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Highly porous, soft, and flexible vapor-phase
polymerized polypyrrole—styrene—ethylene—
butylene-styrene hybrid scaffold as ammonia and
strain sensorf

d

Frances Danielle M. Fernandez,® Roshan Khadka @ *® and Jin-Heong Yim @ *2

Herein, in situ vapor-phase polymerization (VPP) of pyrrole on an oxidant-impregnated styrene—ethylene—
butylene-styrene (SEBS) matrix comprising a three-dimensional sugar particle assembly was used to
produce a soft and porous polypyrrole (PPy)-SEBS hybrid scaffold. Characterization of the PPy—SEBS
hybrid scaffold using field-effect scanning electron microscopy, Fourier-transform infrared spectroscopy,
energy-dispersive X-ray spectroscopy, and micro-computerized tomography confirmed the successful
uniform and homogenous polymerization of PPy onto the SEBS matrix with a porous morphology. The
performance of the hybrid scaffold of different pore sizes as an ammonia sensor under different
temperature conditions was evaluated in terms of resistance change. The results showed that the PPy—
SEBS scaffolds of larger pore size had higher resistance changes under lower temperature conditions
when ammonia (NHs) gas was introduced compared to those observed for smaller pore sizes under
higher temperature conditions. These scaffolds showed excellent repeatability and reversibility in
detecting NHz gas with fast response and recovery times of 30 s and 10-15 min, respectively. Moreover,
the larger pore size scaffolds polymerized for a longer time possessed a remarkable ability to be applied
as strain sensors. These kinds of novel, soft, and porous conductive polymer composite materials

rsc.li/rsc-advances

1. Introduction

Intrinsically conducting polymers (CPs) have gained tremen-
dous attention as smart materials since their discovery, as they
are flexible, lightweight, electrochemically stable, biocompat-
ible and easily processable, and can conduct electricity.”” Due
to these excellent properties, CPs have been extensively exploi-
ted in fuel cells,>* organic transistors,>® organic light emitting
diodes,”® sensors and actuators,®® and electrochromic
devices.'*'*

Among the CPs, polypyrrole (PPy) alone or in a composite
with other materials is most commonly used for the fabrication
of electronic devices and sensors due to excellent conductivity
and processability.">** There are several studies using PPy as
sensors for gases, humidity, chemicals, temperature, and
strain.*®*® Likewise, hybrid composites of PPy with other
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produced by VPP will have huge practical applications in monitoring other toxic and non-toxic gases.

organic or inorganic materials have also been used to improve
the electrical properties of the material for gas and chemical
sensing applications.””™® Joshi et al studied the selective
response of PPy thin films towards NH; and found that the
response linearly increases with the NH; concentration.*
Similarly, in another study, an organic-inorganic hybrid of PPy
and MoO;((PPy),Mo0;) showed a unique sensitive and selective
response to volatile organic compounds like formaldehyde and
acetaldehyde.”* Likewise, in situ chemical polymerization of
PPy/ZnSnO; nanocomposites exhibited a greater response to
NH; gas compared to pristine PPy.*> This improvement in
sensor performance was believed to be caused by the uniform
distribution of loose and porous PPy coatings providing the
composites with a higher surface area to volume ratio and
contributing to the efficient gas diffusion process. Moreover,
PPy thin films produced by chemical polymerization demon-
strated opposite responses towards ammonia and lactic acid, as
ammonia favored a reduction reaction, whereas lactic acid
favored an oxidation reaction of PPy.>® However, the drawbacks
of these materials include inferior electrical and physi-
ochemical properties and poor chemical and electrical stability.

