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ABSTRACT: Electrospun nanofibers with highly efficient photothermal/electrothermal
performance are extremely popular because of their great potential in wearable heaters.
However, the lack of necessary wearable properties such as high mechanical strength
and quick response of electrospun micro/nanofibers seriously affects their practical
application. In this work, a technical route combining electrospinning and surface
modification technology is proposed. The 3-triethoxysilylpropylamine-polyacrylonitrile@
copper sulfide (K-PAN@CuS) composite fabric was achieved by modifying the original
electrospinning PAN fiber and subsequently loading CuS nanoparticles. The results
show that the break strength of the K-PAN@Cu$S fabric was increased by 10 times
compared to that of the original PAN@CuS fabric. Furthermore, the saturated
temperature of the K-PAN@CuS fabric heater could reach 116 °C within 15 s at a
relatively low voltage of 3 V and 120.3 °C within 10 s under an infrared therapy lamp
(100 W). In addition, due to its excellent conductivity, such a unique structural design
enables the fiber to be closely attached to the human skin and helps to monitor human
movements. This K-PAN@CuS fabric shows great potential in wearable heaters,
hyperthermia, all-weather thermal management, and in vitro physical therapy.

KEYWORDS: electrospinning; strain sensor; electrothermal/photothermal conversion;
CusS; wearable fabric
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1 Introduction

More and more researches are focused on flexible and
wearable devices due to their potential applications in the
fields of intelligent control of temperature, energy
devices, sensor devices, health treatment, electrothermal
therapy, etc. [1-4]. In recent years, wearable flexible
heaters receive extensive attention as they require small
size, lightweight, low cost, low power consumption, high
strength, fast response speed, and durability to be used in
various environments [5-7]. To meet the demands for
those material properties during daily use, researchers are
committed to developing multifunctional materials [8-9].
For instance, in the past decade, the performance of
flexible optoelectronic devices has been significantly
improved in the areas of energy storage, energy
conversion, motion detection, and health therapy [10—12].
Nevertheless, comfort and wear resistance still need to be
further improved. However, the inherent rigidity of film-
based wearable devices limits their broad applications in
wearable devices. To this end, various research
approaches have been taken to develop fabric-based
wearable electronic devices with varieties of conductive
nanomaterials such as graphene, carbon nanotubes
(CNTs), copper sulfide (CuS), and gold nanowires
[13—17]. It is worth noting that CuS has been widely used
in the field of energy conversion due to its high
good

conversion performance, low cost, and simple preparation

conductivity, photothermal/electrothermal
[18-20]. Therefore, it is of great significance to study all-
weather flexible electronic devices not only with good
photothermal/electrothermal ~ conversion and  wear
resistance, but also with synergistic light and electric
heating effects designed using nano-CuS as the functional
filler. Meanwhile, this research also provides an effective
reference for designing safe and durable wearable heaters.

With the wide application of electricity in life, heaters

with Joule heating performance are becoming more and

more popular. The preparation of wearable heaters with

lightweight, fast voltage—temperature response, low

voltage drive, good stability, and temperature
controllability has become a research hotspot in the field
of electrothermal wearable materials. Materials often used
as conductive fillers include carbon materials (e.g.,
graphene and CNTs) [21-24] and metal nanoparticles
(such as gold nanowires, silver nanoparticles, and copper)
[25-29]. Zhang et al. [30] fabricated cotton fabrics coated
with the prepared MXene, which exhibited excellent
electrical conductivity, and their surface temperature
reached 122 °C at 5V, showing good thermal effect at a
Fan et al. [31] added CNTs into

poly(amide—imide) (PAI) to prepare conductive polymer

low voltage.

composites. Xu et al. [32] prepared cotton fabrics with
excellent electrical and thermal conductivities by coating
silver nanoparticles (AgNPs) and MXene. The surface
reached (23.4+
1.7) Q/sq, and the surface temperature could reach 78 °C
within 96 s under the driving voltage of 17.5 V. The
fabric exhibited excellent electrical conductivity and

resistance of the prepared fabric

electrical heating performance. Wang et al. [16] combined
the composite layer of polydopamine (PDA)@CNT/
AgNPs@CNT/PDA@CNT with the modified polyester
fabric substrate to produce a flexible wear-resistant
electronic fabric. The surface temperature reached 117 °C
within 50 s under a voltage of 1.5 V. Although excellent
Joule heating performance has been revealed in previous
studies, high driving voltage and slow voltage response
indicate the inability of those materials to meet the
requirements of wearable heaters for safety and low
energy consumption. Therefore, it is very important to
prepare electric heaters with fast voltage—temperature
response and low voltage drive.

