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Both thermal management and electricity generation are becoming two basic functions for next-generation
clothing integrated with wearable electronics. However, such versatile textiles with a simple design and great
comfort have been rarely reported. Here, we propose a tri-layer textile that not only realizes solar and passive
radiative warming but also harvests biomechanical energy to generate electricity. The textile is achieved by
assembling photothermal nanoparticles on an infrared-reflective and conductive fabric with a tribo-negative
polytetrafluoroethylene (PTFE) nanofiber membrane on the backside. The textile offers both a minimal ther-
mal emissivity (down to 11.0%) and a maximum solar absorptivity (up to 83.7%), effectively suppressing ra-
diation heat loss and boosting the harvested solar-thermal energy. Wearing such a textile enables a 3 °C drop of
the indoor heating setpoint compared to a cotton textile, saving 25.2-100% of building energy consumption in
ten cities worldwide. Moreover, the textile can serve as a single-electrode triboelectric nanogenerator.
Remarkably high outputs (150-352 V, 7.5-27.8 pA) can be attained upon hand touching with different forces
(14.7-44.0 N) and frequencies (0.9-3.9 Hz), which can power 41 LEDs. This textile opens a promising direction
on how to develop a multifunctional energy-saving and electricity-generation textile while keeping thermal
comfort for wearers.

1. Introduction

Clothing, a necessity of our daily life, has three basic functions
including protection, modesty, as well as warmth. In terms of the
warming function, conventional clothing can only reduce heat dissipa-
tion from the human body to the cold environment through convection
and conduction. In frigid outdoor environments, heavy clothes have to
be worn to maintain the body temperature and avoid discomfort and
even hypothermia, which are inconvenient especially for those outdoor
workers and sports enthusiasts. For indoor environments, to keep the
body warm, space heating powered by non-renewable energy is gener-
ally used, wherein the majority of the energy is wasted on heating the
space instead of the human body. According to the report of Urge-Vor-
satz et al., buildings contributed to 41% of the total energy consumption
in the US, out of which 16-28% was used for heating [1,2]. Therefore,
functional textiles that can locally achieve thermal regulation of the
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human body not only play a vital role in human comfort and health but
also contribute significantly to reducing energy consumption. Moreover,
with the popularity of wearable electronics, powering these emerging
wearable electronics is becoming another basic function of
next-generation clothing. However, so far, there are few reports on such
versatile textiles that can simultaneously achieve the two basic func-
tions, i.e., highly efficient body warming and electricity generation.
Over the past several years, functional textiles that are capable of
managing the radiation heat transfer have aroused great attention
[3-10]. In fact, thermal radiation, instead of conduction and convection,
dominates the whole heat transfer between human bodies and the
environment in most cases. It is reported that 40-60% of the heat
generated by human bodies is dissipated via IR radiation, but conven-
tional textiles such as cotton and polyesters cannot suppress radiative
heat losses due to their high surface emissivity (eexze ~ 0.90) [4,11-14].
For passive radiative warming, suppression of the human body radiation
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to the environment is the key [11]. Therefore, recently, low-emissivity
textiles were designed to block radiative heat dissipation of human
body and realize passive radiative warming effects [3-9]. Moreover,
when people are outdoors with solar radiation, the textile should make
use of solar energy by converting solar radiation into heat for body
warming. For example, in Fig. 1a, the temperatures in January of ten
major cities worldwide were listed. These cities have monthly average
ambient temperatures of about —3-16 °C, which are well below the
comfort temperature. We can also note that the solar radiation in-
tensities at noon of these cities are about 600-900 W m 2. For a typical
day in January in Beijing (Fig. 1b), the temperature is from —7 to 4 °C,
while the highest solar radiation is up to 800 W m 2. Therefore, in
general, an ideal textile that can keep the body warm in most scenarios
should satisfy two criteria: 1) the heat of the textile and skin would not
be radiated to the environment; 2) the textile can efficiently absorb
sunlight and convert it into heat.

On the other hand, wearable electronics integrated with clothing
have achieved considerable advances in recent decades to meet the re-
quirements of motion tracking [15-18], health monitoring [19-23], and
so on. Batteries can be used to power these wearable devices; however,
most of the batteries are large, heavy, non-flexible, and non-washable. In
addition, batteries need to be charged frequently. Self-powered systems
that harvest energy from the ambient environment have been demon-
strated to address these issues [24-31]. Since mechanical movement is
always involved in human activities, harvesting the ubiquitous and
constantly available biomechanical energy is another attractive strategy
for providing a continuous power. For this purpose, textile triboelectric
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nanogenerators (textile-TENGs) have been developed to harvest the
biomechanical motion of bodies [32-39]. However, the thermal comfort
of wearing textile-TENGs has never been taken into considerations,
which is a matter of health and life.

