Chinese Journal of
POLYMER SCIENCE

RESEARCH ARTICLE

https://doi.org/10.1007/s10118-023-3005-4
Chinese J. Polym. Sci. 2024, 42, 105-112

Understand the Temperature Sensing Behavior of Solid-state
Polymerized PEDOT Hybrid Based on X-ray Scattering Studies

Zhen-Hang He®*, Guang-Feng LiuP*, Ze-Kun Zhou?, Zhen Liu®", Yi-Shu Zeng?, and Peng Zhang®*

@ School of Materials Science and Engineering, Key Laboratory for Polymeric Composite and Functional Materials of Ministry of Education, Sun Yat-sen University,

Guangzhou 510275, China

b Shanghai Advanced Research Institute (Zhangjiang Laboratory), Chinese Academy of Sciences, Shanghai 201204, China

é Electronic Supplementary Information

Abstract Poly(3,4-ethylenedioxythiophene) (PEDQOT) is one of the most successful conductive polymers that recently has been used in wearable
sensors for human health monitoring. In this work, we prepared a series of PEDOT hybrids consisting of PEDOT, sodium poly(styrene sulfonate)
(PSSNa) and polyethylene oxide (PEO), and their preparation could be scaled-up via an adapted solid-state polymerization process. The resistance
of the as-prepared PEDOT:PSS/PEO hybrid shows clear temperature response, i.e., it decreases almost linearly with the temperature increase. To
understand this phenomenon, the in situ synchrotron radiation wide- and small-angle X-ray scattering (WAXS/SAXS) characterizations were
undertaken to study the temperature-dependent microstructure change of the PEDOT:PSS/PEO hybrid. It demonstrated that PEDOT formed
conductive paths in the hybrids, which were not destroyed by the PEO crystallization. As temperature increased, the PEO crystals’ melting and the
accompanying reorganization of PEDOT chains endowed the hybrid sample temperature responsiveness. Based on these fundamental
knowledges, the hybrid materials were used to fabricate flexible wearable sensor that showing temperature sensing performance with an

accuracy of 1 °C. These findings shed lights on the scalable manufacturing of wearable sensors for body temperature monitoring.

Keywords Solid-state polymerization; PEDOT hybrid; Structure-property correlation; X-ray scattering

Citation: He, Z. H, Liu, G. F,; Zhou, Z. K; Liu, Z; Zeng, Y. S,; Zhang, P. Understand the temperature sensing behavior of solid-state polymerized PEDOT
hybrid based on X-ray scattering studies. Chinese J. Polym. Sci. 2024, 42, 105-112.

INTRODUCTION

Body temperature (BT) is generally accepted as a very important
factor of human health, and abnormal changes in the BT usually
reflect the poor health.""* Recently, monitoring the BT has
been studied for pregnancy test,” the mitigation of the COVID-
19 spreading,”® and so on."~% For example, Tharakan et al.l'¥
studied how BT monitoring might inform mortality rate
estimates in COVID-19-positive patients. Many of these
studies are related to the fever that is defined as “a measured
temperature of 38 °C or greater, or feels warm to the
“touch”." By surveying the soaring numbers of BT monitoring
literatures,"#'2 some trends of the development of BT sensors
are summarized in the following: (1) it should be sensitive in
the temperature change at around the body temperature,
~37 °CI" (2) it should be made of non-toxic, stable and
biocompatible materials, and the device is flexible,!'¥ portable
and wearable; (3) the materials’ production should be easily
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scaled-up, low cost and environmental benign.
Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) is one of the most successfully commercialized
conductive polymer materials. It has been widely used in the
broad fields of optoelectronic,'5161  thermoelectric,'”]
sensors,18-201 and biomedical engineering,21.22 due to the in-
tegrated capabilities of high intrinsic electron conductivity,
optical transparency, improved flexibility and good biocom-
patibility. Recently, people tried to improve the mechanical
performance of the PEDOT:PSS by blending it with small mo-
lecules or polymer additives. Among which, poly(ethylene
oxide) (PEO) is one of the most popular polymeric additives to
enhance the flexibility of the PEDOT:PSS, as summarized by
Kayser et al.23l, Typically, the PEDOT:PSS in aqueous disper-
sion is used for the blending with PEO, which involves the
complex solution supramolecular assembly and the structure
change from the solution to the dried film states. Such com-
plex processes and inherent uncertainties of the structure
change bring us challenges in the materials’ property tuning
by  balancing the mechanical and conductive
performances.l24251 Meanwhile, it is found that blending with
PEO or other polymer additives would decrease the conduct-
ivity and functionality of the PEDOT-based hybrids.[25261 |t is
urgent to explore the fundamentals lying behind the hybrids’
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microstructure and conductivity correlations, i.e., how does
the phase separation and ultimately limited connectivity
between the conductive PEDOT domains impact the materi-
als’ conductivity.

