This is the Pre-Published Version.

This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS sustainable chemistry & engineering,
copyright © 2025 American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published
work see https://doi.org/10.1021/acssuschemeng.4c10372.

Integration of Radiative Cooling and Solar Heating in
Thermal Management Films for Year-Round Energy
Savings

Ruiming Tan,? Yinyan Li,® Gongxun Bai,*?* Cuilu Xi,* Peng Xue,*® Yuxin
Ma,® Beibei Xu,¢ Shiqing Xu? and Jianhua Hao*¢

“ College of Optical and Electronic Technology, China Jiliang University,

Hangzhou 310018, P. R. China. Email: baigx@cjlu.edu.cn;

b Beijing Key Laboratory of Green Building Environment and Energy
Saving Technology, Beijing University of Technology, Beijing 100124, P. R.

China. Email: xp@bjut.edu.cn

¢ State Key Laboratory of Modern Optical Instrumentation, School of
Optical Science and Engineering, Zhejiang University, Hangzhou 310027,

P. R. China.

4 Department of Applied Physics, The Hong Kong Polytechnic University,

Hong Kong 999077, P. R. China. Email: jh.hao@polyu.edu.hk


mailto:baigx@cjlu.edu.cn,

ABSTRACT

The application of zero-emission passive radiative coolers is a crucial step towards
global carbon neutrality. However, a single radiative cooling function cannot meet the
thermal requirements under various weather conditions. We present a dual-mode
thermal management film that integrates passive radiative cooling and heating
functions through its porous polymer surface for cooling and a light-to-heat
conversion surface enabled by graphene and carbon nanotubes for heating. Physically
flip the surfaces of the dual-mode film, positioning the corresponding surface toward
solar radiation to obtain the desired functionality. In cooling surface, the film achieves
subambient cooling of =13.3 °C under 853.88 W m of sunlight, thanks to its high
solar reflectance (0.92) and mid-infrared emissivity (0.95). In heating surface, it uses
high solar absorption (0.90) to increase the temperature by 11.4 °C and generates
Joule heating at various voltage levels. According to EnergyPlus software estimates,
buildings with roofs covered in the film could reduce CO2 emissions by 1.109 billion
metric tons, equivalent to 3% of current global CO; emissions. This study offers a
promising solution to climate challenges and holds great potential for energy savings

and carbon reduction.
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INTRODUCTION

To keep the human body in a comfortable environment, cooling during hot weather
and heating during cold weather are indispensable. However, traditional cooling and
heating technologies consume large amounts of energy, increase greenhouse gas

emissions.' It has been reported that buildings account for more than 30% of global



energy consumption in 2021,%7 of which about 50% is used for heating, ventilation
and air conditioning,” while greenhouse gases emitted from buildings account for 10%
of global greenhouse gas emissions.? It is estimated that even a slight decrease of 1 °C
in temperature can significantly reduce electricity consumption by 3-5%.%!° Therefore,
building an integrated technology with zero pollution, zero energy cooling and zero
energy heating to save energy and achieve carbon neutrality by 2050 is a key part of

our journey towards a low-carbon life.!!-1>

Passive daytime radiative cooling (PDRC) technology is one of the zero-energy and
promising cooling technologies with practical applications, which can effectively
reflect solar thermal radiation (200-2500 nm) without any electric power input.
Moreover, the cooler can send the heat to the outer space through the atmospheric
transparent window (8-13 um).'?° Therefore, the ideal PDRC should have a high
reflectivity between 200 and 2500 nm and a high emissivity in the atmospheric
transparent window.?!">* These designs of PDRC can be divided into multilayer

2729 and porous structures’-3? to achieve

photonic structures,?*2® aerogel structures,
all-weather passive radiative cooling. Conversely, the green passive solar heating
(PSH) technology utilizes ideal heating materials with high absorbance at 200-2500
nm and low emissivity at >2500 nm for efficient heating.>* Many studies on radiative
cooling and heating demonstrate thermal regulation, but they often overlook practical
outdoor applications. Without robust self-cleaning functions, performance degrades
over time. For instance, Shi et al. used PVDF and MXene for cooling and heating,**
but the cooling side had hydrophobicity of only 107°, well below the
superhydrophobic threshold of 150°. Additionally, the heating side relied on

modifying MXene's hydrophilicity for adhesion, raising concerns about long-term

reliability. Therefore, it is crucial to develop a high-performance thermal management



system that can switch between cooling and heating functions through physical

flipping while ensuring long-term stability.

