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ABSTRACT: Quick response and high sensitivity are equally important / -
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for the practical application of gas sensors. In this study, we introduced e
polyoxometalates (POMs) into a classical ternary metal oxide CuBi,O, & PV, HCHO  CO,+ H,0
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for the first time by convenient electrospinning and prepared a group of B Dcpiction ayer " e
heater-type gas sensors by using CuBi,0,/PW,, composite nanofibers. ¥, "IN i ; ) Y N
The sensor performances to formaldehyde gas were explored. The < ': i R
results proved that the gas-sensing response of the CuBi,O,/PW,, N ! " ‘e

\‘):‘) 0, () 0(0,, 0, 0%) JédHCHO\)\)u HO O @ O coz/
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(PW,, = H3PW,,0,4y-xH,0) composite sensor to 100 ppm formaldehyde
gas was increased to 6.68, which was 3.92 times greater than the
sensing capacity of the pure CuBi,O, sensor. Simultaneously, the sensor exhibited a highly rapid response/recovery time of
only 1/2 s, which is significantly faster than performances of CuBi,O, gas sensors reported in the past literature. The cause of
the improvement of the sensing performance was assessed via mechanism study, and it was found that the introduction of
PW,, into the sensor contributed to its enhanced performance. It was found that PW,,, as an electron acceptor, increased
carrier mobility and reduced electron—hole recombination, thus contributing to enhanced gas-sensing properties. Moreover,
other gas-sensing parameters such as selectivity, humidity resistance, repeatability, long-term stability were investigated.

Hence, this study contributed to the literature on the development of polyoxometalates-based gas sensors.
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1 Introduction

Due to the impact of energy crisis and air pollution, we urgently
need harmful gas detection technology to ensure the health of the
people and environment [1-5]. Formaldehyde is a recognized toxic
gas; it has carcinogenic effects, and is strongly harmful to the
human respiratory system, liver function, etc. Therefore,
monitoring the existence of formaldehyde content in the
environment is of critical importance. In recent years, metal oxide
gas-sensing semiconductors have been wused for detecting
formaldehyde, and gas sensors constructed with such
semiconductor materials have been continually explored [6-8].
However, as the existing formaldehyde gas sensors have the
shortcomings of low gas response and poor selectivity [9],
researchers have been exploring the development of new gas-
sensing semiconductors.

Ternary metal oxides (LaFeO; [10], CuFe,O, [11], etc.) can be
used as gas-sensing materials due to their structural and
compositional diversity. Among these, CuBi,O, is a p-type
semiconductor with a narrow band gap and a low conduction band
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position [12]. Therefore, it is often used as a photocatalyst to
produce hydrogen in water and as a photocathode for the study of
photoelectrochemical properties; it has also been developed as a
core material in gas sensors [13-15]. Because of the rapid
electron-hole recombination of pure CuBi,0,, the sensitivity of
CuBi,O,-based gas sensors continues to be less than ideal
Therefore, to improve the sensitivity of these sensors, the
construction of composite materials is being undertaken by
researchers.

Polyoxometalates (POMs) are a series of inorganic metal-oxo
cluster compounds dominated by transition metal elements (Mo,
W, V, etc.). They have diverse structures and can be acquired by
condensing inorganic acids [16-18]. POMs are not only low cost
and easy to use, but are also widely used in many fields including
catalysis, coordination chemistry, molecular-based functional
materials, and lithium-sulfur batteries [19-24]. Furthermore, many
studies on POMs in gas sensors have been reported. This is because
POMs are able to trap electrons from semiconductors and
effectively transport them. This ability allows POMs to act as
electron acceptors in traditional semiconductors, thus reducing the
recombination between electrons and holes and thereby improving
sensing capabilities. However, the gas-sensitive properties of the
POM-modified CuBi,O, composite have not yet been explored in
the existing literature.

