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Organic electronic devices offer several advantages over conventional inorganic materials, such as flexibility,
light weight, and low cost; however, their poor stability in atmospheric environments remains a significant
limitation. The increasing environmental pollution caused by organic electronic waste has led to a growing
interest in biodegradable polymers as sustainable alternatives. This study presents the development of an eco-
friendly organic gas sensor based on blended films of poly(3-hexylthiophene) (P3HT) and poly(butylene succi-
nate) (PBS). The organic transistor maintained a stable device performance even with up to 90 wt% reduction in
P3HT content through vertical phase separation via slow evaporation of the high-boiling-point solvent, dichlo-
robenzene (DCB). Notably, the chloroform (CF)-processed films exhibited horizontal phase separation, which
enhanced their gas-sensing performance owing to the presence of gas-ester groups in PBS in the active layer.
Furthermore, the intrinsic flexibility of PBS improved the mechanical durability of the active layer, which was
shown to be biodegradable in seawater. This study demonstrates that solvent engineering is a powerful strategy
for optimizing the multifunctional properties of polymer blends, thereby providing an environmentally sus-

tainable and highly sensitive gas-sensing platform.

1. Introduction

The rapid expansion of industrialization has led to a sharp increase in
the demand for highly sensitive and selective gas sensors capable of
detecting hazardous air pollutants such as oxidizing gas, and volatile
organic compounds (VOCs) [1-3]. Among these pollutants, nitrogen
dioxide (NO2), predominantly generated from fossil fuel combustion,
poses a serious threat to human health, causing respiratory illnesses
including pulmonary edema, bronchitis, and asthma [2-4]. Therefore,
the development of portable gas sensors with high sensitivity, selec-
tivity, and long-term operational stability is essential for the effective
real-time monitoring oxidizing gas [5,6].

To date, various gas sensing technologies have been explored,
including gas chromatography sensors, electrochemical sensors, optical
sensors, and semiconductor-based sensors [7-9]. Semiconductor-based
resistive and capacitive sensors are widely utilized owing to their
straightforward architecture, low energy requirements and rapid
response characteristics [8,10-12]. Field-effect transistor-type gas sen-
sors have emerged as a promising platform due to their superior gas

sensing performance caused by their unique signal amplification capa-
bilities [13-16]. In particular, organic field-effect transistor (OFET)-
based gas sensors are suitable for high sensitive portable gas sensors due
to their lightweight, flexibility, and simple fabrication processes
[14,15,17].

The gas sensing mechanism of OFETs relies on charge transfer or
electronic doping at the interface between the analyte gases and the
organic semiconductor layer [15,18-20]. However, the charge con-
duction channel in OFETs is confined to only a few nanometers near the
dielectric interface [21], limiting gas molecule diffusion into the active
layer. A further critical challenge is the limited lifetime of organic
semiconductors by moisture or oxygen [22,23], which leads to degra-
dation in device performance over time, resulting in the accumulation of
electronic waste [24,25]. The conventional method is the encapsulation
film coating to prevent oxygen, moisture, and light diffusion into the
organic active layer [26], but gas sensors that must be exposed to
external gas are difficult to encapsulate active layer [19,20]. Thus, the
development of sustainable alternatives is urgently required to minimize
polymer waste. Biodegradable polymers have attracted increasing
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attention as environmentally friendly materials capable of decomposing
into non-toxic byproducts via enzymatic or hydrolytic degradation
[27-29]. Unlike conventional synthetic polymers that do not degrade in
the atmosphere environment for decades, biodegradable polymers offer
a more sustainable pathway [27,30].

