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Multipurpose Smart Textile with Integration of Efficient
Energy Harvesting, All-Season Switchable Thermal
Management and Self-Powered Sensing

Haoyi Wu, Zihan Xu, Ruirui Cao,* Xin Li, Haoran Yu, Zhitao Shen, Wensheng Yang,*
Fumin Li, Ying Liu, Huilin Li, Xingxiang Zhang, Wenchao Gao,* and Caofeng Pan*

1. Introduction

Personal thermal management textile-based triboelectric nanogenerator

(PTMT-TENG) integrates energy harvesting, thermo-regulation, and
self-powered sensing with the inherent superiorities of textiles, making it a
viable power source for wearable electronics. However, it faces limitations in
environmental adaptability and all-weather temperature control. Therefore,
incorporating both functions into the same PTMT-TENG poses a formidable
challenge that has not been reported yet. Herein, a multipurpose smart
textile-based PTMT-TENG is reported for the first time. This device consists of
a dual-mode switchable thermal-management layer and a triboelectric layer,
showcasing unparalleled adaptive phase-change thermo-regulation
capabilities, enabling heating by 4.4 °C in a nighttime cold environment and
cooling by 3.8 °C in a high-temperature environment. Particularly, when
further combined with efficient photothermal effect, the PTMT-TENG
demonstrates a warmth retention of up to 15.9 °C in cold daytime conditions.
Compared with original TENG, this PTMT-TENG has improved triboelectric
output with a 325.8% increase in power density (8762 uW m~2) and
possesses excellent flexibility, breathability, and self-cleaning characteristics.
This innovative device combines impressive electrical output with real-time
bidirectional switchable thermo-regulation, providing a reference for the
development of the next generation of multifunctional TENGs and shows
immense potential across various application scenarios, paving a new path

for the future development of smart textiles.

With the rapid development of the infor-
matized and intelligent society, wearable
electronic devices have become versatile
tools for monitoring health and sensing
the surrounding environment, playing an
increasingly important role in various fields
such as military and civilian applications,
and attracting widespread attention.['! The
longevity of most wearable electronic de-
vices is constrained by the lifespan of their
energy storage components, thus heavily
relying on a stable power supply.[ Despite
advancements in battery technology en-
abling miniaturization and high capacity,
their lifespan remains limited (for instance,
the lifespan of the latest reported flexible
gel electrolyte-based zinc-air battery is only
40-150 h),B]  necessitating frequent
recharging or replacement® Conse-
quently, power supply strategies have
emerged as a central challenge in wear-
able electronic device manufacturing.
Triboelectric nanogenerator (TENG), as
a type of micro-power generation de-
vice, can efficiently convert ubiquitous
low-frequency mechanical energy into
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valuable electrical energy.®] Moreover, TENG operates with-
out the need for external energy sources such as fossil fuels, has
a long lifespan, minimal maintenance and replacement require-
ments, and significant sustainability, showing broad prospects in
the field of self-powered wearable electronic devices.[®l Particu-
larly, humans, as users of wearable electronic devices, inherently
possess abundant, usable, and reliable energy through activ-
ities such as walking, running, breathing, and heartbeat.[*”]
Therefore, utilizing TENG technology to capture and convert
this energy in real time, storing it in commercial capacitors,
and subsequently powering low-energy-consumption wearable
devices is gradually becoming the most feasible approach for
powering wearable electronic devices.

In recent years, there has been growing attention to the ther-
mal comfort of wearable electronic devices, especially in areas
such as health monitoring, medical diagnostics, and sports train-
ing. Long-term comfort is crucial as it determines the feasibility
of prolonged wear of wearable electronic devices.!®! Notably, body
temperature holds a pivotal position among physiological pa-
rameters, considered as the primary indicator reflecting human
health status.[°l The core body temperature of a healthy individual
typically ranges from 36.2 to 37.2 °C, where even a minor fluctu-
ation of 0.1 °C could signify a change in health status.[>!%! Sud-
den fluctuations in environmental temperature or prolonged ex-
posure to low/high temperatures also pose significant threats to
human health.['!] To ensure thermal comfort and safety, individu-
als need to maintain within a certain temperature range.['?) How-
ever, in the context of global warming and the frequent occur-
rence of extreme weather, maintaining a constant body temper-
ature and ensuring thermal comfort face greater challenges.!3]
Meanwhile, with the increasing demand for functionality and in-
tegration of electronic devices, the development of self-powered
wearable electronic devices with capabilities in human motion
energy harvesting and excellent thermal management is crucial.

Textiles considered as the second skin of the human body
possess inherent characteristics such as softness, elasticity, and
breathability, are not only ideal materials for manufacturing
wearable electronic products but also play a significant role
in daily body temperature regulation and thermal comfort
maintenance.[>'*] The integration of classical TENGs into tex-
tiles provides an exciting opportunity for smart electronic tex-
tiles, which is the ultimate goal of flexible electronics tech-
nology, revolutionizing the self-powering methods of various
electronic devices.[>1>] The textile-based TENG (T-TENG) not
only preserves the original breathability, moisture permeabil-
ity, and flexibility of textiles but also provides energy harvest-
ing and self-powered sensing capabilities.!!! Particularly, in re-
cent years, personal thermal management (PTM) textiles have
attracted considerable attention and emerged as one of the most
promising methods for maintaining thermal comfort, effectively
addressing thermal needs in various environmental tempera-
tures through regulating the temperature of specific areas of
the human body.['”! However, most current PTM textiles-based
TENGs (PTMT-TENGs) have two major limitations: 1) Static
thermo-regulation mechanisms predominantly enable only sin-
gular cooling/heating functions or their basic superposition, fail-
ing to adapt to complex environmental fluctuations, thereby com-
promising wearer comfort and application versatility.['* 2) Ther-
mochromic PTM textiles with dynamic thermo-regulation re-
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main constrained by geographical dependencies and intermittent
sunlight availability, preventing sustained all-weather thermal
control.!® Therefore, achieving the two conflicting characteris-
tics of cooling and heating within the same PTMT-TENG, and
endowing it with adaptive, all-weather thermal regulation capa-
bilities is highly important and poses a formidable challenge.**!
Notably, the integration of human motion energy harvesting and
year-round, all-weather (i.e., all-season) real-time bidirectional
switchable PTM capabilities in the same self-powered wearable
electronic devices has yet to be reported.?! Meanwhile, contin-
uously improving the output performance and multifunctional
integration of TENG remains central to its sustained develop-
ment. However, existing PTM-TENG devices demonstrate lim-
ited electrical outputs (e.g., open-circuit voltage of only a few tens
of volts),[2!] indicating that further improvement is still needed.
Therefore, developing PTMT-TENG with real-time, efficient, and
bidirectional switchable thermo-regulation capabilities, and im-
proved output performances holds significant scientific impor-
tance and vast application prospects.