In this work, we developed a new sample preparation pro-
tocol by adapting the oxidative polymerization of EDOT7! to
occur in a solid polymer matrix and by integrating the EDOT
polymerization into polymer hybridization. The whole pro-
cess was achieved via a traditional two-roll milling techno-
logy, which could be easily scaled-up for the manufacturing
of PEDOT:PSS/PEO hybrids. In addition, the solid-state poly-
merization process avoids the complex structure change due
to solvent evaporation. Thus, a series of solid-state
PEDOT:PSS/PEO hybrids with varying PEO content were pre-
pared, which endowed a systematic study of the correlations
of microstructure and conductivity in PEDOT hybrid. To verify
our hypothesis, sophisticated X-ray scattering characteriza-
tion with synchrotron light was employed. The in-depth
structure information helped us to clarify the materials’ struc-
ture-property correlation. Finally, wearable sensors were suc-
cessfully fabricated, with a temperature accuracy of 1 °C
around the body temperature, to demonstrate the potentials
of as-prepared PEDOT:PSS/PEO hybrids in BT monitoring.

EXPERIMENTAL

Materials

3,4-Ethoxylenedioxythiophene (EDOT) (purity: 99%), sodium
poly(sodium 4-styrenesulfonate) (PSSNa) (M,, ~7x10% powder),
FeCl; (purity: 299.9%, metals basis), and poly(ethylene oxide)
(PEO) (M, ~6x10°, powder) were purchased from Aladdin
(Shanghai Aladdin Biochemical Technology Co., Ltd.). All these
chemicals were used without further treatment.

Sample Preparation with Two-roll Milling

The PEDOT:PSS/PEO hybrid samples were prepared with a two-
roll mill (type: 401CE-160, ZhuoSheng Machinery Equipment
Co., Ltd,, China), with the operating temperature set at 80 °C
that was well above the melting point of PEO. A series of solid-
state PEDOT:PSS/PEO hybrid samples with fixed molar ratio of
EDOT:Fe3*:55=1:1:0.31 and excess amount of PEO (molar ratio of
EDOT:EO varying from 1:8 to 1:50), were prepared. In a typical
case of PEDOT:PSS/PEO hybrid sample, the weighed PSSNa and
FeCl; were sequentially added to the masticated PEO
membrane at 80 °C under violent mixing; after 10 min, the
weighed EDOT liquid was added drop by drop via a plastic
syringe, while the rolls kept on rotating; afterwards, a wooden
knife was used to help the compounds’ mixing and the typical
blue color feature of PEDOT was gradually observed with the
progress of oxidative polymerization; finally, the solid-state
PEDOT:PSS/PEO hybrid samples were collected. Neat PEO and
PEO/FeCl; hybrid sample were prepared in a similar procedure
and used as the references. In addition, the PEDOT:PSS/PEO
hybrid samples were dried in forced air-drying oven at 110 °C for
12 h and then filmed at 80 °C under pressure (~0.1 MPa). Thus,
free-standing membrane samples with thickness ~150 um were
prepared for the further use. For the UV-Vis-NIR spectroscopy
measurements, the solid samples were dispersed in water
solution at 90 °C and diluted to 0.083 wt%.

Resistivity Measurement

For the resistivity measurement, the membrane sample was cut
into square shape pieces with a dimension of 10 mm. The
resistivity of the as-prepared PEDOT:PSS/PEO hybrid
membranes were measured with a digital multimeter (RTS-8,
Guangzhou Four Probe Technology Co. Ltd, China) by
following the four-probe method. To collect the resistivity data
as a function of temperature, the membrane samples were
sealed in a home-made heating setup, made up of Peltier
heating elements and the temperature controlling units.?®
Meanwhile, the sample was connected to a Fluke multimeter
(Fluke 17B+, Fluke Corporation, USA) via platinum wires for
collecting the resistivity value in the temperature range from
20°Cto 110°C, 2 °C/step.

