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ABSTRACT: Detecting microbial volatile organic compounds Bce-rh
‘.bn.

(MVOCs) is critical for public health and food quality control Heteroluqtnon
applications but often requires complex analytical approaches. Ethyl
acetate, an MVOC produced during the fermentation of bread and
beer by Saccharomyces cerevisiae, holds significance in food quality 4 !
control. Semiconductor metal oxides, particularly In,O;, are s Gy
promising materials for MVOC sensing due to their cost- d -
effectiveness, stability, and tunable sensing properties at the
nanoscale. Enhanced sensing performance can be achieved by
engineering heterostructures combining cubic and rhombohedral
phases of In,O; nanorods. In this work, In,O; nanorods were
synthesized via microwave-assisted hydrothermal method followed
by calcination at 600, 500, and 400 °C to obtain single-phase cubic
(InyO3-600) and mixed-phase cubic-thombohedral (In,0;-500 and In,05-400) structures. The In,05-500 heterostructure nanorods
exhibited an enhanced response of 548 to ethyl acetate at 350 °C in dry air. It also showed a fast response time (1.8 s), a selectivity
ratio of 2.1, and a theoretical detection limit of 525 ppb. Moreover, the material maintained a high response under 90% relative
humidity (RH), demonstrating robustness under realistic operating conditions. These findings can be attributed to the synergistic
effect of heterojunctions formed between the cubic and rhombohedral phases at the nanoscale, providing numerous active sites and
defect-driven reactivity. The post-mortem characterization of the nanorod sensor was conducted using transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) to assess the long-term stability of the
material.
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1. INTRODUCTION conductivity, enabling diverse applications when structured at
the nanoscale. It is a material with excellent optical and thermal
properties, widely employed in solar cells and liquid crystal
12-15 . . . ;
apparatuses. Due to its strong interaction with gaseous

Microorganisms generate microbial volatile organic com-
pounds (MVOCs) through metabolic processes, including
the synthesis of DNA and glucose oxidation. Consequently,

specific fungal and bacterial species release MVOCs with molecules, In,O; demonstrates a high potential for gas
diverse functional groups, such as aromatic compounds, sensing-m The stable crystal phase of In,O; is the cubic
alcohols, esters, ketones, and others, which are characteristic bixbyite-type (bcc-In,O; Eg: 293 £ 015 eV), while the
of these organisms.'~* Ethyl acetate is an MVOC that can be metastable phase is the rhombohedral corundum-type (rh-
produced by the bacterium Escherichia coli and is primarily In,0;, Eg 3.02 + 0.15 eV)."”"® These phases can be
formed during fermentation processes in beer and bread by the synthesized by controlling the precursor type during the
fungus Saccharomyces cerevisiae.”~” Therefore, ethyl acetate is a solvothermal processes, such as cubic-In(OH); and ortho-
crucial biomarker for food control, particularly in fruit rhombic-InOOH, to obtain bec-In,O; and rh-In,O; structures,

preservation.”” Consequently, selective and highly responsive
ethyl acetate detection ensures food quality and human health
safety. These challenges can be addressed by developing a
material capable of detecting ethyl acetate in various
environments.

respectively.'®~*° Additionally, the calcination step is crucial
for the phase control of In,0,.”' Numerous studies have
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Indium oxide (In,0,), an n-type semiconductor metal oxide,
combines a wide band gap with excellent electrical
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Figure 1. Schematic of the microwave-assisted hydrothermal (MAH) synthesis procedure is followed by calcination of the indium precursor,

resulting in mixed-indium oxides (bcc-rh) and in the pure bcc phase.

utilized pure bcc-In,O; and a few with rh-In,O; as gas
sensors.”* ">’ However, these materials encountered limitations
in their sensing performance, including poor selectivity and
high response and recovery times.

Enhancements in the gas-sensing properties of In,O; can be
achieved through various methods, including the synthesis of
In,0;-based heterostructures” and the deposition of noble
metals (Ag, Pt, and Au).”’~*" For instance, He et al. fabricated
a Co3;0,/In,0; p-n heterostructure through coprecipitation
and pyrolysis, demonstrating a response value 93 times higher
to triethylamine compared to the pure In,O; structure.”” Cao
et al. produced cubic-thombohedral-In,O; (bcc-rh-In,05)
microspheres via the hydrothermal procedure, exhibiting a
response of 16.9 to acetone and demonstrating excellent
selectivity against other gases.”> For instance, Zhang et al.
synthesized Ag nanoparticle-decorated In,O; nanocubes using
a one-pot hydrothermal method, exhibiting enhanced
sensitivity for 2-butanone, a lower detection limit, and lower
response/recovery times than the pure In,05.** However, the
literature barely reports the application of bcc-rh-In,O4
nanorods synthesized through a microwave-assisted hydro-
thermal method for MVOC monitoring.