As mentioned above, the improvement of electrical output per-
formance and multifunctional integration of T-TENG devices
are the keys to their sustainable development and large-scale
application.[**] In the innovative development of all-season real-
time bidirectional switchable thermo-regulated T-TENG, the se-
lection of triboelectric materials, thermal management func-
tional components, and manufacturing processes is crucial to
ensure the efficient and stable operation of the T-TENG device
and the effective integration of multiple functions. In terms of
triboelectric materials, poly(vinylidene fluoride) (PVDF) and its
copolymers (such as PVDF-HFP) are highly favored due to their
excellent dielectric properties and inherent strong electronega-
tive fluorine groups.l*?% Relevant studies have confirmed that in-
troducing piezoelectric fillers,[?2) conductive fillers (such as GN,
CNT),!?}] and semi-conductive fillers!?>?¥l into the polymer tri-
boelectric matrices can effectively increase the electroactive all-
polar f-phase content in PVDF-HFP, thereby further enhancing
its triboelectric performance. Regarding thermal management
functional components, phase change materials (PCMs) store
and release thermal energy through a switchable approximately
constant-temperature phase change process, which has the ad-
vantages of high latent heat energy density and minimal tem-
perature fluctuation, showing extensive application prospects in
the PTM field.[??l However, the issue of leakage remains a sig-
nificant obstacle to their practical application and still needs to
be addressed.[?>?°] Experimentally, nanofiber membrane-based
triboelectric materials fabricated by electrospinning technology
have the characteristics of a large specific surface area, hierar-
chical porous structure, flexibility, and breathability.[?’”] Moreover,
the high-voltage electric field in electrospinning promotes the for-
mation of the electroactive f-phase in PVDF-HFP through uniax-
ial stretching and electric field polarization effects,2°23] thereby
synergistically enhancing the triboelectric performance of the
T-TENG device. Meanwhile, coaxial electrospinning technology
can firmly encapsulate PCMs within the fiber shell,[?®] address-
ing the leakage issue during the use of PCMs.

Therefore, this study, for the first time, designed a mul-
tipurpose smart textile-based TENG (named POA-PGC based
PTMT-TENG) device, which functions with impressive tribo-
electric output performance while accomplishing fantabulous
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Figure 1. Schematic diagram of fabrication procedure, structural design, and operating mechanism of multipurpose POA-PGC textile.

bidirectional switchable PTM. The PTMT-TENG mainly consists
of a dual-mode switchable thermal management layer (DSTML)
and a triboelectric layer. Among them, the DSTML, which in-
tegrates with photothermal and phase-change latent heat stor-
age/release characteristics, can simultaneously achieve switch-
able dual-temperature regulation functions of heating and cool-
ing. The unique core-shell structure of the DSTML not only ef-
fectively encapsulates the phase-change functional component
n-octadecane (n-OD) to prevent leakage, but also possesses out-
standing thermo-regulated capability (89.2 ] g™!), which achieves
~4.0 °C of heating in a 10 °C cold environment and 3.4 °C of
cooling in a 40 °C hot environment, effectively alleviating the
discomfort caused by sudden temperature changes in real-time.
Meanwhile, under the sunlight irradiation of 100 mW cm=2,
the photothermal functional component of polydopamine (PDA,
whose photothermal conversion originates from the relaxation
of excited-state z-electrons in its conjugated structurel?l) within
the DSTML can elevate its temperature from 20 to 51 °C in
90 s, achieving a remarkable photothermal conversion efficiency
of 86.4%. This not only makes it suitable for daytime heating
in cold environments but also effectively overcomes the limita-
tions of single-mode thermal management. In terms of the tri-
boelectric layer, compared to a pure PVDF-HFP (i.e., P) sam-
ple, introducing an appropriate amount of graphene nanosheet
(GN) and carbon nanotube (CNT) composite fillers significantly
improved triboelectric output characteristics, with a power den-
sity increase of 325.8%. Significantly, even after 10 000 cycles
of contact-separation testing, the triboelectric layer could main-
tain a stable voltage output, demonstrating excellent cyclic sta-
bility and durability. Additionally, the POA-PGC also possesses
remarkable flexibility, breathability, and self-cleaning character-
istics. In summary, this study successfully developed a multipur-
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pose PTMT-TENG that can simultaneously harvest human mo-
tion energy and achieve all-season real-time bidirectional switch-
able PTM. With improved triboelectric output and standout ther-
mal regulation capabilities, this device provides an example for
the effective integration of mechanical energy harvesting with
multifunctional textiles, significantly promoting the application
of T-TENGs in self-powered wearable electronic devices such as
flexible sensors and smart clothing.