Today and even in the future, humans will face a
serious energy crisis, and the full utilization of energy has
become a hot topic in related researches. This has also
promoted the research and development of related
scholars in the field of photothermal wearable materials.
Cheng et al. [33] prepared a CuS/PDA-coated cotton
fabric by chemical surface deposition providing excellent
photothermal conversion and photocatalytic performance,
which could quickly reach 90 °C in the light of a laser
lamp with the density of 2 W-cm 2. Ren et al. [34]
prepared silk fabric (SF)/chitosan quaternary ammonium
salt (QCS)/CuS fabrics by treating SFs with CuS
nanoparticles. The results showed that the prepared
fabrics had almost perfect photothermal conversion effect
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and the surface temperature could be rapidly increased to
98 °C under the laser irradiation with a density of
700 mW-cm™2. However, the addition of conductive
fillers
degradation

often leads to the mechanical performance
of fibers. With detail,
photothermal materials on the fabric surface are easy to

attention to

fall off during the long-term use, which will seriously
deteriorate the performance of materials. In this context,
developing flexible wearable intelligent fabrics with both
high strength and excellent conductivity has important
research value.

Meanwhile, the electrical driving methods of high-
strength heaters based on flexible fabrics have been
developed in recent years, which are used in the fields of
electromagnetic interference shielding, human health
physiotherapy [35-36], motion sensing [37], wearable
those
their
remarkable electrical heating performance without a

electric heating clothing, etc. However,

electrothermal  heaters cannot demonstrate
power supply. Therefore, the development of fabric-based
wearable heaters with fast thermal response, wide
temperature range, and pluralistic driving energy source is
crucial to adapting to various weather environments.
Electrospinning, a general technology for the
preparation of micro/nanofibers, has many excellent
properties such as large surface area, high aspect ratio,
flexible

morphology [38—41]. At the same time, electrospinning

surface function, and adjustable surface
has attracted widespread attention because of its simple
operation and low cost. The porous electrospun fiber
membrane has been proven to be a substrate for flexible
devices with good air permeability. Among many
electrospun polymers, polyacrylonitrile (PAN) is widely
used due to its fiber formation, chemical stability, and
corrosion resistance. On the other hand, with the rapid
development of next-generation electronic devices,
advanced thermal management has become the key to
ensuring safe operation [42-44]. In general, crystalline
materials such as metals, carbon-based materials and
ceramics have high thermal conductivity [45]. However,
the inherent rigidity itself of those materials hinders the
further application of flexible electronics. To overcome
this obstacle, nanocomposites composed of the insulating
polymer matrix and inorganic fillers with high thermal
conductivity are usually used to prepare flexible
composites that integrate the mechanical stability of
polymers and the high thermal conductivity of inorganic

fillers [45—46]. In this study, CuS was in situ deposited on

a electrospun PAN fabric by the chemical bath method
(the optimal conditions for depositing CuS on a fabric by
the chemical water bath method were completed in the
previous study of the research group). The optimal ratio of
CuS selected in this study was 3 wt.% (not repeated
hereafter), and the PAN fibers were modified with the
silane coupling agent, 3-aminopropyltriethoxysilane
(KH-550). The uniform dispersion and firmness of CuS
loaded on the fabric were significantly improved owing to
the existence of intermolecular hydrogen bonds. The
K-PAN@CuS reinforced electrothermal composites with
high conductivity and good chemical stability were
prepared. The application of K-PAN@CuS composites in
intelligent wearable heaters and health monitors was
studied from the perspective of the KH-550 crosslinking.
The strength of the PAN@CuS fabric modified by
0.1 wt.% KH-550 was 1053% higher than that of the
unmodified PAN@CuS one. Under a driving voltage of
3V, the surface temperature of this compound rose
rapidly to 116 °C within 15s. This composite reveals
excellent performance of low voltage, fast response, and
high-efficiency electrothermal conversion. In addition, the
excellent conductivity exhibited in this study endows K-
PAN@CuS-containing devices with great application
potential in the field of wearable smart sensors.

