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ARTICLE INFO ABSTRACT

Keywords: We report the sensing performance of In,O3 nanoparticles (NPs) synthesized by a co-precipitation method for the
Gas sensor detection of isoprene. The as-synthesized InyO3 NPs exhibited excellent isoprene-sensing performance compared
1“203 nanoparticles to other previously reported isoprene sensors based on metal-oxide semiconductors. Under an exposure of 1 ppm
soprene

isoprene at an optimal operating temperature of 350 °C, the In,O3 NP sensor showed the highest sensing response
of ~231 with a rapid response time of ~3s. The low detection limit was approximately 0.001 ppm of isoprene.
Furthermore, the In,O3 NP sensor showed a good long-term stability for 90 days by controlling the annealing
time. In addition, for the sensor’s practical applications to a breath isoprene analyzer, we tested the sensing
ability of the InpO3 NPs by integrating the sensor into a miniaturized gas analyzer based on gas chromatography
(GQ). The results revealed that the InpO3 NP sensor is sensitive and can distinctly detect 1 ppm isoprene and
10 ppm Hj within ~100 s in a mixture gas with other breath gases, such as acetone, CO3, CO, and CHy4. Our study
demonstrated the potential of the In,O3 NP sensor for application in breath isoprene analyzers by controlling the

Breath analyzer
Miniaturized gas chromatography

sensor’s annealing time and adopting the GC system.

1. Introduction

Breath analysis technology aids in disease diagnosis and detects
human metabolism by analyzing changes in the concentration of
exhaled breath components. Owing to its simple and noninvasive
characteristics, its application has great prospects and requires a lot of
research. In 1971, Linus Pauling [1], a two-time Nobel Prize winner,
discovered more than 250 characteristic substances in exhaled gas using
gas chromatography (GC), which led to the rise of a new field of research
in modern breath gas analysis. So far, more than 3000 volatile organic
compounds (VOCs) have been found in human exhaled breath [2].
Currently, there have been reports that some VOCs in exhaled gas can be
employed to diagnose certain diseases: carbon dioxide for Helicobacter
pylori infection, carbon monoxide for asthma diagnosis, methane for
heart transplant rejection monitoring, and hydrogen for lactose malab-
sorption detection [3].

Isoprene is a vital VOC formed as a byproduct during cholesterol
synthesis and metabolism in the liver, and its typical breath concen-
tration ranges from 20 to 250 ppb [4]. High blood cholesterol may be a
causative factor for cardiovascular diseases, leading to millions of deaths
worldwide [5]. Additionally, altered isoprene concentrations are

* Corresponding authors.

prevalent in patients of end-stage renal disease [6], lung cancer [7], and
liver disease with advanced liver fibrosis [8]. In 2013, Naim Alkhouria
et al. [9], used mass spectrometry to measure the exhaled gas of 37
patients suffering from nonalcoholic fatty liver disease (NAFLD) and
23 healthy people. The results showed that the concentrations of five
components, such as isoprene, acetone, trimethylamine, acetaldehyde,
and pentane, contained in NAFLD exhaled breath increased, among
which isoprene exhibited a significant difference.

Gas chromatography-mass spectrometry (GC-MS) and its derived
methods have a high detection accuracy and can analyze unknown
components in respiratory gases [10-12]. However, the sample collec-
tion and pre-processing operations of these methods are complicated
and the detection time is long, which fail to meet requirements of
equipment, such as portability, easy operation, and quick judgment, for
point-of-care testing. Therefore, they are mostly used for laboratory
breath testing. In contrast, sensors prepared using metal-oxide semi-
conductors (MOSs) have been widely used for VOC detection, owing to
advantageous features like high sensitivity, low-cost, easy fabrication
and integration, and superior safety [13]. Therefore, they can be easily
incorporated into portable breath analyzers. However, until now, there
are fewer reports of isoprene detection using MOS-based sensors
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Fig. 1. (a) XRD patterns of the as-synthesized In,O3 NPs. The blue bars at the bottom are for the reference corresponding to cubic phase of In,O3 (JCPD No. 06-0416);
(b) Halder-Wagner plot of In,O3 NPs to estimate the crystalline size; (¢) TEM image of In,O3 NPs; (d) schematic of a sensor device and SEM image of In,O3 NPs

dispersed on top of the interdigitated Pt electrodes after annealing.

