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Electronic textiles (e-textiles) typically comprise fabric substrates with
electronic components capable of heating, sensing, lighting and data
storage. In this work, we rationally designed and fabricated anisotropic
light/thermal emitting e-textiles with great mechanical stability based
on a sandwich-structured tri-electrode device. By coating silver
nanowire network/thermal insulation bilayer on fabrics, an anisotropic
thermal emitter can be realized for smart heat management. By further
covering the emissive film and the top electrode on the bilayer, light
emitters with desirable patterns and colors are extracted from the top
surface via an alternative current derived electroluminescence. Both
the light and thermal emitting functions can be operated simulta-
neously or separately. Particularly, our textiles exhibit reliable heating
and lighting performance in water, revealing excellent waterproof
feature and washing stability.

Introduction

Developing multifunctional textile is the primary goal of smart
cloth for personalized healthcare. Generally, electronic textiles
(e-textiles) with personal thermal management (PTM) are
recognized as a new effective and energy-saving way to maintain
the temperature focusing on the human body.** A PTM device
should assure the basic needs of being wearable, washable,”®
and capable of raising the body temperature or cooling if
desired.® For personal heating, coating conductive nano-
materials on fabrics has been demonstrated to be an effective
approach via reflecting infrared radiation (IR) back to the
human body."*** Typically, silver nanowires (AgNWs) with high
IR reflection efficiency and excellent electrical conductivity are
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the most promising choice among various metallic nano-
fibers."®** Although e-textiles for PTM have been developed
rapidly, functional diversity realized on a single device is highly
desirable, which is of great significance for the facile fabrication
and long-term operation.

With an increasing demand for intelligent fabrics, the
studies on the multifunctionalization of e-textiles have been
explored recently. By integrating current electronic or opto-
electronic devices, such as nanogenerators,' sensors,'® energy
storage'” or light-emitting devices," with textile substrates,
various multifunctionalized e-textiles have been demon-
strated.”®*® For instance, Dong et al. reported a series of multi-
functional conductive hydrogel/thermochromic elastomer
hybrid fibers with core-shell segmental configuration and their
application as flexible wearable strain and temperature sensors
to monitor human motion and body/surrounding tempera-
tures.”* Chen et al. simultaneously integrated a triboelectric
nanogenerator with a light emitting diode (LED) on clothes to
achieve lighting driven by the triboelectric nanogenerator.”
Although multifunctional e-textiles have made great progress,
further simplification of the preparation process as well as the
circuit structure is in urgent need. Especially, intrinsically
producing all-in-one wearable electronics with satisfying
multiparameter management is still challenging.

Herein, we report washable multifunctional e-textiles based
on a sandwich-structured tri-electrode device. Tunable heating
effect could be realized by depositing a conductive AgNW film
on the fabric for efficient heat management. By covering the
thermal insulation film, the emissive layer and the top elec-
trode on the surface of the AgNW film, anisotropic thermal
regulation and light emission could be achieved simulta-
neously or separately on a single device. Particularly, the
fabricated e-textiles exhibited excellent waterproof features
and washing stability, benefiting from all the materials
involved in the textile device being waterproof, endowing them
with excellent application potential in smart wearable
electronics.
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Experimental
Materials

A commercially available cotton textile was used as the
substrate. Norland optical adhesive (NOA63) and ethanol were
purchased from Aladdin Chemicals. Cesium tungsten bronze
was purchased from Shunfeng Nano Technology Co., Ltd.
AgNWs were synthesized according to the previously reported
work.”® The morphology of the AgNWs is characterized and
shown in Fig. S1 (ESIt), and the average length and diameter of
the silver nanowire is 9 um and 28 nm, respectively. ZnS : Cu,
ZnS : Cu, Mn phosphors and PB were purchased from Shanghai
KPT Co. Water (18.2 MQ cm) was purified using a Milli-Q
purification system (DZG-303A).

Preparation of AgNW-polymer—fabric electrodes

AgNWs were dispersed in ethanol and then deposited onto
a pre-cleaned plastic Petri dish substrate by spray coating on
a 50 °C hot plate with a rectangle shadow mask. The NOA63
solution was poured into the plastic Petri dish, then covered
with a piece of fabric and cured by UV light. Next, the AgNW-
NOA63-fabric electrode was peeled off from the plastic
substrate and fixed with a tape for further fabrication.

