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A B S T R A C T

Sacrificial methods using polystyrene (PS) templates are extensively applied in various research fields, partic-
ularly for fabricating gas sensors. The many processing advantages of these methods, such as a uniform particle 
size distribution, ease of manipulation, and potential for functionalization enable the fabrication of intricate 
nanostructures with precise control of the geometry and surface-area-to-volume ratio. Nevertheless, no previous 
study has investigated the fundamental correlation between the size of the PS particles used as a template and the 
performance of the resulting functional gas sensor. In this study, we fabricated In2O3 hollow hemispheres (HHs) 
with PS template sizes ranging from 200 to 3000 nm to explore the essential aspects for gas sensor applications. 
Notably, compared to In2O3 thin films, In2O3 HHs-based sensors prepared using a 3000 nm PS template exhibited 
a larger surface area, particularly when formed in a monolayer, and achieved an enhanced gas response to 
C2H5OH by approximately 132 times. By decorating In2O3 HHs with Au nanoparticles, the detection of C5H8 at 
350 ℃ among various volatile organic compounds was significantly enhanced (increase ratio = 31.7), achieving 
a response of 483 and a theoretical detection limit as low as 743 parts per trillion (ppt). In addition, the highly 
porous structure with Au decoration achieved an extremely short response time of less than 2 s. These un-
precedented results provide critical insights into conventional sensor technologies and pave the way for potential 
health-monitoring applications and bioelectronics.

1. Introduction

Micro/nanomaterials are significant for diverse technological ap-
plications and scientific disciplines owing to the emergence of distinc-
tive properties or behaviors at the sub-100 nm to micron scale that are 
distinct from those exhibited by macroscopic materials [1–10]. The 
realization of these advantageous properties necessitates meticulous 

control over various aspects of material design [4,6,11,12], including 
the composition [13,14], feature dimensions [4,6,15–17], shape 
[18–20], and local chemical environments [21,22]. Colloidal synthesis 
and subsequent particle assembly have shown promise as an appealing 
strategy for material development [23–25] based on its scalability and 
ability to develop general model systems. This approach facilitates an 
in-depth exploration of the physicochemical interactions of the final 
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structures with their surrounding environments [25], offering insights 
applicable to research domains such as photonic crystals [26], meta-
materials [27], energy systems [28], and sensors [25,29].

The self-assembly of polystyrene (PS) nanoparticles via colloidal 
methods is a promising approach for constructing templates for func-
tionalizing materials [30–32]. Notably, in the context of gas-sensor ap-
plications, semiconducting metal oxide (SMO) nanostructures derived 
from PS templates exhibit notable characteristics such as highly porous 
and interconnected structures with inverse opal and nanodome-like 
structures [11,25,29,33,34]. These structures exhibit advantageous 
features for sensor design, including a substantial surface area favorable 
for enhancing the chemical reactions between the SMO and target 
gaseous chemical molecules, facile control over structural parameters, 
operational simplicity, and cost-effectiveness [25,29]. For example, Cho 
et al. reported bimodal pore-loaded hierarchical SnO2 spheres, obtained 
by the use of electrostatic sprayed PS templates [35]. The resultant 
pore-loaded hierarchical 3D SnO2 spheres were employed as sensing 
layers for detecting acetone, and showed an enhanced response, 
approximately 20 % higher than that of hierarchical SnO2 spheres 
without additional nanopores. Yi et al. produced heterojunctions of NiO 
nanoigloos adorned with inner-/outer sided tungsten using a combina-
tion of radio frequency sputtering and soft-template approaches [18]. By 
exploiting the morphological changes achieved through controlled 
deposition conditions, the utility factor, transducer function, and re-
ceptor function of the NO2 sensor were comprehensively investigated.

Although numerous studies have utilized the aforementioned stra-
tegies to elevate the sensor performance to a commercial standard, there 
is a notable gap in the literature concerning the particle size effect of PS 
templates [20]. Since the PS size determines the microscopic structur-
e/morphology and plays a fundamental role in sensor performance, it is 
imperative to understand the functional nanostructure generated 
through morphological evolution with different PS template sizes. The 
insights into the size effects of PS templates extend beyond sensor-based 
fields and would also benefit various applications in nanoelectronics 
[36].

