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ARTICLE INFO ABSTRACT

Keywords: Xylene is a harmful and hazardous volatile organic compound (VOC) indoors, thus selective and sensitive de-
NiO/NiCr,04 tection for subppm-level xylene is crucial, however a remained challenge. In this work, p-NiO/p-NiCr,O4 na-
Xylene detection nocomposites were successfully synthesized through a simple hydrothermal route and used as sensing materials.
SeleCtiYity . In the comparative gas sensing test, the sensor fabricated from NiO/NiCr,04 (Cr/Ni = 25 at%) nanocomposite
I(—}I:;esr:i:(r:rcnon exhibited the highest response (66.2-100 ppm) to xylene, which was 37.2 times higher than that of the pure NiO

sensor. Moreover, the NiO/NiCr,0,4 nanocomposite gas sensor showed not only superior xylene selectivity with
low cross-responses to interfering gases such as ethanol (Syyiene/Sethanol = 11.8) and acetone (Sxyiene/
Sacetone = 10.2) but also ppb-level detection limit (1.2-50 ppb xylene) at 225 °C. The synergistic catalytic effect
between NiO and NiCr,0,4, optimized structural parameters and marked resistive variation due to the formation
of nanoscale p-p heterojunctions were regarded as the main reasons for the ultrasensitive and selective xylene

detection.

1. Introduction

Chemiresistive gas sensors using semiconducting metal oxides have
been put into practice for various uses and sensors based on n-type
semiconductors prefer to exhibit higher gas responses than p-type oxide
semiconductors with same morphologies [1]. However, the n-type
oxide semiconductors based sensors are still limited to detect several
gases owing to their low selectivity and significant humidity inter-
ference [2-4]. P-type oxide semiconductors, as the alternatives, are
used to fabricate gas sensors, solving some problems and giving better
gas sensing performance at moderate temperatures [5-7]. As we all
know, sensitivity and selectivity are chief indicators considered for the
gas sensors [8], although good selectivity is always a challenging issue
[9,10]. Various strategies have been reported to achieve selective gas
sensing [8,11-16], such as optimizing the sensing temperature and
loading/doping noble metal catalysts etc. The catalysts include noble
metals (Au, Pt, Pd etc.) and some metal compounds (NiO, Cr,03, Co30y,,
NiMoO4, NiWO,, NiCr,04 etc.), which generally reduce the working
temperature of a conductometric sensor for a specific gas and distin-
guish the target gas from others by the difference in sensitivity
[9,11,16-22].

The formation of hetero-nanostructures in the multicompositional
sensing materials is also an effective approach to enhance gas se-
lectivity by modulating the conduction near or across the hetero-junc-
tions and synergistic catalytic promotion of a specific sensing reaction
[9,19,20,23-25]. In order to make the best use of these benefits, it is
essential to form more hetero-interfaces between different sensing
materials with small particle sizes through uniform mixing, which can
be achieved in the preparation by using a proper physic-chemical route
[20]. According to the relevant researches, spinel-type NiCr,0, is a p-
type semiconductor [21] with general composition formula of AB5Oy,,
which is synthesized by some methods [26-32], such as hydrothermal
pretreatment and thermal treatment. And nickel chromite (NiCr,0y,) is
reported to use as magneto-dielectric material [33,34], anode material
for lithium ion battery [26,35], catalytic material [22,36] and sensing
electrode for gas sensor [37,38] etc. Through literature investigation,
the researches on NiCr,0O4 material were relatively less and incomplete
till now, and only a few papers reported its applications on gas sensors.
Additionally in most of the applications [37-41], the NiCr,O4 material
was used as sensing electrodes for YSZ or NASICON based gas sensors,
working at high temperatures and monotonously detecting some gas-
eous pollutants, especially NOy etc. And NiCr,0, based chemiresistive
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gas sensors were rarely reported for VOC gas detection working at
moderate temperatures.

As a representative and ubiquitous pollutant indoors, xylene is
commonly used as a solvent in the paint, rubber and leather industries
and can be found in the gasoline, cigarette smoke, building and dec-
orating materials etc. Xylene gas is known to cause environmental
pollution and some sick symptoms of people. The Center for Disease
Control and Prevention published that long-term exposure to 14 ppm
xylene and short-term inhalation of as low as 50 ppm xylene can cause
throat and eye irritation, fatigue, dizziness, headache and so on [19].
Therefore, it is significant for the effective xylene detection to develop
xylene gas sensors with excellent xylene sensing properties. Accord-
ingly in this work, NiO/NiCr,0O4 nanocomposites were obtained and
used to fabricate xylene gas sensors. And the NiO/NiCr;04 (Cr/Ni = 25
at%) based sensor exhibited superior xylene sensing performance,
showing high xylene sensitivity, low ppb-level detection limit and ex-
cellent selectivity to xylene gas.

