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ARTICLE INFO ABSTRACT

Keywords: Although extensive studies have been carried out on n-type semiconductors for room-temperature gas sensor

NiO applications, some intrinsic problems remain. Therefore, other interesting attempts should be adopted to solve

NO, sensor these issues, like p-type semiconductors. Previous studies have demonstrated that p-type semiconductor gas

Room temperature sensors exhibit better selectivity and less humidity dependence due to the distinctive oxygen adsorption and

Visible light irradiation surface reactivity. Visible light is used as the external activation source to accelerate the sensing kinetics instead
of heating. Stoichiometric NiO cannot absorb visible lights. Inspired by the works of black TiO,, we adopted
three methods to prepare black NiO. XPS characterizations reveal that the presence of Ni®* ions leads to the
formation of black NiO. However, not all black NiO samples show good responses to NO, at room temperature.
Three main routes: synthesizing specific morphology with large specific surface area and porosity, introduction
of Ni** ions and oxygen vacancies, are needed to get the enhanced sensing performance. The black NiO samples
with large specific surface area and oxygen vacancies and Ni®" ions show obvious response towards ppb-level
NO, with visible light irradiation at room temperature. Furthermore, light wavelength is found to play a vital
role in the sensing characteristics, and blue light is the optimal choice. Different from traditional NiO sensors
operated at high temperatures exhibiting superior response to reducing gases, the black NiO show excellent
selectivity towards oxidizing gas, ppb-level NO,, at room temperature illuminated by blue light. In contrast with
n-type semiconductors, the black NiO samples also exhibit less humidity dependence.

1. Introduction

In the past decades, semiconductor gas sensors have attracted con-
siderable attention as a result of many advantages, such as high sensi-
tivity, low cost, easy integration, etc [1-3]. Most efforts were focused
on the n-type semiconductors for gas sensor applications, such as SnO,
Zn0O, WOs3, In,03, TiO,, etc [4-8]. More than 90% publications were
concentrated on the research of the gas sensors fabricated by n-type
semiconductors [9]. However, till now, some problems of n-type
semiconductor gas sensors still exist that is difficult to be solved, like
the selectivity and humidity dependence. As a consequence, other at-
tempts should be made to investigate other semiconductor materials for
providing new gas sensors with enhanced sensing performance. Kim
and Lee [9] supposed that p-type semiconductors were good candidates
for fabricating highly sensitive gas sensors, which has many merits,
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such as better selectivity, less sensitive to humidity, and enhanced re-
covery rate. Among the p-type semiconductors, NiO is the most pro-
mising material and has received widespread attention, due to its
availability, nontoxicity, chemical and biological stability.

Traditional NiO gas sensors are operated at elevated temperatures
ranging from 200 °C to 600 °C to obtain acceptable gas sensing prop-
erties. At high temperatures, NiO based gas sensors have been reported
to be good candidates for detecting reducing gases, like H,, NHs,
HCHO, xylene, toluene, acetone, etc [10-17]. For instance, Turgut et al.
reported that the pristine NiO film deposited by RF sputtering showed
good response to ppm-level H, at 600 °C [10]. As well known, mor-
phology plays a vital role in selectivity, Li found that the NiO nanowires
exhibited remarkable selectivity to HCHO at 200 °C [11]. Apart from
adjusting morphology, doping is also a good route to tune selectivity.
For example, Lahem et al. reported the strong influence of NiO
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synthesis routes on the gas sensing performance towards ppb-level of
formaldehyde [16]. Gao et al. demonstrated that hierarchical Sn-doped
NiO synthesized by a hydrothermal method displayed superior response
towards ppm-level xylene at 300°C [12]. In addition, noble metal
sensitization also can be used to manipulate the sensing behaviors.
Chen et al. found that the Pt-NiO prepared by RF sputtering was sig-
nificantly sensitive to ppb-level NH3 at 300 °C [13].

