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ABSTRACT

The electrical output of wearable thermoelectric generators (WTEGs) has traditionally been constrained by small
temperature differentials when powering microelectronics. In this study, we innovatively combine photothermal
and radiative cooling mechanisms within a single wTEGs system, enabling substantial, uninterrupted power
generation. Specifically, we designed a multilayer selective solar absorber (m-SSA) composed of flexible
dielectric-metal stacks. This absorber demonstrates exceptional solar absorption efficiency of 93 % and signifi-
cantly low thermal emissivity of 10 %. In practical outdoor conditions, it achieves a temperature increase of up to
108 °C under solar irradiation. Concurrently, we developed a flexible hierarchically porous radiative cooler (HP-
RC), which reflects 96 % of solar energy and emits 97 % of thermal energy, achieving a cooling differential of up
to 10 °C, even at ambient temperatures of 42 °C. Integration of the m-SSA and HP-RC with wTEGs allows for the
simultaneous harvesting of heat from solar, cold space, and earth (robots or human body). This novel energy
capture mechanism yielded a notable power density of 198 mW/m? for human body and 52 mW/m? for steel
robots in outdoor wearable applications. This significant advancement promotes the field toward high-
performance, integrated green power technologies and holds promise for next-generation wearable self-
powered devices.

1. Introduction

transform solar energy into chemical energy. Simultaneously, the onset
of colder seasons triggers frost formation on vegetation, illustrating the

The Earth exists in a state of dynamic equilibrium, influenced by the
dual forces of solar heat and the cold void of space (Figure S1-52). This
perpetual interaction between the sun’s relentless energy input and
Earth’s heat dissipation into space drives myriad natural phenomena
and ecological processes. For instance, photosynthesis enables plants to
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natural cycles of heating and cooling. These processes underscore the
symbiotic relationship between life and its environment and inspire the
development of tailored thermal management technologies that harness
energy from both solar and space-derived sources. Recent advancements
in technology and a deeper understanding of these natural mechanisms
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have spotlighted the photothermal and radiative cooling effects as po-
tential strategies for exploiting solar thermal energy and space chill,
respectively [1]. The photothermal effect leverages solar radiation,
predominantly spanning 0.3-2.5 pm, to maximize energy absorption
and minimize thermal losses, facilitating effective self-heating.
Conversely, the radiative cooling effect aims to minimize solar absorp-
tion while maximizing emission in the mid-infrared range, notably be-
tween 7 ~14 pm, where atmospheric transparency is highest. This
approach enhances self-cooling by allowing terrestrial objects to effec-
tively radiate heat back into space [2,3].

Thermoelectric generators can achieve solid-state energy conversion
between heat and electricity through the Seebeck effect[4]. With the
development of materials design (such as BiTe alloys, organic compos-
ites, GeTe and CuyX) and structural engineering (such as vertical, lateral,
hybrid, inclined, annular and radial structures.) strategies, thermoelec-
tric generators have potential application scenarios in the field of
low-grade energy harvesting[4,5]. Wearable thermoelectric generators
(WTEGs) have emerged as a sustainable power source by leveraging the
stable temperature of the human body[6,7]. However, the small tem-
perature difference between the human body and its surrounding
environment limits the electricity generated, posing a challenge for
powering microelectronic devices that typically require pWs to mWs of
power[8,9]. To address this limitation, researchers have explored
various heatsinks to increase the temperature difference across wTEGs,
including convection, evaporation, and phase transition methods. For
instance, Hu et al. enhanced air heat transfer by increasing surface wind
speed, enabling the output of 456 mW/m? generated by wTEGs at a
wind speed of 3 m/s to power temperature and humidity sensors via
boost circuits [10]. An evaporative heatsink was devised for wTEG,
resulting in a remarkable 48 % increase in output performance
compared to natural convection[11]. This design facilitated
battery-free, wireless monitoring of biochemical and physiological in-
dicators, fully powered by the human body. Zhu et al. developed
phase-change inorganics as cooling media for wTEGs, boosting output to
350 mW/m? and sustaining performance for 1.5 hours under static
conditions[12]. Nevertheless, most of the solutions often entail
increased volume, weight, additional energy consumption, restricted
working conditions, and shorter lifespan, which are not conducive to the
development of portable self-powered systems.