To achieve the above goals, two sources of infinite radiation cold and heat are
employed: outer space (=3 K) and the sun (=5800 K),'*3% which provide cooling and
heating for buildings, respectively, without using other energy consumption. In this
work, we developed a zero-energy dual-mode thermal management film that switches
between heating and cooling functions through physical flipping of surface orientation,
providing a solution for achieving high energy efficiency in building heating and
cooling throughout the year. The two surfaces of the dual-mode film are divided into a
cooling surface with radiative cooling and a heating surface with solar and Joule
heating. This cooling function is realized through a porous structure exhibiting phase
conversion using poly(vinylidene fluoride-co-hexafluoropropylene) [P-P(VDF-HFP)]
and the hydrophobic SiO; (=20 nm). This heating function is mainly achieved by
graphene filter cake and carbon nanotube slurry, both of which have high solar
absorption. Notably, the heating layer also has high electrical conductivity, it can
achieve a saturation temperature of 96.7 °C by Joule heating under the voltage of 8 V.
Consequently, the two heating modes’ synergy each other lead to the achievement of
the desired heating capacity, while dual-mode films can easily implement the surface

conversion of cooling and heating by physical flipping.

RESULTS AND DISCUSSION

Structural View and Design Principle of Zero-Pollution Dual-Mode Films. Figure
la shows the structural view of the dual-mode thermal management film and its
preparing process is illustrated in Figure S1. The principle of dual-mode films in PRC

and PSH modes are shown in Figure 1b and lc, respectively. When the cooling



surface of the dual-mode thermal management film is in operation, it can effectively
enhance the reflectance and scattering of sunlight due to its porous structure.
Benefiting from SiO; particles attached to the cooling surface and P(VDF-HFP) are a
kind of mid-infrared high-absorption material,*® the high emission in the mid-infrared
can be achieved by the cooling surface. Moreover, due to the extremely low surface
energy of the P(VDF-HFP)*"-* and the hydrophobic property of the SiO, particles, the
whole cooling surface realizes functions of superhydrophobicity and self-cleaning.
Instead, the heating surface realizes strong absorption of solar energy due to graphene
and carbon nanotubes, resulting in zero-energy heating. Therefore, this dual-mode
functional design enables the integration of cooling and heating in the thermal

management film, making thermal regulation possible through physical flipping.

@ Air void Q Sio:

. Graphene -~ Carbon nanotube

Outer space

Cooing surface Heating surface

.d e Tas = 25°C
=10 1500 =~ _ T

.% ’ —— Solar heating . 5 f

@008 g Fedliative soeling 1000 Solar heating "~~~ |

£ — —h=owmik' | =
woe e e h=10Wm?K* B
204 5004 Tve., !

s Say, 1

g oy
202 ol

o

B 0.0 Radiative cooling ®
< 500 1 —

2 .20 0 20 40
Wavelength (um) Temperature (°C)



Figure 1. Overview of thermal management of dual-mode films for cooling and
heating functions. (a) The porous P(VDF-HFP) with C-F and C-H bonds is combined
with SiO; to obtain a superhydrophobic cooling surface with high reflectivity and
high emissivity. The heating performance of the heating surface is determined by the
graphene filter cake with 21 wt.% graphene, and carbon nanotube slurry with 15 wt.%
nanotubes. (b) Working principle of the cooling surface. (¢c) Working principle of the
heating surface. (d) Absorptivity/emissivity spectra of an ideal solar heating film (red
line) and a radiative cooling (purple line) film. Transmittance spectrum of the
atmosphere, Tam(4) (blue), standard solar spectrum, /ami.5(4) (orange) and black body
radiation spectrum at 25 °C (black). (e) Net heat flux at ideal solar heating (red) and

radiative cooling (blue) temperatures.

To quantify the effects of PRC and PSH of dual-mode films, the net cooling power
of the cooling surface and the net heating power of the heating surface were
calculated. Here the net heat flux (Pner) is uniformly used to express net power, where
negative Pne and positive Pree represent net cooling power and net heating power,
respectively. The Py 1s a function of the temperature of the dual-mode film (7fim)
(Equation 1),2? and it is determined by the heat balance among four key parts: the
solar radiation absorbed from the sun (Psun), the heat radiation absorbed from the
atmosphere (Pam), the heat emitted by the film (Prm), and the heat convection and
conduction (Peond+conv) Of the dual-mode film with the surroundings, characterized by

heat transfer coefficient (%) (Equation 2 and Note S1).2
Pnet:Psun +Patm+Pcond+conv-Pﬁlm (1)

Pcond +conv — h(Tamb - Tﬁ]m) (2)

