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A highly sensitive xylene sensor based on Cr-doped NiO nanotubes was presented, which was prepared

using an electrospinning process. The responses of the sensors were investigated using a static system.
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We found that the sensors based on the Cr-doped NiO nanotubes exhibited a high response towards

50 ppm xylene, with a response of about 88, which was about 63 times higher than that of pure NiO
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1. Introduction

Xylene is widely used in the field of building, in adhesives,
paints, and as an antiseptic."™ However, xylene causes great
damage to human health, and it was ascribed as the main
reason for sick-house syndrome, eye irritation, headache and
fatigue.>” The occupational safety and health administration
(OSHA) suggest the permissible exposure limits for xylene is
100 ppm in an 8 hour period.® Therefore, detection of xylene is
important for personal safety and environmental sustainability.
Although some equipment such as gas chromatography-mass
spectrometry and fluorescence spectroscopy can be used to
measure the concentration of xylene,”® these analyses
requiring expensive and complex equipment aren't suitable for
in situ monitoring. Thus, there is a strong demand for simple
and portable xylene sensors with good sensing properties.

In recent years, gas sensors based on semiconductors have
attracted significant attention for harmful and explosive gas
detection.”** Nickel oxide (NiO) is a kind of p-type semi-
conductor, which is widely used in the field of gas sensing.">*>'¢
In recent years, some approaches have been studied to enhance
the gas sensing performance of NiO.”7'® Among these
methods, many researchers have confirmed that doping alio-
valent metal oxides is a promising approach to improve gas
sensing performance*>* and we have found that NiO nano-
tubes doped with W can enhance the gas sensing properties
towards xylene and methanol, which has a response of about
8.74 to 200 ppm xylene.>® Chromium oxide (Cr,03) is a kind of p-
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nanotubes. The results obtained for the sensing properties indicate that the gas sensors based on Cr-
doped NiO nanotubes are promising for monitoring air-quality and environmental pollution.

type semiconductor, which is widely used as a dopant to
enhance the response of gas sensors. For example, N. Al-Hardan
doped Cr into ZnO films®*® and the sensitivity of the sensors
towards oxygen was significantly enhanced. B. Lyson-Sypien
synthesized Cr doped TiO, nanopowders using a flame spray
method and the response towards H, was greatly enhanced
using this method.?”” However, most of the reports are focused
on the gas sensing properties of NiO or Cr,O; and little atten-
tion has been given to the xylene-sensing properties of Cr-doped
NiO with a 1D nanostructure.

To the best of our knowledge, there have been few reports on
the gas sensing properties of Cr-doped NiO one-dimensional
nanostructures. So in this work we synthesized Cr-doped NiO
nanotubes and their gas sensing characteristics were investi-
gated. These results indicate Cr doped NiO nanotubes with
a molar ratio of Cr’" : Ni** = 3 : 100, show outstanding sensing
properties towards xylene. In addition, the effect of Cr doping
was investigated and a possible mechanism was proposed.

2. Experimental details
2.1 Preparation of pure and Cr-doped NiO nanofibers

All chemicals were of analytical grade and used without further
purification. Chromic nitrate (Cr(NOj);-9H,0), polyvinyl pyr-
rolidone (PVP, K90) and N,N-dimethylformamide (DMF) were
obtained from Sinopharm-Aldrich, USA. Nickel chloride (NiCl,)
and ethanol (C,H;OH) were purchased from Beijing Chemicals,
China. The morphology of the samples was investigated using
field emission scanning electron microscopy (FE-SEM; JEOL
JSM-7500F) and transmission electron microscopy (TEM; JEOL
JEM-3010). An X-ray diffractometer (Rigaku TTRIII) was used to
analyze the phase and crystallinity of the nanomaterials.
Energy-dispersive X-ray spectroscopy (EDS) and selected area
electron diffraction (SAED) were performed using a TEM
attachment.
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The pure and Cr-doped NiO nanotubes (the molar ratio of
Cr’" to Ni*" are 0:100, 1:100, 3:100 and 5:100) were
synthesized using an electrospinning process and labeled as S1,
S2, S3 and S4, respectively. In a typical synthesis process,
2 mmol of NiCl, and a certain amount of Cr(NO3);-9H,0 (0.02,
0.06 and 0.1 mmol) were dissolved in 9 mL of DMF and 1 mL of
ethanol, and stirred for 1 h at 50 °C. Then, 1 g of PVP was added
and stirred at 50 °C, until a viscous precursor solution was
completely formed and the precursor solution was placed into
the electrospinning installation. The electrospinning installa-
tion is described in our previous works;" the inner diameter of
the spinneret was 1.01 mm, the voltage between the spinneret
and collector was 10-13 kV and the distance between the
spinneret and collector was 10 cm. The flow rate of the
precursor solution was fixed at 0.3 mL h™ " using a KD Scientific
syringe pump. After the electrospinning experiment, the
precursor nanofibers were calcined at 500 °C for 3 h in the air at
a heating rate of 1 °C min~" to completely decompose the PVP.