Recent advancements in integrated generators employing a solar
absorber (SA) and/or radiative cooler (RC) in wTEGs can significantly
improve temperature difference, thus boosting electricity generation
[13-20]. The photothermal effect utilizes absorbed sunlight to facilitate
self-heating. Typically, the SA is positioned atop vertical TEGs or one
side of planar TEGs, creating temperature gradients between the SA
(acting as the hot end) and the human body (acting as the cold end)
[13-15]. The solar heating capacity of a SA is intricately linked to the
characteristics of sunlight absorption and thermal radiation, which
respectively represent the harvested energy and the lost energy [21].
Currently, broadband SA, encompassing carbon materials, polymer
materials, and metal materials, have attracted widespread interest
[22-25]. However, their strong thermal emission capabilities diminish
the utilization of solar energy and weaken their impact on TEG output.
Conversely, the radiative cooling effect achieves self-cooling by
enhancing thermal emission in the mid-infrared range [26,27].
Leveraging the atmospheric transparent window, objects on Earth’s
surface radiate heat into cold space, effectively reducing their surface
temperatures [28,29]. Incorporating an RC, also known as a thermal
emitter, atop WTEG could further amplify temperature gradients and
output performance through thermal management [16-20]. Here, the
RC functions as the cold end, while the human body serves as the hot
end. Unfortunately, due to the undesired solar heating effect, the radi-
ative cooling mechanism is nearly ineffective during the daytime.
Consequently, achieving dual-band synergistic regulation, characterized
by low solar absorption and high mid-infrared emission, is crucial for
attaining all-day self-cooling [3,28,30]. This necessitates the
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interdisciplinary integration of materials science, nanooptics, and
thermodynamics.

Integrating SA or RC into wTEG presents a promising avenue for
improving efficiency, and advancing the development of sustainable
energy generation solutions[13,14,31]. Recently, the simultaneous
integration SA and RC into TEGs has emerged[32-36]. We have previ-
ously developed sandwich-structured generators that continuously
capture energy from both the sun and cold space, creating a temperature
gradient across the vertical TEG for power generation[32]. Han et al.
introduced a flexible design with zebra stripe-like patterns, combining
RC and SA for all-day thermal energy harvesting and significant in-plane
thermal gradient for thermoelectric generation[37]. Chen et al. devised
a flexible 3D Janus helical ribbon architecture for efficient thermal
management on both the cold and hot sides, achieving higher temper-
ature gradients and all-day electricity generation[31]. These advance-
ments offer valuable insights into simultaneously harnessing thermal
energy from both the sun and cold space for power generation[13,14].
Nevertheless, utilizing multiple heat sources from the sun, cold space,
and human body, and optimizing device structures to achieve significant
output performance for wearable applications through thermal man-
agement still requires further exploration, with insufficient theoretical
analysis and experimental validation.

The integration challenges of such systems, including the need for
maintaining sufficient temperature differentials in wearable applica-
tions, are nontrivial. In this work, we have engineered high-performance
selective SA by accurately designing the optical thickness of multi-layer
thin films. These films show high solar absorption (93 %) and low
thermal emissivity (10 %), which improve the ability to capture and
convert solar energy, reduce thermal radiation losses, and be heated to
108 °C under outdoor solar irradiation. In addition, we have prepared
hierarchically porous films with randomly embedded microspheres/
nanoparticles for all-day radiative cooling. Benefiting from the regula-
tory effect of porous/multi-interface structure on the propagation path
of electromagnetic waves, this RC exhibits high solar reflection (96 %)
and infrared emission (97 %), which can reduce the influence of solar
heating and improve its own thermal emission ability. In particular, it
shows a cooling effect of 6-10 °C outdoors throughout the day. Finally,
we designed an annular flexible thermoelectric generator and integrated
it with a SA and RC to form a wTEGs, which could capture heat from the
sun, cold space, and the human body. Through structural optimization
and heat flow management, this self-powered generator achieves a
power density of 198 mW/m? in real-world outdoor wearable scenes and
provides a robust solution for powering wearable electronic devices.

2. Results and discussions
2.1. Flexible multilayer selective solar absorber

Although no naturally ideal SA exists, strategic manipulation of op-
tical properties has enabled the design of high-performance SA. A
notable example is the dielectric-metal periodic multilayer structure.
This structure typically consists of a bottom metal infrared reflection
layer, a dielectric layer with a low extinction coefficient, a semi-
transparent metal layer, and a top anti-reflection layer[21,38]. By con-
trolling the thickness of each layer, incident light undergoes multiple
reflections between the infrared-reflective layer and the semitransparent
metal layer. This minimizes interference and achieves spectrally selec-
tive absorption, leading to efficient photothermal conversion
(Figure S3).

