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Monitoring breath isoprene concentration plays a role in non-invasive diagnosis of blood-cholesterol levels. In
this study, we developed a highly sensitive and selective isoprene analyzer based on a Pd-coated InpOs3 thin film
integrated in a miniaturized gas chromatography column. To improve the sensing performance, the InyO3 thin
films were fabricated with high uniformity and crystallinity using a dual-ion-beam sputtering system, and various
metal catalysts (Au, Pt, and Pd) were loaded on the film surface. Among them, the Pd catalyst afforded the
highest sensing reaction and the lowest detection limit (approximately 0.4 ppb), which is the best performance
ever reported. It also significantly lowered the optimal operating temperature of the sensor from 432 °C to
196 °C. The excellent isoprene sensing performance of the Pd-coated InyO3 film can be attributed to the high
density of oxygen vacancies, efficient reduction-reoxidation of PdO, and the Mars-van-Krevelen catalytic reac-
tion. We further optimized the isoprene sensing performance of a Pd-coated InpOs film by varying the Pd
thickness and discovered that 1 nm of Pd deposition showed the optimal status of discontinuous islands for

sensing. We expect that our device can be applied to a portable breath isoprene analyzer.

1. Introduction

Recently, exhaled breath analysis has gained great interest because it
is a promising technology for noninvasive diagnosis of diseases. Human
breath contains more than 250 kinds of endogenous volatile organic
compounds (VOCs), which provide valuable information about physio-
logical and pathophysiological conditions [1,2]. Isoprene is one of the
most abundant exhaled VOCs [3], and its concentration in exhaled
breath ranges from 22 to 234 ppb in healthy adults [4]. Isoprene is
generated endogenously during metabolism, and an increase in breath
isoprene concentrations has been linked to cholesterol biosynthesis [3],
psychological stress [5], exercise [6], and many other conditions [7-9].
In particular, high blood cholesterol increases the risk of heart disease,
which is a leading cause of death. Therefore, monitoring breath isoprene
is important, and it can be a noninvasive diagnostic method to evaluate
blood cholesterol levels or cholesterol synthesis rates [3].

Because the concentration of breath isoprene is excessively low,
quantitative analysis of breath isoprene can be performed using high-
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performance equipment such as gas chromatography-mass spectrom-
etry (GC-MS) [8,10], proton-transfer-reaction mass spectrometry (PTR-
MS) [2,3,6], selected ion flow tube mass spectrometry (SIFT-MS) [7,9],
laser spectrometry, and ion molecule reaction-mass spectrometry (IMR-
MS) [11,12], all of which are commonly used in the laboratory. How-
ever, these techniques are expensive, limited in terms of portability, and
require scientific personnel to operate. In order to overcome these
problems, chemoresistive gas sensors based on metal-oxide semi-
conductors (MOS) have been studied extensively because the oxidation
reaction on the MOS surfaces changes electrical resistance across the
materials, which can be simply measured within short time with high
sensitivity. In addition, they can be integrated into portable devices of
compact size with low manufacturing cost [13]. Various MOS materials
have been studied for the detection of isoprene, such as ZnO [14,15],
TiOg [16], SnO9 [17,18], and WO3 [19]. Especially, lowest detection
limit of isoprene (5 ppb) was observed at 325 °C for Ti-doped ZnO
nanoparticles [14]. By combining Pt-doped SnO5 nanoparticles with an
active alumina filter, 500 ppb of isoprene could be selectively detected
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in a mixture of other gases such as ammonia, acetone, methanol, and
ethanol [18].

Iny03, another well-known easily reducible MOS gas-sensing mate-
rial, has been extensively studied for detecting various gases such as Hy,
NO,, HsS, CO, CO,, ammonia, acetone, formaldehyde, methane, and
ethanol [20-27]. To the best of our knowledge, there is a paucity of
reports on isoprene detection using InyOs [28,29]. Recently, we re-
ported the remarkable isoprene sensing performance of InyOs nano-
particles [29]. It showed highest isoprene sensing response compared to
that of reported so far and was able to detect the 1 ppb isoprene con-
centration at 350 °C. This result implies that InyOs3 is a promising sensing
material for use in high-sensitivity breath isoprene sensors. Even though
they are integrated in the gas filter system to utilize a MOS-based gas
sensor as a precise breath isoprene analyzer, there is a need to develop
advanced sensors that can analyze the sub-ppb-level concentration.
Several studies have reported that micro/nanostructure control, heter-
oatomic doping, and direct metal deposition on oxides are representa-
tive methods for enhancing gas-sensing performance by forming oxygen
vacancies, tuning energy levels, and catalytic effects [30]. However,
despite their outstanding sensing performance, there are still various
obstacles such as the collapse of micro/nanostructures and unstable
dopants in an oxide lattice at high operating temperature environment.
The direct metal deposition method is one of the simplest ways to
enhance the performance by inducing catalytic reaction even at harsh
operating conditions, but the deposition does not uniformly cover the
three-dimensional particles.

Compared to conventional approaches, we conclude that two-
dimensional oxide thin films are good candidates because of their
good crystallinity, high stability, and maximized catalytic effects [30].
In this approach, an InyOg3 thin film was fabricated using dual ion beam
sputtering (DIBS) as the deposition method and a noble metal was
loaded as a catalyst. The DIBS method provides films with better
compositional stoichiometry, uniform growth, and good adhesion to the
substrate [31,32]. In addition, the loaded metal catalyst uniformly
covers the entire surface of the oxide, enhancing the gas-sensing per-
formance due to the increase in oxygen vacancies [30], spillover effects
[33], and catalytic reactions of gas-phase molecule decomposition [34].