2. Results and Discussion

2.1. Structural Design of Multipurpose POA-PGC Textile

As depicted in Figure 1, this study employed a simple solution
impregnation-assisted electrospinning technique to fabricate the
multipurpose PTMT-TENG device composed of a DSTML (POA)
and a triboelectric layer (PGC), using PVDF-HFP as the triboelec-
tric material, n-OD as the phase change functional component,
and PDA as the photothermal functional component. Specif-
ically, the DSTML, which integrates photothermal and phase
change latent heat storage/release properties, aiming to achieve
switchable dual temperature regulation functions of heating and
cooling, thereby granting the PTMT-TENG device with real-
time and efficient thermal management capabilities. Through
optimizing both the intrinsic tribo-material characteristic and
preparation process, we aimed to fabricate an electrospinning
nanofiber film-based triboelectric layer with enhanced electrical
output performance, using PVDF-HFP as the matrix and incor-
porating GN and CNT nanofillers.

As demonstrated in Figure 2a,b, the POA-PGC textile pos-
sesses a seamlessly stacked, distinct dual-sided, two-layer struc-
ture, with the thickness of the DSTML and triboelectric layer
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Figure 2. Structure and morphology of multipurpose POA-PGC textile. a) Digital photo of POA-PGC. b) Cross-sectional SEM image and elemental
mapping images of POA-PGC. c) TEM image of PO 4. d) The FTIR spectra of P, n-OD, and PO series films. e) SEM image and elemental mapping
images of the POA-based DSTML. f) The FTIR spectra of P, POy o and POA. g) Working mechanism diagram of phase change thermal regulation.

being ~345 and 82 um respectively. Cross-sectional EDS analysis
(Figure 2b) determined that O and N elements originating from
PDA were concentrated on the DSTML, while the distribution
of the F element from PVDF-HFP clearly delineated the bound-
ary between the DSTML and the triboelectric layer. To optimize
the thermo-regulated performance of DSTML, a series of PVDF-
HFP/n-OD (PO) sheath-core nanofiber films were prepared us-
ing coaxial electrospinning technology. As depicted in Figures S1
and S2 (Supporting Information) and Figure 2¢,d, the nanofibers
that constitute the PO films exhibit a distinct sheath-core struc-
ture, and their diameters show a trend of initially increasing and
then decreasing, which is attributed to the increase in the n-OD
loading as the core material feeding speed rises, leading to an
enlargement in fiber diameter. However, when the feeding rate
exceeds the critical value of 0.9 mL h~!, the excessive n-OD can-
not be fully encapsulated by the PVDF-HEP outer layer, resulting
in a reduction in fiber diameter and subsequently weakening the
phase-change characteristics of the PO films. For detailed anal-
ysis, refer to Note S1 (Supporting Information). Therefore, the
PO, , sample was selected for further research. Subsequently, the
DSTML was successfully fabricated in the light of the PO, , film
by utilizing solution self-polymerization technology. As shown
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in Figure 2e,f and Figure S3 (Supporting Information), based
on the strong interfacial adhesion property of the photothermal
functional component PDA 3% it was uniformly anchored and
adhered onto the surface and internal nanofiber axis of the PO, ,
film. For detailed analysis, refer to Note S2 (Supporting Infor-
mation). Following that, the triboelectric layer was added on the
backside of the prefabricated DSTML to construct the multipur-
pose POA-PGC-based PTMT-TENG device. The performance op-
timization of the triboelectric layer is elaborated in the subse-
quent sections.

2.2. Phase Change Thermo-Regulated Characteristics of DSTML

Efficiently integrating heating and cooling bidirectional tem-
perature regulation functions in self-powered wearable elec-
tronic devices is crucial for enhancing real-time thermal man-
agement capabilities, satisfying diverse thermal needs in hu-
man environments, ensuring comfort and safety, and expand-
ing the application scope of this field.'"”*!] As widely recognized,
PCMs can efficiently absorb and release latent heat during ap-
proximately constant-temperature phase transitions (Figure 2g),
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Figure 3. Phase change characteristics of PO series samples. a) Enthalpy and phase change temperature of POg 5, POg 7, POg ¢ and PO, 4. b) A com-
parison of the melting enthalpy from the reported phase change membranes by electrospinning. c) Temperature-time (T-t) curve during the heating and
cooling process of P and POy 4. d) Infrared thermal images during the heating and cooling process of P and PO, 4. €) DSC heating and cooling curves
of POy 4 after 100 cycles. f) The FTIR spectra of PO, 4 after 100 cycles. g) The temperature curve during the heating and cooling process of P and PO o

with a cycling of 1, 6, and 10 times.

making them suitable for bidirectional switchable temperature
regulation in localized thermal management of human skin.[2>2%]
Detailed mechanisms of bidirectional switchable temperature
regulation are outlined in Note S3 (Supporting Information). La-
tent heat enthalpy is the most fundamental parameter for eval-
uating the performance of PCMs, and it is closely related to the
energy density of thermal management systems.[*?] As shown in
Figure 3a,b; Figure S4 and Table S2 (Supporting Information),
benefiting from the excellent phase change characteristics of the
core material n-OD, the as-fabricated PO series samples exhib-
ited significant endothermic and exothermic peaks during the
melting and crystallization stages. Specifically, the melting en-
thalpy (AH,,) and crystallization enthalpy (AH,) of PO,, were
as high as 89.2 and 88.3 ] g1, respectively, significantly surpass-
ing the results reported recently,***?l demonstrating outstand-
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ing heat storage and thermo-regulated properties. Furthermore,
the phase change temperature of the PO series samples was
~22-25 °C, which coincides with the comfortable environmen-
tal temperature for humans (20-24 °C),[**) making them highly
suitable for PTM applications.

