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Radiative thermal management provides a zero-energy strategy to reduce the demands
of fossil energy for active thermal management. However, whether solar heating or radi-
ative cooling, one-way temperature control will exacerbate all-season energy consump-
tion during hot summers or cold winters. Inspired by the Himalayan rabbit’s hair and
Mimosa pudica’s leaves, we proposed a dual-mode thermal-management device with
two differently selective electromagnetic spectrums. The combination of visible and
infrared “thermochromism” enables this device to freely switch between solar heating
and radiative cooling modes by spontaneously perceiving the temperature without any
external energy consumption. Numerical prediction shows that a dual-mode device
exhibits an outstanding potential for all-season energy saving in terms of thermal man-
agement beyond most static or single-wavelength, range-regulable, temperature-
responsive designs. Such a scalable and cost-efficient device represents a more efficient
radiative thermal-management strategy toward applying in a practical scenario with
dynamic daily and seasonal variations.

solar heating j radiative cooling j thermochromism j zero-energy consumption j
shape memory polymer

Thermal management, including heating and cooling, plays an important role in human
productive activities and daily life (1, 2). To meet diverse requirements in different situa-
tions, various thermal-management strategies have been designed and widely applied in
practice (3–7). According to statistics, the total energy demand in 2019 is close to a
15-billion-ton oil equivalent (8), and approximately half of global final energy consump-
tion is used for heating and cooling (9). It is a substantial figure and predicted to keep
growing in the short term. Meanwhile, most of the energy for thermal management
comes from either fossil fuels or inefficient uses of biomass, often accompanied by a large
amount of carbon dioxide emission. This accounts for over 40% of global energy-related
carbon dioxide emissions and has a potentially harmful effect on climate change (9).
Therefore, it is important and imperative to develop low-energy or even zero-energy
thermal-management technologies with renewable and clean energy.
A remarkable global average heating power on the earth supplied by inexhaustible solar

radiation is 340 W/m2 in the manner of solar-thermal conversion, and the extremely cold
outer space could absorb enormous outgoing thermal radiation from the earth (10). If
this heat source (the sun, ∼5,800 K) and cold reservoir (outer space, ∼3 K) in nature are
fully utilized, they will effectively reduce the energy demands for thermal management
(11). Radiative thermal management, a combined strategy of solar heating and radiative
cooling, has emerged and gained more prominence recently. Differing from active thermal
management, radiative thermal management, as a kind of passive thermal management,
could complete the heat-transfer process by relying solely on the thermal dynamics of
radiation without any external energy consumption. To realize this goal, two sets of oppo-
site, highly selective electromagnetic spectrums are essential (12–15). For ideal solar heat-
ing, the materials should have high solar absorption (0.4–2.5 μm) and low infrared
emission (2.5–15 μm) (16). For ideal radiative cooling, the materials should reflect solar
radiation as much as possible and strongly release heat by infrared radiation (17). How-
ever, an unavoidable challenge is that the environment and climate in the real world are
dynamic (18). This requires that a zero-energy thermal-management device not only have
the above two sets of electromagnetic spectrums, but also be able to automatically switch
them by spontaneously perceiving the change in the environment.
Various stimulus-responsive (including temperature (19–31), humidity (32, 33), light

(34), and other stimuli (35–37)) devices have been developed, which spontaneously mod-
ulate their spectral characteristics to realize passive thermal management, but without any
external energy consumption. Compared with devices responding to other stimuli, the
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temperature-responsive device is a more promising strategy to
continuously control temperature, because the ultimate goal of
thermal management is temperature control. The fluctuation of
temperature may not ensure the changes in other stimuli, such
as humidity or light, because there is no necessary connec-
tion between them. Currently, temperature-responsive thermal-
management devices can be roughly divided into three categories
according to modulating type of spectral characteristics: thermo-
chromic window (high and low solar transmission) (19–25), ther-
mochromic coating (high and low solar absorption) (26), and
infrared modulator (high and low infrared radiation) (27–30)
(Table 1). By comparison, current designs modulate spectral
characteristics only for an individual wavelength range, rather
than its entire electromagnetic spectrum from visible to infrared
simultaneously. It means that these designs are only able to
change the power of heating or cooling in one way, but cannot
realize a real sense of switch between heating and cooling modes
by perceiving temperature. Undesirable solar heating (radiative
cooling) will exacerbate energy consumption for cooling (heating)
and offsets the heating (cooling) energy saved in cold winter (hot
summer). Therefore, more high-performance temperature control
results will be realized by making full use of the sun and outer
space if the thermal-management device has the ability to individ-
ually and simultaneously modulate its spectral characteristics in
the wavelength range of solar and infrared radiation.
Herein, to address the aforementioned issue, we proposed a

