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ABSTRACT

Metal oxide semiconductor sensors based on nanocrystalline In,O; and its
composites are found to be very sensitive in detecting low-concentration
(~ 5 ppm) gases such as ozone, nitrogen dioxide, formaldehyde and butane.
Here, we successfully obtained fiber-shaped In,O; crystalline nanofibers via
electrospun and calcination routes. The gas sensing properties of the In,Os;
nanofibers were studied by exposing them to the acetic acid vapor with different
concentrations from 500 ppb to 2000 ppm at the optimum operating tempera-
ture (250 °C). The device possesses ultra-high response of 66.7 toward 2000 ppm
acetic acid vapor, low response and recovery times of 25 s and 37 s (100 ppm),
respectively, and significant selectivity to acetic acid at 100 ppm. In particular,
the sensor based on In,O5; nanofibers has very low detection limit and can reach
500 ppb. Therefore, the presented In,O3 nanofiber sensor can be used in practice
in acetic acid detection area in the future.
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concentrations of acetic acid vapor in workplace are
7.5 ppm in China (GBZ 2-2002) and 9.3 ppm in USA

Introduction

Acetic acid is colorless, flammable and easy volatile
and is extensively used in plastics, pharmaceuticals,
dyes, insecticides and photographic chemicals
industries [1]. However, inhalation of a certain
amount of acetic acid gas can induce irritation in skin,
eyes and respiratory system. A long-term exposure in
the ambient of acetic acid leakage may induce some
kinds of diseases [2, 3]. The maximum permitted

(D3620-04). So, it is very urgent to have a effective
way to probe acetic acid concentration in the labo-
ratory and domestic utilities. Unfortunately, the
detection toward acetic acid is still unsatisfied [4-8].
For example, the sensing properties, especially sen-
sitivity and working temperature, need to be
improved further [1, 4]. In recent decades, gas sen-
sors are highly required in medical, environmental
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and domestic utilities for detecting toxic and com-
bustible gases. In this respect, metal oxide semicon-
ductors (MOSCs) such as ZnO [1], Bi,O;3 [9], SnO,
[8, 101, «-Fe,O5 [7], M0oOs5 [11], In,O5 [12-15] and their
nanocomposites are promising candidates owing to
their thermal stability, excellent response, reversibil-
ity and effective cost [16, 17]. In order to increase
sensitivity and decrease operating temperature of the
gas sensor, noble metals and transition metals are
favorite dopants, which can significantly enhance the
sensing properties of MOSCs [18-21]. But, these types
of sensors have the disadvantages of complicated
synthesis process, narrow range of detection limit
and high working temperature [19, 20]. The sensors
based on semiconductor oxides can work via the
variation in the device resistance due to the surface
processes of sensing materials [18, 19]. In general, the
absorbed acetic acid gas molecule could decompose
into two CO,, two H,O molecules and eight electrons
(8 e”") due to the lower bond energy of C-C in
CH3COOH, and then the released electrons result in
an abrupt alteration of device’s resistance [2, 3, 18].
In a wide variety of MOSC nanomaterials, In,O3
and its composites exhibit higher sensitivity and
shorter response/recovery times than other sensing
materials [9, 22]. For example, the sensing perfor-
mance of Bi;Oz-decorated In,O3; nanorods is stronger
(1.5-4.9 times) than that of the pristine In,O5; nanorod
at the corresponding concentrations [9]. And the
nanosheet-based In,O; microflowers gas sensor
exhibited excellent sensing properties toward
formaldehyde [22]. In 2018, the broken In,O5; micro-
tubes were obtained by chemical conversion method,
and these broken In,O5; microtubes exhibited signifi-
cant response toward triethylamine at 1-100 ppm,
and the detection limit is 0.1 ppm [23]. Very recently,
Co-doped In,O; nanorods were fabricated by
hydrothermal strategy, and the In,O3;/1%Co nanor-
ods exhibited a high response of 23.2 for 10 ppm to
HCHO at 130 °C [24]. Lee et al. reported that the
CuO-loaded In,O; nanofibers significantly enhanced
the gas response toward 5 ppm H,S from 515 to
1.16 x 10° at 150 °C [25]. What’s more, one-dimen-
sional (1D) structure allows efficient electron trans-
port along the longitudinal direction, is simple and
has high volume prepared by electrospinning [25]. To
the best of our knowledge, electrospinning can be
used to prepare nanofibers with many particles,
which can greatly increase the specific surface area
[3, 7, 26]. Up to now, few studies have been reported
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regarding the acetic acid sensing characteristics of
In,O; nanofibers. Therefore, it is of great significance
to design and fabricate an acetic acid sensor with
good performance based on In,O3; nanofibers.