As previously mentioned, the development of bec-In, O3 and
th-In,O; structures is associated with the In(OH); and
InOOH precursors.'® Furthermore, calcination is crucial
when forming bee-In,O; and rh-In,O; materials at a nanoscale.
At elevated calcination temperatures, transitions may occur
within the crystalline system due to changes in the oxygen
packin§ and the positioning of indium atoms at higher energy
levels.”' Most reported studies focus on the bcc-In,O;
structure due to its crystal phase stability. However, the
metastable rh-In,O; offers abundant chemical defects and
numerous adsorgtion sites, which are beneficial for gas-sensing
applications.”*® In this context, a mixed-phase material
combining these crystalline phases based on bcc-rh-In,O; is
crucial for enhancing the gas-sensing properties of In,O;
through the MOS heterojunction effect.

Stacking faults, a common type of crystallographic defect,
profoundly impact the properties of semiconducting oxides by
altering carrier mobility and surface reactivity.”””" In gas-
sensing materials, these defects can modify the adsorption of
target gases or oxygen species, affecting sensor sensitivity and
stability.”” The role of stacking faults in bcc-rh-In, O,
nanorods, particularly their formation during prolonged
sensing operations, can be revealed through meticulous post-

mortem TEM analysis. In this work, we synthesized a mixed-
phase In,O; nanorod composite (combining stable and
metastable phases) to enhance MVOC sensing performance
compared to a pure bee-In,O5 structure.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. The reagents were obtained with
a high degree of purity from Sigma-Aldrich, including indium(III)
nitrate hydrate (In(NO;);xH,0, CAS number 207398-97-8), urea
(CH4N,0, CAS number 57-13-6), and polyvinylpyrrolidone (PVP-
40, CAS number 9003-39-8). The Milli-Q setup (Millipore, 18.2
MQ™ at 25 °C) was utilized to purify the deionized (DI) water. The
preparation of MVOCs was conducted using high-purity reagents
(ethanol, >99.5%; benzene, 99.8%; toluene, 99.8%; m-xylene, >99%;
ethyl acetate, 99.8%; 2-nonanone, >99%; and acetone, >99.5%).

2.2. Synthesis of In,0; Nanorods. The In,O; nanorods were
synthesized based on an adaptation of the reported work by Qin et
al,* using a microwave-assisted hydrothermal (MAH) method in two
steps. First, 1.2 g of In(NO;);«H,0 and 0.72 g of urea were
solubilized in 60 mL of DI water with vigorous agitation for 30 min.
After this solubilization, 0.8 g of PVP-40 was included in the solution
and stirred until a homogeneous product was obtained. Subsequently,
the solution was placed in a polytetrafluoroethylene (PTFE)
autoclave, heated for 2 h at 140 °C using a microwave system
(2.45 GHz/800 W),* and cooled naturally to room temperature. The
resulting solution was centrifuged, washed with DI water and ethanol,
and dried at 60 °C overnight. Finally, the In,O; structures (In,O5-
400, In,0;-500, and In,0;-600) were formed by calcining the
In(OH);-InOOH precipitate at 400, 500, and 600 °C, respectively,
with a heating rate of 2 °C min~" for 3 h. The synthesis representation
is shown in Figure 1.

2.3. Material Characterizations. The crystal structure of the
materials was investigated using an X-ray diffraction (XRD) model
Rigaku MiniFlex 300, with a Cu Ka 4 = 1.5418 A, operating at 10 mA
and 30 kV. The thermogravimetric analysis (TGA) was carried out by
a Shimadzu thermobalance (DTG-60H instrument) in an air
atmosphere ranging from 30 to 800 °C (10 °C min™"). Fourier
transform infrared spectroscopy (FTIR) was conducted using a
PerkinElmer Spectrum Two spectrophotometer, measured in the
400—4000 cm™ region. The surface area measurements were
performed via the Brunauer—Emmett—Teller (BET) method with a
Micromeritics Gemini VII (2390t). Images of the samples were
acquired by Field-emission scanning electron microscopy (FESEM)
using a FEI Helios NanoLab 600i (30 kV). Transmission electron
microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), and selected area electron diffraction (SAED) analyses
were performed with an FEI TECNAI G2F20 microscope. X-ray
photoelectron spectroscopy was conducted with a K-alpha (Thermo
Scientific) and operated at Ka = 1486 eV. The UV—vis results were
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Figure 2. XRD patterns of the (a) In(OH);-InOOH precursor, (b) In,05-400, In,0;-500, and In,05-600. (c) TGA analysis of In(OH);-InOOH
precursor in air. FTIR spectra of In(OH);/InOOH, In,0;-400, In,05-500, and In,0;-600 at (d) full wavenumber range and (e) from 700 to 400
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obtained using a Varian Cary 5000 spectrophotometer in the diffuse
reflectance mode.