In this study, we synthesized phosphotungstic acid
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(HsPW,0,0xH,0, PW,,) doped CuBi,O; one-dimensional
nanofibers by using electrospinning technology and characterized
their composition and morphology. The CuBi,O,/PW,, composite
nanofibers were used to construct heater-type gas sensors, and were
used to detect formaldehyde gas in air. At an appropriate operating
temperature, it was found that the sensitivity response of the
CuBi,0,/3%PW , sensor to formaldehyde gas was enhanced by
3.92 times as compared with that of the pure CuBi,O, sensor. The
sensor also exhibited a highly rapid response/recovery time of only
1/2 s. Moreover, other gas-sensing parameters such as selectivity,
humidity resistance, repeatability, long-term stability of the sensors
were comprehensively investigated. In the mechanism study, the
enhancement of gas sensitivity of CuBi,0,/3%PW, sensor could be
attributed to the introduction of PW,,, that works as electron
acceptors and separate electrons and holes. Hence, this study is
meaningful for developing POM-based gas sensors.

2 Materials and methods

2.1 Materials

Phosphotungstic acid (H;PW,0,0xH,0 (PWy,), My, = 2880.3),
Bi(NO3);-5H,0, Cu(NO3);:3H,0, N,N-dimethylformamide (DMF, >
99.5%), acetic acid (CH;COOH, = 99.5%), and polyvinylpyrrolidone
(PVP, My, = 1,300,000) were purchased from Aladdin industrial
Co. Itd. The reagents used were both of AR grade.

2.2 Synthesis of nanofibers

According to Refs. [25, 26], CuBi,0,/PW, composite nanofibers
were synthesized via electrospinning technology. Briefly, in an
experimental environment with a temperature of 25 °C and a
humidity of 25% RH, 1.7 g of PVP was dissolved in 8.0 mL of
DMEF; another 2.5 mL of acetic acid (HAC) was added to this to
obtain a homogeneous solution. Subsequently, 0.8 g
Bi(NO,);-5H,0, 0.2 g Cu(NO;);3H,0, and PW,, of appropriate
mass were added to the mixed solution, and the mass fractions of
PW,, were 1%, 3%, 5%, and 10%, respectively. The mixture was
stirred for 12 h to obtain a blue spinning solution; the spinning
solution was transferred to a 20.0 mL syringe and electrospun with
a stainless steel needle as the anode and barbed wire as the cathode.
During electrospinning, the distance from the tip of the needle to
the cathode is approximately 15 cm and the voltage is
approximately 16 kV. After electrospinning, the precursor
nanofibers were calcined in an oxidation oven at 500 °C. The
heating rate was set to 1 °C/min and annealed for 2 h. When the
sample was naturally cooled to room temperature, CuBi,O,/PW,
composite nanofibers were obtained. The same method was used to
synthesize pure CuBi,O, nanofibers without PWy,. In this study,
CuBi,0,/PW,, nanofibers with different PW,, contents were
expressed as CuBi,O,/x%PW,, (x=0, 1, 3, 5, and 10).

2.3 Characterization of nanofibers

X-ray diffraction (XRD) analyses were performed with a Rigaku
D/max200PC X-ray diffractometer, using CuKal radiation (A =
1.5405 A). Field-emission scanning electron microscopy (SEM) was
performed with a Hitachi S-4800 FEG-SEM equipped with energy-
dispersive X-ray spectroscopy (EDS) analysis. Fourier transform
infrared spectroscopy (FT-IR) spectra were recorded on a Nicollet
Impact 410 FT-IR spectrometer. ultraviolet-visible (UV-vis) diffuse
reflectance spectroscopy analyses were performed using a Varian
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(a) Electrospinning (b) Calcining (c) Heater-type sensor
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Figure1 (a) Schematic of the electrospinning device, (b) oxidation calcination,
and (c) heater-type sensor.

Cary 500 instrument. X-ray photoelectron spectroscopy (XPS)
analyses were performed using a Thermo ESCALAB 250
instrument. Photoluminescence (PL) spectra were recorded using a
fluorescence spectrophotometer (Edinburgh Instruments, FLSP-
920). Electrochemical impedance spectroscopy (EIS) was performed
in an aqueous solution of 0.1 M Na,SO, exposed to air.