However, high-temperature semiconductor gas sensors are facing
many issues, such as high power-consumption, thermally-induced grain
growth, detection risks in inflammable and explosive gases [18]. The
sintering and diffusion effect at the grain boundaries at high tempera-
tures will result in grain growth, which adversely affects the long-term
stability [19]. In addition, high working temperature also requires
special substrates that can withstand high temperature, normally using
rigid substrates like ceramics and eliminating the use of flexible sub-
strates, which increases the design complexity and operating cost.
Therefore, it is imperative to fabricate room-temperature gas sensors.
To the best of our knowledge, room-temperature NiO gas sensors are
seldom reported so far. Nevertheless, previous studies are found that
the sensing behaviors of metal oxides are very poor at room tempera-
ture, especially the response and recovery speed [20,21]. Consequently,
other external excitation energies instead of heating are desired to ac-
celerate the reaction kinetics. Adopting light irradiation is a feasible
method to enhance the response and recovery kinetics process [22,23].
However, the wide bandgap of NiO of 3.6-4.0 eV (depending on the
synthesis method and crystallinity) does not allow to use cheap LED's
working in the visible range, so efficient strategies should be adopted to
extend the light absorption range. Enlightened by the black TiO, which
effectively widens the light absorbing range, black NiO may be a good
solution to enlarge the light absorption region [24].

Furthermore, surface states play an important role in the sensing
performance [25]. There are six types of predominant defects, i.e.,
metal interstitial, metal vacancy, metal antisite, oxygen interstitial,
oxygen vacancy, and oxygen antisite [26]. Metal interstitial and oxygen
vacancy are donor defects, while metal vacancy and oxygen interstitial
are acceptor defects. Oxygen vacancies can remarkedly enhance the
surface reactivity, and are said to be preferential sites for oxidizing
gases, which in turn improve the selectivity of metal oxides [21-23,27].
As a result, incorporating oxygen vacancies into NiO may enhance its
selectivity towards oxidizing gases.

Besides, morphology also has a crucial influence on the sensing
performance, involving sensitivity, selectivity, etc [2,3,8]. Adjusting
morphologies mainly affect two factors, including specific surface area
and exposed facets. Increasing specific surface area can greatly increase
the adsorption site numbers. The surface reactivity is highly associated
with facets according to the simulation and experimental results [28].
So synthesizing metal oxides with exposed facets favoring the reaction
and large specific surface area is a good route to improve the sensing
performance.

In this study, two synthesis methods, i.e., precipitation, and a hy-
drothermal method, have been used to prepare black NiO with rich
oxygen vacancies and well-defined morphologies. XRD, XPS and
UV-Vis techniques were used to characterize the samples and found
that the reason for black color of those samples is the presence of Ni**
ions. In addition, the presence of abundant Ni®* ions and oxygen va-
cancies have positive effects on the sensing performance. The NiO
samples with well-defined morphology, rich Ni®** ions or highly con-
centrated oxygen vacancies exhibit a remarkable response to ppb-level
NO, at room temperature with visible light irradiation. Different from
the NiO sensors at high temperatures, the samples prepared in this
study has no response to reducing gases at room temperature, which
exhibits a better selectivity. Therefore, this study provides a new way to
prepare room-temperature gas sensors with enhanced sensing perfor-
mance using p-type semiconductors.
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2. Experimental method
2.1. Synthesis of NiO samples

Three kinds of NiO samples were synthesized by different methods,
hydrothermal method from nickel nitrate, and two precipitation
methods from nickel malonate and nickel sulfate precursors.

2.1.1. Synthesis of Sample 1 (abbreviated as S1)

S1 was prepared by a hydrothermal method. 0.7 g Ni(NO3)>6H>0
and 0.5 g Polyethylene glycol 6000 (PEG 6000) are dissolved in 45 mL
of DI water under vigorous stirring at room temperature. Subsequently,
2.5 mL triethylamine N(C,Hs)5 is added to the above system dropwise
and stirred for 50 min. The obtained mixture is then transferred into a
Teflon-lined stainless steel autoclave, and maintained at 140 °C for 12 h.
After cooling to room temperature naturally, the product is filtered,
washed several times with distilled water and ethanol for several times,
and dried in vacuum at 80 °C for 12 h. Finally, the synthesized powders
were calcined at 400 °C for one hour.