It is highly preferable if the two basic functions (radiative body
warming and electricity generation) can be integrated into commer-
cially available textiles without compromising their wearability and
comfort. To this end, in this study, we proposed a tri-layer (~140 um in
thickness) low-emissivity TENG (LET) textile that can passively keep the
body warm in both indoor and outdoor environments (solar absorption
~ 83.7%, thermal emissivity ~16.0%) and generate electricity from
body motions. The LET-textile contains a layer of photothermal titanium
nitride (TiN) nanoparticles (NPs) thin film, a conductive Cu/Ni coated
polyester fabric, and an electrospinning polytetrafluoroethylene (PTFE)
nanofiber membrane. This textile has several advantages over other
textile technologies as shown in Fig. 1c: (1) excellent warming ability
under both indoor and outdoor (under sunlight irradiation) environ-
ments enabled by both passive and solar radiative warming; (2) feasible
for large-scale fabrication and low cost due to facile fabrication
methods; (3) electricity generation from biomechanical energy through
triboelectric nanogenerators. This work proposed an effective and sim-
ple approach to develop a versatile textile that can provide thermal
comfort and generate electricity from body motions at the same time.
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Fig. 1. The concept of LET-textile. (a) The average ambient temperatures and average daytime solar irradiances in January of 10 major cities worldwide. (b) The
trend of ambient temperature and solar irradiance for one day in January in Beijing. (c) The comparison of four different textile techniques regarding 4 criteria. (d)
Schematic diagram of the proposed LET-textile to keep the body warm by both a passive approach (low thermal emissivity) and an active approach (high solar
absorptivity). The LET-textile has three layers: a photothermal TiN layer, an IR-reflective fabric, and a PTFE nanofiber layer. (e) Schematic diagram of the LET-textile

to generate electricity by human motions.



Y. Zhang et al.

2. Results and discussion
2.1. Working mechanism of the LET-textile

The solar irradiance spectrum is mainly distributed in the UV,
visible, and near-infrared (IR) range spanning from 0.3 to 4 um. Human
skin is a natural IR emitter with an ultrahigh emissivity of 98%. At the
skin temperature of 33 °C, the human body emits thermal radiation in
the mid-IR region with a peak wavelength of 9.5 pm. The LET-textile is
expected to offer a high UV, visible and near-IR absorptivity but a low
mid-IR emissivity, indicating great spectral selectivity, which is chal-
lenging especially on porous substrates. To achieve the functions of both
radiative warming and energy harvesting from body motions, we pro-
posed a tri-layer LET-textile that consists of a solar-absorbing film of TiN
NPs, an IR-reflective and electrically conductive Cu/Ni coated polyester
textile, and a PTFE nanofiber membrane. The PTFE layer is only for
energy generation purpose since PTFE is almost the most tribo-negative
material in the triboelectric series [40]. The Cu/Ni coated conductive
textile (CT) is the key to achieving two functions together in such a
simple structure. On one hand, it has a low electrical resistance (R; =
0.037 Qsq~ 1) and can serve as an electrode for TENG. On the other hand,
its high reflectivity of 97% in the mid-IR region (> 2.5 pm) is ideal in
serving as a substrate to attain a low emissivity textile. TiN nanoparticles
have strong capability in absorbing broad-spectrum solar photons
enabled by localized surface plasmon resonance and locally converting
them into heat. Colloidal TiN nanoparticles were spray-coated on the CT
to form a uniform solar-absorbing thin film [41]. As illustrated in
Fig. 1d, outdoor with solar radiation, the LET-textile keeps the body
warm by absorbing the sunlight, as well as minimizing the radiative heat
loss because of its low mid-IR emissivity. Moreover, in indoor places or
outdoor places without solar radiation, the LET-textile can passively
maintain the body temperature by suppressing the heat loss via thermal
radiation to the cold environment. In short, clothes made of the
LET-textile can be worn against the cold in various scenarios because of
the dual-ability in solar and passive warming. In addition, the breath-
ability of the textile is guaranteed as all three layers are porous or made
of fibers. The air permeability of LET-textile is 17 cm® s™! cm™2 at
pressure drop of 100 Pa (Fig. S1b in supporting information), which is
better than some other textile-TENGs [42-46]. In addition, the water
vapor can also penetrate through LET-textile, and the transmission rate
is 12 mg em 2 h™!, which is comparable to that of cotton, 13 mg em 2
h~! (Fig. Slc in supporting information).

The principle of electricity generation of LET-textile is shown in
Fig. le. The LET-textile can be actuated by skin touching and working in
the TENG single-electrode mode. PTFE is the charge-induced layer for
generating electricity. A commercial PTFE nanofiber membrane (Ster-
litech PTFE23001, 0.2 ym) (the morphology is shown in Fig. S2, sup-
porting information) is fabricated by electrospinning; therefore, the
large surface area of the membrane can greatly enhance the surface
charge density when electrification happens [47]. Specifically, the
working mechanism is schematically illustrated on the combination of
the contact triboelectrification and the electrostatic effect. When the
skin contacts the PTFE nanofiber membrane, charges will transfer from
the skin to the PTFE membrane. Once a relative separation occurs be-
tween the skin and the PTFE membrane, the negative charges on the
surface of the PTFE membrane will induce positive charges on the CT to
compensate the triboelectric charges, driving free electrons to flow from
the CT to the ground. The role of ground could be replaced by a large size
reference electrode or with the human body as the conduit [48,49]. This
electrostatic induction process can generate an output voltage/current
signal. When the negative triboelectric charges on the PTFE membrane
are completely balanced by the induced positive charges on the CT, no
output signals are produced. When the skin approaches the PTFE
membrane again, the induced positive charges on the fabric electrode
decrease, which causes the electrons to flow from the ground to the CT
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until the skin and the PTFE membrane becomes fully in contact with
each other again, resulting in a reversed output signal and completing a
full cycle of the electricity generation process. With periodic touches on
the textile, alternating electricity outputs can be continuously gener-
ated. Since the electric potential between skin and PTFE is not large
enough to cause electrostatic discharge, no discomfort will happen
during the electricity generation.