24 Gas-sensing measurement

The prepared sample was ground into powder with a mortar; an
appropriate amount of ethanol was added and stirred to form a
slurry; finally, a small-sized brush was applied to an alumina
ceramic tube with a gold electrode. The device was subsequently
aged in an oven at 80 °C for 24 h. Gas-sensing performance testing
was performed using a Tektronix DMM 4040-digit precision
multimeter. The sensing performance was tested at different
temperatures. During the test, a certain amount of formaldehyde
gas was injected into the chamber with dry air as the background
gas, and it was observed that the resistance changed from the
original resistance (R,) in the air to the new stable resistance (R,) in
the target gas. This change in resistance used to calculate the gas-
sensitive response value (S) of the gas was as follows

S=R,/R, x 100% (1)

When testing the selectivity of the sensor, for the oxidizing gas
NO,, pure NO, mixed with air was used as the target gas, and other
target gases were prepared by mixing a certain amount of liquid
and air. In the humidity test, saturated inorganic salt solutions with
different amounts of saturated steam were used to prepare gas
samples with different humidity levels. The relationship between
saturated inorganic salt solution and humidity was as follows: LiCl
(11%), MgCl, (32.8%), K,CO; (43%), Mg(NO,), (54.3%), NaCl
(67%), CuCl, (75.3%), KCl (85%), KNO; (93.5%).

3 Results and discussion

3.1 Morphologies and structures

To analyze the composition, morphology, and structure of the
samples, SEM images were obtained. Figure 2 shows SEM images
and EDS test results of composite materials at different
magnifications. Figures 2(a)-2(e) shows SEM images of
CuBi,O/x%PW, (x =0, 1, 3, 5, and 10). The image results showed
that the samples were fibrous and had a diameter of approximately
200 nm. The morphology of the sample was relatively uniform.
This showed that the composite material maintained the fiber
structure of pure CuBi,0, and that the introduced PW,, did not
destroy the structure of the original CuBi,O,. To compare the
stability of the sample topography before and after the experiment,
we also measured the SEM of CuBi,0,/3%PW,, after the
experiment, as shown in Fig. 2(g). Due to the influence of grinding,
the fiber fracture after the experiment was more pronounced.
Figures 2(i)-2(1) show the EDS images of CuBi,0,/3%PW,,
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Figure2 (a)-(e) SEM images of CuBi,O,/x%PW,, (x =0, 1, 3, 5, and 10). SEM images of (f) CuBi,O, and (g) CuBi,0,/3%PW, after the experiment. (h) EDS pattern of
CuBi,0,/3%PW,, and (i)-(I) the corresponding EDS mappings of Bi, Cu, P, and W elements.

composite nanofiber. According to the EDS images, the elements
Bi, Cu, P, and W were evenly distributed. Figure 2(h) also shows
the mapping of elements in CuBi,O,/3%PW,, composite
nanofibers, indicating that PW, was uniformly distributed in the
composite.

To determine the structure and crystal phase of CuBi,O,/
x%PW,, and CuBiO, composite nanofibers, we performed
experiments using an X-ray powder diffractometer. The XRD
spectra of the nanofibers are displayed in Fig. 3(a). All samples had
characteristic diffraction peaks at 26 of 20.8°, 27.9°, 32.4°, 45.9°,
46.6°, and 55.6°, corresponding to the (200), (211), (102), (312),
(411), and (332) crystal planes of CuBi,O, (JCPDS NO. 48-1886).
Additionally, there was no difference between the XRD of
CuBi,0,/3%PW,, after and before the experiment. However,
because of the poor content or the amorphous state of PW,, the
diffraction peak of PW,, was not evident in the XRD spectra. As
displayed in Fig. 3(b), the FT-IR spectra of CuBi,O,/x%PW,
exhibited absorption peaks at 802-1109 cm™ compared with the
infrared spectrum of pure CuBi,O,. The peaks of P-O, W=0,
W-0, and W-O-W corresponded to the four characteristic peaks
of 802, 897, 994, and 1109 cm™ in the spectrum, respectively. This
was consistent with the position of the PW,, absorption peak
reported in Ref. [27]. This showed that after high-temperature

calcination, the Keggin-type structural skeleton of PW, continued
to be retained in the target sample. Additionally, we also studied the
effect of PW, on CuBi,0, by using the Raman spectrum. In
Fig. 3(c), we can observe the Raman bands of CuBi,O, around 75,
122, 184, 254, 388, and 568 cm™, which are close to the Raman
peaks recorded in Ref. [28]. The Raman band at 914 cm™ was
produced by the introduction of PW,. Thus, the results proved the
existence of PW,, and showed that we successfully synthesized
CuBi,0,/x%PW ,, composite nanofibers.