Here, we explored the impact of the PS template particle size 
(200–3000 nm) on gas-sensor performance to enhance the geometric 
factors in chemoresistive gas sensors fabricated using PS templates. A 
representative n-type oxide, In2O3 (150 nm thickness), known for its 
sensing stability and reliability [37–41], was deposited on a mono-
layered PS template. Following template removal, the gas-sensing per-
formance, including the gas response, selectivity, and response stability, 
was assessed upon exposure to the target gas molecules. Additionally, 
decoration with Au nanoparticles (NPs) exhibited a pronounced cata-
lytic effect on C5H8 (isoprene) gas [42], displaying a high response of 
483, a theoretical limit of detection down to 743 parts per trillion (ppt), 
and exceptional selectivity toward common volatile organic com-
pounds. Contrary to expectations, our experiments revealed that the 
sensor fabricated using the 3,000-nm template outperformed those 
formed using smaller template particles. This observation is attributed to 
the dominance of the surface area in governing the overall sensing 
performance, particularly in the context of monolayer systems, rather 
than to the number of double Schottky barriers. Experimental mea-
surements and sensor kinetic analysis substantiated the findings related 
to the optimal size of the PS templates. The high performance demon-
strated by the optimal sensor highlights its potential application in 
bioelectronics for next-generation health monitoring.

2. Experimental Section

2.1. Sample fabrication

Platinum interdigitated electrodes (IDEs) were fabricated using 
photolithography and e-beam evaporation techniques [4]. A SiO2/Si 
substrate was sequentially cleaned with acetone, isopropanol, and 
deionized water using a sonicator for 5 min each. Subsequently, a layer 

of photoresist (LOR 5 A, MicroChem Corporation) was spin-coated onto 
the Si wafer at 3000 rpm for 30 s. After baking at 190 ◦C for 5 min, 
another photoresist (AZ GXR 601, AZ Electronic Materials) was 
spin-coated onto the Si wafer at 3000 rpm for 30 s. Subsequently, after 
baking at 150 ◦C for 1 min, patterning of the IDEs was performed using a 
mask aligner system (MDA-400S, MIDAS System). After developing the 
patterned Si wafer (AZ 300MIF, MicroChemicals) and rinsing with 
deionized water, the wafer was subjected to photolithography and 
loaded into an e-beam evaporator (EBX-1000, ULVAC) to deposit Pt/Ti 
(180 nm/20 nm). The Pt-IDE-patterned SiO2/Si substrate was subjected 
to UV/ozone cleaning (AC-6, Ah Tech LTS) for 20 min to render the 
surface hydrophilic. Dome-like nanostructures were fabricated using PS 
particles with diameters of 200, 500, 1000, and 3000 nm as a sacrificial 
template (5.0 % w/v, SPHERO™ Polystyrene Particles, Spherotech). For 
the Langmuir–Blodgett method, the PS template solution was concen-
trated to 10 wt% and mixed with ethanol in a 1:1 ratio. The PS template 
monolayer was transferred onto the Pt-IDE-patterned SiO2/Si substrates 
after pipetting the mixed solution onto a glass slide positioned at an 
angle of 45◦ in a Petri dish containing deionized water. All samples were 
placed in a dry box to remove the template solution for 24 hours. After 
forming monolayered PS templates (0.3, 0.5, 1, 3 μm), all samples were 
loaded into an electron beam evaporator (Korea Vacuum) for the 
deposition of 150 nm-thick In2O3 (99.99 %, Taewon Scientific Co.) film. 
Evaporation was carried out at a glancing angle (15◦) with a rotation 
speed of 3 rpm and base pressure and growth rate were 1 ×10− 6 Torr 
and 1 Å/s respectively. Also, plain In2O3 film was deposited on the 
substrate without a PS template to compare the structural effects. All 
samples were annealed with ambient air at 500 ◦C in a box furnace for 
1 h to remove the PS templates and simultaneously crystallize the In2O3 
film, resulting in In2O3 HHs. To decorate Au NPs on the entire surface of 
In2O3 HHs, a 3-nm-thick Au film (99.99 %, Taewon Scientific Co.), re-
ported as the optimal thickness in our previous work, was deposited on 
the substrate at the original position (0◦) with evaporation of 0.1 Å /sec 
and a rotation speed of 0 rpm [43]. Then, the Au film-deposited In2O3 
HHs were placed again in a box furnace (500 ◦C, 1 hour) to change Au 
film into Au NPs, leading to In2O3 HHs with Au NPs.

2.2. Characterization

The samples’ top-view and cross-sectional morphologies were 
analyzed using field-emission scanning electron microscopy (FE-SEM; 
JSM-7610F-Plus, JEOL). Further detailed cross-sectional morphology 
was examined using an acceleration voltage of 15 kV and a working 
distance of 8 mm. Additional crystallographic information was acquired 
using X-ray diffraction (XRD; Empyrean, PANalytical) with Cu-Kα irra-
diation (λ=1.5418 Å), a tube voltage of 40 kV, and a current of 30 mA. 
The surface composition and chemical states of sensing materials were 
analyzed using X-ray photoelectron spectroscopy (XPS; AXIS SUPRA, 
KRATOS) with monochromated Al Kα (survey analysis with 160 eV and 
high-resolution analysis with 20 eV).