Vapor-phase polymerization (VPP) is a well-established
technique for fabricating CPs in which the vapor of mono-
mers are exposed to the oxidant-coated substrates in order to
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form a uniform, thin, and highly conducting layer of CPs.>*>¢
Similarly, the simultaneous VPP of organic-organic or organic—
inorganic materials can generate hybrid conductive films
exhibiting excellent electrical and physiochemical proper-
ties.””** One of the prime interests of our research group is to
produce robust, highly conductive, and stable CPs and
composites using VPP for application in bioelectronic devices
and strain sensors. There are numerous studies in which the
VPP technique was used to prepare CPs (mainly PPy and poly
(3,4-ethylenedioxythiophene) (PEDOT)) and their hybrid
composites with enhanced electromechanical properties and
biocompatibility suitable for fabricating various electronic
devices and sensors.?*33

In this study, we further extended our research in fabricating
a novel hybrid scaffold material using a VPP-based pyrrole as
the active element and styrene-ethylene-butylene-styrene
(SEBS) as the main matrix material. The surface morphology
and chemical composition of the scaffold were investigated to
confirm the formation of a soft, flexible, and homogeneous
hybrid between PPy and SEBS, signifying the uniform and stable
polymerization of PPy on the surface as well as on the entire
section of the scaffold. We show that these scaffolds of various
pore sizes with different VPP times possess a remarkable ability
to detect NH; gas sensitively as well as their application as
strain sensors. To the best of our knowledge, this is the first ever
PPy-SEBS hybrid scaffold synthesized using VPP that was used
as an NH; gas and strain sensor.

2. Experimental section

2.1. Materials

The copolymer SEBS (styrene ratio = 30 wt%, specific gravity =
0.91 ¢ mL™ ", Ty = —42 °C, hardness = 69 Shore A, tensile
strength = 31 MPa, elongation at break = 500%, 300% modulus
= 4.8 MPa, Kraton General, G1652) was used as the scaffold
material, iron(m) p-toluenesulfonate (FTS, Sigma-Aldrich) was
used as an oxidant and dopant, Py (Acros Organics) was used as
the monomer for PPy, tetrahydrofuran (THF, Samchun Pure
Chemical Co., Seoul, Korea) was used to dissolve the oxidant
and scaffold material, three kinds of sugar with different
particle sizes (Colorcon Asia Pacific Pte) were used to form the
different pore sizes in each of the scaffolds, and an NH; solution
(Junsei Chemical Co., Japan) was used to test the response of
the scaffolds. All the chemicals were used without further
purification.

2.2. Methods

2.2.1. Fabrication of the PPy-SEBS hybrid scaffold. The
stepwise VPP of the PPy—-SEBS hybrid scaffold material is shown
in Scheme 1. 10 wt% SEBS was dissolved in THF solvent for 4 h
under continuous stirring at room temperature. The oxidant
FTS with a 10 wt% concentration was poured into the solution
and stirred at room temperature for 2 h. Three kinds of sugar
particles with different pore sizes were poured into the respec-
tive silicon mold (dimensions: 4 cm x 1 cm x 1 cm) to form
small, medium, and large pore scaffolds. Drops of the SEBS-FTS
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mixture were then poured onto the sugar-coated assembly in
order to moisten and preserve the intactness of the assembly.

After drying the whole assembly at room temperature for
a day, it was then transferred to a small mesh pocket to hold it
in place and then placed in the middle of the VPP chamber. The
Py monomer was placed at the bottom of the chamber, the
internal temperature of which was maintained at room
temperature. After 1 h VPP, the PPy-SEBS-coated sugar particle
assembly was rinsed with deionized (DI) water to fully remove
unreacted reagents and was subsequently immersed in distilled
water for 2 days at room temperature to dissolve the sugar
particles. The PPy-SEBS scaffold was then dried in ambient air
for 24 h to form a porous scaffold with different pore sizes.

2.2.2. Surface characterization of the PPy-SEBS hybrid
scaffold. Surface morphologies and elemental distributions of
the porous scaffold were obtained by using field effect scanning
electron microscopy (FE-SEM; MIRA LMH, TESCAN) and energy
dispersive X-ray spectroscopy (EDS; Bruker AXS XFlash detector
5010), respectively. Twisting, stretching, and bending tests were
conducted by using a home-made multi-purpose flexibility test
machine (IPEN Co., Korea) to confirm the flexibility and soft-
ness of the PPy-SEBS hybrid scaffold. Likewise, micro
computerized tomography (micro-CT; SkyScan 1272, Bruker
AXS), a non-destructive method for visualizing the object inte-
rior, was used to image and characterize the pores of the hybrid
scaffold. 3D model reconstruction and analysis were performed
using software supplied by the micro-CT manufacturer (NRe-
con, SkyScan), in which its X-ray source was operated at
avoltage of 50 kV and a current of 200 mA. Moreover, to confirm
the chemical structure of the polypyrrole, Fourier transform
infrared (FTIR) spectroscopy was conducted.