In this work, we report an excellent isoprene sensor based on a Pd-
coated InyO3 thin film. For practical application as a portable breath-
isoprene analyzer, the sensing performance of the Iny,Oj3 film sensor
was tested by integrating it in miniaturized GC. Among the various
catalysts of Au, Pt, and Pd, the Pd-coated thin film exhibited the best
sensing performance, selectively detecting 0.4 ppb isoprene. Moreover,
owing to the catalytic effect, the optimal working temperature could be
significantly lowered from 432 °C for the pristine film to 196 °C for the
Pd-coated film. By analyzing the surface states and elemental distribu-
tions, we revealed that the superior sensing performance of Pd-coated
sensor was due to the larger amounts of deficient oxygen [30], effi-
cient reduction-reoxidation transition [34], and Mars-van-Krevelen
catalytic reaction [35-38].

2. Materials and methods
2.1. Synthesis of catalyst-coated InyO3 thin films

The Iny03 thin films were deposited on an AlyO3 substrate (5 x 2.5
mm?) using a DIBS system (Fig. 1(a)). Before the deposition of the thin
films, interdigitated electrodes (Pt, 100 nm in thickness) and heaters (Pt,
600 nm in thickness) were fabricated on the top and bottom surfaces of
the alumina substrates, respectively, using a DC sputtering system. The
patterned alumina substrates were loaded onto the sample holder of the
DIBS system. Here, two distinct ion sources were used: a primary ion
source was used to sputter an indium oxide target (99.99%) under an Ar
gas flow condition at a rate of 34 sccm. Then, a secondary ion source was
simultaneously used to compensate for the low oxygen composition by
controlling the flow rate of the oxygen ions (34 sccm). Therefore, the
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thin films deposited using this technique exhibit exact stoichiometry
[39]. During the sputtering process, the base pressure was approxi-
mately 1 x 10 Torr. Acceleration voltage and current density were
adjusted to 1.0 keV and 1.5 mAcm ™2, respectively, for the primary ion
source, and 200 eV and 0.2 mAcm ™2, respectively, for the secondary ion
source.

After DIBS, the deposited In-O alloy films were annealed at 500 °C for
5 h in an ambient air atmosphere in an electrical furnace to form a
crystalline In O3 thin film (Fig. 1(b)). After annealing, Au, Pt, or Pd were
deposited on the surface of the heat-treated In,O3 thin films using a
power of 20 W (Pt and Pd) or 30 W (Au) in an Ar atmosphere. The
deposition rates of Au, Pt, and Pd were 0.67 nm/s, 0.28 nm/s, and 0.31
nm/s, respectively. Thereafter, the thicknesses of the catalysts were
adjusted to 1 nm by controlling the deposition time. To load the metal
catalyst using an ultra-high vacuum DC magnetron sputtering system,
high-purity catalyst targets (4 N) were used. The base pressure was
approximately 4 x 10~ Torr, and the deposition process was conducted
at an Ar flow rate of 34 sccm under a pressure of less than 2.3 x 107
Torr.

2.2. Characterization of catalyst-coated In,Og3 thin films

The detailed crystal structures of the as-synthesized InyO3 thin films
were investigated by X-ray diffractometer (XRD, SmartLab, Rigaku)
using Cu Ka radiation and transmission electron microscopy (TEM, JEOL
JEM-F200). The overall surface morphology and uniformity of the as-
prepared films were analyzed using scanning electron microscopy
(SEM, JEOL-7610F-Plus, JEOL Ltd.) images and X-ray reflectometry
(XRR, SmartLab, Rigaku). The roughness and surface area of the samples
were analyzed by an atomic force microscope (AFM, Dimension ICON,
Bruker Nano Surface). For the TEM analysis, the thin films were cut
perpendicular to the top surface using a focused ion beam system (FIB,
Crossbeam 540, ZEISS), and the cross-sectional surface of the film was
investigated. Surface elemental analysis was conducted by X-ray
photoelectron spectroscopy (XPS, K-alpha Thermo U. K.) using Al Ka
radiation. The elemental dispersion of the catalysts on the surface of the
Iny03 thin films was examined using field-emission scanning electron
microscopy (FE-SEM, JEOL-7001F, JEOL Ltd.) equipped with an energy-
dispersive X-ray spectroscope (EDS). To quantitative analysis, the In;O3
thin films were deposited on a silicon substrate and totally digested in
the 2: 3: 5 mixture of HNO3, HCl, and HF (aqua regia) followed by being
analyzed using an inductively coupled plasma-optical emission spec-
trometry (ICP-OES, OPTIMA 8300, PerkinElmer).

2.3. Evaluation of isoprene sensing performance

The isoprene sensing performance of the In,Og3 thin films with and
without metal coating was evaluated using a mini- GC (Fig. 2). The
instrumental details have been described in detail in a previous study
[40]. In brief, the device had dimensions of 8 x 13 x 16 cm® and con-
sisted of a sampling loop (1 ml), a packed column, three solenoid valves,
a mini-sized pump, and a sensor based on InyO3 thin film. The volume of
the isoprene sampling gas was limited to 1 ml and dry air with a flow
rate of 20 sccm was used as the carrier gas.