2.3. Gas-sensing measurements

The gas sensor measurement system comprised a mini probe cham-
ber outfitted with a 12-channel probe system (MPS6000, PHOCOS), 
along with a gas controller (PHOCOS) capable of precisely adjusting the 
gas concentration between 1 and 50 ppm and a temperature controller 
(PHOCOS). The dimensions of the sensing chamber were 140 mm 
(width) × 80 mm (length) × 40 mm (height). The gas was injected in a 
repeating sequence of dry air and target gas (CH4, CH3COCH3, 
CH3CH2CH3, C2H5OH, H2, and C5H8 (all balanced with dry air, RIGAS) 
through an automated gas controller control system. The operating 
temperature was controlled by a silicon nitride type heater at 150 ◦C, 
200 ◦C, 250 ◦C, 300 ◦C, 350 ◦C and 400 ◦C to evaluate the gas response 
mechanism at different operating temperatures. The response to the 
target gas was measured at a DC bias constant voltage of 0.1 V using a 
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source meter (Keithley 238, KEITHLEY), and a high-density switch 
system (7001 switch system, KEITHLEY) accurately measured the sensor 
resistance. The resistance variation was measured at 1-second intervals 
using I.V. Solution’s software program to analyze the gas response.

2.4. Theoretical detection limit calculations

The detection limit for C5H8 was derived from the signal processing 
performance of the sensor. Before exposure to C5H8, ten consecutive 
points were recorded at baseline. Then, a fifth-order polynomial fit was 
applied over the data range to obtain a curve-fitting equation and sta-
tistical parameters of the polynomial fit. 

Vx2 =
∑

(yi − y)2 (1) 

where yi represents the measured data point and y denotes the 

corresponding value derived from the curve-fitting equation. The root- 
mean-square (rms) noise was calculated as follows: 

rmsnoise =

̅̅̅̅̅̅̅̅̅
Vx2

N

√

(2) 

where N denotes the number of data points employed in the curve-fitting 
process. The theoretical detection limit (DL) was calculated using the 
following equation: 

DL(ppm) = 3
(

rms
slope

)

(3) 

Further elaboration of the calculation of the theoretical DL can be 
found in a previous report [5].

Fig. 1. (a) Schematic illustrations of fabrication procedure for high-performance gas sensor based on highly ordered In2O3 HHs with Au NPs. Schematic illustrations 
of the number of In2O3 HHs monolayer formed between the electrodes with a spacing of 100 μm as a function of diameters of In2O3 HHs: (b) 3000 nm (c) 1000 nm, 
(d) 500 nm, and (e) 200 nm.
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3. Results and Discussion

3.1. Design concept of In2O3 HHs sensor

In general, the gas-sensing properties of metal oxide-based gas sen-
sors are influenced by three fundamental factors: the transducer func-
tion, utility factor, and receptor function [44–46]. The transducer 
function enables the conversion of electrical signals caused by chemical 
adsorption on the oxide surface into electrical signals, whereas the 
utility factor is related to the access of the target gas to the inner oxide 
grains. Notably, nanostructured gas sensors fabricated using PS tem-
plates exhibit significantly improved transducer function and utility 
factors, which are closely related to the size of the PS template particles 
[25]. To determine the optimal size of the PS template particles for 
high-performance gas sensors, we fabricated nanostructured gas sensors 
with various PS templates, with particle sizes of 200–3000 nm. A 
schematic illustration of the fabrication procedure is presented in 
Fig. 1a. A PS monolayer with a hexagonal close packing was first formed 
on Ultraviolet-Ozone (UVO)-treated substrates with Pt IDEs using the 
Langmuir–Blodgett method. Subsequently, In2O3 and Au were sequen-
tially deposited on the PS monolayer by e-beam evaporation. When the 
PS templates were burned out during the annealing process, In2O3 
crystallized, and the Au film agglomerated into Au nanoparticles. 
Fig. 1b-e show the number of In2O3 HHs that can be formed between Pt 
electrodes with a spacing of 100 μm. Utilizing PS template particles of 

3000 nm in size resulted in the formation of approximately 33 In2O3 
HHs. When employing PS template sizes of 1000, 500, and 200 nm, 
approximately 100, 200, and 500 In2O3 HHs could be formed between 
the Pt electrodes.