In this study, we developed an eco-friendly organic gas sensor
introducing a biodegradable polymer, poly(butylene succinate) (PBS)
into the active layer of poly(3-hexylthiophene) (P3HT). PBS can be
efficiently degraded in both marine and soil environments, supporting
its potential to reduce electronic waste. Solvents with different boiling
points were used to induce effective horizontal and vertical phase sep-
aration of conjugated polymers and biodegradable polymers. When the
active layer was vertically separated, a P3HT-rich network on the upper
surface maintained stable device performance even at very low P3HT
content due to efficient charge transport. Mechanical stretching tests
further confirm that the intrinsic flexibility of PBS improves the me-
chanical durability of the blending film. Additionally, the active layer in
gas sensor exhibited clear signs of biodegradation in seawater, demon-
strating their potential as environmentally friendly gas sensing mate-
rials. We believe that this work presents a sustainable strategy for the
development of eco-friendly organic gas sensors by integrating biode-
gradable polymers, simultaneously addressing device performance and
environmental impact.

2. Experimental details
2.1. Fabrication of OFETs and gas sensors

P3HT (Mw = 58 kDa, regioregularity = 96 %, 2.0 < PDI < 2.3) was
purchased from Rieke Metals and used as a p-type semiconducting
material without further purification. PBS (BG 5000 J) was purchased
from ANKOR Bioplastics. Blend solutions of P3HT and PBS with varying
weight ratios were prepared at a concentration of 5 mg mL™! in CF or a
9:1 v/v mixture of chloroform and dichlorobenzene (CF:DCB). The
P3HT/PBS blend solution was subjected to magnetic stirring at 750 rpm
on a hotplate at 45 °C for 2 h to achieve complete dissolution, and was
subsequently allowed to cool to room temperature over 1 h.

A highly doped n-type silicon wafer with a 3000 A thick silicon di-
oxide (SiO2) layer was cleaned using a piranha solution to remove
organic contaminants. The P3HT/PBS blend solutions were spin-coated
onto cleaned SiOy/Si substrates at 1500 rpm for 60 s to form uniform
films. Bottom-gate top-contact OFET devices were fabricated by ther-
mally evaporating gold (Au) electrodes. A shadow mask with a square
pattern, featuring a channel length of 100 pm and a channel width of
2000 pm, was used for the deposition of Au source and drain electrodes
in OFET-based gas sensors. For UV-Vis absorption measurements,
P3HT/PBS films were prepared on cleaned quartz substrates following
the same spin-coating process used for the silicon substrates.

2.2. Characterization

The molecular order of the P3HT films was examined by measuring
the UV-Vis absorption spectra using a UV-Vis spectrophotometer
(Lambda 365, PerkinElmer). The surface morphologies of the P3HT/PBS
blended films were analyzed using optical microscopy (OM, BX51). The
contact angles of deionized (DI) water and diiodomethane (CHal,) were
measured using a contact angle meter (Phoenix-MT, M.A.T, S.E.O. Co.)
to evaluate the surface energy and phase separation behavior of the
films. In addition, X-ray photoelectron spectroscopy (XPS, NEXSA G2)
was employed to analyze the elemental composition of the film surfaces
and investigate the phase separation of the films.

The electrical characteristics of the OFET devices were evaluated
under ambient and vacuum conditions using a semiconductor parameter
analyzer (Keithley 4200-SCS) to determine their charge-transport
properties and field-effect mobility. Additionally, the gas sensing per-
formance of the OFET-based sensors was assessed at room temperature
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using a gas sensor testing system (GASENTEST), with the gate voltage
(V) and drain voltage (Vp) set to —10 V. Measurements were recorded
using a semiconductor analyzer (Keithley 2636B). In the pulse-cycle
sensing test, the gas concentration was maintained at 10 ppm,
whereas in the dynamic-cycle test, the gas concentration was varied
from 10 to 100 ppm. Under all experimental conditions, gas was sup-
plied from calibrated gas cylinders containing an air mixture.