2.2.3. Performance of the PPy-SEBS hybrid scaffold as an
NH; gas sensor. The custom-built experimental set up used to
evaluate the performance of the PPy-SEBS hybrid scaffold as an
NH; sensor is shown in ESI, Fig. S-1(A).T To measure the NH;
gas response, the resistance of the PPy-SEBS sensors was
measured in ambient air and in the NH; atmosphere. For
resistance measurement, two alligator clips were clipped on the
PPy-SEBS hybrid scaffold separated by 2 cm. The PPy-SEBS
sensor was enclosed in an airtight gas chamber that had
a volume of 1 L, into which the NH; was injected through
a micropipette. Then, 30 uL of NH; was injected into the
chamber every 15 min. Measurements were carried out at 20 °C,
40 °C, and 60 °C. An oil bath was included in the set up to
control the temperature conditions. Resistance variation was
measured by an inductor/capacitor/resistor (LCR) meter (GW
Instek, LCR-6100). The sensor response was calculated using

eqn (1):
Sensor response = (R — R,)/R, (1)

where R, indicates initial resistance, and R indicates resistance
upon ammonia exposure.

2.2.4. Performance of the PPy-SEBS hybrid scaffold as
a strain sensor. Strain sensing measurements were conducted
using a multi-purpose flexibility test machine that can stretch
and release a sample up to a 33.33% extension (ESI, Fig. S-
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Scheme 1 Schematic representation of the vapor-phase polymerization (VPP) of polypyrrole (PPy)-styrene—ethylene—butylene—styrene (SEBS)
onto a sugar-coated silicon mold assembly in order to form a hybrid scaffold material.

1(B)). One stretch and one release of the sample is considered
one cycle. For this experiment, 50 cycles were performed in
4 min on each sample to observe its behavior as a strain sensor.
The sample was connected to the LCR meter, and its resistance
variation was recorded. All small, medium, and large pore
scaffolds were subjected to strain testing. Moreover, the PPy-
SEBS scaffolds prepared at different VPP times (1 h 30 min, 2 h,
and 4 h) were evaluated as strain sensors.

3. Results and discussion

3.1. Surface characterization of the PPy-SEBS hybrid
scaffold

SEM was used to investigate the surface properties of all three
(small, medium, and large) sizes of PPy-SEBS hybrid scaffolds
(Fig. 1). The top view and cross sections of the PPy-SEBS hybrid
scaffolds were analyzed in detail. These images clearly showed
the PPy-SEBS scaffolds that were fabricated using small,
medium, and large sugar particles (ESI, Fig. S-21). These kinds
of porous structures are believed to provide fine pathways for
electron transfer in the gas sensing process and are expected to
be advantageous for gas sensing applications due to the avail-
ability of diffusion channels inside the polymeric network.*
Additionally, a porous and loose structure surface morphology
provides a higher surface area to volume ratio, which signifi-
cantly contributes to the gas diffusion process, therefore
improving the gas sensing properties.***”

Fig. 2 shows the photographic images during (A) twisting, (B)
stretching, and (C) bending. The PPy-SEBS hybrid scaffold
withstood multiple times of stretching up to 100% and bending
up to 50% at a speed of 0.05 count per s. Moreover, it also
withstood multiple twisting at a rate of 0.3 count per s. The
video files showing the twisting, stretching and bending of the
PPy-SEBS hybrid scaffold are attached in the ESI Movief files
named twisting, stretching, and bending respectively. The PPy-
SEBS hybrid scaffold was not deformed during the process and
thus is proven to be a soft and flexible composite.