3.2. Structural and morphological characteristics

Fig. 2a-j illustrate the top-view and cross-sectional SEM images of 
monolayered In2O3 HHs fabricated using the PS template particles of 
various sizes. The thin In2O3 shell (150 nm in thickness) was evident in 
the images. A flat film was used as a reference. After annealing process, 
PS templates were completely removed and both the height and diam-
eter of all In2O3 HHs became larger than those of PS templates. These 
nanodome-shaped In2O3 HHs formed a monolayer with contact between 
the adjacent nanodomes, forming highly ordered hexagonal close- 
packed structures. We investigated the surface functionalization pro-
cess, transitioning from bare In2O3 HHs to In2O3 HHs adorned with Au 
NPs, was investigated (Fig. 2k-n). To optimize the C5H8 sensing prop-
erties, we controlled the amount and size of Au NPs through E-beam and 
furnace treatments. The deposited Au NPs, measuring 35–50 nm, 
completely covered the surfaces of the In2O3 HHs. Fig. 2k shows that the 
diameter and distribution of Au NPs were bigger and rougher toward the 
center, in contrast, smaller and denser toward the bottom part due to 
hemispherical shape of In2O3 HHs. The deposited Au NPs (35–50 nm), 
exhibited complete coverage on the surface of In2O3 HHs, as shown in 

Fig. 2. Plain-view SEM micrographs of (a) plain film without PS template templates and (b-e) In2O3 HHs fabricated using PS templates with diameters of 200 nm, 
500 nm, 1000 nm, and 3000 nm, respectively; the yellow line in (d) showing the periodicity of the In2O3 HHs. (f-j) Cross-sectional SEM micrographs showing the 
thickness of the In2O3 HHs increasing with the diameter. (k) Plain-view and (m) cross-sectional SEM micrographs of In2O3 HHs with Au NPs. (l) High magnification 
SEM image of the selected area in (k). SEM micrograph of (n) showing inner side of the In2O3 HHs with Au NPs. (o) XRD patterns of In2O3 HHs with various diameters 
and In2O3 HHs with Au NPs.
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Fig. 2l. From the Fig. 2m and 2n, it is clearly reaffirmed that PS template 
has been completely removed during annealing process, revealing a 
hollow structure. The crystallinity of the In2O3 HHs, both before and 
after Au NP decoration, was examined using XRD (Fig. 2o). Irrespective 
of the PS template size, the presence of multiple XRD peaks indicates the 
polycrystalline nature of the In2O3 HHs, which is consistent with the 
body-centered cubic phase of In2O3 (ICDD 01–071–2194). Furthermore, 
the representative peaks for the (111) and (200) planes of Au (JCPS 
04–0784) were discernible after Au decoration, suggesting that Au was 
uniformly deposited on the surface without stacking. We conducted an 
XPS analysis to confirm any interaction between Au and In2O3 HHs, as 
shown in Fig. S1. The peaks at approximately 83.5 and 87.2 eV are 

attributed to Au4f7/2 and Au4f5/2 (see Fig. S1 (a)), while the two peaks 
located at 444.2 and 451.7 eV are assigned as In3d5/2 and In3d3/2 (see 
Fig. S1 (b)), respectively. These results indicated there is no interaction 
between Au NPs and In2O3 HHs and they are consistent with previous 
reports [47,48]. Fig. S1 (c) shows the O1s core level spectrum, which 
was deconvoluted using the Gaussian method to three peaks at 529.7 eV, 
530.7 eV, and 531.3 eV, designated as lattice oxygen, oxygen vacancy, 
and chemisorbed oxygen species [49].

3.3. Gas sensing properties of In2O3 HHs

The operational principle of metal-oxide gas sensors relies on the 

Fig. 3. Resistance curves for 50 ppm C2H5OH as a function of diameter of In2O3 HHs at different temperature; (a) 150 ◦C, (b) 200 ◦C, (c) 250 ◦C, (d) 300 ◦C, (e) 350 
◦C, (f) 400 ◦C.
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modulation of an electron-depletion layer [50]. In n-type metal oxides, 
such as In2O3, atmospheric oxygen is adsorbed on the metal-oxide sur-
face, forming ion states by extracting electrons from the metal oxide [40, 
51]. This results in the development of an initial electron-depletion layer 
on the metal-oxide surface. Depending on the nature of the target gas, it 
either reacts with surface oxygen ions to release electrons to the metal 
oxide (in the case of a reducing gas), or extracts electrons from the metal 
oxide (in the case of an oxidizing gas). These interactions lead to changes 
in the width of the electron-depletion layer. The gas response was 
quantified by comparing the electrical resistance of the gas sensor under 
an airflow (Ra) with that of the sensor under a target gas (Rg). As a 
representative reducing gas, C2H5OH (ethanol) gas releases electrons to 
metal oxides and is adsorbed onto the surface, thereby reducing the 
electrical resistance of the sensor. Consequently, the gas response (S) is 
expressed as (Ra/Rg-1). The response to C2H5OH gas is intricately linked 
to the number of oxygen ions adsorbed onto the metal oxide. With 
increasing operating temperature, the amount of oxygen ions (O2