2.4. Sensor Measurements and MVOCs Preparation. The
In,O; sensors were prepared using 3.00 mg of the sample in an
isopropanol dispersion. This dispersion was ultrasonically bathed for
20 min and deposited onto alumina supports containing gold
electrodes. The sensors were subsequently heated at 400 °C for 1 h
in a tubular oven to eliminate contaminants from the surfaces of the
sensor materials. A voltage of 3 V was applied to the prepared sensor
substrates, measuring the electrical resistance (R) using a Keithley
Source-Meter 2400. Subsequently, a clean air flow of 250 mL min™"
was directed into the tubular oven with an inserted thermocouple, and
the sensor was placed in the sample holder. The complete gas-sensing
measurement setup is shown in Figure SI. The preparation of
MVOCs and the setup for sensor measurements were conducted
following the previously reported procedures.”'~*

MVOCs were detected using individual syringes added to the
system chamber. Sensing experiments were performed at different
operating temperatures (200—400 °C) in dry and humid atmos-
pheres. The sensing measurements at 41 and 90% of relative humidity
(RH) were conducted using saturated solutions at room temperature
(25 + 1 °C) of K,CO; and K,SO,, respectively, monitored through a
HANNA thermohygrometer model HI 9564. The response of the n-
type In,O; sensor to selected MVOCs can be estimated via the R,/
Ryvoc ratio (sensor’s resistance in air/sensor’s resistance after MVOC
detection).

3. RESULTS AND DISCUSSION

The crystal structure investigation of the synthesized samples
before and after calcination was conducted using X-ray
diffraction (XRD), as depicted in Figure 2a,b. The In(OH);-
InOOH precursor exhibited peaks indexed to the In(OH),
cubic phase (JCPDS No. 16-161, c-In(OH);) and the InOOH
orthorhombic phase (JCPDS No. 17-549, o-InOOH). After
calcination, the XRD patterns revealed peaks corresponding to
a mixed-phase indexed to cubic In,0; (bcc-In,O5, JCPDS No.
71-2195) and rhombohedral In,O; (rh-In,0,, JCPDS No. 22-
0336) for the In,0;-400 and In,0;-S00 samples. Notably,

11460

In,0;-500 exhibited higher intensity peaks for the metastable
phase than In,0;-400. Conversely, In,O;-600 exhibited peaks
corresponding to pure bcc-In,O; material. These findings
demonstrate the influence of annealing temperature on the
In,O; phase transformations. The thermal decomposition of
In(OH);-InOOH was verified via thermogravimetric analysis
(TGA), as presented in Figure 2c. An initial weight loss of
2.94% was observed within the 30 to 200 °C temperature
range, attributed to eliminating adsorbed gases (H,0O, CO,,
and O,). As the temperature increased, an inflection point
appeared, followed by forming a band starting at 300 °C.
These factors are directly related to In(OH); and InOOH
decomposition into In,O3, occurring from 290 and 400 °C,
respectively.”’ The mass loss from 400 to 600 °C was
approximately 3%, indicating that the slower heating rate and
the 3 h holding period at the target temperature allowed the
removal of residual species or adsorbed molecules, which were
still present under the fast-heating conditions used in TGA (10
°C min~"). Moreover, this mass loss may be associated with
the decomposition of InOOH. A maximum mass loss of
16.93% of the precursor was observed up to 600 °C,
corresponding to the phase transition of the precursor mixture
into In,O; and the removal of adsorbed gases.