compared to other VOC gases. In previous reports, several kinds of MOS,
such as ZnO [13,14], SnO, [15,16], TiO3 [17], and WO3 [18] have been
utilized for the production of isoprene-sensing materials. In contrast,
indium oxide (Iny03) has been extensively applied to the field of VOC
gas sensors [19-22] as a gas-sensing material due to its superior catalytic
activity [23] and high electrical conductivity. However, reports on
Iny03 for application in isoprene sensors are still few in number. In
recent times, it has been reported that In,O3 is a promising potential
candidate for detecting isoprene in exhaled breath [24]. To enhance
sensitivity, specific surface area was significantly increased by fabri-
cating porous flower-like microspheres of InyO3. The flower-like In,O3
microspheres exhibited commendable sensing performances at a rela-
tively low operating temperature of 190 °C and could detect up to 5 ppb
of isoprene. Therefore, tests on the sensing ability of In,O3 to detect
isoprene sensitively and selectively from a gas mixture in the presence of
other interfering gases are crucial for elucidating their applicability in
breath isoprene analyzers.

In this paper, we investigated the isoprene-sensing performance of
Iny03 nanoparticles (NPs) synthesized by a co-precipitation method. The
as-synthesized pure InyO3 NPs exhibited significantly high sensing re-
sponses and a rapid response time for the detection of 1 ppm isoprene.
These properties were observed in the absence of size reduction and
noble metal addition, as presented in previous reports [13-24]. In
particular, MOS sensors like InyOs have shortcomings regarding
long-term stability and selectivity that must be overcome for practical
application. Here, the hindrance of long-term stability was resolved by

controlling the annealing time of the InpO3 NP sensor. Selective detec-
tion of isoprene in a gas mixture was achieved by adopting a minia-
turized GC system for further applications in portable breath analyzers.

2. Materials and methods
2.1. Synthesis of In,O3 nanoparticles

In,03 NPs were synthesized via a co-precipitation method [25]. 1.5 g
of indium nitrate hydrate (In(NO3)2-9H20, Sigma Aldrich, US) was
dissolved in 20 ml of distilled water and stirred for 30 min at room
temperature to form a homogeneous precursor. Following this, NH4OH
was added dropwise into the precursor solution until the pH of the
mixed solution reached 10. Subsequently, the resultant white precipitate
was rinsed thrice with ethanol using a centrifuge, and then dried at 80 °C
for 1 d. Finally, the product was calcined at 300 °C for 2 h in a furnace to
obtain pure InpO3 NPs.

2.2. Characterization

The crystalline phase of the as-synthesized In,O3 NPs was examined
using an X-ray powder diffractometer (XRD, Ultima IV/ME 200DX,
Rigaku) with a Cu-Ka radiation source. The morphology and structure of
the In;O3 NPs were investigated by field-emission scanning electron
microscopy (FE-SEM, JEOL 7001 F) and transmission electron micro-
scopy (TEM, JEOL JEM ARM 200 F). The analysis of surface chemistry



Q. Zheng et al.

Sensors and Actuators: B. Chemical 327 (2021) 128892

210 250
1 Isoprene 1 ppm (b) Isoprene 1 ppm
180 - . 1
. . =" 3 %, 200 -
o’ 15073000, ——— B0 @
o 1 s @ 150-
@ 42 2] g
< % 10" 4 —
— {a00c & Q
8 90 - 10' - T : g 100 ~
i | 0 1
S g lasot | Tme(0’s) | Q]
o @ 50
@ ] O
o 30-s00c -
] 04
0 — - T L T —— T T T T T T T ¥ T
500 1000 1500 2000 2500 300 350 400 450 500
Time (s) Temperature (C)
-~ 30
(C) 200- Isoprene 1 ppm (d)zoo-ﬁ 1 ?
2 20 <
— AU) b ) N
> 160 - 14 S 10-
o = 150%
z € L.
<1 120 - 2 1 e s ok
~ 0.000 0.005 0.010
o g 1004 Concentration (ppm Slzope =143
2 8o = R’ = 0.972
o o A
> ] B s0-
& 40 4 o
1 o 350°C
0 — o+
600 620 640 660 680 00 02 04 06 08 10
Time (s) Concentration (ppm)