2.1.2. Synthesis of Sample 2 (abbreviated as S2)

S2 was prepared by a precipitation method from nickel malonate
((CH3CH>COO),Ni). The malonate ligand is used as the precipitating
agent to synthesize NiO. Ten mmol lithium hydroxide was added to
5 mmol malonic acid until the pH was adjusted to 7. Afterward, the
nickel chloride aqueous solution was added to the above solution
dropwise with continuous stirring at 90°C for 3h under reflux.
Subsequently, the precipitate was filtered and washed with DI water,
isopropanol and acetone, respectively. The product was dried at
70-80 °C, and then calcined at 500 °C to obtain the final sample.

2.1.3. Synthesis of Sample 3 (abbreviated as S3)

S3 was prepared by the precipitation method from nickel sulfate
(NiSO,4). 5.2 mmol nickel sulfate was first dissolved in 80 mL DI water.
After that, 0.083 mol urea was added to the above solution, and the
mixture solution put at 80 °C for 4 h. The product was filtered, washed
with DI water and absolute ethanol several times. Finally, the synthe-
tized powders were dried, and calcined at 400 °C for one hour.

2.2. Sample characterization

The crystal structure and phase constitutions of the NiO samples
where determined by Multi-Functional X-ray Diffractometer (XRD, D8
Advance, Bruker AXS, Germany). The detailed information of elemental
valence for all the samples was acquired by X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250Xi, Thermo Scientific, USA). Field-emis-
sion scanning electron microscopy (FE-SEM, S4800II, Hitachi, Japan)
was used to observe the surface morphology. UV-Vis diffuse reflectance
spectrophotometer (Cary5000, Varian, USA) was utilized to record the
light absorption properties of all the NiO samples.

2.3. Sensor preparation and gas sensing test

The prepared NiO powders were mixed with terpineol to form a
homogenous paste, and then the paste was screen printed on the
commercial alumina sensor substrates (C-MAC Micro Technology
Company, Belgium). Afterward, the sensor was dried at 70 °C, and then
heated at 400 °C to remove the terpineol. The gas sensing tests were
performed in a home-made gas sensing measuring system. LED lamps
with different wavelengths were installed in front of the NiO sensors.
The details can be found in [20-23].
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Fig. 1. X-ray diffraction patterns of the black NiO samples (insert: the photos of
the black samples).

3. Results and discussion
3.1. Sample characterization and gas sensing tests

Normally, the color of stoichiometric NiO is green. However, all the
samples prepared in this study are black (the insert in Fig. 1). Detailed
characterization was performed in order to identify the phase con-
stitution and structure of the NiO samples. Fig. 1 shows the XRD pattern
of all the samples in the range of 20-80°. Five obvious diffraction peaks
situated at 37.16°, 43.27°, 62.50°, 75.08° and 79.17° are clearly ob-
served for all samples. These peaks respectively correspond to (111),
(200), (220), (311) and (222) crystal planes of NiO with face-centered
cubic structure (JCPDS 78-0428) [29]. It is interesting to notice that the
(200) plane of S1, S2 and S3 are respectively located at 43.26°, 43.22°,
and 42.88°, indicating that there is angle shift in the as-prepared sam-
ples. The phenomenon of angle shift maybe attributed to the surface
defects, which needs other technique to confirm, such as XPS.