Fourier transform infrared (FTIR) spectroscopy was
conducted to obtain the spectra of In(OH);-InOOH, In,0;-
400, In,03-500, and In,0;-600, as presented in Figure 2d. A
band at 3235 cm™' was exhibited for the In(OH);-InOOH
precursor, attributed to the stretching vibration of OH groups
from In(OH);.** The precursor also exhibited bands at 1155
ecm™" (sharp), 1130 cm™ (shoulder), and 1029 cm™},
attributed to the OH deformations reported by Yang et al.*®
The band centered at 782 cm™ is related to the stretching
vibration mode of In—OH.** No significant signal correspond-
ing to InOOH was observed, likely due to the low intensity of
this phase in the XRD pattern. Figure 2e shows the FTIR
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Figure 3. FESEM images of (a) In,05-400, (b) In,05-600, and (c, d) In,05-500. TEM and SAED analyses of (e) In,05-500 and (f) In,05-500
after gas-sensing measurements. (g) HRTEM image of In,O;-500 after gas-sensing measurements showing stacking faults. (h) SAED pattern of

In,05-500 indexed to the cubic and rhombohedral phases.

spectra of the synthesized samples in the 700—400 cm™

region. The precursor demonstrated a band at 481 cm™,
which is also attributed to the In—OH stretching. The
synthesized oxides exhibited three bands at 596, 561, and
532 cm™' correlated to the asymmetric In—O stretching of
cubic Iny03.*° The In—O bond vibrations displayed by In,O;-
400 and In,0;-500 and the absence of these vibrations in
In,05-600 at 496 cm™" suggest the contribution of the typical
rhombohedral metastable phase.

Yu et al."” demonstrated the precursor influence of In(OH);,
and InOOH in forming the final In,O; phase. Specifically,
stable bee-In, O3 and metastable rh-In,O; are derived from the
c-In(OH); and o-InOOH precursors, respectively. Further-
more, precursor formation can be controlled through hydro-
thermal temperature. As illustrated in Reaction 1, it is
proposed that In*" species from In(NO,);xH,O react with
OH~ groups from urea to form In(OH); during the
hydrothermal process. Subsequently, In(OH); undergoes
annealing to produce the bcc-In,O; as demonstrated in
Reaction 2. However, at a higher hydrothermal temperature
(140 °C), In(OH), experiences dehydration according to
Reaction 3, forming InOOH. Finally, rh-In,O; is obtained after
calcining the InOOH precursor, as shown in Reaction 4.*
Additionally, it is suggested that at higher annealing temper-
atures (600 °C), rh-In,0; is converted to bcc-In,O5 due to a
transition in the positioning of oxygen and indium atoms,
driven by the additional induced energy.”'

In** + 30H” - In(OH), (1)
2In(OH); — bee-In, O, + 3H,0 )
In(OH); - InOOH + H,0 3)
2InOOH — rh-In,0; + H,0 (4)

FESEM analysis was conducted to investigate the morpho-
logical and structural properties of the synthesized samples.
Figure 3a,b present the FESEM images of In,0;-400 and

In,0;-600, respectively. As observed, the materials exhibit
nanorod structures of In,O; with the In,0;-400 sample
exhibiting larger nanorods than In,0;-600, likely due to the
calcination effect. The FESEM images of In,03-500 are shown
in Figure 3c,d, illustrating well-defined nanorod structures with
an approximate size of 315 nm. Besides the size differences, no
significant morphological changes were observed among the
synthesized Indium oxides.

Post-mortem characterization of the In,0;-500 sensor was
conducted using TEM, HRTEM, and SAED techniques after
MVOC sensing measurements. Figure 3e presents the TEM
image of In,0;-500 before MVOC detection, illustrating its
porous nanorod structures of In,O;. The TEM and HRTEM
images of post-mortem In,03;-500 are shown in Figure 3fyg,
respectively. These images reveal significant morphological
changes, including partial sintering of nanorods, grain
boundary formation, and the appearance of stacking faults.
HRTEM analysis revealed stacking faults in the sintered grains,
which were not observed in the pristine material. These faults
likely form due to thermal and chemical stresses during ethyl
acetate sensing at elevated temperatures. Stacking faults can act
as scattering sites for charge carriers, potentially impacting
electronic transport and contributing to a slight decline in
sensor performance after extended operation. Despite these
changes, the mixed-phase crystalline structure remained
unchanged, as confirmed in Figure 3h, which shows SAED
patterns indexed to the cubic and rhombohedral phases of
In,0;. The identified planes, such as (211) and (440) for the
cubic phase and (214) and (110) for the rhombohedral phase,
were consistent with the literature. The interplanar spacings
measured were 2.93 A for (211) and 1.81 A for (440) in the
cubic phase, and 2.41 A for (214) and 3.12 A for (110) in the
rhombohedral phase. These measurements closely corre-
sponded with the XRD data, confirming the coexistence of
the two phases.