The thermo-regulated capability of thermal management tex-
tiles for heating and cooling is typically quantitatively described
by numerical values of temperature increase and decrease, re-
spectively. To accurately evaluate the thermo-regulated capability
of DSTML relying on n-OD, this study employed the testing sys-
tem depicted in Figure S5 (Supporting Information) for measure-
ments (see Note S4, Supporting Information for details), with cor-
responding results shown in Figure 3c,d. According to the real-
time T-t curves presented in Figure 3c, detailed data regarding the
temperature regulation of PO, , can be obtained. As illustrated in
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Figure 3¢, the T-t curve of PO, , exhibited temperature buffering
platforms in both hot and cold environments, representing the
real-time storage and release of phase change latent heat in the
respective environments. The corresponding effective durations
for cooling and heating were 26 and 30 s, respectively, with a cool-
ing capacity of 3.4 °C in the hot environment and a heating ca-
pacity of 4.0 °C in the cold environment. Moreover, as displayed
in Figure 3d, compared to the reference sample P, the infrared
thermal images of PO, , exhibited significant delay in color tran-
sition during both heating and cooling stages, vividly illustrating
its process of thermal storage and release,[* thereby highlight-
ing its outstanding bidirectional temperature regulation ability.
More importantly, the cooling capacity of PO, , in the hot environ-
ment and its heating capacity in the cold environment are 1.5 and
1.9 times, respectively, that of the latest radiative cooling/phase-
change thermo-regulated technologies.['”#’] In contrast, the ref-
erence sample P didn’t exhibit temperature buffering due to the
absence of a phase change process. It is worth noting that in prac-
tical applications, increasing the amount of PO, , sample can fur-
ther enhance the temperature regulation capability of the corre-
sponding textile devices.

Furthermore, for solid-liquid PCMs, liquid leakage poses a sig-
nificant obstacle to their practical application. The long-term vi-
ability of phase change functional textiles as smart garment fab-
rics depends heavily on their thermal cycling capability.3?] There-
fore, the cyclic stability, thermal stability, and structural stabil-
ity of phase change functional textiles also significantly impact
their applications in the PTM field. Figure 3e-g and Figure S6
(Supporting Information) respectively present the DSC and FTIR
spectra of PO, , before and after 100 thermal cycles, along with
the T-t curves during 10 consecutive heating and cooling tests.
The relevant experimental results are detailed in Table S3 (Sup-
porting Information). As evidenced by Figure 3e,g and Table
S3 (Supporting Information), after 100 thermal cycles, the DSC
curve of PO, , still displays distinct endothermic and exothermic
peaks, with the AH,, and AH, decreasing by 8.6% and 6.7%, re-
spectively. By examining the characteristic peak at 1500 cm=! in
the FTIR spectrum (Figure 3f) and the subtle differences in the
DSC curve during the crystallization process, it is hypothesized
that impurities within n-OD serve as nucleation sites during ther-
mal cycling, causing a portion of n-OD to transition from homo-
geneous nucleation to heterogeneous nucleation during crystal-
lization. In practical applications, the enthalpy loss of PO, 4 after
thermal cycling remains within a reasonable range,[*°! and its en-
thalpy value still exceeds 80 ] g~! after 100 thermal cycles. When
compared with recent reports in Figure 3b, PO, , continues to
exhibit superior thermo-regulated performance. Additionally, as
shown in Figure S4d (Supporting Information), the PO, , exhib-
ited a starting decomposition temperature of 135 °C, demonstrat-
ing good thermal stability, which is sufficient to meet the require-
ments for its application in PTM textiles and wearable electronic
devices.

2.3. Dual-Mode Thermal Management Characteristics of DSTML
As shown in Figure S7a (Supporting Information), melanin is

a natural pigment renowned for its exceptional sunlight absorp-
tion capability.[*’] PDA is an organic conjugated material with a
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melanin-like structure, and its photothermal mechanism stems
from the relaxation of excited-state z-electrons in the conjugated
structure,?°! which has garnered significant attention in the PTM
field.l*8] Specifically, in PDA, electrons are excited from the high-
est occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO), forming delocalized z-electrons.
These electrons exhibit strong light absorption characteristics in
the UV-vis-near-infrared region. After photons are absorbed, the
r-electrons release energy in the form of heat through a non-
radiative relaxation process, thereby achieving photothermal con-
version. As shown in Figure 4a, it is clearly observed that the POA
(i-e., DSTML) layer within POA-PGC possesses significantly en-
hanced light absorptivity, indicating that POA-PGC textiles are
capable of capturing light energy more efficiently and convert-
ing it into thermal energy through highly efficient photothermal
conversion. Therein, the absorptivity of the samples can be cal-
culated by the corresponding reflectivity (Figure S8a, Supporting
Information) and transmissivity (Figure S8b, Supporting Infor-
mation) of POA. See Note S5 (Supporting Information) for the
specific calculation process. This study employed the test sys-
tem depicted in Figure 4b to conduct a comprehensive evalua-
tion for the dual-mode thermal management characteristics (i.e.,
photothermal and phase change latent heat storage/release char-
acteristics) of POA, which address the limitations of single-mode
thermal management (Note S6, Supporting Information), with
the results presented in Figure 4c,d. Notably, as evidenced in
Figure S7b,c and Table S4 (Supporting Information), the intro-
duction of PDA didn’t result in significant changes in the phase
change characteristics and thermal stability of POA. It can be in-
tuitively seen from Figure 4c that the as-fabricated PO, , and POA
exhibited distinct temperature buffering platforms upon expo-
sure to sunlight (100 mW cm~2) and upon its removal, compared
to sample P, which respectively correspond to the heat storage
and release process of the phase-change functional component,
namely the real-time phase-change thermo-regulated process.[*”]
Under 100 mW cm~2 sunlight, the photothermal functional com-
ponent PDA in POA caused its temperature to rise by ~31 °C
within 90 s, significantly higher than sample P and PO, 5, mak-
ing it highly suitable for daytime heating in cold environments.
Additionally, as displayed in Figure 4d, compared to PO, ,, the
temperature of both P and POA samples raise rapidly. Owing to
the photothermal properties of PDA, the temperature of the POA
sample reaches as high as 47.3 °C in a short time, increasing the
heating capacity by 14.1 °C. More importantly, compared with
single-mode thermal management PO, 5, POA with dual-mode
thermal management can not only make use of the photothermal
characteristics of PDA to rapidly heat up, but also make use of the
heat storage and heat release characteristics of PCMs, which has
a wider range of application scenarios.

