"m Check for updates

Journal of Sensor Science and Technology
Vol. 33, No. 5 (2024) pp. 242-247
http://dx.doi.org/10.46670/JSST.2024.33.5.242
pISSN 1225-5475/eISSN 2093-7563

Highly Sensitive and Fast-Responding Ethanol Sensor
using Au Doped-In,O; Hollow Spheres

Seong-Young Jeong"”*

Abstract

Pure and 0.3 wt% Au-doped In,O; hollow spheres were synthesized via ultrasonic spray pyrolysis of droplets containing an

In-source and sucrose in air and their gas sensing characteristics to 1 ppm ethanol, 1 ppm toluene, 1 ppm xylene, 2 ppm nitrogen
dioxide (NO,), and 30 ppm carbon monoxide (CO) were measured at 400 — 450°C. The pure In,O; hollow spheres exhibited
relatively low gas responses and sluggish recovery kinetics. In contrast, the doping of Au into In,O; hollow spheres significantly
increased the gas response (S= resistance ratio) to 1 ppm ethanol (S= 20.6) at 400°C with low cross-responses (S = 1.3-8.8)

to other interference gases. Furthermore, the hollow spherical morphology of In,O; provides a large surface area and facilitates

rapid gas diffusion, resulting in fast response and recovery times. The sensor exhibited excellent performance with a low detec-
tion limit of 1.6 ppb. These findings indicate that the Au-In,O; hollow spheres are promising candidates for advanced ethanol-
sensing applications, particularly in breath-alcohol monitoring for ignition interlock devices.
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1. INTRODUCTION

As public awareness of the dangers associated with drinking
increases, the importance of breath-alcohol (e.g., ethanol)
monitoring has attracted considerable research attention. Interest
has also been growing in noncontact alcohol detection systems for
vehicle ignition control [1,2]. These systems are designed to detect
trace amounts of alcohol in the breath, sweat, or skin respiration
of the driver within a few seconds of the vehicle door being
closed, thereby enabling automated control over the ignition
system. Thus, detection systems can reduce the social and
economic damage caused by driving under the influence (DUI) of
alcohol by integrating various detectors near the driver’s seat,
which can accurately detect alcohol consumption and if found,
inhibit vehicle operation.

As candidate components for alcohol detection systems, metal
oxide-based semiconductors have been widely studied because

of their high response, cost-effectiveness, and easy integration
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into compact devices [3-12]. This is particularly advantageous
for detecting alcohol levels in a driver’s breath, which correlates
with the blood alcohol concentration. This allows assessment of
whether the legal limit for alcohol consumption (typically
hundreds of ppm) has been exceeded. However, several
technical challenges must be addressed before implementing
such systems. The concentration of alcohol in the driver’s breath
or emitted from the skin is often extremely low and diluted by
the surrounding air, resulting in trace alcohol levels of only a
few ppm. This dilution poses significant challenges for alcohol
detection.

Accordingly, the sensors utilized in such noncontact systems
should be extremely sensitive for detecting sub-ppm alcohol
levels. Furthermore, alcohol should be discriminated from other
volatile organic compounds (VOCs) such as toluene and xylene,
which are commonly present in vehicle interiors, and from other
pollutants such as carbon monoxide and nitrogen oxides from fuel
combustion [13-15]. These interfering gases could potentially lead
to gas detection malfunctions; therefore, the sensor should have
high selectivity for ethanol. Additionally, the sensor should afford
rapid response and recovery times, ideally within a few seconds,
to avoid inconveniencing drivers.