The sensing process of the manufactured mini-GC was as follows (see
Fig. 2): 1 ml of air and target gas mixture was filled into the sampling
loop for 10 s without pre-concentration. Then, the gas mixture was
injected into the packed column, and the components of the gas were
separated by different strengths of interaction between the gas mole-
cules and the stationary phase. The stationary phase coated on the col-
umn filler had a weak polarity. Therefore, non-polar gases (e.g., Ny and
COy) and smaller gas molecules are released from the column faster than
the others. The separated gas components were passed through the
packed column by a constant flow of the carrier gas (dry synthetic air).
The temperature of the column during the operation was maintained at
30 °C. The target gas that passed through the column was detected using
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Fig. 2. Schematic of the interior components and selective detection mechanism of the mini-GC device integrated with catalyst-coated In,O3 thin film sensors.

as-prepared InyOs thin films. To detect isoprene with high sensitivity
and selectivity, the length and inner diameter of the packing column
(Isenlab, Inc.) were adjusted to 90 cm and 0.4 cm, respectively. To
optimize the operating temperature of the isoprene analyzer, the
response of the device was tested over a wide range of 156-452 °C. The
ability of the analyzer to sensitively detect isoprene was investigated at
various concentrations of isoprene in the range of 0.0004 ppm - 25 ppm
at the optimal working temperature.

The sensing performance was evaluated based on a sensor signal
converted from the logarithm of the sensor resistance (log(R)), which
was obtained using a gas analyzer. The sensing response of the samples
was defined as the A sensor signal, which is the peak height of the sensor
signal [40]:

A Sensor signal = A log(R) = log(Rqir) — 10g(Rgas) = 108(Rair/Raas), (¢})

where log(Rair) and log(Rg,s) are the maximum values before and after
exposure to isoprene, respectively.

3. Results and discussion

To investigate the nanostructure of the metal-coated In,Os thin films,
we carried out TEM analysis. On the cross-sectional surface of the Au-
coated InyOs thin film, we readily found a stack of Al,Oj3 substrate,
Iny03 thin film, and Au-catalyst layer (Fig. 3(a)). On the top surface, the
Pt layer is a protective layer for the FIB specimen preparation. As ex-
pected, the DIBS process resulted in a highly crystalline InyO3 thin film
with a thickness of ~ 40 nm over a large area (Fig. 3(a)). As can be seen
in the high-resolution TEM image in Fig. 3(c), the interplanar distance
was approximately 0.292 nm, which corresponds to the d-spacing of the
(222) planes of cubic InyOs3. For metal loading, we adjusted the
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Fig. 3. (a) TEM image of the cross-sectional surface of the Au-coated In,O3 thin film; (b) and (c) High-resolution TEM images obtained from the areas marked A and

B in (a); (d) Schematic diagram of the catalyst-coated In,O3 thin film.

deposition time to obtain an 1 nm thick catalytic layer. However, the
TEM image shows that the thickness of the Au layer was approximately
2.3 nm (Fig. 3(b)), indicating locally distributed discontinuous islands
rather than a uniform and widely dispersed thin layer (Fig. 3(d)). This
catalyst layer could be easily distinguished from the Pt and In,O3 layers
because of its distinctive atomic structure.

To analyze the overall surface morphology and uniformity of the as-
prepared InyOj3 thin films, we obtained SEM images and XRR patterns.
For the measurements, we prepared pristine InyO3 thin film, metal-
coated InyO3 thin films with different metals (1 nm Au, Pt, and Pd
deposition), and Pd-coated InyO3 thin films with different Pd thicknesses
(3 and 5 nm deposition) on SiO; substrates (10 x 10 mm?). According to
low magnification SEM images (Fig. S1), the pristine InyO3 films were
uniformly formed on the substrate over the 1 cm? area through the DIBS
and heat treatment. At high magnification over 10 k (Fig. S1), we could
see stacked small crystalline structures formed after heat treatment of
amorphous In-O alloys at 500 °C. Fig. S2 shows the surface morphol-
ogies of the metal catalysts (Au, Pt, and Pd) deposited on the In;O3 film
surface. The surface morphology of the InyOs3 films is found to be
dependent on a type of metal catalyst. While Au formed large islands of
irregular shapes (Fig. S2(a)), which is in good agreement with the TEM
image. (Fig. 3), the Pt-coated surface turns out to be similar that of
pristine InyO3 thin films (Fig. S2(b)). Moreover, Pd was deposited in
small island patterns with nanogap grain boundaries (Fig. S2(c)). The
different shape distribution of the deposited metals might be due to the
different metal/oxide interactions at the interface due to lattice oxygen
transfer by the oxophilicity [41], fluxional behavior [30], and formation
of bimetallic compounds [42]. In all the cases, we could see the faint
Iny03 grain structures beneath the catalyst layer. However, the grain
patterns of InyOj3 films disappeared under the thicker catalyst layer, as
shown in Fig. S2(d)-(f) for the surface morphologies with 1, 3, and 5 nm-
thick Pd coating, respectively.