XRD results just can offer the phase composition and crystal struc-
ture, however, they cannot provide more information about the valence
states of elements. XPS is such a technique that can gain more insights
of the elements of Ni and O. The binding energies were calibrated by
Cls at 284.6 eV, and the Shirley background was subtracted from the
XPS spectra. Fig. 2 depicts the surface core level spectra of Ni2p and
O1s. The Ni2p core level spectra of all samples are similar, as shown in
Fig. 2(a). Ni2p orbital has shown four peaks situated at ca. 855eV,
861.3 eV, 872.8eV and 879.1 eV assigned to Ni2p;,5, Ni2p3,, satellite,
Ni2p; 5 and Ni2p; /» satellite [10]. It is worth noting that the Ni2p3,,
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spectrum is overlapped by two shoulders of 853.5eV and 855.5eV
corresponding to Ni?* (N) and Ni** (Nj), respectively [30]. As a
consequence, the intensity ratio of N3(In3) and Ny(Iy2) can reflect the
relative content of Ni®* in NiO samples. The intensity ratio (Ins/In2) is
respectively 0.964, 0.909, and 0.985 for S1, S2 and S3, indicating all
the samples involve Ni®* ions, and the amount of Ni*>* ions is in the
sequence of S3, S1, and S2. Inspired by the hydrogenated black TiO,,
introducing Ti®** into TiO, causes its color turns from white to black
[24]. The color change of NiO in this study also can be attributed to the
incorporation of Ni*™ ions. Fig. 2(b) shows the high-resolution spectra
of Ols, which exhibits a doublet shoulder at energies of 529.1 eV and
531.1 eV (respectively abbreviated as O, and Oy) [21-23]. The forma-
tion of O, peak is attributed to the lattice oxygen of stoichiometric
nickel oxides, while Oy, is ascribed to oxygen vacancies. Similar to Ni
element, the intensity ratio of O, and O, (Iop/Ioa) also can directly
reflect the oxygen vacancy concentration. The ratio (Iop/Io,) of S1, S2
and S3 is respectively 1.038, 0.807 and 0.656, indicating S1 has the
highest oxygen vacancy concentration. Combined with XRD and XPS
results, it can be inferred that S3 has largest amount of Ni*, while S1
possess the highest oxygen vacancy concentration.

Apart from chemical compositions, morphology is well known to
play a vital role in the sensing performance. Fig. 3 shows the FE-SEM
images of all the samples with the same magnification. S1 exhibits a
well-defined morphology of hexagonal nanodisks with size ca. 30 nm.
S2 shows a layered structure accumulated by spherical nanosized grains
with size ca. 25nm, and S3 is also a layered structure made of na-
nosheets with size ca. 30 nm. In addition, S2 and S3 are far less porous
than S1. The porous structure can provide more adsorption sites and gas
diffusion channels, which is beneficial to improve the gas sensing
characteristics.

The target in this work is to develop room-temperature NO, gas
sensors, so all the samples are tested at room temperature, as shown in
Fig. 4. It can be observed that all the samples exhibit almost no response
to 5ppm NO, at room temperature in the dark. Our previous studies
also found similar phenomena for other n-type semiconductors
[20-23]. For instance, the sensing properties of ZnO and WO3 towards
ppm-level NO, are very poor. In order to get a response, the surface has
to be “activated” by bringing energy to make the surface reactions
happen. The mechanisms will be detailed in the following section.
Usually, metal oxides are activated by heat and work at high tem-
perature (typically in the range of 150-350 °C). Here, light is the source
of energy and the effect of the light activation will be studied for these
three samples.

Accordingly, light absorption range of the sensitive materials is very
essential for light-activated gas sensors. However, the band gap of
stoichiometric NiO is ca. 3.6 eV. Thus, in principle, stoichiometric NiO
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Fig. 3. FE-SEM images of the black NiO samples of (a) S1 (b) S2 (c) S3.
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Fig. 4. Sensing resistance of the black NiO samples to 5ppm NO, at room
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Fig. 5. UV-Vis spectra of the black NiO samples.

just can absorb light with wavelength less than 354 nm and 337 nm.
Fig. 5 illustrates the UV-Vis spectra of all samples at the wavelength
ranging from 250 nm to 800 nm. It can be observed that all the samples
absorb in the whole visible and UV region. The light absorption in-
tensity of all samples is in the sequence of S3, S1 and S2, which is well
in line with the amount of Ni®* ions. The color of Ni»O3 is known to be
black, and that of NiO is green. As observed in the XPS spectra, all the
samples contain Ni*>*, which turns the color of the samples from green
to black, and extends to the whole visible spectrum. The light absorp-
tion range of NiO is increases monotonously with Ni** ion concentra-
tion.

