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ABSTRACT: Thermal radiation management is an important aspect of thermal engineering and plays a crucial
role in various industrial and environmental applications. However, either cooling or heating devices alone can
exacerbate all-season consumption during hot summers or cold winters. We have designed a dual-mode thermal
management device that can switch modes by a pull-out method, with femtosecond laser-induced graphene
(LIG) on the surface of a polyimide membrane as the heating surface and a SiO2 hollow microsphere coating as
the cooling surface. Due to the multi-interface reflection between SiO2 hollow microspheres and air, high
reflectivity (93%) and 97% thermal infrared emissivity can be obtained. Under a solar irradiation intensity of 75
J/cm2, a temperature decrease of 6.3 °C can be realized. On the other hand, LIG can achieve an ultra-ambient
temperature increase of 35 °C due to its excellent solar light absorption characteristics (ε ≈ 97%) and high
thermal conductivity. Temperature regulation can be achieved by switching heating and cooling modes, which
shows great promise in agriculture and for food and goods preservation. Also, this design is expected to offer a
new approach to energy efficient cooling and heating in architecture.

Buildings contribute to more than 30% of the total global
final energy consumption, and much of this energy is

utilized for cooling and heating purposes.1−3 Thermal
management plays an important role in people’s productive
activities in the face of extreme weather. Reducing the use of
energy is also beneficial for the environment, by reducing
pollution and emissions while significantly reducing costs.
Therefore, highly energy efficient buildings have emerged as a
critical objective for sustainability, necessitating advances in
scientific and technological innovation.4 Among all alternative
energy sources, solar energy is by far the most abundant and
cleanest option.5−7 Therefore, properly utilizing solar radiation
is an ideal strategy for zero-energy outdoor thermal manage-
ment.8,9

Passive thermal management enabled by well-designed
optical structures has garnered considerable attention recently
due to the advantages of high efficiency and zero energy
consumption.10−12 Various optical designs have been devel-
oped,13 including randomly distributed particle structures,14

organic multilayers,15,16 emissive metamaterials,17 photonic
crystals,18,19 and inorganic multilayers.20 Lin et al. developed
an all-inorganic narrowband emitter that can achieve efficient
solar reflectance and thermal emissivity for radiative cooling in
hot and humid regions.21 Zhang et al. developed a micro- and
nanostructured surface based on a photothermally ice-phobic
metal organic framework, which reached 98% solar light
absorption.22 Research on radiative cooling and solar heating
has led to notable improvements in technical performance and
profound scientific discoveries.23−36 In addition to static
thermal management, materials such as Janus films that can

switch between heating and cooling modes in order to cope
with variable environmental conditions are also drawing a lot
of attention.37−39 A sandwich-structured Janus membrane for
personal thermal management was fabricated by Yue et al. It
switches infrared emissivity between the Cu nanowire layer
(0.436) and cellulose@LDH layer (0.973).40 Zhang et al.
developed a Janus film for thermal management in building
applications. This membrane features a switchable infrared
emissivity between the ZnO nanorods embedded in cellulose
(0.87) and the silver nanowire layer (0.43).41 However, the
reported designs are usually complex and costly to
manufacture. In particular, the narrow temperature regulation
range due to sacrificed heating/cooling performance remains a
key issue limiting practical applications. Laser-treated PTFE
wetted with ethanol can change the solar transmittance, and
this feature is utilized to achieve temperature regulation.42