For the film-stretching test, Ecoflex substrates were fabricated by
mixing Ecoflex resin and a curing agent (Ecoflex, 00-20) in a 1:1 volume
ratio, allowing the mixture to cure at room temperature. To obtain
freestanding films, P3HT/PBS blend films, initially coated on SiOy/Si
substrates, were immersed in a hydrofluoric acid (HF, ACS reagent, 48
%) solution to etch the underlying SiO layer. The released films were
then carefully transferred onto Ecoflex substrates. Uniaxial tensile
strains of 0 %, 30 %, 50 %, 70 %, and 100 % were applied using a tensile
manipulator (BM100, ECOPIA), and the morphological changes in the
stretched films were subsequently characterized by OM. For the evalu-
ation of bending durability, flexible polyethylene terephthalate (PET)
substrates were used. Bending durability was evaluated at a fixed radius
of 5 mm for 100, 500, 1000, 3000, and 5000 cycles. After each cycle set,
the charge-transport properties were measured.

For the biodegradation test, natural seawater from the Yellow Sea
(Incheon, South Korea) was dropped onto the P3HT:PBS blend films
until the surface was fully covered. Morphological changes upon
seawater exposure were monitored over time using OM. The same
fabrication process used for the stretching test was employed for the
biodegradation test in the bottom region of the blended film. P3HT/PBS
blend films were spin-coated onto SiOy/Si substrates and subsequently
immersed in HF to etch the SiOj layer. The detached films were then
transferred onto Ecoflex substrates, and the original top and bottom
layers were reversed.

3. Results and discussion
3.1. Phase separation of P3HT/PBS blend films

The optical properties of the P3HT/PBS blend films were examined
using UV-Vis absorption spectroscopy. Pristine P3HT films had thick-
nesses of approximately 60-70 nm regardless of solvent type as deter-
mined by UV-Vis absorption analysis. UV-Vis spectroscopy revealed
that pristine P3HT showed distinct vibronic peaks ((0-0), (0-1), (0-2))
associated with n-r interactions [31,32], while PBS displayed no ab-
sorption at wavelength in the 200 nm ~ 800 nm range (Fig. 1).
Increasing the PBS content led to an overall decrease in the peak in-
tensity due to the dilution effect and the absence of PBS absorption
features (Figs. la and c). In CF-processed films, the Ay ¢/Ap_; ratio
decreased with increasing PBS content, indicating disrupted n—= stack-
ing of P3HT molecules (Figs. 1b and S1) [33]. In contrast, CF:DCB-
processed films maintained the Ay ¢/Ag_1 ratio, suggesting improved
n-7 stacking of P3HT chains as a result of vertical phase separation
(Fig. 1d) [33,34].

To investigate solvent-dependent morphological differences
[35-371, P3HT/PBS blend films processed with CF and CF:DCB with PBS
contents were investigated using OM. CF-processed films exhibited
pronounced lateral phase separation, resulting in heterogeneous surface
morphologies. In contrast, CF:DCB-processed films displayed uniform
surface textures across all compositions, indicating vertical phase sep-
aration (Fig. le). The phase separation behavior is further elucidated
schematically in Fig. 1f. In CF-processed films, rapid solvent evaporation
driven by the low boiling point of CF (61.2 °C) limited polymer chain
rearrangement time [35-38], leading to lateral (horizontal) phase sep-
aration, [39-41] where P3HT-rich and PBS-rich domains coexist side by
side. In contrast, the addition of high-boiling-point DCB (180.5 °C)
slowed solvent evaporation [35,37,42], thereby allowing sufficient time
for vertical phase separation [42,43]. Consequently, PBS, with a rela-
tively high surface energy owing to its ester functional group, shifted
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Fig. 1. UV-Vis absorption spectra of P3HT/PBS blend films processed with (a) CF and (c) CF:DCB (9:1, v/v%) with PBS contents. Normalized UV-Vis absorption
spectra of P3HT/PBS blend films processed with (b) CF and (d) CF:DCB. (e) OM images of P3HT/PBS blend films processed with CF and CF:DCB with PBS contents. (f)
Schematic illustration of the phase separation mechanism of the active layer depending on the solvent systems.

preferentially toward the bottom of the film, whereas P3HT, with lower
surface energy, was located on the upper air surface [44,45], indicating
a uniform film morphology. These findings emphasize the critical role of
solvent engineering in modulating phase separation pathways and
microstructural organization in P3HT/PBS blend films.