2.2. Fabrication of the LET-textile

TiN is an emerging plasmonic material. Compared to those conven-
tional plasmonic nanoparticles such as Au and Ag, TiN nanoparticles
have a broader absorption band and stronger absorption intensity in the
visible wavelength due to the larger imaginary part of the dielectric
constant as shown in Fig. S3 in the supplementary information [50]. The
plasmon resonance (the resonance wavelength, the resonance intensity,
and the bandwidth) of TiN depends on the nanoparticle size. To study
the effects of the TiN nanoparticle size on the optical performance of the
LET-textiles, we performed the Finite-Difference Time-Domain (FDTD)
simulations for the LET-textiles with TiN nanoparticles of various sizes
(20, 30, 40, 60, and 80 nm). An optimal nanoparticle size of around
30 nm was selected in this work (Fig. S4).

As shown in Fig. 2a, the solar-absorbing thin film made of TiN
nanoparticles was spray-coated on the plasma-treated hydrophilic CT.
Then, the CT and the PTFE nanofiber membrane were attached together
by hot pressing with a small amount of adhesive fabric. The use of ad-
hesive fabrics does not affect the air permeability of the textile since it is
a highly loose fusible nonwoven fabric with pores of hundreds of mi-
crometers (Fig. S5). In addition, the air permeability of adhesive fabrics
(430 cm® s em™2) is much higher than LET-textile (17 em®s~ ! em™2).
Both the uniformity and thickness of TiN nanoparticle film are of critical
importance to the optical performance of the textile [41]. However, it is
technically challenging by spray-coating to achieve such a nanoparticle
film, because the pristine morphology of the CT textile is quite rough,
and its wettability is poor. To address these problems, O5 plasma was
employed to improve the surface hydrophilicity, and the coating process
was performed at an elevated temperature (60 °C) to accelerate the
solvent evaporation. Then, desired TiN nanoparticle thin films can be
achieved by optimizing the coating parameters, such as the coating
cycles (or runs), the flow rate, the nozzle height, the nozzle speed to
name just a few (Fig. S6).

By using this scalable fabrication process, a large-area textile (0.3 x
0.3 mz) was produced (Fig. 2b). By wearing the LET-textile (Fig. S7), the
human body can achieve a comfortable temperature of ~ 40 °C on a
winter day (air temperature of 17 °C) with weak sunlight (300 W m’z).
In Fig. 2c and d, the SEM images show that TiN nanoparticles are con-
formally coated on the CT fabric yarn and form a uniform and smooth
thin film, which is also confirmed by the EDX mapping results (Fig. S8).
The TiN nanoparticles in this study were ball-milled together with the
propylene glycol methyl ether acetate (PGMEA). After being coated, the
nanoparticles can be bonded by the PGMEA tightly so that they cannot
fall off from the textile. Moreover, the rough surface of the textile is also
beneficial for anti-abrasion. As shown in Fig. 2e, at a flow rate of
0.1 ml min~}, the absorptivity spectra of textiles’ outer surfaces gradu-
ally change with the increase of the coating run. More importantly, all of
them show spectral selectivity as expected: high absorption for shorter
wavelengths and reduced absorption for longer mid-IR wavelengths, as
shown in Fig. 2f. The absorption spectrum of the textile’s inner surface is
shown in Fig. S9, supporting information.

To quantitatively evaluate the overall optical performance of the
textiles of different processes, their spectrally averaged solar absorp-
tivity asoiqr and thermal emissivity ¢ were calculated. The agqr Was
defined as:
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Fig. 2. Fabrication process, morphology and optical performance of LET-textile. (a) Fabrication process flow of the LET-textile. (b) Demonstration of a large-area
(0.3 x 0.3 m?) LET-textile on a human body in a cold environment. (c) SEM image of the LET-textile (the conductive textile side). (d) High-resolution SEM
image of the TiN nanoparticles. (e) Absorptivity/emissivity spectra of LET-textiles coated with TiN nanoparticles for different coating runs. (f) Absorptivity/emis-
sivity spectra of both the LET-textile coated with TiN nanoparticles for 50 runs and the black cotton, together with the AM 1.5G solar spectrum, as well as the
radiation spectrum of a human body with a skin temperature of 33 °C. (g) Spectrally averaged solar absorptivity a, thermal emissivity ¢ at 33 °C, and the solar-
thermal energy conversion efficiency #qr-tn at a typical January day (at 11:00 am) in Beijing, when the solar irradiation intensity is 0.57 sun and the ambient
temperature is —1 °C. (h) IR photographs of LET-textile and black cotton on a hot plate (37.5 °C). The ambient temperature is 25 °C. (i) Comparison of both the solar
absorptivity and the IR emissivity between our LET-textiles (50 and 30 runs) and reported textiles, including Ge/Au/nPE [3], Ag/nPE [6], Cu/nPE [4],
ZnNPs+CuNPs/nPE/Al [7], Mo-MoO,/cotton/Cu [8], and MXene/nPE/cotton [9]. The solar absorptivity for Ag/nPE and Cu/nPE are calculated from Ag and Cu film,
respectively. The data for MXene/nPE/cotton are calculated from its absorption spectrum.
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and the ¢ was defined as