2.2 Fabrication and measurement of the gas sensor

Fig. 1(a) shows the photographs of the substrate. There are
two L golden electrodes on the front-side and a ruthenium oxide
(RuO,) micro-heater on the back-side, which were made using
a screen printing technique. The micro-heater was connected
with Pt wire and the operating temperature was controlled by
adjusting the current passing through the micro-heater.
Fig. 1(b) shows the photographs of the gas sensor; the Cr-
doped NiO nanotubes were mildly pressed on the substrate
using a hot press machine (HS-XX40, Hesen Inc., China) at
120 °C for 5 min. By doing this, the sensing materials form
a good contact with the electrodes. The temperature was
distributed uniformity on the substrate, as shown in Fig. 1(c).
The emissivity value of the temperature sensor (T250, FLIR
Systems Inc., USA) was fixed at 0.9 and power consumptions of
102.1, 116.9, 129.8, 150.5, 165 and 188.5 mW were used to heat
the substrates to 250, 275, 300, 325, 350 and 375 °C,
respectively.

The gas sensing properties were measured using a static
testing system, as shown in Fig. 2. Under the same conditions
(relative humidity: 25-35% and temperature: 20-25 °C), the gas
sensing properties of the nanotubes were tested. The response
of the gas sensor (R) was defined as the ratio of resistance in air
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Fig. 1 (a) A schematic structure of the alumina substrate. (b) The
photographs of the gas sensor. (c) The temperature distribution of the
gas sensors.
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Fig. 2 The static gas-sensing characterization system.

(R.) to that in the tested gas (R,). The response time was defined
as the time required by the sensor to attain 90% of its saturation
resistance value after being exposed to the target gas. The
recovery time is characterized as the time lag to reach its base-
line value (90%) after the target gas was withdrawn.

3. Results and discussion

3.1 Characterization

Fig. 3 is the SEM images of the pure NiO and Cr-doped NiO
nanotubes after calcination. These nanotubes display porous
structures, which are beneficial for the diffusion of target gas
and may enhance the response of the gas sensor. As shown in
the insets of Fig. 3, the nanotubes are composed of many small
nanoparticles. In addition, Fig. 3(b)—(d) are the FESEM images
of the Cr-doped NiO nanotubes (S2, S3 and S4). When compared
to the S1 nanotubes, the morphology of S4 was changed
significantly, the S1 nanotubes are porous while the S4 nano-
tubes become tighter. This is because Cr doping impedes the
growth of the nanoparticles, which was also confirmed by the
XRD results. What's more, there are some large nanoparticles
on the backbones of the nanotubes, when the amount of Cr
doping was increased to 5 mol%. We think this may be caused
by the mismatch in the NiO lattice. Further study and system-
atic experiments are needed for a deeper understanding of this.

Fig. 3 The FESEM images of (a) S1, (b) S2, (c) S3 and (d) S4, the insets
are the high-magnification images.

This journal is © The Royal Society of Chemistry 2017
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TEM was employed to further study the internal structure of
the NiO nanotubes. Fig. 4(a) and (b) are the TEM images of the
S4 sample and it obviously confirmed this one-dimensional
structure was nanotubes. The inset of Fig. 4(a) is the SAED
pattern obtained from the marked circle, which demonstrates
the backbones are polycrystalline. Fig. 4(b) shows the HRTEM
images and the lattice fringes can be clearly observed and the
lattice spacing was 0.209 nm corresponding to the (100) planes
of NiO. Fig. 4(c)-(g) are the EDS results, which clearly show the
spatial distribution of the elements Ni, Cr and O. As shown in
Fig. 4(e), Cr was uniformly distributed in the nanotubes and the
peaks for Cr can be clearly seen in Fig. 4(g). Therefore, the EDS
results demonstrate that Cr can enter the NiO lattice using this
method.