- , O-, 
and O2-) adsorbed on the surface of the In2O3 HHs results in a baseline 
resistance (Fig. S2). Additionally, C2H5OH adsorption becomes more 
active because of the increased thermal energy, leading to an improved 
gas response. The proposed gas reaction pathways for the oxygen ions 
and C2H5OH gas are summarized as follows: 

1/2O2(g) + e- = O-(ad)                                                                  (4)

C2H5OH + O2- → CH3CHO + H2O + 2e-                                         (5)

CH3CHO + 5O2- → 2CO2 + 2H2O + 10e-                                        (6)

To optimize the geometric factor based on the gas-sensing mecha-
nism and temperature simultaneously, we measured the response of 
pristine In2O3 HHs (with different HH diameters) to 50 parts per million 
(ppm) of C2H5OH at operating temperatures of 150– 400 ℃ (Fig. 3a-f). 
The thin-film In2O3 at 150 ℃ exhibited negligible gas response due to a 
limited active surface area for chemical reactions with C2H5OH 
(Fig. 3a). In contrast, the In2O3 HHs demonstrated gas detection by 
reducing the resistance upon gas exposure, showing substantial resis-
tance changes. The sensors with larger In2O3 HH diameters showed 
improved responses, which is attributed to the higher surface area 
within the given monolayer structure. The In2O3 HHs with diameters of 
3000 nm were identified as the optimal size for the sensor. As the 
measurement temperature increases, particularly from 200 to 400 ◦C, 
the gas responses of all samples to C2H5OH became faster. In particular, 
the 3-μm In2O3 HH sensor immediately reacted upon gas injection with 
an extremely fast response time (<3 s) and full recovery in approxi-
mately 1000 s. In our experiments, the gas response at 350 ℃ was the 
most stable and reproducible, demonstrated by the sharpest gas- 
dependent transient curves.

Fig. 4 summarizes the calculated responses and response times to 50 
ppm C2H5OH reconstructed from the measurements in Fig. 3, to high-
light the operating-temperature dependence of the sensors with various 
diameters of In2O3 HHs. The overall sensor responses were enhanced by 
increasing both the diameter of the In2O3 HHs and operating tempera-
ture (Fig. S3). Notably, sensors with 3-μm In2O3 HHs operated at 350 ℃ 
exhibited a 132-fold enhancement in response to 50 ppm C2H5OH 
compared to the thin-film control, highlighting the optimized experi-
mental parameters of the sensor achieved in this work.

3.4. Selectivity of In2O3 HHs with Au NPs

Fig. 5 illustrates the sensor responses at 350 ℃ to various pollutant 
gases (50 ppm CH4, C3H8, H2, CH3COCH3, C2H5OH, and C5H8) to assess 
the selectivity of In2O3 HH-based sensors (with the HH diameter fixed to 
the optimal diameter of 3 μm), both before and after decoration with Au 
NPs (the resistance data is presented in Fig. S4). The sensor comprising 
In2O3 HHs with Au NPs exhibited an overall enhanced response to 
various 50 ppm gases compared to that comprising bare In2O3 HHs. 