Here, in Figure 1d, the absorptivity of the ideal cooling surface and heating



surface of the dual-mode film are fixed at 0 and 1 in the wavelength of 0.2-2.5 pm,
respectively; the absorption of the ideal radiative cooling surface and heating surface
are fixed at 1 and 0 within the 2.5-25 um, respectively; the radiation spectrum of the
blackbody at 25 °C is calculated. Meanwhile, the emissivity spectra of the blackbody
from 0-50 °C were calculated (Figure S2), it demonstrates that the emissivity of
around 10 um is better for enhancing the radiative cooling effects of radiative coolers.
In addition, the ambient temperature (7amp) and Pam were fixed at 25 °C and 310 W
m2, respectively. When the Py is zero, the film reaches the steady-state temperature,
and thermal management power (negative for cooling and positive for heating) is the
intersection point between Trim and Tamp (Figure le). Under cooling state (Figure le),
the steady-state temperature of the film gradually approaches Tamb» and the difference
with Tamp decreases as the heat transfer coefficient increases (from 0 to 10 W m2 K1),
which is due to the fact that when T is lower than that of Tamp, the heat conduction
and convection promote the film from the environment to energy acquisition. Unlike
the steady-state temperature, the thermal management power is independent of /4 and
it always remains at 121 W m=. This analysis also applies to the heating state. In
heating state, the thermal management power can reach up to 1010 W m2. The
analysis of the net heat flux function shows that our designed dual-mode film can

effectively achieve cooling and heating capabilities.

Microstructures and Spectral Properties of Dual-Mode Films. The cooling surface
appears white in sunlight and has a porous structure with pore size distribution of
0.4-8 um and a 164° contact angle (Figure 2a, b), which makes the cooling surface
has long-term stability of superhydrophobic (Note S2 and Figure S3) and
self-cleaning properties (Figure S4). Moreover, the cooling surface will produce a

silver mirror reaction and water sputtering (Figure S5), which is caused by the



trapping of air pockets inside the structure, so that the surface can remain dry
underwater. The heating surface appears black in sunlight (Figure 2c¢), and the
morphology and water contact angle of the heating surface are shown in Figure 2d. It
is worth noting that the heating surface formed by the water-based polyurethane
(WPU) allows all particles to be uniformly distributed and firmly fixed to the heating
surface to avoid shedding, which improves the stability of the heating surface

properties.

During the preparation process, the component concentration of the cooling surface
is confirmed by analyzing the solar reflectivity and mid-infrared emissivity of porous
films prepared with different P(VDF-HFP) contents in N,N-Dimethylformamide
(DMF) solution. For example, in DMF solutions with a P(VDF-HFP) content of 15%,
20%, and 25%, the resulting porous samples are called P-P(VDF-HFP)-15,
P-P(VDF-HFP)-20, and P-P(VDF-HFP)-25, respectively. A series of optical
performance tests were performed on the above samples (Figure S6). The solar
reflectivity of the above porous samples is 0.842, 0.895 and 0.855, respectively (Table
S1). The difference in solar reflectivity is due to the different powder content,
resulting in different pore sizes of porous films. The porosity results show that the
higher the powder content, the lower the porosity of the obtained porous films (Figure
S7). Porous films with lower powder content tend to have larger pores and higher
light transmission, resulting in a reduction in solar reflectivity. However, their
reflectivity still remains higher than that of the dense films (Figure S8). Moreover,
porous films with higher powder content have smaller pores, denser films and lower
scattering efficiency, which also reduces reflectivity. Similarly, the emissivities of the
different films mentioned above in the mid-infrared were calculated according to

Figure S6. The emissivity of all films is above 0.9 (Table S1), this is mainly due to the



P(VDF-HFP) material which has strong absorption in the mid-infrared (Figure S9).

e
3° '
o - 100
S
> = —_
S 4 % 80 ®
@
— [<}]
o (5]
= c -60 Q
& © =
7] wt S
@2 @ 40 =
= &= £
(= 1] w
% 24 - 20
So
1] T T v T ]
0.25 0.5 1 2
Wavelength (um)
—— Cooling surface
= -C=0 —— Heating surface
c y ——P-P(VDF-HFP)-20[
3 2 s
= LH, cc Y T =
o iz o L)
© -CF, 3 = hd
=l 2 e
o b = ]
£ 3 2
E ",o-sz?c é I.IE.I
1 M
<
5 10 15 20 25
Wavelength (um) Wavelength (um)

Figure 2. Microstructures and optical properties of cooling and heating surface of the
dual-mode film. (a) Photos of the as-prepared cooling surface (scale bar = 2 cm). (b)
The upper part is surface field-emission scanning electron microscopy (SEM) images
of the cooling surface (scale bar = 300 um), the bottom left part (scale bar = 5 um) is
enlarged view of the upper porous part and the bottom right part is the water contact
angle of cooling surface. (c) Photos of the as-prepared heating surface (scale bar = 2
cm). (d) The upper part is SEM image of the heating surface (scale bar = 100 pm), the
bottom left part (scale bar = 30 um) is enlarged view of the upper part, while the

bottom right part is the water contact angle of heating surface. (e) Simulated



scattering spectra of pores of different sizes. (f) Solar reflectivity in the solar region
(0.3-2.5 pm) and thermal emissivity in the longwave infrared region (2.5-25 um) of
the cooling surface. (g) Fourier transform infrared spectroscopy (FTIR) spectra of the
cooling surface, heating surface and P-P(VDF-HFP)-20. (h) Solar reflectivity in the
solar region (0.3-2.5 pum) and thermal emissivity in the longwave infrared region

(2.5-25 pm) of the heating surface.