To confirm the phase separation behavior, the surface wettability of
the P3HT/PBS blend films with varying PBS contents was investigated
using water contact angle measurements (Fig. 2). In CF-processed blend
films, the contact angle decreased with increasing PBS content, which
was attributed to horizontal phase separation driven by the rapid
evaporation of the low-boiling-point CF solvent. In contrast, for the
blend films processed with the CF:DCB mixed solvent, the contact angles
remained relatively constant, regardless of the PBS content (Figs. 2a and
b). These results indicate that DCB, with a high boiling point, slowed the
solidification rate and induced vertical phase separation of the polymers
(Fig. 2c). The different trends in contact angle changes with the PBS
content can be rationalized by the surface energy difference between
P3HT and PBS [46-48]. The surface energies of P3HT and PBS were
calculated using Eq. (1) based on measurements with DI water and CHzl»
(Fig. S2 and Table S1) [49].

(1+cos(®) )yy = 2M+2m

As PBS (55.2 mN m 1) has higher surface energy than P3HT owing to
its ester functional groups (41.4 mN m’l), it is located close to hydro-
philic SiOy substrate than the air surface. Therefore, vertical phase
separation between the two polymers with different surface energies
was induced by the slow solvent evaporation of DCB. These findings
highlight the pivotal role of solvent engineering in controlling phase

@

separation behavior in conjugated polymer blend systems, which is
critical for optimizing device performance in organic electronic
applications.

3.2. Chemical composition of P3HT/PBS blend films

To elucidate the vertical phase separation behavior of P3HT/PBS
blend films, the elemental compositions of the top and bottom surfaces
of blend films processed with CF and CF:DCB solvents were determined
using XPS (Fig. 3). In the C1s spectra, CF-processed blend films exhibited
prominent C—O (~286.1 eV) and O=C-O (~288.5 eV) peaks at both the
top and bottom surfaces (Fig. 3a) [50,51]. This indicated a relatively
uniform distribution of PBS with oxygen-containing functional groups,
suggesting lateral phase separation between P3HT and PBS. In contrast,
the CF:DCB-processed blend films showed strong C-C/C-H peaks
(~284.8 eV) with negligible C—O and O=C-O contributions at the top
surface [52], while signals corresponding to oxygen-containing species
were present at the bottom surface (Fig. 3b). The S2p spectra further
support this conclusion. For CF-process blend films, sulfur signals
associated with the thiophene rings of P3HT were observed on both
surfaces [52], reflecting a mixed distribution (Fig. 3b). However, in the
CF: DCB-processed blend films, the S2p signal was intense at the top
surface and nearly disappeared at the bottom, further confirming ver-
tical segregation phase separation of P3HT:PBS films (Fig. 3e). The CF-
processed P3HT/PBS blend films exhibited similar O1s peak intensities
at both the top and bottom surfaces (Fig. 3c), whereas the CF:DCB-
processed P3HT/PBS blend films showed a markedly stronger Ols
peak at the bottom surface (Fig. 3f). These findings clearly support a
vertically phase-separated morphology, where P3HT is enriched at the
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Fig. 2. (a) Water contact angle of P3HT/PBS blend films processed with CF and CF:DCB with PBS contents. (b) Contact angle variation graph of P3HT/PBS blend
films as a function of PBS content for CF and CF:DCB. (c) Schematic illustration of the water contact angle of the active layer processed with CF and CF:DCB.
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wt%) blend films processed with CF:DCB.

air/film interface and PBS is segregated toward the substrate, owing to
their surface energy differences [44]. The high volatility of CF led to
lateral random mixing, whereas the slow evaporation of DCB promoted
vertical phase separation between the P3HT and PBS layers. These
findings highlight the pivotal role of solvent engineering in controlling
the phase separation behavior of conjugated polymer blend systems,
which is critical for optimizing the device performance in organic
electronic applications.

