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Materials and Methods 

Preparation of the flexible large-area OPV module 

The polymeric donor PBDB-T-F (PM6) (structure shown in Fig. S1A) and non-fullerene 

acceptors (NFAs) material BTP-BO-4CI (structure shown in Fig. S1B) were purchased from 

Derthon Optoelectronics Materials Science Technology Co LTD. Zinc acetate dihydrate was 

purchased from Thermo scientific, and chlorobenzene and molybdenum oxide (MoO3) were 

purchased from Sigma-Aldrich. Indium tin oxide (ITO)-coated PET substrates were purchased 

from South China Xiangcheng Technology Co., LTD. Zinc oxide (ZnO) nanoparticles were 

synthesized following the process of publish work (54). New modifying agent (NMA, structure 

shown in Fig. S1C) were synthesized using the method described in previous report (55). The 

flexible large-area OPV module was fabricated by applying an inverted architecture of 

PET/ITO/ZnO/NMA/active layer/MoO3/Ag. ITO-coated PET substrate was ultrasonically treated 

in detergent, deionized water, acetone, and isopropyl alcohol in sequence for 15 min, followed by 

blowing dry using argon gas. Afterwards, ZnO layer was blade-coated on the pre-cleaned ITO-

coated glass at 50 °C in air with a coating velocity of 10 mm/s and a blade–substrate gap of 200 

μm, followed by annealing at 120 °C for 15 mins in atmospheric air. After that, a thin film of NMA 

was blade-coated on ZnO in air with a coating velocity of 10mm/s and a blade–substrate gap of 

150 μm. PM6:BTP-BO-4CI (1:1.2, D: 9 mg/ml) in chlorobenzene with 0.3 vol% 1,8-diiodooctane 

(DIO) was blade-coated at 60°C with a coating velocity of 20 mm/s and a blade–substrate gap of 

400 μm in air. Finally, MoO3 (~ 6 nm) and Ag (~150 nm) were successively evaporated onto the 

active layer through a shadow mask (2 × 10-4 Pa). The schematics of the large-area module 

consisting of seven sub-cells connected in series following the process of publish work (40) (Fig. 

S1D). The photograph of the flexible large-area OPV module with 25.2 cm2 effective area is shown 

in Fig. S1E. 

Preparation of the flexible heat transfer layer 

The poly (dimethyl siloxane) (PDMS) was purchased from Dow Corning (SYLGARD 184). 

The boron nitride nanoparticles were purchased from MACKLIN and paraffin phase change 

microspheres were purchased from Donglin Polymer Materials. PDMS, boron nitride 

nanoparticles and paraffin phase change microspheres in the weight ratio of 15:2:5 were added 

into the beaker, and the solution was stirred with a glass rod for 20 min to mix thoroughly. Next, 
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the mixture was transferred to a mold. Then, the mold was placed in an oven at 100 °C for further 

curing for 30 min. Finally, flexible heat transfer layer with a thickness of 3 mm was prepared. 

Preparation of the flexible EC device 

The poly (vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)] 

(64.6/26.2/9.2 mol%, Piezotech Arkema group) solution was blade-coated onto a clean glass 

substrate and the resulting film was heated on hot plat at 120 °C for 2 h to fully evaporate solvent. 

The single-walled carbon nanotubes (CNT, 5 mg, Nanjing/Jiangsu XFNANO Materials Tech Co., 

Ltd) was dispersed in a mixture of iso-propyl alcohol (18 mL) and deionized water (2 mL) using 

tip ultrasonic (1 h). Then, the CNT dispersion was spray-coated on the EC polymer film to form a 

conductive network. Next, another EC polymer layer was directly fabricated on the CNT network 

by blade-coating process, and then heated on a hot plat at 120 °C for 2 h to evaporate the solvent. 

After peeling off the polymer stack from glass substrate, the CNT dispersion was also spray-coated 

on the rest of the upper and bottom surface of the polymer stack to achieve a complete two-layer 

EC polymer stack. The overlap of three CNT-based electrodes across the polymer films was 

defined as active area (2 cm × 4 cm in size) for the EC effect (Fig. S4). Finally, as-prepared EC 

polymer stack was annealed in a vacuum oven at 120 °C for 10 h to increase the degree of 

crystallinity and improve the polarizability of the polymer. The EC device comprises two 

laminated sheets with an area of 7 cm × 3 cm and separated by a 3-mm-thick spacer made of 

PDMS. Each laminate sheet consists of a polyethylene terephthalate (PET) film (50 μm), and a 

CNT percolation network layer on the surface. We mounted the EC polymer stack on one end of 

the EC device between the left spacer and the lower laminate sheet, and the other end between the 

right spacer and the upper laminate sheet. Finally, single-sided polyimide (PI) tapes (30 μm) 

covered on the outmost CNT-percolation network-coated PET film to electrically insulate the 

device. 

Preparation of the perovskite solar module 

ITO substrates were purchased from Advanced Election Technology Co., Ltd. SnO2 (15%) 

colloid precursor, N, N-dimethylformamide (DMF) (99.8%), Dimethyl sulfoxide (DMSO) (99.8%) 

and molybdenum oxide (MoO3) (99.995%) were purchased from Alfa Aesar. 2,2',7,7'-Tetrakis 

[N,N-di(4-methoxyphenyl)amino]-9,9'-spiro-bifluorene (Spiro-OMeTAD) was purchased from 
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Woerjiming (Beijing) technical development institute. Lead Iodide (PbI2) (99.99%), Cesium 

Iodide (CsI) (99.999%) and 4-tert-butylpyridine (96.0%) were purchased from TCI. Lithium 

bis(trifluoromethylsulfonyl)-imide (99.9%), Hydroiodic acid aqueous solution (HI) (55-57% w/w), 

and chlorobenzene (99.9%) were purchased from Sigma-Aldrich. Concentrated hydrochloric acid 

(HCl) (36-38% w/w), hydrobromic acid (HBr) (AR), methylamine aqueous solution (MA) (40% 

w/w), and ethyl ether (99.7%) were purchased from Tianjin Bohua chemical reagents Co., Ltd. 