As well known, the photon energy depends on the light wavelength
according to the equation: E = hc/A. So, it is necessary to study the

effect of light wavelength on the sensing performance. Fig. 6 plots the
response of all samples towards 372 ppb NO, with visible light irra-
diation of different wavelength. Relevant results, like sensitivity, re-
sponse time, and recovery time are summarized in Tables 1-3. From the
testing results above, several conclusions can be drawn.

First, even under the same light illumination, all samples have dif-
ferent base resistance, and follow in the sequence of S2, S1, S3. The
resistance of S1 and S2 is almost the same, while that of S3 is much
lower, which is two orders of magnitude smaller, which is contrary to
the UV-Vis spectra results. The more photon energy absorbed by the
materials, the more carriers are generated, which leads to lower base
resistance.

Second, the sensing performance of S1 is much better than S2 and
S3. S2 and S3 almost exhibit no response to ppb-level NO,, while S1
shows obvious response to 372 ppb NO,, with visible light irradiation at
room temperature in terms of sensitivity, response time and recovery
time. For example, the sensitivity for S1, S2, S3 under blue light acti-
vation are respectively 31.04%, 1.89%, and 5.22%. Besides, the re-
sponse time of S1 is 13.2 min, while the counterparts of S2 and S3 are
very slow more than 30 min. The reason for the improved performance
of S1 is predominantly attributed to well-defined morphology, large
specific surface area, a high concentration of Ni** ions and oxygen
vacancy. The morphology of hexagonal nanodisks is said to enhance the
surface activity [31], which can greatly accelerate the surface reactivity
process. According to the XPS spectra, S1 has the highest oxygen va-
cancy concentration and second highest concentration of Ni** ions.
Oxygen vacancies are reported to be preferential adsorption sites for
NO, molecules, so large concentrations of oxygen vacancies can sig-
nificantly increase the adsorption site density and improve the sensing
properties. Based on [32], incorporating Ni®* into NiO can remarkedly
enhance the sensing characteristics due to the synergistic effect be-
tween Ni2* and Ni®*, which can facilitate and promote the adsorption
behaviors of acceptor gases on NiO. As a consequence, the black NiO
just enable the visible light absorption, however, not all the black NiO
possess excellent room-temperature NO, sensing properties with visible
light irradiation. Other parameters, including rich oxygen vacancies,
special morphology, and large specific surface area are required to
improve the room-temperature NO, sensing properties of black NiO
with visible light stimulation at room temperature.

Third, light wavelength plays a crucial role in the sensing perfor-
mance. In order to analyze and describe the effect of light wavelength
clearly, the data of S1 is selected and shown in Fig. 7, and Table 4. As S2
and S3 give no response, they were not further studied. It can be ob-
served that the base resistance decreases when the wavelength reduces
from red to purple light. Furthermore, the sensitivities, response time,
and recovery time are reduced with the decrease in wavelength. For
instance, the sensitivities of S1 are respectively 88.94%, 53.33%,
31.04%, and 24.21% ranging from red to purple light. The response
time is respectively 20.8 min, 17.6 min, 13.2 min, and 14.1 min. It is
worth to note that the response and recovery time obtained by the blue
light is shorter than that of purple light. Similar results are also found
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Fig. 6. Electrical resistance of the black NiO samples versus 372 ppb NO, illuminated by visible lights with different wavelengths at room temperature.

Table 1

Sensor response ((Rair/Rno2-1) X 100%) of the black NiO samples to 372 ppb
NO, under visible light illumination with different wavelengths at room tem-
perature.

Samples Red light Yellow light Blue light UV light

S1 88.94% 53.33% 31.04% 24.21%

S2 2.99% 2.85% 1.89% 1.01%

S3 9.24% 6.84% 5.22% 2.03%
Table 2

Response time (minutes) of the black NiO samples to 372 ppb NO, under visible
light illumination with different wavelengths at room temperature.