We have successfully obtained In,O3; nanofibers
composed of many nanoparticles. The detection limit
of In,O3 nanofibers sensor can reach 500 ppb and has
excellent selectivity toward acetic acid. Meanwhile,
the homemade devices exhibit good repeatability and
stability.

Experimental section
Materials

Polyvinylpyrrolidone (PVP, M, = 1500000), indiu-
m(II) nitrate hydrate (In(NOs3);-H,O) and N,N-
dimethylformamide (DMF) were purchased from
Aladdin Company and wused without any
purification.

Preparation of In,O3; nanofibers

In this study, the In,O3 nanofibers were fabricated via
electrospinning combined with calcination in air.
Typically, 0.5 g of In(NO5);-H,O was added into a
solvent of DMF in a little bottle under vigorous stir-
ring for 6 h. Then, 0.25 g of PVP was dissolved into
3 ml ethanol in another little bottle under vigorous
stirring for 6 h. Then, both of them were mixed
together under stirring and loaded into a 10-ml
injector with a 22-gauge needle tip for electrospin-
ning, and the parameters of electrospinning are the
same as the above process. After electrospinning, the
nanofiber-shaped In,0O; precursors were preheated at
160 °C for 2 h and then calcined at 600 °C under air
for 4 h. Finally, the In,O3 nanofibers composed of
many nanoparticles were successfully obtained.

Characterizations

The surface morphology of the nanofibers was
observed using a field emission scanning electron
microscope (FESEM, Zeiss Gemini 500). The diameter
of the electrospun fibers was measured using image
analysis software (Adobe Acrobat X Pro 10.1.2.45)
according to the SEM images. Energy-dispersive
X-ray spectroscopy (EDX) mapping of the samples
was performed using an Oxford Link-ISIS 300 EDX
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attachment at 15 kV. The microstructure of the sam-
ples was investigated by X-ray diffraction (XRD),
performed on a Bruker D8 diffractometer with Cu Ko
radiation (4 = 0.154 nm). XPS measurements were
recorded with a Thermo Scientific Escalab 250xi
instrument equipped with a monochromatic Al Ku«
source. And the gas sensing properties were mea-
sured by WS-30A gas sensing measurement system.
During the tests of gas sensing, a certain volume of
the acetic acid liquid was injected into the test
chamber. When the resistance of the sensor was
stable, the sensor was transferred into another
chamber that was full of fresh air and began to
recover. The testing chamber was blown and purged
by nitrogen (purity: 99.9%) before and after every
cycle. In this article, the sensor response to the testing
gas is defined as R = R,/Rg, where R, and R, are the
resistances of the sensors in air and in target gases,
respectively. Here, the response/recovery times were
defined as the time taken to achieve 90% of the total

Figure 1 a Schematic
illustration of the fabrication
processes for In,O3 nanofibers
and corresponding gas sensor.
b The SEM image of In,O5
precursor fibers; the inset is
nonwoven In,O; nanofiber
mat. ¢ High-resolution SEM
image of In,O3 precursor
fibers, and the inset is
histograms of the
corresponding In,O5 precursor
diameters. d Low-magnitude
SEM image of the calcined
In,O3 nanofibers. e High-
resolution SEM image of
In,O3 nanofibers, and the inset
is histograms of the
corresponding In,0;
nanofibers diameters.
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resistance changes after the sensor was exposed to
the acetic acid vapor and fresh air, respectively.