In addition, we measured X-ray reflectivity (XRR) of pristine In O3
thin films and 1 nm Au, Pt, and Pd-coated InyOg thin films (Fig. S3). The
clear Kiessig fringes [43] of all samples indicates the uniformity of the
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Fig. 4. XRD patterns of the as-deposited, heat-treated, and Au-, Pt-, and Pd-
coated InyO3 thin films. The standard XRD pattern of the cubic phase of
In,03 (JCPD 06-0416) is shown as vertical lines at the bottom.
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overall film thickness. From the spectra, the average thickness of InyO3
films was estimated to be 40 + 2 nm, which is in good agreement with
TEM images (Fig. 3). In particular, the distinct second oscillations in Au-
coated InyO3 film (Fig. S3(b)) reveal the thicker Au layer than 1 nm,
which also coincide with TEM (Fig. 3) and SEM (Fig. S2(a)) images
showing irregular island shaped, self-assembled Au on the surface. In Pt
and Pd-coated InyOs films (Fig. S3(c) and (d)), however, XRR profiles
show weak second oscillations, suggesting that Pt and Pd particles do
not affect overall film thickness or surface roughness of the samples.
We further characterized the as-prepared films to understand struc-
tural properties clearly through the AFM (Fig. S4). The height distri-
bution of deposited metals was measured using a standard tapping
mode. In the SEM data, the surface of the bare In,O3 is consisted of many
crystal grains. In AFM images, each grain was distinguished by blunt
boundaries having a slightly lower height than the crystal area. When
the 1 nm of Au was deposited on this surface, a high density of clusters
was formed irregularly, whole over the area (Fig. S4(b)), as observed in
SEM images (Fig. S2(a)). There were no significant differences after Pt
deposition (Fig. S4(c)). In the case of Pd deposition, we could see the
approximately 1 nm depth of valleys. Those valleys seem to be formed
along with grain boundaries of the In,O3 beneath the Pd layer, forming
replicated grains of Pd ((Fig. S4(d)). These gaps were gradually filled
when further Pd was deposited, and we could not observe further grains
at 5 nm Pd-coated InyO3 because excess Pd filled the gap (Fig. S4(f)).
Based on these AFM images, we roughly estimated the roughness
(Fig. S4(g)) and surface area (Fig. S4(h)) of each film. Since metals are
randomly deposited on the surface, the roughness of the metal-coated
films increased compared to bare InpO3 (~0.17 nm), and Au-InpO3
showed the highest roughness (~0.4 nm) due to the large sizes of Au
clusters. For the surface area, we could not normalize it in unit weight as
like BET analysis. We alternatively extracted 2 pm x 2 pm region and
calculated how the three-dimensional surface area was different from
the two-dimensional projected area (Asp/Agp). Like the roughness of the
films, the surface area of Pt-coated film (0.127 %) was similar or slightly
less than bare In,O3 (0.198 %), and Au- and Pd-coated films showed an
increase in the surface area, 1.14 % and 0.249 %, respectively. The
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higher surface area of Au is also due to the large clusters of Au particles.
These morphology differences along the loaded metal species might be
caused by the interfacial stability and interaction between In,Oj3 crystal
and loaded metals.

To examine the crystallographic structure of the as-deposited, heat-
treated, and Au-, Pt-, and Pd-coated InyOj3 thin films, we performed XRD
analysis (Fig. 4). The as-deposited InyOs thin film did not exhibit a
noticeable diffraction peak, confirming its amorphous phase. The heat-
treated and catalyst-coated InyOs3 thin films showed clear diffraction
peaks that matched the cubic phase of InpO3 (JCPD 06-0416) and no
signs of secondary phases or impurities. In addition, we did not observe
diffraction peaks of the metal catalysts (Au, Pt, and Pd) in the catalyst-
coated samples. This is likely due to the nanocrystalline phases of the
catalysts, as observed in the TEM (Fig. 3(b)), SEM (Fig. S2), and AFM
(Fig. S4) images.

To investigate the chemical composition of the elements in the InpO3
films, we performed XPS analysis in the range of 0-800 eV (Fig. 5). The
observed peaks could be ascribed to In and O, as well as to Au, Pt, or Pd
in the catalyst-coated films (Fig. 5(a)-5(d)). Cls peaks were also
observed at a binding energy of 284.6 eV in all samples because of the
unavoidable adsorption of carbon dioxide, natively residing in the air
atmosphere. Since the intensities of the Cls peaks were very low
compared to the main peaks, we did not take into account the effect of
adsorbed carbon on the sensing performance. Furthermore, no addi-
tional peaks were observed, which confirms the single phase of the
samples and is in good agreement with the XRD results (Fig. 4).

To investigate the oxidation states of the fabricated films, we
deconvoluted the Ols XPS spectra (Fig. 6) into three quasi-Gaussian
peaks, indicating three species of bonding. The binding energies at ~
530 eV, ~531 eV, and ~ 532 eV correspond to the 0% ions in the In-O
bond of the InpO3 lattice, deficient oxygen in the InpOs; matrix, and
chemisorbed oxygen species, such as adsorbed H,O or O, on the surface
of InyOs3, respectively [37,38]. In the spectra of the Pd-coated InyOs3 film,
the O1s peak overlapped with the Pd 3P peak centered at ~ 532.7 eV
(Fig. 6(d)). Through deconvolution, we found that the Pd 3P peak
included three kinds of Pd 3P3,, bonding species.

Among the oxygen bonding states, the deficient oxygen (~531 eV)
significantly affects the gas-sensing performance [44]. The oxygen va-
cancies are main intrinsic defects present on the surface of this kind of
MOS materials and are naturally generated by various methods during
material synthesis and/or subsequent heat treatment [45-48]. The
number of oxygen vacancies can be estimated by determining the area
fractions of the oxygen-deficient peak in the deconvoluted O 1 s spectra
[49]. This was approximately 19.6%, 23.5%, 24.8%, and 26.3% for the
bare, Au-, Pt-, and Pd-coated InpOj3 films, respectively. The deficient
oxygen content of catalyst-coated In,O3 films was higher than that of the
bare In,O3 films.

