Chemical Engineering Journal 519 (2025) 165032

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Surface-engineered silica particles for highly selective organic gas sensors

a,b,*

In Hwa Ko, So Jeong Park ®, Yeong Don Park

2 Department of Energy and Chemical Engineering, Incheon National University, Incheon 22012, Republic of Korea
® Innovation Center for Chemical Engineering, Incheon National University, Incheon 22012, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords: Creating gas sensors with excellent selectivity and sensitivity is essential for applications in air quality control

P3HT and workplace hazard detection. In this study, we explored the effects of surface-functionalized silica particles on

Silica . the performance of organic field-effect transistor (OFET) based gas sensors using poly(3-hexylthiophene) (P3HT)
Soliif; nic gas sensor as the active layer. Silica particles were modified with self-assembled monolayers (SAMs), including methyl (C),
OFET ethylenediamine (2 N), diethylenetriamine (3 N), and thiol (S) groups as well as the bare hydroxyl (O) group, to

enhance gas adsorption. The gas sensing performance was evaluated for nitrogen dioxide (NO2), sulfur dioxide
(SO2), and carbon dioxide (COz). The 3 N-silica demonstrated the highest sensitivity to NOz due to strong amine-
gas interactions. In contrast, for SOz, the S-silica exhibited the highest sensing performance due to the strong
chemical interaction between SO: and the thiol groups. Additionally, air stability tests revealed that function-
alized silica enhances the long-term stability of OFET devices, with 3 N- and O-silica achieving the highest re-
covery rates because of the strong adsorption of Hy0. These findings provide a crucial direction for advancing
next generation organic electronic devices by addressing the challenges of low sensitivity and stability in organic

gas sensors.

1. Introduction

The development of high-performance gas sensors is essential for a
wide range of applications, including environmental monitoring, in-
dustrial safety, and public health [1-5]. Among the various materials
used in gas sensors, conjugated polymers have garnered significant
attention because of their flexibility, low-cost fabrication, and tunability
through chemical structure tailoring [6-12]. In particular, p-type con-
jugated polymers have shown promise for portable gas-sensing appli-
cations owing to their flexibility, lightness, and sensitivity to electron-
withdrawing oxidative gases, such as nitrogen dioxide (NO2) and sulfur
dioxide (SO2) [13].

Nonetheless, the inherent drawbacks of conjugated polymers,
including limited sensitivity and inadequate selectivity, have led to
increasing interest in hybrid systems that integrate these materials with
functional additives to enhance performance [14-18]. A promising
approach involves the incorporation of surface-functionalized particles
into the active polymer layer.

Self-assembled monolayers (SAMs) have been widely employed to
modify the surface properties of oxide layers, enabling precise control
over the surface functional groups [19,20]. By grafting various SAMs

onto the silica surface, functional groups such as alkyl, amine, and thiol
can be introduced, with each interacting selectively with the gas mole-
cules [21,22]. These functional groups can significantly influence gas
sensing performance by altering the charge carrier density and inter-
action strength between the gas molecules and sensing material.

In this study, we explored the effects of surface-functionalized silica
particles on the performance of an organic field-effect transistor (OFET)
based gas sensor. We aimed to enhance the sensitivity and selectivity of
the sensor toward harmful gases by introducing various SAMs with
functional groups on the silica surface. Poly(3-hexylthiophene) (P3HT)
is one of the most widely studied p-type semiconducting polymers. Its
conjugated backbone ensures efficient charge transport, while the alkyl
side chains enhance solubility and enable the cost-effective fabrication
of uniform thin films via solution processing. Moreover, p-type nature of
P3HT makes it highly responsive to oxidizing gases such as NO and SOy,
which induce a p-doping effect and significantly increase the drain
current. These advantages make P3HT a suitable choice as the active
material in this study.