3.3. Charge transport and gas sensing performance

The electrical properties of the OFETs based on the P3HT/PBS blend
films were evaluated in terms of solvent composition and PBS content
(Fig. 4). For the P3HT/PBS blend films processed with CF, the field-
effect mobility and on-off ratio gradually decreased as the PBS content
increased, and the OFET ceased to function when the PBS content
exceeded 50 wt%. (Figs. 4a and b). These results are attributed to the
horizontal phase separation of the CF-processed films, where the insu-
lating PBS domains disrupt the charge transport and induce charge
trapping. Ester functional group in PBS domains can act as charge traps
at the semiconductor-insulator interface, capturing and releasing car-
riers during device operation, thereby altering the threshold voltage and
reducing the drain currents (Fig. 4c) [53-55]. In contrast, although the
field-effect mobility and on-off ratio of the P3HT:PBS films processed
with CF:DCB decreased with increasing PBS content, their electrical
performance was retained even when the P3HT content was reduced to
10 wt% (Figs. 4d and e). This is attributed to the vertically phase-
separated active layer, where the P3HT-rich top layer maintains
continuous charge-transport pathways [35,43,56,57]. The high boiling
point of DCB promoted vertical separation in the active layer by slowing
solvent evaporation and enhancing molecular order, thereby supporting
efficient charge transport even at high PBS contents (Fig. 4f).

Dynamic responses of P3HT/PBS blend films were recorded under
exposure to NOz, SOz, and CO: at concentrations of 10-100 ppm (Fig. 5).
The responsivity (Alp/Ip), response rate (AR/At), and recovery rate
(AR/At) were calculated from the responses (—AlIp/Ip) under 10 ppm
NO: gas exposure (Fig. S3). As the PBS content increased, the sensing
performances of both devices improved owing to the presence of ester
functional groups in PBS. Notably, the CF-only processed P3HT/PBS
blend films exhibited superior sensing characteristics compared to their
CF:DCB-processed counterparts (Figs. 5a-d). This enhancement is
attributed to lateral phase-separated morphologies formed by the rapid
evaporation of CF, which induce ester-functional group of PBS close to
the surface, thereby facilitating NOz adsorption (Fig. 5m) [29,58]. In
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contrast, the slow evaporation rate of DCB promotes vertical phase
separation in CF:DCB-processed P3HT/PBS blend films. Although the
overall sensing performance was slightly reduced, the CF:DCB-processed
films still exhibited excellent gas sensitivity, even with only 10 % P3HT
content, owing to the formation of a continuous P3HT network facili-
tated by the vertical phase-separated morphology (Fig. 5n).

The dynamic responses to SOz and CO2 were also evaluated
(Figs. 5e-h). All devices exhibited measurable yet notably weaker re-
sponses to SOz, particularly at higher PBS concentrations. In the case of
COg2, the response was minimal, regardless of the processing conditions,
reflecting its inherently low reactivity with the sensing layer. These
trends were further corroborated by a signal trend analysis (Fig. S4).
Compared to NO2, both SO2 and CO: yielded significantly lower sensi-
tivities and higher limit of detection (LOD) values across all composi-
tions and solvent systems (Figs. 5i-1) [59,60]. This pronounced
selectivity toward NO: is attributed to its strong oxidizing properties and
high electron affinity [60-62], which facilitate more efficient charge
transfer at the active layer. Accordingly, the P3HT/PBS blend sensors
demonstrated clear gas discrimination capability, with a distinct pref-
erence for NOz over SOz and CO: [63].

The sensitivities and LOD values clearly highlight the distinct gas-
sensing behaviors of the two solvent systems. In particular, the CF-
processed device containing 50 wt% PBS exhibited the lowest LOD of
4.65 x 1072 ppm for NOz, whereas its CF:DCB-processed counterpart
showed a significantly higher LOD of 2.62 x 10! ppm for NOz (Tables 1
and 2). Notably, even at a high PBS content of 90 wt%, the CF:DCB-
processed device maintained a relatively low LOD of 7.36 x 1072 ppm
for NO2, suggesting that vertical phase separation can effectively pre-
serve NO: sensing performance despite substantial reduction in P3HT
content (Table S2) [64-67].