We present a novel dielectric-metal multilayer selective solar
absorber (m-SSA), which consists of an anti-reflective layer (AlyO3), a
metal layer (Cr), a dielectric layer (Al;03), a bonding layer (Cr), and an
infrared reflective layer (Ag) from top to bottom (Fig. 1a and Figure S4).
This structure was fabricated using the magnetron sputtering method,
and the influence of the Cr layers across the solar (0.3-2.5 pm) and
infrared (2.5-16 pm) spectral ranges was investigated (Figure S5-S6).
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Fig. 1. Preparation process and performance of m-SSA. (a) Structural schematic diagram and basic principle; (b) Digital photo and cross-sectional SEM image; (c)
The absorptance and emittance spectra of m-SSA, the inset red area represents the normalized AM1.5 solar spectrum and the blue area represents atmospheric
transparency window; (d) The simulated solar absorptance at the different incidence angles; (e) Heating performance under different irradiation intensities; (f) Real-

world outdoor photothermal performance.

Figure S7a and Table S1 reveal that the optimized thickness for the Cr
metal layer in the solar spectrum is 10 nm, where m-SSA reaches an
average solar absorptivity of 82 %. At this thickness, the infrared ab-
sorptivity stands at 12 %. Additionally, Cr is a commonly used bonding
layer material in integrated circuit processes to improve the adhesion
and stability between different media (Figure S4b). For the Cr bonding
layer (Figure S7b and Table S2), increasing the thickness to approxi-
mately 15 nm maximizes the solar absorptivity at 93 %, while main-
taining the infrared absorptivity at 10 %. Thus, the ideal thicknesses for
achieving optimal absorptivity with m-SSA are 10 nm for the metal layer
and 15 nm for the bonding layer. The m-SSA exhibits a smooth, flat
surface with a distinguishable multilayer structure and a blue-purple
appearance (Fig. 1b and Figure S8). It also demonstrates exceptional
spectral selectivity, achieving high absorptivity in the solar spectrum
and low absorptivity in the infrared range. At wavelengths of 0.6 pm and
1.5 pm, the absorptivity of m-SSA nears saturation, maintaining an
average of approximately 93 % across the entire UV-vis-NIR spectrum,
while its infrared absorptivity/emissivity remains low at around 10 %,
as shown in Fig. le. Additionally, m-SSA efficiently absorbs omnidi-
rectional solar radiation at incident angles from 1° to 80°, optimizing
energy capture and conversion throughout the day (Fig. 1d). These re-
sults highlight the significant spectral selectivity of m-SSA and its po-
tential as an effective solar absorber.

To assess its photothermal conversion properties, we also conducted
heating tests under varying solar irradiances and evaluated its stability
through multiple cycles (Fig. le and Figure S9a). The temperature
rapidly escalated to 120 °C under standard solar irradiation (1000 W/
m?) and stabilized at 170 °C when the irradiance was doubled,
demonstrating that increased irradiation enhances its heat absorption
and generation capacity. Further tests under consistent irradiation
confirmed the reproducibility and stability, with minimal temperature
fluctuations, suggesting its viability for practical applications
(Figure S9b). Additionally, we conducted a 48-hour continuous test in a
natural setting on an unobstructed building roof (N 31°1'51", E
121°26'26"). The outdoor tests highlighted the robust photothermal
performance of our m-SSA, consistently reaching temperatures around

108 °C on clear days, thereby surpassing existing solutions without the
need for concentrating optics (Fig. 1f and Figure S10).

2.2. Flexible hierarchically porous radiative cooler

Enhancing the reflection of sunlight is pivotal for improving daytime
radiative cooling performance. Building on the strengths of the flexible
m-SSA discussed above, we next integrate a flexible hierarchically
porous RC to further enhance the temperature differential crucial for
optimizing the power generation capabilities of wTEGs. Here, we used a
solvent phase separation technique to develop a hierarchically porous
RC (HP-RC) that achieves spectral selective regulation and efficient
radiative cooling (Fig. 2a and Figure S11)[39]. By incorporating SiO,
and BaSO, into the polymer precursor, and through solvent volatiliza-
tion, we achieved a hierarchically porous structure embedded with
nano/microparticles. This process is sensitive to temperature variations,
which influence the phase separation and formation of porous structures
(Figure S12).