Fig. 2. (a) Variation in the response of In,O3 NPs to 1 ppm isoprene in the operating temperature range of 350-500 °C; (b) maximum sensing response of In,O3 NPs
at 1 ppm isoprene as a function of operating temperature; (c) response time of In,O3 NPs under exposure to 1 ppm isoprene at the different operating temperatures;
(d) sensing response of In;O3 NPs to different concentrations of isoprene in the range of 0.001 — 1 ppm at the optimal working temperatures of 350 °C. The inset
shows the sensing response for the low concentration of isoprene in the range of 0.001-0.05 ppm.

was performed via X-ray photoelectron spectroscopy (XPS, K-alpha
Thermo VG) with Al-Ko radiation (1486.6 €V). Additionally, the optical
properties of the NPs were measured using a UV-vis spectrophotometer
(UV-vis, V650 JASCO) in the wavelength range of 200-800 nm. The
specific surface area of the as-prepared In,O3 NPs was estimated using
the Brunauer-Emmett-Teller method (BET, BERLSORP-max).

2.3. Fabrication of sensor devises

Two types of sensors for sensing measurements were prepared on a
SiO5 substrate (8.5 x 8.5 mm?) for a tube furnace system and an Al;O3
substrate (0.5 x 0.25 mm?) for a miniaturized gas analyzer based on gas
chromatography (mini-GC) systems. Interdigitated Pt electrodes were
patterned on the substrates. The as-prepared In,Os powder was dis-
solved in methanol to form a solution and the InyOs solution was
dropped on the Pt interdigitated electrode. After drying at 100 °C, the
devices were annealed at 600 °C for 30 min to remove the solvent and
improve the mechanical and thermal stabilities of the In,O3 NPs.

2.4. Sensing measurements

Sensing performance of the as-synthesized In,O3 NPs for isoprene
was tested in two types of sensing measurement systems, a tube furnace

and a mini-GC system. Moreover, the tube furnace system was equipped
with mass flow controllers (MFCs). The concentration of desired
isoprene was adjusted using air as a balance gas by controlling the gas
flow rate using the MFCs. Following this, a specific amount of isoprene
gas and air was injected into the chamber at a constant flow rate of 1000
sccm. The working temperature of the InpO3 NPs sensor was varied using
the temperature controller of tube furnace. The sensing performance of
the InyO3 NPs was tested for various isoprene concentrations in the
range 0.01-1 ppm at different operating temperatures ranging between
300 to 500 °C. The sensing resistance was measured using a current
source (Keithley 6220) and a nanovoltmeter (Keithley 2182). 10 nA of
constant current was applied for a time interval of 1s. The sensor
response was defined as A R/Rg, where A R = (R, — Rg). Here, R and Ry
are the sensor resistances in air and isoprene gas, respectively. The
response time is defined as the time for the sensor to achieve 90% of the
total resistance change for the target gas.

Furthermore, to elucidate the applicability of InoO3 NPs in breath
isoprene analysis, we tested their sensing ability by integrating the
sensor into the mini-GC system developed recently by our group [26].
The mini-GC system has dimensions of 6 x 8 x 13 cm? and consists of
three main parts—a sampling loop to collect the injected gas, a packed
column to separate the mixed gas, and a sensor to detect the target gas.
These parts are connected by a mini pump and three solenoid valves.
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The target gas mixed with the ambient carrier gas was collected into the
sampling loop without pre-concentration. The total volume of the
sampling loop was limited to 1 ml. The injected gas was passed through
the packed column with a constant flow rate of 30 sccm. The length and
inner diameter of the packed column were adjusted to 20 cm and
0.15 cm, respectively, to obtain the best sensing signal. The operating
temperature of the InyO3 NPs sensor was varied from 300 °C to 500 °C,
but that of column was maintained at 25 °C. The working temperature of
the InpO3 NPs sensor was controlled by applying a voltage through Pt
heater patterned on the backside of the AloO3 substrate. In the mini-GC
system, the sensor signal was obtained from the logarithmic resistance
(log(R)). Thus, the sensing response the InpO3 NPs sensor was defined as
the peak height of the sensor signal, which can be expressed as ASensor
Signal = (Sensor Signal)pyse — (Sensor Signal)min. Here, (Sensor Sig-
nal)pase and (Sensor Signal)mi, are the sensor signals of the sensor
exposed to the ambient air and the target gas, respectively.