The gas-sensing behavior of the P3HT/PBS blend films is signifi-
cantly governed by the choice of solvent, which dictates phase-
separation morphology and spatial distribution of the sensing-active
PBS domains. Processing with CF induces lateral phase separation,
enriching PBS at the surface and thereby enhancing NO: adsorption and

sensitivity. In contrast, the CF:DCB processing promoted vertical phase
separation, enabling sustained sensing performance even at high PBS
content owing to the formation of a continuous P3HT network. Under all
tested conditions, the sensors exhibited the highest selectivity and
sensitivity toward NO, attributed to its high electron affinity, thereby
underscoring the importance of morphological control in engineering
high-performance polymer-based gas sensors.

We examined the effect of relative humidity (RH 20 %, 40 %, and 60
%) on the NO: sensing performance of P3HT/PBS blend films processed
using two different solvent systems (CF and CF:DCB) (Fig. S5). The NO:
sensitivity gradually decreased with humidity, which can be attributed
to the strong interaction between the ester groups of PBS and water
molecules, thereby suppressing NO: adsorption in the sensing layer. This
humidity-induced inhibition of NO2 adsorption was more pronounced in
the P3HT/PBS blend films than in the pristine P3HT films. In particular,
for the CF-processed films, the horizontally phase-separated structure
resulted in greater exposure of PBS domains to moisture, which
enhanced water adsorption and consequently made NO: adsorption
more difficult, leading to a more significant reduction in sensitivity
under humid conditions.

3.4. Mechanical properties of P3HT/PBS blend films

A key advantage of organic electronic devices is their flexibility,
which is largely determined by their crystallinity and intrinsic properties
[18,30,69]. Stretching tests were conducted to assess the mechanical
characteristics of P3HT/PBS blend films with different PBS ratios. The
stretching test was based on the optimal P3HT/PBS composition for
transistor operation in each solvent system. The P3HT/PBS blended
films were subjected to tensile strain, and their morphologies were
examined using OM. The P3HT/PBS blended film was transferred onto
an Ecoflex substrate for stretching analysis (Fig. 6a) [37,68]. Owing to
the inverted transfer process, the OM images primarily show the bottom
region of the active layer. For CF-processed films, homo P3HT exhibited
large cracks at 50 % deformation, demonstrating less flexible properties.
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Table 1 Table 2

Sensitivity and LOD of P3HT/PBS blend films processed with CF for NO-. Sensitivity and LOD of P3HT/PBS blend films processed with CF:DCB for NO-.
P3HT : PBS (wt%) Sensitivity (%/ppm) LOD (ppm) P3HT : PBS (wt%) Sensitivity (%/ppm) LOD (ppm)
100: 0 6.88 x 1072 4,94 x 1071 100: 0 7.30 x 1072 5.03 x 107!
90:10 7.30 x 1072 4.66 x 107! 70 : 30 6.88 x 102 4.74 x 107!
80:20 1.22 x 107! 2.79 x 107! 50 : 50 1.22 x 107! 2.62 x 107!
70 : 30 1.47 x 107! 2.31 x 1071 30:70 2.70 x 107! 1.28 x 107!
60 : 40 5.05 x 107! 6.73 x 1072 10: 90 4.70 x 107! 7.36 x 1072
50 : 50 7.31 x 107! 4.65 x 1072

deformations.

However, large cracks were not observed in the P3HT/PBS film con-
taining 50 wt% PBS, indicating improved mechanical flexibility
(Fig. 6b). PBS, with a low glass transition temperature, provides
inherent flexibility that enhances the mechanical properties of the blend
film with horizontal phase separation, allowing it to withstand strong

Of CF:DCB-processed films, the P3HT film showed large cracks at 30
% strain because of increased crystallinity induced by the DCB solvent
[37]. However, the crack formation was significantly suppressed with
increasing PBS content, indicating excellent mechanical robustness
(Fig. 6¢). This improvement in flexibility can be explained by solvent-
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Fig. 6. (a) Schematic illustration of the stretching test for P3HT/PBS blend films transferred onto Ecoflex substrates. OM images showing the morphology of P3HT/
PBS blend films processed with (b) CF and (c) CF:DCB under different stretching strains.

