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Developing a new type of CO gas sensor with high response, good reproducibility, and short response/recovery time is of great
significance in medical fields, especially during anesthesia. During mechanical ventilation, CO gas will be produced by CO,
absorbent. Herein, novel interconnected CeO, nanofibers with an average diameter of 150nm are firstly prepared by
electrospinning. The results show that the received nanofibers are mainly composed of fluorite-structured CeO, crystals with
oxygen vacancies as well as the adsorbed oxygen species on the fiber surface. It is found that there is no agglomeration and
sintering for the nanofibers even after annealing at 1000°C. The interconnected nanofibers exhibit excellent gas sensing
performance to CO gas at an optimum operating temperature of 450°C, where the gas sensing response value is 2.82. And the
nanofibers also exhibit excellent gas sensing reproducibility, fast response/recovery rate (2s/4s), and high response value-
concentration correlation toward CO. This study provides a simple approach to interconnected CeO, nanofibers for potential

gas sensor application.

1. Introduction

In industry, carbon monoxide (CO) is the basis of monocar-
bon chemistry, which is mainly used for the production of
methanol and phosgene and organic synthesis, and has a
very important medical application value [1-3]. However,
under normal circumstances, CO is a colorless, tasteless,
but highly toxic gas [4]. At a relatively high concentration,
people show symptoms of poisoning to varying degrees,
which harm the brain, heart, liver, kidney, lung, and other
tissues of the human body, and the minimum lethal concen-
tration for human inhalation is 5000 ppm (5 minutes) [5, 6].
According to the ordinances of the National Institute of
Occupational Safety and Health, the lethiferous exposure
concentration and endurance of CO gas is 35 ppm for endur-
ance of 10h and 50 ppm for endurance of 8 h [7]. Therefore, it
is particularly important to monitor CO leakage in the synthe-
sis and application of CO as fast as possible [8].

A semiconductor gas sensor is the most common low-
cost gas sensor [9]. A metal oxide semiconductor not only

has good chemical and thermal stability but also has excel-
lent gas sensing properties, so it has become a hot research
topic all over the world [10, 11]. Among many metal oxides,
cerium dioxide (CeO,) is one of the most promising gas
sensing materials because of its abundant reserves, low cost,
excellent thermal and structural stability, and abundant oxy-
gen vacancies in its crystal structure [12-14]. It is also one of
the most promising materials in the field of gas sensing [15].
For example, Wang et al. synthesized silica doped CeO,
nanostructure as NH, gas sensors, which achieved a
0.5ppm detection limit and 3244% response to 80 ppm
NH, [16]. But usually, CeO, nanomaterials are easy to
agglomerate, which makes the gas sensing performance of
CeO, nanomaterials decrease rapidly [17]. Compared with
nanoparticles, 1D nanofibers have a large aspect ratio, which
means that more surface atoms are involved in the surface
gas-solid reaction. 1D nanofibers are more stable and do
not agglomerate to clumps at high temperatures. Addition-
ally, they provide a simple one-way electron transport and
numerous reaction centers compared to higher dimensional
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ScHEME 1: Synthesis of CeO, nanofibers from electrospinning.
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FiGureg 1: SEM images of the interconnected CeO, nanofibers: (a) low magnification; (b) large magnification.

nanostructures, thus maintaining a long period of fast
response properties [18].

In this paper, novel interconnected CeO, nanofibers are
successfully prepared by electrospinning and heat treatment.
The interconnected CeO, nanofibers are connected with
each other, which is beneficial to electron transfer. The
results show that CeO, nanofibers have good responsiveness
to CO of 10-100 ppm and good reproducibility to the same
100 ppm CO for three times, which indicates that CeO,
nanofibers are a good CO gas sensing material. However,
the reported optimal temperature of CeO, nanofibers is
800°C, and the response/recovery time is long. How to
reduce the optimal temperature of CeO, nanofibers and
improve the response/recovery rate is a great challenge.