3. Results and Discussion

The characterization of the crystalline phase and morphology of the
as-synthesized InpO3 NPs was conducted by XRD, TEM, and FE-SEM.
Fig. 1(a) shows the XRD patterns of InoO3 NPs. The diffraction peaks
are well-indexed to the crystal structure of the In,O3 cubic phase (JCPD
No. 06-0416). Furthermore, no impurity or secondary phase was
observed. The crystallite size of the InoO3 NPs was calculated by the
Halder-Wagner method as follows:

(ﬂ-cosﬁ)Z K p

sind "D tanB-sind

+16€%, @

where f is the integral breadth, K is the dimensionless shape factor, A is
the wavelength of the X-ray, D is the crystallite size, and ¢ is the average
strain [27]. As can be seen in Fig. 1(b), the crystallite size can be ob-
tained from the slope of (§/ tane)2 vs. B/(tanB-sind) plot when a K value
of 4/3 for the volume-weighted average size of spherical crystallites is
adopted [28]. The calculated crystallite size of the In;O3 NPs was
approximately 20.6 nm. Fig. 1(c) shows the TEM image of isolated In,O3
NPs. Meanwhile, Fig. 1(d) presents the SEM image of the InoO3 NPs
dispersed on top of the interdigitated Pt electrode, displayed in the
schematic of the sensor device, after annealing. It is evident from the
image that the InpO3 NPs have a spherical shape and an average diam-
eter of approximately 20nm. This indicates that the particle size
calculated from the XRD analysis is consistent with that obtained from
the electron microscopic images. Furthermore, phase stability of the
as-synthesized In,O3 NPs was checked after being heated under various
conditions. The XRD and SEM analyses indicated that the as-synthesized
Iny03 NPs retained its crystalline phase and morphology even after
being heated at the annealing temperature of 600 °C and after sensing
measurement to 1 ppm of isoprene at 350 °C (Figs. S1 and S2 in Sup-
plementary material).

The sensing performance of the In,O3 NPs for 1 ppm of isoprene was
first tested in the tube furnace system. Fig. 2(a) shows the variation in
the sensing response over time for the InoOs NPs exposed to 1 ppm
isoprene at various operating temperatures ranging from 300 °C to 500
[]. The response curves were obtained from the variations in the sensing
resistance under the operating temperatures shown in the inset of Fig. 2
(a). Fig. 2(b) presents the maximum sensing response of the sensor as a
function of operating temperature. The response increases with
increasing operating temperature to 350 °C, and then decreases. The
highest sensing response to 1 ppm isoprene was observed at 350 °C,
indicating the optimal working temperature of the InyO3 NP sensor.
With an increase in the operating temperature, the amount of adsorbed
oxygen species on the surface of the InpO3 NPs increases and the surface
chemical reaction improves, thereby resulting in an increase in the
response [29]. However, at temperatures above the optimum operating
temperature, high temperatures inhibit gas adsorption, thereby
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Fig. 3. Comparison of sensing response of In,O3 NPs to other previously re-
ported metal-oxide semiconductor-based gas sensors for various concentration
of isoprene.

reducing the response [29]. At 350 °C, the average value of response was
~175 and the highest value was ~213. In addition, Fig. 2(c) shows that
the InpO3 NPs have a rapid response time in the range of 2-5 s at various
operating temperatures, although they have a relatively long recovery
time in the range of 35-200s (Fig. 2(a)). Response time is a crucial
parameter for evaluating the sensing performance of sensors. Therefore,
it can be deduced from Fig. 2(c) that when the sensor is exposed to
isoprene gas, In;O3 NPs react immediately with the gas and reach an
equilibrium state in less than 5s. This demonstrates that the InyOs
NPs-based gas sensor can achieve rapid detection of isoprene gas.