In this study, an ethanol sensor with high gas response,
selectivity, and high response speed was designed using Au-In,0;
hollow spheres. Doping 0.3 wt% Au into In,O; significantly

increased the gas responses and selectivity, and the hollow


https://crossmark.crossref.org/dialog/?doi=10.46670/JSST.2024.33.5.242&domain=https://jsstec.org/&uri_scheme=http:&cm_version=v1.5

Highly Sensitive and Fast-Responding Ethanol Sensor using Au Doped-In,O; Hollow Spheres

morphology facilitated the rapid recovery to ethanol. In addition,
the promising potential of the Au-In,O; hollow spheres as breath-
alcohol sensing materials was demonstrated by their ultrahigh

response to gases, even at sub-ppm ethanol levels

2. EXPERIMENT

2.1 Preparation of pure In,O; and Au-In,O;
microspheres

Au-doped In,O; hollow spheres were synthesized using
ultrasonic spray pyrolysis (Fig.
dissolving indium (IIT) nitrate hydrate (0.05 M, In (NOs);-xH,O,
99.999%, Sigma—Aldrich, USA) and sucrose (0.15 M, C;,H»,Oy,
99.5%, Sigma—Aldrich, USA) in 600 mL of distilled water. After
stirring for 10 minutes at room temperature, an appropriate
amount of gold (III) chloride ([Au/In] = 0.3 wt%, AuCl;, 99.99%
trace metals basis, Sigma—Aldrich, USA) was added to the

solution. The droplets were nebulized by ultrasonic generators

1). The process involved

and directly moved into a high-temperature (900°C) quartz
reactor by air (flow rate = 5 L min'). The resulting powder was
collected using a Teflon filter. The morphology and phase of the
hollow structures were analyzed using field-emission scanning
electron microscopy (FE-SEM, S-4300 Hitachi Co., Ltd., Japan)
and X-ray diffraction (XRD, Rigaku Model/MAX-2500, Source:
CuKa).
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Fig. 1. Synthesis of pure Au-In,O; hollow spheres
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2.2 Gas-sensing characteristics

The prepared powders were dispersed in distilled water, and the
resulting slurry was drop-coated onto a sensor substrate
(dimensions: 1.5 x 1.5 mm?) with two gold electrodes. All sensors
were then heated to 500°C for 2 h to remove the hydroxyl groups
and stabilize the sensor. The sensors were then placed inside a
custom-designed quartz tube (volume: 1.5 cm®). Gas-sensing
measurements were performed in a dry air atmosphere with
periodic exposure to the target gases. Dry air and analyte gases
were introduced at a constant flow rate of 500 cm®*min. The
sensor resistance was measured using a picoammeter (Model
6487; Keithley, Tektronix, Inc., USA). The sensor temperature
was controlled by applying a voltage to the Ru microheater
positioned at the base of the sensor substrate using a direct current
(DC) power supply (E3646A, Keysight Technologies, Inc., USA).

3. RESULTS AND DISCUSSION

3.1 Materials characterization

Fig. 2 shows the SEM images of pure In,O; and Au-doped
In,O; hollow spheres. Both the pure In,O; and Au-doped In,O;
powders respectively exhibited spherical morphologies, with
average diameters of 0.84 + 0.42 um and 0.95 £ 0.43 um. Hollow
morphologies were frequently observed in all samples (arrow in
Fig. 2 (a) and (b)), which was further confirmed by the broken
spheres in the high-magnification SEM images (Fig. 2 (b)). This
suggests that both In,Os-based hollow spheres exhibit highly gas-
accessible structures:

The Au-In,O; hollow spheres were further examined using
XRD, which revealed that they exhibited a cubic phase (ICDD
#06-0416) (Fig. 3). No Au-related peaks appeared in the XRD
pattern, probably because of the X-ray diffractometer’s low

detection limit. The crystallite size of the Au-In,O; hollow spheres

Fig. 2. Scanning electron microscopy images of (a) pure In,O; and
(b) Au-doped In,O; hollow spheres
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Fig. 3. X-ray diffraction pattern of Au-In,O; hollow spheres.

was determined to be 16.5+1.8nm according to Scherrer’s
equation. However, further investigations are required to elucidate
the Au-related phase index and demonstrate its incorporation into
In,0;.