2. Experimental and Characterization

2.1. Synthesis of CeO, Nanofibers. CeO, nanofibers were pre-
pared by the electrospinning method (Scheme 1). In order to
find the proper concentration of the spinning solution, four
groups of spinning solutions with different concentrations
were designed. Firstly, PVP and Ce(NO,),-6H,O were dis-
solved into the DMF to form a uniform and transparent
solution, where the weight concentration of Ce(NO,),-6H,0
was 10.50 wt%, 10.0 wt%, 9.5 wt%, and 9.0 wt%, respectively.
In electrospinning, the distance between the reeling plate
and the needle was controlled at 20 cm, the temperature
was approximately 20°C, the humidity was approximately
40%RH, the feed rate was 1 mL/h, and the spinning voltage
was 20 kV. When the spinning was stabilized, the white fiber
can be seen to be ejected evenly from the needle and distrib-
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FIGURE 2: FT-IR spectrum of the interconnected CeO, nanofibers.

uted in a disc shape on the filament receiving plate. The col-
lected fiber mat was milky white. After that, the white CeO,
nanofibers can be prepared by heating the polymer fiber at
1000°C for 3h with a ramping rate of 5°C/min.

2.2. Characterization. X-ray diffraction (XRD) is character-
ized on a Japanese TTRAX III X-ray diffractometer with
the light source of CuKa ray, while the wavelength is
0.15418 nm. The acceleration voltage is set to 20kV, and
the scanning range is set to 10~90°". The data were analyzed
using MDI Jade 6.0 software and the Scherrer formula of
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FIGURE 3: The XPS spectrum of the interconnected CeO, nanofibers: (a) survey spectrum; (b) Ce3d spectra.

D =KA/BCOSO (D is the average size of crystal particle, K is
the Scherrer coefficient (0.89), f3 is the peak HWHM, and 0
is the diffraction angle); A is the wavelength of X-ray
(0.15406 nm) used to calculate the average size of crystal
particles of gas sensing materials. A scanning electron
microscope (SEM) was observed and characterized by Hita-
chi Field Emission SEM of Hitachi Model S-4800.

Fourier-transform infrared (FT-IR) spectra of samples in
KBr pellets were obtained with a PerkinElmer spectrometer
at the measuring range of 400-4000 cm™". X-ray photoelec-
tron spectroscopy (XPS) was recorded on a Thermo Scien-
tific ESCALAB 250Xi machine with Al Ka as the excitation
source.

2.3. Gas Sensing Tests. Gas sensing tests were performed on a
commercial CGS-8 Gas Sensing Measurement System. The
gas sensor was fabricated by pasting a viscous slurry of the
obtained sample onto an alumina tube which was positioned
with a pair of Au electrodes and four Pt wires on both ends
of the tube. The test substrate was prepared by mixing 0.1g
nanofiber sample with 0.1 mL terpineol to form a homoge-
neous paste, and then, the paste was carefully coated on
the side heating alumina ceramic tube electrode. The outer
diameter of the alumina ceramic tube was 1.2 mm, and the
length was 4mm. A Ni-Cr heating wire (diameter=0.5
mm, resistance = 35() was inserted into the tube to form
an indirect-heated gas sensor. Ra/Rg was usually used to
characterize the response value of the gas sensing material
when the resistance decreases after contacting the detection
gas. Among them, Ra and Rg were the resistance of the sen-
sor in air and after contact with the gas. Response time (t,,)
and recovery time (f,..) were defined as the time required to
achieve a 90% change in sensor resistance, respectively.

3. Results and Discussion

A SEM photograph of the interconnected CeO, nanofiber
samples is shown in Figure 1. It can be found that the nano-
fiber can keep good morphology after annealing at 1000°C
for 3 hours in air atmosphere, and the nanofiber has a high
aspect ratio. The average diameter of the received CeO,
nanofibers was 150 nm, and the diameter was uniform. From
the surface morphology of nanofibers, it can be seen that the
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F1GURE 4: The Ols splitting pattern of CeO, nanofibers.

fibers are composed of many nanoparticles with a relatively
small particle size between 20 and 40 nm. This may have
resulted from the long annealing time for 3h at 1000°C, so
that the CeO, crystal size of nanofibers grows up. However,
such large grains in the nanofibers can also effectively reduce
the carrier loss due to the fewer grain boundaries.

