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As a kind of gas sensors, self-powered gas sensor shows significant advantages in large-scale applications
such as the internet of things. On the other hand, triboelectric nanogenerator is an ideal power source to
fabricate self-powered gas sensor for its high power output and wide variety of driving source. More im-
portantly, it is indispensable to eliminate the influence of environmental factors considering the practical

application of gas sensors. In this work, by utilizing the polymer materials with wide bandgap, a polymer
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based self-powered ethanol gas sensor (PB-SPES) is designed to eliminate the influence of ultraviolet (UV)
light in the environment and detect the ethanol gas reliably. Compared with a zinc oxide (ZnO) based self-
powered ethanol gas sensor, the PB-SPES shows good stability under UV light illumination.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Gas sensing is an important technology that is widely used in our
daily life, including the detection of toxic analytes and explosive gas,
monitoring of environment pollution and air quality [1-4]. Among these
applications, a large number of gas sensors are likely needed to work in
large area, which makes their powering quite challenging [5], since
powering these devices with wires is costly and easy to be damaged.
Besides, the use of traditional batteries needs to be replaced regularly,
which is inconvenient in many situations. Thus, it is necessary to de-
velop self-powered gas sensors to harvest energy from the environ-
ment, and convert it into electric power to supply the energy cost of
themselves [6,7]. Compared with conventional gas sensors, these self-
powered ones exhibit the approximate performance with much smaller
power consumption. Besides, the size of self-powered sensor is drasti-
cally reduced, where the power supply unit is no longer needed [8].

As a device collecting mechanical energy in the environment, tri-
boelectric nanogenerator (TENG) is an ideal power source for self-
powered gas sensors. There are mainly two routes to fabricate a TENG
based self-powered gas sensor [9]. One is to connect the TENG to a
conventional gas sensor, where the voltage across the two electrodes of
the gas sensor or the current flowing through the gas sensor varies
with gas concentrations [10]. The other is to directly use a material
sensitive to gas as the friction layer of the TENG, where the output
voltage or current of the TENG varies with gas concentrations [11]. The
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second route shows significant advantages for its simple construction
and easy fabrication. Semiconductor materials, whose conductivity can
vary in different gases due to the charge transfer between the material
and gas molecules, are usually used in fabricating gas sensors. There-
fore, using semiconductor materials such as zinc oxide (ZnO), poly-
aniline or indium tin oxide (ITO) as friction layers, a series of TENGs
have been developed for self-powered gas detecting such as hydrogen
(H,), ammonia (NHs), ethanol gas and so on [12-14].

However, owing to the generation of electron-hole pairs when
excited by photons with energy higher than the bandgap of semi-
conductor materials, TENGs based on semiconductor materials as
the friction layer will also respond to the light especially the ultra-
violet (UV) light in the environment. For example, TENG using ZnO
nanowires (NWs) as a friction layer exhibits intense response to UV
light, where a decrease of 10% in output current is observed when
exposed to UV light with the intensity of 780 pW/cm? [15]. Thus, in
practical applications of these devices, it is very difficult to eliminate
the influence of UV light in the environment.

To solve this problem, using insulator materials instead of the
semiconductor materials as the friction layer can be a feasible way.
Bandgaps of insulator materials are larger than that of semiconductor
materials, and the absorption of photons will not generate electron-
hole pairs in these materials. Hence, it is possible to eliminate the in-
fluence of UV light through using only insulator materials as the fric-
tion layers. In this work, polyimide (PI) NW array and porous
polyamide (PA) film are designed as the friction layers respectively, and
a polymer based self-powered ethanol gas sensor (PB-SPES) are fabri-
cated. Benefiting from the high specific surface area of the PI NW array,
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the PB-SPES shows good sensitivity to ethanol gas with the con-
centration ranging from 500 to 10,000 ppm. Furthermore, the PB-SPES
shows good stability under the interference of UV light illumination
compared to semiconductor material based self-powered gas sensor.
The device also possesses good selectivity and repeatability, which
facilitates its promising application.

2. Materials and methods
2.1. Fabrication of the Pl NW array

A piece of clean PI film is placed on the electrode of the RIE ma-
chine. After vacuum to 3 x 107> Pa, the film is etched at 2 Pa pressure,
100 W input power and 400 V automatic bias with 60 standard cubic
centimeters per minute (sccm) oxygen gas flow for 60 min. This film is
subsequently immersed in 2 M hydrochloric acid solution for 30 min to
remove the metal or metal oxide particles existing on the surface of
NWs and then wash with deionized water. After drying in an oven at
80 °C for 30 min, PI NW array is fabricated on one surface of the PI film.