2 Experimental

2.1 Materials

PAN and KH-550 (analytical grade) were purchased from
Nanjing Sandong Yousuo Chemical Technology Co., Ltd.
Pentahydrate copper sulfate (CuSO4-5H,0, = 99%) and
sodium thiosulfate pentahydrate (Na,S,03-5H,0, = 99%)
were from Xilong Scientific Co., Ltd., and acetic acid
(CH3COOH, 99.5%) was from Komio Chemical Reagent
Co., Ltd., Tianjin. All these reagents were used directly
without further purification. The deionized water used in
this experiment was prepared in laboratory.

2.2 Instruments and characterization

The morphology and microstructure of the K-PAN@CuS
fabric were observed by scanning electron microscopy
(SEM) with an FEI Quanta 250 FEG microscope (USA).
Possible functional groups in the sample were detected by
Fourier transform infrared spectroscopy (FTIR) with a
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spectrometer (Nicolet 560, Thermo Fisher Scientific,
USA). X-ray diffraction (XRD) spectra were recorded
using an X-ray diffractometer (DX-2700, Dandong
Haoyuan Instrument Co., Ltd., China) in the 26 range of
10°=70°. The resistivity of the sample was measured with
a digital multimeter. The tensile strength and elongation at
break of the samples were tested with an EUT2203
electronic universal tester. The sample to be tested was
cut into a certain size (6 cm X 1 cm), and the thickness of
the spline was tested with a digital millimeter. Three
points were taken for each spline to calculate its average
thickness, and each sample was tested five times.

2.3 Preparation of PAN fabrics

PAN
dimethylformamide (DMF) at room temperature under

(3.6 g) was dissolved in 27.4 g solution of

magnetic stirring for 3 h to form a homogeneous spinning
solution with the solid PAN content of approximately
12 wt.%. This precursor solution was then transferred into
a 10 mL plastic syringe. The PAN fabrics were thereafter
obtained by double-needle electrospinning for 9 h under
following conditions: the applied voltage was 20 kV, the
distance between the needle and the aluminum foil
receiver was 10 cm, the feeding speed was 1 mL-h™!, and
the ambient temperature and the humidity were controlled
at 25 °C and 40%, respectively.

2.4 Surface modification of PAN fabrics

The acetic acid solution was first prepared with a
of 0.25%. Then
0.25 wt.% acetic acid solutions of 100 mL each were
added with 25, 50, 100 and 250 mg of KH-550,
respectively. After KH-550 was completely dissolved by

concentration four pre-prepared

stirring with a magnetic stirrer for 1 h, the electrospun
PAN fabrics were separately immersed in above solutions
and left for 30 min aiming at modification. Finally, the
PAN fabrics with different modification conditions were
dried in a constant-temperature oven at 90 °C for 1 h, and
the obtained fabrics were hereafter denoted as K-PAN-25,
K-PAN-50, K-PAN-100, and K-PAN-250, respectively.

2.5 Preparation of K-PAN@CusS fabrics

K-PAN@CuS fabrics were prepared by a simple water
bath deposition method. Briefly, a certain amount of
CuS0y4-5H,0 and Na;S,03-5H,0 weighed at a molar ratio

of 1:1 were added into deionized water. Then the

modified PAN fabrics were immersed into the beaker
containing above solution and slowly heated to 80 °C for
2 h. The K-PAN@CuS fabrics with different contents of
KH-550 (0.025, 0.05, 0.1, and 0.25 wt.%) were finally
prepared by sonication for 3 min and dried at 60 °C for
I h, which were hereafter denoted as K-PAN@CuS-25,
K-PAN@CuS-50, K-PAN@CuS-100, and K-PAN@CuS-
250, respectively. A schematic diagram for the
modification of the K-PAN@CuS fabric is shown in
Fig. 1.

PAN fabric

K-PAN fabric K-PAN@CusS fabric

. 4

Deposition
of CuS

Fig.1 Schematic demonstration for the preparation of the K-
PAN@CusS fabric.

Modification
of KH-550

2.6 Electrothermal and stability characterization

Firstly, the as-prepared K-PAN@CuS fabric was cut into
a rectangular shape of 3 cm x 2 cm. Then, two conductive
clamps were fixed firmly at both ends of the K-
PAN@CuS fabric and placed horizontally on a foam
board to eliminate the heat dissipation during heating. The
electric heating performance of the K-PAN@CuS fabric
under a specific voltage was also studied using a power
supply (MS-155D, Maxon), and an infrared thermal
imager (FLIR, E60) was used to record temperature
change of the sample surface. Furthermore, the distance
between the thermal imager and the experimental sample
was always maintained at 30 cm.