The internal skeletal structures of the PPy-SEBS hybrid
scaffolds were imaged by micro-CT (Fig. 3), and the pore size
distributions of all three pores are shown in Fig. 4. The

This journal is © The Royal Society of Chemistry 2020

definition of axis for micro-CT images is displayed in (ESI,
Fig. S-31). All types of PPy-SEBS hybrid scaffolds were well
developed and showed open interconnected pores in three
dimensions as shown in Fig. 3. The obtained scaffolds showed
an excellent porosity of 95.8%, 96.0%, and 97.6% for small,
medium, and large pores, respectively. The scaffold pore
diameter was smaller than that of the sugar particles because of
the formation of shriveled hollow shell structures after the
sugar porogen removal, which indicated that the produced
scaffold exhibited the elastomeric properties of SEBS. The
average pore diameter of the small pore scaffolds was ~115 um
and 200 um, while the average pore diameter of the medium
pore scaffolds can be described as a bimodal of ~160 pm and
~370 pm, and the large pore scaffolds had a bimodal pore
diameter of ~250 pm and 500 um, respectively. These open and
interconnected pores of variable sizes enable the rapid diffusion
of gases into the network.*

To verify that VPP resulted in the uniform formation of PPy
in the SEBS matrix, the elemental distributions of major
chemical elements in the scaffold were investigated using EDS.
Fig. 5 shows that sulfur, oxygen, carbon, and nitrogen were well
distributed in all scaffold surfaces and cross sections, which
implied that the Py monomer could penetrate the SEBS matrix
during VPP, with FTS-initiated in situ polymerization resulting
in hybridization with the SEBS matrix.**** The scaffold material
consisted of 6.02 wt% of nitrogen after VPP, which implies that
a considerable amount of PPy was generated.’” Therefore,
a novel method of fabricating a PPy-SEBS hybrid composite
material was achieved through in situ VPP. The results also
confirmed that the uniform coating of PPy was not only ach-
ieved on the surface but also on the inner side of the SEBS
matrix owing to the effective penetration and diffusion of the Py
monomer during VPP.**

The chemical structure of PPy was confirmed by using FTIR
spectroscopy as shown in Fig. 6. A SEBS-THF solution was
measured as a control spectrum to elucidate the formation of
uniform PPy coatings in the SEBS matrix after VPP. The spec-
trum of the PPy-SEBS scaffold recorded in the range of 500-

4000 cm~ " waves showed a characteristic peak at 702 ecm ™,

which corresponds to C-H wagging. The peaks at 1464 cm™ ",
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Fig. 1 SEM images of the (A) small, (B) medium, and (C) large-pore-sized PPy—SEBS hybrid scaffolds obtained by removing sugar particles after
VPP. Left panel shows the surface and right panel shows the cross section of the scaffolds.

1547 cm ™", and 1645 cm ™" represent the vibration of the pyrrole
ring and the ring stretching mode of pyrrole.*>** Similarly, the
peak observed at 2927 cm ' corresponds to the absorbance
band of the CH, groups. Moreover, the broad peak that
appeared at 3425 cm™ " is attributed to the stretching of N-H
and C-H bonds.* All these characteristic peaks observed during
FTIR analysis further support our claim of the uniform VPP
deposition of PPy on the outer as well as inner surfaces of the

SEBS matrix, making PPy-SEBS a flexible and conducting
hybrid material.

3.2. Performance of the PPy-SEBS hybrid scaffold as an NH;
sensor

The responses of PPy-SEBS hybrid scaffolds of various pore
sizes to NH; gas at different operating temperatures (20 °C,
40 °C, and 60 °C) are shown in Fig. 7. It was observed that all

Fig. 2 Photographs during the (A) twisting, (B) stretching, and (C) bending of the PPy—SEBS hybrid scaffold.
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Fig. 3 Exploitation of the xyz-separable characteristics of the (A) small, (B) medium, and (C) large-pore-sized scaffolds.

PPy-SEBS hybrid scaffold sizes performed best at a lower
temperature (20 °C). This is because the polymers are liable to
degrade more in the elastomeric phase due to its low T, because
lower temperature promotes permeability, leading to oxygen
diffusion and thus increasing the response of the sensor.***
Moreover, the responses of small-, medium-, and large-pore-
sized PPy-SEBS hybrid scaffolds at the lower temperature of
20 °C were also compared; the large-pore-sized scaffold
exhibited the highest response to NH;. The sensing ability of
the material is highly dependent on the porosity of the material,
so the large-pore-sized scaffold enabled the easy diffusion of gas
molecules into all areas.*® The concentration of NH; used was
750 ppm. As a control measurement, the sensor was tested for
its response to H,O as well. The results showed that the sensor
is not responsive to water (ESI, Fig. S-4f) because water is

a neutral compound (pH ~ 7) so there is no interaction to the
PPy as compared to the reduction of PPy upon the introduction
of NH3.