20um
oz e(A)E, (4, T)dA
e(T) = =V (2)
Here AM15(A), Ep(2, T), asoiar(4), and e(4) represent the spectral solar
power (AM; 5), the emission power of a blackbody with a temperature T,
the solar absorptivity, and the emissivity at the wavelength 1, respec-
tively. ¢ is calculated at a typical skin temperature of 33 °C [5]. As
shown in Fig. 2f and g, the LET-textile of 50 runs manifests both a high
Asolar Of 83.7% and a low e33-¢ of 16.0%. As a comparison, the black
cotton shows a lower asjqr 0f 65.1% due to the narrow solar absorption
band, as well as a much higher e33 -¢ of 90% owing to its strong mid-IR
absorption. The black cotton was chosen as the control sample since
cotton is one of the most common textiles and black color offers the

highest visible light absorptivity among different colors.
To compare the solar warming ability of the LET-textile and black
cotton, we calculated their solar-to-thermal energy conversion effi-

ciency #solar-th Using the following equation [51]:

o(T* — To*Y)

3
C x Imlar ( )

r’mlarfrh(T) = Osolar — €

where I;qr is the intensity of AM 1.5 G solar power, i.e., 1000 W m2C
is the solar concentration, and Ty is the ambient temperature. Taking a
typical winter day in Beijing, China as an example, as shown in Fig. 1b,
the solar irradiance is around 570 W m 2 (i.e., C = 0.57) at 11:00 am
and the ambient temperature is around —1.0 °C. In these conditions, the
black cotton can only offer a quite low #pqrn Of 35.6% due to the
massive thermal radiation heat loss (169 W m’z), while our LET-textile
(50 runs) offers a more than two times higher #,qr 0f 78.5% enabled
by the significantly suppressed radiation heat loss (30 Wm™2). In
addition, our LET-textile of 30 runs offers an even lower e33-¢ of 11.0%
compared to that of 50 runs, as well as a asqr of 81.0%, yielding a
comparable #siqr-n 0f 77.4%. Therefore, the LET-textile of 50 runs is
more suitable for solar warming, while that of 30 runs is more suitable
for passive warming without sunlight due to the lower e33-¢. To intui-
tively compare their thermal emissivity, the LET-textiles and black
cotton were attached on a hot plate with a constant temperature of
37.5°C, and were observed by a thermal imager with the default
emissivity of 0.95, as shown in Fig. 2h. The LET-textile appears to be
much cooler than the black cotton and as cool as the environment
(ambient temperature is 25 °C), indicating the low emissivity of the LET-
textile. The optical performance of our LET-textiles (both 50 and 30
runs) is also the best among reported state-of-the-art solar-absorbing
textiles (Fig. 2i).

In addition, we measured the mechanical strength of LET-textile
(Fig. S10). A 4 mm (width) by 140 um (thickness) LET-textile strip can
endure a maximum tensile force of 30 N, which means that the ultimate
strength is 52 MPa as shown in Fig. S10b in the supplementary infor-
mation. These results are better than the nanoPE-based smart textile [6,
9]. To further demonstrate the mechanical stability of LET-textile,
tearing and cyclic tensile tests were also conducted to measure frac-
ture energy and shape recovery properties. Based on the results shown in
Fig. S10c in the supplementary information, the fracture energy of
LET-textile is about 42,857 J m~2. In addition, the LET-textile exhibits
good shape recovery from large deformation. LET-textile recovers
68.4%, 63.1%, and 65.6% from the cycles involving 5%, 10%, and 15%
of tensile strain, respectively as shown in Fig. S10d in the supplementary
information.
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2.3. Warming performance of LET-textile

We evaluated the warming performance of the textile using a power-
controllable silicone heater that simulates the heat generation of skin
inside a large temperature-controllable room (8 x 4 x 3 m?). Since the
silicone heater has an emissivity similar to the real skin, it was used as
the artificial skin to simulate the heat transfer of the real human skin [4].
A constant heat flux of 110 W m™2 was applied to the artificial skin to
simulate the heat generation from the human body, and a thermocouple
was attached to the skin surfaces as shown in Fig. 3a. The LET-textile and
the control group (black cotton) had the same thickness during the
whole experiment. The first step of the test is to determine the minimum
ambient temperature (MAT) that can be set without compromising
human thermal comfort. Thermal comfort means that the skin temper-
ature maintains at 33 °C to keep the body core temperature at around
37 °C and the heat produced by the body is dissipated to the environ-
ment when covered with different textiles. Without solar radiation, the
measured thermostat temperature of the room was 20.1 °C for the black
cotton, and 17.8 °C for the LET-textile to maintain the skin temperature
at 33 °C as shown in Fig. 3b. Due to its low emissivity, our LET-textile
shows better passive warming ability than the cotton and can save en-
ergy by lowering the indoor temperature point where air-conditioners or
heating installations have to be turned on.