Such studies of dissolution-switching thermal management
modes are subject to limitations related to their application
scenarios and the stability of the materials involved. Therefore,
providing a facile preparation method for a switchable dual-
mode thermal management film that is free from environ-
mental constraints is imperative.
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In this work, we demonstrate a bimodal smart thermal
management material. A superhydrophilic surface (SS) was
prepared on the surface of a polyimide (PI) film by a
femtosecond laser under low-power conditions. In this way,
the SiO2 mixture can be attached to the surface by drop-
coating. Because of the optical properties of SiO2, the cooling
surfaces (CS) simultaneously possess high infrared emissivity
(ε ∼ 97%) and strong solar reflectivity (R ∼ 93%).
Subsequently, the femtosecond laser under high-power
conditions induced graphene as a heating surface (HS) on
the PI surface with 97% solar absorption. Furthermore, a
temperature decrease of 6.3 °C and a temperature increase of
35 °C compared with the sub-ambient temperature could be
achieved in both modes. Meanwhile, the heating surface was
explored to boost the germination of legume seeds at low
temperatures. The cooling mode was also demonstrated in hot
weather for its preservation effect on fruits. It is expected that
such designs will not only lead to a promising new avenue for
cooling and heating in energy-saving buildings but also have an
impact in other fields such as seed germination and
preservation of perishable goods.
As shown in Figure 1a, the dual-mode thermal management

film consists of a thin film polymer composite with solar
heating and radiative cooling capabilities side by side. The
inherent molecular vibration modes of SiO2 cause a high mid-
infrared emissivity in the mid-infrared band. Therefore, it has
excellent passive radiative cooling performance and can result
in sub-ambient cooling. With respect to the heating mode, the
temperature increase is mainly realized by solar radiation to
heat conversion. The femtosecond laser has been advanta-
geously used in various fields in recent years because of the
high-precision, noncontact processing of substrates, combined

with high efficiency and environmental friendliness.43−52

Figure 1b exhibits the fabrication process of the thermal
management dual-mode film. At a low femtosecond laser
power, line-by-line scanning of the hydrophilic untreated PI
(UTPI) film resulted in a superhydrophilic surface (Figure S1).
Water droplets on the UTPI film surface were hemispherical
with a contact angle of ∼45° in contrast to the super-
hydrophilic laser-treated surface, in which the water quickly
spread as a film upon contact. This allowed the SiO2 mixture to
be evenly distributed on the SS via a drop-coating method.
After drying at room temperature, it possessed high solar
reflectivity and mid-infrared emissivity. Next, graphene was
induced by the femtosecond laser at high power. The Raman
spectra showed three major peaks, D, G, and 2D, at around
1350, 1580, and 2700 cm−1, respectively (Figure S2), and
indicated successful LIG preparation.
First, the morphology of the SS was characterized. The low-

power femtosecond laser ablation to the UTPI produced coral-
like structures with superhydrophilic properties (Figures S3−
S5). Consistent with Wenzel’s theorem53,54

= Rcos cosf 0 (1)

where θ and θ0 represent the contact angles on the rough and
flat surfaces, respectively, and Rf denotes the roughness factor,
which is associated with the ratio of the surface area to its
projected area. This equation implies that an increasing
roughness factor contributes to the wettability of hydrophilic
surfaces. At lower laser powers, the energy input is relatively
low, and the effect on the material surface is milder. The
modification of the wettability is mainly through the
construction of micro- and nanostructures to change the
surface properties.

Figure 1. (a) Diagram illustrating the dual-mode device in its heating mode (left) and cooling mode (right). (b) Schematic of the preparation
process of the dual-mode film.
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Next, the morphology, reflectivity, and emissivity of the CS
surface were investigated. Figure 2a shows an optical picture of
the dual-mode radiative cooling material. The SiO2 mixture
containing a styrene−butadiene rubber emulsion (SBR) liquid
and sodium carboxymethyl cellulose (CMCNa) as a thickener
is applied to the superhydrophilic surface and dries to a white
color, which is conducive to reflecting sunlight. According to
Mie’s theory, matching the structure size to the wavelength
enhances reflectivity.55,56 In the scanning electron microscopy
(SEM) images, one can see that the sizes of the hollow SiO2
microspheres are concentrated within the range of 0.2−20 μm
(Figure 2b,c and Figure S6). This size distribution is
advantageous for enhancing solar reflectance and achieving
high infrared emissivity. The 3D morphology measurements
indicated that the surface was rough with most of the bumps
on the CS ∼ 10−20 μm (Figure 2d). Meanwhile, the chemical
element map showed that the content of oxygen and silicon
elements increased significantly after the cooling coating was
overlaid on the SS and showed that the PI film was completely
covered (Figure 2e and Figure S7). It is noteworthy that the
solar reflectance on the cooling side of the dual-mode film
reached 93% due to the strong solar scattering from the hollow
microspheres (Figure 2f). Meanwhile, the high spectral
emissivity in the “atmospheric window” is crucial for effective
radiative cooling, and the εIR reached about 97% (Figure 2g,h).
Next, we employed the finite difference time domain (FDTD)