Furthermore, we tested the sensing performance of the sensor for
various isoprene concentrations. Fig. 2(d) shows the sensing response of
the Iny0O3 NP sensor to different isoprene concentrations (0.001-1 ppm)
at the optimal operating temperature of 350 °C. It is evident that the
response of the sensor increases with increasing isoprene concentration
ranging from 0.01 to 1 ppm, thus demonstrating a linear relationship
between the response and gas concentration (correlation coefficient,
R? =0.972). The sensitivity (slope) of the sensor in the isoprene range of
0.01-1 ppm was exceedingly high (approximately 143). Moreover, as
shown in the inset of Fig. 2(d), the InyO3 NP sensor could detect the
lowest limit of 0.001 ppm isoprene.

The sensing response of the InpO3 NPs exposed to various concen-
trations of isoprene was compared with that of the previously reported
metal-oxide semiconductor-based gas sensors. As seen in Fig. 3, the
Iny03 NPs show superior sensing response compared to the other sensors
in all ranges of isoprene concentration. In addition, in terms of sensi-
tivity, lower detection limit, and response time, the isoprene-sensing
performance of the InyO3 NPs was significantly better than that of the
other sensors, as seen in Table 1.

To understand the outstanding gas-sensing properties of the as-
synthesized InpO3 NPs, we carried out the characterization of the sur-
face chemistry of the InpO3 NPs through XPS spectral analysis. Fig. 4(a)
shows the fully scanned XPS spectra of the InyO3 NPs, implying the
existence of In and O. There are no peaks associated with other phases,
such as impurities or secondary phases, which is in good agreement with
the XRD results. However, a tiny C1 s peak was observed at a binding
energy of ~284.6 eV. The presence of C can be explained by the gen-
eration of adventitious carbon by exposing the samples to air at room
temperature during the XPS measurements [30]. Fig. 4(b) shows the
high-resolution XPS spectra for In 3d. The two peaks at ~444 and
~452¢eV correspond to the In 3ds,; and In 3ds/,; spin orbits,
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Table 1
Comparison of the isoprene-sensing properties of In,O3 NPs to various types of metal-oxide-based sensors.
Sensing materials Operating Concentration Response Sensitivity* Detection limit [ppm] Response time [s] Ref.
Temperature [°C] [ppm] (AR/Ry) [ppm'l]
In;03 NPs 350 1 231 231 0.001 3 This work
Flower-like In,O3 microspheres 190 0.5 3.1 6.2 0.005 53 [24]
ZnO QDs 350 1 42 42.0 0.01 8 [14]
ZnO NPs 500 1 5.6 5.6 0.01 40 [14]
TiO, NPs 500 7.5 12 1.6 1 130 [17]
WO3 NPs 350 1 4.7 4.7 0.2 20 [18]
Ti-doped ZnO NPs 325 0.5 4.6 9.2 0.005 60 [13]
Pt-doped SnO, NPs 400 0.5 3.3 6.6 0.005 10 [15]
(Pt,Pd,Au)-loaded SnO, NPs 250 2.5 5.1 2.0 0.1 60 [16]

" sensitivity = response/concentration.
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Fig. 4. (a) Wide scan XPS spectra of In,O3 NPs; (b) In 3d and (b) O 1s XPS spectra of In,O3 NPs.

respectively, representing the trivalent indium ions 3 of Iny,O3 [31].
Fig. 4(c) shows the high-resolution XPS spectrum for O 1s state. We
analyzed the oxidation state of surface elements in the InoO3 NPs by
deconvoluting the O 1s XPS peak into three quasi-Gaussian peaks [32],
as shown in Fig. 4(c). The peak centered at 529.2 eV (green line) is

assigned to the lattice oxygen (0%) in the Iny03 phase [33], while the
peak located at the higher binding energy, around 532.7 eV (purple
line), corresponds to the chemisorbed oxygen species, such as HoO and
CO4 on the surface of InpO3 [34]. The peak at 530.8 eV (orange line) is
attributed to the oxygen vacancies in the InyOg structure. Furthermore,
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band gap energy of In,O3 NPs.

the area fraction of this peak represents the oxygen-deficient ability,
which is highly beneficial for enhancing the sensing performance [35,
36]. Therefore, the relative percentage of the oxygen vacancies of the
Iny03 NPs was estimated to be approximately 38.4 %.