The incorporation of silica particles into the P3HT active matrix is
expected to further enhance sensing performance by increasing the
adsorption of gas molecules. By thoroughly examining sensor responses,
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recovery behavior, and sensitivity levels, this study highlights the
capability of hybrid materials to serve as effective platforms for next-
generation organic gas sensing technologies. In this study, we propose a
practical method using SAM-treated silica particles. In contrast to pre-
vious approaches involving complex ligand exchange for the modifica-
tion of porous materials such as metal-organic frameworks or covalent
organic frameworks, our method provides simple and commercially
available SAM chemistry for surface functionalization.

2. Experimental details
2.1. Surface modification and characterization of silica particle

The silica particle used in this study was prepared by modifying the
surface of various silane coupling agents purchased from Sigma-Aldrich.
The silica particle was surface-treated by vapor deposition and thinly
spread in a round-bottomed flask before further treatment with ozone
for 40 min to form hydroxyl groups (-OH, O) [23]. Subsequently, the
hydroxylated silica particle was placed in a vacuum chamber along with
the silane coupling agents and left in a vacuum oven for 12 h. Four
different silane coupling agents were used in this experiment: trichloro
(octyDsilane (C), N-[3-(trimethoxysilyl)propyl]ethylenediamine (2 N),
N-[3-(trimethoxysilyl)propyl]ethylenediamine (3 N), and (3-mercapto-
propyDtrimethoxysilane (S). The silica particle was then baked in an
oven at 125 °C for an hour (Fig. S1).

The specific surface areas of the silica particles were measured using
the Brunauer-Emmett-Teller (BET) model over a consistent linear range
[24]. X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe II)
equipped with an Al Ka radiation source (photon energy = 1486.6 eV)
was employed to investigate the surface functional groups of the func-
tionalized silica particle.

2.2. Fabrication of organic gas sensor

The P3HT employed in this work was obtained from Rieke Metals
and possesses a molecular weight of 58 kDa with a regioregularity of
95%. A heavily doped n-type silicon wafer coated with a 300 nm-thick
silicon dioxide layer was employed as the substrate. The substrates un-
derwent sequential ultrasonic cleaning in acetone and ethanol, each for
30 min. Following the cleaning process, the substrates were treated with
UV-ozone for 40 min to enhance surface activation and subsequently
modified by spin-coating a layer of hexamethyldisilazane (HMDS) at a
speed of 2500 rpm for 30 s. The surface-treated Si substrate was baked in
a vacuum oven at 125 °C for an hour.

The polymer composite was prepared by dissolving P3HT and 5 wt%
silica particle in chloroform at a concentration of 5 mg/ml. The P3HT
and silica particle solution was stirred at 550 rpm at 60 °C for 1 h, fol-
lowed by cooling for 1 h at room temperature. A mixture of P3HT and
silica particle was then spin-coated onto the HMDS-treated substrate at
2500 rpm for 1 min to form an active layer.

Source and drain gold electrodes were deposited onto the active
layer via thermal evaporation. A shadow mask was used to form a
channel with a length of 100 pm and a width of 2000 pm. The deposited
source and drain electrodes were connected to a sensor platform using
silver paste and silver wire, respectively, to fabricate the OFET based gas
sensor.

2.3. Characterization of organic gas sensor

The thickness and molecular order of the P3HT-silica blended films
behavior were examined using a UV-Vis spectrophotometer (Lambda
365, PerkinElmer). The surface morphologies of the blended films were
analyzed using optical microscopy (OM, BX51) and field-emission
scanning electron microscopy (SEM, JSM-7800F). Charge transport
characteristics of the OFET devices were measured under vacuum at
room temperature (average temperature: 21.5 °C) using a probe station
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equipped with a Keithley 4200-SCS semiconductor parameter analyzer.
The drain current was measured as a function of gate voltage (Vg) at a
fixed drain voltage (Vp) of —60 V. The gas sensing characteristics were
assessed at ambient temperature (average temperature: 21.8 °C), while
both the gate and drain voltages were maintained at —20 V using a
precision gas analysis system (GASENTEST). A certified calibration gas
cylinder with nitrogen as the balance gas was employed for the mea-
surements. The dynamic sensing responses toward NOz, SOz, and CO:
were examined by adjusting the gas concentrations from 10 to 100 ppm
under controlled humidity conditions (relative humidity between 20%
and 40%), with a constant drain voltage of —20 V applied throughout
the tests.