2.2. Preparation of the PA solution

2 g PA is mixed with 16 g formic acid in a 50 mL triangular flask
[16], then it is stirred for 1 h to ensure the dissolution of PA. After-
wards, the PA solution is prepared successfully.

2.3. Fabrication of the PB-SPES

PI NW array is first prepared on a piece of 100 pm thick PI film
(4 cm x 4 cm in size) and then Ag electrode (3 cm x 3 cm in size) is
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sputtered on the other side of the film to fabricate one part of the
device. On the other piece of 100 pm thick PI film (4 cm x 4 cm in
size), Ag electrode (3 cm x 3 cm in size) is first sputtered on one side
of the film and the PA porous film is spin-coated on another side
with the speed of 1500 rpm for 60 s and drying naturally to fabricate
the other part of the device. The PB-SPES is fabricated after con-
necting copper wires on the Ag electrodes.

2.4. Synthesis of the ZnO NWs

The ZnO NWs are synthesized in a quartz tube furnace using ZnO
and graphite powder as the source material, oxygen gas as the re-
action gas, and argon gas as the carrier gas. 3.2558 g ZnO powder
and 0.4807 g graphite powder are grinded in an agate mortar to
make the powder mix uniformly. Then, the mixed powder is placed
in an alumina boat at the middle of the tube furnace, and the sub-
strate is put 12 cm away from the alumina boat in the furnace. 100
sccm argon gas and 10 sccm oxygen gas is introduced into the quartz
tube and the tube is pumped to 190 Pa. Then the furnace is heated to
950 °Cin 19 min and maintained at this temperature for 30 min. ZnO
NWs are grown on the substrate after the furnace is cooled down to
room temperature,

2.5. Fabrication of the TENG with ZnO NWs

The ZnO NWs is first synthesized on the surface of a piece of
quartz glass with ITO electrode as one part of the device, and PI film
with porous PA film and Ag electrodes respectively on its two sides
as the other part of the device. The TENG with ZnO NWs are fabri-
cated after connecting copper wires on the electrodes.

o Cr/Ag electrodes
Tean ‘*“-\*-- PI film
! \ PA film
PI NWs array
l?§ma 4 PI NWs array

Fig. 1. Structure and fabrication of the PB-SPES. (a) Schematic diagram of the PB-SPES. (b) Fabrication process of the PI NW array. (c) 30° oblique view SEM image of the PI NW
array, the insert shows the enlarged SEM images of the PI NWs array. (d) SEM image of the porous PA film, the inserts show the enlarged SEM image of the PA film and the

sectional view SEM image of the PA film.
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Fig. 2. Working process of the PB-SPES. (a) Schematic diagram of the working mechanism of the PB-SPES, (1) to (IlI) respective show distribution of charges on the PB-SPES at the
stage of in air, in air with ethanol gas and back in air. (b) Variation of PB-SPES’s output voltage in pure air and 10,000 ppm ethanol gas. (c) and (d) SEM images of PI NWs (c) and PA

film (d) after the PB-SPES working and exposing to ethanol gas.

2.6. Measurement of the PB-SPES and the ZnO-SPES

The devices are measured with a current amplifier (SR570,
Stanford Research Systems, USA) and a data acquisition card (BNC-
2120, National Instruments, USA).

3. Results and discussions

As Fig. 1a shows, the PB-SPES contains two pieces of 4 cm x 4 cm Pl
films with the thickness of 100 pm. PI NW array and porous PA film are

PI film

respectively fabricated onto one side of each film as the friction layers
to generate charges via the working process. Then, Cr/Ag electrodes
with the size of 3 cm x 3 c¢m are fabricated onto the back side of each
film to collect and transport electrical energy to the circuit. The PI NW
array is fabricated via reactive ion etching (RIE) (shown in Fig. 1b) and
the porous PA film is fabricated via spin-coating. As shown in the
scanning electron microscope (SEM) images of Fig. 1¢, the diameter and
length of the PI NWs are about 200 nm and 700 nm respectively, and
the NWs are distributed as islands on the surface of PI film. Fig. 1d
shows, micropores with the diameter of about 5 pm uniformly
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Fig. 3. Effect of the nanostructure on the response of the PB-SPES. (a) SEM image of the smooth PI film. (b) The output voltage of a TENG using smooth PI film in air and in

10,000 ppm ethanol gas.
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Fig. 4. Stability of the PB-SPES in UV light. (a) SEM image of ZnO NWs. (b) SEM image of ZnO NWs after the PB-SPES working and exposing to ethanol gas. (c) The output voltage of
a TENG using ZnO NWs and PA porous film as friction layers in air and 10,000 ppm ethanol gas. (d) Variation of the output voltage of the TENG using ZnO NWs and PA porous film
as friction layers under 1 mW/cm? UV light. (e) Variation of the output voltage of the PB-SPES under 1 mW/cm? UV light. (f) The output voltage of PB-SPES under 1, 3, 10, 60, 200,
1000 pW/m? UV light intensity with (red lines) and without (grey lines) 10,000 ppm ethanol gas. (g) The output voltage of PB-SPES with exposer of ethanol as well as with 1 mW/
cm? UV illumination for about 6000 cycles.
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distribute on the surface of the PA film and the thickness of the PA film
is about 8.8 pm. The micro/nano structures existing on the friction
layers contributes to the enhancement of TENG's performance [17].
Details of the fabrication process of the PB-SPES and the friction layers
are given in the Materials and methods.