Results and discussion

Figure 1a illustrates an overall process of material
synthesis and device preparation. Here, we firstly
obtained In,O; nanofibers via electrospinning and
calcination routes, and then the sensing devices
based on In,O; nanofibers were prepared according
to our previous report [27]. In Fig. 1b, it can be seen
that the In,O; precursors formed a multilayered
network randomly, which is similar to a nonwoven
nanofiber mat (inset in Fig. 1b). As depicted in the
high-magnitude SEM in Fig. 1c, the as-prepared
In,O5; precursors have uniform shape and smooth
surface, without any obvious beads and defects on
the surface of the precursors, which implies that the
In,O;5 electrospinning solution has good spinnability

60" 90 120
Diameter (nm)
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Figure 2 a XRD pattern of
In,O3/PVP composite fibers
(In,O3 precursor fibers) and
In,O5 nanofibers, respectively.
b and c are high-resolution
XPS spectra of In 3d and O 1s
of In,O3 nanofibers,
respectively. d, e and f are the
corresponding energy-
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[28, 29]; see Fig. 1c. In addition, the diameter of the
In,O3 precursors is roughly distributed at 90 nm, as
shown in the inset of Fig. 1c. Then, the In,O3 pre-
cursors were calcined in air at 600 °C immediately
after preheating at 160 °C. The In,O5 precursors were
broken into pieces after calcination process; see
Fig. 1d (the low-magnitude SEM image). In order to
investigate the details of the calcined In,O3; nanofi-
bers, the high-resolution SEM image was taken
(Fig. 1e). Evidently, it can be seen that the surface of
the In,O; nanofibers are uneven, compared to the
In,O; precursors. Besides, some nanoparticles
appeared on the surface of In,O; nanofibers. Such
structure plays a significant role in gas sensing
enhancement because the rough surface can greatly
increase the active sites to the target gas. On the other
hand, the roughened surface is benefit to gas
adsorption/desorption and diffusion of target gas
molecule [22, 27]. Additionally, the diameter ten-
dency observed in the as-spun nanofibers was
decreased after calcination [7, 29]. According to the
statistical result, the average diameter of In,Oj
nanofibers (the inset of Fig. le) decreased by
approximately 22% compared to the distribution of
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In,O; precursors (see the inset of Fig. 1c). This obvi-
ous decrease in diameter was attributed to either the
evaporation of residual solvent (DMF) absorbed in
the fibers or a partial decomposition of PVP, which
acts as the polymeric scaffold of In,O; precursors
[29].

To investigate the purity and crystalline phases of
the samples, the XRD patterns of In,O3; precursors
and In,O3 nanofibers were scanned from 10° to 90°.
Obviously, the XRD pattern of In,Oz precursors
(stabilized at 160 °C) did not reveal any crystalline
structure (Fig. 2a, dark pattern). In contrast, the cal-
cined In,O; nanofibers exhibit strong diffraction
peaks, as shown in Fig. 2a (red pattern). It can be
observed that the peaks of crystal planes (211), (222),
(400), (440) and (622) are the main characteristic
peaks of In,O3, which correspond to cubic structure
of In,O3 (JCPDS 06-0416) [28, 30]. The result suggests
that In,O3 nanofibers with excellent crystallinity were
successfully synthesized [30].

The high-resolution XPS measurement was carried
out to analyze the chemical constituents and elements
valence of the In,O; nanofibers. Figure 2b shows the
XPS spectrum of In 3d state, which indicates the
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peaks at 444.5 eV and 452.0 eV, corresponding to the
In 3ds,, and In 3ds,,, respectively. The difference
value between In 3d;,, and In 3ds,, is 7.5 eV, which
indicates that In element exists mainly in the state of
In®* in InyO; [23, 24, 28]. Figure 2c shows two peaks
of the oxygen species and the lower energy peak
(529.5 eV) can be attributed to lattice oxygen on the
surface of In,O3 nanofibers, while the peak located at
531.8 eV may be ascribed to chemisorbed oxygen
species. According to the previous reports, the che-
misorbed oxygen is good for catalytic activity in gas
sensors and to improve the performance of volatile
organic compound (VOC) gas sensors [7, 18]. Besides,
the elemental mapping images (Fig. 2d—f) further
confirmed the composition of the product and the
spatial distribution of the elements. Obviously, O
(Fig. 2e) and In (Fig. 2f) signals were detected as a
fiber-like structure, while In and O signals were
detected in the whole region, which indicated the
uniform distributions of In and O elements over the
whole nanofibers.