UV-Vis-NIR Spectroscopy Measurement

The UV-Vis-NIR spectroscopy data of the solution samples were
collected with a UV-Vis-NIR spectrophotometer (Lambda 950,
Perkin Elmer, Britain), in transmission mode.

UV-Vis Spectroscopy Measurement

The UV-Vis spectroscopy data of the hybrid samples were
collected with a UV-Vis spectrophotometer (UVmini-1280,
SHIMADZU, Suzhou, China), in transmission mode.

Differential Scanning Calorimetry Measurement

The crystallization behavior of the hybrid sample was
characterized with differential scanning calorimetry (DSC),
using a DSC 250 setup (TA Instrument, USA). For the DSC
measurement, the weighed (~10 mg) sample was sealed in an
aluminum pan, dry nitrogen was used as the purging gas and
the temperature range was set from —-80 °C to 100 °C with a
heating/cooling rate of 5 °C/min. Two subsequent
heating/cooling cycles were undertaken and the data in the
second cycle was used for the crystallization behavior study.
The DSC data was analyzed with a Trios software, attached to
the DSC setup.

Synchrotron X-ray Scattering Measurement

X-ray scattering experiments with synchrotron light were
performed at the BL19U2 beamline of Shanghai Synchrotron
Radiation Facility (SSRF, Shanghai, China).”> The sample was
held in a Linkam HFSX350 heater and was scanned at the set
temperature range from 20 °C to 60 °C, 2 °C/step. In addition,
the sample was also measured at high temperatures up to 80 °C.
For the scattering experiments, X-ray with wavelength of 1.033
A penetrated through the sample and the scattering data was
collected simultaneously with a Pilatus 300k detector with
sample to detector distance (SDD) of 382+1 mm (i.e,, WAXS) and
with a Pilatus TM detector with SDD of 2463+1 mm (i.e., SAXS).
The SDD calibration was undertaken with silver behenate and
LaBg. The data analysis was undertaken with a BioXTAS RAW
software package (Version 1.6.3).5 In addition, the SAXS data
was fitted with a SASfit software package and a rod-like model.

Scanning Electron Microscope and Energy Dispersive
Spectroscopy Measurement

Scanning electron microscope (SEM) images and energy
dispersive spectroscopy (EDS) images were collected with Cold
field Emission Scanning Electron Microscope (S-4800, Hitachi).
The surface of the samples was treated with platinum (Pt) spray
prior to testing.
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Fig. 1 (a, b) Photos of the scalable manufacturing of solid-state PEDOT:PSS/PEO hybrid based on two-roll milling technology:
(a) PSS/PEO/FeCl; hybrid and (b) PEDOT:PSS/PEO hybrid; (c) Schematically illustrated production process of the solid-state PEDOT:PSS/PEO
hybrid; (d) Schematic illustration of the EDOT polymerization and stabilization with PSS; (e) Proposed solid-state polymerization mechanism of

PEDOT.

Wearable Sensor Device

The hybrid materials were wrapped with polyimide (PI) tapes,
with conductive copper tapes set in between as the conductive
path of the wearable sensor. In addition, the sensor was conne-
cted with a DC power source, a temperature control unit (DCU),
a N-type metal-oxide-semiconductor (NMOS) logic and a com-
mercial LED light (nominal working voltage and power were 3 V
and 3 W, respectively) to fabricate the wearable sensor device.

RESULTS AND DISCUSSION

To explore the correlations between microphase structure and
conductivity in the PEDOT-based hybrids for flexible electronics,
it is important to prepare a sample system with well-defined
chemical composition and simple manufacturing process. In this
sense, we adapted the traditional oxidative polymerization of
EDOT? with a well-established elastomer compounding
protocol, i.e., two-roll milling. As shown in Fig. 1(a), the PSS and
PEO were mixed homogeneously first under the strong shearing
of the rolls at 80 °C. Note: 80 °C is well above the melting
temperature of PEO (ca. 68 °C, measured with DSC). Afterwards,
the oxidant, FeCl;, was well distributed in the solid-state poly-
mer matrix under strong shear developed at the mill nip," as
evidenced by the homogeneous color of the mixture (Fig. 1a).
Moreover, the EDOT was added gradually to the mixture when
the rolls were rotating, which helped its distribution. Under the
function of the oxidant and high temperature, the EDOT was
gradually polymerized into PEDOT and distributed evenly in the
polymer matrix. This phenomenon was manifested with the
homogenous dark blue color (unique feature of the PEDOT3?)
of the as-prepared hybrid sample (Fig. 1b). The whole process of
the manufacturing of PEDOT:PSS/PEO hybrid is schematically
illustrated in Fig. 1(c). The production of the present setup was
estimated to be ca. 1.0 kg/h, which could be easily scaled up