Fig. 5 presents the XRD patterns of the S1, S2, S3 and S4
nanotubes. As Fig. 5(a) shows, the diffraction peaks can be
readily indexed to a cubic NiO phase, which is in a good
agreement with JCPDS: 47-1049. Because the doping amount is
small, there are no phases corresponding to the chromic
compound observed in the XRD patterns. The diffraction peaks
of nanotubes S1 to S4 become broader upon increasing the
amount of Cr, which demonstrates that the grain size of the
samples decreases. The average crystal size of S1, S2, S3 and S4
were calculated using the Debye-Scherrer formula. The average
crystal sizes of S1, S2, S3 and S4 are about 19.6 nm, 16.0 nm,
12.9 nm and 12.0 nm, respectively. What's more, as the radius
of Cr** and Ni*" are 0.0615 nm and 0.069 nm at a coordination
number (CN) of 6, the diffraction peaks shift to the right as the
Cr doping amount increased. There is a 0.06° right shift in the
(11 1) and (2 0 0) diffraction peaks of the S4 nanotubes when
compared with S1, as shown in Fig. 5(b). The results indicate
that Cr’* can enter the NiO lattice easily.
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Fig. 4 (a) The TEM images of the S4 nanotubes. The insets are the

selected area electron diffraction (SAED) patterns and (b) is the TEM
image. The inset is the HRTEM of the selected areas. (c)-(f) The EDS
elemental maps and (g) spots pattern of Cr, Ni and O.
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Fig. 5 (a) The XRD patterns of Cr—NiO nanotubes with different molar
ratios. (b) A comparison of the (111) and (200) peaks obtained from the
XRD patterns.

3.2 Xylene sensing properties

Gas sensors based on the Cr-doped NiO nanotubes were fabri-
cated and a series of gas sensing measurements were carried
out. In order to determine the optimum operating temperatures
of the sensors, the responses to 50 ppm xylene were tested as
a function of the operating temperature, as shown in Fig. 6(a). It
clearly shows that the responses of the sensors to xylene varied
with temperature and exhibited an ‘increase-maximum-
decrease’ tendency. For sensor S3, there is not enough energy to
make the oxygen species effectively react with the xylene vapor
at low temperature. At 325 °C, all the oxygen species have the
required energy to react with the target gas, so both the higher
reaction activity and the conversion of the surface absorbed
oxygen species (Oy(gas) = Ozds) = O, — 207) contributed to
the higher response. However, when the temperature was above
325 °C, the response reduced because of the amount of adsor-
bed gas molecules was insufficient to react with the oxygen
species. Therefore, 325 °C was selected as the operating
temperature of sensor S3 in following gas testing process.
Similar behavior can be observed in the case of sensors S1, S2
and S4. However, their maximal responses appeared at different
temperatures, sensor S1 has a maximum gas response at 325 °C,
while sensors S2 and S4 have maximum gas responses at 300 °C
and 350 °C, respectively. What's more, sensor S3 shows the

RSC Adv., 2017, 7, 41105-41110 | 41107
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Fig. 6 (a) The response of nanotubes S1, S2, S3 and S4 to 50 ppm
xylene as a function of the operating temperature. (b) The resistance of
the samples in air as a function of the operating temperature.

highest response towards 50 ppm xylene with a maximum
response of 88, which is about 63 times higher than sensor S1.
As shown in Fig. 6(b), the resistance in air (R,) was increased as
the doping amount increased and the R, of S1, S2, S3 and S4 are
5.1, 9.3, 29.1 and 70.2 kQ, respectively, at 325 °C.

Fig. 7(a) is the dynamic characteristics of the S3 sensor to
200 ppm xylene; the response and recovery time are ~144 s and
50 s, rspectivley. There are four reversible response curves in the
inset of Fig. 7(a). These results indicate the gas sensors based on
Cr doped NiO displayed a fast response, recovery and good
repeatability. Fig. 7(b) reveals the response as a function of the
xylene concentration. The concentration of xylene was varied from
5 to 500 ppm and the responses of sensors S1 and S3 both
increased upon increasing the xylene concentration and the
response of the S3 sensor was obviously higher than S1. For
sensors S3, the response was 1219 for 500 ppm xylene and the
detection limit was 5 ppm with a response of 1.42. While the
response of sensor S1 to 500 ppm xylene was 3.11 and the detec-
tion limit was 100 ppm with a response of 1.71. Evidently, doping
with Cr can effectively enhance the response towards xylene.