Fabrication of the dual-mode electronic textile device

A mixed solution of PB (5 g) and ZnS : Cu (5 g) as the emitter was
prepared for the blue light emitting material, and a solution of
ZnS : Cu, Mn (5 g) and PB (5 g) was prepared for the yellow light
emitting material. The white light emitting material was
prepared by mixing ZnS : Cu (2 g), ZnS : Cu, Mn (3 g) and PB (5
), and their emission spectra are shown in Fig. S2 (ESIY).
Fig. S2(d)-(f)T show the CIE chromaticity diagrams with color
coordinates for all of the light emitting materials. As expected
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from the EL results, their CIE coordinates (x = 0.1636, y =
0.1728), (x = 0.5122, y = 0.4636) and (x = 0.3042, y = 0.2917)
were within the blue region, yellow region and white region,
respectively. Next, the mixed solution was spun coated onto
a AgNW-polymer electrode at a spinning rate of 3000 rpm for
50 s and cured at 60 °C for 2 h. In addition, the composition of
the light-emitting layer was confirmed by X-ray diffraction
(XRD) shown in Fig. S3 (ESIt). Then, AgNWs were spray-coated
onto the emission layer on a 50 °C hot plate with a rectangle
shadow mask. Finally, the device was dried and encapsulated
with a thin NOA63 layer to protect the device.

Characterization

The sheet resistance was measured by using a standard four-
point probe technology (ST2253 was purchased from Suzhou
Jingge Electronic Co.). The device in the lighting mode was
powered by AC power (AN97000H was purchased from Ainuo
Instrument Co., Ltd), and the luminance of the device was
measured by using a spectrophotometer PR745 (6745-1001-00).
The device in the heating mode was powered by DC power (RXN-
605D was purchased from Zhaoxin Electronic Equipment Co.,
Ltd.). All thermal images were taken by using an infrared
camera (FLIR Ti100). All electrical measurements were carried
out in an ambient air environment.

Results and discussion

Fig. 1 demonstrates the application concept and the working
principle of the wearable electronic textile device with a verti-
cally stacked sandwich structure consisting of AgNW-polymer
electrodes and ZnS-polymer emissive layer. The cross-sectional
scanning electron microscopic (SEM) image of the device is
shown in Fig. S4 (ESIt). The SEM image showed that the
thickness of the thermal insulation layer, the luminous layer

——> AgNWs-NOAG3 transparent electrode
— > Emissive layer

CsxWOs th linsulation film

AgNWs-NOAGE3 transparent electrode

Fabric support

Fig. 1

(a) Schematic illustration of the wearable textile device with lighting and heating dual-functions. (b) Schematic diagram of the device

structure and working principle of the dual-mode operation. (c) Working principle of the dual-mode device with directed thermal management

and light emission.
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and the NOA63 protective layer were about 4 pm, 12 pm and 6
um, respectively. The tunable heating effect was realized by
coating conductive AgNW film on the fabric due to the gener-
ation of joule heat when a direct current (DC) voltage was
applied on the bottom electrode (Fig. 1b).>*** By subsequently
covering the thermal insulation film, the emissive layer and the
top electrode on the surface of the AgNW film, the tunable light
emission could be achieved by applying an alternating current
(AC) between the top and the bottom electrodes (Fig. 1b). These
two functions exhibited by the fabric device suggested a smart
application in functional fabrics. To guarantee an efficient and
directed thermal management, a layer of cesium tungsten
bronze (Cs,WO;3) as the thermal insulation film was
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incorporated between the AgNW-NOA63 heating film and the
light-emitting layer to reduce any unnecessary heat loss due to
external environment and maintain the temperature focusing
on the human body (Fig. 1c).2**”

To explore the electrical heating performance of the dual-
mode device, the time-dependent temperature profiles of the
AgNW-NOA63 film (Rs = 12 Q sq~ ') under applied voltages in
a range of 1.0-3.0 V were investigated. Fig. 2a shows that the
device demonstrates almost the same fast response time under
three different applied voltages and reaches a saturation
temperature within 70 seconds. As the applied voltage increased
from 1.0 to 3.0 V, the saturation temperature increased from
37 °C to 81 °C, suggesting an obvious voltage-dependent
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Fig. 2 (a) Time-dependent surface temperature profiles of a AQNW—-NOA63 film heater (Rs = 12 Q sq~?) at different input voltages. (b) Cyclic
on—off test results for the AQNW—-NOAG3 film heater. (c) Function of the temperature on both sides of the insulation film. (d) Infrared photo-
graphs of the heater on both sides of the thermal insulation film. (e) Temperature of the heater as a function of the bending cycle.
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heating property.”® Fig. 2b shows a fast thermal response
behavior of the device, and the saturation temperature and
response time of the device exhibit almost no evident decline
during the 40 repeated heating/cooling cycles with durations of
~3 min under an input voltage of 3.0 V, indicating a high
heating stability of the device. Fig. 2¢, d show that the inside
temperature of the device is clearly higher than that of the
outside, benefiting from the Cs,WO; thermal insulation film.
Moreover, bending tests with 300 repeated cycles of two-side
bending and release process were carried out to further study
the heating reliability of the device. Fig. 2e shows that the
heating performance of the device remains stable over 300
bending cycles, confirming the excellent long-term heating
reliability of the device due to the embedding of AgNWs.
Besides the outstanding electrical heating performance, the
as-fabricated electronic textile device also demonstrated an
excellent light emission property. The as-fabricated fabric
device demonstrated a bright and uniform light emission
powered by an alternating current bias and enabled excellent
mechanical flexibility (Fig. 3a). Fig. 3b shows that the fabric
device exhibits a very stable and constant real-time luminance
upon repeated bending with a radius of curvature of 20 mm,
suggesting excellent mechanical stability and luminance
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stability. Moreover, no obvious change in luminance was
observed when the radius of bending curvature was gradually
changed, further verifying the satisfactory emission property of
the device. Fig. 3c shows that the device begins to emit light at
a bias voltage of about 100 V, and the emission intensity
increases rapidly thereafter to reach as high as 98 Cd m™? at
300 V and 400 Hz. The relationship between the relative bias
voltage and the electroluminescence (EL) intensity could be
written as the following formula:**-**