The nitrogen adsorption and desorption isotherms of In,O5-
400, In,03-500, and In,0;-600 are presented in Figure 4a—c,
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Figure 4. Nitrogen adsorption and desorption isotherms of (a) In,05-400, (b) In,05-500, and (c) In,0;-600. Adsorption and desorption pore size

distributions of (d) In,0;-400, (e) In,05-500, and (f) In,0;-600.

respectively. Approximately 0.85—1 of relative pressure (P/P,)
exhibited a similar hysteresis loop demonstrated in the
prepared materials, classified as type IV in the IUPAC
categorization.”” This classification is typical for mesoporous
solids, further corroborated by the synthesized oxides’
adsorption and desorption pore size distributions, as depicted
in Figure 4d—f, respectively. The results demonstrate a higher
concentration of pore widths within the 3—10 nm range,
confirming the mesoporous nature of the synthesized oxides.
The synthesized oxides’ specific surface area and pore size
distribution are also presented in Table 1. The In,0;-400

Table 1. Synthesized Materials’ BET Surface Area, Pore
Volume, and Pore Width

surface area pore volume pore w1dth
material (m? g™! (cm® g7 (nm)”
In,05;-400 54.22 0.119 4.56
In,05-500 29.36 0.208 4.84
In,0;-600 19.40 0.054 4.75

“Single point adsorption total pore volume of pores less than
1952.438 A width at P/P° = 0.9900000. °BJH Adsorption average
pore width (4 V/A by BET).

sample exhibited a higher specific surface area of 54.22 m* g™
compared to In,0;-500 and In,0;-600, which showed 29.36
and 19.40 m* g™! values, respectively. This fact can be clarified
by the difference in the calcination temperature, which reduces
surface area due to increased crystallite size at higher
calcination temperatures. However, the In,0;-500 material
displayed a higher pore volume of 0.208 cm® ¢! and a larger
pore size of 4.84 nm compared to the other synthesized
samples. These properties enhance the diffusion of MVOC
molecules at the surface, improving the sensing properties of
In,05-500 and the contribution of the heterojunction effect.
The XPS survey spectra of In,0;-400, In,05-500, and In,O5-
600 are exhibited in Figure Sa, revealing the elemental
composition of the materials’ surfaces, which comprises In,
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Figure S. (a) XPS survey spectra of In,03-400, In,O5- 500, and
In,0;-600. XPS high-resolution spectra of In 3d of (b) In,0;-400, (c)
In,05-500, and (d) In,05-600. O 1s high-resolution spectra of (e)
In,05-400, (f) In,0;-500, and (g) In,0;-600.

O, and C. The presence of C is attributed to atmospheric
adsorption of CO,. No other peaks were observed in the
spectra. The high-resolution XPS of the synthesized samples
was measured in triplicate to determine the average subpeak
quantifications. Figure Sb—d depict the In 3d spectra of In,O;-
400, In,03-500, and In,0;-600, respectively. Two peaks can be
observed at approximately 451.6—451.5 eV (3d;/,) and 444.1—
444.0 eV (3d;/,). The interval between these peaks is 7.5 eV,
related to the spin—orbit of In®" species on the surface of In,O5
samples.* The O 1s high-resolution results of the samples are
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demonstrated in Figure Se—g, presenting the three oxygen
components at energies in a range of 529.4—529.5 eV (lattice
oxygen, Op), 529.6—530.1 eV (oxygen vacancy, Oy), and
531.4—531.6 eV (chemisorbed oxygen, O¢)."”*" As can be
seen, the increase in calcination temperature suggests a higher
Oy content, as observed in the In,0;-600 sample (Oy = 39.59
+ 5.62%) compared to In,0;-400 (Oy = 27.96 + 4.73%) and
In,05-500 (36.63 + 2.27%). A higher concentration of these
oxygen defects results in higher electron density and lower
material resistance.”’ Table S1 exhibits the relative concen-
tration of the other oxygen species on the materials’ surfaces,
such as O and Oc for In,0;-400, In,05-500, and In,05-600.
These observed changes in the relative intensities are likely
associated with modifications in the crystalline structure,
suggesting that the calcination temperature influenced the
defect chemistry and surface reactivity of the synthesized
samples, which are key factors in the sensing performance.
Figure 6a displays the diffuse reflectance UV—vis spectra of
the synthesized samples. The synthesized samples exhibit
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Figure 6. (a) UV—vis diffuse reflectance results of In,05-400, In,O;-
500, and In,0;-600. Band-gap (E,) values using Tauc’s plot of (b)
In,0;-400, (c) In,05-500, and (d) In,0;-600.

similar reflectance bands ranging from 500 to 350 nm, with
slight variations in their intensities. The obtained spectra align
with the previously reported literature data.’”** These optical
properties analyses suggest a heterojunction effect in the
radiation reflectance process of the In,0;-400 and In,0;-500
samples. The band-gap (E,) values of the oxides were
determined using eqs 5 and 6, based on the semiconductor
correlation:>**°

(ahv)* = K(hv — E,) ()

a=(1-D)*/2D (6)

Equation § represents the correlation for the E, calculation,
where a is the absorption coeflicient, K is the proportionally
constant, and hv is the photon energy. The Kubelka—Munk
equation (eq 6) was used to determine the value of a, where D
is the experimentally measured diffuse reflectance. The
determined E, values of the synthesized In,0;-400, In,O5-
500, and In,0;-600 are shown in Figure 6b—d, respectively.
The In,03-400 and In,03-500 heterostructures exhibited an E,
of 3.43 eV, which increased to 3.46 eV for the pure In,0,-600.

