
benzene, and ethers contained in VOCs will inflict irretrievable damage to the human
circulatory system, respiratory system, and heart. In addition, VOCs have been identified
as carcinogenic [2,3]. It is very important to develop gas sensors to protect human health.
In recent years, many scholars have devoted themselves to the research of gas sensors to
prevent people from being harmed by gases [4–6]. In particular, formaldehyde, which
we often say, is the biggest safety hazard in newly-renovated houses. Formaldehyde
in buildings can cause adverse reactions such as coughing, eye discomfort, headache,
etc. [5,7,8]. The World Health Organization (WHO) stipulates that the indoor formaldehyde
concentration should be below 82 ppb [9]. Ethanol is the most easily overlooked. Ethanol
with a concentration of 75% is used for disinfecting water. We can always smell a pungent
smell when disinfecting with ethanol. The excessive inhalation of ethanol will irritate the
nasal mucosa and eyes and will be accompanied by symptoms such as dizziness, headache,
and nausea [10–12]. In more severe cases, there may be damage to the liver [13]. Therefore,
it is necessary to develop ethanol sensors with excellent selectivity and good performance.

Among a variety of gas detection technologies, metal oxide semiconductors (MOS)
our superior due to their convenience of operation, high sensitivity, low cost, and good
stability [14–16]. Nickel oxide (NiO) is a widely used p-type semiconductor, which is used
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in supercapacitors [17], catalysts [18], photovoltaic materials [19], and battery materials [20].
NiO has the advantages of environmental friendliness, low cost, good repeatability, etc.,
so it is considered an important material for gas sensors [21–23]. In the applications
of gas sensors, NiO has been used to detect ammonia [24], hydrazine [25], NO2 [26],
H2S [27], etc. Despite the the above advantages, a fatal disadvantage of NiO is its poor
sensitivity. In view of this disadvantage, extensive research has been carried out on it,
including doping modification [28,29], forming PN heterojunction [30,31], and morphology
regulation. For example, Selvaraj’s team [32] successfully synthesized a ZnO/NiO acetone
sensor using electrospinning technology. When the ratio of Ni2+ and Zn2+ was 1:3, the
maximum response of the ZnO/NiO sensor at RT was 6.06, and the response/recovery
time was 28/34 s to 100 ppm acetone. Particularly, the detection limits were low, down to
1 ppm. Because of the increasing adsorbed oxygen species and the modulation effect of PN
heterojunction, the performance of the sensors is enhanced. In these studies, morphology is
the most basic condition. Whether it is doping or recombination, they are based on various
morphologies. In terms of the morphology regulation of NiO, various morphologies such
as nanosheets [33], nanorods [34], and nanospheres [35] have been reported. Among the
many morphologies, the hollow structure is considered to be promising [36]. Due to the
larger specific surface area, it is likely to have a larger gas response. However, the hollow
morphology of pristine NiO has rarely been reported in recent years.

In this paper, we reported the ethanol sensing performance of NiO hollow spheres
assembled from nanoparticles, nanoneedles, and nanosheets. These different NiO hollow
spheres were controlled by templates. As shown in the results, the NiO-S assembled using
nanosheets obtained the best sensitive performance. NiO-S provided a large response value
(38.4) at 350 ◦C to 200 ppm ethanol, and it had good stability and reproducibility. The
nanosheet structure and fluffy surface of NiO-S were beneficial for the sensor to adsorb
more gas in an ethanol atmosphere. In addition, the excellent sensing performance could
be ascribed to the larger Ni3+/Ni2+ of NiO-S, which achieved better electronic properties.
The differences between these three samples have been analyzed in terms of gas-sensing
mechanisms and Ni3+/Ni2+ ratios.