Fig. 8 shows the selectivity of sensors S1 and S3, which were
evaluated by exposing to six kinds of gases with a concentration
of 200 ppm at 325 °C, including xylene, ethanol, acetone,
methanol, formaldehyde and benzene. It can be seen that
sensor S3 displayed an ultra-enhanced response to most of the
test gases when compared with sensor S1. In addition, the
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Fig. 7 (a) The response of the S3 nanotubes towards 200 ppm xylene.
The inset displays four periods of the response curve. (b) The response
of nanotubes S1and S3 towards xylene at different concentrations; the
inset on the left is the response of the S3 nanotubes towards xylene at
concentrations between 5-50 ppm. The inset on the right is the
response of the S1 nanotubes towards xylene at concentrations
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Fig. 8 A comparison of the response of nanotubes S1 and S3 towards
different gases at 200 ppm.

response towards xylene was remarkably higher than the other
gases with a response of 656, while the responses to ethanol,
acetone, methanol, formaldehyde and benzene were much
lower. Therefore, it was revealed that the Cr-doped NiO nano-
tubes showed an excellent selectivity towards xylene.

The long-term stability is a crucial parameter for evaluating
the gas sensing performance in practical applications. The
response as a function of the number of testing days was

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The long-term stability of sensor S3 at 325 °C.

measured and shown in Fig. 9. The responses of sensor S3 to
50 ppm xylene were tested under the same temperature and
humidity conditions over 30 days. Even though the response
changed every day, we can see that the response values are
floating around 88, which shows its good stability.

A widely accepted sensing mechanism for this type of gas
sensor is based on the resistance changes during the adsorption
and desorption processes.> When the pure NiO nanotubes or Cr-
doped NiO nanotubes are exposed to an air atmosphere, the
adsorbed oxygen molecules will ionize and attract holes to the
surfaces and the hole accumulation layer (HAL) will lead
become thick, which will result in a decrease in the resistance.
On exposure to the reducing gas, such as xylene, the testing
gases will be oxidized by the ionized oxygen and release elec-
trons,* which will decrease the concentration of holes and the
HAL will become thinner and the resistance will increase.
What's more, the highly enhanced gas sensing properties of the
Cr-doped NiO nanotubes are likely to be explained as follows.
According to previous research by Hyo-Joong Kim," the
response of p-type semiconductors can be written as follows:

S:&:&_ Da Ap

Ra pg Pa — Ap (pa - Ap)
where R, and R, are the resistance of the nanotubes in air and
the target gas, respectively, p, and p, are the hole concentrations
in air and the target gas, respectively and Ap = p, — p, is the
variation of hole concentration when exposed to the target gas.
When Cr was doped into the NiO lattice, the substitution of Cr**
at the Ni*>" site can be compensated by the electronic compen-
sation mechanism and the generation of electrons will decrease
the concentration of holes. So the p, of the Cr-doped NiO
nanotubes was lower than that of pure NiO and the responses of
sensors S2 and S3 are enhanced. This can be proved by the R, of
S1, S2 and S3, which are 5.1, 9.3 and 29.1 kQ at 325 °C, with the
response of S1, S2 and S3 to 200 ppm xylene being 1.3, 15.5 and
88, respectively. However, when the molar ratio of Cr**/Ni*" was
increased to 5%, we believe that the degradation of gas sensing
characteristics was due to the compact structure. When
compare to the S3 nanotubes, the S4 nanotubes become tighter,
so the gas sensing efficiency will be reduced. For this reason, the
response of sensor S4 was lower than sensor S3.

+1 (1)

4. Conclusions

In summary, a series of Cr doped-NiO nanotubes have been
synthesized via a simple and facile technique, and their gas

This journal is © The Royal Society of Chemistry 2017
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sensing properties were investigated. The gas sensors based on
the S3 nanotubes demonstrated good selectivity, repeatability
and long term stability at 325 °C. The method of modulating the
concentration of hole provides a new and promising strategy to
design high performance xylene sensors. The good xylene
sensing characteristics indicate that the presented sensors
based on Cr-doped NiO nanotubes are promising for xylene
sensing and can used for air-quality and environmental
monitoring.
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