The second step of the field test is to evaluate the performance of the
textile with solar radiation by adopting a solar simulator to simulate the
outdoor case. The temperature of the artificial skin was recorded when
wearing black cotton and LET-textile under different solar irradiance
(200-1000 W m™2, monitored by a solar meter). The temperature of the
control room was set from 15 to 5 °C. As shown in Fig. 3c—e, when the
ambient temperature was set as 15, 10, or 5 °C, the skin temperature
with our LET-textile at the steady state was always much higher than
that with black cotton (with the same thickness) under different solar
irradiation intensities, i.e., 0.2, 0.4, 0.6, 0.8, and 1.0 sun. For instance,
when the ambient temperature is 15 °C, the skin temperature with the
LET-textile is around 35 °C under weak sunlight of 0.2 kW m~2. How-
ever, to realize such a comfortable skin temperature with black cotton, a
relatively stronger illumination of 0.6 sun is needed at 15 °C (Fig. 3c).
Moreover, as shown in Fig. 3c—e, under the illumination of 0.4 sun and
the ambient temperature of 15, 10, and 5 °C, the steady-state skin
temperatures with black cotton are 32.0, 27.5, and 24.0 °C, respectively.
In other words, a person wearing black cotton begins to feel cold when
the ambient temperature is below 15 °C, although there is a solar irra-
diation of 400 W m~2. However, wearing the LET-textile under the same
solar irradiation, a person still feels warm even when the ambient
temperature is as low as 5 °C, because the skin temperature is main-
tained at 35 °C (Fig. 3e). Fig. 3f and g map the skin temperatures with
the black cotton and our LET-textile as functions of both the solar irra-
diation intensity and ambient temperature. Clearly, our LET-textile can
maintain the skin temperature > 33 °C in most of the frigid conditions
with weak solar irradiation and low ambient temperatures (>0.35 sun at
5°C, and >0.30 sun at 10 °C). As a comparison, black cotton is only
suitable in cases with both strong solar irradiation and high tempera-
tures (e.g., > 0.43 sun at 15 °C, and > 0.72 sun at 10 °C).

2.4. Heat transfer model

The warming ability without and with solar radiation has been
demonstrated by experiments in Section 2.3. However, the MAT under
different conditions, such as heat transfer inside the air gap, convective
heat transfer coefficient between textile and ambient h,, metabolic heat
generation g, and the thickness of air gap between textile and skin
t, are still unknown. Therefore, we used one-dimensional steady-state
heat transfer model analysis to determine the MAT under different
scenarios. Although this model has been used in some previous studies
[4,6,7,11,52], it needs to be modified for our multifunctional
LET-textile. We modified the model on two aspects: 1. LET-textile has
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Fig. 3. Solar and passive warming performance tests in an environmentally controlled room. (a) Schematic of the experiment setup of passive warming (without
solar irradiation) and active solar warming (with solar irradiation) performance tests in the temperature/humidity controlled room (8 x 4 x 3 m®). (b) Measured
thermostat temperatures of bare skin, skin with black cotton, as well as skin with the LET-textile. (c-e) Measured skin temperature of both the LET-textile covered
skin and black cotton covered skin under illuminations of 0.2, 0.4, 0.6 and 0.8 sun at different ambient temperatures: (c) 15 °C, (d) 10 °C and (e) 5 °C. (f) Skin
temperatures with black cotton as functions of both solar intensity and ambient temperature. (g) Skin temperatures with our LET-textile as functions of both solar
intensity and ambient temperature.

zero transmittance in both solar wavelength and IR region; 2. Since the
LET-textile needs to move to generate electricity, the movement will
cause air to flow inside the textile/skin air gap, thus the assumption that
only heat conduction occurs in the air gap will not be valid. Therefore,
heat convective inside the air gap will also be considered. The model is
illustrated in Fig. 4a. The parameters used in the model are listed in
Table S1 in supporting information. There are three unknown parame-
ters in the model, i.e., the temperature of ambient, textile outer surface,
and textile inner surface.

Since convective heat transfer cannot be ignored inside the air gap, a
Nusselt number was used to characterize the heat transfer in the air gap.
Nusselt number from 1 (only conduction) to 20 was examined. Our LET-
textile has a lower MAT than black cotton in the whole range of the
Nusselt number. A larger Nusselt number means stronger heat transfer
inside the air gap; therefore, a higher MAT is needed to sustain the skin
temperature at 33 °C. Since convection is caused by air and body
movements, the h, varies with air velocity and walking speed [53] from
10 to 20 Wm™2 K! for different scenarios (e.g. sitting rest, free
walking, etc.) [54,55]. According to Fig. 4c, h, also has a great influence
on the final results. The MAT is lower when h, is smaller, and the in-
fluence is greater for LET-textile than black cotton. The amount of en-
ergy released by the metabolism depends on physical activities.

According to ISO EN 8996 [56], the typical g values with different
activity levels are as follows: for a seated and relaxed person, a seated
person with sedentary activity, and a standing person with light activ-
ities, the qge, are about 58 W m 2 70 Wm2 and 116 Wm™ 2, respec-
tively. As shown in Fig. 4d, the higher ggn, the lower MAT. The body
motion changes the air gap between skin and textile, which forces the
electrons to flow back and forth in LET-textile due to electrostatic in-
duction. Therefore, it is crucial to study how the air gap influences the
simulation results. As shown in Fig. 4e, a larger air gap leads to a lower
MAT. It is worthwhile to mention that the emissivity of the outer surface
of textiles matters more than the inner one because radiation is more
dominant in heat transfer between the textile outer surface and the
ambient than that between the human body and the textile inner surface
[6,11].