Formamidine acetate (FAAc) (99%) was purchased from Aladdin. Formamidinium iodide (FAI), 

methylamine hydrochloride (MACl), and methylammonium bromide (MABr) were synthesized at 

0 ℃ by reacting equal molar ratios of FAAc with HI, MA with HCl, and MA with HBr for 3-4 h, 

respectively. The solvent was evaporated using rotary evaporation and the solid products were 

obtained. To improve purity, the products were rinsed with ethyl ether and recrystallized to yield 

white powders.  

 The perovskite solar modules were fabricated with an architecture of 

ITO/SnO2/perovskite/spiro-OMeTAD/MoO3/Ag. The ITO substrates were subjected to ultrasonic 

treatment in detergent, deionized water, and ethanol, each for 3 cycles, lasting 15 minutes per cycle, 

sequentially. Before use, the ITO substrates were cleaned with UV-ozone for 20 min. Then, the 

substrate was spin-coated with the SnO2 precursor (2.5% in H2O) at 3500 rpm for 30 s with a ramp 

of 3500 rpm s-1, and annealed in ambient air under 170 °C for 30 min. The perovskite films were 

prepared in a N2-filled glovebox. The perovskite precursor (FA0.90Cs0.05MA0.05Pb(I0.98Br0.02)3) 

(1.54 M) was prepared by dissolving PbI2 (1.74 M), FAI (1.38 M), MABr (0.08 M), CsI (0.08 M) 

and MACl (0.29 M) in mixed solvent (DMF:DMSO = 4:1). Subsequently, the perovskite precursor 

was spin-coated on the substrate at 4000 rpm for 40 s with a ramp of 4000 rpm s‒1. During spin 

coating, 170 μL anisole was dripped at the end of 20 s. Then, the substrate was put on a hotplate 

and annealed at 170 °C for 18 min in ambient air. After cooling down to room temperature, the 

hole transport layer was prepared by spin-coating the Spiro-OMeTAD solution at 6000 rpm for 30 

s with a ramp of 6000 rpm s-1. The Spiro-OMeTAD solution was prepared with a concentration of 

80 mg mL−1 in chlorobenzene, in which 30 μL of tBP and 17.5 μL of Li-TFSI (520 mg mL−1 in 

acetonitrile) were added as additives. Finally, 12 nm of MoO3 and 100 nm silver were deposited 

by thermal evaporation using a shadow mask to pattern the electrodes. For the scribing process, 

the ITO substrate was first etched by a laser scriber to form P1 lines. The P2 lines were etched 

after depositing MoO3 by mechanical scribing. The P3 lines were etched during silver deposition 
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by a shadow mask. The ITO substrate (5 cm× 5 cm) displayed an active area of 14 cm2 with 5 sub 

cells. The J−V curve was measured using a Keithley 2400 source-measurement unit under AM 1.5 

G illumination at 100 mW/cm2 using a SS-F5-3A (Enli tech) solar simulator. The light intensity 

was calibrated using a certified silicon diode. 

 

Preparation of the artificial skin 

The artificial skin was prepared by placing PDMS layer (Dow Corning, 10 cm×10 cm×5 mm) 

on a resistive heater, and regulated the temperature of the artificial skin by inputting different 

power. The heat generation of the artificial skin has also been considered by taking the heat 

generation of human beings as 51 W/m2 (46). 

 

Fabrication of the OETC system 

The structural diagram of OETC is shown in Fig. S7. The main units of OETC system are OPV 

module, flexible heat transfer layer, EC device, ESS and voltage control system (VCS). OPV 

module is connected together with ESS and VCS to provide the voltage for EC device as needed 

(detailed procedure in Fig. S8). The flexible heat transfer layer is sewn onto human clothes, then 

the OPV module and EC device were fixed to the outside and inside of heat transfer layer by a 

thermally conductive adhesive (SE-4485, Dow Corning), and cured at 26 °C for 24 h, respectively. 

With the coordination of all the above mentioned units (Fig. S9), OETC allows switching between 

warming and cooling modes and adjusting them as needed. 

 

Characterization of the OPV module 

Current density and voltage (J–V) curves were measured in a nitrogen-filled glovebox using 

a source meter (2400, Keithley Instruments) controlled by a LabVIEW program under standard 

AM 1.5G (100 mW/cm2) and a Newport solar simulator (Enli SS-F5-3A, Enli Technology Co., 

Ltd.). The outdoor sunlight intensity is measured by a solar power meter (SANPOMETER, 

SM206-SOLAR). The stability of the module was measured under 100 mW/cm2 illumination by 

solar simulator in the nitrogen-filled glove box at temperature of 25 °C. 

 

Comparison of the EC device driven by OPV module and electric supply 
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The high voltage for EC device provided by electric supply is using a high-voltage power 

source (Dongwen, DW-P103-0), while the high voltage provided by OPV module is using a 

voltage transformation module (VTM, Dongwen) as shown in Fig. 2D. 