2. Experimental
2.1. Synthesis of NiO Hollow Spheres
2.1.1. Synthesis of NiO-P

First, 6.4 g glucose was dispersed in deionized (DI) water and then hydrothermally
reacted at 180◦ for 8 h. After the reaction, DI and ethanol were used to clean the obtained
precipitation. The slurry was dried at 60 ◦C for 8 h, and a brown product was collected.
Then, 0.2 g carbon balls were dissolved in 50 mL of DI water, and 1.2 g of NiCl2•6H2O was
added to the solution. The mixture was ultrasonically dispersed for 0.5 h and then stirred
at 85 ◦C for 0.5 h using a thermostatic magnetic stirrer. Then, 2.4 g of urea were introduced
into the mixture and continuously stirred for 3 h. The urea was hydrolyzed to generate
NH4

+, HCO3
−, and OH−. The OH− combined with Ni2+ in the solution to form Ni(OH)2.

After cooling to RT, the slurry was washed using DI and ethanol. The NiO hollow sphere
was obtained by calcining at 450 ◦C for 3 h. The NiO hollow spheres obtained here were
assembled from nanoparticles, so we named the sample NiO-P by taking the initial letter
“P” of the word “particle”. The same nomenclature was used for the other two samples.

2.1.2. Synthesis of NiO-N

First, 6 mL of deionized water, 12 mL of NH3·H2O, and 12 mL of ethyl orthosilicate
were sequentially added to 80 mL of isopropanol during stirring. After stirring for 4 h, the
precipitate was collected and washed to obtain clean SiO2. The SiO2 was soaked in 1 M HCl
and sonicated for 1 h, and then washed until neutral. The SiO2 was treated with APTES
to make it positively charged. Then, 0.6 g SiO2 was added to 30 mL of absolute ethanol
and ultrasonically for 30 min. Then, 1.4 g of Ni(NO3)2 was dispersed in the solution, and
then 3.6 g of urea was added. The mixed solution was stirred at 85 ◦C for 7 h. The powder
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was calcined at 450 ◦C for 4 h to obtain NiO spheres with an SiO2 template. The SiO2-NiO
was stirred in 2 M NaOH for 6 h and then left to stand overnight to remove the SiO2 to
obtain the NiO hollow spheres. The NiO hollow spheres obtained here were assembled
from nanoneedles, so we named the sample NiO-N by taking the initial letter “N” of the
word “needle”.

2.1.3. Synthesis of NiO-S

First, 2 mmol of NiCl2•6H2O, 24 mL of DI, 24 mL of water, and 10 mmol of urea were
introduced to a beaker in turn. After stirring for 20 min, the solution was maintained at
180 ◦C for 12 h to hydrothermally react. After the heat preservation, the obtained precipitate
was cleared, and the clean slurry was dried. Finally, the dried slurry was calcined at 400 ◦C
for 2 h. The NiO hollow spheres obtained here were assembled from nanosheets, so we
named the sample NiO-S by taking the initial letter “S” of the word “sheet”.

2.2. Characterization and Gas Sensor Measurement

The associated characterization tests were all consistent with our previous work [37].
The N2 adsorption–desorption measurements were performed (MicroActive 5.02), and the
specific surface area was calculated using the Brunauer–Emmett–Teller (BET) equation. The
fabrication of the sensor was based on an Al2O3 ceramic tube with parallel Au electrodes
and Pt wires (Figure 1a). There was a Ni-Cr alloy in the tube as a heater, which was
convenient for controlling the operating temperature. The obtained NiO powder was
dispersed in ethanol and ultrasonically treated to obtain a slurry. The slurry was then
coated on Al2O3 tubes, dried at 100 ◦C, and annealed at 350 ◦C for 1 h. The fabricated
sensor was welded to the test cavity and aged at 200 ◦C. The sensitive performance of
the sensor was tested using an intelligent gas-sensing test system (CGS-8 Beijing Ailite)
(As shown in Figure 1b). The gas distribution system evaporated the target gas with a
specific concentration in the reaction chamber. After the gas concentration was stable,
the gas sensing performance was tested. The humidity of the chamber was controlled by
simultaneously adjusting the flow rates of dry air and air moistened with pure water at
room temperature. The gas response in this paper was defined as the ratio of the sensor’s
air resistance to the target gas resistance, ie Rg/Ra. All of the tests were performed in an
environment with a humidity of 30%.
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3. Results and Discussion