The lower values can be attributed to the heterojunction effect,
which reduces the E, due to the Fermi equilibrium process and
electron redistribution. These estimated values are consistent
with previous works.**”

The MVOC measurements were conducted within an
operating temperature range of 200 to 400 °C, with no
significant results observed below 200 °C. The measurements
of the synthesized materials for 100 ppm of MVOCs at
operating temperatures of 300 °C for In,0;-400 and 350 °C
for In,03-500 and In,0;-600 are presented in Figure 7a. The
samples exhibited the highest response to ethyl acetate, with
the In,0;-400 and In,0;-500 heterostructures showing
responses more than seven times higher than pure In,O;-
600, suggesting the contribution of the metastable phase in the
sensing process. Furthermore, In,0;-500 demonstrated the
highest response value of 548 for ethyl acetate at the optimum
temperature compared to the In,03-400 and In,03-600, which
showed responses of 352 and 47, respectively. The selectivity
index (SI) is measured based on the sensor’s ability to
distinguish the target gas from potential interfering gases. The
In,0;-500 sensor exhibited the highest SI value of 3.8 at 250
°C, calculated as the ratio of the response to ethyl acetate over
ethanol. At the optimal working temperature of 350 °C, the SI
reached 2.1, surpassing the values obtained for other samples,
as shown in Figure 7b. The SI for other interfering MVOC:s is
presented in Figure S2, with the In,03-500 sensor exhibiting
higher SI values of 17.8 for 2-nonanone (S2) and 4.73 for
acetone (S3) at 350 °C, respectively. These results highlight
the good selectivity of the mixed-phase In,0;-500 material,
suggesting a heterojunction effect on ethyl acetate detection.
Figure 7c summarizes the responses of the samples to ethyl
acetate detection at different temperatures. As depicted, the
highest responses to 100 ppm of ethyl acetate were observed at
300 and 350 °C, where O~ ions are the dominant oxygen
species in the atmosphere, typical for n-type sensing
mechanisms.”® The In,03-500 responses to 100 ppm of
various MVOCs concerning temperature are summarized in
Figure S3, exhibiting the most favorable operation temperature
of 350 °C for most tested MVOCs. The response/recovery
times for 100 ppm of ethyl acetate for In,03-400, In,0;-500,
and In,03-600 at their respective optimal working temper-
atures (300 and 350 °C) in dry atmosphere are shown in
Figure 7d—f. The In,0;-500 sensor exhibited a faster response
time of 1.8 s compared to the other materials, with 3.5 and 5.0
s for In,0;-400 and In,03-600, respectively. However, the
recovery times were 1463.7, 1748.2, and 961.6 s for In,0;-400,
In,03-500, and In,0;-600, respectively. A possible explanation
for the prolonged recovery time (1748.2 s) of In,05-500 is the
strong interaction between the chemisorbed oxygen sites and
the ethyl acetate molecules, which results in a high response,
hinders the desorption process and delays the sensor’s
reversibility.

The In,0;-500 responses to different concentrations (ppm)
of ethyl acetate at 350 °C are shown in Figure 7g. The sensor
demonstrated excellent performance across a wide concen-
tration range (2—500 ppm), which is crucial for detecting this
MVOC in various contexts, such as disease diagnosis and
monitoring exposure in industrial environments. These results
are further supported by Figure 7h, which shows dynamic
responses ranging from 7.4 to 1340 as a function of ethyl
acetate concentration (2—500 ppm). As illustrated in Figure 7i,
a linear equation was obtained through linear regression of the
experimental data points at low concentrations to estimate the
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Figure 7. (a) Sensor measurements to 100 ppm for different MVOCs of In,05-400, In,05-500, and In,05-600 at their optimum temperatures. (b)
Radar graph of selectivity index to ethyl acetate in different operation temperatures. (c) Ethyl acetate responses as a function of temperature.
Response and recovery times in a dry atmosphere to 100 ppm of ethyl acetate for (d) In,0;-400, (e) In,0;-500, and (f) In,0;-600 at their
respective optimum temperatures. In,03-500 ethyl acetate sensing results in a dry atmosphere at 350 °C to (g) different concentrations, (h) curve
response versus concentration, and (i) linear fit of logarithm response versus logarithm concentration.

theoretical detection limit of In,0;-500 for ethyl acetate. By
extrapolating a response value of 1.1, the detection limit was
determined to be approximately 525 ppb, confirming the
detection capability of the In,05-500 heterostructure for ethyl
acetate detection. This great sensing performance can be
linked to the bce-rh heterostructure outcome.