Samples Red light Yellow light Blue light UV light

s1 20.8 17.6 13.2 14.1

S2 > 30 > 30 > 30 > 30

S3 > 30 > 30 > 30 > 30
Table 3

Recovery time (minutes) of the black NiO samples to 372 ppb NO, under visible
light illumination with different wavelengths at room temperature.

Samples Red light Yellow light Blue light UV light
S1 > 60 > 60 29.1 31.7

S2 > 60 > 60 > 60 > 60
S3 > 60 > 60 > 60 > 60

for WO3 [33] and ZnO [20-23]. Moreover,
taken place with purple light stimulation via:
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Fig. 7. Sensing behaviors of S1 towards 372 ppb NO, with visible light acti-
vation of different wavelengths at room temperature.

NO + O3 = NO, + O, 3

These reactions would reduce the adsorption and desorption rate of
NO, species, which slows down the response and recovery process. As a
consequence, blue light is the optimal source to achieve the best sensing
performance at room temperature.

Fig. 8 displays the electrical resistance of all samples versus the NO,
concentration of 57 ppb, 180 ppb, and 372 ppb with blue light illumi-
nation at room temperature. The analyzed results are listed in Table 5.
S1 shows obvious response towards 57 ppb, 180 ppb, and 372 ppb NO,
activated by blue light at room temperature. The detection limit is as
low as 57 ppb. Besides, the sensor response increases linearly with NO,
concentration, as shown in the insert of Fig. 8.

For room temperature gas sensors, it is well known that humidity
variations can have a big impact on metal oxide sensors. So, it is
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Table 4
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Sensing characteristics of S1 to 372 ppb NO,, under visible light illumination with different wavelengths.

Wavelength (nm) Light color Rair (Q) Sensor response (Rair/Rno2-1) X 100% Response time (min) Recovery time (min)
640 Red 7.41 x 10° 88.94% 20.8 > 60
580 Yellow 6.26 X 10° 53.33% 17.6 > 60
480 Blue 4.99 x 10° 31.04% 13.2 29.1
380 uv 4.11 x 10° 24.21% 14.1 31.7
10 1200 Table 6
1 Effect of humidity on the base resistance of the black NiO samples with blue
’g 3 N——  \—3 1000 light illumination at room temperature.
= | 35 =
S . 2 1 s Samples 0% (Ohm) 100% (Ohm)
Py b 2 3T % measuring data 500 =
] 2 fetng curve — sl 5 s1 4.92 x 10° 1.25 x 10°
Sk 2 N " ) T g 52 5.57 x 10° 3.26 x 10°
B S & 4600 = s3 1.05 x 10° 6.74 x 10*
L i 315 S3 S
= £ % Y=0.06X+8.40, R’= 0.999 1 8
2 | gmnw {400 §
£ s oo o0 o0 au ey, ) <. summarized in Table 6. The resistance of n-type semiconductors always
Q d 50 100 150 200 250 300 350 400 9 O . T . . . .
25 NO, concentration (ppm) p 00 2 decreases with the humidity increasing. Different with n-type ones, the
10° — resistance of p-type ones, especially S1, increases in the initial stage and
3 then reduces with further increasing humidity. For instance, the re-
C . : L S — 0 sistance of S1 increases when humidity changes from 0% to 10%, as the
0 60 120 180 240 300

Time (minutes)

Fig. 8. Electrical resistance of the black NiO samples to 57 ppb, 180 ppb, and
372 ppb NO, with blue light irradiation at room temperature, insert: the fitting
curve of response and NO, concentration. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Table 5
Sensor response ((Rair/Rno2-1) X 100%) of the black NiO samples to 57, 180 and
372 ppb NO, with blue light illumination at room temperature.