To further determine the chemical composition of CuBi,O,/
3%PW , nanomaterials, we measured the XPS of CuBi,O,/3%PW,.
Figure 4(a) shows the full scan spectrum of Cu, Bi, O, C, P, and W
elements. The C element was present due to the organic oil in the
test instrument. Figures 4(b)-4(f) show the high-resolution XPS
spectra of Cu 2p, Bi 4f, P 2p, W 4f, and O 1s. The XPS data further
validated the introduction of PW , in CuBi,O, nanofibers.

EIS testing can visually show the separation efficiency of the
charge and transfer resistances [29]. The arc in the Nyquist diagram
[30] shows that the larger the radius of the arc, the greater the
charge transfer resistance. The Nyquist plot can be fitted to the
equivalent circuit shown in Fig. 5(a). In this equivalent circuit, R,
R, and CPE represent the solution resistance, charge transfer
resistance across the interface of semiconductor]||electrolyte, and
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Figure 3 (a) XRD patterns, (b) FT-IR spectra, and (c) Raman spectra of Cu Bi,0O, and CuBi,O,/x%PW,.

(& 727w | Sci@pen

https:/doi.org/10.26599/POM.2024.9140053
Polyoxometalates, 2024, 3, 9140053


https://doi.org/10.26599/POM.2024.9140053

Song et al.
(a) CuBi,0,/3% PW,, (b) c i, Cuzp (©) 1588 v Bi 4
ulp, 935.3 eV, 16410y Bidh,

Bi 4f e Bi 4.,

) - - ‘

3 3 2

< s 2 [

£ g z

] ‘2 '® |

g : :

A = -

= = =

T T T T T T T T T T T T T T T
1200 1000 800 600 400 200 0 960 950 940 930 168 165 162 159 156 1S3

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

7o (€)

W 4f (f)

(d) 529.9 eV O 15
(lattice oxygen)
z 3 3
3 F] =]
= 132.5eV 3:/ é,
.:‘ y 132.3 eV z z 531.7 eV
] /] \ - 7 (oxygen vacagcy)
s / = = v v
2 S S
- -
= = =
= =
132.6 eV
. . . . . ; i . . : : : : T
140 136 132 128 124 45 P 39 6 33 30 544 540 536 532 528
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Figure4 (a) XPS spectrum of CuBi,O,/3%PW , and high-resolution XPS spectra: (b) Cu 2p, (c) Bi 4f, (d) P 2p, (¢) W 4f, and (f) O 1s.
0.6 :
(a) CuBi,0, (b) CuBi,0, (C) CuBi,0,
120,000-—— CuBi,0,/1% PW,, —— CuBi,0 /1% PW,, 8 CuBLO /3% PW.
|— CuBi,0,3% PW,, CuBi,0,/3% PW,, o ?
o CuBi,0,/5% PW,, - —— CuBi,0,/5% PW,,
80,000 ~ CuBi,0,/10% PW,, . CuBi0/10% PW,,[ &
- o c
S 2" ~
40,000
A0 S T e 3
R, R, = |
- =
. fl./ :I CPE
. . L8 . 0.2 , - : ; ; . - -
0 10,000 20,000 30,000 40,000 200 300 400 500 1 2 3 4 5 6 7

)]

Wavelength (nm)

hv (eV)

Figure5 (a) Nyquist plots and UV-vis absorption diffuse reflectance spectra of CuBi,O, and CuBi,0,/x%PW . (c) (ahv) vs. hv plots of CuBi,O, and CuBi,O,/3%PW,.