Specifically, the gas sensors displayed low responses to CH4, C3H8, and 
H2 because of their relatively inert nature and the lack of specific 
interaction pathways with the surface of In2O3 HHs with Au NPs. 
However, the sensors exhibit relatively high responses to CH3COCH3 
and C2H5OH, and the In2O3 HHs with Au NPs showed the highest 
response to C5H8, interestingly. These results can be attributed to cata-
lytic effects, such as the electronic and chemical sensitization by Au NPs 
[25,52], which enhances the depletion region changes and interactions 
between gas molecules and the sensor surface. In particular, C5H8 in 
exhaled breath has been linked to several health conditions and diseases 
such as diabetes [53], liver cirrhosis [54], and liver cancer [55]. Those 
disease biomarker in exhaled breath, can be effectively detected by 
sensors based on In2O3 HHs with Au NPs, showing a significant 
improvement in gas responses compared with the bare In2O3 HHs 
sensor. To precisely analyze the effect of Au decoration on the 
gas-sensing properties, the responses and the increase ratio of the 
response with response times (t90 %(air-to-gas)) to 50 ppm CH4, C3H8, 
H2, CH3COCH3, C2H5OH, and C5H8 are plotted in Fig. 6. The increase 
ratio is defined as Sb/Sa, where Sa and Sb are the responses of the bare 
In2O3 HHs and In2O3 HHs with Au NPs, respectively. The sensors based 
on pristine In2O3 HHs exhibited some response to C2H5OH, but with the 
poor selectivity typical of SMO materials (Fig. 6a). In contrast, the major 
response of the In2O3 HHs to C5H8 completely changed after decoration 
with Au NPs (Fig. 6b). The responses to CH3COCH3 and C2H5OH were 
notably diminished after Au decoration, whereas the response to C5H8 
was enhanced. The Sb/Sa between sensors based on In2O3 HHs and In2O3 
HHs with Au NPs are shown in Fig. 6c, which highlights the critical 
impact of Au catalyst decoration on metal oxides for highly selective 
detection. Among the various gases, the In2O3 HHs with Au NPs 
exhibited the highest Sb/Sa of 31.7 for C5H8. To clarify the electronic and 
chemical sensitizations provided by the decoration of In2O3 HHs with Au 
NPs, the t90 %(air-to-gas) values for 50 ppm CH4, C3H8, H2, CH3COCH3, 
C2H5OH, and C5H8 are summarized in Fig. 6d. For C3H8 and H2, the 
In2O3 HHs with Au NPs showed response times of 6 and 11 s, respec-
tively, whereas the In2O3 HHs without Au NPs showed response times of 
5 and 9 s, respectively, indicating an increase in the response times after 
Au NP functionalization. In contrast, for CH4, CH3COCH3, C2H5OH, and 
C5H8, the In2O3 HH-based sensors with Au NPs showed response times of 
7, 5, 3, and 2 s, respectively, indicating faster responses than that 
without Au NPs (Fig. 6d). In particular, for C5H8, the response time 
decreased significantly from 10 to 2 s after the Au NPs decoration 
(Fig. 6e). Based on the results shown in Fig. 6, the important findings are 
summarized as follows: (i) the In2O3 HHs with Au NPs show an 

Fig. 4. Gas responses for plain film and highly ordered In2O3 HHs based gas 
sensors as a function of diameter of In2O3 HHs.
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extremely high response (S = 483) and the highest Sb/Sa (31.7) value to 
C5H8; (ii) a high porosity enables effective gas diffusion, which enhances 
the reaction between the gas molecules and sensing materials; (iii) Au 
NPs on the In2O3 HHs provide electronic sensitization under C3H8 and 
H2 atmospheres, resulting in an increase in the response and response 
times; (iv) Au NPs on the In2O3 HHs provide both electronic and 
chemical sensitization in the presence of CH4, CH3COCH3, C2H5OH, and 
C5H8, resulting in a decrease in the response times and an increase in the 
response values. Hence, Au decoration of the highly sensitive and se-
lective C5H8 gas sensor developed in this work enhances the gas-sensing 
performance through both electronic and chemical sensitization. The 
detailed operating mechanism is elaborated in the subsequent section.

In comparison to previously reported gas sensors for C5H8 detection, 
the fabricated In2O3 HHs functionalized with Au NPs exhibits superior 

sensing capabilities, such as the response and response time (Fig. 7). It is 
clear that the results achieved in this study are competitive, especially 
for ppm-level detection. In the context of Internet of Everything appli-
cations, the remarkably sensitive and selective gas-sensing capabilities 
across a broad concentration range can play a pivotal role in advancing 
the development of indoor environmental monitoring systems, as well as 
disease diagnosis devices that collect disease biomarkers from exhaled 
breath [56].

To further validate the gas-sensing characteristics, including the 
stability and detection limit, of In2O3 HHs with and without Au NPs, the 
sensors were exposed to multiple pulses of C5H8 at varying concentra-
tions. As the gas concentration increased, the response of the sensor 
increased. The sensors based on In2O3 HHs exhibited response values of 
1.3, 2.2, 2.7, and 3.9–1, 2, 3, and 4 ppm C5H8, respectively, while those 

Fig. 5. Response curves of the In2O3 HHs with and without Au NPs to 50 ppm various gases at 350 ◦C; (a) CH4, (b) C3H8, (c) H2, (d) CH3COCH3, (e) C2H5OH, (f) C5H8 
and (g) HCHO. The insets show the magnified response curves in selected areas.