Unveiling the oxygen vacancy formation mechanism experimentally
is extremely challenging; however, several DFT studies have been re-
ported to address the formation of vacancies at the interface and
perimeter sites of metal clusters. First, the high work function of noble
metals can reduce the formation energy of oxygen vacancies and sta-
bilize the vacancies. In our study, the work functions of Au (5.35 eV), Pt
(5.37 eV), and Pd (5.44 eV) were higher than that of InyO3 (5.0 eV).
Here, a high work function metal favors capturing more electron density
to stabilize, so the noble metal prefers oxygen vacancy sites because they
act as electron donors. In other words, noble metal clusters significantly
lower the vacancy formation energy of oxides, producing more oxygen
vacancies around the metal cluster. Several DFT calculations have
proven that the oxygen vacancy formation energy is significantly
reduced at the perimeter sites of the metal cluster [30]. Second, the
oxophilicity of the noble metal promotes the formation of oxygen va-
cancies. Noble metals and oxides have a large oxophilicity gap; there-
fore, lattice oxygens in the oxide can be easily transferred toward metals
through the metal/oxide interfaces by thermodynamic driving forces.
This type of fluxional behavior has been described by DFT calculations
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(0.0004-25 ppm) at their optimal operating temperatures of 432°C, 364°C, 255°C, and 196 °C, respectively. The insets show a magnified plot of the isoprene sensing

peak for low concentration of isoprene.

based on the interfaces between Pd clusters and the reducible oxide
AgOy [41]. The calculations showed that the oxygen in the oxide lattice
was transferred to the Pd layer, producing Pd-O oxide compounds by an
auto-oxidation reaction, even at 25 °C. This oxygen transfer could also
be observed at the Pd/InyOg3 interfaces because Pd strongly interacts
with InpOs, forming Pd/In bimetallic compounds [42,50]. The trans-
ferred oxygen atoms in Pd move towards thermodynamically active
positions such as the edge of the cluster. Since the oxophilicity of metals
is determined by their effective nuclear charge and electronegativity,
the oxophilicity trend is presumably Pd > Pt > Au. The formation of
oxygen vacancies in metal-coated oxides was also experimentally
demonstrated. Cheng et al. reported an increase in oxygen vacancies by
decorating noble metals (Au, Ag, Pt, and Pd) on mesoporous InyO3 [51].
According to their data (HR-TEM, XRD, and XPS), Au, Ag, and Pt
remained in their metallic phase, but Pd appeared to be in the Pd?* jon
phase, forming oxide components by obtaining oxygen from InyOs.
Their XPS results showed that oxygen vacancy of InyO3 (34.7%) signif-
icantly increased when Pd was coated (54.8 %) compared to other
metals Au (38.3%), Ag (42.5%), and Pt (33.8%).

After material characterizations, we evaluated the isoprene sensing
performance of the as-prepared InyOs films using a mini-GC device
(Fig. 2). To determine the optimal working temperature, we exposed 25

ppm of isoprene to sensors at increasing temperatures and measured the
peak height (A sensor signal) of the sensor signal curves (Fig. 7). The
optimal working temperatures for the bare InyOs, Au-, Pt-, and Pd-
coated films were 432 °C, 364 °C, 255 °C, and 196 °C, respectively.
The optimal working temperatures of the InyOs films were lowered
when loaded with a catalyst and were most significantly reduced for the
Pd-coated film.

To further evaluate the sensitivity of the sensors, we analyzed the
changes in the sensor signal over time, which were measured at their
optimal working temperature at different isoprene concentrations in the
range of 0.0004-25 ppm in dry air (Fig. 8). All InyO3 films showed a
small sensing peak at ~ 34 s, corresponding to the detection of weakly
interactive non-polar and small molecules of Ny in air, and a consider-
ably larger peak at ~ 86 s, corresponding to isoprene. This peak sepa-
ration indicates that isoprene can be selectively detected in an air
atmosphere using a mini-GC device integrated with InyOj3 thin film gas
sensors. The inset of Fig. 8 shows a magnified plot of the isoprene
sensing peak for a low concentration of isoprene. With increasing
isoprene concentration, the isoprene peak increased. Furthermore, Fig. 8
shows that catalyst-coated InpOs3 thin films had superior sensing per-
formances compared to bare InyOs thin films.

To quantify the sensing abilities of the samples, we calculated the
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peak heights of the A sensor signal at various isoprene concentrations
(Fig. 9(a)). The inset of Fig. 9(a) presents an enlarged view of the A
sensor signal at a low concentration of isoprene below 0.1 ppm. As
shown in Fig. 9(a), all InyO3 films showed an increased peak height with
an increase in isoprene concentration. We found that the Pd-coated
Iny03 film had the best sensing performance over the entire range of
concentrations. At 25 ppm isoprene, the sensing response of the Pd-
coated InyOs film (~0.8) was approximately 80 times higher than that
of the bare InyOs3 film (~0.01) and approximately twice higher than that
of the Au- and Pt-coated InyO3 films (~0.4) (Fig. 9(b)). The Pd-coated
Iny03 film also exhibited the lowest limit for isoprene detection (0.4
ppb), which is the lowest level achieved for the detection of isoprene to
date. The detection limits for the bare In,O3 film and the Au- and Pt-
coated InpOs films were approximately 3.13, 0.016, and 0.012 ppm,
respectively. We found that the Pd-coated In;O3 film showed the highest
sensing response with the lowest detection limit and lowest optimal
working temperature of all tested samples.