dynamic dual-mode thermal-management device. The spectral
characteristics in solar and infrared regions are modulated sepa-
rately, inspired by the color change of the Himalayan rabbit’s hair
and folding-opening movement of Mimosa pudica’s (M. pudica ’s)
leaves, respectively. The device could spontaneously switch from
the heating mode of high solar absorption and low infrared emis-
sion to the cooling mode of high solar reflection and high-infrared
emission without any external energy consumption when tempera-
ture increases and vice versa. Numerical prediction indicates that
our device has the greatest potential of all-season energy saving in
temperature control, compared with the temperature-responsive
thermal-management devices reported in the literature.

Results

Bioinspired Design of Visible and Infrared “Thermochromism.”
The fascinating dynamic self-adaptive behavior of natural living
things represents a creative source of inspiration for intelligent
thermal-management strategies (38–41). For example, the color
of the Himalayan rabbit’s hair is temperature sensitive. When
the weather is warm, the color of the hair is always white, and
when it is cold, the hair on some tissues, including the nose,

ears, feet, and tail, is dark. The different hair color maintains
the temperature of these structures, fluctuating in a comfortable
zone by modulating solar-thermal conversion efficiency.
Another example is M. pudica’s leaves, whose folding behavior
could be triggered by various stimuli, such as touching, warm-
ing, blowing, and shaking. The photosynthesis rate of folded
leaves is obviously lower than that of the open leaves (42).
Besides reducing the damage of leaves, an additional result
from the folding-opening movement of M. pudica’s leaves real-
izes the functional regulation, that is, the modulation of the
rate of photosynthesis. Combined with the color change of the
Himalayan rabbit’s hair and the folding-opening movement of
M. pudica’s leaves, visible thermochromism and infrared
thermochromism are integrated into a dual-mode thermal-
management strategy, which could take full advantage of solar
radiation energy and extremely cold outer space by spontane-
ously adjusting the spectral characteristics (Fig. 1).

We proposed a dynamic dual-mode thermal-management
device comprising a temperature-sensitive actuator with high-
infrared emissivity and a same-sized visible thermochromic sub-
strate with low-infrared emissivity (Fig. 1A and Movie S1). In
this design, visible thermochromic substrate has a temperature-
dependent solar absorption, while thermochromic powders
attached to the substrate are like the pigments in the hair of the
Himalayan rabbit (Fig. 1B). The change of solar absorptivity
determines the increasing amount of internal energy of the
device from solar-thermal conversion. On the other hand, the
actuator could adjust its area covering the substrate by respond-
ing to the change of temperature, reminiscent of the coiling-
unfolding behavior of the M. pudica’s leaves (Fig. 1C). For the
goal of regulating infrared emission, the substrate is required to
have an infrared emission as low as possible while the actuator
has a near-perfect infrared emissivity. In this way, the area of
the actuator covering the substrate essentially decides the
amount of heat that is transferred out from the device in the
form of thermal radiation. Generally, this design realizes ther-
mochromism in a broader wavelength range from visible to
infrared by combining two unique biologic behaviors (tempera-
ture-dependent color of the Himalayan rabbit’s hair and
folding-opening movement of M. pudica’s leaves). This is
expected to be a possible thermal-management strategy without
any external energy consumption to get better temperature con-
trol effects.

Design of Bionic Actuators Inspired by M. pudica’s Leaves.
Infrared thermochromism is realized by changing the area
of low-emissivity material covered by high-emissivity mate-
rial, which is reminiscent of the folding-opening behavior of

Table 1. Spectral characteristics comparison of the typical temperature-responsive dynamic thermal-management
devices in this work and reported in the literature

This work
Thermochromic
window (22)

Thermochromic
coating (26)

Infrared
modulator (27)

