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M AT E R I A L S  S C I E N C E

Large-area radiation-modulated thermoelectric fabrics 
for high-performance thermal management and 
electricity generation
Jin-Zhuo Liu1,2,3†, Wangkai Jiang1,2†, Sheng Zhuo4,3, Yun Rong1,3, Yuan-Yuan Li1,3, Hang Lu1,3, 
Jianchen Hu1,2, Xiao-Qiao Wang1,2, Weifan Chen4, Liang-Sheng Liao3*,  
Ming-Peng Zhuo1,2,3*, Ke-Qin Zhang1,2*

Flexible thermoelectric systems capable of converting human body heat or solar heat into sustainable electricity 
are crucial for the development of self-powered wearable electronics. However, challenges persist in maintaining 
a stable temperature gradient and enabling scalable fabrication for their commercialization. Herein, we present a 
facile approach involving the screen printing of large-scale carbon nanotube (CNT)–based thermoelectric arrays 
on conventional textile. These arrays were integrated with the radiation-modulated thermoelectric fabrics of elec-
trospun poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) membranes for the low-cost and high-
performance wearable self-power application. Combined with the excellent photothermal properties of CNTs, the 
resulting thermoelectric fabric (0.2 square meters) achieves a substantial ΔT of 37 kelvin under a solar intensity of 
~800 watt per square meter, yielding a peak power density of 0.20 milliwatt per square meter. This study offers a 
pragmatic pathway to simultaneously address thermal management and electricity generation in self-powered 
wearable applications by efficiently harvesting solar energy.

INTRODUCTION
Harvesting low-grade energy from the environment or human body 
toward affordable and sustainable electricity via piezoelectric (1), 
triboelectric (2), thermoelectric (3), and hydrovoltaic effect (4–6) 
have garnered substantial interest in self-power sensors (7), energy 
storage (8), and wearable electronics (9). Taking advantage of simple 
structure, desired mechanical flexibility, and direct heat-to-electricity 
conversion, the thermoelectric generators (TEGs) fibers were re-
garded as promising candidates for self-powered and wearable opto-
electronics (10). Comprehensive thermal management of the heat 
collector, thermoelectric legs, and heat radiator offers an opportu-
nity to optimize the output performance of the functional TEGs, as 
demonstrated in a previous attempt (11). To date, tremendous ef-
forts have been adapted to modulate the intrinsic Seebeck coeffi-
cient and thermal/electronic conductivity of the thermoelectric 
materials for high-efficiency energy conversion (12). Nevertheless, 
these strategies generally suffer the high-temperature/pressure re-
quirement or the sophisticated fabrication process, inducing a ter-
rible hindrance to their practical applications (13). Impressively, the 
high TEG unit density and the obvious temperature gradient (ΔT) 
between TEGs hot and cool regions are also important for high-
performance electricity generation (14, 15).

To meet the evolving requirements of hot or cold comfort for 
smart textiles, the radiation-modulated strategies of solar photothermal 

and daytime radiative cooling demonstrated alternative opportuni-
ties (16). Silk functional fabric (17), metafabric (18), and white pho-
tothermal fabrics (19) introduce an innovative radiation regulation 
technique that uses sunlight to achieve thermal comfort for the hu-
man body. Furthermore, the passive daytime radiative cooling (PDRC) 
technique is proved to be a promising and sustainable technique for 
achieving outdoor cooling without additional energy supplements 
(20). Inspired by these successes (13, 21), the radiation regulation 
technique could effectively increase the hot-region temperature of 
photothermal films or reduce the cool-region temperature of radia-
tive cooling films to generate a desired ΔT for thermoelectric textile, 
which could simultaneously achieve the thermal comfort and the 
high electricity output (22, 23). Typical schemes involve a wearable 
solar TEG with a maximum output voltage density of 23.4 V/m2, 
which is dependent on the organic charge transfer cocrystal–based 
nanofiber membrane with a high photothermal conversion efficien-
cy of 80.5% toward the desired ΔT (24). Notably, a high ΔT of 29.5 K 
was achieved in a flexible three-dimensional Janus helical ribbon 
architecture with the optimized photothermal heating and radiative 
cooling areas under a low solar radiation of 614 W/m2 (25). How-
ever, the corresponding complex fabrication process presents a huge 
challenge to self-powered wearable applications (26). Furthermore, 
the sophisticated and efficient optoelectronic devices with desired 
device density were rationally constructed via a facile screen-printing 
method, benefiting from the low cost and large-area fabrication of 
wearable optoelectronics (27), which is rarely developed in textile 
field. Combing with the high ΔT induced by the integration of the 
photothermal heating and radiative cooling textiles (28), the screen 
printing provides a facile and scalable alternative for the accurate 
pattern definition and the high-resolution patterns creation of the 
high-performance thermoelectric arrays.