In addition to the sensitivity of PPy-SEBS hybrid scaffold
sensors in detecting NH; gas, we also demonstrated the
reversibility and repeatability of our sensors by purging
nitrogen (N,) gas at 50 °C. Fig. 8 (A) shows the reversibility and
repeatability of the PPy-SEBS hybrid scaffold as an NH; gas
sensor for four cycles. For each cycle, 30 uL of NH; was intro-
duced every 15 min three times and purged with N, for 30 min
at 50 °C to reset the sensor. Purging with N, gas for 30 min at
50 °C helped in resetting the increased resistance values to the
baseline between each cycle. When the NH; gas was introduced,
an increase in electrical resistance was observed in all four
cycles. The increase in electrical resistance corresponding to the
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Fig. 4 Pore size distribution of the (A) small-, (B) medium-, and (c) large-pore-sized PPy—SEBS hybrid scaffold.
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Fig. 5 EDS elemental mappings of (A) sulfur (red), (B) oxygen (green), (C) carbon (blue), and (D) nitrogen (purple). Top panel shows the top view,
middle panel shows the cross-sections, and bottom panel shows the enlarged images of the medium pore scaffolds.
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Fig. 6 FTIR spectra of the PPy—SEBS scaffold and SEBS—-THF solution
showing the uniform VPP deposition of PPy on the SEBS matrix.

decrease in current in the PPy-SEBS scaffold material is due to
the electron donating nature of NH;, as shown in eqn (2a) and
(b):20,46,47

PPy* + NH; — PPy® + NH;"* adsorption reaction  (2a)

PPy’ + NH; — PPy" + NHj;desorption reaction (2b)

Bhat et al. showed a similar phenomenon of decrease in
current upon exposure to NH; gas due to the lone pair of elec-
trons in the nitrogen, which can be easily donated to the
initially oxidized PPy.*” These lone electron pairs neutralize the
PPy cation, which is positively charged; therefore, the number
of carriers decreases, resulting in a decrease in current, i.e., an
increase in electrical resistance, which was observed in this

22538 | RSC Adv,, 2020, 10, 22533-22541

case.” The other important parameters used to characterize
a sensor are its response and recovery time (Fig. 8(B)). The PPy—
SEBS hybrid scaffolds showed an excellent response time of
approximately 30 s in detecting NH; for all samples tested, and
the sensors could recover after exposure to N, for 10-15 min.
The response and recovery times are dependent on the rate of
adsorption and desorption.*®

The response of the sensor towards low concentrations of
NH; was further investigated and was found to have a good
linearity with a coefficient of determination equal to 0.9575
(Fig. 9(A)). Moreover, its selectivity towards other reducing gases
such as ethanol, methanol, and triethylamine was studied. In
order to study the selective behavior of the sensor, gas sensing
measurements were conducted at various concentrations (15,
25, and 45 ppm). Its selectivity coefficient, defined as the ratio of
the response of the sensor towards NH; and other reducing
gases, ranges from 3 to 13. The large value of sensitivity coef-
ficients signifies the sensor's excellent performance to deter-
mine NH; gas. The bar chart (Fig. 9(B)) shows the selectivity
coefficient values of the sensor as a function of detected
chemical concentration. Usually, the coefficient of selectivity for
sensors must be more than 5.*

3.3. Mechanism on the NH; sensing using PPy

The mechanism of NH; sensing using CPs, like PPy, is essen-
tially due to the irreversible reaction causing the reduction of
PPy.* The change in the conductivity of the polymer material is
caused by the reduction of the polymer film, therefore making it
a suitable material for resistometric ammonia detection. PPy is
a p-type material, and when it reacts with reducing gases like
NHj3;, there is a reduction in charge carrier density. Since the
majority of carrier (hole) density decreases because of the
electron donating nature of these gas, the conductivity of the
polymer material decreases, resulting in an increase in