Combined with the optical properties of the samples, the P-P(VDF-HFP)-20 was
eventually chosen to be the part basis design of the cooling surface. The pore sizes of
the cooling surface are obtained by SEM tests (Figure S10), and the sizes are widely
distributed, mainly centered on 0.4-5 um (Figure S11). Light undergoes multiple
reflections at the pore wall-air interfaces, which effectively extends its travel path and
enhances scattering. According to Mie scattering theory, strong scattering occurs
when the pore size is comparable to the wavelength of light.3° Larger pores increase
the number of scattering interfaces, thereby amplifying the overall scattering effect.
Moreover, the scattering efficiency is further improved by the size of the 0.4 pum
nanopores, which strongly scatter short electromagnetic waves (Figure 2e). To further
improve the comprehensive performance of the cooling surface, the hydrophobic SiO;
particles were sprayed on the surface, and tested the mid-infrared reflectivity (Figure
S12a) and mid-infrared transmissivity (Figure S12b) to obtain the mid-infrared
emissivity (Figure 2f) of the cooling surface. The reflectivity of the cooling surface
and P-P(VDF-HFP)-20 reaches 0.92 and 0.89, respectively. The reflectivity of the
cooling surface is obviously better than that of P-P(VDF-HFP)-20, which is mainly
caused by SiO>. The nanoscale SiO; has excellent reflectance in the solar spectral

region (Figure S13), thus improving the reflectance of the cooling surface.

The XPS patterns of cooling surface and P-P(VDF-HFP)-20 samples demonstrate



that the C, O, F are the main elementary components of both samples, and thermal
resonant modes of chemical bonds such as C-F, C=0 and C-H are observed in
mid-infrared region’® (Figure S14 and S15). Based on Kirchhoff's law, the emissivity
of the cooler corresponds to its absorptivity, so these above porous films have
excellent emissivity, with the emissivity of the cooling surface and P-P(VDF-HFP)-20
reaching 0.95, 0.94, respectively. Then, FTIR tests was performed on the cooling
surface, heating surface, and P-P(VDF-HFP)-20 to analyze emissivity of samples
(Figure 2g). The tiny difference of emissivity between cooling surface and
P-P(VDF-HFP)-20 is due to SiO. The Si-O-Si chemical bond of the cooling surface
located at the atmospheric transparent window (8-13 pm), which can improve the
emissivity of the cooling surface. Therefore, the addition of SiO. can effectively

improve both reflectivity and emissivity of the cooling surface.

Figure 2h shows the reflectivity and emissivity of the heating surface, it has high
absorption (=0.90, Table S2) in the sunlight region. It is mainly achieved by the
graphene filter cake and carbon nanotube slurry, which have strong absorption in the
sunlight region (Figure S16) and low absorption in mid-infrared region (Figure S17).
Optical tests were performed on the three different heating surface samples fabricated
in the experimental section of the article. The absorption of these heating surfaces
containing different WPU ratio were tested in the solar band, with the increase of
WPU content, the absorption of sunlight on the heating surface will be reduced
(Figure S18). But benefiting from the stabilizing effect of WPU on the particles, the
heating surface can maintain stable optical performance (Figure S19). After
comparing the absorption and stabilization properties of these samples, the design of
the heating surface in our dual-mode films was determined. Simultaneously, the effect

of the WPU on the emissivity of the heating surface is tested (Figure S20), this result



shows that the emissivity of the heating surface containing the WPU is higher. To
explain this result, XPS test was performed on the heating surface (Figure S21), the
main elements of the heating surface are C, O, and N, with the N element coming
from the WPU. A separate FTIR test was carried out on a pure WPU film (Figure S22),
it shows that the WPU has a good absorption in the mid-infrared band, which will
enhance the emissivity of the heating surface in the mid-infrared. Although WPU is
not suitable for the ideal heating surface to obtain higher heating capacity, its
stabilizing effect is necessary for dual-mode films. More importantly, according to
Equation 1, when the film is at a high solar absorptive capacity and a moderate
radiative capacity, it produces much more Psun+ Pam than the Prim, so that the effect of

the WPU is minimal.