induced vertical phase separation, where the bottom region of the active
layer is primarily composed of PBS. The elastic PBS layer acts as a stress-
buffering interface [70,71], effectively alleviating mechanical strain in
the P3HT layer. These results highlight the critical role of phase sepa-
ration control and solvent processing strategies in optimizing the me-
chanical durability of films for flexible organic electronic applications.
P3HT/PBS blend films with higher PBS content exhibited smaller re-
ductions in field-effect mobility, due to the flexibility of PBS (Fig. S6).
These results confirm that PBS incorporation contribute critically to
enhancing the mechanical stability of the OFETs. Especially in CF:DCB-
processed films, pristine P3HT has more crystalline phase resulting in

less flexibility. The field-effect mobility of pristine P3HT was decreased
by more than two order after bending test, but P3HT films with 90 wt%
PBS was maintained field-effect mobility and showed excellent bending
stability.

3.5. Bio-degradation of P3HT/PBS blend films

To evaluate the degradability of the active layers, seawater droplets
were applied to the surface of the P3HT/PBS blend films, and morpho-
logical changes were monitored over time using OM (Fig. 7) [28,29,72].
The P3HT/PBS blend films processed with CF exhibited horizontal phase
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Fig. 7. OM images showing the morphological changes of P3HT/PBS blend films processed with (a) CF and (b) CF:DCB on Si substrates after exposure to seawater for
two weeks. Schematic illustrations of the time-dependent biodegradation behavior of P3HT/PBS blend films processed with (c¢) CF and (d) CF:DCB.

separation, exposing both P3HT and PBS at the top surface. This enabled
direct contact between the seawater and PBS domains, thereby pro-
moting the formation of distinct phase-separated structures (Figs. 7a and
). In contrast, the blend films processed with CF:DCB showed vertical
phase separation, forming a P3HT-rich top surface layer that limited
seawater access to the PBS (Figs. 7b and d).

To further investigate the biodegradation behavior of the P3HT/PBS
blended films, they were transferred onto Ecoflex substrates and
exposed to seawater. During the inverted transfer process [37], the top
surface of the blend film (originally exposed to air) was placed in contact
with the Ecoflex substrate, whereas the bottom layer was exposed to air,
resulting in an inverted film configuration (Fig. S7). In the blend films
processed with CF, partial seawater penetration was observed in the
horizontally phase-separated films, which gradually degraded over
time. In contrast, the blend films processed with CF:DCB exhibited
vertical phase separation, and upon transfer, the PBS-rich bottom layer
was exposed on the top surface. This configuration facilitated more
uniform and extensive contact with seawater, which showed clear signs
of degradation after two weeks. These results indicate the biodegrad-
ability of the PBS-blended active layer and show that the degree of
degradation depends on the phase-separation configuration.

4. Conclusion

This study systematically investigated the effect of solvent selection
on charge transport, sensing performance, flexibility, and biodegrad-
ability of gas sensors via the phase separation of P3HT/PBS blend films.
CF-processed blend films exhibited horizontal phase separation, which

facilitated interactions between gas molecules and ester groups of PBS,
thereby contributing to high sensitivity in gas-sensing applications. In
contrast, CF:DCB-processed films showed vertical phase separation,
forming a P3HT-rich top layer that enabled efficient charge transport
and stable electrical performance, even at extremely low P3HT content.
In addition, increasing the PBS content improved mechanical flexibility
owing to the intrinsic ductility and low glass transition temperature of
PBS. Biodegradation studies revealed that both horizontally and verti-
cally phase-separated blend films possess degradation potential in
seawater. This study highlights the critical role of solvent engineering in
tailoring the multifunctional properties of P3HT/PBS blend films and
paves the way for their optimized use in flexible and biodegradable
electronic devices.
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