The HP-RC displays a bright white appearance, as verified by the CIE
chromaticity chart (Fig. 2b and Figure S13a). The surface is notably
rough, maintaining an open pore structure that combines micrometer-
scale pores within the polymer skeleton and nanoscale pores (Figs. 2c-
2d). High-resolution SEM imaging shows that SiO microspheres and
BaSO4 nanoparticles are randomly embedded within the porous skel-
eton, creating new interfaces at both the micrometer and nanometer
scales (Fig. 2e). Pore size analysis reveals that the micropores predom-
inantly measure around 11 pm, while the nanopores are generally less
than 200 nm in diameter (Figs. 2f-2g). This arrangement leads to vari-
ations in the refractive index across the surface and interior of the film,
enhancing the Mie scattering effect (Figure S13b).

The resulting multi-interface structure intensifies photon in-
teractions, thus effectively modulating the spectral performance of the
proposed HP-RC. Through Finite Difference Time Domain (FDTD) sim-
ulations, we confirmed that SiO, microspheres and BaSO4 nanoparticles
effectively redirect incident light and enhance scattering effects
(Fig. 2h) [40,41]. Using COMSOL software, we observed that for



S. Zhang et al.

Nano Energy 132 (2024) 110381

Fig. 2. Preparation process and performance of HP-RC. (a) Schematic illustrating the interaction between sunlight and thermal radiation of HP-RC; (b) Digital photo
of HP-RC; SEM images of (c) the cross section at the interface; (d) The porous structure, and (e) the embedded particles. Size distributions of (f) micropores and (g)
nanopores in HP-RC. (h) Electric field distributions of SiO, nanospheres and BaSO4 microspheres by light with 0.8 pm and 1 pm wavelengths. (i) Propagated electrical
field simulations of the HP-RC with the incident light wavelength of 0.3, 0.8, and 1.5 pm; (j) The absorptivity and emissivity of samples against the normalized AM
1.5 spectrum (the red area) and the atmospheric transparency window (the blue area); (k) Energy flow diagram of HP-RC; (1) Net cooling power in the nighttime
(solid point) and daytime (hollow point); (m) Continuous outdoor temperature test.

short-wavelength light (0.3 pm), electromagnetic wave propagation is
shallow within the HP-RC, primarily scattering at the interfaces of pores
(air-polymer matrix) and filler boundaries. This significantly boosts the
ability to scatter ultraviolet electromagnetic waves, thus reducing UV
absorption within the film. As the wavelength increases, so does the
depth of electromagnetic wave propagation within the film. Near the
incident light side of the film, a pattern of randomly distributed
high-intensity regions in the electric field was observed, demonstrating
enhanced scattering capability for longer-wavelength light (Fig. 2i)
[42-44]. Experimentally, the HP-RC film demonstrates a significant
decrease in solar absorptivity compared to the standard P(VdF-HFP)
film, particularly in the 1-2 pm range, indicating enhanced reflective
properties in the long-wavelength (near-infrared) band (Fig. 2j). The
average solar absorptivity of the composite film is below 6 %, a result of
the inherent low absorptivity of the polymer combined with the Mie
scattering effect from the fillers. In contrast, in the atmospheric trans-
parent window, the standard P(VdF-HFP) film achieves an absorptivity

of 92 %, largely due to its chemical composition and the enhancement of
mid-infrared thermal emission from its micro-/nano-porous structure.
With the inclusion of SiOy microspheres and BaSO4 nanoparticles, the
HP-RC film’s absorptivity in this band significantly increases to 97 %.