We further studied how the noble-metal loading affected improve-
ment of the gas sensing performances. According to the general sensing
mechanism of the MOS sensor, the higher sensing performance is closely
related to an increase in the thickness of the electron depletion layer in
the initial state (i.e., the exposed state in air). The thicker depletion layer
is attributed to the large number of released electrons resulting from the
large number of oxygen vacancies. In clean air, oxygen molecules trap
donor electrons of oxygen vacancies and chemisorb into oxygen ions (e.
g, 02,07, or 027) on the surface of the sensing material [52]. The
adsorbed oxygen ions act as reaction sites for the sensing materials when
exposed to the target gas [44]. Therefore, the more oxygen vacancies are

formed, the higher the gas sensing performance is improved. However,
in our study, the oxygen vacancy density of each film had only 1 ~ 2 %
difference, which was insufficient to fully address the dramatic change
of sensing performances depending on the noble metals.

The enhanced gas-sensing performance is mainly attributed to the
heterogeneous catalytic behavior of the metal/oxide interfaces. Many
studies have reported that the catalytic effect of noble metals (Au, Pt,
and Pd) on hydrocarbon decomposition can occur below the tempera-
ture of 500 °C which is overlapped with the operating temperature of
our gas sensors [53,54]. These noble metals are known to activate the C-
H, H-H, and C-C bonds of gas-phase hydrocarbons [55-57], promoting
oxidation, dehydrogenation, and hydrogenation depending on the
catalyst facet, ionic phase, atmosphere, and adsorbed molecules. Since
dehydrogenation (to C-H bond cleavage), and oxidation (to transform to
COy) reactions are required to completely decompose isoprene mole-
cules, we deduced that loading of noble-metals significantly lowered the
required energy for isoprene oxidation compared to the bare InyOs.
However, because there are few studies on the complete oxidation of
isoprene molecules using an oxide-supported noble metal catalyst, we
referred to simple studies based on CO and hydrocarbons oxidation/
combustion on noble metal species to understand the catalytic behavior
[55,58-64].

When Au is deposited onto an InyOg thin film, the majority of Au
atoms prefer to exist in the metallic phase (Au®). We found a few ionized
Au species in our XPS deconvolution data, presumably located at the
metal/oxide interfaces due to the interaction between metal atoms and
the oxide lattice (Fig. S5(a)). When the Au catalyst is exposed to a high-
temperature environment, gas-phase oxygen molecules are chemisorbed
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and dissociated onto the surface of the Au clusters because of the high
charge density. After hydrocarbons are independently adsorbed on the
Au surface, the chemisorbed oxygen species react with hydrocarbons,
resulting in an oxidation reaction (Langmuir-Hinshelwood mechanism).
Because the hydrocarbon and oxygen molecules competitively occupy
the adsorption sites of the Au catalyst, the catalytic activity is signifi-
cantly reduced when the atmosphere is oxygen-rich condition. However,
in the case of a heterogeneous Au catalyst on oxide surfaces, the In,O3
lattice oxygen at the perimeter sites of Au catalysts can participate in the
oxidation reaction with adsorbed hydrocarbons on the Au cluster via the
Mars-van-Krevelen mechanism [60]. After the reaction, the consumed
oxygen sites become oxygen vacancies, which are refilled by gas-phase
oxygen molecules for further reactions. Pt has a tendency similar to
that of the Au catalyst whereby Pt prefers to exist in the metallic phase at
room temperature. Likewise, when the Pt catalyst is deposited on the
oxide surface, the interfacial Pt atoms are transformed into ionic species
due to Pt-O-In bonding (Fig. S5(b)). Since Pt has few or no oxygen atoms
in the lattice, the catalytic reaction on the Pt surface is dominantly
conducted via the Langmuir-Hinshelwood mechanism between surface
adsorbed oxygen atoms and hydrocarbons. However, oxide-supported Pt
catalysts exhibit heterogeneous catalytic behavior at the metal/oxide
interfaces, as like the Au catalyst. The Inp,O3 lattice oxygens at the
perimeter of the Pt clusters also participate in the catalytic reaction by
reacting with adsorbed hydrocarbons on the Pt surfaces. The related
oxidation reaction was experimentally proven by operando TEM using a
Pt/CeO; heterogeneous catalyst [62].

Unlike Au and Pt, Pd is stable in the oxide phase (PdO) under 800 °C
[61]. When the Pd catalyst was deposited on the InyO3 thin film, the
lattice oxygen in InyO3 was transferred to Pd even at 25 °C, due to the

oxophilicity differences, as previously described in the oxygen vacancy
formation mechanism [41]. The XPS results also showed a high pro-
portion of the pd3* phase in the Pd 3d peak (Fig. S5(c)), indicating the
presence of PdO phases. According to previous studies, these PdO;
compounds actively participate in C-H bond cleavage and oxidation
reactions by Mars-van-Krevelen mechanisms, taking advantage of lattice
oxygen. Interestingly, the consumed lattice oxygen sites can be rapidly
refilled by gas-phase oxygen molecules because of the thermodynami-
cally favored conformation of the PdO structure, reoxidizing Pd into
PdO. This efficient reduction-reoxidation process of PdO promotes a
much higher catalytic reaction efficiency than other noble metals
because the reoxidation step is the rate-determining step of the Mars-
van-Krevelen mechanism [65]. This phenomenon was proven in
another study, which reported a decrease in the catalytic reaction
temperature with a significant enhancement in the CH,4 conversion rate
on the Pd/SnO; heterogeneous catalyst [64].