2. Experimental
2.1. Preparation of the NiO/NiCr,04 and NiCr,04 samples

All the chemical reagents used in the hydrothermal reaction were
analytical grade. First, respectively measure 0.2, 0.5, 1, 1.5, 2 and
4 mmol of CrCl3*6H,0 and added them into their respective beakers
with 30 mL of deionized water. Then, successively add 2mmol of
NiCl,*6H,0 and 0.281 g of hexamethylenetetramine (HMT) into the
beakers. After 10 min’ magnetic stirring, add 2 mL of ethanolamine into
the mixed solutions with a pipette gun and keep the solutions stirring
for 20 min. Next, the uniformly mixed solutions were respectively
transferred to the 45 mL Teflon-lined stainless steel autoclaves, which
were then sealed and put into a hot oven with a constant temperature of
180 °C for 8h. When the stainless steel reactors cooled to room tem-
perature, centrifuge the resulting precipitates for five times with
ethanol and deionized water alternatively, then dry the products at
80 °C overnight in an oven. The final NiO/NiCr,O, nanocomposites
with Cr/Ni ratios of 10, 25, 50, 75 and 100 at% were obtained after
heat treatment at 500 °C for 3h in a muffle furnace. While the pure
NiCr;04 (Cr/Ni = 200 at%) sample was prepared after sintering for 2 h
at 1000 °C.

2.2. Preparation of the NiO and Cr,03 samples

In our experiment, pure NiO and Cr,O; samples, as contrastive
materials, were also synthesized by the similar hydrothermal routes. In
brief, singly measure 0.475g of NiCl,*6H,0O and 0.133 g CrCl3*6H>0
and add them separately into two beakers with 30 mL of deionized
water respectively. And the subsequent treatments to the solutions were
the same as those in the NiO/NiCr,0,4 preparation above.

2.3. Characterization

The morphologies of the obtained materials were characterized
using field emission scanning electron microscopy (FESEM, JSM-7500 F
JEOL) and transmission electron microscopy (TEM, JEM-2200FS JEOL).
And the analyses of energy dispersive X-ray spectroscopic (EDS) were
obtained from TEM attachment. The crystallinities and phases of the
samples were collected from X-ray diffraction analysis (XRD, Rigaku D/
Max-2550) with Cu Ka radiation (A = 1.541 Io\; 40kV, 350 mA). The
composition analyses were obtained from X-ray photoelectron spec-
trograph (XPS) with Mg-Ka X-ray (1253.6 eV Specs XR50). The pore
size distributions and surface areas were measured using the Brunauer-
Emmett-Teller method (BET, Micromeritics Gemini VII apparatus) with
N, adsorption-desorption.
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2.4. Fabrication and measurement of gas sensor

The chemiresistive gas sensor is mainly composed of four parts: 1. A
4 mm long ceramic tube (internal diameter: 0.8 mm, external diameter:
1.2 mm), where a pair of gold electrodes with four Pt wires have been
installed originally. 2. Sensing material layer (thickness: "42 pm) on the
surface of ceramic tube. Taking the NiO/NiCr,O4 (Cr/Ni = 25 at%)
based sensor as an example here. Mix the obtained powder with deio-
nized water to form a slurry and coat the slurry uniformly on the whole
surface of the ceramic tube. Then put the well-coated tube in the muffle
furnace heating at 500 °C for 3 h in air. 3. A Ni-Cr alloy coil heater, it
was inserted through the well-coated and sintered ceramic tube, con-
trolling the working temperature via the flowing current. 4. A hexagon
base, which supported the well-coated and sintered ceramic tube
through welding. After ageing, the as-prepared sensors were tested
through the static test system at a laboratory conditions (20 °C, 10%
RH). The detailed descriptions about the sensor architecture and sen-
sing-test system were shown in our previous works [42,43]. The
changing resistances were collected as sensor signals and the ratio (Rg/
R,) between resistances in target gas (R,) and fresh air (R,) is defined as
gas response for the p-type gas sensor. Moreover, the times needed for
the sensor resistance to achieve 90% of the total saturation changes
were defined as the response and recovery times after the sensor was
put in the target gases and fresh air, respectively.