In theory, the radiative cooling effect on the Earth’s surface arises
from the imbalance in radiative heat flow between sky-facing objects
and cold space, with the atmosphere’s transparent window serving as
the primary channel for objects to radiate heat to cold space with min-
imal loss. As depicted in Fig. 2k, the thermal equilibrium state of an RC
is influenced by solar radiation (Ps,,), atmospheric radiation (Pgy,), and
non-radiative heat transfer from the environment (P,on_rqq). Under these
conditions, the cooling power (P,,,) of the radiative cooler can be
expressed as[32]:

Pcool(T) = Pmd(T) _Pmm(Ta ) _Psun 7Pnon—md

Here, T represents the absolute temperature of the radiative cooler,
while Ty, denotes the atmospheric temperature. P,,4 signifies the power
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radiated outward by a radiative cooler per unit area, serving as a mea-
sure of cooling capacity. Among these four fundamental heat flows, only
P,,q represents output, whereas the other three types of power represent
input. This indicates that the radiative cooler can solely dissipate heat
through thermal radiation. As can be seen, our HP-RC demonstrates
outstanding spectral selectivity, crucial for passive radiative cooling,
and exhibits remarkable theoretical net cooling power both day and
night (Fig. 21). Its outdoor radiative cooling capacity was evaluated
using the setup shown in Figure Sl4a, with Fig. 2m displaying the
continuous measured temperature curve. At night, with ambient tem-
peratures around 17 °C, it radiates heat to cold space via mid-infrared
electromagnetic waves, achieving a temperature reduction of 6 °C. At
noon, when solar radiation peaks at approximately 650 W/m? and
ambient temperatures exceed 42 °C, its high solar reflectivity signifi-
cantly mitigates solar heating effects while continuing to emit heat to
cold space, resulting in a 10 °C temperature drop. Furthermore, it
maintains a cooling effect of 8 °C during cloudy days and 5 °C at night,
underscoring its exceptional outdoor cooling capacity for practical ap-
plications (Figure S14b).

Besides, the current HP-RC showcases excellent mechanical
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properties, achieving robust flexibility and high durability, capable of
enduring 25 % deformation and withstanding tensile forces over 4 N, as
well as lifting weights exceeding 4 kg (Figure S15). It also exhibits su-
perior hydrophobic properties, with water contact angles around 140°
and similarly high angles for other liquids, although coffee shows
slightly lower at 120° (Figure S16). HP-RC also demonstrates great po-
tential for mass production, successfully implemented in large-scale thin
films and adaptable for spray or brush applications on various substrates
(Figure S17). Furthermore, it supports functional integration, such as
spectral selective coatings for advanced thermal management. This
scalable and cost-effective film presents an on-demand, zero-energy
dual-mode approach to solar heating and radiative cooling, offering
sustainable thermal energy harvesting or functional thermal
management.

2.3. Self-powered thermoelectric generator integrating m-SSA and HP-RC

To maximize wTEGs performance by integrating m-SSA and HP-RC,
we further engineered the homemade TEG (H-TEG) to achieve a higher
filling factor and enhanced output compared to circular TEGs (C-TEG)

Fig. 3. Structure and properties of H-TEG, R-TEG and S-TEG. (a) The manufacturing process and (b) electrical output performance of H-TEG, the illustrations are
physical images and resistance tests; (c) The output voltage when H-TEG is applied to the human body and steel robots. The manufacturing process of (d) R-TEG and
S-TEG; (e) The output performance of S-TEG/R-TEG during different working periods. The working mechanism of (f) S-TEG during the daytime and (g) R-TEG during

the nighttime.
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[18]. The production process of the H-TEG mirrors that of the C-TEG,
with significant differences in the arrangement and quantity of the
thermoelectric legs. As illustrated in Figs. 3a-3b, the bottom electrodes
of the H-TEG are densely packed along the edges and diagonals of the
square substrate, connecting 12 pairs of P/N-type thermoelectric legs in
series through welding. This configuration results in a filling factor of
26.6 % for the H-TEG, which is double that of the C-TEG. The
open-circuit voltage of the H-TEG increases with rising temperature
differentials: at a temperature differential of 10 °C, the voltage measures
22 mV, escalating to 110 mV at a differential of 50°C. When connected
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to an external load of 1.2 Q which matches the internal resistance of
H-TEG (Fig. 3b), the output power shows a corresponding increase with
the temperature differential. At a 10 °C differential, the output power
reaches 0.2 mW, and at an 80 °C differential, it surges to 7.1 mW.
Wearable self-powered devices, crucial for health monitoring and
human-machine interaction, have seen increased demand with the rise
of smart robots. Utilizing the human body and robots as heat sources,
these devices, exemplified by our tested H-TEG, operate efficiently on
both human body and steel-based robot skin, achieving steady-state
voltages of 250 pV and 100 pV respectively (Fig. 3c). Due to the short