We estimated the optical band gaps of the samples using the UV-vis
absorption spectrum. As shown in the absorption spectrum in Fig. 5(a),
the InpO3 NPs exhibited light absorption at approximately 330 nm,
owing to the electronic transition from the valence band to the con-
duction band [37]. The optical band gap energy (Eg) was calculated
using the Tauc equation for a direct band gap semiconductor as follows
[38]:

(ahv)? = A — Ey), (2)

where o is the absorption coefficient, h is the Planck’s constant, v is the
frequency of light, and A is a constant relative to the material. The Eg
value was determined from the x-intercept in the (ahv)? versus hv plot
[39], as seen in Fig. 5(b). Therefore, the estimated Eg value of the In03
NPs was 3.15eV.
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We further investigated the specific surface area of the as-
synthesized InpOs NPs by nitrogen adsorption-desorption method.
Fig. 6 presents the N, adsorption-desorption isotherm of the sample. The
BET specific surface area (aggr) of the InpO3 NPs was estimated from the
Ny adsorption branches and was determined to be approximately
48.8 m?/g.

To explain the reason for the excellent isoprene-sensing performance
of the InyO3 NPs, the chemical and physical properties of the InoO3 NPs
were compared with those of ZnO NPs and ZnO quantum dots (QDs)
synthesized by the same wet-chemical method. The hydrothermally
synthesized ZnO NPs and QDs are spherical in shape with diameters of
~25nm and ~5 nm, respectively. The sensing response of the In;O3 NPs
for various isoprene concentrations has already been compared with
that of ZnO NPs and QDs in Fig. 3. Fig. 7 presents the sensing response to
1 ppm isoprene, oxygen vacancies, optical band gap, and specific surface
areas of InpO3 NPs and ZnO NPs and QDs. Properties such as oxygen
vacancies, optical band gap, and BET surface area, of ZnO NPs and QDs
were obtained via the same methods, such as XPS, UV-vis, and BET, as
described in the previous report [19]. As shown in Fig. 7(a), the Iny03
NPs (~20nm) exhibited remarkably high responses even when
compared to the much smaller ZnO QDs (~5nm). Notably, the InyO3
NPs have a larger number of oxygen vacancies and BET specific surface
areas compared to ZnO NPs and QDs, while exhibiting a lower band gap
energy compared to ZnO QDs, as seen in Fig. 7(b)-(d).

It is known that smaller particles have larger specific surface areas. A
larger specific surface area indicates a greater number of Ny absorption
sites on the particle surface. Therefore, the larger surface area (i.e., a
great number of absorption sites) in larger particles can be attributed to
the existence of larger numbers of vacant sites on the surface of the
material. According to the literature, the surface oxygen vacancies are
usually generated in the metal-oxide nanocluster [40,41]. It has been
reported that the concentration of oxygen vacancies depends on the
annealing atmosphere and temperature [42-44]. To obtain the final
product, In;O3 NPs were annealed at 300 °C in air, while ZnO QDs were
dried at 90 °C. An increase in the heat treatment temperature leads to a
higher concentration of oxygen vacancies [42]. Furthermore, according
to theoretical calculations, the formation energy of oxygen vacancies is
lower in InyO3 than ZnO [45]. This indicates that oxygen vacancies are
more easily formed in InpO3 than ZnO. Consequently, a larger number of
oxygen vacancies can be observed in the larger InoO3 NPs than in the
smaller ZnO QDs, as seen in Fig. 7(b). In addition, it is known that an
increase in surface oxygen vacancies would induce a larger red shift in
the optical band gap (a decrease of optical band gap) [42-44].
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Therefore, as shown in Fig. 7(c), compared to ZnO QDs, In,O3 NPs have
a lower optical band gap. In contrast, the larger amount of oxygen va-
cancies is strongly associated with a greater number of reactive sites for
detecting the target gas. Accordingly, the excellent sensing response of
the InpO3 NPs compared to the ZnO NPs and QDs can be attributed to the
major contribution of the increased oxygen vacancies produced in the
11'1203 NPs.