to calculate the electric field distribution of SiO2 hollow
microspheres with a diameter of 6 μm at wavelengths of 0.7
and 10 μm. These SiO2 hollow microspheres play an important
role in emitting thermal radiation and scattering visible light
strongly. A stronger dispersion of the electric field distribution
in the visible region was seen.
LIG has been shown to be a favorable solar absorber

material. Graphene was induced on the surface of the UTPI
film by femtosecond laser line-by-line scanning technology. At
high powers, the laser causes carbonization, converting the PI
into graphene, which is highly conductive and absorptive.
Figure 3a shows an optical photograph of the HS of the dual-
mode membrane, and the black color of the LIG indicated
favorable light absorption properties. The morphology of the
HS was characterized by SEM as shown in panels b and c of
Figure 3. The HS surface was extremely rough compared with
the flat UTPI film (Figure S8), with regular grooves produced
by the femtosecond laser line-by-line scanning technique.
These grooves enhance solar light absorption because the deep
pores and bumps cause any reflections of sunlight to be
absorbed into the material. The height of the irregular bump
structure of the LIG was in the range of 20−40 μm (Figure
3d). Energy dispersive spectrometry (EDS) analysis and
elemental maps of the HS show a significant increase in the
content of C as compared to the UTPI film and SS (Figure 3e
and Figure S9), caused by the carbonization of the PI film.

Figure 2. (a−c) Photograph and surface SEM images of dual-mode film showing its cooling side. (d) Three-dimensional morphology and cross-
section height of CS. (e) Elemental chemical composition and maps of C, O, N, and Si for CS. (f and g) Solar and mid-infrared reflectivity and
mid-infrared emissivity spectra, respectively, of the cooling surface. (h) Schematic showing the CS surface with high solar reflectance and infrared
emissivity. (i and j) Diagram of the electromagnetic field strength of SiO2 at different wavelengths.
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Subsequently, we systematically investigated the solar heating
performance of the UTPI, SS, and HS under different solar
irradiation intensities. The broadband absorption of these
three samples was first characterized using a visible−near-
infrared spectrometer (Figure 3f). Due to the appropriate
scanning speed, regular groove structures are formed on the
surface of the PI film to further enhance the solar energy
absorption and improve the heating performance. The HS
showed the highest absorption, reaching 97% because of the
black, rough structure of LIG. A solar simulator was applied to
simulate a 1 solar irradiation intensity (1 kW m−2), and an
infrared camera was used to record the surface temperature of
the samples over time. The experimental setup is shown in
Figure S10. Generally, the photothermal properties can be
quantified by the increase in temperature from ambient
temperature to the equilibrium temperature at the sample
surface. As shown in Figure 3g, the HS was heated from 22 to
62 °C (ΔT = 40 °C) in 100 s. At the same time, the

temperature of the UTPI and SS only increased by 23 °C. To
explore the relationship between sun irradiation intensities and
the rate of warming, the temperature of the HS at different
light intensities was recorded. It can be clearly noted that the
maximum temperature and the rate of temperature increase
(slope of the curve) are highly dependent on the light intensity
(Figure 3h). Figure 3i shows a schematic diagram of the
multiple reflections of sunlight inside the HS structure. As the
intensity of the light simulator light irradiation increases, the
solar heating temperature increases accordingly. An infrared
image of the sample under solar irradiation of 1 kW m−2 is
shown in Figure 3j.
Outdoor scenarios are diverse, changeable, and unpredict-

able, requiring thermal management materials to be adaptable
to complex environments. As shown in Figure S11, the heating
and cooling segments of the dual-mode material are side by
side on the same side of the PI film. It can be easily switched
between heating and cooling functions with a simple