Based on these mechanism studies, the effects of metal coating on gas
sensing performance can be explained by the number of active sites for
the catalytic reaction. According to the reaction mechanism, Pd-coating
produced the most abundant active sites for oxidation reaction owing to
the formation of PdO compounds, which directly participate in the
oxidation reaction by the Mars-van-Krevelen mechanism. On the other
hand, in cases of the Au- and Pt-coated In,Os thin films, only perimeter
sites of metal catalysts were active for the oxidation reaction. In the
same manner, when we compare the Au- and Pt-coating, higher sensing
performance is expected at Pt-coating because the size of the metal
cluster is much smaller than that of Au, as shown in Fig. S2. The bigger
the cluster size is, the less active sites exist due to the decrease of
perimeter sites. Therefore, we could predict the tendency of gas sensing
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Table 1
ICP-OES analysis of In,O3-based thin films.

In Pd Weight percent (%)
Samples  yyeight “RSD Weight *RSD (In:: Pd, w/w)
(hg/8) (%) (ng/g) (%)

Bare 161.97 3.46 - -

In,03
Pd1nm 158.08 1.07 9.99 0.78 6.32
Pd 3nm 157.83 3.22 29.05 1.25 18.41
Pd 5nm 155.37 1.15 47.02 0.76 30.26

*RSD : Relative standard deviation

performances as Pd- > Pt- > Au-coated InyO3 thin films. However,
although we roughly interpret the catalytic activity based on the active
sites of catalytic behavior, the direct comparison of gas sensing perfor-
mances remains elusive because the catalytic effects are dependent on
various factors, such as the catalyst facet, oxidation states, size of the
cluster, and metal/oxide interface. In addition to that, metal catalysts
contribute to an increase in oxygen vacancies, the formation of a thick
electron depletion layer by charge exchange based on work function
differences, and the spill-over effect [66]. Those factors have synergistic
effects on gas sensing mechanisms, so further fundamental studies are
required to clearly understand the influence of the metal coating on gas
sensing.

The sensing mechanisms of isoprene are briefly illustrated in Fig. 10.
When the sensing materials are heated up to optimal working temper-
ature, oxygen molecules are ionized on the surface of the catalysts and
In 03 thin films by accepting donor electrons of oxygen vacancies,
forming the electron depletion layers. After being exposed to isoprene, a
sensing reaction occurs between isoprene and the adsorbed oxygen ion
species. At the working temperature of the InyO3 film (100 °C < T <

10

300 °C), the isoprene can be completely oxidized, according to the
following equation:

+ 14e” 2)

Consequently, a large number of electrons return to the conduction
band of the Iny0g, resulting in a decrease in the depletion layer thickness
(Fig. 10 (right)) and the resistance of the film (Fig. 8). Therefore, the
thicker depletion layer of the Pd-coated InyO3 film leads to a greater
resistance reduction when exposed to isoprene than that of the pure
In,03 films (Fig. 8(d)).

To optimize the sensing performance of the Pd-coated In;O3 film, we
evaluated the sensing responses of Pd-coated InyOs3 films prepared with
Pd thicknesses of d = 1-5 nm at an optimal working temperature of
196 °C for different isoprene concentrations (0.0004-25 ppm) (Fig. 11
(a)). They were compared with those of the bare In,O3 film (d = 0) at the
optimal working temperature of 432 °C. The sensing performances of
the various Pd-coated InyOs3 films are summarized in Fig. 11(b). The
sensing peak heights of 25 ppm isoprene ford =0, 1, 2, 3, and 5 nm were
approximately 0.009, 0.808, 0.580, 0.397, and 0.133, respectively. The
lowest limits of isoprene detection for d = 0, 1, 2, 3, and 5 nm were
approximately 3.13, 0.0004, 0.0016, 0.049, and 1.56 ppm, respectively.
Hence, the Pd-coated Iny0j3 films with a Pd thickness of 1 nm exhibited
the best isoprene sensing performance.

We conducted a quantitative analysis of fabricated thin films to un-
derstand how the film composition affects the sensing performance. For
the measurement, bare In,O3 and Pd 1 nm, 3 nm, and 5 nm loaded In,O3
thin films were fabricated on a Si/SiO; substrate. The entire samples
were totally digested in the aqua regia, and aliquots of the resultant
solutions were sampled in the ICP-OES. The measurement was repeated
several times for reliability, and the relative standard deviation (RSD) of
each result was calculated (Table 1). As expected, the absolute amount

CsHg(ags) + 1407 (ad5) = 5CO gas) + 4H2 0 gag)
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Fig. 12. (a)-(c) EDS spectra obtained from point analyses averaged at different positions of samples with different Pd thickness of 1, 3, and 5 nm; (d)-(f) EDS
elemental color mapping images for Pd with thicknesses of 1, 3, and 5 nm; (g)-(i) Schematic view of the Pd layer distribution with increasing thickness.

of the Pd linearly increased along with the thickness of the Pd layer.
Based on the results, the Pd to In weight percentage (w/w) was calcu-
lated as 6.32 %, 18.41 %, and 30.26 % for 1 nm Pd, 3 nm Pd, and 5 nm
Pd loading, respectively. We confirmed that sensing performance
diminished with the increase of Pd contents, but not proportionally. It
means the performance is also affected by other factors, not simply by
the loading amount of the precious metal. In the case of Pd-InpO3 thin
films, PdO is a critical compound for catalytic reactions. According to
DFT calculations [41], the oxygen transferred from the InyO3 thin film is
mainly located at the edge of the Pd clusters. However, when the Pd
loading increased, the sizes of the clusters also increased, eventually
merging with each other and significantly reducing the edge sites of the
Pd clusters. In other words, the active sites for the catalytic reaction are
diminished at higher loading conditions (3 nm and 5 nm), so that the gas
sensing performance is also reduced.