In order to ascertain the optimum operating tem-
perature of the In,O3 nanofibers sensor, the response
value of the sensor toward 100 ppm acetic acid under
different temperatures from 150 to 350 °C was

measured and the results are shown in Fig. 3a. We
can see that the response increases sharply with the
increase in temperature from 150 to 250 °C for the
In,O5; nanofibers sensor and reaches the maximum
value of 28.4 at 250 °C, and then drops rapidly with
further increase in the temperature.

Above the temperature of 250 °C, the decrease in
adsorbed oxygen ions will increase conduction elec-
tron density and thus reduce the gas response.
Therefore, the optimum working temperature should
be 250 °C to proceed with the following measure-
ments. Figure 3b gives the dynamic response and
recovery properties of sensors based on In,O3 nano-
fibers of different acetic acid vapor concentrations
(from 500 ppb to 2000 ppm) at 250 °C. We can see
that the response increases quickly with the increase
in the acetic acid concentration; see Fig. 3c, and the
response of the In,O; nanofibers sensor increases
steeply from 500 ppb to 100 ppm (inset in Fig. 3c).
Thus, the In,O; nanofibers sensor can effectively
detect acetic acid with the ultra-low concentration
due to the nature of one-dimensional (1D) structures,
which can facilitate the rapid and efficient adsorption
of gas molecules, as well as good sensing perfor-
mance. It is worth mentioning that the response is 3.4
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Table 1 Response values of
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In,O5 nanofiber sensor at Concentration 500 ppb
different concentrations of Response . 34
acetic acid from 500 ppb to Concentration 200 ppm
2000 ppm Response 36.5

5 ppm 25 ppm 50 ppm 75 ppm 100 ppm
6.22 11.5 16.4 20.9 28.4

300 ppm 400 ppm 500 ppm 1000 ppm 2000 ppm
42.0 49.7 57.2 66.6 66.7

at 500 ppb, which is larger than that of international
criterion of 1.2 [19, 20]. The lower limit of quantita-
tion (LLoQ) of acetic acid vapor is evaluated by linear
extrapolation of the response sensitivity as a function
of acetic acid concentration, and the calculating for-
mula of the LLoQ is LLoQ = 3 x (standard Devia-
tion/slope) [31], predicting an ultra-low acetic acid
detection concentration of 161 ppb for the In203
nanofibers sensor operated at 250 °C. The detailed
response values of In,O3 nanofiber sensors are listed
in Table 1.

When the concentration of acetic acid reaches
1000 ppm, the response value shows the status of
saturation and the similar characteristics of other-
category VOC sensors have been reported previously
[18, 26, 30]. We suggest that the response of gas
sensor is determined by the surface reaction rate.
Therefore, the large specific surface area is a very

Figure 4 a Response and
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important factor to promote the surface reaction rate
[32-34]. According to Table1, the maximum
response value is 66.7 under 2000 ppm, which is very
close to 1000 ppm (66.6). On this aspect, the
nanoparticles of In,O; nanofibers greatly affect the
response value of In,O; nanofibers sensor. Figure 3d
shows a typical cycling stability test of the In,Os
sensor to 100 ppm of acetic acid at 250 °C. It can be
found that the In,O3 sensor has a consistent response
property, and the value is 28.1. In addition, the device
exhibits excellent recovery characteristics and
repeatability.