X-ray diffraction (XRD) (PANalytical B.V., Almelo, The Netherlands) was used to
determine the crystal structure of the samples. Figure 2 shows the XRD pattern of NiO-P,
NiO-N, and NiO-S. The diffraction patterns of the three kinds of NiO showed no peaks
related to other compounds except NiO. It meant that the obtained samples were pure NiO.
All of their diffraction peaks matched the standard card (PDF#47-1049), and these peaks
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correspond to the (111), (200), (220), (311), and (222) planes of NiO. It could be seen that the
noise of the NiO-N diffraction pattern was relatively large, and the peaks corresponding
to the (311) and (222) crystal planes were inconspicuous because the crystallinity of this
sample was poor. On the other hand, the peaks of NiO-P and NiO-S were sharp, indicating
good crystallinity.
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A scanning electron microscope (SEM)(JEOL Ltd., Tokyo, Japan) was utilized to study
the surface micromorphology of the NiO hollow spheres. Figure 3 shows the SEM of
NiO-P, NiO-N, and NiO-S. It could be seen that all of the obtained NiO spheres were hollow.
Among them, the size of NiO-P was relatively non-uniform, and the diameter of the spheres
was 1–4 µm. At the same time, NiO-P was composed of many small particles, leading to a
porous structure on its surface. This porous structure facilitated the diffusion of gases. The
size of NiO-N was uniform, and the diameter of the spheres was ~1 µm. The surface was
smoother than NiO-P and NiO-S. The diameter of the NiO-S spheres was about 2 µm, and
the overall shape of the spheres was inapparent. Its outer shell was made up of densely
packed nanosheets, which enlarged the adsorption sites of gas molecules. Moreover, it is
beneficial to gas-sensing reactions. The different surface morphologies of NiO-P, NiO-N,
and NiO-S might greatly affect the sensitive performance of the gas sensors.

A transmission electron microscope (TEM)) (ThermoFisher Scientific, Waltham, MA,
U.S.) was used to further analyze the microscopic morphology of the NiO hollow spheres.
As shown in Figure 4a,b, the NiO-P was indeed composed of a large number of particles,
and the walls of the hollow spheres were thicker. From Figure 4c,d, it could be seen that
the surface of NiO-N was not smooth but consisted of upright nanoneedles with thin
hollow sphere walls. The NiO-S hollow spheres composed of nanosheets had the thickest
walls and the smallest hollow cavities, as shown in Figure 4e,f. To study the elemental
distribution of the samples, we tested their EDS pattern. Figure 5 depicts the energy
dispersive spectrometer (EDS) pattern of (a,b) NiO-P, (c,d) NiO-N, and (e,f) NiO-S. The
pattern showed that Ni and O elements were highly uniformly distributed.
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The X-ray photoelectron spectroscopy (XPS) (ThermoFisher Scientific, MA, U.S.) sur-
vey scans of the photoelectron peaks for NiO-P, NiO-N, and NiO-S are depicted in Figure 6.
Figure 6a–c show the diffraction peaks of O 1s, which were deconvoluted into three peaks,
respectively. The peaks of NiO-P were located at 529.5 eV, 532.1 eV, and 533.7 eV; the peaks
of NiO-N were located at 529.3 eV, 530.6 eV, and 532.2 eV; the peaks of NiO-S were located
at 529.5 eV, 531.2 eV, and 532.8 eV. The three peaks obtained by convolution corresponded
to lattice oxygen (OL), oxygen vacancy (OV), and chemisorbed oxygen (OC), respectively.
These oxygen species have been reported to be instrumental in gas-sensing properties [38].
OV affected the carrier concentration, resulting in changes in resistance [34]. In addition,
oxygen vacancies could also trap gas molecules, which meant more electron exchange,
resulting in a larger gas response. Table 1 shows the binding energies of O 1s of the three
convolution peaks. Figure 6d–f show the diffraction peaks of Ni 2P. The spectrum of Ni
2p could be convoluted into six peaks, and the two peaks around the binding energies
at ~863 eV and ~880 eV were satellite peaks of Ni. The convolution peaks at ~854 eV
and ~856 eV are the spin-orbit-coupling split peaks of Ni 2p3/2, corresponding to Ni2+