with either using mills with a larger roll size or running many
mills in parallel. This process can not only produce the PEDOT
hybrids in an easy scaling-up way but also provide us a series of
solid-state PEDOT:PSS/PEO hybrids with well-defined chemical
composition.

For clarity reason, we fixed the molar ratio of
EDOT:SS:Fe3+=1:0.31:1 and changed the molar ratio of
EDOT:EO from 1:8 to 1:50, as indicated in Table 1. Despite to
the wet based oxidative polymerization of EDOT, which typi-
cally involves much higher molar ratio of SS to disperse the
hydrophobic PEDOT in water,33 the solid polymerization of
EDOT could be dispersed in the polymer matrix under the
function of strong shearing. Meanwhile, the blending of a few
PSS was expected to improve the compatibility of PEDOT and
PEO, and to stabilize the carriers in PEDOT via charge interac-
tions, as schematically illustrated in Fig. 1(d).l24 By referring to
the literature, 32331 we hypothesized that the solid-state poly-
merization of PEDOT occurred via a mechanism shown in
Fig. 1(e). It is expected that the EDOT was oxidized with Fe3*
to form the PEDOT dimer or oligomer, which were further ox-
idized with the Fe3* till the formation of PEDOT polymer in

Table1 Conductivities of the as-prepared H/PEOn hybrid samples.

Sample ? EDOT:Fe**:EOQ:SS C(?ggsug/té\r/:]t)y
H/PEOS 1:1:8:0.31 1.24+0.28
H/PEO16 1:1:16:0.31 1.57+0.38
H/PEO30 1:1:30:0.31 2.03+0.16
H/PEO40 1:1:40:0.31 1.67+0.29
H/PEO50 1:1:50:0.31 0.26+0.14
PEO/FeCl, 0:1.35:50:0 -b
PEO Neat PEO -b

2 The content of PEO, PEDOT and PSS were calculated as molar ratio of
monomers; ® Conductivity of PEO/FeCl; and PEO is out the range of the
multimeter; Note: PEDOT:PSS/PEOn is denoted as H/PEOn where n
indicates the molar ratio of EO:EDOT.
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the PEO matrix. Meanwhile, the oxidized PEDOT was stabil-
ized with the negatively charged PSS.

To verify our hypothesis, we characterized the molecular
structure and conductivity of the as-prepared hybrid samples
with UV-Vis-NIR and multimeter, respectively. As shown in
Table 1, the as-prepared PEDOT hybrids show conductivity
values of ~1x107>S/cmin a broad EDOT:EO molar ratio ranging
from 1:8 (H/PEO8), through 1:16 (H/PEO16), 1:30 (H/PEO30),
1:40 (H/PEO40) to 1:50 (H/PEO50). Note: for clarity reason,
PEDOT:PSS/PEOn is denoted as H/PEOn, where n indicates the
molar ratio of EO:EDOT. By comparison, the reference samples
without PEDOT, i.e., PEO/FeCl; and neat PEO, did not show
detectable conductivity value. Thus, we conclude that the
H/PEOn samples show conductive features due to the forma-
tion of PEDOT, which is supported by the UV-Vis-NIR spectro-
scopy data. Clear absorption bands at ~800 nm can be found
in all the H/PEO samples (Fig. 2a). Similar feature was also
found in the commercial PEDOT:PSS products, i.e., Heraeus
Al4083 and PH1000. Compared to the Heraeus products, the
H/PEO samples show much weaker absorption signal at ~600
nm, which is attributed to the HOMO-LUMO transition in
neutral PEDOT chains.B4 Thus, it is inferred that the PEDOT is
in conductive state in the as-prepared H/PEO hybrid samples.
Our inference is confirmed by the UV-Vis data of the solid
H/PEO samples (cf. Fig. S2 in the electronic supplementary in-
formation, ESI). Moreover, the conductivity value of H/PEOn
sample depends on the loading ratio of PEO. For which, the
H/PEO30 shows the highest conductivity value. This phe-
nomenon could be attributed to the formation of a more
ordered structure of PEDOT under the screening function of
PEO that is compatible with PEDOT:PSS.[24]