3. Results and discussion
3.1. Structural and morphological characteristics

XRD patterns of the prepared NiO/NiCr,O4 nanostructures with
different Cr/Ni ratios of 10-100at% and the pure NiCryO, (Cr/
Ni = 200 at%) are shown in Fig. S1. Obviously in Fig. Sla, two phases
of NiO and NiCr,04 were observed in all the NiO/NiCr,O, nanos-
tructures and the NiCr,O4 peaks were enhanced while NiO peaks
weakened with the increasing Cr/Ni ratios (10-100 at%). And a single
phase of NiCr,04 was found in Fig. S1b, indicating the formation of
pure NiCr,O,4. Besides, the XRD patterns of NiO, Cr,Os; and NiO/
NiCr,04 (Cr/Ni = 25 at%) are shown in Fig. 1. The NiO and Cr,0;
samples matched well with the standard NiO (Fm-3 m, JCPDS No. 73-
1519) and Cr,03 (R-3c, JCPDS No. 82-1484) patterns respectively, and
no other-phase peaks were detected. And the sharp and intensive dif-
fraction peaks of the pure NiO sample indicated its large crystallite size
and high crystalline quality [44]. As for the NiO/NiCr,04 (Cr/Ni = 25
at%) XRD pattern shown in Fig. 1b, besides the five obvious NiO
characteristic peaks, other characteristic peaks of another phase were
also observed, which were indexed to the (220), (311), (422) and (511)
crystal planes of NiCr,O4 (Fd-3m, JCPDS No. 75-1728) respectively.
Thus the as-obtained NiO/NiCr,0,4 materials were proved to be com-
posited by NiO and NiCr,04 phases through the XRD analyses.

To further confirm the compositions of the obtained materials, XPS
analyses of all the samples are shown in Fig. 2. Clearly in the XPS
survey spectrum (Fig. 2a and d), the signals of Ni, Cr and O elements
were observed in the NiO/NiCr,0,4 nanostructures with Cr/Ni ratios of
10-100 at% and the pure NiCr,0,4 sample, no signal of Cr was found in
the NiO and no signal of Ni was found in the Cr,O3 sample as well. In
the Fig. 2b and e of Ni 2p spectra, the peaks located around 855.3 and
873.2 eV were assigned to Ni 2p3,» and Ni 2p;» of Ni2* [22,26]. Ad-
ditionally from the Cr 2p spectra shown in Fig. 2¢ and f, Cr 2p3,, and Cr
2py 5 of Cr 3% peaked near 576.5 and 586.2 eV, respectively [22,26].
Accordingly, the XPS results further confirmed the existence of NiO,
Cr,03 and NiCr,04 phases, indicating the formation of the pure samples
and NiO/NiCr,0,4 composites in this work.

The morphologies of the as-prepared pure Cr;03, NiO, NiCr,04 and
NiO/NiCr,04 (Cr/Ni = 10-100 at%) samples are shown in Fig. 3. Ob-
viously, from the high-resolution SEM images of Cr,O3 (Fig. 3a) and
NiO (Fig. 3b) samples, both of Cr,O; and NiO nanostructures were
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Fig. 1. XRD patterns of the obtained (a) NiO, (b) Cr,05 and NiO/NiCr,04 (Cr/
Ni = 25 at%) nanostructures.

assembled from many nanoparticles with uniform particle sizes
("40 nm). Fig. 3c-g show the high resolution morphologies of the NiO/
NiCr,04 nanocomposites with Cr/Ni ratios of 10, 25, 50, 75 and 100 at
%, respectively. It could be found that all the NiO/NiCr,O,4 samples
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showed irregular nanostructures, which were assembled from many
small NiO and NiCr,04 nanoparticles. Besides, similar characterization
result could be obtained from the SEM image of the pure NiCr,O4
sample (Fig. 3h) that it was also assembled from many NiCr,O, nano-
particles.