Based on the modeling results, when there is no solar radiation, the
ambient temperature needs to be 21.0 °C to sustain a skin temperature at
33 °C, while this value is 17.9 °C for LET-textile as shown in Fig. 4f. That
means the thermostat temperature of buildings in winter could be
reduced from 21.0 °C to 17.9 °C if all the residents wear LET-textiles.
EnergyPlus 9.2 was used to model the potential energy savings of a
building with such a temperature schedule in which every resident
wears LET-textiles. The building model used in this study is a large-size
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Fig. 4. Heat transfer model and the energy saving potential of LET-textile. (a) Schematic of the heat transfer model. (b) The influence of Nusselt number of the gap
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coefficient (Nu=4, qgen=110 W m~2, t;=3 mm, qs=200 W m~2). (d) The MAT as a function of metabolic heat generation between textile and environment (Nu=4,
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MAT of bare skin, skin with black cotton, and with the LET-textile. (g) The large-sized office building model. (h) The heating energy saving if the heating setpoint is

reduced from 21.0 to 17.9 °C.

office building (as shown in Fig. 4g) for ten metropolises (Hong Kong,
Los Angeles, San Francisco, Roma, Madrid, Shanghai, Paris, Tokyo, New
York, and Beijing) across the world, based on the 90.1-2013 benchmark
model provided by the U.S. Department of Energy Commercial Refer-
ence Buildings Databased [57]. The total heating energy-saving patterns
for the selected 10 cities relative to the baseline were determined
(Fig. 4h). More heating energy savings were found in cities which have
colder winters. 660 GJ, 611 GJ, and 486 GJ of heating energy could be
saved in New York, Paris, and Beijing, respectively. As in Hong Kong, the
heating energy consumption became zero if LET-textile was used.

2.5. Biomechanical energy harvesting performance of the LET-textile

After demonstrating the passive warming ability of the LET-textile,
its biomechanical energy harvesting performance is evaluated as fol-
lowed. Based on the working mechanism mentioned in Section 2.1, the
energy harvesting performances of the LET-textile with an effective
dimension of 4.0 x 4.0 cm? were investigated systematically. To quan-
titatively investigate the electric output dependence on various contact
frequencies and contact forces between the skin and the textile, a hand

was used as the skin [32,58]. When the hand touched the textile, the
LET-textile would give positive voltage and current, which means the
current move from CT to the ground. While the hand moved away from
the textile, it gives negative voltage and current (current move from
ground to CT), which is clearly depicted in Fig. 5a and b. The schematic
diagrams about how to measure the open-circuit voltage and
short-circuit current are shown in Fig. S11 in the supplementary infor-
mation. The output charges in one cycle were calculated by integrating
the current data in Fig. 5b and are shown in Fig. S12 in the supple-
mentary information. The transferred charge for one cycle is about 50
nC. Nanofiber PTFE is important for permeability but not the key factor
to affect the output electrical performance, the electrical outputs of the
devices using flat surface PTFE and nanofiber PTFE were also compared
in Fig. S13 in the supplementary information, and they are almost the
same. Fig. 5c and d show the output open-circuit voltage (V,.) and
short-circuit current (I,) by applying a 39 N touching by hand with
frequencies 0f 0.9, 1.1, 1.9, 2.6, and 3.9 Hz. The generated peak voltages
correspond to 226, 226, 244, 273, and 286 V. The corresponding peak
current are 14.3, 16.9, 18.3, 21.7, and 27.8 pA. The values of V,, and I,
increase as the touch frequency increases, since sufficient charges can
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Fig. 5. The bio-mechanical energy harvesting performance of the LET-textile. Typical (a) open-circuit voltages and (b) short-circuit currents generated by the LET-
textile. Effect of the loading frequencies (0.9-3.9 Hz) on the electrical output performance of the LET-textile, including (c) open-circuit voltages and (d) short-circuit
currents. Effect of the loading forces (14.7-44 N) on the electrical output performance of the LET-textile, including (e) open-circuit voltages and (f) short-circuit
currents. (g) Measured voltages of the capacitors (10, 22, 47 and 100 pF) charged by the LET-textile under 24 N and 4.8 Hz tapping. (h) Dependence of voltage
and power of the LET-textile on the resistance of an external load under 24 N and 4.8 Hz tapping. (i) Demonstration of lighting up 41 LEDs (the minimum working

voltage for each LED is 3 V) by tapping one LET-textile.

only be induced and maintained by enough sequential touch. Fig. 5e and
f depict the V,, and I;. of LET-textile under 2.8 Hz with an applied force
of 14.7, 22.0, 34.2, 39.1, and 44.0 N, in which peak V, of 150, 245, 248,
323, and 352 V are achieved, respectively. The corresponding peak I
attained are 7.5, 12.8, 17.5, 23.4, and 26.2 pA, respectively. The values
of V,. and I, of LET-textile were enhanced by increasing the applied
pressing force. Such an enhancement is ascribed to the higher surface
friction area between the skin and PTFE under a stronger applied force.
Compared with other previously reported textile-TENGs’ structures
(Table S2 in supporting information), our LET-textile offers a significant
improvement in terms of the fabrication process and output
performance.