By comparison, the conductivity value of H/PEOn sample is
much lower than that of PEDOT:PSS sample prepared in
either the traditional wet based oxidative polymerization
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(~0.1 S/cm)B3! or solid-state polymerization (~1 S/cm).i36! We
understand this phenomenon with the fact that the introduc-
tion of excess amounts of PEO and PSS disturbed the molecu-
lar packing of PEDOT. To prove our hypothesis, we character-
ized the crystalline structure of the as-prepared PEDOT hy-
brid samples with wide angle X-ray scattering (WAXS).

Fig. 2(b) shows the typical crystalline information of the
H/PEO30 sample at room temperature. The main crystalline
peaks are attributed to the typical PEO crystalline reflections
(Fig. 2b).B7-391 This assumption is further supported by the
temperature dependent WAXS results, measured from 20 °C
to 80 °C. As shown in Fig. 2(c), the typical crystalline peaks di-
minish with the increase of the temperature. Especially when
the temperature was 58 °C, the crystalline peaks disappear.
This phenomenon could be rationalized with the melting of
PEO crystals at high temperature. The value of the melting
temperature is in good consistence with that found in DSC
data (cf. Fig. S3 in ESI). The melting behavior of the PEO can
be represented by the intensity change of the (120) reflection
(Fig. 2d) that decreases almost linearly with the increase of
temperature (from 30 °C to 42 °C, cf. Fig. S4 in ESI), indicating
good temperature response around the BT. In the following,
we characterized the temperature dependent resistance of
the PEDOT:PSS/PEO hybrids with a homemade setup and
studied their temperature sensing behaviors.

Fig. 3 shows the typical temperature sensing behavior of
the PEDOT:PSS/PEO hybrids. The relative resistance change
(AR/Ry) versus temperature (T) curves are summarized in
Fig. 3, where Ry, R, AR represent the samples’ resistance value
at 20 °C, at the set temperature, and the difference between
them, respectively. As shown in Fig. 3(a), the AR/R, increases
almost linearly with the temperature increase from 30 °C to
40 °C, and then gradually reaches a plateau with
AR/Ry=96.47% when T258 °C. Similar phenomenon is found

(120)

H/PEO30, 20 °C

5

Cp—— — —

20 30 40 50 60 70 80
T(°Q)

Fig. 2 Molecular structure of the as-prepared hybrid samples. (a) UV-Vis-NIR spectroscopy data of the aqueous solution samples of H/PEO and
Heraeus products. For clarity reason, the data curves were shifted along the y-axis; (b) Synchrotron radiation WAXS data of H/PEO30 at 20 °C,
indexed with PEO crystalline reflections; (c) Temperature-dependent WAXS data of H/PEO30; (d) Temperature-dependent change of the PEO
(120) reflection peak intensity. Note: in panels (c) and (d), the data at 58 °C were marked to indicate the complete disappearing of crystalline
signal in the heated sample; PEDOT:PSS/PEOn is denoted as H/PEOn where n indicates the molar ratio of EO:EDOT.
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Fig. 3 Typical temperature sensing behavior of (a) H/PEOS, (b) H/PEO16, (c) H/PEO30, (d) H/PEO40 and (e) H/PEO50, indicated by the AR/R,

versus T curves, where R, represents samples’ resistivity values at 20

°C, and AR = Ry, — R, R, is the resistivity values of the samples at set

temperature. Note: PEDOT:PSS/PEOn is denoted as H/PEOn where n indicates the molar ratio of EO:EDOT.