Heating mode

Cooling mode

Solar radiation, Infrared radiation.
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M. pudica’s leaves (Fig. 1C). The bionic actuator with high-
infrared emissivity is composed of transparent tape and pro-
grammed two-way shape memory polymer (2W SMP). The
coil-unfolding behavior of the bionic actuator is the result of its
spontaneous shape adjustment to minimize the internal stress
at the interface between the transparent tape and the pro-
grammed 2W SMP at different temperatures. It requires that
programmed 2W SMP, as the key component of the bionic
actuator, needs to have a reversible shape change with tempera-
ture. On the contrary, transparent tape has a temperature-
independent and constant length at different temperatures.
Thus, there is inevitable internal stress generating at the inter-
face between the transparent tape and programmed 2W SMP
when heated or cooled, which causes the bionic actuator to
adjust its appearance to eliminate this stress.
The 2W SMP is synthesized by a one-step esterification reac-

tion between three monomers, polytetrahydrofuran (PTHF), pol-
ycaprolactone (PCL) or polycaprolactone glycol (PCL-diol), and
hexamethylene diisocyanate (HDI), on the catalyst dibutyltin
dilaurate (DBTDL). The reversible shape memory performance
of 2W SMP is achieved after a programming process. Taking
polymer with monomer PCL (Mn = 36,000) as an example,
an as-prepared 2W SMP strip is first stretched to five times the

initial length at 90 °C (Tprogramming) and then cooled down to
room temperature (Tlow) by keeping the stretching state (Fig.
2A). When the stretched 2W SMP film is placed on a 55 °C
(Thigh) heating plate, there is a certain shrinkage along the
stretching direction. After the programming treatment, the 2W
SMP strip exhibits an abnormal and reversible thermomechanical
behavior, namely, shrinking when heated and extending when
cooled. This thermomechanical behavior is determined by the
force balance between different segments in the programmed 2W
SMP during the repeated heating-cooling process (43). Two sepa-
rate groups of “melting-crystallization” peaks are shown in the
differential scanning calorimetry curve, which correspond to two
chain segments (PTHF segments with lower temperature and
PCL [or PCL-diol] segments with higher temperature) (SI
Appendix, Fig. S1) (44). Stretching at 90 °C enhances the orienta-
tion of the segments in 2W SMP. This enhancement is still
maintained when cooled down to room temperature. Compared
with as-prepared 2W SMP, there is an obvious improvement of
the crystallinity after stretching (SI Appendix, Fig. S2). Mean-
while, the input of stretching energy is stored in the 2W SMP in
the form of elastic potential energy. When the stretched 2W
SMP is heated to 55 °C, the partial segments with lower
“melting” temperature gradually soften. During this process, a

CB

A

Fig. 1. Design principle of the dual-mode thermal-management device based on visible and infrared “thermochromism.” (A) The device consists of two
main functional layers: a temperature-sensitive actuator with high-infrared emissivity composed of transparent tape and programmed 2W SMP and a ther-
mochromic substrate with low-infrared emissivity. (B) Visible thermochromism in thermochromic substrate is like temperature-dependent color evolution of
the Himalayan rabbit’s hair. (C) Infrared thermochromism is realized by a temperature-sensitive actuator high-infrared emissivity layer, which mimics the
folding-opening behavior of Mimosa pudica’s leaves.
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part of stored elastic potential energy in polymer molecular chains
is released for force balance at the microscale, accompanying a
certain degree of reduction of crystallinity (SI Appendix, Fig. S2).
After the above programming treatment, the rest of elastic poten-
tial energy is stored in the 2W SMP for a long time, as long as
the heating temperature is below the higher “melting” tempera-
ture. Fig. 2B shows a group of in situ X-ray diffraction (XRD)
curves of the programmed 2W SMP during a complete heating-
cooling process, which indicates that the crystallinity of PTHF
segments depends on temperature (45). The crystallinity of
PTHF segments gradually decreases with the increase of tempera-
ture. Conversely, it increases. This result means that the chain
segments of PTHF will soften when heated, and the programmed
2W SMP will shrink to balance the rest of the elastic potential in
the stretched molecules. When cooled, the programmed 2W
SMP re-extends due to the recrystallization of PTHF chain
segments.
After sticking a transparent tape on a same-sized pro-

grammed 2W SMP strip in the state of contraction, the
transparent tape-2W SMP laminate exhibits a reversible
coiling-unfolding morphology evolution. This is caused by the
spontaneous minimization of the internal stress at the interface
between transparent tape and programmed 2W SMP during
reversible extension and shrinkage of programmed 2W SMP.
The laminate could bend to the transparent tape side when
cooled and fully flatten when heated, like the folding-opening
behavior of the M. pudica’s leaves (Movie S2). As shown in Fig.
2C, the bending angle of the laminate is sensitive to temperature.
With the temperature increase of the heating plate but lower
than 39.9 °C, the bending angle is almost unchanged. Once the
temperature is larger than 39.9 °C, especially above 48.1 °C, the
bending angle decreases rapidly until the laminate fully unfolds.
Furthermore, when the temperature decreases, the bending angle