 

Calculation of the average heat flux and power consumption 

The heat flux (Φheat flux) of the OETC system is measured by heat flux sensor (Omega HFS-

5). The details of the average heat flux of the OETC system under different illumination intensities 

can be found in Fig. S16. The 𝑊𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛  is the total electric energy consumption of 

OETC system in one operation period. The calculate 𝑊𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = ∫ 𝑉𝐸𝐶 × 𝐼𝐸𝐶𝑑𝑡 
𝑡2

𝑡1
(Fig. 

S18), where t1 and t2 are the start and the end time of an entire operation period, and VEC and IEC 

are the measured voltage (Fig. S12) and current (Fig. S18A) using an oscilloscope 

(RIGOLDS1104Z Plus), respectively. 
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Supplementary Text 

Calculation of the required OPV module area to provide all-day thermoregulation for individual 

space travel 

During individual space travel, the theoretical area of spacesuit ( 𝑆𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡) is around 1.85 

m2. According to Fig. S20, an OPV module with an active area (𝑆𝑂𝑃𝑉−all day thermoregulation) of 

25.2 cm2 have sufficient power to drive EC device with the active area (𝑆𝐸𝐶−all day thermoregulation) 

of 8 cm2 to achieve all-day thermoregulation. To realize individual space travel all-day 

thermoregulation, the as-prepared effective area of OPV module is 

  𝑆𝑎𝑠−𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑 𝑂𝑃𝑉 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 =
𝑆𝑂𝑃𝑉−all day thermoregulation

𝑆𝐸𝐶−all day thermoregulation
× 𝑆𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡  (S1) 

In space, the solar flux in one astronomical unit (𝐼𝑠𝑝𝑎𝑐𝑒) is 136.7 mW/cm2, if assuming a 45% 

PCE solar cell device is to be used, the luminous energy ratio (𝜂) of the solar cell device with 

PCE of 45% in space to solar cell device with PCE of 11.85% on surface earth is 

𝜂 =
𝐼𝑠𝑝𝑎𝑐𝑒×45%

𝐼𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑎𝑟𝑡ℎ×11.85%
       (S2) 

With the continuingly improved solar cell performance including that of flexible OPV, the 

required OPV unit area 

𝑆𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑂𝑃𝑉 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 =
𝑆𝑎𝑠−𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑 𝑂𝑃𝑉 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎

𝜂
   (S3) 

Based on 𝐸𝑞. (𝑆1), the calculated 𝑆𝑎𝑠−𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑 𝑂𝑃𝑉 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 is 5.83 m2 ( 
25.2 𝑐𝑚2

8 𝑐𝑚2 × 1.85 𝑚2) 

Based on 𝐸𝑞. (𝑆2), the calculated 𝜂 is 5.19 ( 
136.7 𝑚𝑊/𝑐𝑚2×45%

100 𝑚𝑊/𝑐𝑚2×11.85%
) 

Based on 𝐸𝑞. (𝑆3), the calculated 𝑆𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑂𝑃𝑉 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 is 1.12 m2 ( 
5.83 𝑚2

5.19
) 
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Definition of Cu-PE, TiO2/PLA/PTFE, NFM, Janus film and NanoPE in Fig. 3F 

“Cu-PE” is defined as the bilayer structure by depositing copper-Cu onto the PE film (1). 

“TiO2/PLA/PTFE” is defined as the multilayer metafabric consists of TiO2-PLA composite woven 

textile laminated with a PTFE layer (4). “NFM” is defined as the nanofiber membrane (NFM) 

comprises polyamide 6 (PA6) nanofibers and SiO2 submicron spheres (5). “Janus film” is defined 

as the Janus film consists of cooling side (SiO2@PDMS/Al layer) and warming side 

(CNTs@PDMS layer) (45). “NanoPE” is defined as the dual-mode textile is composed of 

nanoporous polyethylene (nanoPE) layer (46).   
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Supplementary Figure 

1. Preparation of the flexible large-area OPV module 

 

Fig. S1. Flexible large-area OPV module. Molecular structures of polymer donors PM6 (PBDB-

T-F) (A), NFAs material BTP-BO-4CI (B) and NMA (C) used in this study. Structure diagram (D) 

and photograph (E) of the flexible large-area OPV modules. 

 

Fig. S1A, B & C show molecular structures of the polymer donors PM6 (PBDB-T-F), NFA 

materials BTP-BO-4CI and the new modifying agent (NMA) used in this study, respectively. Fig. 

S1D shows the schematic of the large-area OPV module consisting of seven sub-cells by applying 

an inverted architecture of ITO/ZnO/NMA/ PM6:BTP-BO-4CI /MoO3/Ag. Fig. S1E is photograph 

of the flexible OPV module with the effective area of 25.2 cm2.  
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2. J-V curve of the flexible large-area OPV module under different illumination 

intensities from 55 to 100 mW/cm2 

 

Fig. S2. J-V curve of the flexible OPV module under different illumination intensities from 

55 to 100 mW/cm2. 

 

Fig. S2 shows the current density and voltage (J-V) of the flexible OPV module as a function 

of different illumination intensities from 55 to 100 mW/cm2 using a solar simulator. The J-V curves 

were obtained by a Keithley 2400 source-measure unit. The maximum voltage of 5.75 V and 

current density of 3.31 mA/cm2 were obtained at the illumination intensity of 100 mW/cm2. 
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3. Stability of OPV module 

 

Fig. S3. Stability of OPV module. The stability measurement of the OPV module under the 

illumination of 100 mW/cm2 by solar simulator. 

 

As shown in Fig. S3, the stability of OPV module was measured under the illumination of 100 

mW/cm2 by solar simulator in nitrogen-filled glove box at temperature of 25 °C. The module 

showed good photostability and its initial efficiency of 89.5 % can be maintained even after 350 h 

continuous illumination.  