in Figs. 3(b)—3(e), indicating that these are general features of
the PEDOT:PSS/PEO hybrids. In addition, the linear response
range of the PEDOT:PSS/PEO hybrids varies with the different
contents of PEO. For example, as shown in Fig. 3(c), the
H/PEO30 sample shows good linear response in a narrow
temperature range, i.e., AR/R, value changes from 84.39% to
95.38% when the temperature increases from 32 °C to 40 °C.
More detailed information can be found on the Fig. S5 (in ESI).
This temperature range covers well the body temperature,
~37 °C,"31 which is suitable for the BT monitoring. Similar
temperature sensing behavior of PEDOT hybrids have also
been reported in the literatures, which demonstrate that the
microphase structure plays vital role in the temperature sens-
ing behavior of the PEDOT hybrids.*%417 In addition, it is gen-
erally accepted that the conductivity of doped PEDOT weakly
depends on the temperature change due to its good thermal
stability.l2342] Moreover, it can be found that the temperature
responsive feature of PEDOT:PSS becomes weaker and irregu-
lar if we replaced the semi-crystalline PEO matrix with the fil-
ter paper (cf. Fig. S6 in ESI). It is worth mentioning that the
temperature response of our hybrid material showed good
environmental stability and repeatability (cf. Fig. S7 in ESI).

Thus, we infer that the temperature sensing capabilities of
PEDOT:PSS/PEO hybrids are resulting from the microphase
structure change during heating. In the following, we de-
cipher the temperature sensing behavior of the
PEDOT:PSS/PEO hybrids from the perspectives of the temper-
ature-dependent microphase structure change and corres-
ponding variation of the conductive network.

SAXS is a well-established protocol in characterizing the
microstructures of polymer, nanoparticles and so on in solu-
tion or solid state.*3-461 |t provides statistical microphase
structure (e.g., shape and arrangement) information of the
samples. Combined with a heating/cooling system, it helps to
study in situ the structure evolution as a function of tempera-

ture. Fig. 4(a) shows the synchrotron radiation SAXS data of
H/PEO30 sample, in a temperature range from 20 °C to 80 °C.
By reviewing the WAXS data of the PEDOT hybrid samples
(Fig. 2), we know that the crystallized PEO shows typical crys-
talline peaks at room temperature. However, there is no crys-
talline lamellae, typical form of polymer crystal,*”! observed
in the SAXS data (cf. Figs. S8 and S9 in ESI). This phenomenon
could be rationalized with the irregular shape/size of the PEO
crystals, which is probably resulting from the complex crystal-
lization environment in the PEDOT:PSS/PEO hybrids.

Our hypothesis is supported by the following facts. First,
the PEDOT:PSS/PEO hybrids show typical conductive feature
(Table 1) and it’s inferred that the PEDOT forms continuous
conductive paths in the hybrid samples, since only PEDOT is
conductive. Second, PEO has good compatibility with
PEDOT:PSS that has been demonstrated in the previous
work.[*8 Third, the PSS is coupled with the PEDOT due to the
Coulombic interactions (Fig. 1d). Thus, it is supposed that the
PEO crystals are confined in the continuous network formed
by the coupled PEDOT and PSS. The PEDOT:PSS network was
qualitatively analyzed by fitting the SAXS data with a rod-like
model, as demonstrated by Cho et al.*3 and Zhang et al.#9:50]
Details about the SAXS data fitting could be found in Fig. S10
(in ESI).

Fig. 4(b) shows the typical fitting parameters of the rod-like
structure, with r and L indicate the radius and length values of
the rod, respectively. It should be noted that the formation of
rod-like structure would promote the formation of a PEDOT
conductive network with low thresholding value.l*9511 By ex-
amining the changes of these two parameters as a function of
temperature, it can be found that the r value increases almost
linearly from 7.3 nm at 20 °C to 8.4 nm at 40 °C and then
keeps almost constant till 50 °C. Meanwhile, the L value keeps
almost constant at 56 nm from 20 °C to 50 °C. However, when
the temperature was above 50 °C, the L value increases

https://doi.org/10.1007/s10118-023-3005-4
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Fig. 4 (a) In situ synchrotron radiation SAXS results of H/PEO30 at different temperatures: experimental data (dotted lines) and the
fitting results (solid lines). Note: for clarity reason, the curves were shifted vertically. (b) The extracted fitting parameters, radii (r) and
length (L) of the rod, from the SAXS data, based on a rod-like model. (c) Schematically illustrated microstructure changes as a response of
temperature increase from 20 °C to 40 °C. The dashed-arrow lines indicate the possible conductive paths in the PEDOT:PSS/PEO hybrids.