The long-term stability of the In,0;-500 sensor for ethyl
acetate detection was evaluated, as exhibited in Figure 8a.
Measurements were conducted over 8 days at a temperature of
350 °C. The figure shows that the sensor exhibited high
sensitivity, with an average response of 551.4 + 39.5 to 100
ppm of ethyl acetate. Notably, a slight decline in response was
observed after 5 days, likely due to the elevated operating
temperature and the extensive number of measurements
conducted, which negatively affected the sensing performance.
This phenomenon is hypothesized to lead to stacking faults
forming in the grain boundaries of In,0;, as discussed in the
TEM and HRTEM analyses. Stacking faults, which disrupt the
regular stacking sequence of crystal planes, can influence the
sensing mechanism by modifying the electronic properties of
the material. For instance, they create localized states that may
enhance the adsorption of oxygen species or disrupt the
uniform flow of charge carriers, thereby affecting sensing
performance.

Additionally, 20 application cycles to 10 ppm of ethyl acetate
at 350 °C were performed to assess the reversibility of In,O;-
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500 (Figure 8b). The average response during these cycles was
7.8 + 0.3, demonstrating excellent reversibility and stability.
These findings were crucial for understanding the long-term
stability of the In,0;-500 sensor.

The humidity effect on the sensing effectiveness of In,O;-
500 was investigated at 350 °C and achieved by exposing the
sensor to 100 ppm of various MVOCs at RH levels of 41 and
90%, as depicted in Figure 9. A significant reduction in the
sensing performance was observed for all tested MVOCs.
Notably, In,05-500 still strongly responded to ethyl acetate
even at 90% RH (response 79.78, vs 160.65 at 41% RH). The
reduced response under humidity is attributed to chemisorbed
O~ reacting with H,O to form OH™ groups at active sites.
These hydroxyls increase the baseline conductance (lower the
sensor’s resistance), effectively diminishing the sensor’s
response magnitude.””*" Figure S4 shows the difference in
the R, values and response/recovery times to ethyl acetate
detection in dry and humid atmospheres of In,0;-500. As
previously discussed, the presence of water decreases the
sensor’s resistance, as observed at 41 and 90% RH, with R,
values of 28.3 and 18.9 kQ, respectively, compared to 71.4 kQ
in a dry atmosphere. However, the response times under
humid conditions remained similar as in dry measurements,
with a slight difference in the recovery times due to the
decreased responses.
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Figure 8. In,0;-500 repeatability responses (a) within 8 days for

detecting 100 ppm of ethyl acetate and (b) 20 application cycles to 10
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Figure 9. Responses of the In,0;-500 sensor at 350 °C to 100 ppm
for the selected MVOC:s in different RH atmospheres measured at 25
+1°C

When air exposure, the gas-sensing mechanism for n-type
semiconductors is correlated with the oxygen molecules (O,)
adsorption on the material’s surface. The most abundant
oxygen species in the atmosphere at 350 °C is O~ In this
way, the pure bcc nanorod (In,0;-600) demonstrates
chemisorbed O~ ions, which capture free electrons from the
conduction band during the process of oxygen molecule
adsorption. This process leads to the formation of a depletion
layer on the sensor’s surface, increasing the resistance. It is
suggested that when In,0;-600 is exposed to a reduction gas,
such as ethyl acetate, the O~ active sites react with the target

MVOC, producing CO, and H,0, as exhibited in Figure 10a.
The confined electrons are then released back into the
conduction band, decreasing the resistance, as shown in eqs 7
and 8:°'

C4HgOygh) © CuHO, (g (7)

C4H802(ads) + 100—(ads) — 4CO ) + 4H20(gas) + 10e”

(8)

Due to the heterojunction effect, the In,0;-400 and In,O;-
500 sensors exhibited enhanced sensing performance for ethyl
acetate. Electrons flow from the higher to the lower Fermi level
until equilibrium is reached. In other words, electrons transfer
from the rh to the bcc phase when both are in contact, as
shown in Figure 10b. This process increases electron density
and the number of active sites for adsorbed oxygen at the bcc
interface, establishing an accumulation layer. Conversely,
electron loss forms a depletion layer at the rhombohedral
interface.'®*® Thus, when the In,05-400 or In,0;-500
heterostructures nanorods are exposed to ethyl acetate, more
active sites based on O~ species react with the target MVOC,
increasing the sensitivity (Figure 10c). In,0;-500 exhibited a
more significant contribution of the metastable phase, higher
porous volume, and increased surface Oy content compared to
In,0;-400, suggesting a possible explanation for the superior
sensing performance relative to the other synthesized
heterostructure.