The interconnected CeO, nanofibers were analyzed by
FT-IR, and the results are shown in Figure 2. The absorption
peak near 3400 cm™ in the FT-IR spectrum is the absorption
peak of -OH in air, while the peak near 547 cm™ is the char-
acteristic absorption peak of Ce-O stretch vibration [19].
This has supported the presence of CeO,, which consisted
in the nanofibers.

The composition and surface states of CeO, nanofibers
were further characterized by XPS. Figure 3(a) is the full
XPS spectrum of interconnected nanofibers. It can be seen
that there are obvious spectrum lines of Ce3d, Ce4s, Ce4p,
Ce4d, and Ols in the sample, indicating that there are only
Ce and O elements in the fiber and no other impurities.
The presence of the Ce element is analyzed by peaking the
Ce3d spectra, as shown in Figure 3(b). The characteristic
peaks of 916.7, 907.6, 900.8, 898.4, 888.9, and 882.7eV
obtained by dividing the peak of Ce3d spectra are all typical
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FiGURE 5: The effect of working temperature on the gas sensing response of CeO, nanofibers.

2.4
2.2 I,M
— 2.0 [
g [
E’Q 1.8 1
~ 1.6 _ -
3 Tres_4s 1S Troc_SS
g 14 - i
g 1.2
] i
S |
JUJE o S————— Lyy@%w
0.8 1
0 20 40 60 80 100
Time (s)

(a)

3.0
JJSWM::"U ]
25 \
s
e
gfo 2.0 - 3
P Tpee=28 Tpoc=48
5 1.5
2,
3 ? s
P 4
\ ?
0.5 T T T T
0 20 40 60 80 100
Time (s)

(b)

FiGURrE 6: The response/recovery time of interconnected CeO, nanofibers to 500 ppm CO gas: (a) 350°C and (b) 450°C.

peaks of the Ce (IV) oxidation state [20]. Among them, the
peaks at the binding energy of 916.7, 907.6, and 900.8 eV
are the characteristic peaks of Ce element 3d3/2 orbitals,
and the peaks at 898.4, 888.9, and 882.7 eV are characteristic
peaks of Ce element 3d5/2 orbitals, indicating the Ce (III)
oxidation state synthesized with Ce (IV) oxidation state in
the samples. This demonstrates that oxygen vacancies
existed in the CeO, nanofibers [19, 21].

Figure 4 is an Ols splitting pattern of CeO, nanofibers.
For Ols, three main peaks at the binding energy of 532.3,
530.9, and 529.6eV were obtained. The O; peak at
529.6eV was the diffraction peak of lattice oxygen in the
CeO, phase, while the O peak at 532.3eV was mainly
chemically adsorbed oxygen species (O,, O*, and O)
[22]. The Oy peaks at 530.9 eV were corresponding to oxy-
gen vacancies in the CeO, crystals, which were likely to
cause the encouraging gas sensing by the oxygen vacancy
defects [21, 23]. Therefore, according to XPS analysis, the
pure CeO, nanofibers were composed of CeO, crystals, oxy-
gen vacancies, and adsorbed oxygen species.

The effect of working temperature on the gas sensing
performance of interconnected CeO, nanofibers toward
500 ppm CO was investigated. The results are shown in
Figure 5. It was found that the response of CeO, nanofibers
to CO gas increases first and then decreases with the increase
of working temperature. The optimum working temperature
was 450°C, and the maximum response value of the sensor
was 2.82. This is because the sensing material was in low
activity at the low working temperature [24]. At the higher
temperature, the gas sensing material was more active. How-
ever, when the temperature was too high (500°C), the ther-
mal motion of the gas is intense; thus, the gas desorption
tendency was stronger. Therefore, only when the gas adsorp-
tion and desorption reach the dynamic equilibrium, the
response can achieve the highest, and the dynamic equilib-
rium temperature (approximately 450°C) was the best work-
ing temperature for CO gas sensing.

The response/recovery time is an important index to
measure the gas sensing performance. The response/recov-
ery times of interconnected CeO, nanofibers toward
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Fi1GUrE 7: The gas sensing cycling reproducibility of interconnected CeO, nanofibers.
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FIGURE 8: (a) The gas sensing response values of interconnected CeO, nanofibers toward various CO concentrations and (b) the linear fitting

of sensing responses to gas concentrations.