The flexible and large size OPV module used in this study was directly fabricated in our own 

lab (40), which has been designed and fabricated for the easy and convenient integration with the 

EC unit as shown in the Fig. S3. This OPV module could be estimated to last approximately 3000 

h, but its lifetime is lower than the best modules reported in the literature (T80 (the time required 

to reach 80% of initial performance) for 7572 h and extrapolation of > 56000 h) (55, 56). However, 

by either improving our lab-prepared OPV module or using an external better OPV module if 

available, the lifetime of our OETC system could be significantly improved. 

  

0 50 100 150 200 250 300 350
0.0

0.2

0.4

0.6

0.8

1.0

 Normalized Pmax

N
o

rm
a

li
z
e
d

 P
m

a
x

Time (h)



 

 

14 

 

4. The flexible EC thermoregulation device 

 

Fig. S4. The photograph of the flexible EC thermoregulation device. 

 

Fig. S4 shows the flexible EC device (7 cm by 3 cm by 0.3 cm) comprises two transparent 

flexible sheets made of conductive CNT coated on a 50 μm thick PET film that serves as the 

laminate sheets for electrostatic actuation. The S-shaped EC polymer stack is fixed onto a PDMS 

frame spacer (3-mm-thick). Due to its excellent flexibility, it can achieve good thermal contact 

with surface of human skin, so as to realize efficient thermoregulation of human body. By 

regulating the input voltage signal, the flexible EC thermoregulation device can realize continuous 

heat transfer between the skin and the heat transfer layer. 
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5. Measurement of real-time temperature by infrared camera 

 

Fig. S5. Measurement of real-time temperature by infrared camera. (A) Schematic illustration 

of measuring system for thermoregulatory performance of OETC system. (B) Temperature 

comparison of EC device tested by infrared camera and thermocouple. 

 

To collect real-time temperature data, we used infrared camera (Fotric 618C-L29) to record 

the surface temperature of OETC system, as shown in Fig. S5A. We have followed the published 

and well accepted prototype (36, 37) to make the calibration. We first put the K-type thermocouple 

in boiling water and ice-water mixture to calibrate thermocouple test results. The emissivity of 

each object was calibrated using a thermocouple with precise temperature as shown in Fig. S5B.  
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6. Temperature span of flexible EC device and rigid EC device  

 

Fig. S6. Temperature span of flexible and rigid EC devices powered by the flexible OPV 

module under the illumination intensity of 70 mW/cm2 using solar simulator. 

 

In Fig. S6, the temperature span of flexible and rigid EC devices was measured under the 

illumination intensity of 70 mW/cm2 by solar simulator (Enli SS-F5-3A, Enli Technology Co., 

Ltd.). The flexible EC device guarantees almost the same thermoregulatory performance as the 

rigid EC device, while satisfying the flexible needs of wearable thermoregulatory.  
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7. Structure of the OETC system 

 

Fig. S7. Structure of the OETC system. (A) The schematic of the OETC. (B) The main units of 

OETC system with OPV module, flexible heat transfer layer, EC device, ESS and VCS. (C) The 

working circuitry of the OETC system. 

 

The schematic of the OETC is shown in Fig. S7A. The OPV module is connected together 

with the energy storage system (ESS, including charging IC and Li-battery) and voltage control 

system (VCS, including VTM, resistance potentiometer and relay) to provide the voltage for EC 

device as needed (Fig. S7B & C).  

Under practical application conditions, the entire OETC system can be completely 

encapsulated by PI or other film (could also be waterproof), which could provide good insulation 

to avoid direct contact between the device and skin, reducing the high voltage safety concerns 

influence of the sweats from human body. 

During the operating state, the OPV produces a power only at the level of (Pmax of 298.58 

mW with Voc of 5.75 V and Isc of 83.4 mA). So, at the state of operation, with an operating 

voltage of 2000 V, the neat current is only nearly 0.1 mA, which is far below the safe current for 

human beings (50 mA) as specified in a working guide (57). 
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Even if there is leakage, the current generated in actual contact with the human body is limited, 

we thought this might be also rather safe, as that like the static electricity generated by the friction 

of clothes (~2500 V) (58) and the voltage generated by the piezoelectric ceramics in lighters 

(~2000 V) (59), which will not cause any damage to human health. 

The flexible heat transfer layer is sewn onto human clothes, and the OPV module and EC 

device were fixed to the outside and inside of heat transfer layer, respectively. With the 

coordination of all the above mentioned units, OETC allows switching between warming and 

cooling modes and adjusting them as needed. 
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8. Control unit in OETC system 

 

Fig. S8. Control unit in OETC system. The circuitry (A) and photographs (B) of each component 

in OETC system. (C) The comparison of voltage provided by OPV module and ESS applied to EC 

device.  

 

As shown in Fig. S8A & B, charging integrated circuit chip (Charging IC, 4.6 g, CN3791 

MPPT Solar Charger 6 V, WenDaoGuangFu) is connected to OPV module, Li-battery (42.5 g, CG 

Li-ion 18650 3.7 V 1500 mAh, WenDaoGuangFu) and voltage transformation module (VTM, 74.7 

g, 5 V to 2000 V, Dongwen). VTM can convert the low voltage of OPV module into high voltage 
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to provide the voltage for EC effect and electrostatic force of EC device. Moreover, the voltage 

can be adjusted by the resistance potentiometer (RPES and RPEC, 4.2 g). And the relay (384.4 g, 

LRL-102-100PCV, Toward) can form the different frequencies and phase of the square-wave 

voltage. 