and Ni3+. The convolution peaks with binding energies at ~872 eV and ~875 eV are the
spin-orbit-coupling split peaks of Ni 2p1/2, which also correspond to Ni2+ and Ni3+. The
obtained results were consistent with the reference [39–41]. Table 2 depicts the binding
energies of Ni 2p. It has been reported that larger Ni3+/Ni2+ meant higher electronic
performance, leading to better gas sensing performance [42]. Table 3 depicts the ratio of
Ni2+ and Ni3+ of NiO-P, NiO-N, and NiO-S. The Ni3+/Ni2+ of NiO-P, NiO-N, and NiO-S
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were 0.94, 0.94, and 1.03, respectively. NiO-S obtained the largest ratio, which meant that
the best sensitivity performance could have been obtained.
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Table 1. The O 1s binding energy of NiO-P, NiO-N, and NiO-S.

Sample
Binding Energy (eV)

OL OV OC

NiO-P 529.5 532.1 533.7
NiO-N 529.3 530.6 532.2
NiO-S 529.5 531.2 532.8

Table 2. The Ni 2p binding energy of NiO-P, NiO-N, and NiO-S.

Sample Ni 2p3/2 (eV) Ni 2p1/2 (eV)

NiO-P 853.9 856.0 872.4 874.8
NiO-N 854.9 857.2 872.8 875.4
NiO-S 853.9 856.0 872.1 874.5

Table 3. The ratio of Ni2+ and Ni3+ of NiO-P, NiO-N, and NiO-S.

Sample Ni2+ Ni3+ Ni3+/Ni2+

NiO-P 36.75 34.76 0.94
NiO-N 35.87 33.68 0.94
NiO-S 34.29 35.39 1.03

To further investigate the specific surface area and porosity of the samples, N2
adsorption-desorption tests were performed. Figure 7 shows the N2 adsorption and
desorption isotherms and pore-size distribution curves (insert) of NiO-P, (b) NiO-N, and
NiO-S. From the figure, we could see that all three samples showed type IV in IUPAC type
with H3 hysteresis loop. By calculation, the specific surface areas of NiO-P, NiO-N, and
NiO-S were 29.75 m2/g, 49.35 m2/g, and 55.2 m2/g, respectively. The relevant data on the



Chemosensors 2022, 10, 341 8 of 14

specific surface area, mesopore volume, and the average pore size are presented in Table 4.
However, we could notice that NiO-N with the largest pore volume and average pore size
did not obtain the largest specific surface area. This might be because the two-dimensional
structure of NiO-S enabled it to obtain a larger surface area than the other two materials.
The high specific area increased the adsorption sites for oxygen and ethanol molecules,
making the material more responsive. Therefore, the NiO-S with the largest specific surface
area might possess the largest ethanol response.
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Table 4. The Surface area, pore volume and average pore size of NiO-P, NiO-N, and NiO-S.

Sample Surface Area (m2/g) Pore Volume (cm3/g) Average Pore Size (nm)

NiO-P 29.75 0.174 23.61
NiO-N 49.35 0.446 36.21
NiO-S 55.20 0.407 29.54

Figure 8 shows a schematic diagram of the formation process of NiO-P, NiO-N, and
NiO-S. During the preparation of NiO-P, carbon balls were used as templates. The urea was
hydrolyzed to generate NH4