2.7 Photothermal characterization

The K-PAN@CuS fabric (4cm X 4cm) was placed
horizontally on a melamine plate. Afterwards, an infrared
therapy lamp (100 W) was used as the light source to
vertically irradiate the sample, and the temperature change
of the sample surface was recorded by an infrared thermal
imager (FLIR, E60).
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3 Results and discussion

3.1 Preparation and characterization of K-PAN@CuS
fabrics

Generally, weak interaction between PAN fibers may lead
to unsatisfactory mechanical properties of the fibers.
Therefore, it is necessary to modify PAN fibers in order to
improve their strength. KH-550 is a typical coupling
agent, the surface of which contains a great number of
functional groups that can achieve the purpose of
modifying the matrix material. The preparation process of
the K-PAN@CusS fabric is shown in Fig. 1. As mentioned
above, there are possible changes in the above preparation
process, which are also revealed in Fig. 2. Firstly, the
alkoxide group (—OCH,CH3) in the silane coupling agent
KH-550 was hydrolyzed into the hydroxyl group (—OH)
under acidic conditions [47]. Secondly, the nitrile group in
PAN fibers interacted with the amino group in KH-550.
Finally, the nitrile and hydroxyl groups in partially cross-
linked PAN fabrics were combined with Cu?' by
coordination, thus firmly depositing CuS particles on the
surface of PAN fabrics [48]. The whole formation process
of CuS nanosheets could generally be recorded as Eqgs.

(1H-03):

$,0%3” +H,0 — SO +H,S (1)
2+ +
H,S + Cu“" — CuS | +2H 2)
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Fig. 2 Schematic illustration of the CuS deposition on the
PAN fabric.

nCuS — (CuS), 3)

The FTIR spectra are illustrated in Fig. 3(a). For the
original PAN, the band at 3436 cm™! is assigned to the
—OH stretching vibration mode, while the band at
2248 cm™! is associated with the C=N stretching
vibration. The distinct peak at 2924 cm™! is related to the
C—H stretching vibration. The absorption band appears at
1450 cm™! due to the bending deformation of C—H [48]. It
should be noted that after the treatment with KH-550,
new bands can be seen in the K-PAN fabric. The
characteristic ~CN peak at 2248 cm™! is weakened, which
may result from the modification between the PAN fiber
and the KH-550 couple agent. Besides, the bending at
617 cm™!
However, the peak at 2248 cm™! is weakened or even

corresponds to the Cu—S bending mode.

completely disappears due to the interaction between Cu2*
and —CN groups [48], which also strongly proves the
successful preparation of the modified K-PAN@CuS
fabric. To further analyze the crystalline structural change
under the modification by the coupling agent KH-550,
XRD was performed and the results are shown in
Fig. 3(b). It is observed that all samples have diffraction
peaks at 20 = 17° [49-51] that correspond to the
crystallization peaks of the PAN fabric, implying that the
crystal structure of the PAN fiber is unchanged after the
KH-550 modification and the
Furthermore, seven additional diffraction peaks at the 26
values of 27.8°, 29.5°, 31.9°, 32.9°, 47.9°, 52.7° and 59.3°
are derived from (101), (102), (103), (106), (110),
(10 8)and (1 1 6) planes, respectively, consistent with the
standard data of CuS (JCPDS card no. 06-0464) [14,52].
The morphology of the PAN fabric with a diameter of
(110 +£20) nm is revealed in Fig. 4(a). The original PAN
fiber with smooth surface and nanoscale size could be

CuS  deposition.

prepared by electrospinning. For the K-PAN fabric after
the modification, its surface becomes rough and the fibers
become thicker due to the presence of silanol groups
formed by the dehydration reaction between KH-550 and
hydroxyl groups absorbed onto the PAN fabric. It is
composed of partially cross-linked fibers. In addition, the
K-PAN fabric, as a surface-modified material, also
provides numerous active sites for the deposition of CuS
functional nanoparticles, which is proven by Fig. 4(c) that
the K-PAN fabric surface is uniformly covered with CuS
nanoparticles chemically deposited, forming a uniform
conductive layer with the capability to enhance the
conductivity without

sacrificing the strength and
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Fig. 3 (a) FTIR spectra of original PAN, K-PAN, and K-PAN@CusS. (b) XRD patterns of original PAN, K-PAN, and K-PAN@CusS.
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Fig. 4 SEM images of (a) original PAN fabric, (b) K-PAN fabric, and (¢) K-PAN@CusS fabric. (d)(e) Elemental mapping images of