Figure 4a gives the response time (t,s) and recov-
ery time (Tyecov) Of the InyO; nanofibers sensor to
100 ppm acetic acid at 250 °C, which are the vital
performance parameters for gas sensors. The 1,5 of
pure In,Os5 sensor is 25 s, and the measured recovery
time (Tyecov) 1S 37 s, which are shorter than those from
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Table 2 Comparison of
sensing performance toward
acetic acid reported by other

groups
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Materials Concentration T (°C) Rq Tres (8)  Trecov (8)  Refs.
(ppm)

CdS,Se;_, nanoribbons 400 210 6 80 50 [35]
Y-doped SnO, nanoparticles 800 300 300 [4]
Pr-doped ZnO nanofibers 400 380 7.38 51 40 [1]
SnO, nanoflowers 100 260 47.7 18 11 [8]
In,O3 nanofibers 100 250 28.4 25 37 This work

previous reports [1-4, 7, 8]. The above results are
sufficient to prove that the response and recovery
times toward acetic acid gas can be greatly improved
by In,O3 nanofibers. The long-term stability of In,O3
nanofibers gas sensor is also investigated and shown
in Fig. 4b. The sensor exhibits nearly constant sensor
signals to 100 ppm acetic acid for 60 days, confirming
the good stability of the In,O; nanofibers sensor.
Again, acetone, methanol, NH; and benzene sensing
characteristics of the In,O3 nanofibers sensors are also
measured under the same conditions to evaluate the
selectivity of In,O; nanofibers sensor. Figure 4c
shows the sensitivities of In,O3; nanofibers sensor to
100 ppm of different gases at 250 °C. We can see that
In,O5 nanofibers sensor show less sensitivity to other
gases, indicating the excellent selectivity to acetic acid
vapor.

The comparison of the responses to acetic acid gas
among the In,O; nanofibers sensors and previous
reports such as CdS,Se;_, nanoribbons, Y-doped
SnO, nanoparticles, Pr-doped ZnO nanofibers, and
SnO, nanoflowers is shown in Table 2. In contrast to
other materials, the In,O5; nanofibers gas sensor has a
lower operation temperature and extremely high
sensitivity. In short, the In,O5; nanofibers gas sensors
showed good sensing properties, especially sensitiv-
ity and working temperature.

The gas sensing mechanism can be explained as
follows: The gas-sensitive materials react with
reducing gas such as acetic acid and lead to the
change in electrical resistance of the materials, as
shown in Fig. 4d [36, 37]. When gas sensors are
exposed to air, oxygen molecules are adhered to the
surface of In,Oz nanofibers and electrons transport
occurs between these metal oxides and the gas
molecules, leading to the formation of adsorbed
oxygen O, O*" and O, in the following fashions:
Oa(gas) + 287 — 20(345), Onfgas) + €~ — Onagg)r Opgas)+
) [38—41]. As a result, the carrier concen-

e — OZ(ads

tration will decrease, which results in the increase in

the device resistance. When the sensor is exposed to
acetic acid gas, the acetic acid molecules will react
with oxygen ions and release a certain number of
electrons, which go back to the conduction band,
resulting in the resistance decrease of the device.
According to the previous reports, the surface pro-
cess of charge was greatly influenced by surface
defect [32]. Hence, the reaction is:

CH3COOH ) + 405,45 = 2C0O; + 2H,0 + 8e™.
Therefore, the acetic acid sensitivity toward In,O3
gas sensors is basically above oxidization reaction
process, with free electrons flowing into the conduc-
tion band. These free electrons will in turn improve
the oxygen adsorption on the In,O; surface [29, 42].

Conclusion

In summary, we have successfully obtained In,Oj;
nanofibers via a synergetic approach of electrospin-
ning and calcination processes. The In,O3 nanofibers
exhibit enhanced sensing performance toward acetic
acid at 250 °C. Specifically, the sensor based on In,O3
nanofibers has very low detection limit and can reach
500 ppb. According to our study, it is believed that
the sensor based on In,O3 nanofibers is a promising
candidate for the efficient detection of acetic acid.
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