The In,05-500 sensor demonstrated a higher pore volume
of 0.208 cm® ¢! and a larger pore width of 4.84 nm compared
to the other synthesized samples, as revealed by the BET
findings. Consequently, it is suggested that the adsorption of
gas molecules was enhanced. Thus, it is essential to discuss the
effects of calcination temperature. The In,0;-400 material
exhibited a higher BET surface area than In,0;-500 and In,O;-
600, which may be associated with the crystallite size effect.
However, the In,0;-500 nanorods showed the best ethyl
acetate detection performance, likely due to the heterojunction
effect.

Furthermore, all samples exhibited similar nanorod
morphologies. While In,0;-400 had the highest surface area,
its lower contribution of the rhombohedral phase (and thus
fewer heterojunctions) likely limited its performance. In
contrast, In,0;-500, with a slightly lower surface area but
more heterojunction interfaces and oxygen vacancies, achieved
the best balance for ethyl acetate detection.

Table 2 compares the sensing properties of ethyl acetate
detection in this work with those found in the literature. Our
sensor demonstrated a higher sensitivity to ethyl acetate in dry
and humid conditions than all comparisons. Although the
optimum working temperature and recovery time were higher,
the sensor showed excellent response time in different
atmospheres. Therefore, the In,0;-500 heterostructure
achieved promising results for ethyl acetate detection.

2(gas

4. CONCLUSIONS

A mixed-phase material based on a heterojunction of stable
and metastable crystalline phases of bcc-rh-In,O; nanorods
was synthesized through the MAH method to detect MVOC.
The calcination temperature was crucial in achieving pure bcc-
In,O; and heterostructures of bcc-rh-In,O; nanorods, with
temperatures set at 600, 500, and 400 °C, respectively. The
In,0;-500 sensor exhibited superior sensing properties for
ethyl acetate detection compared to the other synthesized
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Table 2. Comparison of Ethyl Acetate Sensing Properties among Different Reported Sensors

material temp. (°C) RH (%) conc. (ppm)  response (R,/R, or R,/R,)  response time (s)  recovery time (s) refs

Al-doped In,0, 184 30 100 56.3 61

NiFe,O, 120 200 64.27 32 31 62

Au decorated ZnO 240 100 102 10 13 63

CoWO,/a-Fe,0, 206 100 21.04 7 9 64

PrFeO;/a-Fe,04 206 dry 100 22.85 8 9 65

In,05-500 350 dry 100 548 1.8 1748.2 this work
350 41 100 160.65 2 945.9 this work
350 90 100 79.78 1.5 647.1 this work

samples. The In,0;-500 nanorods demonstrated a higher
response of 548 to 100 ppm of ethyl acetate at 350 °C and dry
air. Furthermore, In,05-500 exhibited remarkable selectivity, a
low theoretical detection limit, fast response time, remarkable
performance under humid conditions, and reasonable stability.

Our research presented a nanoscale material exhibiting
excellent properties as an MVOC sensor. Post-mortem
HRTEM revealed the formation of stacking faults and grain
growth after prolonged operation, indicating some perform-
ance degradation mechanisms. Such analyses of long-term
structural changes are rarely reported in gas sensors and
provide valuable insights into sensor durability. In this context,
the In,0;-500 nanorods demonstrated high sensitivity and
selectivity for ethyl acetate, making it a promising sensor for
food quality control and human health monitoring applica-
tions. These applications can reduce unnecessary food waste,
simplify disease diagnosis, and enhance industrial environ-
mental monitoring. MVOC sensors are rarely reported,
particularly those employing mixed-phase bcc-rh-In203 nano-
rods. However, this sensor requires a high operation
temperature (350 °C), which poses challenges for practical
applications. Strategies such as noble metal deposition could
be implemented in future studies to address this, reducing the
operating temperature and enabling its use in real and complex
samples. Combined with the mixed-phase approach demon-
strated here, this strategy could pave the way for practical
MVOC sensors for food safety applications.
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