L = Loexp(—b/V'"?) (1)

where L is the brightness, V is the applied voltage, and L, and
b are constants associated with the device (the particle size of
the phosphor, the concentration of the EL powder in the
dielectric, the dielectric constant of the embedding medium
and the thickness of the emitting layer). Considering the simple
device structure, outstanding flexibility and luminance stability,
fabric alternating current electroluminescent (ACEL) devices
with patterned shapes could be rationally designed and fabri-
cated via various approaches. For example, by dipping a pen
with ZnS-polymer light-emitting layer and directly writing on
AgNW-NOAG63-fabric substrate, devices with defined shapes as
well as different colors were fabricated (Fig. 3d-f). In addition,
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(a) The flexible lighting device under a mechanically distorted state. (b) The luminance variation of the lighting device under different

curvatures and the luminance variation during 500 times bending. (c) Luminance versus alternating voltage properties of the device at different
frequencies. (d) Schematic diagram of the device patterned by the dipping pen writing. (e) Optical picture of the device patterned by the dipping
pen writing. (f) Luminescence picture of the device patterned by the dipping pen writing. (g) Schematic diagram of the device patterned by
embossing. (h) Optical picture of the device patterned by embossing. (i) Luminescence picture of the device patterned by embossing.
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Fig. 4

(a) Photograph of the device in the lighting mode. (b) Photograph of the device in the heating mode. (c) Photograph of the device both in

lighting and heating mode simultaneously. (d) The relationship between the heating temperature and the luminance of the device.

flexible devices with more complicated patterns could be ob-
tained by the embossing approach (Fig. 3g-i).

Benefiting from good stability of both heating and lighting
performances, these two functions of the device were further
investigated. When AC power was applied on the device with
a bottom AgNW electrode with a sheet resistance of 13 Q sq*,
the device was in lighting mode and emitted a bright blue light
with a surface temperature of 37 °C (Fig. 4a). In the case of
heating mode, when DC power was applied, the device emitted
no light while the temperature increased to 74 °C (Fig. 4b). If
both AC and DC power were applied, the device exhibited a high
surface temperature of 74 °C and emitted light (Fig. 4c). These
results revealed that the heating and lighting functions of the e-
textiles could work separately, and the device could simulta-
neously achieve a good heating/lighting performance. Fig. 4d
shows that the brightness of the device does not change
significantly as the surface temperature increases due to an
increase in the applied voltage, which confirms that the dual
functions perform independently without any effect on each
other when working simultaneously.

To explore the washable property of the flexible e-textiles, the
heating and lighting performances of the device after washing
for 50 cycles were investigated. Fig. 5 shows that the dual-mode
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Fig. 5 (a) Schematic diagram of the water-proof property and wash-

ability of the device. (b) Infrared photograph of the device in heating
mode in water. (c) Photo of the device in lighting mode in water. (d)
Heating performance of the device after different washing cycles. (e)
Lighting performance of the device after different washing cycles.
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device still maintains integrated structure in water and works
normally. As the washing time prolonged, the heating temper-
ature and the electroluminescence of the device almost
remained unchanged, which suggested an excellent waterproof
performance and washing stability of the flexible fabric devices,
endowing them with great application potential in functional
wearable electronics.

Conclusions

In summary, we present a waterproof and flexible sandwich-
structured tri-electrode electronic textile device with lighting
and heating dual functions. By coating silver nanowire network/
thermal insulation bilayer on fabrics, an anisotropic thermal
emitter could be realized for smart heat management with the
saturation temperature ranging from 37 °C to 81 °C as the
applied voltage was increased from 1.0 to 3.0 V. Particularly, the
inside temperature of the device was evidently higher than that
of the outside, benefiting from the Cs,WO; thermal insulation
film. On the other hand, light emitters with defined patterns
and tunable colors ranging from blue, yellow to bright white
were extracted from the top surface via alternative current-
derived electroluminescence. Both the light and thermal emit-
ting functions could be operated simultaneously or separately.
Importantly, the washable properties of the e-textiles were
studied, and they exhibited stable heating and lighting perfor-
mances in water, thereby revealing an excellent waterproof
feature and washing stability.
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