Indoor PRC, PSH and Joule Heating Performances of Dual-Mode Films. A test
device consisting of foam box, polyethylene (PE) film (making samples and shielded
air in the same experimental system), aluminum foil (minimizing the effects of heat
convection and radiation from the surrounding environment), two dual-mode films
(for heating and cooling surfaces respectively) and P-P(VDF-HFP)-20 was set up
(Figure 3a). Meanwhile a xenon lamp (solar irradiance of 1000 W m) was used to
simulate the sunlight to co-verify the cooling and heating ability of dual-mode films.
Since the emissivity of the heating surface is moderate, a thermal imaging camera can
be used to monitor its actual temperature. The temperature of the three film samples
remained consistent with the ambient temperature (<19.1 °C) in the light-off condition
(Figure 3b). When the light was turned on, the thermal image shows that the
temperature of the cooling surface was lower than other samples, while the heating
surface warmed up the fastest. Figure 3¢ shows that after turning on the light, all

indoor temperatures rise sharply, and the rate of temperature rise gradually slows



down after some time and eventually reaches the saturation temperature. From the
temperature difference curves (Figure 3d), it can be seen that after reaching the
saturation temperature, the internal temperature of the cooling surface is 11.7 °C
lower than the ambient temperature at most, and the cooling surface is 1.1 °C lower
than that of the P-P(VDF-HFP)-20. Notably, the temperature of the heating surface is
18 °C higher than the ambient temperature. Indoor PSH mode of a house model
(Figure S23) was tested, and its temperature has increased by 15.2 °C, which further

proves that dual-mode films have great potential in the field of heating energy saving.
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Figure 3. Indoor PRC, PSH and Joule heating tests. (a) Schematic diagram of indoor
heating under xenon lamp irradiation. (b) Infrared images of cooling surface, heating
surface and P-P(VDF-HFP)-20 before and after turning on the xenon lamp. (c)
Real-time temperatures inside the three films and ambient air during testing. (d)

Real-time temperature difference between the internal temperature of the three films



and the ambient temperature during testing. (e) Joule heating tests of dual-mode films
at different voltages. (f) Steps for switching between PSH and Joule multimode
heating regulation. (g) Real-time temperature curve of switching heating mode with

indoor xenon lamp and power supply.

Graphene filter cakes and carbon nanotube slurry provide high electrical
conductivity to dual-mode films and can be employed as active heaters for unexpected
situations. With the increase of the applied DC voltage time, the maximum
temperature of dual-mode films is 28.1 °C, 40.2 °C, 73.3 °C, 96.2 °C and 123.3 °C at
2,4, 6,8 and 10 V, respectively (Figure 3e). Simultaneously, at the same voltage, with
the increase of heating time, the heated region of the thermal infrared image becomes
more significant and uniform (Figure S24). It has been shown that dual-mode films
have fast electrothermal response and high efficiency of electrothermal conversion,
providing applications for joint work of PSH and Joule heating. In order to explore
the heating capacity of PSH and Joule heating in alternating and co-operating modes
of operation, the work is studied in accordance with the program steps (Figure 3f).
Figure 3g shows that the dual-mode film is in an indoor environment (21.6 °C) in the
first stage and enters the second stage after a period of time. The dual-mode film was
in PSH single heating mode in the second stage, and when it has reached its saturation
temperature (67.7 °C). A voltage of 3 V was passed on the film, so that its heating
mode was in the combined mode of PSH and Joule heating (third stage). Then the
heating saturation temperature raised from 67.7 °C to 78.9 °C, and then the power was
cut off to make it re-enter the PSH heating mode (fourth stage), and its temperature
gradually maintained at 68.8 °C, which suggests that the dual-mode film continues to
exhibit excellent PSH heating. Eventually, the xenon lamp was turned off (fifth stage),

and the temperature of the dual-mode film gradually approached room temperature



and its corresponding infrared images were shown in Figure S25. Therefore, these
experimental results clearly demonstrate that PSH and Joule heating can be used

together for all-weather multimode heating.

Outdoor PRC and PSH Performances of Dual-Mode Films. Figure 4a shows the
prepared large size dual-mode film. In Figure 4b, the experimental setup was built in
Hangzhou to evaluate the outdoor cooling and heating capabilities of dual-mode films
and the actual outdoor device is shown in Figure S26. On October 21, 2023, the
weather was sunny with a level 1 breeze, the effects of PRC and PSH for dual-mode
films were performed. Under direct sunlight with the solar irradiance of 853.88 W m™,
the cooling temperatures of the cooling surface and P-P(VDF-HFP)-20 were 13.3 °C
and 6.7 °C lower than the ambient temperature, respectively, and the temperature of
the heating surface was 11.4 °C higher than the ambient temperature (Figure 4c, d).
To illustrate that the dual-mode films are capable of a wide range of weather
conditions, outdoor test was also conducted on cloudy weather (October 24, 2023), it
achieved an average warming of 7.3 °C and a cooling capacity of 3.7 °C (Note S3 and
Figure S27). The weather was overcast with a breeze index of level 2 and a relative
humidity of 52-86% on October 25, 2023 and the average solar irradiance was only
606 W m~ from 11 am to 2 pm (Figure 4¢). But the cooling surface temperature can
also achieve 6.5 °C lower than the ambient temperature and compared with the
P-P(VDF-HFP)-20. Moreover, the cooling surface was 2.1 °C cooler than the
P-P(VDF-HFP)-20, and the heating surface can achieve a temperature rise of 6.2 °C
(Figure 4f). These results indicate that dual-mode films have excellent cooling and
heating capacities, and the outdoor air humidity and temperature information above
are provided in Figure S28. Furthermore, we conducted weatherability tests on the