TEM characterization was also applied for further investigation.
Fig. 4a-c are the TEM images with different resolutions of the pure NiO
sample. Obviously the NiO nanostructure was assembled from many
nanoparticles with uniform particle sizes ("40 nm), which showed a
same morphology in the SEM image (Fig. 3b). And from the high-re-
solution TEM (HRTEM) image shown in Fig. 4c, clear lattice fringes
with a spacing of 0.244nm were observed on a NiO nanoparticle,
corresponding to the (111) lattice plane of NiO nanostructure. From the
STEM and elemental distribution images of NiO in Fig. 4d-f, both O and
Ni elements were detected and their distributions were nearly the same,
indicating the formation of uniform NiO nanoparticles. The similar
discussions were also applied to the NiO/NiCr,04 (Cr/Ni = 25 at%)
sample and typical TEM and HRTEM images of this NiO/NiCr,04 na-
nocomposite are shown in Fig. 4g-i. Many small nanoparticles were
found in Fig. 4g, and the particle sizes of these uniform nanoparticles
were measured about 8 nm in Fig. 4h. Moreover, two kinds of lattice
fringes with spacing of 0.213 (marked orange) and 0.256 nm (marked
green) were found clearly in Fig. 4i, which were attributed to the NiO
(200) and NiCr,04 (311) lattice planes, respectively. And these findings
are consistent with the XRD results presented in Fig. 1b. The nano-
composite was also investigated by STEM (Fig. 4j) and elemental
mapping (Fig. 4k-m). All the three elements (O, Ni and Cr) were de-
tected and uniformly distributed over the nanoparticles. It could be also
found that the signal of Cr element was weaker than that of O and Ni,
indicating that the content of Cr was relatively less. And all the results
obtained from TEM analyses above further indicated that the NiO/
NiCr,04 nanocomposite was uniformly assembled from many small NiO
and NiCr,O4 nanoparticles.

3.2. Gas sensing characteristics

Comprehensive gas-sensing tests of our obtained materials were
carried out and shown in this section. First, comparative tests among
the six sensors based on the NiO/NiCr,0,4 nanostructures with different
Cr/Ni ratios of 10-100 at% and the pure NiCr,O4 (Cr/Ni = 200 at%)
were performed and the results are shown in Fig. 5. Compared with
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Fig. 2. (a, d) XPS survey scan, (b, e) Ni 2p and (c, f) Cr 2p XPS spectra of all the obtained NiO/NiCr,04 nanostructures with different Cr/Ni ratios of 10-100 at% and
the pure samples, respectively.
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Fig. 3. SEM images of the obtained (a) Cr,0s3, (b) NiO and NiO/NiCr,0,4 nanostructures with different Cr/Ni ratios of (c) 10 at%, (d) 25 at%, (e) 50 at%, (f) 75 at%,
(g) 100 at% and (h) pure NiCr,O4 (Cr/Ni = 200 at%) nanostructure, respectively.

Fig. 4. TEM and elemental mapping images of prepared (a-f) NiO and (g-m) NiO/NiCr,04 (Cr/Ni = 25 at%) samples.
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different Cr/Ni ratios of 10-100 at% and the pure NiCr,O4 (Cr/Ni = 200 at%).

other five sensors in Fig. 5a, the sensor based on the NiO/NiCr,04
sample with a Cr/Ni ratio of 25 at% exhibited much higher sensitivities
to 100 ppm xylene at 200-300 °C and showed the highest xylene sen-
sitivity (66.2) at 225 °C. Fig. 5b shows the selectivity of the sensors
among six VOC gases. Obviously, the NiO/NiCr,04 (Cr/Ni = 25 at%)
based sensor showed superior xylene selectivity against other inter-
fering gases. Response-concentration properties of all the six sensors are
depicted in Fig. 5c. Clearly the xylene response of the NiO/NiCr,04 (Cr/
Ni = 25 at%) based sensor fiercely increased with the increasing xylene
concentration. And to a same concentration of xylene, the NiO/NiCr,04
(Cr/Ni = 25 at%) based sensor showed the highest response among all
the six gas sensors. According to the results above, the sensor based on
the NiO/NiCr,0,4 sample with a Cr/Ni ratio of 25 at% exhibited the best
xylene sensing performance among all the sensors based on materials
with different Cr/Ni ratios. Therefore the following sensing tests and
discussions were mainly concentrated on the NiO/NiCr,O4 nanos-
tructure with a Cr/Ni ratio of 25 at%.