J. Hwang et al.                                                                                                                                                                                                                                  Sensors and Actuators: B. Chemical 422 (2025) 136500 

7 



based on In2O3 HHs with Au NPs gave values of 68, 93, 109, and 122, 
respectively. The gas responses of In2O3 HH-based sensors demonstrated 
a linear correlation with gas concentration (slope = 0.8 ppm⁻1), as 
illustrated in Fig. 8a. Although the lowest concentration of C5H8 eval-
uated in this study was 1 ppm, a theoretical DL as low as 1 ppb (parts per 
billion) was calculated by extrapolating the linear relationship to the 
point where the signal-to-noise ratio was 3. Furthermore, this 

performance was significantly improved by incorporating Au NPs, as 
highlighted by a good linearity (slope = 17.8 ppm⁻1) and detection limit 
of 743 ppt (Fig. 8b). The response times of the sensors based on In2O3 
HHs and In2O3 HHs with Au NPs as a function of the C5H8 concentration 
are shown in Fig. 8c,d. As the concentration of C5H8 decreased, the 
response increased, demonstrating a fast response even at extremely low 
concentrations, with a response time of 15 s for 1 ppm C5H8. In order to 
utilize the sensor for the breath analyzer, it is essential to ensure its 
performance with stability in a humid environment. When In2O3 HHs 
with Au NPs repeatedly exposed to different concentrations of C5H8 
from 3 to 10 ppm at optimal temperature in R.H. 80 %, they exhibit 
excellent stability without degradation and theoretical detection limits 
(signal-to-noise ratio > 3) are calculated to be extremely low as 43 ppb 
for C5H8, as shown in Fig. S5. Such an ultrahigh response with a fast 
response time offers additional potential for detecting extremely low 
concentrations of target gases, including those associated with explo-
sives and narcotics.

3.5. Size effect of In2O3 HHs and role of Au NPs on the surface

To interpret the superior response and selectivity of In2O3 HHs with 
Au NPs to C5H8, the transducer function, utility factor, and receptor 
function were considered as fundamental parameters. Fig. 9a shows the 
mechanism underlying the response enhancement by optimizing the size 
of the PS template particles. As mentioned earlier, the gas response is 
defined by the ratio of the baseline resistance in the air to the resistance 
when the target gas is adsorbed, meaning that a high response can be 
achieved by maximizing the change in total resistance (RT = Rc + Σ 

Fig. 6. Polar plot of responses of (a) In2O3 HHs and (b) In2O3 HHs with Au NPs to 50 ppm CH4, C3H8, H2, CH3COCH3, C2H5OH, and C5H8. (c) The response ratios (Sb/ 
Sa) between In2O3 HHs and In2O3 HHs with Au NPs. Sa and Sb represent the gas responses of In2O3 HHs and In2O3 HHs with Au NPs, respectively. (d) Enhanced 
electronic and chemical sensitizations were achieved by decorating In2O3 HHs with Au NPs. (e) Response time (t90 %) of In2O3 HHs and In2O3 HHs with Au NPs.

Fig. 7. Responses toward the detection of C5H8 reported in literature.
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RHH). The RT of gas sensors based on nanostructured materials is 
significantly influenced by the double Schottky barriers formed between 
adjacent nanostructures [6]. A high response can be achieved by 
modulating and increasing the number of double Schottky barriers. 
Given the IDEs electrode design (100-µm gap), the number of interfaces 
between the PS template particles in the monolayer was assumed to 

equal the number of barriers for simplicity. Therefore, approximately 
500, 200, 100, and 33 double-Schottky barriers can be formed for In2O3 
HHs formed using PS template particles with sizes of 200, 500, 1000, 
and 3000 nm, respectively. Although the In2O3 HHs formed using 
200-nm PS particles resulted in the most double Schottky barriers in the 
nanostructures, they showed the lowest response. In contrast, the 

Fig. 8. Sensing curves of (a) In2O3 HHs and (b) In2O3 HHs with Au NP toward 1, 2, 3 and 4 ppm C5H8. (inset: responses of the In2O3HHs as a function of C5H8 
concentration.) (c) Sensing curves of In2O3 HHs toward 1, 2, 3, and 4 ppm C5H8. (d) Sensing curves of In2O3 HHs with Au NPs toward 1, 2, 3, and 4 ppm C5H8.