3.2 Gas sensing characteristics and discussion

The gas-sensing characteristics of the sensors using pure In,O;
and Au-In,O; hollow spheres in the presence of 1 ppm ethanol, 1
ppm toluene, 1 ppm xylene, 2 ppm NO,, and 30 ppm CO were
investigated at 400 — 450°C (Fig. 4). All sensors exhibited the
typical characteristics of n-type metal-oxide chemiresistors. Their
measured resistance decreased upon exposure to a reducing gas,
increased when exposed to an oxidizing gas, and returned to its
original value when subsequently exposed to air. Therefore, the

gas response (S) was defined using Eq. (1):
S = RJ/R, or R,/R, ()

where R, is the resistance of the sensor in air and R, is the
resistance of the analyte gas.

For the sensor using pure In,O; hollow spheres, the response to
1 ppm of ethanol was higher than those of other analyte gases
over the entire sensing temperature ranges (400 — 450°C) (Fig. 4
(a)), which is

characteristics of pure In,O; sensors [16-19]. However, it is

consistent with the typical gas-sensing
difficult to be highly selective in detecting ethanol because the
response is comparable to that of other interfering gases. This
trend toward a reduced ethanol response was predominant at
elevated temperatures. This indicated that pure In,O; was

insufficient for the selective detection of a given gas.
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Fig. 4. Gas sensing properties of the (a) pure In,O; and (b) Au-doped
In,O; hollow spheres (concentration of the analyte gas: 1 ppm
of ethanol, 1 ppm of xylene, 1 ppm of toluene, 2 ppm of NO,,
30 ppm of CO; temperature range: 400 — 450°C).
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Fig. 5. SEM images of (a) pure In,O; and (b) Au-doped In,O;
nanoparticles. Gas sensing properties of the (a) pure In,O;
and (b) Au-doped In,O; nanoparticles (concentration of the
analyte gas: 1 ppm of ethanol, 1 ppm of xylene, 1 ppm of tol-
uene, 2 ppm of NO,, 30 ppm of CO; temperature range: 400
— 450°C).

In contrast, doping with Au significantly changes the gas-
sensing performance. The response to ethanol increased
significantly over the entire sensing temperature range, enabling
highly selective and sensitive detection. The response of the
sensor using Au-In,O; hollow spheres to 1 ppm ethanol (S = 20.6)
was significantly higher than that of 1 ppm xylene (S = 8.8), 1
ppm toluene (S = 6.4), 2 ppm NO, (S = 1.3), and 30 ppm CO (S
= 4.5) at 400°C (Fig. 4 (b)).

To emphasize the highly sensitive and selective ethanol
detection properties of the Au-In,O; hollow spheres, we further
investigated their gas-sensing characteristics using commercially
available In,O; and Au-In,O; nanoparticles (Fig. 5 (a) and (b)).
The sensor using pure In,O; commercial nanoparticles showed
relatively low gas responses to all the analyte gases over a broad
temperature range (Fig. 5 (c)). In contrast, the overall response
increased significantly with Au doping (Fig. 5 (d)). However, this

approach was not highly selective for ethanol. A similar response
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to ethanol may be attributed to the oxidation of highly reactive
ethanol and the gas reforming (e.g., partial oxidation) of less
reactive compounds such as xylene and toluene as they pass
through the In,0;
nanoparticles. These findings indicate that Au doping of In,O;

gas-sensing film comprising dense
significantly improves the gas response; however, the dense
nanostructure hinders selective ethanol detection.