As shown in Fig. 6a, responses to 100 ppm xylene of NiO, NiO/
NiCr;04 (Cr/Ni = 25 at%) and Cr,03 based gas sensors increased first
and then decreased with temperature increasing, showing relatively
lower optimal operating temperatures (225 °C) for the three sensors.
Obviously, the NiO/NiCr,0,4 (Cr/Ni = 25 at%) based gas sensor showed
much higher gas responses to 100 ppm xylene than those of the pure
NiO and Cr,03 sensors at 175-275 °C, for example, exhibiting a 37.2
times higher xylene response of 66.2 at 225 °C compared with the un-
modified NiO sensor. And at their optimal operating temperatures
(225°C), selectivity among six VOC gases (xylene, acetone, ethanol,
methanol, formaldehyde and benzene) was tested in Fig. 6b. It was
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clear that the sensor based on NiO/NiCr,04 (Cr/Ni = 25 at%) nano-
composite displayed a much higher response and better selectivity to
xylene than to other target gases. In contrast, the sensor based on pure
NiO exhibited negligibly low responses to all six analyte gases
(1.03-1.78), nearly no selectivity at all. As selectivity is a chief in-
dicator of gas sensor for its practical application [8], further research
results on selectivity are shown in Fig. 6¢ and d. Gas responses of the
NiO/NiCr,04 (Cr/Ni = 25 at%) gas sensor to six VOC gases at different
operating temperatures are depicted in Fig. 6¢, showing a reliable xy-
lene selectivity among interfering gases in a wide temperature range
centered at 225 °C. Moreover, the cross-selectivity of the sensor to other
VOCs gases was also analyzed and shown in Fig. 6d. The response ratios
of xylene to ethanol (Syyiene/Sethanot) and acetone (Syiene/Sacetone) Were
calculated and plotted as the function of the working temperature.
Significantly, the NiO/NiCr,04 (Cr/Ni = 25 at%) gas sensor showed
superior xylene selectivity against other interfering gases, giving high
response ratios to ethanol (Syyiene/Sethanol =11.8) and acetone (Syyiene/
Sacetone = 10.2) at 225°C. Fig. 6e shows the response curves of the
three sensors to various concentrations of xylene and compared with
the sensors based on pure materials, the NiO/NiCr,04 (Cr/Ni = 25 at%)
nanocomposite based gas sensor exhibited rapidly increased gas re-
sponses even at the lower xylene concentrations. And the NiO/NiCr;04
(Cr/Ni = 25 at%) based gas sensor gave a response of 1.2-50 ppb xy-
lene (Fig. 6f), indicating its low subppm-level detection limit. Accord-
ingly, the NiO/NiCr,04 (Cr/Ni = 25 at%) based gas sensor showed
superior xylene cross-selectivity, high gas response and low detection
limit, indicating its potential application for selective and sensitive
xylene detection.
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Furthermore, the dynamic response-recovery transients of the sen-
sors are displayed in Fig. 7. It was apparent that all the resistance curves
stepwise increased with the increasing xylene concentrations (Fig. 7a-
c). And the NiO/NiCr,04 (Cr/Ni = 25 at%) gas sensor showed good
response-recovery performance even in the subppm-level xylene gas
(Fig. 7d), giving a low detection limit (50 ppb). Additionally in Fig. 7e,
the response and recovery times were tested in 100 ppm xylene gas and
measured to be 1217 and 591 s respectively. The response-recovery
times were relatively longer, because long time was needed for the
NiO/NiCr,04 sensor to reach saturation, which resulted from the low
reactivity of methyl benzenes [7,17] and the nanoparticle-aggregated
configuration [45]. However, it could be found that the NiO/NiCr,O4
sensor showed a faster speed to xylene at the first several minutes upon
exposure to xylene gas, even though it did not reach the saturated gas
response (766.2). And in the practical detection, ultrahigh or saturated
gas response was generally not the necessary requirement, thus the
NiO/NiCr,04 sensor could exhibit relatively faster response speed ac-
tually. For example, after exposure to 100 ppm xylene for 3 min (the
green point in Fig. 7e), the NiO/NiCr,0, sensor showed a relatively
higher response of 16.9 with a shorter 90% response time of 156 s, both
of which were satisfactory and acceptable indicators for practical xy-
lene detection. Additionally, the NiO/NiCr,04 (Cr/Ni = 25 at%) gas
sensor was tested continuously in the laboratory condition for 30 days,
the collected resistance and response values were plotted in Fig. 7f.
Obviously, the initial resistances at 225 °C and xylene (100 ppm) re-
sponses varied in small ranges around respectively 2.6 MQ and 64.2
during the tested 30 days. These results demonstrated that the NiO/
NiCr,0,4 based xylene sensor had good long-term stability, which might
result from the stable configuration assembled uniformly by fine na-
noparticles as well as the thermally stable spinel-type NiCr,0, structure
[21,36,46].