dual-mode films, and the spectral changes were minimal, demonstrating their



long-term durability (Figure S29).
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Figure 4. Outdoor PRC and PSH performances of dual-mode films. (a) Photograph of
the dual-mode film (scale bar = 20 cm). The left part is the photograph of cooling
surface and the right part is the photograph of heating surface. (b) Model drawing of
the experimental device. (c) Real-time temperature records of all film samples on
October 21, 2023. (d) The temperature difference among all film samples and the
ambient environment at daytime (October 21, 2023). (e) Real-time temperature
records of all film samples on October 25, 2023. (f) The temperature difference
among all film samples and the ambient environment at daytime (October 25, 2023).
(g) The digital photographs and thermal infrared images of the house models. (h)

Real-time temperature records of house models on November 23, 2023.

In order to better illustrate the promising application of dual-mode films for



practical outdoor cooling and heating modes. The cooling and heating surfaces of
dual-mode films and P-P(VDF-HFP)-20 were used to cover the surface of the car
models (the car model achieves an average of 12.7 °C subambient cooling, Figure S30)
and house models (Figure 4g). From 11:00 am to 12:00 am, compared with the bare
house model, the interior of the house under the heating surface and the cooling
surface achieved an average temperature rise of 8.4 °C and a temperature drop of
3.1 °C (Figure 4h and Figure S31), respectively. In addition, a flame retardant test was
conducted on the dual-mode film (Note S4 and Figure S32). Due to the excellent
thermal conductivity of the graphene filter cakes and carbon nanotube slurry, the
excess heat in the localized region can be quickly transferred to the rest of the film, so
that the heat is well dispersed and no solution dripping is formed. Ideal mechanical
properties are also the reference metrics for outdoor films, so stress-strain and cyclic
tensile tests were performed on different film samples. The dual-mode film has
excellent mechanical properties, being able to withstand a tension of 10.5 N,
elongation by 53%, and still maintaining good mechanical properties under multiple

periodic stretches (Figure S33).

Potential Applications of Dual-Mode Films in Building Energy Saving and
Carbon Emission Reduction. To evaluate the potential sustainability of dual-mode
films, an energy estimation model has been developed to quantify the energy savings
and carbon emission reductions that can be achieved by integrating dual-mode films
onto the roof of a building. Figure 5a illustrates the global distribution of solar
irradiance.*® Some extremely hot and cold regions urgently require cooling and
heating to alleviate environmental discomfort. The EnergyPlus software was utilized
to simulate the energy consumption of a building using dual-mode films in terms of

heating, ventilation, and air conditioning (HVAC). Based on the building model



defined by the US Department of Energy,*>*! a Medium Office building was selected
to estimate the annual energy usage per unit area (Note S5, Figures S34-36, and
Tables S3 and S4). The globe is divided into 30 climate zones by the K&ppen climate
classification.*? The total annual energy savings from installing dual-mode films on
the roofs of seven typical cities in different climate zones were simulate (Table S5).
As shown in Figure 5b, in the place where there is an obvious temperature difference
in a year (Turpan), the total energy can be saved by 51.64 MJ m? per year. In
Singapore, the temperature is high all year round, the application of the cooling mode
of the dual-mode films can achieve up to 123.07 MJ m™ cooling energy saving. Even

in areas with low solar irradiance (Oslo), 7.19 MJ m™ heating savings can be

achieved.
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Figure 5. Estimated energy savings and carbon emission reductions. (a) Global solar
irradiation  flux, adapted with permission under a Creative Commons
Attribution-ShareAlike 4.0 (CC BY-SA 4.0) license from ©2021 Solargis. Source:

Global Solar Atlas 2.0, Solar resource data; Solargis. Copyright ©2021 Solargis.*® (b)



Average annual energy savings per unit area of buildings in different cities. (c) Energy
savings in Beijing in different months. (d) Estimate the average annual energy savings
of source electricity and source natural gas for a Medium Office building (e) Predicted

per capita and global average annual CO- reductions.