Herein, we purposefully selected the facile screen-printing technol-
ogy to fabricate large-scale carbon nanotube (CNT)–based thermoelec-
tric arrays with a device density more than 560 pairs on the commercial 

1National Engineering Laboratory for Modern Silk, College of Textile and Clothing 
Engineering, Soochow University, Suzhou, Jiangsu 215123, China. 2Jiangsu Provin-
cial International Cooperation Joint Laboratory for Sustainable Textile Materials and 
Engineering in Universities, Suzhou 215021, China. 3Institute of Functional Nano and 
Soft Materials (FUNSOM), Jiangsu Key Laboratory for Carbon-Based Functional Mate-
rials and Devices, Soochow University, Suzhou 215123, China. 4School of Physics and 
Materials Science, Nanchang University, Nanchang 330031, China.
*Corresponding author. Email: lsliao@​suda.​edu.​cn (L.-S.L.); Email: mpzhuo@​suda.​
edu.​cn (M.-P.Z.); kqzhang@​suda.​edu.​cn (K.-Q.Z.)
†These authors contributed equally to this work.

Copyright © 2025 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

mailto:lsliao@​suda.​edu.​cn
mailto:mpzhuo@​suda.​edu.​cn
mailto:mpzhuo@​suda.​edu.​cn
mailto:kqzhang@​suda.​edu.​cn


Liu et al., Sci. Adv. 11, eadr2158 (2025)     3 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 10

fabric. In addition, a PDRC film displaying a reflectivity 96.9% and at-
mospheric transparent window emissivity 96.8% for excellent radiation 
cooling properties was prepared through the simple electrospinning 
mothed. The radiation-modulated thermoelectric fabric was constructed 
by sandwiched the PDRC film on the thermoelectric arrays. The spec-
tral response difference between CNT intrinsic and the PDRC film was 
used to create a considerable ΔT for the thermoelectric array, enabling 
the preparation of a flexible wearable fabric with high light-to-heat con-
version capability. After optimizing the cover area of PDRC film on the 
thermoelectric arrays, the functional fabric builds a high ΔT of 37 K 
under 0.8-sun natural sunlight, outputting a high voltage density of 
6.67 V/m2, which presents a potential application in the field of 
wearable electronic products. It offers a lightweight and cost-effective 
approach to collecting solar energy, enabling the mass production of 
flexible electronic devices and facilitating practical applications.

RESULTS
Design and manufacture of radiation-modulated 
thermoelectric fabric
Solar irradiance absorption and reflection not only are necessary to 
achieve the thermal comfort for hummus via photothermal and ra-
diative cooling effects (29) but also could be harnessed to generate a 
temperature gradient for the wearable thermoelectrical devices (30). 
Poly(vinylidene fluoride) (PVDF) derivates of the poly(vinylidene 
fluoride-co-hexafluoropropylene) (PVDF-HFP) holds the high stretch-
ability and mechanical stability, which are promising candidates for 
the optoelectronic and smart fibers application (31). It is well known 
that the electrospinning technology demonstrates the flexibility, fac-
ile, low cost, and mass production for the fabrication of nanofiber 
membranes (32). The PVDF-HFP was rationally chosen to construct 
the large-scale nanofiber membrane via the electrospinning tech-
nology (fig. S1A) for the radiative cooling application (Fig. 1A). As 
shown in the scanning electron microscopy (Fig. 1B and fig. S1, B 
and C), the as-prepared PVDF-HFP nanofibers show a smooth sur-
face and a relatively uniform diameter across 0.3 to 1.6 μm with av-
erage diameter of ~0.8 μm, suggesting the successful preparation of 
the PVDF-HFP nanofiber membrane. An additional characteristic 
that renders PVDF-HFP particularly suitable for radiative cooling is 
its minimal absorption loss across the entire solar spectrum, cou-
pled with a refractive index of approximately 1.42 (fig. S2). Accord-
ing to the Mie scattering theory (33), the fiber diameter distribution 
close to the waveband of the solar spectrum is favorable to achieving 
the high solar scattering efficiency for radiative cooling applications. 
The finite elements analysis (FEA) method was used to calculate the 
scatter efficiency of these prepared PVDF-HFP nanofiber mem-
brane with fiber diameter across 0.3 to 1.6 μm, which demonstrates 
strongly scattered sunlight covering most of the solar wavelength 
range (Fig. 1C). This theoretical calculation is consistent with the 
bright white visual appearance of PVDF-HFP nanofiber films as 
shown in fig. S1D. As presented in Fig. 1D, the PVDF-HFP nanofi-
ber films display an obvious spectrum selective property with a high 
reflectivity of more than 96.9% with thickness of 550 μm (fig. S3) in 
the sunlight region (0.3 ~2.5 μm) and a high emissivity of 96.8% in 
the middle infrared range, which is beneficial for daytime radiative 
cooling (34). Notably, these prepared PVDF-HFP nanofiber mem-
branes slowly heated up from 26.8° to 43.8°C by open environment 
measurements after being irradiated by a 1-sun air mass (AM) 1.5 
simulator for 1500 s. Then, the final equilibrium temperature displays 