To evaluate the air stability of the OFET under ambient conditions,
the P3HT and silica blended films were exposed to ambient atmosphere
for 42 days, and the transfer curves were measured to analyze the
change of drain current (Ip) with a change in gate voltage from —60 V to
60 V under fixed drain voltage at —60 V.

2.4. Sensor performance parameters

The responsivity (R) of the gas sensor was calculated using the for-
mula R = Alp/Ipg, where I is the drain current measured during gas
exposure, and Ipg is the baseline current under ambient air. The response
and recovery rates, expressed as AR/At, represent how quickly the drain
current rises to its peak value or returns to baseline, respectively.
Sensitivity was quantified based on the relationship between gas con-
centration (C¢) and the corresponding sensor response, with the slope of
the linear fit indicating the degree of sensitivity. Sensitivity is defined as
follows:

. a(AID /IDo)

0C;.

The limit of detection (LOD) is a crucial parameter in gas sensor and
one of the key factors for evaluating sensor performance, as it defines the
lowest analyte concentration that a sensor can reliably detect. This
directly reflects the sensor’s sensitivity and practical applicability.
Similar to responsivity and sensitivity, the LOD is essential for quanti-
fying sensor performance. In this study, the LOD was calculated based on
the root mean square (RMS) noise of the baseline signal.

The RMS noise is a statistical indicator that represents the variability
of the sensor’s baseline signal, while sensitivity (slope) describes the
change in the sensor response as a function of gas concentration (e.g.,
AI/AC). In this study, the LOD was calculated using the following
formula:

LOD — 3 x RMS Tl(.n?e
slope (sensitivity)

3. Results and discussion
3.1. Characterizing silica particle and blended thin film

The surface area of the silica particles was analyzed using adsorp-
tion-desorption isotherm curves measured by the BET model (Fig. S2).
Generally, BET surface area data for polymers such as polyethylene,
polystyrene, and polyvinyl chloride are reported to be quite low, usually
under 1 m?/g, due to chain entanglements [25]. However, BET analysis
of the functionalized silica particles with SAMs revealed that the surface
area decreased from approximately 10 m2/g for the pristine and O-silica
to around 3 m?/g after SAMs modification, regardless of the type of
introduced functional group. This decrease is primarily attributed to the
formation of the SAM layer, which partially blocks surface pores and
limits gas adsorption [26]. The reduced surface area in all SAM-treated
silica suggests that the surface functionalization was successfully and
uniformly achieved.
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X-ray photoelectron spectroscopy (XPS) was employed to investigate
the chemical composition and surface functionalization of the silica
particle modified with SAMs, as shown in Fig. 1. To confirm the suc-
cessful introduction of functional groups, we analyzed the core-level
spectra corresponding to the O 1 s, C1s,N 1s, and S 2p photoemission
regions.

In the O 1 s core-level spectra, a photoemission feature centered at
533 eV was observed for O-silica, which is characteristic of hydroxyl
groups on the surface [27]. The relatively strong intensity of this signal
compared to the other silica particles suggests a high density of surface
silanol groups, confirming the hydroxyl-rich nature of the O-silica sur-
face (Fig. 1a). In contrast, the O 1 s core-level spectrum of the other silica
particles exhibited a shift to approximately 531 eV, which can be
attributed to the formation of Si-O-Si (siloxane) bonds through
condensation reactions between surface hydroxyls during the silaniza-
tion process [28]. The C 1 s core-level spectrum of the C-silica exhibited
a more intense photoemission feature at 283.8 eV compared to the other
silica particles (Fig. 1b), indicating the presence of methyl groups
introduced via SAM modification [29].