+, HCO3
−, and OH− during the preparation. The generated

OH− combined with the Ni2+ in the solution to form Ni(OH)2, which was attached to the
carbon balls by coulomb force and grew. During calcination, Ni(OH)2 is oxidized to obtain
NiO. At the same time, the carbon balls were removed, and the NiO became hollow spheres.
During the preparation of NiO-N, SiO2 spheres were used as templates. The SiO2 treated
with APTES was positively charged, attracting Ni(OH)2 to adsorb on the SiO2 spheres. Due
to the influence of the positive charge, Ni(OH)2 grew into a nanowire shape in a certain
direction. Finally, the SiO2 sphere templates were etched by NaOH to obtain NiO hollow
spheres. During the preparation of NiO-S, no hard template was added. Under the action
of high temperature and high pressure, urea formed microbubbles, and Ni(OH)2 generated
by the reaction with Ni2+ and OH− was driven by the decreasing interface energy and
adhered to the surface of microbubbles. At the same time, adjacent Ni(OH)2 aggregated
to form sheets on the plane. Finally, the bubbles burst under high temperature and high
pressure to form NiO hollow spheres assembled by nanosheets.

Temperature is extremely important for gas detection. The occurrence of the gas-
sensing reaction requires additional energy to promote, and thermal energy is used as the
energy. Figure 9 shows the gas response of different NiO sensors to 200 ppm of ethanol at
150~450 ◦C. All three sensors exhibited a classic “volcano-like” curve. From 150 to 350 ◦C,
the gas response increased gradually with the increase in temperature. At 350 ◦C, the gas
response hit the top, indicating that 350 ◦C was the optimal working temperature of the
NiO hollow sphere sensors. At this time, the gas responses of NiO-P, NiO-N, and NiO-S to
100 ppm ethanol were 29.8, 34.4, and 38.4, respectively. When the temperature exceeded
350 ◦C, the gas response decreased gradually. This trend of rising first and then falling
was because, in the low-temperature region, the increased temperature provided more
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energy to promote the reaction, while in the high-temperature region, the temperature
simultaneously promoted the desorption of gas molecules, which reduced the gas response.
From the figure, we could draw the conclusion that the NiO hollow spheres assembled
from nanosheets had the largest gas response.
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Figure 10 shows the dynamic response curves of NiO-P, NiO-N, and NiO-S in (a–c)
the range of ethanol concentration from 10 to 90 ppm and (d–f) 100 to 700 ppm. All of the
samples showed good response/recovery characteristics, with short response/recovery
times. It was the fast detection of ethanol and resistance back to baseline. Figure 11 shows
the gas response of NiO at 350 ◦C as a function of the concentration range of 10~90 ppm
and the concentration range of 100~700 ppm. It could be observed that the gas sensors
based on three NiO hollow spheres exhibited the gas-sensing behavior of classical p-
type semiconductors. As the ethanol concentration increased, the responses of all of the
samples increased. In the region of high ethanol concentration, the relationship between
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concentration and gas response was almost linear. Compared with NiO-P and NiO-N, the
NiO-S assembled nanosheets exhibited a significantly higher gas response, consistent with
Figure 9. The gas response also did not flatten out when the ethanol concentration was
700 ppm. Furthermore, there was still a clear response at 10 ppm ethanol concentration.
This showed that the gas sensor of the NiO hollow spheres had a wide working range,
which was beneficial to the application of the sensors in various scenarios.
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Stability is crucial for the preparation of sensitive materials into devices, which is
related to the lifetime and performance stability of the devices. Figure 12 shows the
reversibility of (a) NiO-P, (b) NiO-N, and (c) NiO-S. We tested eight response–recovery
cycles for each sample. It could be seen that the NiO hollow spheres had good stability and
reproducibility, and the gas response values for eight cycles were almost unchanged. At
the same time, after the removal of ethanol gas, the gas response could still return to the
baseline position. Compared to other one-dimensional and two-dimensional structures,
this stability might be attributed to the spherical structure, which was relatively stable
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and not easily collapsed. This structural stability ultimately led to the stabilization of the
sensitive properties. The different surfaces of the spherical structures caused their gas
responses to be different.
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Table 5 lists the comparison of the gas response of the ethanol sensor obtained in this
study with the responses reported in other literature. This table shows that the sensors
obtained in this work outperformed previously reported NiO-based gas sensors. However,
our performance still fell short compared to other material-based sensors. In addition, our
operating temperature was not dominant, and the operating temperature was still high,
which is not conducive to low-cost gas detection. In future work, NiO hollow spheres can
be combined with other materials to maximize their advantages.