S and Cu and (f) EDS analysis result of the K-PAN@CusS fabric.

gentleness. The elemental mapping images of S and Cu in
the K-PAN@CuS fabric are shown in Figs. 4(d) and 4(e),
respectively, from which it is seen that CuS is uniformly
the K-PAN fiber. the
corresponding energy dispersive spectroscopy (EDS)
analysis result of the K-PAN@CusS fabric, as presented in
Fig. 4(f), also confirms the successful coating of CuS
nanocrystals on the modified K-PAN fabric.

deposited onto Moreover,

3.2 Mechanical performances of K-PAN@CusS fabrics

It has important application value to evaluate the
mechanical performances of the fabrics. Figure 5(a)
reveals the tensile mechanical properties of the composite
fabric membranes. Compared with that of the original
PAN fiber, the strengths of all K-PAN fibers are
enhanced. It is notable that the strength of the PAN fiber
modified with 0.1 wt.% KH-550 reaches 9.31 MPa. Since

the strength of the original PAN fabric is only 3.36 MPa,
the strength of this modified fiber increases by 177%,
while its elongation at break also increases by 42%. The
improvement of the fabric strength is mainly related to the
force among fibers modified by the silane coupling agent
KH-550. After the chemical deposition of CuS, the
strength of the K-PAN@CuS fabric first rises and then
drops with the increase of the modifier concentration, as
shown in Fig. 5(b). It is observed that the K-PAN@CuS-
100 fabric has the best mechanical performance among all
K-PAN@CuS samples, with the strength and the
elongation at break of 5.65 MPa and 18%, respectively,
needless to say, much higher than those of the pristine
PAN@CuS fabric with the break strength of 0.49 MPa
and the elongation at break of 11%. The intrinsically good
flexibility and mechanical strength of PAN as well as the
interfacial interactions between KH-550 and PAN render

the K-PAN@CuS-100 fabric excellent flexibility
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Fig. 5 (a) Stress—strain curves of untreated and treated PAN fiber with different concentrations of KH-550. (b) Stress—strain curves
of untreated and treated PAN@CusS fiber with different concentrations of KH-550. (¢) Stress—strain curves of PAN, PAN@CuS and
K-PAN@CuS. (d) Photograph of 0.103 g K-PAN@CuS-100 nanofiber membrane withstanding a weight of 100 g.

including bendability, foldability, twistability, and even
rollability. It is also detected from Fig. 5(d) that the
lightweight K-PAN@CuS-100 film of only 0.103 g easily
hold a weight of up to 100 g without breaking, further
demonstrating its high mechanical strength.

3.3 Electrothermal characterization of K-PAN@CuS
fabrics

Because the electrospun PAN fabric is an electrically
insulating material, the chemical deposition of conductive
particles can be considered to improve its conductivity.
The densities and firmness of CuS deposited on the
fabrics with different modifier concentrations are
obviously different (Fig. S1(c)). Figure 6(a) shows that
with the increase of the KH-550 content from 0 to
0.25 wt.%, the conductivity of the sample upgrades from
21.3 to 247.3 S'm"!. Meanwhile, the weight gain rate of
the K-PAN@CuS fabric is also found to rise from 71% to
128% as depicted in Fig. S2. All these results show that
the K-PAN@CuS fabric
conductivity, providing the potential in the manufacture of

has excellent electrical
Joule-heated electric heaters. Besides, considering the

effect of the KH-550 content on the strength of

K-PAN@CuS fabrics, the K-PAN@CuS-100 fabric is
selected as the representative of the next feature of those
K-PAN@CuS fabrics. Figure 6(b) shows time-dependent
variations of temperature for K-PAN@CuS-100 at
different driving voltages (0.5-3 V). It is seen that the K-
PAN@CuS-100 fabric has an extremely rapid response to
the electrothermal conversion, and the surface temperature
rapidly reaches saturation in around 15s. The electric
heating fabric shows a steady-state temperature as high as
116 °C at a low voltage of 3 V. Furthermore, the surface
saturation temperatures of the sample reach 28.1, 34.2,
43.6, 56.1 and 73.3 °C at the voltages of 0.5, 1, 1.5, 2 and
2.5 V, respectively, based on which it can be deduced that
the surface saturation temperature increases sharply with
the voltage rise. To achieve the comfort of the electric
heating fabric, it is necessary to realize the real-time
controllability of the heating temperature. Therefore, the
sensitivity of the heating process is an important
parameter of the flexible electric heater. Figure 6(c) shows
the instantaneous temperature evolution of the K-
PAN@CuS-100 fabric under different driving voltages, in
which the illustrations depict the surface temperature
distributions of the K-PAN@CuS-100 fabric when the
stable.