The working mechanism of the PB-SPES is shown in Fig. 2a. As
Fig. 2al shows, when the PB-SPES works in air, the PI NW array rubs
with the porous PA film and attract electrons from the PA film [18].
As a result, the negative charge is generated on the PI NW array,
while the positive charge is generated on the PA film after rubbing,
and the free charge flows through the external circuit to balance the
potential difference. As Fig. 2all shows, when the PB-SPES contacts
with ethanol gas, ethanol molecules are adsorbed on the friction
layers. Primitively, there are many oxygen atoms existing in the
molecular structure of PI in the atmospheric environment, which
plays an important role in attracting the electrons from the PA film.
After the ethanol molecules are adsorbed on the PI NWs, more hy-
drogen atoms are exposed on the surface, which will obviously de-
crease the ability to attract electrons from PA film. As a result, both
the positive and negative charges existing on the friction layer de-
crease, which leads to an output decrease of PB-SPES. When the PB-
SPES works in atmospheric environment again (shown in Fig. 2alll),
due to the desorption of ethanol molecules, the ability of PI NWs
attracting electrons recovers. In a word, owing to the adsorption of
ethanol molecules on the PI NWs, the output of the PB-SPES will
decrease in ethanol gas and recovery in air.

Changes of the output voltage of the PB-SPES in ethanol gas are
then measured to verify the working mechanism and gas sensitivity
of the device. As the result shown in Fig. 2b, after contacting with
10,000 ppm ethanol gas, the output voltage of the PB-SPES decreases
intensively from 600V to 400V in about 28 s. And after venting the
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ethanol gas, the output voltage of PB-SPES recovers in about 60s
Fig. 2c and d respectively show the SEM images of PI NWs and PA
film after working and exposing to ethanol gas. We can see that the
morphology of PI NWs and PA film does not change except for the
slanting of a few PI NWs, which affect little to the performance of the
PB-SPES. The experimental result confirms with the working me-
chanism of the PB-SPES and demonstrates the ability of the PB-SPES
as an ethanol gas sensor.

According to the working mechanism of the PB-SPES, adsorp-
tion of ethanol molecules on the frictional layers should be a key
point of its response to ethanol gas. As we all know, specific surface
area of materials is one important parameter which will sig-
nificantly influence the adsorption of gas molecules on their sur-
faces. Specifically, a material with larger specific surface area
provide more sites to interact with gas molecules [19]. It has been
reported that fabricating nanostructure on the surface of friction
layer is greatly beneficial to the increase of specific surface area as
well as the output [20]. Thus, it could be easily inferred that the
nanostructures on the frictional layer will enhance the chance of
ethanol molecules adsorbed on its surface and further improve the
sensitivity of PB-SPES to ethanol gas. In order to verify the ability of
the nanostructures to improve the performance of the PB-SPES,
another TENG is fabricated and measured, where the PI NW array is
replaced with a smooth PI film. Fig. 3a shows the SEM image of the
smooth PI film. As Fig. 3b shows, the output voltage of the TENG
with smooth PI film only decreases by about 3.8% to 10,000 ppm
ethanol gas compared with that in air, which is about one-tenth of
the PB-SPES’s response under the same ethanol gas concentration.
This result indicates that nanostructures on the surface of the
friction layer contributes greatly to improve the sensitivity of PB-
SPES to ethanol gas.
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Fig. 5. The output of the PB-SPES changes with ethanol gas concentration. (a) to (c) respectively show the output voltage, current and transferred charge of one peak of the PB-
SPES at ethanol gas concentrations of 0, 500, 1000, 3000, 5000, 7000 and 9000 ppm. (d) Response of PB-SPES versus varying concentrations of ethanol gas.
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Fig. 6. Selectivity and repeatability of the PB-SPES. (a) to (e) respectively show the output voltage of the PB-SPES under 0 and 10,000 ppm ethanol gas, H,, acetone gas, CH4 and
toluene gas. (f) Three response/recovery cycles of the PB-SPES under 0 and 10,000 ppm ethanol gas.