Water vapor interference was considered here, as the resistance
curve of the NiO/NiCr,0,4 (Cr/Ni = 25 at%) gas sensor to 100 ppm of
xylene at 10% RH, 225 °C was discussed before in Fig. 7e, thus only
three transient curves at 30, 60 and 90% RH are shown in Fig. 8a. Their
response and resistance values were marked out (Fig. 8a) and their
relation curves are shown in Fig. 8b and c, respectively. Clearly, the
resistance increased and response decreased with the increasing RH,
which could be explained by the competition for pre-adsorbed oxygen
species between target gas and water vapor [1]. Although water vapors
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had some negative effects on the gas sensing performance, the NiO/
NiCr,04 (Cr/Ni = 25 at%) gas sensor still showed higher gas responses,
even a relatively higher response (43.6-100 ppm xylene) at high 90%
RH, which was acceptable for real applications.

Here, a comparison among the xylene gas sensors based on various
materials [9,10,19,20,47-54] was made and shown in Table 1. It could
be concluded that our NiO/NiCr,04 (Cr/Ni = 25 at%) gas sensor in this
work showed superior xylene sensing properties than most of the re-
ported xylene sensors, exhibiting lower working temperature, higher
gas response, low detection limit and excellent selectivity etc. Inter-
estingly, the sensing materials used in most of the reported xylene gas
sensors consist of one or two catalytic materials, such as catalytic me-
tals (Au, Ag, Pd etc.) and some metal compounds (NiO, Cr,03, Co304,
NiMoO,4, NiWO,, NiCr,0O,4 etc.). Moreover, owing to the synergistic
catalytic promotion, the sensing materials compounded of two catalysts
prefer to exhibit excellent xylene sensing performance, especially su-
perior selectivity, such as reported NiO/NiMoO,4, NiO/NiWOy,, Cro03/
ZnCr,04 materials [9,19,20] and the NiO/NiCr,04 composite in this
work. So catalytic promotion may be a considerable factor for xylene
detection, which has positive effect on xylene-sensing performance,
although more detailed and systematic studies are necessary to confirm
this.

3.3. Gas sensing mechanism

As we all know, the enhanced sensing performance always resulted
from the co-effect of multi-factors [5,8,55], thus in this section, the
mechanism for the ultrasensitive and highly selective xylene sensing
performance was discussed in detail from multiple aspects. The particle
size was first considered here, because a move to smaller particles can
significantly increase the sensitivity of a sensor on the basis of the ex-
perimental and theoretical evidence, especially when the particle sizes
were comparable to or smaller than twice the hole accumulation layer
thickness (tyar) [5,20,55]. As shown in TEM images, the particles of the
NiO/NiCr,04 (Cr/Ni = 25 at%) composite and pure NiO sensing ma-
terials were measured to be "8 and “40 nm, respectively. Clearly the
average particle size of NiO/NiCr,0O4 composite ("8 nm) was compar-
able to 2tya; and significantly smaller than that of NiO particles
("40 nm), which could effectively promote the variation of resistance,
thus exhibiting high sensitivity. Moreover, the uniform particle size
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Ni = 25 at%) sensor as a function of test days.

("8 nm) of NiO/NiCr,04 (Cr/Ni = 25 at%) composite was exactly in the
reported diameter range (1-10 nm), where the maximum of sensitivity
appeared [55].

Furthermore, gas-accessible mesoporous structure with large sur-
face area also has positive effect on the sensing properties [9]. N, ad-
sorption-desorption curves and pore size distributions of the NiO and
NiO/NiCr,04 (Cr/Ni = 25 at%) materials are shown in Fig. 9, similar
characterization results of obtained samples with other Cr/Ni ratios are
depicted in Fig. S2. As shown in Fig. 9e and f, abundant mesopores with
a peak pore size of 23.87nm and high specific surface area (99.8
m? g~ 1) were founded in the NiO/NiCr,0, (Cr/Ni = 25 at%) compo-
site, which were much higher than those (2.57 nm and 23.7 m?g~!) of
the pure NiO sample (Fig. 9b and c). According to the textural para-
meters summarized in Table 2, the average pore volume of the NiO/
NiCr,04 (0.57 cm® g’l) with Cr/Ni = 25 at% was also much higher than

that of the pure NiO (0.06 cm® g_l). Based on these BET results above,
the NiO/NiCr,0,4 composite showed a mesoporous structure with much
larger surface area, pore size and pore volume compared with those of
the NiO sample. Accordingly, this kind of structure could provide suf-
ficient adsorption sites on the surface of NiO/NiCr,O, material and
facilitated gas transfer, which was crucial for the interactions between
sensing material and target gas, thus promoting the gas response
[9,19,45].