To better demonstrate the energy-saving applications of our dual-mode films,
Beijing was selected for specific energy-saving analysis. As shown in Figure 5c, with
reference to the historical meteorological data and according to the average
temperature of each month in Beijing, different working modes were chosen for the
roof films of the building. In May, June, July and August, the cooling mode is selected
and the heating mode is selected for the remaining months. In the cold winter (e.g.,
January), the total solar radiation is very low, but due to the high solar absorption of
dual-mode films, considerable heat is still achieved (energy saving ~3.02 MJ m). In
the hot summer (e.g., July), excellent cooling capacity is also achieved (energy saving
~9.19 MJ m™). It is worth noting that buildings utilizing dual-mode films save up to
15.89% energy per year in Beijing. Furthermore, the building's annual energy savings
in Beijing were converted into annual savings of source electricity and source natural
gas savings (Figure 5d). According to the calculations using EnergyPlus, the building
saves an average of 41 854.67 kWh of source electricity and 1 213.11 m? of source
natural gas per year, which equates to a reduction of 36 668 kg of CO» emissions for
the entire building and 137 kg of CO. emissions per capita. Based on the world's
population, our estimate of CO, emission reductions is 1.109 billion metric tons
(Figure 5e), which is equivalent to about 3% of current global CO; emissions (i.e.,
36.4 billion metric tons per year*»*). The above results show that dual-mode films
have excellent year-round energy-saving performance, reproducibility, and scalability,

making them suitable for large-scale applications not only in buildings but also in



transportation, where thermal management is required (Figure S37).

CONCLUSION

In summary, we reported a zero-energy and zero-pollution dual-mode thermal
management film designed by using natural renewable resources (solar heating and
space cooling), which can be used for all-weather radiative cooling and solar heating.
In practical applications, under direct sunlight with the solar irradiance of 8§53.88 W
m2, the dual-mode film achieved a temperature rise of 11.4 °C and a temperature drop
of 13.3 °C. Moreover, we compared our work with the previous works, and
successfully summarized three typical characteristics of dual-mode films (Figure S38,
Table S6): (a) dual-mode films have excellent optical properties in both heating and
cooling modes to obtain dual-mode high thermal management performances. (b)
Multiple ways of heating, passive solar absorption and Joule heating, which can cope
with a variety of complex weather conditions. (c) The high efficiency of dual-mode
films in outdoor cooling and heating demonstrate their potential for energy saving and
carbon emission reduction in buildings. The combination of these three characteristics
contributes to the stable and efficient cooling and heating capabilities of dual-mode
films. Notably, the simulation results demonstrate that the dual-mode film can
successfully achieve the effect of year-round energy saving by using the dual-mode
working mode on the building roof, especially in the areas with obvious climate
differences (e.g., Beijing). A series of results generated by energy saving, such as
electricity and natural gas saving, can reduce CO> emissions, which is conducive to
achieving the goal of carbon neutrality by 2050 and a better response to global climate

change.

EXPERIMENTAL SECTION



Materials. Poly(vinylidene fluoride-co-hexafluoropropylene) [P(VDF-HFP)]
powder was purchased from Arkema Investment Co., Ltd.. The dimethylformamide
(DMF, 99.5%) and hydrophobic silica (SiO2, =20 nm) were bought from Shanghai
Macklin Biochemical Co., Ltd.. Water-based graphene filter cake with 21 wt.%
graphene, water-based carbon nanotube slurry with 15 wt.% nanotubes, and
water-based polyurethane were purchased from Suqian Tene Valley Nano Technology

Co., Ltd., China.

Preparation of Heating Solutions. After the optimal graphene filter cake to
carbon nanotube slurry ratio of 1:1 was determined (Figure S39), the effect of WPU
on the heating surface was investigated. The water-based graphene filter cake,
water-based carbon nanotube slurry, water-based polyurethane (WPU) and deionized
water were prepared into mixed solutions according to 2:2:0.5:2, 2:2:1:2 and 2:2:1.5:2
respectively. These heating surface made with different weight percentages of the
above WPU were donated as heating surface-1, heating surface-2, heating surface-3,
respectively. These solutions were then placed on a mixing table and stirred for one
hour at room temperature at 600 rpm to obtain a homogeneous mixture of heating

solution.

Preparation of Dual-Mode Films. P(VDF-HFP) powder and DMF were added
into a beaker and stirred at 35 °C for one hour to form a P(VDF-HFP) casting
solutions with solute weight percentages of 15%, 20% and 25%, respectively.
Subsequently, different weight percentages of P(VDF-HFP) casting solutions were
poured onto glass plates, evenly scraped with a glass rod, and then placed in an oven
at 30 °C for 30 minutes to obtain the pure P(VDF-HFP) films that were not
completely dried. Immediately afterward, the pure films were placed in deionized