Figure 4e,f and Tables S5 and S6 (Supporting Information)
demonstrated that the saturation temperature of POA can be
adjusted by varying the light intensity (e.g., at 50, 75, and
100 mW cm~2, corresponding to 40, 46, and 51 °C, respectively).
Moreover, at a light intensity of 100 mW c¢cm~2, POA reached
an impressive photothermal conversion efficiency of 86.4%, sur-
passing other studies in photothermal conversion. See Note S7
(Supporting Information) for the specific calculation process. Ad-
ditionally, the cyclic stability of the dual-mode thermal manage-
ment characteristics of POA, integrating photothermal and phase
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Figure 4. Dual-mode thermal management properties of POA. a) UV-vis—NIR light absorptivity of different samples. b) Dual-mode thermal management
test system. c) Temperature variation curves of different samples under sunlight radiation of 100 mW cm~2. d) Digital photo and IR thermal images of

different samples at 100 mW cm™

and 10 cycles under 100 mW cm~2 radiation.

change heat storage/release properties, was tested, with results
shown in Figure 4g and Figure S9 (Supporting Information).
Over 10 cycles of testing, the T-t curves of POA remained almost
unchanged, confirming its reliability in textile-based PTM wear-
able electronic devices. Therefore, this textile-based PTM device,
which integrates phase-change thermo-regulation and photother-
mal properties, can not only switch freely between cooling and
heating modes without any energy input, adjusting the human
microclimates, but also efficiently convert solar energy into latent
heat, enhancing thermal comfort and overcoming the limitations
of single-mode thermal management, providing an ideal and ex-
citing solution to cope with fluctuating weather conditions.

2.4. Triboelectric Characteristics of POA-PGC
It is widely recognized that PVDF-HFP is a semi-crystalline poly-
mer comprising three main crystal phases (a, f, and y), wherein

the electroactive all-polar f-phase possesses the highest dipole
moment per unit cell, thereby generating the highest surface
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2 sunlight radiation. e) Temperature variation curves of POA under sunlight radiation of 50, 75, and 100 mW cm~2
f) Photothermal conversion efficiency of POA under sunlight radiation of 50, 75, and 100 mW cm™

2. g) Temperature change curves of POA during 1, 5,

tribo-charge density. Elevating the f-phase content in PVDF-HFP
can enhance triboelectric performance,[*2*22] thereby promot-
ing the sustainable development and large-scale application of
TENG. Furthermore, the dielectric constant of the triboelectric
layer is of paramount importance, which is intimately linked to
the layer’s charge-storage capability and directly proportional to
the transferred charge density, making it a core determinant of
the TENG’s output performance.[*®! Therefore, the dielectric en-
hancement effect introduced by fillers is also considered an ef-
fective strategy for improving the triboelectric performance of
polymers.I>!] Based on these theories, this study conducted re-
lated research using GN and CNT as nanofillers. First, from the
SEM picture in Figures S10 and S11 (Supporting Information),
the successful introduction of GN and CNT, and the nanofiber di-
ameter distribution of P, PG, 5 and PG, ;C, 5 were counted suc-
cessively, without significant changes. The structure and working
mechanism of the corresponding triboelectric devices were illus-
trated in Figure S12 and Note S8 (Supporting Information).
From Figure S13 (Supporting Information), it can be observed
that the optimal addition amounts of GN and CNT were 1.5 and

© 2025 Wiley-VCH GmbH

85UB01 7 SUOLLLOD AT 3[ded! dde U Aq pauenob ae Sapile VO ‘85N JO 3N Joj Akeiq 18Ul UO A8 ]I LD (SUONIPUOD-PUE-SWLBIALID A3 IM Afe.d1jBu [Uo//Scy) SUORIPUOD pue SWLB | 8u 89S *[6202/80/82] Uo AriqiTauliuo A|im ‘(eeng) Aisieaiun Bueyed Aq 182605202 WPe/Z00T OT/I0P/W00" A8 |1 Aeiq1jpuljuo"peoLeApe//sdiy wouy papeojumod ‘0 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

(@) 9o (b

v
N’

1Hz20N 30041 Hz20N
784k i -
ZOV\HH azm- |

~ 604 _______ S1200 -
~ 15V e
g 45 3150
£ g
S 304 *; 100 T

15 é 50 1 ’ _—

0 H\‘\ \H 0 . T ‘-
P PGI.S PGI.SCU.S P PGI.S PG].SCO.S
(©)ss ()
82.6% 1209 PG, C,¢ 111V

_ w000 |.---12200 ...l RRCER
= 80 100
= 76.4% e 81V
g |755% & 801
g 751 % 60-
Q ]
7 =
2 S 40
é=°:‘70- e
< ™ \

65 0 ! y - ' Al ‘l A T

PG, PG,.C,s 1Hz20 N4 Hz 20 N4 Hz 30 N

)000 (C)Z.Z

www.afm-journal.de

d)0.04=
0.040
2.0
& , 0.0351_
w» w
> 5 1.8 PG Cos ,3 0.0301
< | ——pG, 2 0.025]
"2 . E
5 E1.6 P 2 0.020-
- & —
2 [}
o3 5 0.015) A
|14 0.010{ &
100 _ 100 100 10° 10° 10 105 10°
( g) Frequency (Hz) Frequency (Hz)
90 PG, .C,s 20 N & 2Hz
S
< 60
on
= 1
> 30
0
0 25 2505 5005

Time (s)

Figure 5. Triboelectric outputs of PGC-TENG. a) Output voltage of the P, PG, 5 and PG, 5Cy 5 under the test conditions of 20 N and 1 Hz. b) The power
density output of PG, sCy 5 at different load resistors. c) Dielectric constant and d) dielectric loss of P, PG 5 and PG, 5Cq 5. €) f-phase ratio of P, PG 5.
and PG, 5Cy 5. f) Output voltage of the PG, 5Cy 5 in different frequencies and load. g) Stability test of PGC-TENG for more than 10 000 cycles.