In the N 1 s core-level spectrum, signals around 397.2 eV were
detected exclusively for the 2 N- and 3 N-silica, corresponding to amine-
related nitrogen species (Fig. 1c¢). The 3 N-silica exhibited the strongest
N 1 s intensity, consistent with the higher amine content introduced by
the tri-amine silane precursor. Finally, the S 2p core-level spectrum was
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observed only in the S-silica, with a spectral feature near 162 eV
(Fig. 1d), confirming the incorporation of thiol groups on the silica
surface. The absence of this signal in the other silica particles further
validates the selective surface modification. These XPS results collec-
tively confirm that the silica particles were successfully and selectively
functionalized with hydroxyl, methyl, diamine, triamine, and thiol
groups through SAM based surface engineering.

The atomic ratios of N/Si, S/Si, and C/Si were calculated from the
XPS spectra to quantitatively assess the degree of surface functionali-
zation (Table S1). The N/Si ratio of the 3 N-silica (0.238) was higher
than that of the 2 N-silica (0.197), indicating a greater incorporation of
amine groups. The S-silica exhibited an S/Si ratio of 0.143, confirming
successful thiol modification, and the C-silica exhibited the highest C/Si
ratio (0.831), reflecting effective surface methylation.

The dispersion stability in water of silica particles functionalized
with functional groups is presented in Fig. 2a. Except for the C-silica, all
the other silica particles exhibit good dispersion stability, maintaining a
stable suspension regardless of the surface functional group. The C-silica
exhibits extremely low dispersibility due to the hydrophobic nature of
the hydrocarbon alkyl groups. The hydrophobicity of the alkyl chain
hinders its effective interaction with water, leading to particle aggre-
gation and phase separation. These results further confirm the successful
surface modification of the silica particles with functional groups.

The thickness and molecular order of the P3HT-silica blend films
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Fig. 1. XPS spectra of (a) O 15, (b) C1s, (c) N1s,and (d) S 2p for silica particle with functional groups.
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Fig. 2. (a) Photographic images showing the dispersion behavior of silica particles in deionized water over time. (b) UV-Vis absorption spectra of the P3HT film with
silica particle with functional groups. (c) Molecular order of P3HT-silica blended film calculated from (0-1) peak (left axis) and the thickness of P3HT-silica blended

film (right axis).

with functional group are summarized in Fig. 2b and c. Regardless of the
type of the functional group on the silica particle, for all blended films
weak A(o_1) and Ag_g) bands are observed at approximately 558 nm and
605 nm, respectively, which are indicative of weak P3HT chain in-
teractions (Fig. 2b). Fig. 2c presents the variation in molecular ordering
and film thickness depending on the type of functional group introduced
on the silica surface. The degree of molecular order in the blended films
was evaluated by comparing the intensity ratio between the A(_¢y and
A(o-1) absorption peaks. Film thickness was estimated based on optical
absorbance data using the Beer-Lambert law [30]. The thickness of all
blended films is uniform at approximately 40 nm regardless of the type
of functional group on the silica particle, and the molecular order shows
no significant variation, remaining largely consistent.

The surface morphologies of the P3HT thin films blended with the
surface-functionalized silica particle were analyzed using OM and SEM
(Fig. S3). OM analysis revealed that all blended films exhibit uniformly
distributed silica particles. SEM images further confirmed that the silica
particles are uniformly dispersed within the P3HT matrix, forming
particle aggregates of approximately 5 pm. These results suggest that the

silica particles are well distributed within the P3HT matrix, increasing
the number of gas adsorption sites in the composite film.