9.6°C lower than that of substrate white fabric. On the contrary, the 
photothermal layer quickly heated up from 27.1° to 80.8°C, and the 
final equilibrium temperature displays 27.4°C higher than that of 
the substrate white fabric. Besides, 10 cycles of heating cycle stability 
tests were conducted on the white-cloth layer and radiative cooling 
layer (fig. S4), which confirms that the radiative cooling layer has a 
stable and low temperature compared with the white cloth. In sum-
mary, radiative cooling layer and photothermal layers could create a 
great temperature gradient of 37°C under solar irradiation (Fig. 1E). 
Therefore, combining photothermal and radiative cooling effect fa-
cilitates higher temperature gradients.

Photothermal performance of screen printing–based 
photo-thermoelectric array
Impressively, the screen-printing process (fig. S5) was regarded as 
the promising approach for the scalable production of thermoelec-
tric arrays on fabric due to its high pattern flexibility, high produc-
tivity, and cost-effective production capability (35). It is well known 
that the high viscosity of the ink is necessary to prepare nanoscale 
films with two-dimensional structure via screen-printing process, 
creating the unlimited access to substrates and patterns (36). Com-
pared with traditional inorganic thermoelectric materials, the CNT 
has a multitude of beneficial characteristics, including low toxicity, 
chemical stability, outstanding electrical conductivity, exceptional 
mechanical strength, photothermal properties, and high Seebeck 
coefficient, which make it the ideal material for the thermoelectric 
array (37, 38). The rheological properties of the CNT-based ink con-
firmed that its relatively high viscosity is cohesive and sticky, im-
proving the printing quality (fig. S6), which is favorable for the scalable 
production of thermoelectric arrays via screen-printing method. 
However, the excess high viscosity is also terrible for the screen-
printing process (fig. S7). The copious interstices and voids of micro-
 and nano-dimensions amid the fibers engendered a potent capillary 
force, compelling the CNT to adhere uniformly and tenaciously onto 
the surface of the fabric (fig. S8). Typically, the CNT-based thermoelec-
tric arrays with a high assembly density of thermoelectric array (TEG 
unit: 560 pairs) and their linked silver arrays were successfully pre-
pared on a large fabric with size of 1 m by 0.2 m via screen-printing 
method as verified in Fig. 2 (A and B). Furthermore, a logo of 
“Soochow University” based on the CNT was also screen-printed on 
commercial white fabric to illustrate the high pattern flexibility of 
screen-printing process (Fig. 2C), suggesting the desired proposed 
design. The infrared images revealed that the Soochow University 
logo printed on the fabric gradually became brighter and distinct 
after simulated sunlight for 10 and 20 s. It powerfully clarified the 
excellent photothermal property of these screen-printed CNT pat-
terns, which demonstrates to be highly advantageous for infrared 
thermal imaging applications. Moreover, the temperature incre-
ments of the CNT exhibit a typical solar illumination intensity-
dependent photothermal characteristic upon exposure to simulated 
sunlight irradiation at the different simulated sunlight intensities 
(Fig. 2D). The maximum temperatures rise to 44.8°, 53.6°, 61.9°, and 
70.1°C simulated by the sunlight with 0.25-, 0.5-, 0.75-, and 1-sun 
intensity, respectively. As shown in Fig. 2E, temperature variations 
are proportional to the different simulated solar illumination inten-
sities in heating and cooling processes during 0 to 720 s. As depicted in 
fig. S9, the observed linear relationship between ΔT and power densi-
ties indicates that the temperature could be controlled by adjusting 
excitation power. The maximum temperature is in keeping with Fig. 2E, 
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which illustrates the outstanding solar illumination intensity depen-
dence and photostability of CNT. After undergoing 10 cycling tests 
of heating and cooling process, the prepared CNT pattern also 
maintains the maximum temperature of ~70°C, suggesting high 
photothermal stability (Fig. 2F). These results demonstrate that the 
CNT-based pattern prepared by screen-printing method exhibits 
excellent photothermal conversion efficiency and pattern resolu-
tion, which is sufficient to meet the needs of making high-precision 
thermoelectric arrays.