Samples 57 ppb 180 ppb 372 ppb
S1 11.60% 19.94% 31.04%
S2 0.37% 1.26% 1.89%
S3 1.89% 3.51% 5.22%

important to follow the influence of humidity on the resistance of the
sensors. In contrast with n-type ones, p-type semiconductors are said to
be less moisture sensitive, Fig. 9(a) shows the effect of humidity on the
electrical resistance of all the samples, and relevant results are
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umiaity

humidity further increasing, the resistance decreases. When humidity is
low, water molecules will dissociate into hydroxyl, and give electrons to
NiO. The produced electrons would recombine with holes, increasing
the resistance according to the equation below:

2H,0 + Oy = 40H + e @

)

Besides, water molecules occupy part of the adsorption sites, so less
oxygen species adsorb on the surface, which also decreases the hole
concentration and increases resistance. When humidity further in-
creases, Grotthuss mechanism (also known as proton hopping) dom-
inates the reaction process, which reduces the resistance via:

e +h" =null

H,O0 + H" = H;0™" (6)

In addition, the resistance variation is highly associated with the
samples. Those samples which exhibit remarkable response to NO,, gas,
like S1, are also sensitive to water molecules. The resistance of S1 re-
duces by two-thirds. Nevertheless, S2 and S3 are less sensitive to not
only NO, gas, but also humidity. This allows us to conclude that the
morphology of these samples is not favorable for gas adsorption and gas

(b) 107

100%

gas out

0%

Electrical resistance (Ohm)

1 04.

200
Time (minutes)

Fig. 9. (a) Effect of humidity on the base resistance of the black NiO samples; (b) Electrical resistance responses of S1 to 372 ppb NO, with relative humidity of 0%,
50% and 100% under blue light irradiation at room temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 10. Selectivity of S1 towards 372 ppb NO,, 5ppm NHj, 5ppm HCHO,
5 ppm CH3CHO, and 1000 ppm H, irradiated by blue light at room tempera-
ture.

response. Compared with the influence of humidity on resistance of n-
type semiconductors, for example, ZnO is often used as the humidity
sensor application [34,35], humidity has a much smaller effect on re-
sistance of the samples prepared in this study. Fig. 9(b) illustrates the
gas response of S1 towards 372 ppb NO, with relative humidity of 0%,
50% and 100% under blue light illumination at room temperature. S2
and S3 almost exhibit no response to 372 ppb NO,, which are not shown
herein. The trend of electrical resistance variation is consistent with
Fig. 9(a). Besides, the sensitivity decreases with humidity increasing.
When humidity changes from 0%, 50% to 100%, the sensitivities are
respectively 36.6%, 31.04% and 29.8%. When humidity increases from
0% to 100%, the sensitivity decreases 18.6%. Therefore, humidity has a
negative effect on the NO, sensing response, which leads to a lower
sensitivity. The reduction of gas response should be attributed to the
decrease of adsorption sites occupied by water molecules.

Traditionally, selectivity is an important issue for metal oxide gas
sensors [36]. Fig. 10 illustrates the gas sensing response of S1 towards
several kinds of interfering gases apart from NO,, such as 5 ppm NHs,
5 ppm HCHO, 5 ppm CH3;CHO, and 1000 ppm H,, with blue light illu-
mination at room temperature. It can be found that the response of S1
to NO, is at least four times higher than those towards other gases. As a
consequence, the prepared NiO sensors show good selectivity to ppb-
level NO, irradiated by blue light at room temperature.

3.2. Gas sensing mechanism

As a typical p-type semiconductor, the gas sensing mechanism of
NiO is completely different from n-type semiconductors. Hole is the
majority carrier, and the electrical resistance of NiO is positively cor-
related to the hole concentration. The adsorption of acceptor gases, like
0, and NO,, will increase the hole concentration and thus reduce the
electrical resistance. When NiO samples are exposed in air, O, mole-
cules would adsorb on the surface and form O, species by taking
electrons from the surface via:

Oy + € =0y (@]

Then, a hole accumulation layer (HAL) region is created near the
surface, as depicted in Fig. 11(a). The HAL layer at the shell has low
resistance, while the core region is highly resistive, so conduction
predominantly takes place along the near-surface HAL region. How-
ever, if the bulk conductivity is high (large sub-stoichiometry or large
grain), the surface effect becomes negligible.