3.2. Gas sensing performance of silica blended thin films

To evaluate the charge transport characteristics of P3HT films
blended with silica particles, top-contact bottom-gate transistors were
fabricated on SiO: substrates treated with HMDS (Fig. 3). The drain
current in the transfer curves was recorded as a function of gate voltage
(Vg), while the drain voltage (Vp) was kept constant at —60 V. Transfer
characteristics were analyzed according to the surface functional groups
of the silica particles (Fig. 3a—c). Compared to homo P3HT, the incor-
poration of silica resulted in a notable decrease in field-effect mobility.
Specifically, while the field-effect mobility of the homo P3HT device was
1.16 x 1073 cm?/V's, the 3 N-silica composite film exhibited the lowest
field-effect mobility value of 5.09 x 10~* cm?/V:s.

This reduction is primarily due to the presence of insulating silica
particles that hinder charge carrier transport within the channel region.
Notably, the field-effect mobility of P3HT films blended with 3 N- and S-
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Fig. 3. (a) Transfer curve (Ip vs Vg) of OFETs at a fixed drain voltage of —60 V. (b) Field-effect mobility, (c) the threshold voltage (V) (left axis) and I,,/Iof ratio
(right axis) of P3HT-silica blended films with functional groups. (d) Repeated gas detection curve and (inset) optical photograph of the organic gas sensor and (e)
magnified first gas detection cycle curve under 10 ppm NO: exposure. (f) Summary of sensing performance under repeated NO: injection (10 ppm). (g) Dynamic gas
sensing performance of P3HT-silica blended thin film exposed to various concentrations of NO, (10-100 ppm). (h) Linear fit showing the responsivity of organic gas
sensor following introduction of 10 ppm NO-. (i) Sensitivity of organic gas sensor calculated from the slope of the linear fitted graphs.

silica significantly decreased, and the threshold voltage (V) shifted
toward more negative values in the transfer curves. These effects are
attributed to the electron-donating nature of the amine and thiol func-
tional groups, which reduce hole carrier density in the p-type channel,
resulting in a lower current level compared to the pristine P3HT device
[31]. The lower hole concentration also leads to the formation of the
conductive channel at higher gate voltages, thereby shifting the
threshold voltage shifts toward negative value.

Moreover, the introduction of strong dipolar groups, such as 3 N and
S-silica, is known to induce charge trapping or scattering centers at the
dielectric/semiconductor interface. These interfacial dipoles disrupt the
local electrostatic environment, further impeding charge transport and
contributing to a shift in threshold voltage, consistent with the observed
behavior in the 3 N- and S-silica [32].

We investigated the gas-sensing capacity of P3HT blended films with
functional groups on the silica particle. The gas sensing performance
was measured by observing the drain current (Ip(t)/Ip(0)) with both Vp
and Vg fixed at —20 V (Fig. 3d-f). Previous studies have demonstrated
that lower gate voltages enhance responsivity by allowing greater
modulation of the source-drain current upon gas exposure because of
reduced initial carrier concentration. In comparison, when a higher gate
voltage is applied, the carrier density in the channel becomes sufficiently
large and reaches saturation, which reduces the degree to which gas
adsorption can influence the electrical response. Although Vg = —10 V

exhibits the highest responsivity in some reports, variations in charge
carrier density due to surface characteristics can significantly affect
reproducibility. Therefore, Vg = —20 V was selected to achieve a stable
sensing response while maintaining high sensitivity.

The detection response was recorded again by introducing 10 ppm of
NO: to the organic gas sensor for 20 s, followed by 500 s purge with air.
The P3HT gas sensor blended with silica particle exhibited changes in
current upon exposure to NO, gas, and the current was recovered when
air was introduced. Due to the strong electron-withdrawing nature of
NO,, exposure to the gas resulted in charge carrier accumulation in the
channel region, leading to an increase in the current level (Ip(t)/Ip(0))
[33]. The gas sensors based on P3HT blended with silica particle
exhibited higher drain current values than the homo P3HT sensors. The
gas sensing performance, based on the type of functional groups,
improved in the order of C, S, O, 2 N, and 3 N. Notably, the sensors
blended with silica containing amine functional groups exhibited a
significant increase in drain current, resulting in high responsivity (R =
Alp/Ipp) and response rates (AR/At). Among the various functional
groups, the gas sensor blended with 3 N-silica showed the highest
responsivity of 0.459 for 10 ppm NO gas, which is more than five times
greater than that of the homo P3HT sensor. This enhancement is
attributed to the difference in reactivity between the silica functional
groups and gas molecules [34-36]. The strong reactivity between NO9
and the amine functional groups led to a significantly improved gas
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sensing performance compared to the homo P3HT sensor or other
functional groups [37,38].