This journal is © The Royal Society of Chemistry 2020
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resistance.”*® The electrical conductivity equation for con-
ducting polymers is analogous with the semiconductor one as
shown in eqn (3):

(3)

where ¢ is the electrical conductivity of the material, e is the
electric charge, n is the electron density, u, is the mobility of the
electron, p is the hole density, and u,, is the hole mobility.

o = e(np, + pup)

(cc)

As the number of holes is greater than the number of elec-
trons in a p-type semiconductor, (p > n), then o = epu,.
Therefore, when PPy is exposed to reducing gases such as NH3,
it gains electrons, thus, the number of holes will be reduced,
which eventually decreases the electrical conductivity.>**

3.4. Performance of the PPy-SEBS hybrid scaffolds as strain
sensors

We also evaluated the PPy-SEBS hybrid scaffolds of different
pore sizes as strain sensors by using the ratio of relative
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Fig. 8
PPy—SEBS hybrid scaffold.

This journal is © The Royal Society of Chemistry 2020

(A) Repeatability and reversibility of the PPy—SEBS hybrid scaffold material in detecting NHz gas, (B) response and recovery time of the
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Fig. 10 Performance of the PPy—SEBS hybrid scaffolds of (A) different pore sizes and (B) different VPP times as strain sensors.

resistance change, AR/R,, where R, is the initial electrical
resistance and AR is the resistance change for a given cycle.
Our results indicated that the AR/R,, value was higher for large
pore sizes compared to the small-pore-sized scaffolds. The
sensitivity of these strain sensors was also evaluated using the
gauge factor, which is defined as AR/¢R,,, where ¢ is the strain
applied, and which represents the sensitivity of the sensors.
Fig. 10(A) shows that the gauge factor of large pore size scaf-
folds increased to 2.40 compared to the 0.58 shown in small
pore size scaffolds that were also polymerized for 4 h. The
strain sensitivity of the scaffolds increased with increasing
pore size because a larger pore size scaffold is more easily
cracked during the strain process, which makes the resistance
increase in the scaffolds more significant and the sensitivity
greater.®> Moreover, the strain sensitivity of large pore size
scaffolds synthesized at different VPP times were also exam-
ined in detail (Fig. 10(B)). The gauge factors of the PPy-SEBS
hybrid scaffolds polymerized for 1 h 30 min, 2 h, and 4 h were
1.07, 2.06, and 2.40, respectively. The results showed that the
gauge factor of the scaffold increased with greater VPP time, as
this allowed for the optimum polymerization of the PPy-SEBS
hybrid scaffolds, resulting in improved performance as strain
sensors.

22540 | RSC Adv, 2020, 10, 22533-22541

4. Conclusion

A soft and porous PPy-SEBS hybrid scaffold material was
synthesized by the hybridization of PPy with SEBS using in situ
VPP. The successful polymerization and uniform distribution of
porous PPy on the SEBS matrix that is suitable for gas and strain
sensors was confirmed using SEM, EDS, micro-CT, and FTIR.
From the NH; sensing study, it was observed that the large-pore-
sized PPy-SEBS scaffolds exhibited a higher sensitivity to NH; at
a lower temperature of 20 °C, as it enabled the easy diffusion of
gas molecules into all areas of the scaffold material. Likewise,
these scaffolds showed excellent repeatability and reversibility
in detecting NH; gas with fast response and recovery times of
30 s and 10-15 min, respectively. Moreover, the larger pore size
scaffolds that were polymerized for a longer time possessed
a remarkable application ability as strain sensors. This work
demonstrates, for the first time, that VPP synthesized PPy-SEBS
hybrid scaffold materials tuned to optimum conditions can be
used as high performing NH; and strain sensors. Moreover,
these materials can operate even at higher temperatures of up to
60 °C, which makes them promising candidates for device
applications. These results set a precedent for the use of such
CP hybrid composite materials to detect other gases and
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chemicals, which could form the core of smart real-time/point-
of-care devices for medical, food, agricultural, and environ-
mental applications.
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