We further investigated other sensing performance characteristics of
the In,O3 NPs, including sensitivity to other interfering gases, repro-
ducibility, and long-term stability at the optimal operating temperature
of 350 °C. Fig. 8(a) shows the response of the In,O3 NPs toward 1 ppm
each of various exhaled gases, including acetone, CO, and Hy, at 350 °C.
The results showed that the In,O3 NPs exhibited a significantly high
response for isoprene compared to the other gases. This indicates that

Sensors and Actuators: B. Chemical 327 (2021) 128892

the InpO3 NPs are remarkably sensitive toward isoprene. Fig. 8(b) shows
the reproducibility of the InpO3 NPs for sensing 1 ppm of isoprene over
19 cycles at 350 °C. The result reveals that the sensing resistance re-
mains nearly unchanged throughout the 19 gas-in and gas-out cycles,
proving the desirable repeatability characteristics of the In,O3 NP-based
sensor for 1 ppm isoprene.

In addition, for practical applications, the humidity interference and
long-term stability of the sensor was tested using different sensors pre-
pared under various annealing times. The sensor devices were annealed
at 600 °C for 0.5, 3, and 24 h. Fig. 8(c) shows the variation in response of
the InpO3 NP sensors with different annealing times to 1 ppm isoprene
under different humid conditions (0-90 RH%) at optimal working
temperature of 350°C. The responses of the sensors annealed with
different times are ~208 for 0.5h, ~51 for 3h, and ~34 for 24 h at dry
condition, which decrease to ~39 for 0.5h, ~20 for 3h, and ~13 for
24 h at 10 RH% due to a decrease in the reactive sites by adsorption of
water molecules. This indicates a reduction in response of ~81%,
~61%, ~62%, respectively. However, the decreased response at 10 RH
% is almost the same as that at 90 RH%.

Fig. 8(d) shows the response change of the In,O3 NP sensors with
different annealing times under exposure to 1 ppm of isoprene at 350 °C
and measured for 90 days. In the first measurement, the response of the
sensors prepared with different annealing times is observed to be ~211
for 0.5 h, ~47 for 3 h, and ~18 for 24 h. As the annealing time increases,
the sensing response decreases significantly. However, the sensor
annealed for a short duration (0.5 h) exhibited significant reduction in
response after 40 days. The response decreased by ~67% on the 43™
day, and after 60 days, it decreased by over 98%. However, the re-
sponses of the sensors annealed for longer durations of 3 and 24h
showed a remarkable result. The sensor responses remained nearly
stable during long-time continuous measurements, as can be inferred
from Fig. 8(d). After 90 days, the sensors annealed for 3 and 24h
exhibited a mean response value of 37.9+5.6 and 12.9+3.4,
respectively.

It is noted that the response of the In,O3 NP sensors at 90 RH% and
after 90 days is still much higher than the responses reported for other
metal-oxide semiconductor-based isoprene sensors (Table 1). Therefore,
the results indicate that the InyO3 NPs are a promising material for
isoprene detection, owing to their excellent sensitivity and sensing sta-
bility. In addition, the annealing time for practical utilization of the
Iny03 NP-based sensor should be over 3 h at 600 °C for optimal results.

To test the sensitive and selective detection of isoprene in human
breath, which contains various VOCs, we tested the sensing ability of the
Iny03 NPs sensor by incorporating it into a GC-based gas analyzer. Fig. 9
shows the sensing performance of the InpO3 NPs sensor measured by the
mini-GC device manufactured by our group [26]. Fig. 9(a) shows the
sensing signal as a function of time for the InyO3 NPs sensor integrated
into the mini-GC under exposure to various concentration of
No-balanced isoprene (0.01 —5ppm) at an operation temperature of
350 °C. As shown in Fig. 9(a), the sensor signal curves show two peaks at
~33s and ~94s, implying the detection of nitrogen and isoprene gas,
respectively. No obvious change of signal was detected when the
isoprene concentration was lowered to 0.01 ppm. Therefore, the detec-
tion limit of the InyO3 NPs integrated into the mini-GC for isoprene gas
sensing was estimated to be 0.05ppm. Fig. 9(b) shows the A Sensor
Signal for defining the peak height of the sensor signal for the various
isoprene concentrations that were presented in Fig. 9(a). This represents
the response of the In;O3 NP sensor measured via the mini-GC device. As
shown in the inset of Fig. 9(b), the sensing response increases with
increasing isoprene concentration ranging from 0.01 to 5ppm. In
particular, the response of the sensor has a strong linearity with isoprene
(R?=0.999) in the breath isoprene range of 0.01 — 1 ppm, as shown in
Fig. 9(b).