To confirm whether our hypothesis is reasonable, the distributions of
catalytic Pd layers with thicknesses of 1, 3, and 5 nm on InyOs3 films, we
performed compositional point analyses at different positions on the
samples using EDS (Fig. 12(a)—(c)) and visualized the distribution of Pd
on the sample using EDS elemental color mapping (Fig. 12(d)-(f)). We
found that the elemental density of Pd increased and that more Pd atoms
covered the InyO3 film with increasing Pd thickness. Therefore, we
conclude that with increasing Pd thickness, more Pd atoms covered
more of the InyOg surface area, filling the exposed area of In,O3 (Fig. 12
(g)—(1)). These results also agreed with the SEM and AFM data. We
previously explained that Pd transitions to PdO by obtaining oxygens
from the Iny03, and transferred oxygens are located at edge sites of Pd
clusters. When the clusters grow up by depositing the excess amount of
Pd, then the fraction of edge sites decreases, whereby oxygen coverage,
used to hydrocarbon oxidation reaction, is reduced too. In other words,
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when the Pd thickness increased above 1 nm, fewer active sites were
available on the film, which decreased the sensing performance.

Furthermore, we tested humidity effect, repeatability, and long-term
stability of the Pd-coated InpOs film incorporated into the mini-GC at an
optimal operating temperature of 196 °C. Fig. 13(a) shows the humidity
effect on the sensitivity in the range of 0.01-10 ppm isoprene under
various humid conditions. The values of A sensor signal for various
conditions were obtained from the sensor signal curves shown in Fig. S6
(a)-(c). The sensitivity (slope) decreases at 90 RH%. However, the lower
detection limit of 0.01 ppm is still maintained even under a high humid
condition. It is also noteworthy that the sensitivity hardly changed when
90 RH% of isoprene gas was passed through the membrane moisture
filter. For the repeatability test of the Pd-coated InyOs film, the sensor
signals were measured continuously with exposure to 25 ppm isoprene
at 196 °C for 40 cycles (Fig. S6(d)). Fig. 13(b) presents that the sensing
response was not significantly lowered and was almost constant. The
long-term stability of the Pd-coated InpyOs film was also tested by
exposing 25 ppm isoprene at an optimal operating temperature of
196 °C under dry air conditions. Fig. 13(c) shows the change in the A
sensor signal with time, which was measured at intervals of 5 or 10 days
for 60 days. The sensor temperature was raised only when the response
was measured, and then it was maintained at room temperature. As
shown in Fig. 13, the sensor response decreased by ~ 16% after 30 days
and became saturated for 60 days within the error range. The results
indicate that the Pd-coated In;Os3 film mounted on the mini-GC achieved
good repeatability and long-term stability for the detection of 25 ppm
isoprene, and there is no sensing effect by moisture when the moisture
filter is adopted.
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Fig. 13. Sensing performance of Pd-loaded In;O3 film incorporated into the
mini-GC: (a) Humidity effect on sensitivity in the range of 0.01-10 ppm
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RH passed through moisture filter at 196 °C; (b) Repeatability test in sensing 25
ppm isoprene over 40 cycles at 196 °C; (c) A long-term stability for 25 ppm
isoprene at 196 °C measured at an interval of 5 or 10 days for 60 days.

4. Conclusions

We designed highly sensitive isoprene sensors based on InyO3 films
and evaluated their sensing performance using our portable analyzer
equipped with a mini-GC column for practical application as a breath
isoprene analyzer. To improve the sensing performance, the InpO3 thin
film was grown uniformly with high crystallinity and better composi-
tional stoichiometry using DIBS film deposition method. The surface
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defects such as oxygen vacancies, which significantly affect the sensing
performance of the MOS-based sensor, were controlled by loading metal
catalysts (Au, Pt, and Pd) on the film surface. We observed a significant
enhancement in the gas-sensing performance of the noble metal-coated
thin films. Among the tested samples, the Pd-coated In,O3 film showed
the best isoprene sensing performance. Within 100 s, the sensor was able
to selectively detect isoprene as low as 0.4 ppb concentration in air at a
low operating temperature of 196 °C. This is the best isoprene sensing
performance ever reported. We interpret that this enhanced sensing
activity is attributed to the increase in oxygen vacancies, formation of
stable PAO compounds by obtaining oxygen from the InyOs lattice,
efficient reduction-reoxidation of PdO, and the Mars-van-Krevelen
mechanism on the PdO surfaces. We further optimized the isoprene
sensing performance of the Pd-coated InyOs film by varying the Pd
thickness and found that thickness of 1 nm showed the optimal status of
discontinuous islands for sensing. Therefore, our results demonstrate
that the mini-GC device integrated with the Pd-coated In;O3 film can be
utilized to detect isoprene rapidly and accurately in breath.
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