continues to increase, corresponding to the laminate returning to
its initial coiling state at room temperature again. During a
heating-cooling process, a certain degree of hysteresis in the bend-
ing angle is related to the difference between the melting temper-
ature and the crystallization temperature. For the 2W SMPs with
the same molecular ratio among three monomers, both the crys-
tallization temperature and melting temperature of two segments
are increased with the molecular weight of PCL (or PCL-diol)
monomer (SI Appendix, Fig. S1). It makes the responding tem-
perature of transparent tape-2W SMP laminate adjustable, which
covers a wider temperature zone, including the general human
comfort zone (∼26 °C) (SI Appendix, Fig. S3). Several transpar-
ent tape-programmed 2W SMP laminates are placed side by side
and bonded together to form a sizable film. The 500 cycling test
demonstrates that the film has excellent robustness of reversible
shape memory, as does the laminate (Fig. 2D and SI Appendix,
Fig. S4).

Visible and Infrared Thermochromism. A complete dual-
mode thermal-management device consists of a temperature-
sensitive actuator with high-infrared emissivity and a visible
thermochromic substrate (Fig. 1). The mixing powders,
including thermochromic powder and rutile titanium dioxide
nanoparticles, are uniformly dispersed on a thin nitrile-
butadiene rubber (NBR)-coated aluminum foil (Al foil),
which is used as the visible thermochromic substrate. Mean-
while, a same-sized transparent tape-2W SMP film is used to
realize infrared thermochromism. A narrow strip of very high
bond (VHB) tape, as the only joint, fixes the temperature-
sensitive actuator on the visible thermochromic material. As
shown in Fig. 3A, the device in heating mode absorbs ∼73%
solar radiation in the visible region and has a lower midinfrared
emission (∼28%). Furthermore, for the cooling mode, the
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Fig. 2. Temperature-sensitive reversible shape memory performance. (A) Optical images showing the reversible shape memory effect of the 2W SMP strip
after a programming process. (B) Temperature-dependent X-ray diffraction spectra of a programmed 2W SMP during a heating-cooling cycle. (C) The revers-
ible bending performance of the transparent tape-2W SMP laminate at different temperatures. The molecular weight of PCL used for synthesis of 2W SMP
is 36,000. (D) Long-term cyclability of transparent tape-2W SMP film between heating and cooling modes.
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device can reflect ∼65% visible sunlight and has an extremely
high midinfrared emissivity (∼95%). However, there is a ∼38%
reduction of absorptivity for visible sunlight and ∼67% enhance-
ment of midinfrared emission, when the state of the device
changes from heating mode to cooling mode.
Simultaneously captured optical images and infrared

images visually present the change in spectral characteristics
of the dual-mode device as a function of temperature. Two
typical materials, the smooth Al foil with high reflectivity
from the visible to the infrared region and light control alu-
minum wrap (LCAW) with high absorptivity/emissivity from
the visible to infrared region, were chosen as references (SI
Appendix, Fig. S6). In order to show the enhancement of
infrared radiation when the device switches from heating
mode to cooling mode at room temperature (∼26 °C), we
deliberately used 2W SMP synthesized by PCL with a molec-
ular weight of 36,000 rather than 10,000 in the subsequent
experiments. Fig. 3B shows a group of optical images and
infrared images. All of them are captured when the tempera-
ture of the sample is stable and close to that of the heating
plate. It means that a sample with a lower infrared emissivity
exhibits a lower measured temperature in infrared image and
one with a higher emissivity is higher when the set emissivity
of infrared camera remains constant (ε = 1 in this work). As

a low-infrared emissive material, the surface temperature of
Al foil measured in the infrared images at different tempera-
tures of the heating plate does not change significantly. On
the contrary, LCAW in the infrared images shows a measured
temperature close to that of the heating plate at different
temperatures. Meanwhile, the colors of Al foil and LCAW in
optical images are both unchanged at room temperature and
heating state. For the thermochromic layer (TC layer), its
color distinctly changes from gray to white and then main-
tains when the temperature of the heating plate increases
from 30 °C to 40 °C. In addition, its measured surface tem-
perature in the infrared images is always lower than that of
LCAW. This indicates that the TC layer has a lower midin-
frared emissivity compared with LCAW all the time,
although its emissivity is slightly higher than that of Al foil.
These results show that temperature mainly determines the
absorption of visible sunlight by TC layer, while having
almost no influence on its infrared emission (Movie S3).