The formation of NiCr,O4 or the composite between NiO and
NiCr,0,4 also plays important effects on promoting the gas response.
NiO material is known to perform p-type semiconductivity [19] and
NiCr,0y, is also a p-type semiconductor [21]. Thus more nanoscale p-p
heterojunctions existed across the interfaces of the small NiO and
NiCr,0, nanoparticles in the intimately and uniformly mixed NiO/
NiCr,04 composite (seen in TEM analyses). Actually the p-p
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heterojunctions across the interfaces could be regarded as adjustable
resistors with high resistances, because the potential barrier heights
would shift owing to the charge transfers and showed different re-
sistances in different gases and temperatures. As for the resistive gas
sensors at micro level, conduction was accomplished through charge
carrier’s transfer among the connected grains [56], exhibiting re-
sistance simultaneously. According to the theoretical and experimental
evidences in reported literatures and this work [21,32,57-59], the band
gaps of NiO and NiCr,0,4 were respectively about 3.4 and 1.7 eV and the
pure NiO showed higher conductivity at high temperatures, its re-
sistance at 225°C ("4.3 KQ) was much lower than that of NiCr,O,4
material ("2.7 MQ) as well as the resistances of p-p heterojunctions
between NiO and NiCr,O4 nanoparticles. Thus in this configuration of
NiO/NiCr,04 composite, where small NiO and NiCr,0, nanoparticles
intimately and uniformly mixed together, charge transfer among the
NiO grains was selected as the major conduction channel in this com-
posite, owing to its much lower resistance. And the nanoscale p-p
heterojunctions between NiO and NiCr,O, nanoparticles played reg-
ulatory roles in modulating carrier concentration and thickness of the
conduction channels (HAL) near the NiO surfaces.

In order to explain well, schematic diagrams of the gas-sensing

mechanism are shown in Fig. 10. On the basis of SEM (Fig. 3d), TEM
(Fig. 4h) images and above analyses, the NiO/NiCr,04 configuration
intimately and uniformly mixed by NiO and NiCr,O,4 nanoparticles is
shown in Fig. 10a. And Fig. 10b shows a selected area on the surface of
the nanoparticle-aggregated configuration, where a probable conduc-
tion channel along low-resistance NiO particles was marked out with
red arrows. This kind of conduction was similar to the situation in our
previous work [60], where its sensing mechanism was thoroughly dis-
cussed, thus a simplified discussion was shown here. Fig. 10c and d
respectively show the conduction situations in fresh air and in xylene
gas. For the NiO/NiCr,O4 composite in fresh air, hole accumulation
layer (HAL) formed around the surface of p-type NiO, and this HAL
shell served as the conduction channel owing to its higher conductivity
than that of inner core [5]. Moreover, hole depletion layer (HDL)
formed near NiO surface underneath NiCr,O, particle, which had a
contrary impact on the carrier concentration from HAL, so the re-
sistance of NiO/NiCr,O4 nanocomposite was higher than that of pure
NiO. When the composite was in xylene gas, electrons would be re-
leased back from gas-oxidation reaction to p-type semiconductors,
breaking the dynamic carrier balance between NiO and NiCr,O4 par-
ticles and increasing the material resistance. Accordingly, with extra

Table 1
Comparison of xylene sensing properties among gas sensors based on different sensing materials.
Materials T (°C) Conc. Rg/R, or Ry/Rg Detection limit Sxylene/ Sethanol Ref.
(ppm) (ppm)
NiO/NiMoO,4 nanocomposite 400 5 101.5 0.02 5 [9]
5 at% Cr-doped 139 5 6.4 1.15 "6 [47]
Co304
NiO/NiWO, composite 350 5 343.5 70.02 10.5 [19]
Ag@SnO,, core-shell particles 300 5 16.2 — — [48]
Cr»03/ZnCr,04 nanocomposite 275 5 69.2 0.25 26.7 [20]
0.6 at% Pd-doped WO3H,0 230 200 55.5 0.1 — [49]
2 at% W-doped NiO 375 200 8.7 “15 "2.8 [50]
2.04 wt% Au-loaded a-MoO3 250 100 22.1 0.5 4.4 [51]
10 wt% a-Fe,03/ 260 100 13.5 — "1.9 [52]
Bi,WOg¢
3 at% Sn-doped NiO 225 100 20.2 0.3 “3.4 [53]
1 at% Y-doped a-MoO3 370 100 28.3 5 "3.1 [10]
0.4 wt% Co-doped ZnO 320 100 14.8 — "3.6 [54]
NiO/NiCr,04 nanocomposite 225 100 66.2 0.05 11.8 This work
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respectively.