TaBLE 1: Comparison of recent reported CO sensing performance based on metal oxide gas sensors.

Materials CO concentration (ppm) Response Response time (s) Recovery time (s) Ref.
ZnO nanoparticles 80 0.78 78 21 25
Au/CeO, nanoparticles 30 0.43 9 7 26
TiO, nanofibers 15 2.6 86 109 27
Co,0, nanofibers 5 2.40 14 36 28
CuO/TiO, nanoparticles 50 1.77 265 554 29
CeO, nanofibers 500 2.82 2 4 This work

500 ppm CO gas at 350°C and 450°C are shown in Figure 6.
Define the response time (t,) and recovery time (t..) as
90% of the resistance value of the gas sensing material at
the time of injection and release of the gas. t,. /... of CeO,
nanofibers at 350°C and 450°C are 4s/5s and 2 s/4 s, respec-
tively. That is, ¢, /t,.. decreases with the increasing working

temperature from 350°C to 450°C. This may be ascribed to
the relatively higher working temperature which can facili-

tate the thermal diffusion of the gas and increase the activity
of gas sensing materials.

Sensing reproducibility reflects the stability of sensing
materials to gas. Thus, it is an important index of gas sensing
performance. As shown in Figure 7, the interconnected
CeO, nanofibers were tested for gas sensing cycling repro-
ducibility on 500 ppm CO at the optimum operating tem-
perature 450°C. The results revealed that the response



value of CeO, nanofibers remained unchanged after 5 cycles,
which indicated that the interconnected CeO, nanofibers
had good gas sensing reproducibility.

Furthermore, the strong linear relationship between the
sensing response and the gas concentration is very impor-
tant for the gas sensors to recognize the gas concentration.
Figure 8(a) shows the gas sensing response values of inter-
connected CeO, nanofibers to 20, 50, 100, 200, 300, 400,
and 500 ppm CO, respectively. It can be seen that the
response of the sensor increases gradually with the increas-
ing CO concentration. The sensing response-gas concentra-
tion curve is shown in Figure 8(b), where the sensing
response was fitted linearly. The correlation coefficient
between the sensing responses of CeO, nanofibers to CO
concentration was 0.954, which demonstrated that the sens-
ing response was linearly correlated with the gas
concentration.

We also compared our sensing performance with previ-
ous works on the CO sensor. As shown in Table 1, the
CeO, nanofibers exhibit a relatively high response to CO.
Particularly, the sensors based on CeO, nanofibers show an
ultrafast response/recovery time, which is better than most
of the reported CO sensors [25-29]. According to the great
reproducibility, quick response/recovery, and ideally linear
fitting ability, the synthesized CeO, nanofibers in this study
showed excellent potential application in CO gas sensing.

4. Conclusions

In this paper, novel interconnected CeO, nanofibers were
simply fabricated via the electrospinning method. The aver-
age diameter of interconnected CeO, nanofibers was only
150 nm, and the nanofibers were mainly composed of fluo-
rite CeO, crystals, oxygen vacancies, and adsorbed oxygen
species in the fibers. The received interconnected CeO,
nanofibers showed an excellent gas sensing performance
toward CO. The response of CO was first increasing and
followed by decreasing as the increasing of working temper-
ature, due to the dynamic equilibrium of gas adsorption and
desorption. The optimum working temperature of the nano-
fibers was approximately 450°C, and the sensing response
value could reach 2.82. Furthermore, the nanofiber samples
revealed quick response/recovery ability, and the best
response time 2s and recovery time 4s were tested at
450°C. The interconnected CeO, nanofibers also exhibit
good gas sensing reproducibility among 5 cycles. In addition,
the CeO, nanofiber exhibited a linear response-gas concen-
tration relationship toward CO from 20 ppm to 500 ppm.
This demonstrated that the CeO, nanofibers in this research
could be a great candidate for CO sensors. And CeO, nano-
fibers may sensor the CO in the mechanical ventilation.

Data Availability

The original contributions presented in the study are
included in the article/supplementary materials; further
inquiries can be directed to the corresponding author.
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