On this basis, we further compared the morphology evolu-
tion of a complete dual-mode device described in the optical
and infrared images when the heating plate was heated to
different temperatures (Fig. 3C). When the temperature of
the heating plate increased from 30 °C to 35 °C, only visible
thermochromism appeared in the TC layer of the dual-mode

BA

C

Fig. 3. Temperature-dependent spectral characteristics. (A) Spectral characteristics of the dual-mode device in heating and cooling modes along with nor-
malized ASTM G173 Global solar spectrum (light-red area) and transparent infrared atmospheric window (US standard 1976, light-blue area). (B) Simulta-
neously captured optical and infrared images (set emissivity of 1) of TC layer, Al foil, and LCAW at different temperatures. The boundary of the sample is
marked out by a white box in infrared images. (C) Simultaneously captured optical and infrared images (set emissivity of 1) of dual-mode device during the
heating process of the heating plate, which visually present the visible and infrared thermochromism.
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device. Then transparent tape-2W SMP film gradually
unfolded and covered the white TC layer with the further
increase of temperature, due to its temperature-sensitive shape
change. The introduction of transparent tape-2W SMP film
had little effect on the absorption of visible sunlight. In con-
trast, there was an obvious improvement in infrared emission
(SI Appendix, Fig. S7). In the infrared images, the area in the
dual-mode device covered by transparent tape-2W SMP film
showed a high measured temperature close to that of the heat-
ing plate, while the uncovered area was a lower measured tem-
perature. The dual-mode device in the intermediate state
(50 °C) clearly presented this interesting infrared thermochro-
mic phenomenon due to the huge difference of infrared emis-
sion between the covered and uncovered area. When the TC
layer was completely covered by transparent tape-2W SMP film
at 55 °C, the measured temperature of the whole dual-mode
device was very close to that of the heating plate. A dynamic
visible and infrared thermochromism of dual-mode device was
displayed completely with its continuous morphology evolution
during the whole heating process (Movie S4). Furthermore, we
demonstrated that visible and infrared thermochromism of the
dual-mode device could also be triggered by the ambient tempera-
ture, which is closer to reality (SI Appendix, Fig. S8 and Movie S5).

Thermal Management Performance of the Dual-Mode Device.
Visible and infrared thermochromism of the dual-mode device
had a great impact on its thermal management performance. We
measured the enhancement of infrared emission with the unfold-
ing of transparent tape-2W SMP film in the dual-mode device in
the indoor environment. The device was attached to a heating
plate and sealed in a foam chamber by a 10-μm-thick transparent
polyethylene film (SI Appendix, Figs. S9 and S10). The room
temperature was approximately 26 °C, and the calibrated parasitic
heat-transfer coefficient (hc) was 18.2 W/(m2�K) (SI Appendix,
Fig. S11). A Joule heating power was applied to the device.
According to the thermal balance relationship, the temperature of
the dual-mode device in heating (red line) and cooling (blue line)
modes with different Joule heating power was predicted in the-
ory, respectively (Fig. 4A). The temperature of the device in cool-
ing mode was always lower than that of the device in heating
mode, which indicates the stronger ability of the device in cooling
mode to transfer heat by infrared radiation. The measurements of
the dual-mode device were consistent with predictions of the
heating mode when the device was in heating mode under lower
Joule heating power. As Joule heating power continues to
increase, the measured temperatures gradually trended to pre-
dicted results of the cooling mode, accompanied by the spontane-
ous switch of the device from heating mode to cooling mode. It
was noted that the measurements were slightly higher than pre-
dictions. This is related to the insufficient thermal contact
between the transparent tape-2W SMP film and thermochromic
substrate, when the device was in cooling mode. We also mea-
sured the indoor infrared radiative power (negative heat flux) of
the dual-mode device at different temperatures (Fig. 4B). The
predicted infrared radiative power of thermochromic substrate
increased with increasing temperature according to Planck’s law.
Similarly, the measured infrared radiative power of the dual-
mode device in heating mode agreed with the predicted value.
Once the temperature was above the transition temperature of
programmed 2W SMP, the radiative cooling power in measure-
ments increased abruptly with the morphological evolution of
temperature-sensitive actuator from coiled state to unfolding
state. This extra infrared radiative power was exactly from the
enhancement of infrared emissivity, corresponding to the device

switching from heating mode to cooling mode. As the tempera-
ture decreased, the infrared radiative power returned to a lower
state, with the device automatically and reversibly switching back
to the heating mode (SI Appendix, Fig. S13).