The whole weight of ESS (Charging IC, Li-battery) is 46.5 g, and the whole weight of VCS 

(VTM, RP, Relay) is 463.3 g. However, OPV and EC have weight of only 2.29 g and 4.31 g, 

respectively.  In addition, the power consumption of EC device, ESS and VTM and RP, and Relay 

is 15.28, 5.97, 131.08 mW and 549 mW, respectively. In the calculation of power consumption in 

the main manuscript, we did not include the energy cost from relay in our OETC main energy flow, 

and the reason is: the relay is only used to control the voltage waveform and phase, which is not 

consumed energy from the main energy flow paths (OPV module to EC device). In this study, one 

relay powered by another OPV module can be used to control 4 units, and we believe that the relay 

could control more units to reduce the overall power consumption. If the energy consumption of 

the relay is not included, the efficiency of our entire OETC system will be very high. Even if we 

consider the energy consumption of the relay, the total system is still self-powered only by sunlight. 

It is worthwhile to note that, the extra weight mainly comes from ESS and VCS, while the extra 

power consumption mainly comes from the Relay. They were used commercial components and 

should be optimized in future and can also be used to control multiple units, thus reducing the 

overall weight and power consumption.   

Furthermore, all the power consumption of the entire system is from OPV module. And the 

OPV module can provide sufficient energy to power the entire system, so the OETC system is self-

sustainable. 

We have been working with our suppliers to design new integrated devices, and we expect 

that the power consumption of this part can be greatly reduced. 

Moreover, OETC can store additional energy in the Li-battery during the daytime and release 

the stored energy at night to continue driving the EC thermal management system. Fig. S8C 

compared the voltage provided by OPV module and ESS applied to EC device. It indicates that 

the voltage provided by ESS is the same as that provided by OPV module which guarantees all-

day thermoregulation.  
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9. The working mechanism of the OETC system in cooling and warming modes 

 

Fig. S9. Working mechanism of the OETC system in cooling (A & B) and warming (C & D) 

modes. 
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During the operation, the cooling mode includes the following steps: (i) By switching the 

electric relay RES1 on, an electrostatic field is applied between the top CNT-based electrode of EC 

device and the outer CNT electrode of the EC polymer stack. EC polymer stack moves toward the 

top flexible heat transfer layer (as a heat sink) by electrostatic force; (ii) By switching the electric 

relay REC on, the EC polymer stack is heated up by applying an electric field on the EC polymer 

stack and thus heat transfer from the EC polymer stack to the flexible heat transfer layer (Fig. 

S9A); (iii) When the relay is switched from RES1 to RES2, the EC polymer stack moves toward the 

bottom human skin (as a heat source) by the electrostatic force; (iv) By switching the electric relay 

REC off, the EC polymer stack is cooled down by removing the electric field and thus heat transfer 

from the human skin to the EC polymer stack to realize one cycle of skin cooling (Fig. S9B). 

 For the warming mode, it is achieved by changing the heat transfer to the opposite direction, 

simply by changing sequence of the four steps described above, which is reached by simply 

adjusting the phase of square wave voltage. Correspondingly, the warming mode has similar steps 

to the cooling mode, but with opposite heat transfer effect: (i) By switching the electric relay RES2 

on, the EC polymer stack moves toward the bottom human skin which needs to be warmed up by 

the electrostatic force; (ii) By switching the electric relay REC on, the EC polymer stack is heated 

up by applying an electric field on the EC polymer stack and thus heat transfer from the EC 

polymer stack to the human skin (as a heat sink) (Fig. S9C); (iii) When the relay is switched from 

RES2 to RES1, the EC polymer stack moves toward the top flexible heat transfer layer (as a heat 

source) by electrostatic force; (iv) By switching the electric relay REC off, the EC polymer stack is 

cooled down by removing the electric field and thus heat transfer from the flexible heat transfer 

layer to the EC polymer stack to finish one cycle of skin warming (Fig. S9D). Therefore, the 

bidirectional controllable thermoregulation for cooling and warming is easily implemented. 

  



 

 

23 

 

10. The heat capacity of the heat transfer layer and evaluation of the duration of cooling 

energy 

 

 
 

Fig. S10. Performance of the heat transfer layer. (A) The characterization of the heat transfer 

layer by differential scanning calorimetry. (B) Schematic illustration of the setup for measuring 

the temperature change under sunlight expose. (C) The temperature change of OETC system under 

the standard AM 1.5G (100 mW/cm2) by solar simulator. 

 

In fact, the heat transfer layer plays an important role as a heat sink during the cooling mode, 

especially under sunlight, so we added paraffin phase change capsules to the heat transfer layer, 

which greatly improves the heat storage capacity of the heat transfer layer. In order to measure the 

actual heat capacity of the heat transfer layer, we performed DSC measurement of the heat transfer 

layer (Fig. S10A). During the phase change (20-45 °C), the heat capacity of heat transfer layer 

(29.47 g) is 157.65 J/g, which can absorb 4645.95 J of heat. Since the heat flux of the device in 

cooling mode is barely 28.76 mW/cm2, which enables our OETC system to maintain good thermal 

management performance for 5.61 h, without consideration of heat dissipation from heat transfer 

layer to the air. During actual operation, the heat transfer layer could effectively exchange heat 

with the surrounding environment, which can enable the OETC system to maintain good thermal 

management performance for a longer period of time. 