Fig. 4. Wearable self-powered generator. (a) Schematic diagram and (b) energy conversion process of wearable self-powered generators for robots and humans. Real-
time output voltage for wearable self-powered generators (R-TEG and S-TEG) applied in (c) robots and (d) human body; The output performances of (¢) S-TEG and (f)
R-TEG in outdoor human wearable scenes during the nighttime and daytime measurements; (g) The effect of RC and SA on improving the performance of wTEG.
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period of contact with the human body/steel robots, the temperature
difference between the two ends of the generator gradually decreases to
a stable state, so the output voltage also shows a trend of gradually
decreasing to a stable state. Further enhancements include integrating
solar absorbers, radiative coolers, and ultra-thin thermoelectric chips
into a unified structure, boosting energy harvesting from both sunlight
and the cold of space [18,32]. These experiments demonstrated signif-
icant potential, though optimization opportunities remain. Building
upon the H-TEG, we propose a new integrated self-powered wearable
generator. By combining the hollow sections at the top and middle of the
thermoelectric device with an excellent solar absorber and a radiative
cooler, this device can harvest energy from the human body/robots, sun,
and cold space simultaneously (Figure S18). Fig. 3d presents two vari-
ants of the integrated generators based on H-TEG: 1) S-TEG, with the
m-SSA positioned atop with an area ratio of m-SSA to HP-RC of 6:1, and
2) R-TEG, featuring the HP-RC at the top with an inverse area ratio of
m-SSA to HP-RC of 1:6.

When S-TEG is exposed to clear sky and sunlight, it shows a peak
power of 3.7 pW and an output power density of 52 mW,/m? (Fig. 3e).
This is attributed to S-TEG’s enhanced solar energy absorption and
conversion efficiency, leading to a higher temperature differential and
subsequently a greater output voltage (Fig. 3f). For R-TEG with a larger
HP-RC area at the top, it can radiate more heat into cold space at night,
resulting in a considerable amount of heat flow to drive H-TEG operation
(Fig. 3g). This integrated approach holds the promise of further
improving output performance and represents a significant step forward
in wearable energy generation technology.

2.4. Self-powered wearable thermoelectric generator for robots and
human body

The device that simultaneously captures solar, space, and environ-
mental energy (robots and human body) to achieve uninterrupted power
generation provides a powerful solution for the next generation of green
energy (Figs. 4a-4b) [45-48]. It is crucial to note that without inte-
grating m-SSA and HP-RC, H-TEG is unable to produce a significant
temperature difference/power output in practical applications (Fig. 3c).
When equipped with m-SSA and HP-RC, H-TEG efficiently captures
thermal energy from both the sun and cold space, facilitating continuous
self-powered energy generation. To conduct quantitative evaluation and
comparison, their performance was evaluated in an identical outdoor
setting to assess their thermal energy harness capabilities and potential
output disparities across different periods. For the application scenarios
of robots (Fig. 4c), during the nighttime, R-TEG yields a voltage of
0.75 mV, while S-TEG and H-TEG (not equipped with HP-RC) record
0.5 mV and 100 pV respectively. This distinction stems from R-TEG’s
larger RC area, facilitating enhanced heat radiation into cold space and
thus establishing a higher temperature difference. Conversely, during
daylight hours, S-TEG demonstrates superior performance, generating
an output voltage of 4.2 mV, surpassing the 3.1 mV produced by R-TEG
under similar conditions. Over a four-day testing period (Figure S19), a
consistent pattern emerges: S-TEG excels during the day, while R-TEG
performs better at night. These insights shed light on the operational
dynamics and potential applications of these integrated generators for
robots.

Additionally, when in contact with human skin, the system harvests
thermal energy from the sun, cold space, and the human body, in which
humans act as the primary heat source (Fig. 4a and Fig. 4d). This
interaction creates an additional temperature differential, thereby
generating increased energy output: during nighttime when the m-SSA is
inactive, the HP-RC plays a critical role in enhancing the temperature
differential across the wearable thermoelectric generator TEG. In the R-
TEG configuration, heat from the human body is transmitted vertically
to the HP-RC, which then emits it into cold space via mid-infrared
electromagnetic waves, maintaining continuous heat flow within the
TEG and driving the directional movement of charge carriers. In
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contrast, the S-TEG configuration features a smaller HP-RC area closer to
the human body, resulting in a more modest contribution to the tem-
perature differential. As a result, during nighttime, the influence of the
combined m-SSA and HP-RC on the output voltage in S-TEG is nearly
negligible, with the temperature difference primarily due to the body’s
heat conducted along the TEG, dependent on the thermal conductivity
and the length of the thermoelectric legs. During daytime operation, the
m-SSA and HP-RC affect the output performance of the wearable TEGs
differently. In R-TEG, the m-SSA within the hollow region efficiently
captures sunlight and converts it to heat, which warms the adjacent area
of the human body and rises along the thermoelectric legs together with
the body-generated heat, establishing a stable temperature differential.
Conversely, in S-TEG, the m-SSA positioned atop channels the absorbed
solar energy downwards along the thermoelectric legs, heating the
surface of the body. This heat merges with the human body heat that is
transferred to the HP-RC located beneath, thereby creating a tempera-
ture gradient.