The response rate was determined from the slope of the Ip/Ipg curve
following NO:z injection, while the recovery rate was calculated from the
falling slope after air purging. Among all the silica particles, the sensor
blended with 3 N-silica exhibited the fastest response and recovery rates,
indicating efficient NO: adsorption and desorption kinetics due to the
strong interaction between the amine group and NO.. Considering
responsivity, response rate, and recovery rate together, the sensor
blended with 3 N-silica clearly outperformed the sensor blended with
other functionalized silica.

The dynamic gas sensing performance is analyzed in Fig. 3g-i for
NO, concentrations varying from 10 to 100 ppm. The dynamic gas
sensing performance of the P3HT sensors blended with silica particle
were measured by observing the changes in the drain current during
repeated exposure to NOy gas for 20 s, followed by air purging. As
observed in the repeated detection test with 10 ppm NOs, the gas sensors
blended with silica particle exhibit enhanced gas sensing performance
compared to those of the homo P3HT sensors. The sensitivity of the gas
sensors was calculated based on the slope of the response as a function of
increasing NO, concentration. Among the various functional groups, the

(a) (b)
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sensor blended with 3 N-silica exhibited a sensitivity of approximately
0.00436, which is approximately four times higher than the sensitivity
of 0.00112 observed in the homo P3HT gas sensor.

According to previous studies, gas sensing properties were enhanced
by analyzing the differences in intermolecular binding energies between
functional groups and gas molecules. Using quantum mechanical cal-
culations and density functional theory, the binding energies between
the various functional groups and NO, gas molecules were computed
[22,39,40]. Among the functional groups, the amine groups exhibited
the highest binding energy, more than twice as large as that of the
methyl group. This indicates that NO2 molecules bind strongly to the
amine functional group [38]. When the gas molecules react with the
functional groups on the silica surface, the adsorbed NO, molecules act
as electron acceptors, leading to a p-type doping effect, which increases
the drain current. In contrast, C-silica showed relatively weaker chem-
ical bonding with NO,, resulting in less pronounced sensor responsive-
ness. In contrast, the hydroxyl and amine groups showed high reactivity
with NO5 gas molecules, such that when NO, is adsorbed onto the sur-
face, it acts as an electron acceptor, increasing the hole carrier density.
As P3HT is a p-type semiconductor, the capture of electrons by NO,
increases the hole carrier density, leading to an increase in the drain
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current and high responsiveness of the OFET based gas sensor.

To evaluate the selectivity of the gas sensors, dynamic responses to
SO: and CO2 were measured under conditions identical to those used in
the NO: sensing tests (Fig. 4). Analysis of the dynamic gas detection
properties of SO5 and CO5 showed significantly lower current changes
than those of NO,. SO and CO, exhibit lower reactivity and sensitivity
than NO», possibly because of the differences in the oxidation ability of
the gas molecules [41]. NO,, a strong oxidizer, can easily extract elec-
trons, resulting in higher reactivity and sensitivity in gas sensor devices.
In contrast, CO3 is a non-polar and symmetric molecule with low reac-
tivity and sensitivity.

Among the functional groups, the S-silica exhibited the highest
sensitivity and best gas detection performance for SO,. This is due to the
strong chemical interaction between SO, and the sulfur atom in the thiol
group. SO is an acidic oxide that can react with thiol groups to form
stable sulfur-containing complexes, leading to significant changes in the
electrical properties of the organic gas sensor. The thiol group can
chemically bind to SO2 molecules, which results in more pronounced
shifts in the threshold voltage and drain current, indicating efficient gas
sensing. The other functional groups exhibited weaker interactions, with
SO., leading to lower gas sensitivity.