Thermoelectric performance of thermoelectric array
A thermoelectric array composed of 28 thermoelectric pairs was fab-
ricated on a 10 cm–by–10 cm commercial white fabric as depicted in 

Fig. 3 (A1). The black pattern corresponds to the CNT thermoelectric 
arrays printed three times, with a width of ~3.5 mm and a thickness 
of ~57 μm (Fig. 3, A2, and fig. S10). A laboratory-made thermoelec-
tric testing system (fig. S11 and note S1) was developed to confirm 
the thermoelectric performance of thermoelectric arrays. The CNT 
line patterns exhibiting high p-type Seebeck coefficients were subse-
quently connected in series by silver electrodes with a line width of 
0.5 mm form integrated TEG device. Notably, a thermoelectric array 
comprising 14 thermoelectric pairs demonstrates an obvious en-
hancement in the output voltage from 0.58 to 4.63 mV while increas-
ing the ΔT from 1 to 8 K (Fig. 3B), suggesting a remarkable total 
Seebeck coefficient of 1.16 mV/K. Furthermore, it is clearly found 
that the total Seebeck coefficient is proportional to the number of 

Fig. 1. Design and manufacture of radiation-modulated thermoelectric fabric. (A) Principle and the structures of wearable thermoelectrical device. (B) The represen-
tative scanning electron microscopy images of PVDF-HFP membrane. The insert was the diameter distribution of PVDF-HFP fiber in the membrane. (C) Scattering effi-
ciency of circular vacancy in PVDF-HFP membrane. (D) Reflectivity and emissivity spectra of radiative cooling and photothermal. (E) Temperatures of photothermal layer, 
cloth layer, and radiative cooling layer after a period of irradiation with 1-sun intensity (ambient temperature, 25°C). S, seconds.
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thermoelectric arrays. As presented in Fig. 3C reveals, the CNT and 
silver components exhibit a p-type Seebeck coefficient of 50 μV/K 
and n-type Seebeck coefficient of −5 μV/K, respectively. Moreover, 
the electrical conductivity of the CNT and silver paste are 700 and 
7 ohm/m, respectively, indicating a satisfactory compatibility and per-
formance match. As shown in Fig. 3D, the power density and circuit 
current of the thermoelectric array vary with the voltage output at 
different ΔT. The voltage output of the thermoelectric array achieves 
a maximum of 5.8 mV after increasing ΔT to 9 K. In addition, the 
short-circuit current decreases linearly with the output voltage, 
achieving a value of approximately 0.8 μA at ΔT = 9 K. Furthermore, 
the thermoelectric array exhibits a maximum power density of 1.04 W/
m2 at ΔT = 9 K, undergoing an external resistance of 5.6 kilohm 
(Fig. 3E). The consideration of washing resistance of the fiber-based 
optoelectronic is imperative for the practical application of the flexi-
ble wearable fabrics. To simulate real washing processes, the thermo-
electric array fabric was immersed in a beaker containing tap water at 
25°C and subjected to rolling washing for 20 min per cycle as de-
picted in Fig. 3F. Following multiple washes in tap water, the resis-
tance of the thermoelectric array experienced a slight increase from 1.0 to 
1.3 kilohm after 10 cycles. The final resistance change (R/R0) remained at 
approximately 1.3, where R was the resistance after thermoelectric array 

washing and R0 was its initial resistance. Similarly, the Seebeck coef-
ficient exhibited a relatively stable trend after 10 washing cycles, ulti-
mately stabilizing at around 48 μV/K with a minor change of about 
5% (Fig. 3G). All of these elucidate the exceptional washing resis-
tance of the thermoelectric array fabric. When stored in an environ-
ment with temperatures ranging from 16° to 26°C and humidity 
levels between 30 and 50% for a duration of 12 months, the resistance 
and cooling performance of the thermoelectric textiles remain re-
markably stable, demonstrating exceptional durability (fig. S12). 
Furthermore, to evaluate the durability of the fabric when subjected 
to sustained high strain, a series of more than 2000 bending-release 
cycles were performed at a strain level of 50% (fig. S13). The bending-
releasing curve demonstrated consistent repeatability. Considering 
the complex working environment of the thermoelectric array fabric, 
it was necessary to evaluate the sensor’s performance under bending 
and twisting conditions (39). The relative resistance changes were ob-
served during these movements, as shown in Fig. 3H. Under tensile 
deformation exceeding 50%, the Seebeck coefficient remains at 49 μV 
K−1, with a variation of less than 4% from its natural state, demon-
strating the exceptional thermoelectric performance of thermoelec-
tric array even under tensile deformation (fig. S14). The relative 
resistance increases with higher strain and returns to its initial value 