constant phase element for the semiconductor||electrolyte interface,
respectively [31]. Among them, the R, value was 8.625 ), and the
R, fitting values of CuBi,O, and CuBi,0,/3%PW, were 5.314 and
1.072 Q, respectively. Because the fitted R, value of CuBi,O,/
3%PW,, approximately was five times smaller than that of the
original CuBi,O,, the CuBi,0,/3%PW |, composite proved to have
better charge transfer efficiency. As an electron acceptor, PW, can
improve the electron transport efficiency in CuBi,O, and effectively
inhibit the recombination of electron-hole pairs. The results
showed that the CuBi,0,/x%PW,, composites had good properties
and were suitable for the preparation of gas sensors. Figure 5(b)
shows the UV-Vis diffuse reflectance spectra of CuBi,O, and
CuBi,0,/x%PW,,. We observed that CuBi,O,/x%PW,, materials
have significant absorption in the UV region. Additionally, Fig. 5(c)
shows the band gap energies of pure CuBi,0O, and CuBi,O,/
3%PW,. The E, values of CuBi,O, and CuBi,O,/3%PW,, were
estimated to be 1.93 and 1.77 eV, respectively. The band gap results
showed that the addition of PW,, reduced the bad gap of CuBi,O,
and improved the gas-sensing performance.

3.2 Gas-sensing performance

First, we tested the sensing responses of CuBi,O,/x%PW,, sensors
to 100 ppm formaldehyde gas from 370 to 470 °C. As displayed in
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Fig. 6(a), when the temperature increased, the response values of
each sensor showed a trend of first increasing and subsequently
decreasing. At 410 °C, the response value of CuBi,O,/3%PW,
sensor was the highest, being 3.92 times greater than that of the
pure CuBi,O, sensor. This showed that the optimal content of
PW,, in the sensor was 3%. Changing the temperature affected the
number of electron-hole pairs in the material and the rate of gas
adsorption/desorption. At low temperatures, the number of
electron-hole pairs was small, the electron mobility was low, and
the response value of the sensor was limited. When the temperature
reached 410 °C, the response value reached its peak. However,
when the temperature exceeded 410 °C, the high temperature
accelerated the desorption of the gas; therefore, the sensitivity
response of the sensor decreased. The R, values of each sample at
different temperatures are shown in Fig. 6(e). It was observed that
R, gradually decreased as the temperature increased. The change of
R, may be due to the introduction of the right amount of PW,
electron acceptor, resulting in a decrease in resistance. However, a
higher amount of addition of PW , may lead to high resistance.

To determine the gas selectivity of the sensor, we measured the
responses of the sensor to 100 ppm formaldehyde, toluene, ethanol,
acetone, ammonia, and nitrogen dioxide gases. Figure 6(b) shows
that all CuBi,O,/x%PW,, sensors had the highest response to
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Figure6 (a) Response values of CuBi,O,/x%PW, sensors for 100 ppm formaldehyde at different operating temperatures. (b) Selectivity of CuBi,O,/x%PW, sensors for
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sensor and formaldehyde concentration linear fitting curve. (e) R, of CuBi,O,/x%PW, sensors at different temperatures.

formaldehyde gas, and that they had a low response to all
remaining gases. This showed that the CuBi,O,/x%PW,, sensor
exhibited high selectivity for formaldehyde gas. The response of
CuBi,0,/3%PW , sensors to formaldehyde gas continued to be the
highest. Figure 6(c) shows the responses of the CuBi,O,/x%PW,
sensors to 5-100-ppm formaldehyde gas at an optimal temperature.
The results showed that while the concentration increased, the
response value of the sensor also increased, and that the response
value of CuBi,O,/3%PW,, sensor increased more obviously.
Figure 6(d) shows the linear fitting curve of the CuBi,O,/3%PW,
sensor response value to the formaldehyde concentration. The
linear relationship between CuBi,0,/3%PW, sensor response value
and formaldehyde concentration was evaluated by R. When the
CuBi,0,/3%PW,, sensor was tested in 5-20 ppm formaldehyde,
because of the low gas concentration, it could not fully occupy the
adsorption site in the material; hence, its response time was faster.
Therefore, in 5-20 ppm formaldehyde gas, the linear relationship of
R value of 0982 was conformed. As the gas concentration
increased, it took more time for the gas to occupy a deeper
adsorption site in the material. Subsequently, the CuBi,O,/3%PW ,
sensor conformed to a linear relationship with an R* value of 0.981
in 20-100 ppm gas. This result provides a reliable basis for
determining the detection range of CuBi,0,/3%PW,, sensors.
Additionally, because of the linear fitting equation, the limit of
detection (LOD) of the CuBi,0,/3%PW,, sensor was calculated to
be 218 ppb.