The significant increase in the gas response and selectivity
arising from In,0O; being doped with Au can be understood in
relation to the variation in the charge carrier concentration,
catalytic activation, and oxygen adsorption. When a fixed number
of charge carriers (e.g., electrons) is injected into the sensing
materials through the interaction between the sensor surface and
analyte gases, materials with a lower charge carrier concentration
tend to exhibit higher chemiresistive variation. Previous studies
have demonstrated that doping with Au results in charge carrier
transfer from In,O; to Au because Au has a higher work function
(5.1 eV) than In,0; (4.15 eV) (i.e., electronic sensitization) [20].
Furthermore, it has also been reported that Au facilitates oxygen
dissociation, thereby enhancing oxygen adsorption on the gas-
sensing surface. Therefore, the gas response to ethanol can be
increased by catalytically sensitizing Au in the gas-sensing
reaction (i.e., chemical sensitization) [21].

To examine both the electronic and chemical sensitization
effects, the R, value of the sensors was measured (Fig. 6 (a)). The
R, values of the pure In,O; hollow spheres ranged from 32.2 (at
400 °C) to 12.5 kQ (at 450 °C), which substantially increased
(approximately 2 times) with Au doping. This is consistent with
previous reports on the enhancement of the gas response to
ethanol in n-type oxide semiconductors by Au doping, including
Au-SnO, hollow spheres [21], Au@SnO, hierarchical hollow
spheres [22], Au-In,O; nanofibers [23], Au-modified ZnO
microwires [24], and Au/Pd-doped ZnO nanorods [25].

Fast response and recovery kinetics are important for breath-
alcohol sensing applications. Therefore, the 90% response and
recovery times (T.s and 7..y), representing the time required to
achieve 90% of the resistance change upon exposure to ethanol
and air, respectively, were calculated from the dynamic gas-
sensing transients. All sensors exhibited similar 7., values (2 — 10
s) upon exposure to 1 ppm ethanol (Fig. 6 (a)), but their T,y
values differed significantly (Fig. 6 (b)). For example, the
commercial Au-In,O; nanoparticle sensor evidenced a prolonged
recovery time (T = 938 — 380 s at 400 — 450°C), whereas
significantly reduced 7., values were achieved with the In,O;
(368 — 200 s at 400 — 450°C) and Au-In,O; hollow spheres (164
— 295 s at 400 — 450°C). This finding suggests that the hollow
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Fig. 6. (a) 90% response time (7.) and (b) 90% recovery time (Trecov)
of the pure In,O; hollow sphere, Au-In,O; hollow sphere,
pure In,O; nanoparticle, and Au-In,O; nanoparticle sensors at
400 — 450°C.
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Fig. 7. (a) Dynamic gas-sensing transients of the Au-In,O; hollow
spheres exposed to 0.1-1 ppm ethanol at 400°C; (b) gas
response as a function of ethanol concentration.

morphology is advantageous for achieving the highly sensitive,
selective, and rapid detection of ethanol, which may offer
significant advantages for ethanol-sensing applications.

Fig. 7 shows the gas responses of the Au-In,O; hollow spheres
to 0.05-1 ppm ethanol at 400°C (Fig. 7 (a)). The detection limit
for ethanol was calculated to be as low as 1.6 ppb when R,/R, >
1.2 was used as the sensing criterion (Fig. 7 (b)). From this
perspective, the proposed sensor can be used for breath-alcohol

monitoring.

4. CONCLUSION

In this study, we successfully developed a highly sensitive and
selective ethanol sensor using Au-doped In,O; hollow spheres.
The doping of Au into In,O; significantly enhanced the gas
response and selectivity, particularly towards ethanol, thereby
demonstrating the efficacy of Au doping in modifying the
electronic and chemical properties of the sensor material. The
hollow spherical morphology of In,O; further contributes to the
rapid response and recovery times, making these sensors suitable
for real-time ethanol-detection applications, such as breath-alcohol

monitoring.
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The sensor exhibited a low detection limit of 1.6 ppb. These
findings indicate that Au-In,O; hollow spheres are promising
candidates for the development of advanced ethanol-sensing
technologies with potential applications in public safety and health
monitoring. Future work will focus on further optimizing the
sensor design and exploring the underlying mechanisms to
enhance detection performance and expand the range of detectable

gases.
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