water for 10 hours to obtain the semi-transparent P(VDF-HFP) films, and then the



films were placed in an oven at 25 °C to dry for 24 hours, and finally we can obtain
different weight percentages of porous P(VDF-HFP) films [P-P(VDF-HFP)]. The
above P-P(VDF-HFP) samples with different weight percentages were named
P-P(VDF-HFP)-15, P-P(VDF-HFP)-20, P-P(VDF-HFP)-25, respectively. Based on
the influence of SiO, on the reflectance of the cooling surface (Figure S40), the
optimal ratio of DMF to SiO» was determined to be 1:0.2, and the solution was
sprayed on the surface of P-P(VDF-HFP) samples using a spray gun, then dried in an
oven at 50 °C for one hour to get the cooling surface of the dual-mode film. In a
similar way, the heating solution was sprayed on the other surface of P-P(VDF-HFP)
samples using a spray gun and was left at room temperature for 20 minutes to obtain
the heating surface of the dual-mode film. If not otherwise specified, the thickness of
all dual-mode films used in the experiments was 680 pum, with a cooling surface of
610 pum and a heating surface of 70 um. The design of the cooling surface thickness

was optimized to achieve the best cooling performance, as shown in Figure S41.

Optical Characterization. An UV/VIS/NIR spectrophotometer (Shimadzu
UV-3600) was employed to test the reflectivity of the samples in the solar radiation
band (0.3-2.5 pm). The Nicolet iS50 was used to measure the emittance of samples in
the mid-infrared (2.5-25 pm). The morphologies of P-P(VDF-HFP) samples and
dual-mode films were characterized using surface field-emission scanning electron
microscopy (SEM, Hitachi Regulus8100), and the elements of cooling surface was
measured by energy dispersive spectroscopy (EDS) module. The chemical
composition of all film samples was observed using an X-ray photoelectron
spectrometer (XPS, Thermo Scientific K-Alpha). Fourier transform infrared
spectroscopy (FTIR, Thermo Nicolet iS5) was employed to measure absorption of

cooling surface, heating surface and pure WPU film in mid-infrared. The static water



contact angle of the cooling surface of dual-mode film and P-P(VDF-HFP) were
measured using an optical contact angle measuring device (Dataphysics DCAT21). A
G-DenPyc 2900 true density tester was utilized to examine the true density of porous
films, and an infrared camera (FLIR ONE PRO) was used to capture the instantaneous

temperature of film samples.

Practical Evaluations. In order to better show the tensile strength of films, we
made rectangular film samples (2 x 2 cm? in size) for tensile strength testing. The
mechanical tensile test of films were performed using the SH-100N explicit push-pull
force meter with a DC motor. The combustion tests were performed on an alcohol
burner where the sample (3 x 3 cm? in size) was ignited by the flame. The burning

process was recorded by a smartphone.

Indoor Cooling/Heating Performance Measurement. Polystyrene foam was used
to prepare the cooling/heating performance design due to its ability to minimize the
effects of ambient heat conduction. Four cavities (4 x 4 x 4 cm?) were dug out of the
polystyrene foam (30 x 30 x 20 ¢cm? ), and then the foam was wrapped in aluminum
foil to reduce the foam's absorption of sunlight, in which the four cavities were
exposed to the outside. Then these sample films (5 x 5 cm?) were placed on these
cavities, the K-type thermocouples were fixed in the cavities, and the edges of
samples were sealed with tape to ensure the accuracy of the test data in cavities. And
the top of the foam box was sealed with polyethylene (PE) film to keep the
temperature of all the samples and the shielding air in the same experimental system.
Then the foam unit and the house model (58 x 47 x 49 mm?) were used for the indoor
PRC and PSH tests, and the indoor simulation tests were performed under a solar
radiation of 1000 W m with the xenon lamp. Joule heating test was tested using a

DC power supply. We connected both ends of the dual-mode film (3 x 2 ¢m?) to the



positive and negative terminals of the power supply device, and output different
voltages through the DC power to obtain the heating capacity of the film at different
voltages. The Joule heating and PSH cooperative performance were evaluated by
applying DC voltage to both ends of a dual-mode film (6 x 3 cm?) and sunlight
exposure under a xenon lamp, and the surface temperature was recorded by infrared

thermal camera.

Outdoor Cooling/Heating Performance Measurement. The same foam units
used for the indoor tests were used for the outdoor PRC and PSH tests. At the same
time, a solar radiometer was used to record the real-time solar irradiance. In addition,
the houses (58 x 47 x 49 mm?®) and cars (75 x 30 x 25 mm?) simulators were used to
test the dual-mode film's cooling and heating properties. Samples were cut to size for
each model and then covered the tops of houses and the roofs of cars. Similarly,
K-type thermocouples were employed to test the temperature inside houses and cars,
and the infrared thermal camera was employed to record their infrared images. All the

outdoor tests were conducted at China Jiliang University.

ASSOCIATED CONTENT

Supporting Information. Properties of dual-mode films, spectral reflectivity/emissivity
of the cooling surface with different thickness, net cooling power calculation, FTIR
spectra of WPU and dual-mode film, schematic and photograph of outdoor
measurement setup, temperature and relative humidity during outdoor measurement,

cooling performance of the dual-mode film outdoors.
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