Fig. 2. Photothermal performance of screen-printing based photo-thermoelectric array. (A) A schematic showing the screen-printing process. (B) Large-area fabric 
printed with thermoelectric arrays. (C) Image of Soochow University logo printed on fabric and infrared images of Soochow University logo corresponding to different 
illumination times, respectively. (D and E) Temperature variations of CNT at 0.25 (blue line), 0.5 (green line), 0.75 (orange line), and 1 sun (red line). (F) Ten heating and 
cooling cyclic tests of CNT at 1 sun. S, seconds.
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upon release, which illustrates the desired exceptional sensing per-
formance of the thermoelectric array fabric in bending and twisting 
scenarios for practical application.

Output performance of radiation-modulated 
thermoelectric fabric
The fundamental principle underlying thermoelectric power gen-
eration relies on the Seebeck effect, which leverages the temperature 
gradient between two surfaces of the device to facilitate the move-
ment of charge carriers (40). To achieve higher output voltage and 
power, it is effective to enhance the performance of the thermoelec-
tric array by increasing its area, assembly TEG unit density, or the 
applied ΔT. The PVDF-HFP nanofiber membranes with promising 
radiative cooling performance were deposited on the CNT-based 
thermoelectric array to create a cold region under solar irradiation 
to generate a considerable thermoelectric potential (Fig. 4A). The 
photo in Fig. 4B shows a radiation-modulated thermoelectric fabric 
with size of 10 cm by 10 cm, which consists of thermoelectric fabric 
with 28 pairs and PVDF-HFP nanofiber membranes with thickness 
of 0.55 mm. In details, the CNTs and PDRC films create alternate 

hot and cold regions under solar irradiation for an obvious ΔT, 
which facilitates charge carriers (holes) to diffuse in the CNTs from 
hot to cold regions, enabling the generation of thermoelectric po-
tential. To assess the performance of radiation-modulated fabric, 
the FEA method was used to simulate the temperature difference 
across the thermoelectric array under solar irradiation of 0.5 sun at 
an ambient temperature of 25°C. As illustrated in Fig. 4C, the tem-
perature of the hot side could achieve 55°C and engender a ΔT 
of 25 K when the temperature of the cold side maintains 30°C (note 
S2). It is powerfully confirmed that the radiation-modulated fabric 
could create obvious temperature gradient between hot regions and 
cold regions. An indoor-simulated solar test (Fig. 4D) was conduct-
ed to evaluate the ΔT between hot sides and cold sides of thermo-
electric array. As shown in Fig. 4E and fig. S15, the maximum ΔT of 
the PDRC films with coverage ratio (x:y) of 0.5 rise to 15.7°, 24.2°, 
31.9°, and 41.4°C with the simulated sunlight intensities of 0.25, 0.5, 
0.75, and 1 sun, respectively. The temperature slope and output volt-
age were further improved by controlling the coverage ratio (x:y) of 
PDRC films (x) on thermoelectric array (y) under 0.25 sun. Previous-
ly, because of the existence of parasitic heat conduction, the different 

Fig. 3. Thermoelectric performance of thermoelectric array. (A) Twenty-eight pairs of thermoelectric arrays and optical electron microscopy magnification in the dot-
ted box. (B) The variations of output voltage along with thermoelectric array pairs and ΔT. (C) The Seebeck coefficient and electrical resistivity of CNT and silver, respec-
tively. (D) The output voltage and output power density as a function of circuit current when ΔT = 3, 6, and 9 K. (E) The output power density as a function of load 
resistance when ΔT = 3, 6, and 9 K. (F) The resistance changes of the thermoelectric arrays under cyclic washing. (G) The Seebeck coefficient changes of the thermoelectric 
arrays and change rate under cyclic washing. (H) The resistance changes of the thermoelectric arrays under cyclic bending. S, seconds.
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areas of the hot region and the cold region will affect the construc-
tion of the temperature gradient of the radiation-modulated ther-
moelectric fabric. As shown in Fig. 4F, the radiation-modulated 
fabric yielded a maximum ΔT of 14.5°C and Voc of 16 mV at a cov-
erage ratio of 0.5 due to reduction of the parasitic heat flow (conduc-
tion/convection). Besides the proportional system, the pattern size 
(fig. S16) could affect both the assembly TEG unit density of the 
thermoelectric array and the temperature gradient, thereby affect-
ing the total thermoelectric potential. As depicted in Fig. 4G, the 
output voltage corresponding to pattern sizes of 0.35, 0.42, 0.665, 
0.735, and 0.78 were 20.8, 26, 13, 7.1, and 5.6 mV, respectively. Thus, 
the pattern size (a:b) is also a key parameter to modulate the output 
voltage of thermoelectric array under the solar irradiation. The volt-
age of radiation-modulated fabric could reach 16.8, 27.1, 36.3, and 
49.5 mV corresponding to the 0.25-, 0.5-, 0.75-, and 1 sun–simulated 
sunlight intensities as verified in Fig. 4H. Furthermore, eight light 
on/off cyclic tests were conducted under different simulated sunlight 
intensities, which demonstrate a constant maximum of output volt-
age and confirm the cycling stability of radiation-modulated fabrics 