electrons injected into NiO particles, the hole concentration decreased
and the conduction channel (HAL) would get thinner especially in the
area underneath the widened hole depletion layer (HDL). In this way,
the transfer of conduction carrier was blocked in some way, sig-
nificantly increasing the sensor resistance [5,23,43]. Namely that the
narrowed conduction channel in xylene gas could cause huge en-
hancement in resistance of the NiO/NiCr,O4 composite, which was
responsible for the ultrasensitive gas detection (high gas response and
low detection limit).

The high gas response resulted from the explanations above, how-
ever these analyses could not well explain the superior xylene se-
lectivity. NiO is a good catalyst, promoting the adsorption of methyl
radicals and oxidizing xylene [9,61]. Meanwhile NiCr,O, is also known
to be a catalyst for the oxidative dehydrogenation of hydrocarbons such
as propane and methane [22,58]. According to the reported researches
[9,19,20,25], the gas-sensing reactions can be synergistically promoted
through combining two different catalytic sensing materials. Because,
the reaction intermediate formed by one catalytic material can further
react with or be dissociated by the other adjacent catalytic material in
the two-catalyst coexisted sensing material, which can significantly
promote the entire gas-sensing reaction. Moreover, it is essential for the
maximized promotion to form nanoscale connection among their grains
of the catalytic materials, namely the nanoscale sensing material with
uniformly mixed configuration by fine catalytic grains is needed for the
great synergistic catalytic promotion [9,20]. Note that the higher sur-
face area of small catalytic particles also has beneficial effect on

Table 2

Textural parameters of the prepared pure and compounded sensing materials.

promoting the gas-sensing reaction on the surface. And on the basis of
XRD, TEM and BET characterizations before, our obtained NiO/NiCr,0,4
(Cr/Ni = 25 at%) nanocomposite showed the consistent configuration
with these benefiting conditions. Accordingly, the high gas response
and superior selectivity to xylene of the NiO/NiCr,O, nanocomposite
was attributed to the synergistic catalytic promotion of the xylene-
sensing reaction, owing to the intimate and uniform mixing between
the fine NiO and NiCr,0O4 nanoparticles.

4. Conclusions

In this paper, NiO/NiCr,04 nanocomposites were successfully syn-
thesized and well characterized by XRD, XPS, SEM, TEM and BET
techniques. The NiO/NiCr,0, (Cr/Ni = 25 at%) sensing material with
large surface area and high mesoporosity had a uniformly mixed con-
figuration by many small NiO and NiCr,O, nanoparticles, showing not
only a high xylene response (66.2-100 ppm) but also a low ppb-level
detection limit (1.2-50 ppb). Additionally, this gas sensor exhibited
excellent xylene sensitivity with low cross-responses to various inter-
fering gases, giving high response ratios to 100 ppm ethanol (Syiene/
Sethanol =11.8) and acetone (Syyiene/Sacetone = 10.2) at 225°C. The
ultrasensitive and selective xylene detection of the NiO/NiCr;O, gas
sensor was attributed to the optimized structural parameters (small
grain size, large surface area and high mesoporosity), marked resistive
variation due to the formation of nanoscale p-p heterojunctions and the
synergistic catalytic promotion of xylene-sensing reaction assisted by

Samples BET surface area Pore Volume Average pore size
(m?g™h) (em®*g™h (nm)

Pure NiO (Cr/Ni = 0 at%) 23.7 0.06 10.5

NiO/NiCr;04 (Cr/Ni = 10 at%) 64.9 0.71 43.7

NiO/NiCr;04 (Cr/Ni = 25 at%) 99.8 0.57 22.7

NiO/NiCr,04 (Cr/Ni = 50 at%) 82.2 0.50 241

NiO/NiCr04 (Cr/Ni = 75 at%) 55.0 0.51 37.1

NiO/NiCr;04 (Cr/Ni = 100 at%) 49.5 0.56 45.0

Pure NiCr,04 (Cr/Ni = 200 at%) 6.6 0.02 10.8

313



H. Gao et al.

a

N

Sensors & Actuators: B. Chemical 284 (2019) 305-315

d

In xylene gas

In fresh air

Q

HDL HAL
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the uniformly mixed NiO and NiCr,O, nanoparticles.
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