An outdoor field experiment in the real scenario was per-
formed to test the practical thermal-management performance of
the dual-mode device in a real environment (located on the cam-
pus of Nankai University in Tianjin [38.99N, 117.34E], People’s
Republic of China). To measure real-time solar heating power or
radiative cooling power, two same-heat flux measurement systems
were set up in parallel (SI Appendix, Fig. S14). Among them, one
copper plate was covered by the dual-mode device, and the other
was covered by a same-sized Al foil as a control, due to its near-
perfect reflection for sunlight and infrared radiation (SI Appendix,
Fig. S5). A feed-back controlled Joule heating power maintained
the measured temperature of the device the same as that of Al
foil to minimize the impacts of conductive and convective heat
losses (SI Appendix, Fig. S15). In this state, the difference in Joule
heating power of Al foil minus that of the dual-mode device was
defined as solar heating power (positive heat flux) or radiative
cooling power (negative heat flux). Under the direct solar radia-
tion in a clear sky, a 2 h continuous measurement showed that
the device in heating and cooling modes could achieve an average
solar heating power of ∼252.2 W/m2 and an average radiative
cooling power of ∼59.7 W/m2, respectively (Fig. 4C). However,
the measured results of the field experiment showed that the
dual-mode device realized the switch of thermal-management
mode between heating and cooling based on visible and infrared
thermochromism, rather than a simple modulation of heating or
cooling power.

According to the typical meteorological data, we quantita-
tively estimated the potential of our dual-mode device on all-
season energy saving (SI Appendix, Note S4). Tianjin, with a
temperate monsoon climate, was chosen as an example. As
expected, the maximum energy saving for heating happened at
solar absorptivity (αsolar) of 100% and infrared emissivity
(εinfrared) of 0% (Fig. 4D). In contrast, the maximum energy
saving for cooling occurred at solar reflectivity of 100% (0%
αsolar) and 100% εinfrared (Fig. 4E). The closer the spectral char-
acteristic of the thermal-management device was to the ideal
electromagnetic spectrum, the better was the energy-saving
effect. Two-way temperature control was the most distinct
characteristic of our dual-mode device, rather than only modu-
lating heating or cooling power, like most reported one-way
temperature-responsive devices. Benefiting from two opposite
highly selective electromagnetic spectrums, the dual-mode
device could provide all-season energy saving for temperature
control—heating up in cold winter and cooling down in hot
summer—instead of undesired radiative cooling in cold winter
or solar heating in hot summer. We made a calculation for all-
season energy saving of our device and other representative
temperature-responsive thermal-management devices reported
in the literature (Fig. 4F). The predicted results show that our
device had the greatest potential for energy saving in terms of
temperature control among them. In addition, there was a cer-
tain gap of electromagnetic spectrum between our dual-mode
device, which carries a considerable potential for energy saving
in thermal management, and ideal materials.

Discussion

In summary, we demonstrated a dynamic thermal-management
device based on visible and infrared thermochromism without
any external energy consumption. Inspired by the color change
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of the Himalayan rabbit’s hair and folding-opening movement
of M. pudica’s leaves, simultaneous modulation of spectral char-
acteristics in two separate wavelength ranges was realized. This
unique ability enables the device to switch between heating
mode (α0.4–0.78 μm of 73% and ε8–13 μm of 28%) and cooling
mode (R0.4–0.78 μm of 65% and ε8–13 μm of 95%), rather than
simply adjusting heating power or cooling power. The trigger
temperature of the device is also adjustable to meet the
demands in different application fields. Numerical prediction
shows our device has the best effect of all-season energy saving
for temperature control compared with the temperature-
responsive thermal-management devices in the literature. This
thermal-management strategy based on multiple thermochrom-
ism provides a platform to realize the full potential of solar
heating and radiative cooling in terms of energy saving.
By using renewable energy in nature, solar heat, and space

cold, the thermal-management device could realize a dynamic
temperature control without any external energy consumption.
Referring to the reported studies, this device is well suited for ini-
tial temperature control of heat-transfer fluid in active thermal-
management systems. It will significantly improve thermal energy
utilization efficiency, although there is still a lot of room for
improvement in solar heating power and radiative cooling power.
On the other hand, the strategy to trade morphology for electro-
magnetic property provides an instructive route to independently
modulate spectral characteristics of different wavebands in an
integrated system. After precise optimization of the triggering
condition and target waveband, this strategy is expected to be

applied to the broader field of dynamic modulation of electro-
magnetic properties in the future.