To further evaluate the duration of its cooling energy under sunlight, we measured the 

temperature change of OETC system under the standard AM 1.5G (100 mW/cm2) by solar 

simulator. The schematic illustration of the setup for measuring the temperature change under 

sunlight expose is shown in Fig. S10B. As shown in Fig. S10C, the temperature of OPV and EC 

units reach at 55 and 32 °C, respectively, under a 12 h sunlight expose. As indicated in Fig. S10C, 

the temperature change of EC device is very small (from the initial 25 °C to the equilibrium 32 °C), 
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which is much lower than upside temperature of heat transfer layer (45 °C). Since the flexible heat 

transfer layer contains a phase change material that absorbs the heat from the sunlight, the heat 

transfer layer can effectively absorb and block the heat transfer from sunlight to EC device. 
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11. Temperature span of the OETC system at different operation frequencies under the 

illumination intensity of 100 mW/cm2 

 

Fig. S11. Temperature span of the OETC system at different operation frequencies under 

the illumination intensity of 100 mW/cm2 by solar simulator. 

 

Fig. S11 compares the temperature span of the OETC system at different operating 

frequencies using a solar simulator at a light intensity of 100 mW/cm2. Although the OETC system 

can operate at higher frequencies, the frequency of the OETC system that gives maximum 

temperature span of 2.9 K is 0.75 Hz due in part to the time need to transfer the heat from the EC 

stack to the human skin and flexible heat transfer layer. 

  

A B

0.25 0.50 0.75 1.00 1.25
0

1

2

3

4

A
v
e
ra

g
e
 t

e
m

p
e
ra

tu
re

 s
p

a
n

 (
K

)

Frequency (Hz)

0 10 20 30 40 50 60

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Δ
T

 (
K

)

Time (s)

 0.25 Hz

 0.50 Hz

 0.75 Hz

 1.00 Hz

 1.25 Hz



 

 

26 

 

12. The power supplied to EC device by the flexible OPV module is converted to high-

voltage DC through VTM under different illumination intensities  

  

Fig. S12. The power supplied to EC device by the flexible OPV module is converted to high-

voltage DC through VTM at different illumination intensities from 55 to 100 mW/cm2.  

 

As shown in Fig. S12, the power supplied to EC device by the flexible OPV module is 

converted to high-voltage DC through VTM at different illumination intensities from 55 to 100 

mW/cm2. We use an oscilloscope to monitor the power supplied by OPV module to the EC device. 

The frequency of square-wave voltage is at 0.75 Hz under different illumination intensities. With 

the increase of illumination intensity, the flexible OPV module can reach higher voltages, and thus 

the input voltage of the EC device (VEC) increases, which results in a higher thermoregulatory 

performance of the OETC.  
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13. The temperature span of OETC system at the frequency of 0.75 Hz under 55 mW/cm2 

illumination intensity 

 

Fig. S13. The temperature span of the OETC system at the frequency of 0.75 Hz under 55 

mW/cm2 illumination intensity by solar simulator. 

 

We also measured the performance of the OETC system at lower illumination intensity of 55 

mW/cm2 at 0.75 Hz. As shown in Fig. S13, the OETC system still has good bidirectional 

thermoregulation performance at low illumination intensity of 55 mW/cm2, with the bidirectional 

thermoregulatory temperature span of 1.1 K at 0.75 Hz. 
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14. The outdoor thermoregulation performance of OETC system 

 

Fig. S14. The outdoor thermoregulation performance of OETC system. (A) The outdoor 

thermoregulation performance of the OETC system. (B) Comparison of temperature span of OETC 

system under outdoor sunlight and solar simulator. 

 

We also demonstrated the outdoor thermoregulation performance of our OETC system by 

direct solar radiation under clear sky conditions from 9:00 to 16:00 in Tianjin, China (38°59′

65″N, 117°21′16″E, August 3, 2022) (Fig. S14A). The sunlight intensity is measured by a 

solar power meter (SANPOMETER, SM206-SOLAR). Although the intensity of outdoor sunlight 

fluctuates a lot with time, our OETC system still shows good thermoregulatory ability at different 

light intensities. In Fig. S14B, when the outdoor sunlight intensity is the same as the simulated 

light intensity, the OETC system exhibits almost the same thermoregulation (Fig. 2C & Fig. S14B). 

The whole process does not need to involve other external energy sources, realizing self-powered 

cooling with zero-energy consumption. 
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15. Comparison of performance between OPV-TE thermoregulation system and OPV-EC 

thermoregulation system (OETC) under the illumination intensity of 100 mW/cm2 

 

Fig. S15. Comparison of the performance between OPV-TE thermoregulation system and 

OPV-EC thermoregulation system under the illumination intensity of 100 mW/cm2 by solar 

simulator. (A) photograph of a commercial TE device (2 cm × 4 cm in size) on an aluminum heat 

sink. (B) Infrared thermal images of the cooling and warming modes of OPV-TE system under the 

illumination intensity of 100 mW/cm2. (C) Comparison of heat flux of OPV-TE and OPV-EC 

thermoregulation systems under the illumination intensity of 100 mW/cm2. 

 

We used the same OPV module (Voc of 5.75 V, Jsc of 3.31 mA/cm2, and Pmax of 298.58 mW) 

to directly drive commercial TE thermoregulation device (2 cm × 4 cm in size), as shown in Fig. 