Further, we tested the sensing ability of the In,O3 NP sensor incor-
porated into the mini-GC device for various VOC gases found in exhaled
breath at the optimal operating temperature of 350 °C. Fig. 9(c) shows
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Fig. 8. (a) Sensing response of In,03 NPs for 1 ppm of various gases such as acetone, CO, and H at the optimal working temperature of 350 °C; (b) reliability of In,O3
NPs for the detection of 1 ppm isoprene over 19 cycles at 350 °C; (c) variation in the response of In,O3 NPs for 1 ppm isoprene as a function of relative humidity (RH)
at 350 °C; (d) long-term stability of In,O3 NPs in sensing 1 ppm isoprene at 350 °C for 90 days.

the variations in the sensing signal of the In,O3 NP sensor when exposed
to various target gases, such as (i) synthetic air, (ii) 1 ppm isoprene, (iii)
1 ppm acetone, (iv) 10 ppm Hj, (v) 100 ppm CO,, (vi) 1 ppm CO, (vii)
1 ppm CHy, and (viii) a gas mixture of all test gases. Among the afore-
mentioned test gases, only isoprene was balanced with Ny gas, while
others were based on synthetic air. Therefore, in the case of (i)-(vii), the
Nj sensing peak is observed only when the isoprene was injected as a
target gas. Particularly for 10 ppm of air-balanced Hj, only one peak was
observed at ~32s. This indicates that the In,O3 NP sensor incorporated
into the mini-GC also can detect 10 ppm of Hy. However, there was no
indication of the detection of the other gases, such as air, 1 ppm acetone,
100 ppm COs3, 1 ppm CO, and 1 ppm CHy, at 350 °C.

To test the selectivity for isoprene detection, the gas mixture con-
taining all the test gases from (ii) to (vii) was injected into the device. As
shown in curve (viii) in Fig. 9(c), two peaks are observed. According to
the results of (i)-(vii), the peak at 32 s is associated with N, and Hy, and
the peak at ~100 s is solely attributed to isoprene. The result reveals that
the Iny03 NP sensor incorporated into the mini-GC device can distinctly
detect 1 ppm of isoprene from other gases within ~100s. Consequently,
we demonstrated that the InpO3 NPs could sensitively and selectively
detect isoprene by utilizing a mini-GC, and the device exhibits potential
for applicability in breath isoprene analyzers.

4. Conclusion

We investigated the isoprene-sensing properties of InpO3 NPs

synthesized by a co-precipitation method. The In,O3 NP sensor
demonstrated excellent sensing performance, including a high sensing
response of ~231 and a fast response time of ~3 s for the detection of
1 ppm isoprene at an optimal working temperature of 350 °C. In addi-
tion, the sensor showed a good sensitivity of 143 ppm! in the isoprene
concentration range of 0.01-0.1 ppm. Moreover, it can detect the lower
limit of 0.001 ppm of isoprene. The isoprene-sensing performance of the
Iny03 NP sensor was superior to the performances of previously reported
metal-oxide-based sensors. According to the results of chemical and
physical characterization of the material, it was found that the signifi-
cantly high sensing performance of the In,O3 NP sensor for isoprene
detection could be attributed mainly to a large number of oxygen va-
cancies generated during synthesis. Furthermore, we found that the
sensing stability of the InpO3 NPs could be maintained for a long period
of time (90 days) by controlling the annealing time of the sensor. More
importantly, the InpO3 NP sensor could selectively detect 1ppm
isoprene in a mixture gas with other interfering gases, such as 10 ppm
Hy, 1 ppm acetone, 100 ppm COj, 1 ppm CO, and 1 ppm CHy, within
~100 s by adopting a miniaturized GC system. Accordingly, for further
application of a portable breath isoprene analyzer, InpO3 NPs have
proven to be a promising candidate sensing material. Moreover, issues of
long-term stability and selectivity of the InoO3 NP sensor can be solved
by controlling the annealing time of the sensor and adopting a mini-GC
system, respectively.
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