As shown in Fig. 5g, four capacitors with different capacitances were
successfully charged by the LET-textile under 24 N and 4.8 Hz. It took
60 s to charge the 10 pF capacitor to 2.1 V. Likewise, 22, 47, and 100 pF
capacitors were charged to 1.3, 0.7, and 0.3 V within 60 s, respectively.
The output power and output power density of LET-textile were evalu-
ated and calculated as U?/R and U?/(R+A) by measuring its output
voltage through externally connecting various resistance loads in series
under 24 N and 4.8 Hz, where U is the output voltage across the external
load, R is the load resistance, and A is the effective contact area. Fig. 5h

shows the dependence of output power density on resistances. The root
mean square (RMS) voltage increases from 3.0 to 42.7 V as the load
resistance increases from 1 to 200 MQ. The maximum instantaneous
power density of 2.4 W m~2 was achieved when the load resistance was
around 15 MQ. With such a high performance, LET-textile can light up
over 41 LEDs in series by gentle touch as shown in Fig. 5i.

Both robustness and washability are important factors that affect the
practical application and lifetime of textile. Hence, stability tests in
continuous contact and separation, as well as washability tests were
conducted. As shown in Fig. S14 in supporting information, the output
current experienced an increase due to the accumulated charges, and
then the value became stable after continuously tapping for 20 min
(1400 cycles). As shown in Fig. S15, supporting information, the output
voltages under the same conditions were unchanged after washing for
3 h by a magnetic bar with a rotational speed of 300 rpm and drying in
an oven with 60 °C. This remarkable durability of LET-textile makes it
promising for real-world applications.

3. Conclusions

In summary, we demonstrated a versatile nanophotonic TENG
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textile. The textile uses TiN NPs to harvest solar radiation for body
warming and PTFE nanofiber membrane as the tribo-negative friction
material for electricity generation. Conductive textile is significantly
important in this design since it not only served as a low-emissivity
substrate to suppress radiative heat dissipation for passive radiative
warming but also as an electrode for TENG. Since the simple fabrication
methods, the textile can be readily produced in a large area. This textile
design achieves a low thermal emissivity down to 11.0% and high solar
absorptivity up to 83.7%. The textile could be worn at a low ambient
temperature of 5 °C with a weak solar irradiance of 400 W m~2 while
keeping the body temperature above 33 °C. Such a textile enables a 3 °C
decrease in the indoor setpoint compared to traditional cotton textile.
Such a 3 °C setpoint reduction can potentially result in building heating
energy savings of 25.2-100%, according to EnergyPlus simulations. In
addition, our textile can harvest biomechanical energy and get 150 V
and 7.5 pA under 15N and 2.8 Hz tapping. A peak power density of
2.4 W m~2 was achieved under 24 N and 4.8 Hz tapping. This energy
could be used to power LEDs or restored in capacitors and then to power
wearable electronics. We believe that this radiative warming TENG
textile with supreme performance can provide power to wearable elec-
tronics and at the same time guarantee thermal comfort. Future work
will be conducted to develop a textile that can dynamically change the
emissivity of the textile to overcome the overheating problem by using
an electrochromic textile powered by textile-TENG.

4. Experimental section
4.1. Fabrication of LET-textile

First of all, the colloidal TiN solution was prepared referring to the
previous work [41]. Commercial TiN NPs with a size of 20 nm (Aladdin
Bio-Chem Technology, Shanghai) were added to the propylene glycol
methyl ether acetate (PGMEA, C¢gH;203, Aladdin Bio-Chem Technology,
Shanghai). Their mixture with 20 wt% TiN NPs was treated by ultra-
sonic dispersion technique for 1 h and then treated by high-energy ball
milling for at least 10 h. The obtained well-dispersed colloid was diluted
to 1 wt% by adding ethanol solvent.

Before the spray-coating process, the Cu/Ni conductive textile was
treated by plasma to improve its wettability. After that, TiN NPs solu-
tions were spray-coated on the textile using a precise ultrasonic spray
coating machine (UC330, Siansonic Technology, China). The frequency
of the ultrasonic nozzle was 45 kHz, and the power was 1.5 W. The flow
rate of the solution was 0.1 or 0.2 ml min~". The spray nozzle was held
at 80 mm above the surface and the spray width was 6 mm. The moving
speed of the spray nozzle was set as 120 mm/s in the X-Y plane to
achieve homogeneous deposition of the TiN nanoparticles. The substrate
temperature was set as 60 °C to accelerate solvent evaporation. For each
sample, the spraying process was repeated a lot of runs, specifically, 12,
30, 50, 60, 90, and 120 runs at a flow rate of 0.1 ml minfl, as well as 20,
30, 40, and 50 runs at a flow rate of 0.2 ml min . Finally, the nanofiber
PTFE membrane (PTFE23001, Sterlitech, USA) was attached to the other
side of the conductive textile by hot pressing with a thin non-woven glue
film as the adhesive layer.