S15. The temperature span (Fig. 2E) and heat flux (Fig. S15C) of EC and TE devices were 

measured by infrared camera and heat flux sensor, respectively. Its effective area is equivalent to 

that of an EC thermoregulation device under the illumination intensity of 100 mW/cm2 to compare 

their thermoregulation performance (Fig. S15A). Fig. S15B shows the infrared thermal images of 

the cooling and warming modes of OPV-TE system under the illumination intensity of 100 

mW/cm2 by solar simulator. In addition, the average heat flux (Fig. S15C) of OPV-EC system is 

28.76 mW/cm2, while the OPV-TE system shows the average heat flux is only 16.79 mW/cm2 

under the same illumination intensity of 100 mW/cm2.  
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16. Average heat flux of the OETC system under different illumination intensities 

 

Fig. S16. Average heat flux of the OETC system measured by heat flux sensor under different 

illumination intensities from 40 to 100 mW/cm2 by solar simulator. 

 

Fig. S16 shows average heat flux of the OETC system measured by heat flux sensor under 

different illumination intensities from 40 to 100 mW/cm2 by solar simulator at 0.75 Hz. The 

maximum average heat flux of the OETC is 27.89 mW/cm2 of cooling mode and 28.76 mW/cm2
 

of warming mode under 100 mW/cm2 illumination intensity at 0.75 Hz. Even at a relatively low 

illumination intensity of 40 mW/cm2, the average heat flux of the OETC can reach 2.79 mW/cm2 

of cooling mode and 3.17 mW/cm2 of warming mode. 
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17. J-V curve of the perovskite photovoltaic module and temperature span of EC device 

powered by perovskite solar module 

 
Fig. S17. J-V curve of the perovskite photovoltaic module and temperature span of EC device 

powered by perovskite solar module. (A) J-V curve of the perovskite solar module under the 

illumination intensity of 100 mW/cm2. (B) Temperature span of the EC device powered by the 

perovskite solar module under the illumination intensity of 100 mW/cm2 at 0.75 Hz. 

 

Fig. S17A shows the J-V curve of the perovskite solar module measured at reverse scan under 

simulated one-sun AM 1.5G illumination (100 mW/cm2). The device with active area of 14 cm2 

shows a VOC of 5.48 V, a JSC of 4.69 mA/cm2, and a fill factor (FF) of 63.25%, yielding a PCE of 

16.25%. The corresponding Pmax is 227.5 mW. Compared with the thermal management 

performance of EC device powered by OPV module in Fig. 2C, the EC device powered by the 

perovskite solar module (Fig. S17B) indicates almost same results. 
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18. Power consumption of EC device under different illumination intensities 

 

Fig. S18. Power consumption of EC device (WPower consumption) at the frequency of 0.75 Hz 

under different illumination intensities from 55 to 100 mW/cm2 by solar simulator. (A) 

Current of EC device (IEC). (B)Power consumption of EC device. 

 

We measured the power consumption of EC device under different illumination intensities 

from 55 to 100 mW/cm2 by solar simulator in Fig. S18. The largest average power consumption 

of the EC device is only 1.91 mW/cm2 at 0.75 Hz under the illumination intensity of 100 mW/cm2 

due to its low energy consumption. The calculated 𝑊𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = ∫ 𝑉𝐸𝐶 × 𝐼𝐸𝐶𝑑𝑡 
𝑡2

𝑡1
(Fig. 

S18B), where t1 and t2 are the start and the end time of an entire operation period, and VEC and IEC 

are the measured voltage (Fig. S11) and current (Fig. S18A) using an oscilloscope 

(RIGOLDS1104Z Plus), respectively.  
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19. Working mechanism of the OETC system for all-day thermoregulation 

 

Fig. S19. Working mechanism of the OETC system for all-day thermoregulation. (A) OETC 

system daytime working mechanism. OPV module can provide continuous energy supply to the 

EC devices during the daytime. (B) OETC system night working mechanism. The surplus energy 

collected and stored in ESS during the daytime is automatically switched to power the entire 

system at night with no extra energy input. 

 

Fig. S19 shows the working mechanism of the OETC system for all-day thermoregulation. 

OPV module can provide continuous energy supply to the EC device during the daytime (Fig. 

S19A). Considering that the PCE of our OPV module (with an active area of 25.2 cm2) is 11.85% 

under standard AM 1.5G (100 mW/cm2) and the energy consumption of EC device (with an active 

area of 8 cm2) is only 15.28 mW (1.91 mW/cm2 × 8 cm2 = 15.28 mW), a simple estimation would 

indicate that the total generated electricity is 298.58 mW (100 mW/cm2 × 11.85% × 25.2 cm2 = 

298.58 mW). Thus, there are 283.30 mW (298.58 mW – 15.28 mW = 283.30 mW) surplus energy 

could be stored in the ideal condition. 
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Moreover, the surplus energy collected and stored in ESS during the daytime is automatically 

switched to power the entire system at night with no extra energy input (Fig. S19B). 
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20. Self-powered all-day thermoregulatory OETC system 

 

Fig. S20. Performance of self-powered all-day thermoregulatory OETC system. The effective 

area of 25.2 cm2 is required to achieve all-day thermoregulation. Operating for 12 h under the 

illumination intensity of 100 mW/cm2 by solar simulator, the OETC can operate through all night 

using the storage energy during daytime. 

 

In order to estimate the all-day thermoregulation of the OETC system, we used a simulated 

solar light source with a light intensity of 100 mW/cm2
 continuously irradiated on the OTEC 

system (25.2 cm2 effective area of OPV module and 8 cm2 effective area of EC thermoregulatory 

system) for 12 h, during which its cooling capacity was maintained at ~1.5 K (Fig. S20). Then, we 

turned off the solar simulator, and the OETC system automatically switched to heating mode. The 

energy stored in the ESS system was released and allowed the EC thermoregulatory system to 

continue operating for more than 12 h, during which its heating capacity remained at~1.5 K. The 

performance of the OETC system with sustainable self-powered all-day thermoregulation was 

achieved.  
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21. Four parallel EC arrays for simultaneous bidirectional thermoregulation 

 

Fig. S21. Thermoregulatory capacity of the EC polymer film arrays. (A) Four parallel EC film 

arrays (the total effective area is 4×8 cm2). (B) Infrared thermal images of four parallel EC film 

arrays after application (left) and removal (right) electric field at the illumination intensity of 100 

mW/cm2. 