Figure 3. (a) Photograph of the HS of the dual-mode film. (b and c) SEM images of the HS at different magnifications. (d) Three-dimensional
morphology and cross-section height of the HS. (e) Elemental chemical composition and maps of C, O, N, and Si for the HS. (f) Solar absorption
spectra of the UTPI, HS, and SS. (g) Temperature profiles of the UTPI, HS, and SS under a power of 1.0 kW m−2. (h) Temperature profiles of
solar heating materials under solar irradiation intensities of 0.5, 1.0, 1.5, and 2.0 kW m−2. (i) Schematic illustration of solar reflection at heated
surface structures. (j) Infrared images of the UTPI, HS, and SS under a power of 1 kW m−2 over time.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.5c00436
J. Phys. Chem. Lett. 2025, 16, 3654−3663

3657

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c00436/suppl_file/jz5c00436_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c00436/suppl_file/jz5c00436_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c00436?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c00436?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c00436?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c00436?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mechanical pull-out, expanding its range of outdoor
applications. The temperature increase trends of the HS,
UTPI, CS, and PVC were investigated under solar radiation
intensities of 0.5 and 1 sun equivalent (Figures S12 and S13).
It is evident that the HS exhibited the highest temperature and

that a higher solar irradiance resulted in higher temperatures.
The SS and PVC displayed similar temperature levels, while
the CS consistently maintained the lowest temperature. Panels
a and b of Figure 4 show the radiative cooling and heating
performance of the HS, UTPI, CS, and membrane exposed to

Figure 4. (a) Photograph and (b) schematic showing an experimental device for measuring outdoor cooling and heating performances. Real-time
(c) solar irradiance and (d) temperatures of the different samples in Changsha on March 18, 2024. Comparison of (e) the cooling performance of
the CS and (f) the heating performance of the HS with other work.

Figure 5. (a) Schematic and digital images of an experiment in an outdoor environment on a sunny day in winter (March 19, 2024, 28°11′49″N,
112°58′42″E). (b) Digital images depicting the seed germination progress of the PE, PVC, and HS under sunlight. (c) Number of real-time bean
sprouts of the PE, PVC, and HS in continuous experiments (all samples, ≈6 cm × 6 cm; test number, n = 8). (d) Schematic of the self-made device
for verifying the cooling effects of the CS for fruit preservation. (e) Photographs of the packaged strawberries after storage for 7 days at outer
ambient temperature. (f) Effect of different packaging storage methods on weight loss.
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sunlight. The actual temperature of different materials in the
sun is monitored using K-type thermocouples bonded under
the surface of the sample. Our experimental apparatus was
constructed outdoors on a lawn in Changsha, China
(28°11′49″N, 112°58′42″E). The apparatus consisted of
polystyrene foam to isolate the samples from the surrounding
heat, aluminum foil to reflect the sunlight, and a PE film on the
top to reduce heat convection. The solar power densities and
experimental results for 4.5 h in a winter environment are
shown in panels c and d of Figure 4. The ambient temperature
remained above 23 °C during the continuous test with
unobstructed sunlight. Compared to the ambient temperature,
the CS temperature was reduced by about 6.3 °C under a solar
illumination of 75 mW cm−2 at 12:45−13:15 due to high solar
reflectance and high infrared emissivity. The average temper-
ature decrease for other time periods such as 11:00 to 12:00 is
3.8 °C and from 13:30 to 14:30 is 5.3 °C. The average
temperature decrease for the whole measurement time was 3.8
°C. Conversely, the temperature of the HS increased by as
much as 35 °C under solar irradiation, which can be attributed
to its high absorbance and effective photothermal conversion.
Temperatures keep on varying mainly affected by factors such
as cloud thickness, wind speed, humidity, and angle of solar
radiation. The depression of the solar intensity curve
corresponded to when cloud cover obstructed the sun. In
addition, the temperature of the film responded sensitively to