temperature is The fabric can achieve a
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Fig. 6 (a) Experimental measurement of the conductivity for K-PAN@CuS fabrics with different concentrations of KH-550 (inset is
an LED bulb lit up using the K-PAN@CuS-100 conductive wire). (b) Transient temperature evolution of the K-PAN@CuS-100 fabric
at various voltages. (¢) Instantaneous temperature evolution process of the PAN@CuS-100 fabric at various voltages. (d) U-/ and

(e) T-U2 curves of the K-PAN@CuS-100 fabric.

controllable temperature range of 28—116 °C in the low-
voltage range of 0.5-3V, implying a high response
sensitivity. The infrared thermal imaging in this work
reveals the uniform temperature distribution on the
surface of the K-PAN@CuS-100 fabric, which has a wide
application prospect in the field of intelligent control on
wearable devices.

The fine linear relationship between voltage and current
in Fig. 6(d) indicates the temperature controllability of the
material as a flexible electric heater. It is an important
indicator to guarantee the safe working of wearable
heaters in the human body. The linear fitting of U? and the
surface saturation temperature 7 in Fig. 6(e) provides the

the saturation
temperature at a specific voltage. The lower driving
voltage of the K-PAN@CuS-100 fabric can ensure safety
of the wearing process.

possibility of accurately predicting

To better understand the mechanism of electrically
driven Joule heaters, the electrically heating response for
the K-PAN@CuS-100 fabric was analyzed in detail.
According to the energy balance theorem, the saturation
temperature of the heater was evaluated. In brief, the
saturated surface temperature would be obtained when the
dissipated power through the Joule heater became equal to
the energy loss by conduction, radiation, and convection.
Specifically, the temperature of the nanofiber would be
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calculated through the following equation:

U? dr
— =mc— +hA(T - T))

R dr @

where U is the supplied voltage, R is the resistance of the
heating device, ¢ is the specific heat capacity, m is the
weight of the compound, T is the saturated temperature of
the film surface, Tj is the original temperature, ¢ is the
heating time, A4 represents the effective heating area, and 4
is the heat-transfer coefficient. According to Eq. (4), the
surface temperature (7) of the K-PAN@CuS-100 heater
can be obtained by linear fitting on U2 [53].

In addition, the stability and wear resistance of the
electrothermal  conversion are important factors
influencing the reuse of the K-PAN@CuS-100 fabric.
Figure S3 shows the resistance changes of the K-
PAN@CuS-100 fabric during the bending at different
angles (Fig. S3(a)) and during the multiple bending to the
same angle of 90° with different cycle numbers (Fig.
S3(b)). The test results indicate that the fabric resistance
does not change significantly with the variations of the
bending angle and the bending cycle number, implying its
excellent resistance stability. Figure 7(a) reveals the
repeatability test result of the K-PAN@CuS-100 fabric

through 15 switching cycles at an applied voltage of 3 V.
It can be seen that when the same voltage is repeatedly
applied, the saturation temperature of the material surface
responds quickly, and the curve remains
15 cycles. Figure 7(b) shows
temperature—time curves of the sample at the first, fifth,
tenth, and fifteenth cycles, which almost coincide,
that the has excellent heating-
temperature reproducibility and durability. Figure 7(c)
shows the long-term temperature-time curve of K-
PAN@CuS-100 recorded in the test duration of 1 h. It is
detected that the saturation temperature of the material
fluctuates at (118 +£3) °C under the driving voltage of
3V, showing the potential for long-term heating with
stability.

almost
unchanged during

meaning sample

In the application of flexible wearable electric heaters,
the influence of the bending mode on electric heating
behaviors of the material should be considered as an
important factor. Figure 8(a) shows a photograph and
corresponding infrared (IR) images of the K-PAN@CuS-
100 fabric under different bending modes. It is clear that
the surface temperature of the electric heater does not
change significantly at 2 V, which means that the bending

mode does not have an obvious influence on the
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Fig. 7 (a) Electrothermal cycling stability of the K-PAN@CuS-100 fabric at an applied voltage of 3 V. (b) Electrical heating stability
during the 1st, Sth, 10th, and 15th cycles at 3 V. (¢) Long-term heating test result for the K-PAN@CuS-100 fabric at 3 V and

corresponding IR images.
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Fig. 8 (a) A digital photo and IR camera images of the as-prepared K-PAN@CuS-100 fabric under different bending modes.
(b) Electrothermal wearable performance of the K-PAN@CuS-100 fabric under 2 V.