(Fig. 4H). In particular, the optimal ΔT of the radiation-modulated 
thermoelectric fabrics with coverage ratio of 0.5 and pattern ratio of 
0.42 could reach 37.1°C, and the output voltage reaches 47.9 mV 
and a power density of 0.32 mW/m2 under 1 sun of simulated sun-
light intensity (Fig. 4I and table S1). As a short conclusion, the designed 
radiation-modulated thermoelectric fabric demonstrated outstanding 
and stability of solar light collection for excellent energy conversion 
from heat to electricity.

The application of radiation-modulated 
thermoelectric fabric
Continuous temperature (fig. S17) and output voltage tracking outdoor 
experiments (Fig. 5, A and B) were implemented on 6 September 
(Suzhou: 31°18′6.1″N, 120°34′51.9″E, the real-time temperature, hu-
midity, and wind velocity as shown in table S2), which demonstrates 
the photo-thermoelectric conversion performance of the radiation-
modulated thermoelectric fabric upon natural sunlight. Specifically, 
the devices consist of an extruded polystyrene foam board that is 
enveloped in aluminum (Al) strips, designed to reflect sunlight and 

Fig. 4. Output performance of radiation-modulated thermoelectric fabric. (A) Cooling/heating components for daytime thermal gradients and thermoelectric array 
for thermoelectric generation. (B) The schematic diagram of the radiation-modulated fabric. (C) FEA result showing the temperature distribution across the thermoelectric 
array. (D) The schematic diagram of the installation for investigating the outdoor radiation-modulated fabric performance. (E) The temperature difference variations of 
radiation-modulated fabric under 0.25 (green line), 0.5 (black line), 0.75 (red line), and 1 sun (blue line)–simulated sunlight intension, respectively. (F) Temperature differ-
ence and output voltage of PDRC films with different coverage areas under 0.5 sun–simulated sunlight intensity. (G) Effect of thermoelectric array pattern ratio on output 
voltage and a schematic diagram coated with CNTs (inset). (H) Radiation-modulated fabric cyclic tests of the output voltage at 0.25, 0.5, 0.75, and 1 sun–simulated sunlight 
intensity. (I) Temperature difference and output voltage of radiation-modulated fabric under 1 sun–simulated sunlight intensity. S, seconds.
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ambient radiation, along with a layer of highly transparent polyeth-
ylene film that serves as an effective barrier against convective heat 
transfer (fig. S18). The outdoor voltage test of the as-prepared 
radiation-modulated thermoelectric fabric was carried out under 
natural sunlight. The output voltage is consistent with variation of 
solar irradiance, which reaches the maximum output voltage of 42.7 mV 
at 12:30 as verified in Fig. 5B. As depicted in fig. S19A, the output 
voltage is consistent with variation of solar irradiance, which reach-
es the maximum output voltage of 40 mV at 12:30 with a tempera-
ture of 36°C in Suzhou (China) on 26 August 2024. Since the 
radiative cooling film can emit infrared radiation to dissipate heat, 
electricity is also generated at night, showing an output voltage of 
0.5 mV in Suzhou (China) on 26 August 2024 (fig. S19B). Signifi-
cantly, the outdoor experiments profoundly confirm the excellent 
radiative cooling performance of PDRC films and the effective photo-
thermoelectric conversion of flexible CNT-based thermoelectric ar-
ray. Radiation-modulated thermoelectric fabric with desired flexible 
and lightweight feature could perform excellent photo-thermoelectric 
power generation sustainably and stably, benefiting the wide application 