4.2. Characterization

The surface morphologies of the textiles were observed using a
scanning electron microscope (JSM-7100F, Jeol). The UV/visible/near-
IR (0.3-2.5 um) reflectivity (R) and transmittance (T) spectra of the
textiles were measured using a spectrometer (Lambda 950, Perkin
Elmer) equipped with a 150 mm integrating sphere. The mid-IR reflec-
tance and transmittance spectra were measured using a Fourier trans-
form infrared spectrometer (Vertex 70, Bruker) with a golden
integrating sphere. The absorptivity/emissivity spectra (A) were directly
derived from 1-R-T. The sheet resistance of the conductive fabric was
investigated using the four-probe method. The IR thermal image was
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taken by an IR camera (Ti480 Pro, Fluke). The tensile, tearing, and cyclic
tensile test was measured by a tensile tester (Zwick Roell, German). All
the measurements were conducted in an environment with constant
temperature (24 °C) and humidity (50%). For the tensile test, the LET-
textile sample was cut into a dumbbell-shaped sample (as shown in
Fig. S10a in the supplementary information) with a gauge length of
25.6 mm and a width of 4.5 mm. The displacement rate was 100%,/min.
Tearing tests were performed to quantify the fracture energy of the LET-
textile. Samples (16 mm width x 90 mm length) were cut into a trouser
shape with an initial notch length of about 40 mm. The two arms of the
sample were mounted on the clamps. The upper clamp was loaded at a
constant low velocity of 1.7 mm/s, and the corresponding tearing force
F was recorded. The fracture energy I' was calculated by I' = 2F/w,
where w is the thickness of the sample and F is the average tearing force
when cracks propagate. Cyclic tensile tests were performed to test the
shape recovery property of LET-textile. The dumbbell-shaped sample
was loaded-unloaded 3 consecutive times up to 15% strain, and the
stress and strain were measured. An index to quantitatively measure the
shape recovery from the cyclic tensile test is defined as r, and equals to
Z%iy x 100%, where &y, €, and &, represent the maximum strain in the

cycle, the residual strain after unloading, and the strain before loading,
respectively.

4.3. Air permeability test

The testing procedure is based on ASTM D737 with modification.
Textiles samples were put inside a wind tunnel with a rectangular cross-
section. The exposed area of textile is 2 cm x 4 cm. There are two
openings on the wind tunnel before and after the textile. A differential
pressure gauge (Velocicalc multifunction meter model 9565, TSI, USA)
was connected to both openings to measure the pressure drops across the
textile sample at different air flow rates. The schematic diagram of the
setup is shown in Fig. Sla in supporting information.

4.4. Water vapor transmission rate test

The testing procedure is based on ASTM E96 with modification. Glass
bottles (100 ml) were filled with 60 ml distilled water. The bottles were
sealed by the textile samples using open-top caps, and silicone gaskets
(Corning). The exposed area of the textile is 3 cm in diameter. The sealed
bottles were then placed into an environmental chamber, in which the
temperature was held at 35 °C and the relative humidity was 30%. The
mass of the bottles was measured periodically, and the reduced mass
should come from the evaporated water. The reduced mass was then
divided by the area to derive the water vapor transmission.

4.5. Energy generation measurement

In order to measure the output electric performance of LET-textile
under different touching situations with skin, the hands tapping mo-
tion with different forces (14.7-44.0 N) and frequencies (1.0-4.0 Hz)
were applied. The forces were measured by a force sensing resistor
(FSRO1, OHMITE, USA). The output current was measured by an elec-
trometer (Keithley 6514), and the output voltage was analyzed by a
digital oscilloscope (Tektronix TDS 2024 C) with a high voltage probe
(Tektronix P5100A) with 40 MQ2 input impedance.

4.6. Warming performance measurement

Warming performance tests were conducted in an environmental
control room (DBT and WBT =+ 0.1 °C) in Hong Kong University of
Science and Technology (HKUST). A black cotton with a thickness of
600 um was also tested for comparison. Several layers of CT textiles
were pressed together to obtain the same thickness (600 um) with the
cotton. The solar warming performance was evaluated under the
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illumination of a solar simulator (Oriel Sol2A, Newport) using a xenon
lamp. For the warming performance tests, the solar simulator was shut
down. The input power was ~ 110 W m™2 by a source meter. This is
determined by keeping the bare skin at 33 °C at the ambient tempera-
ture of 25 °C. The input current and voltage were calibrated by a high-
precision multimeter (FLUKE 289). T-type thermal couples, which were
connected to a data acquisition device (NI9213, National Instrument),
were attached on the backside of samples to measure the steady-state
temperatures. The temperature data were recorded every two seconds.

4.7. Energy consumption simulation

The energy-saving potential of the LET-textile is estimated using
EnergyPlus 9.2 in reference to a large-sized office building. With 10
stories, each floor of the building is divided into five zones: a core zone
surrounded by four exterior rooms at four orientations. An occupant
density of 18.58 m? per person, with occupancy primarily between the
hours of 08:00 and 17:00 on weekdays, is defined. The lighting and
electrical equipment loads are 8.83 Wm 2 and 8.07 W m ™2, respec-
tively. The office building utilizes individual variable air volume (VAV)
systems to condition each floor. Each VAV loop consists of a cooling coil
and a heating coil fed by a centralized water-cooled centrifugal chiller,
and a gas boiler respectively. Reheat air terminals in each zone provide
humidity control for occupancy comfort.
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