CO:2 gas sensing performance exhibited a trend similar to that of NO-.
CO:z molecules can react with amine groups to form stable carbamate
complexes, enhancing the gas sensing efficiency. This chemical inter-
action between CO: and the amine groups enables strong binding and
results in a significant change in the electrical characteristics of the
organic gas sensor. The hydroxyl groups also showed moderate sensi-
tivity to COz due to hydrogen bonding although their performance was
not as strong as that of the amine-functionalized silica. The methyl
groups, being hydrophobic, showed minimal interaction with COa,
resulting in poor gas detection.

In order to assess the sensing capability for different harmful gases,
including NO2, SOz, and CO2, LOD was estimated based on established
methodologies reported in prior studies [42]. For all functional groups,
lower LOD values were observed for NO, than for SO5 and CO2 gases.
For NO: gas, 3 N-silica exhibited the lowest detection limit of 0.00208
ppm. For SOz, S-silica showed the lowest detection limit of 0.0332 ppm,
and for CO2, 3 N-silica exhibited the lowest detection limit of 0.0892
ppm. These findings suggest that gas sensors incorporating P3HT and
silica particle exhibit strong selectivity toward NO2 molecules.

Based on these results, we compared the overall sensing performance
with previously reported OFET based gas sensors. The calculated LOD is
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summarized in Table S2 [43-47]. These results clearly indicate that
surface-functionalized silica significantly enhances gas sensing perfor-
mance by improving the sensitivity and lowering the detection limit.
Furthermore, this study demonstrates a simple and versatile approach
for selectively tuning gas sensing behavior through the surface modifi-
cation of silica with SAMs.

3.3. Air stability

A significant drawback of organic gas sensors is their poor air sta-
bility, which is primarily caused by oxidative degradation of the organic
active layer [48,49]. This degradation can lead to a shift in the threshold
voltage or an increase in the off-current, adversely affecting device
performance. To evaluate how the organic transistors perform after
extended exposure to air, their transfer characteristics were measured
following 42 days of storage under room temperature ambient condi-
tions (Fig. 5). The OFETs were characterized in three states: freshly
prepared, after 42 days of ambient storage, and after recovery under
vacuum conditions. The p-type OFET exhibited a positive shift in the
threshold voltage (Vy,), which was attributed to the adsorption of water
and oxygen (Fig. 5g). These molecules introduce negative charges that
are trapped at the interface and within the grain boundaries, leading to
instability.

After storage in ambient conditions (average temperature: 20 + 2 °C,
relative humidity: ~30 + 10%), a significant degradation in device
performance was observed across all OFETs. This behavior can be
attributed to moisture and oxygen uptake, leading to the formation of
traps at the interface and within the semiconductor layer [50]. As a
result of this charge trapping, the hole density in the semiconductor
layer decreased, causing an increase in the off-current and a shift in Vi,
to the right (Figs. 5a—f). The trapped charges hinder charge carrier
transport, further increasing the off-current, thereby degrading the
overall device performance [51,52]. Notably, O- and N-silica exhibited a
significant increase in off-current due to the higher adsorption of H-0
from the ambient environment [53].

Upon vacuum treatment, a partial recovery of the device perfor-
mance was observed in some silica particles. In the thin films blended
with surface-functionalized silica, the recovery rate improved by
approximately 5-8 times compared to that of the homo P3HT film. This
recovery is due to the removal of physically adsorbed moisture and
oxygen. In particular, O-, 2 N-, 3 N-, and S-silica facilitate reversible
interactions with oxygen and water in the atmosphere, enabling the
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Fig. 5. Transfer curve of the OFETs: (a) homo P3HT; and P3HT blended with (b) O, (c) C, (d) 2N, (e) 3 N, and (f) S-silica. Summary of air stability test; (g) Vy, shift

and (h) recovery rate of OFET.
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recovery of electrical properties upon vacuum treatment [54]. The
chemical modification of silica surfaces effectively protects the conju-
gated polymer film from charge trapping and oxidative reactions,
contributing to the long-term stability of OFET devices.