in wearable electronics. The variations in covering frequency of 
the swinging arm affect the blocking or transmission of radiation 
through the fabric, thus influencing the voltage output. By measur-
ing the voltage output changes, it may be possible to gather valuable 
information about radiation exposure, which could help monitor 
and assess potential health risks. A homemade device (fig. S20) con-
sisting of xenon lamp with AM 1.5 filter and liner motor was set up 
to confirm the sensing function of radiation-modulated thermo-
electric fabric. Under simulated sunlight with 1-sun intensity, the 
maximum voltage at frequencies of 0.25, 0.5, 0.75 and 1 Hz are 15.7, 
15.9, 16.2, 17.2 mV, which confirms the related relationship between 
the voltage amplitude and the swing arm frequency (Fig. 5C). Under 
different oscillation frequencies, the potential changes are identifi-
able, the voltage change rate accelerates, and the numerical change 
range gradually narrows as the oscillation frequency increases. 
Radiation-modulated thermoelectric fabric not only has motion 
sensing functions but also effectively collects sunlight and performs 
thermoelectric conversion. At the same time, it showed good air per-
meability comparable to that of denim fabric (fig. S21). Furthermore, 

Fig. 5. The application of radiation-modulated thermoelectric fabric. (A) The schematic illustration of radiation-modulated thermoelectric fabric for the measurement 
of Uoc. (B) The real-time output voltage data of radiation-modulated fabric under natural light at Suzhou (China) on 6 September 2023. (C) The real-time output voltage 
data of radiation-modulated fabric under natural light at Soochow (China) on 6 September. (D) Output voltage generation performance of self-powered wearable textile 
under four different weather conditions. Inset, schematic diagram of applications in self-powered wearable textile. (E) Amplifying the voltage of wearable textile using 
amplifiers. (F) Demonstration of using amplified voltage to light up a green light-emitting diode and timer. (G) The real-time output voltage data of radiation-modulated 
fabric under natural light at Suzhou (China) on 7 September 2023. S, seconds. Min, minutes.
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these PVDF-HFP membranes were seamlessly integrated with thermo-
electric fabrics for enhanced durability and wearability through 
simple and traditional sewing techniques. When combined with the 
effective thermal barrier of practical garments, it is safe for the hu-
man body. Four pieces of radiation-modulated thermoelectric fab-
rics (inset of Fig. 5D) were assembled on clothing to explore its 
outdoor wearable photothermal conversion effect, and its outdoor 
output voltage was tested on a sunny day on 7 September, with an 
average temperature of 30°C. As the intensity of sunlight changes, 
the output voltage fluctuates accordingly. Typically, the output volt-
age could reach 115.2, 184.5, 100.6, and 2.9 mV at four different 
times on a clear day, respectively (Fig. 5D). Besides, radiation-
modulated thermoelectric fabric could achieve the driving of small 
wearable devices with the help of amplifiers. The radiation-modulated 
thermoelectric fabric with 28 pairs thermoelectric array under 1 sun 
reach 0.06 and 2.0 V before or after amplification, respectively, which 
is enough to drive most electronic devices (Fig. 5E). Moreover, the 
radiation-modulated thermoelectric fabric was connected to a volt-
age booster circuit, where its practical application demonstrated 
when it powered on a green light-emitting diode and a timer by har-
vesting solar energy via a voltage amplifier, as illustrated in Fig. 5F 
and fig. S22. For demonstrating the scalable manufacturability of 
radiation-modulated thermoelectric fabric, the fabric with size of 
and 560 pairs of thermoelectric units was fabricated, highlighting its 
potential for industrial implementation. As shown in Fig. 5G, the 
output voltage of the prepared thermoelectric fabric with size of 1 m 
by 0.2 m under natural light was investigated from 10:00 to 16:00. 
The voltage density is consistent with the variation in solar irradi-
ance, reaching a maximum of 6.67 V/m2 and a peak power density 
of 0.20 mW/m2 at 12:30, which is higher than the current standards 
(table S1). It is suggested that the current performance and area 
have considered advantages compared with the previous ther-
moelectric fibers, which is favorable for future self-powered wear-
able applications.