To observe when the response value of the CuBi,O,/x%PW,
sensor changed in formaldehyde gas, we tested the response and
recovery time (f,,, and t.) of the sensors to 100 ppm formaldehyde.
The experimental results are shown in Fig. 7. Compared with the
original CuBi,0, sensor, the t,./t,.. of the CuBi,O,/3%PW,, sensor
increased from 5/10 to 1/2 s. The t,./t,.. of other sensors with PW,,
content was also significantly higher. Therefore, it can be concluded
that adding 3%PW,, can not only improve the response of the
sensor, but also results in the sensor having the fastest response and
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recovery speed. Additionally, we can also see from Fig. 7 that the R,
value of the sensors did not fluctuate significantly before filling with
formaldehyde gas. This result showed that the resistance of the
CuBi,0,/x%PW , sensor was relatively stable during the test.

A comparison of CuBi,O, gas sensors in the literatures is
displayed in Table 1. This information shows that the target gases of
CuBi,O, and CuBi,O,-based sensors are regular volatile organic
compounds (VOCs) (ethanol and formaldehyde). Compared with
other CuBi,O, materials, the CuBi,0,/PW,, nanofibers synthesized
in this study exhibited the same level of response. Significantly, the
response/recovery time of the CuBi,O,/3%PW,, was significantly
faster than that reported in the literature. This can be attributed to
the fact that the presence of POMs reduced the recombination
between electrons and holes and the one-dimensional structure was
beneficial for the rapid transfer of electrons.

Additionally, other sensing parameters of the CuBi,O,/x%PW,
sensor were analyzed in detail. Figure 8(a) shows the relative
humidity resistance test of the CuBi,0,/3%PW , sensor. During the
varying humidity conditions, the response of the sensor tended to
decline. When the humidity was up to 93.5%, the response value
was 3.7. This showed that humidity had an evident influence on the
sensor. When we performed repeatable experiments on the
CuBi,0,/3%PW , sensor (Fig. 8(b)), we found that the response
was stable within six cycles; this indicated that the sensor had good
repeatability for formaldehyde at 410 °C. To explore the stability of
the sensor, we tested the response of the CuBi,O,/3%PW,, sensor
over 30 days. As displayed in Fig. 8(c), the response value decreased
slightly, but remained largely unchanged.

3.3 Mechanism research

To analyze in detail how the introduction of PW, affects the gas-
sensing performance of CuBi,O, we discussed the gas-sensing
mechanism of the CuBi,0,/x%PW , sensor by using fluorescence
emission spectroscopy (excitation wavelength of 254 nm). As
shown by the PL spectra (Fig. 9), it was observed that the composite
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Figure7 (a)-(e) Reesistance-response and recovery time curves for CuBi,0,/x%PW, at a concentration of 100 ppm formaldehyde.
Table 1 Comparison of CuBi,O, and POMs gas sensors in the literatures
No. Materials Morphology Target gases Response  Conc. (ppm) Fres/ trec (8) Temp. (°C) Ref.
1 CuBi,0,/PW,, Nanofibers Formaldehyde 6.68 100 1/2 410 This work
2 CuBi,0, Microparticles Ethanol 5.9 100 571294 400 [12]
3 CuBi,O, Nanoparticles Ethanol 10.8 1000 22/175 400 [13]
4 CuBi,O, Nanospheres/nanoflowers ~ Formaldehyde 10.9/5.8 60 50/54, 187/106 180 [14]
5 CuBi,O, Microspheres Formaldehyde 19.1 1000 Not given 240 [15]
6 CZTS/PW,, Nanoparticles NO, 1.8 50 Not given RT [37]
7 SnO,@PW,@WO; Nanofibers Ethanol 8.8 100 1/43 280 [40]
8 MoS,@PW,, Nanohydrangeas NO, 1.61 100 Not given RT [17]
9 TiO,@1%PW,,@MoS, Nanofibers Acetone 10.17 100 Not given 300 [18]
10  PMo,,V,@ZIF-8@Zn0O Nanorods Formaldehyde 5.4 100 15.1/16.2 RT [41]
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Figure8 (a) Relative humidity resistance, (b) effect of repeatability, and (c) long-term stability tests of the for CuBi,O,/3%PW, sensor at a concentration of 100 ppm