0.5 wt.%, respectively. Specifically, as depicted in Figure 5a,b and
S14 (Supporting Information), compared to sample P, the elec-
trical output of the corresponding triboelectric devices contin-
ues to increase with the introduction of GN and CNT, wherein
the open-circuit voltage and power density of the PG, sC, s based
TENG were increased to ~77 V and 8762 uW m~2, respectively
representing a significant enhancement of 1.83 and 3.25 times.
As shown in Figure 5c, the dielectric constant of the P, PG, 5
and PG, sC,; films significantly increased after the continuous
addition of GN and CNT. Wherein the PG, ;C, had the high-
est dielectric constant, which was 1.48 times higher than that
of P. Figure 5d shows that the dielectric loss of all three films
was below 0.045 across the entire frequency range, rendering it
nearly negligible. Further, through FTIR spectroscopic analysis
(Figure S15a,b, Supporting Information), as detailed in Note S9
(Supporting Information), the f-phase content increased from
75.5% for sample P to 82.6% for PG, sC, s (Figure 5e). The above
analysis results are consistent with previous trends observed in
triboelectric output measurements. In addition, the influence of
frequency and load on the electrical output performance of the
PG, sC,s-based TENG (PGC-TENG) were investigated. First, as
observed in Figure S16 (Supporting Information), altering the
test frequency had no significant effect on the V_ and Q,, of the
PGC-TENG (Figure S16a,b, Supporting Information), while, the
I, increased from 0.49 to 0.95 pA (Figure S16¢, Supporting In-
formation), consistent with previous reports.>?] Second, as de-
picted in Figure S16d—f (Supporting Information), when the test
frequency was fixed, the triboelectric output exhibited an increas-
ing trend followed by stabilization with increasing applied load.
These results demonstrate that the PGC-TENG device can not
only effectively harvest mechanical energy under different fre-

Adv. Funct. Mater. 2025, 09281

09281 (8 of 14)

quencies and loads, but also further enhance its triboelectric out-
put performance by adjusting operating conditions (Figure 5f;
Figure S17, Supporting Information). Additionally, as displayed
in Figure 5g and Figure S18a (Supporting Information), the PGC-
TENG maintained constant triboelectric output before and after
long-term operation. Even after being placed in an open environ-
ment for 10 months, its performance exhibited only a slight de-
cline, retaining 93% of its initial values. What’s more, the elec-
trical output remains ideal even after the PGC-TENG has been
subjected to water droplet treatment and subsequent drying. In a
word, PGC-TENG exhibits improved triboelectric output charac-
teristics, excellent durability, and robustness, showcasing signif-
icant potential for practical applications.

2.5. Breathability, Self-Cleaning Capability, and Thermal Stability
of POA-PGC

Water vapor transmission rate (WVTR) is a crucial indicator of
the wearability of fabric materials for the human body. Efficient
moisture transmission capability can improve human comfort
during sweating.l®’l Polymer nanofiber films have been of in-
terest due to their high porosity and fine fiber diameter, signif-
icantly enhancing the breathability and wear comfort of polymer
film materials.53! To evaluate the potential of POA-PGC in the
field of wearable electronics, WVTR and air permeability were
conducted. As shown in Figure 6a, the WVTR of POA-PGC is
761 g m~2-h, which is like cotton fabric (825 g m~2-h), much more
than commercial PI and PDMS films. Figure 6b and Figure S19
(Supporting Information) showed that the hot water vapor could
easily penetrate the POA-PGC, and when the beaker is covered
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Figure 6. Versatile applications of POA-PGC-based PTMT-TENG. a) WVTR of different fabrics. b) Water vapor permeability of POA-PGC. c) Air perme-
ability of POA-PGC. d) Equivalent circuit diagram for the PTMT-TENG. e) Charging and discharging curve of a 470 pF capacitor. The right shows the
PTMT-TENG powering an electronic watch. f) Thermal comfort properties of POA-PGC. g) Signal detection of human fingers tapping at different num-
bers. The right shows the digital photo of POA-PGC as a flexible wearable sensor with thermal comfort properties during the test. h) Temperature-time

curves of POA-PGC and cotton fabric (woven, areal density 230 g m~

2 clean with anhydrous ethanol and dried before use) under sunlight radiation of

82 mW cm™2. i) Real-time infrared thermal images of POA-PGC (right) and cotton fabric (left) in an environment at 3 °C with 25% humidity.

above, the inner wall of the beaker is also covered with water
mist. The excellent air permeability of POA-PGC was shown in
Figure 6¢. The results showed that HCl gas volatilized in con-
centrated hydrochloric acid causing the PH test paper to show
obvious acidity. All these results can be seen in Video S1 (Sup-
porting Information) and indicate that the POA-PGC possesses
remarkable breathability, moisture permeability. Additionally, hy-
drophobicity is also crucial for textiles, as it can endow them with
excellent self-cleaning capability.””>*l As shown in Figure S20a
(Supporting Information), the triboelectric layer of POA-PGC ex-
hibits a static water contact angle of 130.9 ° at room temper-
ature, confirming its outstanding excellent hydrophobicity and
self-cleaning capability. As demonstrated in Figure S20 and Video
S2 (Supporting Information), it can rapidly remove muddy wa-
ter droplets and dust contaminants from its surface, maintain-
ing the cleanliness of the film layer and thereby enhancing the
wearer’s comfort and health. Meanwhile, as shown in Figure
S18b (Supporting Information), both the triboelectric functional
layer PGC and the multifunctional textile POA-PGC exhibit ex-
cellent thermal stability, with initial thermal decomposition tem-
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peratures reaching 418 and 152 °C respectively, which fully meets
the application requirements in the fields of PTM and energy
harvesting.