fluctuations in solar intensity, especially on the HS where the
solar absorption is high. Under these winter conditions, the
prepared films could still achieve a solar ambient cooling
temperature of approximately 6.3 °C and a heating temper-
ature of about 35 °C. Notably, the prepared sample shows
superior thermal management performance compared to
representative materials reported in the literature (Figure 4e,f
and Tables S1 and S2). Therefore, this dual-mode film shows
considerable potential for heating and cooling in complex and
variable outdoor environments.
We further demonstrated the space thermoregulation

capabilities of HS in an agricultural seed germination
application since the proper temperature is a key factor that
can significantly promote germination. An outdoor bean sprout
simulation was developed and tested on a sunny winter day.
Three acrylic boxes each containing eight mung bean seeds
were wrapped with insulating cotton as a container for seed
germination, and PVC, PE, and HS films were incorporated
into each of the three boxes to create an artificial greenhouse
(Figure 5a). To assess the growth of bean sprouts in the
control group outdoors, the number of germinated shoots was
quantitatively recorded, as shown in Figure 5b. In our
experiment, there were three, four, and seven germinated
seeds in the PVC, PE, and HS systems, respectively, after 4
days and three, five, and eight germinated seeds, respectively,
after 7 days (Figure 5c), showing that the HS system was

Figure 6. (a) Annual averaged energy savings and loads at different modes over different cities in China. (b) Building energy-saving map for China
climate zones. (c) Annual averaged energy savings and loads at different cities around the world.
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effective in improving the germination of the mung bean.
Figure S14 clearly shows that the germinated seedlings in the
PVC and PE systems grew at a reduced rate. The reduced
temperature in the two systems was suboptimal for the growth
of bean sprouts. It has been reported in previous work that the
effect of light on the germination of bean sprouts is
insignificant at specific temperatures. The outdoor temperature
during the experimental period was 12−24 °C and was mostly
maintained at around 14 °C. Specifically, the height of bean
sprouts measured in the HS system was up to 12 cm on day 7
(Figure S15), in contrast to the height of bean sprouts in the
PVC system, which did not exceed 3 cm. The soil itself has
some thermal insulation capacity, which can lead to seed
germination at these cooler temperatures. However, the
temperature of the PVC system did not favor further growth.
Similarly, the bean sprouts of the PE system merely
germinated, breaking through the soil, but did not continue
to grow.
To demonstrate the cooling effects of the CS in a food