Table 5. Gas sensing performance of ethanol sensors based on different sensitive materials.

Materials Concentration (ppm) Temperature (◦C) Response Reference

Hollow sphere
NiO 100 350 38.4 This work

NiO 100 280 1.44 [43]
NiO 50 240 11.15 [44]

Fe-NiO 100 320 14.3 [45]
Au-NiO 100 200 2.54 [46]

NiO/In2O3 100 280 4.61 [43]
NiO/MXene 100 200 14.68 [47]
MoS2/TiO2 500 300 100 [48]

4. Gas-Sensing Mechanism

When the p-type NiO was placed in the air, the surrounding O2 adsorbed on the
semiconductor surface and reacted with it. After electron transfer, O2 became negatively
charged oxygen species (O2−, O−, O2

−), and a hole accumulation layer (HAL) was formed.
When NiO was placed in ethanol gas, the ethanol molecules exchanged electrons with
oxygen species, releasing electrons captured from the inside of the material. At this time,
the HAL of NiO became thinner, and the migration of electrons caused the resistance to
change. Figure 13 shows the schematic diagram of the gas sensing mechanism.

The hollow sphere with two reaction layers brought about a greater response to NiO,
while the inner cavity acted as a reaction chamber to promote the gas-sensing reaction. The
NiO hollow spheres studied in this paper had different surface morphologies, including that
the surfaces were nanoparticles, nanoneedles, and nanosheets. From the above discussion,
it could be known that the NiO hollow spheres assembled from nanosheets had the highest
gas response value, which was ascribed to the hierarchical structure of the nanosheets and
the largest specific surface area of NiO-S. The unique two-dimensional structure of the
nanosheets could attract more gas molecules to adsorb and react, and electrons could be
transported along the sheet surface. At the same time, the fluffy structure created conditions



Chemosensors 2022, 10, 341 12 of 14

for ethanol molecules to enter the interior. From the XPS results, NiO-S had the highest
Ni3+/Ni2+ ratio, and a higher ratio meant that more adsorbed oxygen reacted with NiO.
The electrons captured by oxygen oxidized Ni2+ to Ni3+, generating more electron holes
and leading to more excellent sensitivity performance [21]. For NiO-P, the boundaries of
the nanoparticles hindered the transport of electrons, resulting in a smaller gas response.
The nanoneedles of NiO-N provided transport channels for electrons, but their ability to
adsorb ethanol molecules was not as good as that of nanosheets. In conclusion, the NiO
hollow spheres assembled from nanosheets had the largest gas response value.
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5. Conclusions

This article reported the ethanol sensing performance of NiO hollow spheres assem-
bled of nanoparticles, nanoneedles, and nanosheets. Compared with other hollow spheres
synthesized in this study, the hollow spheres (NiO-S) assembled from nanosheets obtained
the best ethanol gas sensing performance. NiO-S provided a large response value (38.4) at
350 ◦C to 200 ppm ethanol, and it had good stability and reproducibility. The nanosheet
structure and fluffy surface of NiO-S were beneficial for the sensor to adsorb more gas in an
ethanol atmosphere. This structure brought the largest specific surface area (55.20 m2/g),
leading to more active sites for the adsorption of ethanol and NiO. In addition, the excellent
sensing performance could be ascribed to the larger Ni3+/Ni2+ of NiO-S, which achieved
better electronic properties. NiO-P and NiO-N also had high stability and could return to
baseline after cycling with little difference in gas response. Furthermore, in terms of com-
mercial production, the template-free preparation of NiO-S eliminated one step, saving time
and cost. Therefore, NiO-S-based sensors could serve as candidates for ethanol sensing.
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