2.6. Versatile Applications of Wearable Multipurpose POA-PGC

POA-PGC, as a high-performance multipurpose textile, pos-
sesses outstanding comprehensive capabilities such as dual-
mode thermo-regulation, efficient mechanical energy harvest-
ing, remarkable breathability, and self-cleaning, making it have
broad application prospects in the field of self-powered wear-
able electronic devices. First, as seen in Figures S21 and S20e,f
(Supporting Information), after undergoing 110 cycles of large-
amplitude bending and water washing, the performance of POA-
PGC-based PTMT-TENG only declined slightly, demonstrating
good durability. Through the circuit design depicted in Figure 6d,
the POA-PGC based PTMT-TENG (4.5 cm X 4.5 cm) was con-
nected to a commercial electronic watch, and the LTC3588 mod-
ule was utilized to convert the alternating current generated
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from mechanical energy into direct current and stored it in a
commercial capacitor (470 uF), serving as a distributed power
source to power the electronic watch (Figure 6e; Video S3, Sup-
porting Information). Simultaneously, Figure S22 (Supporting
Information) demonstrates the multiple charging and discharg-
ing processes of the commercial capacitor and the correspond-
ing curves, indicating the excellent stability and durability of the
PTMT-TENG as a distributed power source. Second, the POA-
PGC-based PTMT-TENG can also be applied as a self-powered
flexible wearable sensor with thermal comfort properties. When
holding the POA layer close to the arm and PGC layer face out,
the POA layer can adjust the microclimate of the human body in
real-time, enhancing the wearer’s comfort (Figure 6f). As shown
in Figure 6g and Figure S23 (Supporting Information), under dif-
ferent tapping conditions (number of finger taps, tapping speed,
and consecutive tapping times), the output voltage of the POA-
PGC device (3 cm X 5 cm) fixed on the arm demonstrated varia-
tion and regularity, displaying excellent sensitivity and accuracy,
suitable for a human-machine interaction. Additionally, by flip-
ping the POA-PGC device (POA layer outward, PGC layer in-
ward), it can function as smart clothing for use by explorers, re-
searchers, or extreme athletes in different environments. In this
case, the POA-PGC device can not only detect different motion
states of the wearer, monitor health status in real-time, but also
achieve efficient all-weather PTM through the synergistic effect
of photothermal and phase-change thermo-regulated character-
istics. As shown in Figure 6h,i, the T-t curve and infrared image
of POA-PGC and cotton fabric were tested under a cold environ-
ment of 3 °C. From these results, compared with cotton fabric,
the T-t curve of POA-PGC multipurpose textile exhibits a signifi-
cant phase change buffer segment and a higher surface tempera-
ture, which effectively enhances people’s thermal comfort under
cold conditions. Importantly, the latent heat accumulated by the
PCMs during the stable phase change period can be released dur-
ing nighttime or periods lacking sunlight, providing additional
warmth for the human body and effectively resisting severe cold.

To comprehensively evaluate the application potential of POA-
PGC multipurpose textile in the field of all-season PTM self-
powered wearable electronics, a test system as shown in Figure
S24 (Supporting Information) was employed, and the detailed
testing procedures and operating mechanisms are elaborated in
Figure 7a and Note S10 (Supporting Information). The all-season
switchable PTM tests encompass three scenarios: heating effi-
ciency in cold environments during nighttime and daytime, as
well as cooling performance in high-temperature environments,
with corresponding results presented in Figure 7b—d respectively.
In the face of discomfort caused by sudden changes in ambient
temperature, traditional strategies rely on adding/removing or
changing layers of clothing. Comparatively speaking, the POA-
PGC textile in this study can respond to environmental changes
by adjusting the release and storage of latent heat in real-time,
combined with the photothermal effect, to achieve all-season
thermal comfort in the human microenvironment. Figure 7b,e,
as well as Figure 7c,g, respectively demonstrate the heating (in-
sulation) effect of POA-PGC textiles in cold environments. Lever-
aging the quasi-isothermal liquid-solid phase change latent heat
release of PCM, combined with the efficient photothermal effect
of PDA, the POA-PGC textiles exhibit a 15.9 °C improvement in
warmth retention in cold daytime environments, outperforming
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commercial cotton fabrics. In high-temperature environments,
POA-PGC textile achieves a 3.8 °C cooling effect over cotton fab-
rics by absorbing heat through phase change (Figure 7d,i). In
summary, POA-PGC multipurpose textile exhibits exceptional
bidirectional temperature regulation capabilities, suitable for all-
season, all-weather PTM demands. Furthermore, as illustrated
in Figure 7fh,j and Figures S25 and S26 (Supporting Informa-
tion), the POA-PGC-based PTMT-TENG not only performs ther-
mal management but also sensitively detects motion signals and
continuously efficiently harvests human motion energy. This de-
vice can also function as a smart shoe pad (Figure S27, Sup-
porting Information), monitoring the gait of individuals with
limited mobility in real-time to enhance foot comfort and en-
sure safety. Compared to similar triboelectric and PTM textiles
(Table S7, Supporting Information) recently published, the POA-
PGC-based PTMT-TENG excels in energy harvesting and ther-
mal management, achieving comprehensive integration of ma-
terial functions. It is worth mentioning that all the raw materi-
als used for constructing the POA-PGC-based PTMT-TENG are
readily available and inexpensive commercial products (Table S8,
Supporting Information), which significantly reduces the prepa-
ration cost of the POA-PGC multifunctional textile. In summary,
this groundbreaking device serves as a reference for the devel-
opment of the next generation of multifunctional T-TENGs and
shows immense potential across various application scenarios,
paving a new path for the future development of smart textiles.