temperature distribution of this fabric, indicating its
excellent Joule thermal stability and uniform heating
performance. It is worth noting that the surface
temperature of the K-PAN@CuS-100 electric heater
rapidly reaches 55 °C at a relatively low driving voltage,
indicating its application potential in the area of wearable
Joule heaters. Therefore, in this study, we provide the
prepared K-PAN@CuS-100 fabrics (4 cm X 6 cm) for
wearable devices to be worn on stomach, cervical
vertebrae, arm and wrist for thermal therapy. Figure 8(b)
presents IR images of fabric devices worn on the body,
indicating that the surface temperature increase rapidly
from 25 to 52 °C within 15 s under the relatively low-
voltage drive of 2 V, regardless of the fabric shape. The
above experiments prove that the K-PAN@CuS-100
fabric, as an electric heater, has fast temperature response
and precise temperature control, which can achieve local
temperature thermotherapy, suggesting its feasibility of
the application in wearable devices for thermal therapy
and body warming.

3.4 Application of K-PAN@CusS fabrics in flexible
wearable strain sensors

Another noteworthy aspect of the K-PAN@CuS-100
fabric is its promising application in flexible strain
sensors. As shown in Fig. S4, the (R—Ry)/Ry value of the
fabric increases with the enhancement of the strain, owing
to that the density of CuS conductive particles rises while
the resistance drops during the stretching process. To
further investigate the potential application of the
K-PAN@CuS-100 fabric as a strain sensor, the gauge

factor (GF) of the material was tested by Eq. (5) [54-55]:

_R-Ry

GF
R08

®)
where R is the resistance in the stretched state, Ry is the
initial resistance, and ¢ is the applied strain. The result
shows that there is an obvious linear relationship between
(R—Ry)/Ry and the strain of the material. By calculation,
the GF value of the fabric 5.22 is obtained, which
indicates that the K-PAN@CuS-100 fabric has high
sensitivity. Some demonstration experiments have been
carried out to reveal the sensing capability of the
K-PAN@CuS-100 fabric with the
corresponding curves of (R—Ry)/R versus time depicted in
Fig. 9. It shows that the K-PAN@CuS-100 fabric as a
sensor mounted on the mask has the capability to detect

sensor resulted

resistance changes in the breathing rate at different times.
These tests are applicable to detect both weak stresses
(normal breath, deep breath, swallow) and intense
exercises (finger bending, wrist bending, elbow bending).
For instance, as shown by Figs. 9(a) and 9(b), the sensor
can be attached onto the mask easily for the recognition of
different breathing patterns of the human body. In
addition, the K-PAN@CuS-100 fabric sensor can also
identify large movements. Moreover, the K-PAN@CuS-
100 fabric sensor has been attached to elbow, wrist and
finger for bending recognition. Figures 9(d) and 9(e)
depict curves of (R—Rg)/Ry versus time that reflect the
response from different parts of the body. It is observed
that with the increase of the deformation, there is an
increment of the relative resistance change. After the
completion of different actions, the sensor shows high
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Fig. 9 Detection of various human motions using the wearable K-PAN@CuS-100 strain sensors with resulting photographs and
corresponding signal variations from wearable sensors to reveal (a) normal breath, (b) deep breath, (¢) swallow, (d) finger bending at

30°, (e) wrist bending, and (f) elbow bending.

flexibility and reliability for the human motion detection.
In order to better evaluate its durability and reliability, the
fabric has been subjected to finger bending at 30° for 200
cycles. As shown in Fig. S5, the (R—Rg)/Ry signal
possesses high regularity and consistence. From above
results, it can be seen that CuS endows the PAN fabric
with intelligent sensing, excellent strength, and wearable
application. The strain sensor assembled by this material
thus has great application value in personal motion
feedback and patient rehabilitation.