To evaluate the air stability of the OFET device quantitatively, the
recovery rate of I¢ was calculated using the following equation:

(I”ff ) recovery (I”ff ) 42day

x 100%
(Ioff ) oday (Ioff )42day

Recovery rate(Iz) =

P3HT and C-silica exhibited low recovery rates of approximately
10%, whereas 2 N- and S-silica exhibited higher recovery rates of 70%
and 80%, respectively. Notably, 3 N- and O-silica achieved the highest
recovery rate of 90%. These results indicate that surface-functionalized
silica not only enhances the gas adsorption properties but also signifi-
cantly improves the air stability of OFET devices.

Air stability of gas sensor was investigated over 14 days (Fig. S4). The
sensor blended with 3 N-silica, which exhibited the highest NO2 sensing
performance, was compared directly with the homo P3HT sensor. Both
sensors showed a reduction in sensing performance; however, the sensor
with 3 N-silica showed less reduction in sensing performance. The
sensitivity of the sensor with 3 N-silica remained above 80% of its initial
value, indicating enhanced long-term stability. The amine groups inhibit
oxidative decomposition induced by ambient oxygen or moisture
through their weak basicity. Additionally, the functionalized silica
nanoparticles may act as a protective barrier, limiting the diffusion of
reactive species into the conjugated polymer layer. It is well known that
moisture exposure can lead to oxidation of the conjugated polymer and
the formation of deep trap states, which reduce drain current and
sensing performance. In particular, 3 N-silica showed a strong interac-
tion with NO; under atmosphere condition.

Furthermore, additional sensing performance change under different
relative humidity (RH) conditions (RH 20%, 40%, and 60%) was
measured (Fig. S4c-f). As the humidity level increased, both sensors
exhibited a gradual decline in sensitivity due to the competitive
adsorption of water molecules, which interferes with the adsorption of
NO2. However, the sensor with 3 N-silica consistently showed a smaller
decrease in sensing performance compared to the homoP3HT sensor.
This improvement is due to the amine groups’ ability to interact with
NO; under humid conditions. These results demonstrated that the sensor
with 3 N-silica exhibits high gas sensing performance and superior sta-
bility [54,55].

4. Conclusion

In this study, we investigate the effects of surface-modified silica
particles on the performance of organic gas sensors. The incorporation of
functionalized silica significantly influenced the charge transport char-
acteristics and gas adsorption properties. Among the various functional
groups, amine functionalized silica exhibited the highest gas sensing
performance, particularly for NO: detection due to their strong binding
affinity with gas molecules. Conversely, for SOz detection, S-silica
demonstrated superior sensing performance, attributed to the strong
chemical affinity between SO2 and thiol groups. These findings indicate
that tuning the surface functional groups of silica enables precise control
over gas-surface interactions, thereby selectively enhancing the gas
adsorption properties. Although the SAM based surface modification
reduces the surface area of silica particles, it enhances the reactivity
between the surface functional groups and gas molecules, thereby
improving the gas sensing performance when incorporated into the
sensing layer. Furthermore, air stability tests demonstrated that the
functionalized silica improved the operational stability of OFET devices,
with 3 N- and O-silica achieving the highest recovery rates. These results
confirm that the surface engineering of silica particles is an effective
strategy for improving the sensitivity, selectivity, and long-term stability
of organic gas sensors, making them highly promising for practical
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applications in environmental monitoring and industrial safety. In
addition to improvements in sensing performance and stability, this
approach also provides practical advantages in terms of process
simplicity and commercial viability. Our method avoids structurally
complex ligand exchange processes and the use of expensive porous
materials, thereby providing a cost-effective route to enhance gas
sensing performance.
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