preservation application, we conducted small-scale experiments
using customized equipment, as depicted in Figure 5d.
According to the method described by Li et al., thick
styrofoam was used as an insulating material and four identical
cavities were created inside (6 cm × 8 cm × 6 cm).57 In
addition, the surface of the styrofoam was covered with
aluminum foil with a highly reflective ability for isolation from
other environmental factors. Strawberries were selected to
evaluate how the different materials affected the freshness of
the fruit. The test environment was in Changsha, China, during
a sunny summer day between July 3 and 9, 2024. Strawberries
were stored within insulated cavities with the openings covered
by various films. The fruits were subsequently photographed,
and weight loss was recorded over time. Gradual moisture loss
and decay of strawberry fruits during storage were found, as
shown in Figure 5e. The CS has good radiative cooling
properties, which can reduce the internal temperature inside
the package and slow the metabolic and physiological aging of
strawberries. Specifically, strawberries covered with CS
exhibited the slowest volume change, in comparison to those
covered with the UTPI, PE, and paper. The weight loss rate
serves as a critical indicator for evaluating the effectiveness of
freshness preservation. Figure 5f shows the weight loss rate of
strawberries over 7 days. Furthermore, the weight loss rates of
all three sets increased over time. Notably, the PE and UTPI
sets displayed the highest weight loss rate due to the rapid
water loss of the strawberries. Moreover, the weight loss rate of
the strawberries in the paper system is about half of that in the
PE system. Due to the high reflectivity and infrared emissivity
of the hollow SiO2 microspheres, the CS-covered container
was more prone to heat transfer to the outdoor atmosphere.
The surface temperature of the dual-mode film directly
influences the internal temperature of the containers through
conductive and radiative heat transfer. The insulating materials
used in the experimental setups minimize heat loss to the
environment, ensuring that the internal temperature closely
follows the surface temperature of the film. In short, the dual-
mode thermal management film we prepared demonstrates its
potential for application in agricultural development and fruit
preservation. The optical properties of the surfaces were also
very stable and remained almost unchanged after exposure to
outdoor environmental conditions for 30 days (Figure S16).
In order to quantitatively predict the potential impact of our

dual-mode devices on building energy efficiency, we used

Energy-plus in conjunction with material performance data to
calculate the energy savings of heating-only, cooling-only, and
dual-mode building envelopes for a full year, including 29
cities, such as Hefei, Beijing, Fuzhou, Lanzhou, Guangzhou,
Nanjing, Haikou, Nanning, and others, selected to represent
the 29 climate zones in China. The corresponding cooling-only
and heating-only energy savings data and load maps are shown
in panels a and b, respectively, of Figure 6. First, we observe
that solar heating is more favorable in the north, while radiant
cooling is more favorable in the south, which was expected
because of the dependence of the climate on latitude. In
general, the higher the temperature of an object, the more
pronounced the radiative cooling effect. Second, radiant
cooling energy savings are greater than solar heating energy
savings. This can be attributed to the fact that the hot summer
climate in many regions drives higher summer energy
consumption, while winters generally see less extreme
temperatures, resulting in lower heating requirements. It is
worth noting that the simulations show that the combination
of the dual functions allows them to achieve significant year-
round energy savings in China. Meanwhile, the annual energy
saving simulation results for 24 typical cities worldwide (Figure
6c and Figure S17) similarly demonstrate the global
applicability of the thermal management capabilities of the
prepared samples. The smart thermal management perform-
ance of the dual-mode thermal management devices
contributes to the optimization of the energy mix in the
smart building sector, which is a key strategy that will help
achieve “dual-carbon” climate goals.
Energy efficient building solutions with adjustable heating

and cooling are crucial in order to address potentially more
extreme climate events, which are predicted to have increased
frequency and magnitude. In this work, we experimentally
demonstrate the heating and cooling performance of a dual-
mode building envelope. The prepared dual-mode surface films
allow for controllable switching of heating and cooling modes
by means of surface substitution. A uniform SiO2 hollow
microsphere coating on a superhydrophilic surface was
demonstrated as the cooling side, which effectively reflected
sunlight and emitted IR radiation, and exhibited ultrahigh Rsolar
and εIR values of 93% and 97%, respectively. It achieved a solar
ambient cooling temperature of ∼6.3 °C at a solar density of
75 J/cm2. The heating side was graphene induced by a
femtosecond laser on polyimide surfaces, which had 97% solar
light absorption and allowed efficient photothermal con-
version. A superambient heating temperature of 40 °C was
achieved under 1 solar intensity. In practice, the dual-mode
surfaces provided excellent temperature regulation in exterior
environments. Dual-mode films with integrated heating and
cooling functions have great potential for various diverse
applications and offer new possibilities for building thermal
management systems due to their low cost and easy fabrication
methods.
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