sharply to 586.1 nm at 56 °C and then keeps almost constant
at higher temperatures. Note: the fitted L values of 586.1 nm
exceed the detectable range of the SAXS measurements,
which should be further verified with ultra-small angle X-ray
scattering measurement that is out the scope of the present
work. By reviewing the temperature sensing behavior of
H/PEO30 (Fig. 3¢), it is inferred that the temperature sensing
capability of the hybrid samples around BT is strongly correl-
ated with the rvalues, i.e., the higher the r value the lower the
resistance value. By reviewing the WAXS data (Fig. 2), this
phenomenon could be rationalized with the fact that the
melting of PEO crystals with temperature increase endows
the PEDOT:PSS rearrangement to forge dense conductive
paths (Fig. 4c). Moreover, complete melting of PEO at 58 °C
does not made the samples’ resistivity decrease significantly,
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indicating that the continuous network formed already at
lower temperatures (Fig. 4c). The distribution of sulfur ele-
ments (representing PEDOT and PSS) in EDS data also demon-
strated the formation of conductive networks (cf. Fig. S11 in
ESI). Our hypothesis agrees with the fact that H/PEO30 has
similar resistivity values with that of H/PEO8 and H/PEO40
(Table 1), which have different loading values of PEO. In addi-
tion, the formation of continuous conductive network in
PEDOT:PSS/PEO samples has been demonstrated by Sanviti
et al. with conductive atomic force microscopy data.[25]

In the following, we fabricated a flexible device with the
H/PEO30 sample and testified its potential applications in
wearable sensor. As shown in Fig. 5(a), the H/PEO30 sample
was connected with the copper foil electrodes and then
sealed with Kapton foils in both sides, to fabricate the wear-

=238 °C
Light on

Fig. 5 Photos of the flexible wearable sensor device (a) before and (b) after wearing on the wrist; (c) Photos of the LED light showing
the temperature sensing capabilities of the as-prepared flexible wearable sensor; (d) Schematic illustration showing the potential
applications of as-prepared PEDOT:PSS/PEO hybrids in wearable temperature sensors for BT monitoring.
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able sensor. The as-prepared sensor device has good flexibil-
ity, which can be easily worn on the wrist (Fig. 5b). In addition,
by connecting the sensor with a homemade signal enlarge-
ment and logic system (cf. Fig. S12 in ESI), it is demonstrated
that the sensor shows good detection capability around the
BT change. As indicated by the LED light in Fig. 5(c), the light
turns on immediately when the temperature of the study sub-
ject reached 38 °C since the change of the sensor’s resistance.
At the same time, our devices showed good environmental
stability (cf. Fig. S13 in ESI). Similar findings have been
demonstrated by Daoud et al.52! and Yu et al53! Thus, the
change of the temperature can be visualized with the LED
light, with accuracy within £1 °C. Note: a heater was em-
ployed as the heat source rather than human wrist, for the
convenience of temperature control. The present finding in-
dicates the potential applications of as-prepared
PEDOT:PSS/PEO hybrids in wearable temperature sensors, as
schematically demonstrated in Fig. 5(d).

CONCLUSIONS

In this work, a new protocol for the scalable manufacturing of
PEDOT hybrid materials based on solid-state polymerization and
two-roll milling have been developed. The success of the PEDOT
polymerization was confirmed by the UV-Vis-NIR spectroscopy
and conductivity data. In addition, the as-prepared PEDOT
hybrids showed clear temperature responsiveness, which was
slightly influenced by the loading of the PEO content. This
phenomenon was rationalized with the temperature-
dependent in situ study results based on synchrotron radiation
WAXS and SAXS characterization. The PEDOT formed
continuous conductive paths during the sample preparation,
which were accompanied by irregular PEO crystals. The PEO
crystals’ melting resulting from temperature increase would
trigger the PEDOT chain rearrangements to form closely
packed microdomains, indicated by the radius value of the
rod. These structure features enabled the as-prepared
PEDOT:PSS/PEO hybrids temperature responsiveness around
the body temperature. Moreover, these hybrid materials
could be fabricated into flexible wearable sensors to monitor
the body temperature change. These findings would help the
design and preparation of PEDOT hybrids for their
applications in wearable sensors and so on.
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