formaldehyde.

with PW, had a lower fluorescence intensity as compared to that of
pure CuBi,O,, indicating that stronger fluorescence quenching
occurred in CuBi,O,/x%PW ,. It was observed that PW, as an
electron acceptor efficiently inhibited the recombination of
electrons in the conduction band of CuBi,O, with holes in the
valence band. Due to the introduction of PW,,, the carrier
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utilization rate and electron mobility of the material improved, and
the electron-hole recombination rate reduced. The theory of
electron depletion also explained the chemical adsorption of gas
molecules in semiconductor gas sensors on the surface of the
sensing material, as well as the gas-sensing mechanism of the
reaction [32, 33]. As shown in Fig. 10(a), when the CuBi,O,/
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700 800

x%PW , gas sensor was exposed to air, the O, adsorbed on the
surface of the sensing material captured free electrons from the
conduction band of the material, forming a variety of chemically
adsorbed oxygen, such as O, O, and O, [13, 34-37]. The decrease
in electrons in the CuBi,O, conduction band caused an electron
depletion layer to form on its surface, and since CuBi,O, is a p-type
semiconductor, the sensor resistance decreased. When the sensor
was exposed to formaldehyde gas, HCHO molecules reacted with
various chemo-adsorbed oxygen molecules to form CO, and H,0
[4], as shown in the following reactions

HCHO +0, — CO,+H,0+e¢" (2)
HCHO +20" — CO,+H,0+2¢e" (3)
HCHO +20* — CO, +H,0 +4e~ (4)

At the same time as the reaction occurred, electrons transferred
back to the conduction band. Thus, the thickness of the electron
depletion layer increased, and the sensor resistance increased. This
increase in the sensor resistance led to the improvement of the
sensing response of the CuBi,0,/x%PW, sensor. On this basis, it is
concluded that PW,, as an electron trap can capture electrons to
separate them from holes that is, reduce the recombination of
electrons, and subsequently improve the response of the sensor.
The electron transfer direction is shown in Fig. 10(b). The
reduction potential of PW, (+0.23 eV) was observed to be higher
than that of CuBi,O, (-0.65 eV), indicating that electrons were
transferred from the conduction band of CuBi,O, to the empty d

orbital of PW/, [38, 39]. The combination of the electron trap effect
of PW}, and the p-n heterojunction formed between PW, and
CuBi,O, improved the sensor response.

4 Conclusions

In summary, we prepared one-dimensional CuBi,O,/x%PW,
nanofibers by using electrospinning technology, and explored the
influence of introduction of PW, on the sensing performances of
the CuBi,O, gas sensor. Additionally, we studied the sensing
mechanism of the CuBi,0,/x%PW, gas sensor. The results showed
that the gas sensor introduced with 3%PW , had good repeatability
and good stability within 30 days. The CuBi,0,/x%PW |, gas sensor
response to formaldehyde was found to reach up to 6.68, which was
3.92 times greater than that of the pure CuBi,O, gas sensor. This
enhancement was mainly attributed to the property of PW, being
an electron acceptor that effectively inhibited the recombination of
electrons and holes and improved carrier utilization and electron
mobility. Thus, this study contributes novel ideas to the literature
regarding the CuBi,O,-based gas sensors and also provides new
evidence for the use of POMs to improve the sensing performance
of materials.
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