In general, working mechanism of the PB-SPES could be de-
scribed as follows: 1. As a TENG, the PB-SPES generates electrical
signals on the basis of triboelectric effect and electrostatic induction;
2. Ethanol molecules adsorbed on the PI NW array change the atoms
exposed on the surface and further lower the electron affinity of PI,
hence, the output of the PB-SPES decreases in ethanol gas; 3.
Nanostructures on the PI NW array result in very high specific sur-
face area, which benefits the adsorption of ethanol molecules and
the sensitivity of the PB-SPES.

Subsequently, we study the ability of the PB-SPES to eliminate
the influence of UV light in the environment. In the experiment, we
fabricate a ZnO based self-powered ethanol gas sensor (ZnO-SPES)
and measure the influence of UV light to the output voltages of the
ZnO-SPES and the PB-SPES, respectively. The ZnO-SPES consists of
ZnO NWs (SEM image before and after working and exposing to
ethanol gas are shown in Fig. 4a and b, respectively) and porous PA
film as friction layers. As Fig. 4c shows, compared with its output

voltage in air, the output voltage of the TENG with ZnO NWs de-
creases by 21% in 10,000 ppm ethanol gas, indicating this device
could be used for self-powered ethanol gas detection. Then, the PB-
SPES and the ZnO-SPES are illuminated with 1 mW/cm? UV light
respectively to measure their stability in UV light. As shown in
Fig. 4d, when the ZnO-SPES is illuminated with 1 mW/cm? UV light,
its output voltage also decreases obviously by 22%, which may cause
error response in its practical applications. In contrast, as shown in
Fig. 4e, the output voltage of PB-SPES remains unchanged when it is
illuminated with 1 mW/cm? UV light. Fig. 4f shows, output of the PB-
SPES remain unchanged under different UV light intensity ranging
from 1 to 1000 yW/cm?, whether in air or in ethanol gas. In order to
apply this methodology as large-scale application, we test the PB-
SPES with exposer of ethanol as well as with UV illumination for
about 6000 cycles and the result shows, output voltage of the PB-
SPES remains unchanged (shown in Fig. 4g). This result indicates
that the PB-SPES could eliminate the influence of UV light in the
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environment through using polymer materials instead of the semi-
conductor materials which is commonly used in TENG based self-
powered gas sensors.

The PB-SPES to different concentrations of ethanol gas as well as
its selectivity and repeatability are studied. First, the output voltage
and current of PB-SPES in ethanol gas with different concentrations
are respectively measured, and the corresponding output charge of
one peak is obtained. As shown in Fig. 5a-d, the PB-SPES’s output
voltage, current and transferred charge all decrease monotonically
with the increase of ethanol gas concentration ranging from 500 to
9000 ppm with nearly a linear relationship. To 500 ppm ethanol gas,
the PB-SPES exhibits an average reduction of output voltage, current
and transferred charge respectively by 8.1%, 24.8% and 11.1%, which
is easy to be detected in its practical applications.

Fig. 6a-e show the real-time continuous responding/recovering
process of the PB-SPES upon exposure to 10,000 ppm ethanol gas,
H,, acetone gas, methane (CH,4) and toluene gas. It can be seen that
the output voltage of PB-SPES has almost no change after exposing
to H,, acetone gas and CH,, and the output voltage of PB-SPES in-
creases after exposing with toluene gas. When ethanol gas is in-
troduced, the output voltage of PB-SPES decreases, which indicates
its certain selectivity to ethanol gas. Fig. 6f shows three continuous
response/recovery cycles of PB-SPES against 10,000 ppm ethanol gas.
In the three cycles, the sensitivity and response/recovery time of the
PB-SPES have no significant change of each cycle, which shows that
the device has good repeatability. The above-mentioned results
prove that the adsorption and desorption of ethanol molecules can
reversibly take place in the response and recovery processes, re-
spectively. The relatively short response/recovery time and good
repeatability of PB-SPES can pave the way for its practical appli-
cation.

4. Conclusions

In summary, a PB-SPES for self-powered ethanol gas detection is
designed and fabricated. As a self-powered device, the PB-SPES
could generate electrical energy under external force. It is sensitive
to ethanol gas with a concentration ranging from 500 to 10,000 ppm.
The high specific surface area of the PI NW array as a friction layer in
the PB-SPES considerably increase the sensitivity of the PB-SPES for
it is beneficial to the adsorption of gas molecules. Due to the wide
bandgap of polymer materials as the ethanol sensitive materials, the
PB-SPES can eliminate the influence response of UV light in the
environment. Meanwhile, the PB-SPES shows good repeatability and
selectivity. This work provides a promising solution for the self-
powered gas sensor to eliminate the influence of factors in the en-
vironment.
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