DISCUSSION
In conclusion, we successfully fabricated PVDF-HFP–based ra-
diative cooling fiber membranes and CNT-based photothermal/
thermoelectric arrays using electrostatic spinning and screen-printing 
technologies, respectively. By combining these elements and coating 
the PVDF-HFP–based fiber membrane with the CNT-based arrays, 
we designed scalable and flexible radiation-modulated thermoelec-
tric fabrics. These fabrics achieve the desired thermal management 
and effectively harvest thermal energy for affordable and sustainable 
electricity generation. The controlled coverage ratio of the PVDF-HFP– 
based fiber membrane on the CNT-based arrays allows precise ad-
justment of the temperature gradient across the thermoelectric array, 
enhancing energy convention performance from thermal to electri-
cal energy. Leveraging the distinct spectral properties of PVDF-HFP 
and CNT, we achieved an impressive temperature gradient of 37 K 
across the thermoelectric array under 1-sun solar irradiation. Notably, 
our fabrics demonstrated a high output voltage density of 6.67 V/m2 
under a solar density of 800 W/m2 in outdoor solar thermoelectric 
conversion tests, showcasing promising potential for wearable solar 
energy harvesting. Moreover, these fabrics exhibit the capability to 
harness energy in outdoor environments, enable sensing function-
alities, and power small-scale electronic devices. Therefore, our 

proposed radiation-modulated fabrics offer a promising avenue for 
effectively using low-grade heat from the surroundings to supply 
power for wearable electronics and various other applications.

MATERIALS AND METHODS
Materials
The materials used for this study are as follows: N, N-dimethylformamide 
(CSA, 68-12-2), acetone (CSA, 7-64-1), PVDF-HFP (CSA, 9011-17-0), 
waterborne polyurethane (CSA, 9999-99-9), and single-walled CNTs 
(SWCNTs) aqueous dispersion (batch number, 22102020).

Fabrication of PVDF-HFP nanofiber membranes
N, N-dimethylformamide (7.28 g) and acetone (3.12 g) were added 
into a glass bottle to prepare a mixed solution with a mass ratio of 
7:3 as the solvent for the spinning solution; PVDF-HFP was selected, 
and the PVDF-HFP nanofiber membrane with ideal radiation cool-
ing function was synthesized by electrospinning technology. The 
specific method is as follows: The PVDF-HFP particles were dis-
solved into the mixed solution with a mass concentration of 20%, 
magnetically stirred overnight until fully dissolved, and the spin-
ning solution was obtained. The electrospinning process parameters 
were adjusted to make the spinning liquid eject stably, and an infu-
sion pump was used to extract the spinning liquid collected in the 
syringe through the needle at a speed of 0.5 ml hour−1. The distance 
between the setting pin and the grounded receiving plate is 10 cm, 
and a high voltage DC voltage of 20 kV is applied. After the spinning 
solution spraying was completed, a large-area PVDF-HFP radiation 
cooling film was successfully prepared.

Fabrication of thermoelectric arrays
SWCNTs aqueous dispersion (32 g) and waterborne polyurethane 
(8 g) were added into a mixed solution with a mass ratio of 8:2 and 
stirred magnetically at 25°C for 3 hours to obtain a uniformly mixed 
CNT mixed solution with a mass fraction of 0.16 wt %. The above 
CNT mixed solution was concentrated in an oven at 70°C for 12 hours 
to obtain a CNT slurry with a mass fraction of 0.64 wt %. The CNT 
slurry was added to a screen mold with 28 thermoelectric arrays and 
printed on the fabric at room temperature. The fabric was dried in an 
oven at 60°C for 1.5 hours. Then, the silver paste was added with 
28 arrays of screen molds and printed on the above drying fabric at 
room temperature. The CNT thermoelectric module can be obtained 
by drying the above fabric in an oven at 60°C for 1.5 hours.

Fabrication of solar TEG
The PVDF-HFP nanofiber membranes were directly spun on the 
thermoelectric arrays to prepare a solar TEG.

Optical characterization of samples
The spectroscopic performance of samples was characterized sepa-
rately in the ultraviolet (UV) to near-infrared (0.25 to 2.5 μm) and 
mid-infrared (2.5 to 20 μm) wavelength ranges. In the first range, the 
optical reflectance spectrum was measured using a UV-visible–near-
infrared spectrophotometer (PE950, Shimadzu) equipped with an 
integrating sphere model (the diffuse standard pellets are polytetra-
fluoroethylene) pellets. For the second range, a Fourier transform 
infrared spectrometer (Nicolet IS50, Thermo Fisher Scientific) and a 
gold integrating sphere were used to measure the absorption spectra.
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Microscopy measurement
The morphologies images of the radiative cooling samples were char-
acterized by a scanning electron microscope (Regulus 8100, Hitachi).

Refractive index measurement
Refractive index measurements of PVDF-HFP matrix prepared 
by spin-coating method were taken by an IR-VASE ellipsometer (J. A. 
Woollam, USA).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S22
Tables S1 and S2
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