Considering the wide bandgap of nickel oxide, the generation of
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charge carriers in the dark at room temperature for intrinsic NiO is very
small. To get electron exchanges between the gas and the strong
semiconductor interaction are needed, involving as a consequence,
chemisorption of the species. At room temperature, the adsorption-
desorption phenomena dealing with chemisorption are usually slow
energy has to be brought. Moreover, in the case of p-type semi-
conductors, the adsorption of oxidizing gases is not favored because
holes are the majority carriers and the adsorbed species must extract
the electron from the valence band (the conduction band is almost
empty). Even high concentrations of acceptor gases are injected and
adsorbed on the surface, a small part of injected gases can extract
electrons from the surface to create a small number of chemisorbed
species, which finally leads to a low sensitivity. Therefore, the sensing
properties of stoichiometric NiO is supposed to be very bad due to the
very low electron concentration. Consequently, external excitation en-
ergies, like light illumination, are required to activate NiO to generate
more electrons that can participate in the surface reactions. On account
of the incorporation of Ni** ions, the prepared black NiO samples can
absorb all the photon energies of visible lights. Upon illumination with
visible light, electron-hole pairs are formed. The generated electrons
can be more easily captured by adsorbed oxidizing gases. In air, Oy
species can be chemisorbed on the surface by taking electrons, which
increases the thickness of HAL layer (Fig. 11(b)). When NO, is injected,
NO, molecules will occupy the free adsorption sites to capture electrons
to create NO,™ species to further increase the thickness of HAL region
through, as displayed in Fig. 11(c):

NO,; + € = NOy 8

It increases the thickness of conductive region, and in turn decreases
the electrical resistance. Consequently, light illumination has a double
effect, it speeds up the reactions and increases the amount of adsorbed
NO, molecules.

Besides, theoretical calculations and sensing experiments have de-
monstrated that oxygen vacancies can enhance the surface reactivity,
and are preferential sites for oxidizing gases [37,38]. Zeng et al. found
that the presence of oxygen vacancies would decrease the adsorption
energy, increase the electron transfer between ZnO and NO, using DFT
calculation. Qin et al., also found a similar phenomenon for WO3 to-
wards NO,. The interactions between oxygen vacancy sites and NO,
happen via:

V5 + NOy =V, + NOy ©)
V; + NO, = V" + NOy (10)

The binding force between oxygen vacancy sites and NO, gas mo-
lecules are stronger than that of perfect surface and gas molecules. It
further widens the HAL layer and decreases the resistance, which re-
sults in a higher sensitivity.

4. Conclusions

Three synthesis methods were used to prepare black NiO samples to
extend the visible light absorption range due to wide bandgap.
Semiconductor of NiO absorbs only UV lights. The NiO samples exhibit
a color of black owing to the presence of high concentrations of Ni**
ions, and UV-Vis absorption spectra show that all the black NiO sam-
ples have strong absorption in the whole visible light region. The black
NiO samples with special morphology, large specific surface area,
abundant Ni** ions and rich oxygen vacancies exhibit good response
towards ppb-level NO, activated by visible lights at room temperature.
The detection limit of the samples towards NO, is as low as 57 ppb. The
sample synthesized by hydrothermal method using nickel nitrate as the
precursor possess highly concentrated oxygen vacancies, and shows a
well-defined morphology of hexagonal nanodisks with larger specific
surface area and porosity. The incorporation of abundant Ni** ions and
oxygen vacancies, as well as specific morphology and large specific
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Fig. 11. Schematic of the gas sensing mechanism of the black NiO samples.

surface area contribute to excellent room-temperature NO, gas sensing
performance with visible light stimulation. In addition, light wave-
length also plays an important role in the sensing properties, in terms of
base resistance, response and recovery speed. The black NiO samples
show less humidity dependence and are better selectivity towards NO,
gas compared with n-type semiconductors.
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