 

To explicitly evaluate the thermoregulatory capacity of the EC polymer films driven by OPV 

module, we drove four effective areas of 2 cm × 4 cm parallel EC polymer film (Fig. S21A) using 

a flexible OPV module (effective area 25.2 cm2, Voc of 5.75 V, Jsc of 3.31 mA/cm2, and Pmax of 

298.58 mW) under the light intensity of 100 mW/cm2. It can be seen that the flexible OPV module 

can drive four active area arrays simultaneously for fast and effective cooling and heating (Fig. 

S21B) for efficient bidirectional thermoregulation under 100 mW/cm2 light intensity. 
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22. Bending measurement of OETC system

Fig. S22. Bending measurement of OETC system. (A) Schematic illustration of bending 

measuring system for thermoregulatory performance of OETC system. (B) Photographs of OETC 

in operation under different curvature (0 m-1 and 3.6 m-1).  

Fig. S22A shows the schematic illustration of bending measuring system of OETC system. 

During the bending test, the system is illuminated with 100 mW/cm2 light at the bottom and its 

surface temperature is measured by infrared camera at the top. The maximum curvature of the 

whole system is up to 3.6 m-1 (Fig. S22B).  
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23. Thermoregulation of artificial skin with the initial temperature of 34 °C by the OETC 

under the illumination intensity of 100 mW/cm2 by solar simulator at varying ambient 

temperatures. 

 

Fig. S23. Thermoregulation of artificial skin with the initial temperature of 34 °C by the 

OETC under the illumination intensity of 100 mW/cm2 by solar simulator at varying ambient 

temperatures. (A) Thermoregulation of the artificial skin by the OETC under 15.8 °C and 36.4 °C 

ambient temperatures. (B) Thermoregulation of the artificial skin by the OETC under 10 °C and 

40 °C ambient temperatures. 

 

Fig. S23 shows thermoregulation of the artificial skin with the initial temperature of 34 °C 

by the OETC under the illumination intensity of 100 mW/cm2 by solar simulator at varying 

ambient temperatures. When moving the skin into a low temperature environment at 15.8 °C, the 

artificial skin temperature almost drops to 28.8 °C (Fig. S23A), the OETC warming mode starts 

working, which raises the artificial skin temperature up to the thermal comfort zone of 32 °C. 

Correspondingly, while moving the skin into a high temperature environment at 36.4 °C, the 

artificial skin temperature almost increases to 39.3 °C. Then, the OETC cooling mode turns on, 

which brings the skin temperature drop to the thermal comfort zone of 36 °C. As a result, our 

OETC can maintain the artificial skin temperature within the thermal comfort zone between 32 

and 36 °C (skin temperature), even though the environmental temperature varies between 15.8 to 

36.4 °C with a large environmental temperature change of 20.6 K. Compared to bare artificial skin 

(4.0 K), OETC extends the thermal comfort zone of the artificial skin by 16.6 K (20.6 vs 4.0 K). 

Moreover, the skin can be warmed at a maximum rate of 18.8 °C/min or cooled at a maximum rate 

of 14.9 °C/min (calculated by the average temperature change rate in the first 5 s after operating 
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the OETC) to achieve fast thermoregulation when the ambient temperature is below or above the 

thermal comfort zone (Fig. S23A). 

In addition, when the ambient temperature is too low such as at 10 °C or too high such as at 

40 °C (Fig. S23B), OETC cannot restore the temperature of artificial skin to the thermal comfort 

zone. However, after the artificial skin is thermoregulated by the OETC, the temperature of 

artificial skin is close to thermal comfort zone. The OETC warming mode can raise the artificial 

skin temperature from 28.0 to 31.1 °C, while the OETC cooling mode could drop the artificial 

temperature from 40.8 to 37.4 °C.  
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Table S1. The performance of the OPV module under different illumination intensities from 55 

to 100 mW/cm2 by solar simulator. 

Isun (mW/cm2) Voc (V) Jsc (mA/cm2) FF (%) Eff (%) Pmax (mW) 

100 5.75 3.31 62.19 11.85 298.58 

95 5.73 3.12 62.76 11.80 282.42 

90 5.71 2.99 62.51 11.88 269.42 

85 5.69 2.83 62.84 11.91 255.12 

80 5.67 2.68 63.27 12.01 242.25 

75 5.66 2.53 63.61 12.17 229.95 

70 5.64 2.39 63.78 12.26 216.31 

65 5.62 2.25 64.09 12.46 204.10 

60 5.61 2.09 64.45 12.58 190.18 

55 5.59 1.96 64.64 12.88 178.45 

In Table S1, the large-area OPV module exhibits a promising PCE of 11.85% (Voc of 5.75 V, 

Jsc of 3.31 mA/cm2, FF of 62.19% and Pmax of 298.58 mW) under illumination intensity of 100 

mW/cm2. Even at the low illumination intensity of 55 mW/cm2, the Voc of the module remains 

above 5.50 V and the Pmax exceeds 170 mW, which ensures that the EC devices have sufficient 

voltage and power to drive continuously.  
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