Fig. 9. (a) Schematic illustration of In2O3 HHs sensing layer with energy bands, which shows the number of double Schottky barrier between In2O3 HHs. (b) 
Schematic illustration for C5H8 adsorption on In2O3 HHs with Au NPs. Note that the width of the surface depletion region is drastically increased by Au NPs via 
electronic and chemical sensitizations.
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highest response was observed for the In2O3 HHs prepared using the 3, 
000-nm PS particles (with the fewest double Schottky barriers), followed 
by those prepared using the 1,000- and 500-nm PS templates. Therefore, 
it is assumed that there are stronger influencing factors than the number 
of double Schottky junctions in terms of the gas response. To identify 
these factors, we simplified the surface area of the In2O3 HHs as AI=2πr2, 
where r is the radius of the PS template particles. As the radius of the 
In2O3 HHs increases to approximately 100, 250, 500, and 1500 nm, the 
total surface areas (TAI) of In2O3 HHs corresponding to the lengths are 
31415900, 78539750, 157079500, and 466526115 nm2, respectively. 
Assuming a monolayer, a particle diameter of 3000 nm yields a TAI that 
is approximately 15 times larger than that of the 200-nm case. Consid-
ering that the number of double Schottky junctions for the sensor 
fabricated with 200-nm PS particles is nearly 15 times higher than that 
for the 3,000-nm case, it is obvious that A plays a more critical role in 
determining the chemoresistive response. It is noteworthy that the 
larger volume of double Schottky junctions for In2O3 HHs with higher A 
offers an additional effect owing to the intrinsic polycrystallinity of 
In2O3. It should also be considered that when the size of the PS template 
is less than the In2O3 deposition thickness, the effect on the surface is 
greater than that of the double Schottky barrier.

The role of the Au NPs in the electronic and chemical sensitizations 
of In2O3 for C5H8 sensing is illustrated in Fig. 9b. The Au NPs on the 
surface of the In2O3 HHs create Schottky junctions and extract electrons 
from In2O3, thereby increasing the widths of the interfacial electron 
depletion regions, which is consistent with the increase in the base 
resistance (Fig. S2). Additionally, As seen in Fig. S6, α indicates the angle 
from the center point of In2O3 HHs to the points of contact with adjacent 
HHs. An increase in the α means that the thickness of the contact area 
between adjacent In2O3 HHs increases. For these reasons, the height of 
the potential barrier of each In2O3 HHs changes. Accordingly, the In2O3 
HHs using the 3000 nm-sized PS template consequently exhibit the 
highest base resistance, while those using the 200 nm-sized PS template 
exhibit the lowest base resistance. When the PS template size increases 
to 1 micrometer, it can be considered that a complete electron depletion 
layer (EDL) forms, resulting in a significant increase in base resistance 
and gas response as shown in Fig. 3. Thus, the In2O3 HHs with Au NPs 
exhibited more efficient resistance modulation upon exposure to C5H8. 
In previous studies, Lee et al. reported the mechanism and chemical 
reactions of Au-catalyst-based gas sensors selectively detecting C5H8 
using a real-time proton-transfer-reaction mass spectrometer (PTR- 
QMS) [57]. When C5H8 was exposed to Au-catalyst-based materials, 
various intermediate compounds were generated, with acetaldehyde 
signals concentrations being notably high. Acetaldehyde is a gas 
well-known for indicating a high response when detected, so the 
reforming of C5H8 by Au NPs to produce acetaldehyde significantly 
enhances the C5H8 gas sensing properties. This phenomenon is also 
experimentally observed in In2O3 HHs with Au NPs, where the selec-
tivity is increased through the interaction between Au and C5H8 at 
elevated temperatures. Additionally, the remarkably rapid response 
time exhibited by In2O3 HHs functionalized with Au NPs (<2 s) dem-
onstrates the excellent C5H8 dissociation effect provided by the Au NPs. 
In addition, sensors comprised of In2O3 HHs with Au NPs based on 3, 
000-nm PS templates, which have larger pores than the other sensors 
based on smaller PS templates, facilitated gas diffusion, which further 
reduced the response time. These results highlight the potential of Au 
NPs as reliable catalysts for high-performance C5H8 sensing using In2O3 
HHs.

4. Conclusions

This study focused on the contribution of the size effect of PS tem-
plate particles on the resulting gas-sensing performance of sensors based 
on In2O3 HHs. The sensor fabricated using the largest template particles 
showed better overall performance for C5H8 detection compared to 
those based on smaller particles. This observation has a significant 

impact on chemoresistor applications, where the effect of the surface 
area dominates that of the double Schottky barrier for monolayer sen-
sors. The decoration of Au NPs on n-type semiconductors further 
amplified their response and selectivity towards C5H8. These sensors are 
expected to be suitable for detecting biomarkers associated with various 
diseases in exhaled breath. These findings provide a deeper under-
standing of the key factors determining the gas-sensing performance and 
new insights into gas-sensor technology based on template methods.
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