3. Conclusion

This study, for the first time, successfully developed a smart
POA-PGC-based PTMT-TENG device, which mainly consists of
a dual-mode switchable thermal management layer (DSTML)
and a triboelectric layer. The existence of the DSTML not only
endows the T-TENG device with real-time bidirectional switch-
able thermal management capabilities, but also enhances ther-
mal comfort in cold environments and breaking through the lim-
itations of single-mode thermal management. In summary, the
POA-PGC-based PTMT-TENG exhibits standout real-time bidi-
rectional thermo-regulation capabilities, improved triboelectric
output characteristics, excellent durability, robustness, and re-
markable flexibility, breathability, and self-cleaning characteris-
tics. This study successfully developed a multipurpose T-TENG,
which can simultaneously harvest human motion energy and
achieve all-season real-time bidirectional PTM. This not only
serves as a paradigm for the development of next-generation mul-
tifunctional T-TENGs, but also significantly promotes the appli-
cation of T-TENGs in self-powered wearable electronic devices
such as flexible sensors and smart clothing.

4. Experimental Section

Materials:  Poly(vinylidene fluoride-co-hexafluoro propylene) (PVDF-
HFP, Kynar 2500, Arkema), N, N-dimethylformamide (DMF, analyt-
ical reagent AR, Aladdin), n-OD (AR, Aladdin), kerosene (AR, Al-
addin), GN (5000 mesh, thickness:0.55-1.2 nm, 1-5 layers, >99%),
multi-wall CNT (MWCNT, CNT104, diameter: 10-20 nm, length:
10-30 um, 98% DKnano), dopamine hydrochloride (98%, Aladdin), and
tris (hydroxymethyl)aminomethane hydrochloride (Tris, 99.8%, Aladdin)
were used as received and without additional processing.
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Real-time infrared thermal images of POA-PGC and cotton fabric in simulated b) nighttime and c) daytime cold environments. d) Real-time infrared
thermal images of POA-PGC and cotton fabric in a simulated high-temperature environment. T-t curves of POA-PGC and cotton fabric in simulated
e) nighttime cold environment, g) daytime cold environments, and i) high-temperature environment, respectively. Output signals of finger motion energy
are simultaneously harvesting by POA-PGC based PTMT-TENG in simulated conditions of f) cold nighttime environment, h) cold daytime environment,

and j) high temperature environment.

Preparation of Dual-Mode Switchable Thermal Management Layer
(DSTML): The DSTML was constructed through a simple solution
impregnation-assisted electrospinning technology. First, during coax-
ial electrospinning, a 26 wt.% PVDF-HPF/DMF solution and an n-
OD/kerosene solution with a mass ratio of 8:1 were separately used
as the sheath and core solutions. Then, the two as-fabricated solutions
loaded into syringes (5 mL) separately, and coaxial electrospinning tech-
nology was employed to fabricate the shell-core nanofiber-based phase
change composite film. The sheath solution was extruded at a fixed rate
of 1 mL h™', while the core solution was extruded within the range of
0.3-1.0 mL h™' (specifically at 0.3, 0.5, 0.7, 0.9, 1.0 mL h~"). The spin-

Adv. Funct. Mater. 2025, e09281
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ning voltage, receiving distance, and receiving time were set at 18 kV,
18 cm, and 2 h, respectively, while the ambient temperature and hu-
midity were maintained at 33 °C temperature and 30% RH. Accord-
ing to the different core solution extrusion rates, the obtained phase
change composite films were respectively named POg;, POy 5, POy 7,
POgg, and PO, . Subsequently, the aforementioned POy4 composite
film was immersed in an alkaline dopamine solution with a pH value
of 8.5, taken out after 24 h, rinsed with deionized water, and dried at
room temperature to obtain the dual-mode thermal management layer,
which was designated as POA (Details in Supplementary Experiment
section).

© 2025 Wiley-VCH GmbH
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Preparation of PTMT-TENG with Dual-Mode Switchable Thermal Man-
agement Characteristics:. The PTMT-TENG with dual-mode switchable
thermal management characteristics mainly consists of a DSTML and
a triboelectric layer, which was achieved by spinning a layer of PVDF-
HFP/GN/CNT nanofiber composite film-based triboelectric layer on the
back surface of the POA film using a three-needle electrospinning tech-
nology. The resulting samples were dried at 60 °C for 1 h to eliminate any
residual solvent present. Therein, the concentration of spinning solution,
extrusion rate, spinning voltage, receiving distance, receiving time, ambi-
ent temperature, and humidity were maintained at 26 wt.%, 0.7 mL h=T,
28 kV, 18 cm, 1 h, 33 °C, and 15% RH, respectively. To obtain the PTMT-
TENG device with the optimal triboelectric output performance, a system-
atic exploration of the addition amount of GN and CNT composite fillers
was conducted under the aforementioned spinning conditions. The sam-
ples prepared in this manner were designated as PG,C, (x =0, 0.5, 1.0,
1.5, 2.0,y =0, 0.1, 0.3, 0.5, 0.7), where x and y respectively indicate the
mass percentage of GN and CNT in PVDF-HFP. Ultimately, the multifunc-
tional PTMT-TENG fabricated under optimal addition conditions of GN
and CNT was denoted as POA-PGC.

Characterization: ~The characterization section of this study is detailed
in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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