As shown in Fig. 4d, when in contact with human skin, R-TEG can
produce a voltage of 5.7 mV at night, whereas S-TEG yields a voltage of
5.4 mV, underscoring the superior nighttime applicability of R-TEG for
wearable self-power supply. Meanwhile, during the day, S-TEG can
output a voltage of 8.2 mV, while R-TEG yields a voltage of 5.4 mV. This
outcome underscores the superiority of S-TEG in the realm of daytime
wearable self-generation. Observing the load voltage/output power-
current curves depicted in Figs. 4e-4f, it becomes apparent that S-TEG
can attain maximum output powers of 14.0 pyW (198 mW/m?) and 6.0
HW (86 mW/m?) output power during daytime and nighttime, respec-
tively. In comparison, R-TEG achieves up to 6.7 pW (95 mW,/m?) and
6.0 yW (86 mW/m?) output power during the day and at night,
respectively. When achieving comparable output performance, the
combined effects of SA and RC in enhancing the temperature difference
of wearable TEGs equate to an increase in the ZT value of thermoelectric
devices (Fig. 4g). Generally, doubling the ZT value by improving ther-
moelectric properties alone is quite challenging. For S-TEG operating
under daytime conditions, this enhancement corresponds to a fourfold
increase in the ZT value of thermoelectric devices, while for R-TEG
operating under nighttime conditions, it represents a 2.2-fold increase.

As shown in Fig. 5a and Table S3, the integrated self-powered
generator developed in this study demonstrates competitive advan-
tages, achieving a notable power density of 198 mW/m? for human body
applications and 52 mW/m? for robot applications [10,16,18,34,
49-51]. This generator can potentially power a wide range of micro-
electronic devices—from IoT devices and RFID tags to gas detectors and
smartwatches—which typically require pW to mW levels of power for
daily operations (Figs. 5b-5¢) [13,14,52-54]. Such a capability enables
these devices to operate without the need for frequent charging or
battery replacements, enhancing user experience.

3. Conclusions

In sum, we developed a flexible, wearable, self-powered generator by
integrating an m-SSA, a hierarchically porous HP-RC, and a flexible H-
TEG. We refined the structural parameters of the m-SSA’s dielectric-
metal stacked structure, which includes an anti-reflective layer, metal
layer, dielectric layer, bonding layer, and infrared reflective layer. The
HP-RC, fabricated using the solvent phase separation method, achieved
synergistic control of solar light absorption and mid-infrared thermal
emission. This large-area film also features robust mechanical properties
and hydrophobicity, enhancing its suitability for complex outdoor en-
vironments. Moreover, optimizing the geometric parameters and
structure of the H-TEG significantly increased its filling factor to 26.6 %.
Finally, the integration of m-SSA, HP-RC, and H-TEG led to the creation
of two generators, R-TEG and S-TEG, each designed with distinct ther-
mal management strategies to harness energy from the sun, cold space,
and the human body (or robots). In outdoor wearable scenarios, S-TEG
produced 198 mW,/m? during the day and 86 mW,/m? at night, while R-
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Fig. 5. Performance Comparison and Application Potential. (a) Comparison between geometric parameters and output performance; (b-c) Application scenario of the

self-powered wearable thermoelectric generators.

TEG generated 95 mW/m? and 86 mW/m? respectively for the same
periods. The application of this generator in steel robot also achieves a
power density of 52 mW/m? demonstrating the potential for self-
powering robots that can be worn over a large area.These results high-
light the potential of our integrated generators for powering wearable
electronics, improving device portability and autonomy, and advancing
related technologies.
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