3.5 Photothermal performance

CuS nanoparticles have been proven to own the
consummate photothermal conversion ability [53], which
endow PAN fabrics
photothermal performance. This is an effective way for

is hoped to with excellent
Joule heaters to meet the needs of heating applications
when there is no power supply. In this work, the
photothermal ability of the K-PAN@CuS-100 fabric
(4 cm x 4 cm) has been revealed by its exposure to an IR
therapy lamp with the power of 100 W, and Fig. 10(b)
presents surface temperature—time curves of the K-
PAN@CuS-100 fabric at different distances away from
the irradiation, which indicates the rapid photothermal
response as well as the negative correlation between the

saturation temperature of the fabric and the light source

distance away from the fabric. The saturated temperature
of K-PAN@CuS-100 can reach up to 120.3 °C within
10 s at a distance of 30 cm, and then quickly drops to the
air temperature once the light source is turned off.
Additionally, when the distance between the K-
PAN@CuS-100 fabric and the light source is up to 50 cm,
the surface saturation temperature can still reach 70.3 °C
in just 10 s. Compared with those of some fabrics reported
in recent years, the K-PAN@CuS-100 fabric revealed in
this
performance, which are summarized in Table S1 [56-60].

work has improved photothermal conversion
Figure 10(c) presents IR images depicting distribution of
the saturation temperature on the fabric surface at
different distances away from the light source. When the
photothermal conversion fabric (6 cm x 6 cm) is worn on
the knee, its temperature increases to 56.7 °C at a distance
of 80 cm from the irradiation, as illustrated in Fig. 10(d).
Cyclic heating and cooling tests have also been carried
out to investigate the photothermal stability of the K-
PAN@CuS-100 fabric. It is observed from Fig. 10(e) that
the surface temperature of the fiber responds rapidly and
there are nearly overlapped cycle curves till the 10th
light heating
performance is stable. In addition, the long-term light

cycle, demonstrating that the cyclic
heating stability of the flexible fiber is also an important
reference standard for evaluating its performance. As

depicted in Fig. 10(f), the fabric surface temperature can
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Fig. 10 (a) Schematic of the K-PAN@CuS-100 fabric photothermally tested by IR therapy lamp. (b) Temperature—time curves of the
K-PAN@CuS-100 fabric at different distances from the light source. (¢) IR images of the K-PAN@CuS-100 fabric at different
distances from the light source. (d) Wearable applications of the K-PAN@CuS-100 fabric (6 cm x 6 cm) at the distance of 80 cm from
the light source. (e) Cyclic stability and (f) temperature stability of the K-PAN@CuS-100 fabric under the light for a relatively long

duration.

remain stable under light for a duration of more than
3600 s, proving its excellent heating stability.

In addition, to further study the photothermal
conversion performance of the K-PAN@CuS-100 fabric,
we put them in direct sunlight at 11:00, 14:00 and 16:00,
and the surface temperature evolution curves of the fabric
with time were recorded using a thermal imager. As
shown in Fig. S6(a), the surface temperatures of the K-
PAN@CuS-100 fabric rise rapidly and reach stabilization
within 50 s. At the time points of 11:00 and 14:00, the
steady-state temperatures of the fabric reach 50.5 and
62.3 °C, respectively. In addition, the solar photothermal

images at different time points in Fig. S6(b) show the
uniform temperature distributions on the K-PAN@CuS-
100 fabric, which further confirms its potential application
in the wearable thermal management.

4 Conclusions

In this work, photothermal/electrothermal K-PAN@CuS
fabrics-based heaters are fabricated through electrospin-
ning and chemical bath deposition. The silane coupling
agent (KH-550) is chosen as the modifier of the PAN
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fabric. The mechanical strength of the K-PAN@CuS
fabric has been greatly improved (9.31 MPa) by the
modification of the coupling agent KH-550. Compared
with the original PAN@CuS fabric, the break strength of
the K-PAN@CuS fabric is increased by 10 times.
Meanwhile, the conductive layer is located at the outer
frame, giving the fabric excellent flexible electrical
conductivity. Such a unique structural design enables the
fiber to be closely attached to the human skin and helps to
monitor human movements. In addition, the K-
PAN@CuS fabric can also be used for light/electric
heating. The saturated temperature of the K-PAN@CuS
fabric heater can reach 116 °C within 15 s at a relatively
low voltage of 3 V, while the surface temperature can
reach 120.3 °C within 10 s under the IR therapy lamp
(100 W). In summary, the K-PAN@CuS fabric exhibits
fast response, long-term stability, and stable photothermal/
electrothermal performances. This fabric with excellent
electrical and mechanical properties might have great
practical application potential in the field of wearable
electronic devices.
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