Materials and Methods

Raw Materials. PTHF (Mw= 2,900), PCL (Mw= 10,000/36,000), PCL-diol (Mw=
2,000), HDI (99%), DBTDL (95%), ethyl alcohol (99.7%), and N,N-dimethylforma-
mide (DMF, 99.9%) were purchased from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. Rutile titanium dioxide nanoparticles (TiO2 NPs) were purchased from
Shanghai Yaoyi Co. Ltd. Trichloromethane (CHCl3, AR) was purchased from Tianjin
Bohua Chemical Reagents Co., Ltd. All materials were used without any further
purification.

Preparation of Thermochromic Substrate. Thermochromic substrate was
prepared by blade-coating technology. We fully dissolved 1 g of NBR in 50 mL
of DMF by stirring at 80 °C. Meanwhile, 0.27 g of thermochromic powder and
0.03 g of TiO2 NPs were dispersed in 3 mL of ethyl alcohol by tip ultrasonication
(200 W, 30 min) to make a precursor of thermochromic layer. The NBR solution
was blade-coated onto a flat Al foil to fabricate the uniform liquid film between
two spacers of 40-μm-thick transparent tape, which was placed on an 80 °C heat-
ing plate immediately to rapidly evaporate solvent. Then, the precursor of the
thermochromic layer was blade-coated on NBR-coated Al foil, which was also
placed on the 80 °C heating plate. After evaporation of solvent, thermochromic
powders and TiO2 NPs were fixed on the Al foil by NBR to form a thermochro-
mic substrate.

Synthesis of 2W SMP. 2W SMP was synthesized by one-step esterification
reactions between three monomers on the catalyst. PTHF and PCL (or PCL-diol)
were fully dissolved in CHCl3 by stirring at room temperature. Then, HDI and
DBTDL were added into the solution in sequence, which was stirred constantly

A B

ED F
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Fig. 4. Thermal-management performance of the dual-mode device. (A) Temperature of the dual-mode device (black circle) applied with different Joule
heating power during the heating process, compared with prediction of a dual-mode device in heating (red line) or cooling mode (blue line) in theory.
(B) Measured cooling power of a dual-mode device (black circle) and predicted cooling power of an individual thermochromic substrate (red line) as a func-
tion of heating temperature during the heating process. The indoor temperature was ∼26 °C. (C) Continuous time-resolved solar heating power (red) and
radiative cooling power (blue) measured in an open-space outdoor environment. (D and E) Mapping results on the effects of solar absorptivity and infrared
(IR) emissivity to the energy saving for (D) heating in January and (E) cooling in July in Tianjin. Solar absorptivity and infrared emissivity of the dual-mode
device (black star) is compared with those of temperature-responsive thermal-management devices in the literature. These thermal-management devices
are divided into four categories according to the major components: modified vanadium dioxide (VO2) (square), hydrogel (circle), phase-changing polymer
(triangle), and other materials (hexagon). Dashed line is a line of demarcation between energy saving and energy consumption. Red and blue lines are the
iso-potential lines of energy saving of the dual-mode device in heating mode in January and cooling mode in July, respectively. (F) All-season potential energy
saving of the dual-mode device (red bar and dashed line) in Tianjin compared with other temperature-responsive thermal-management devices reported in
the literature. Modified VO2 (black), hydrogel (blue), phase-changing polymer (green), and other materials (purple).
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for 3.5 h at room temperature. The molar ratio of the three monomers
(nPTHF:nPCL:nHDI) was 9:1:20. The amount of DBTDL catalyst was 1% of the total
weight of the three monomers. With the help of the catalyst, the monomers
could polymerize gradually into prepolymer of 2W SMP. The product was poured
into a horizontal stainless-steel Petri dish. After complete volatilization of the sol-
vent at room temperature, a 2W SMP film existed at the bottom of the Petri
dish, which could be cut into any shape as required.

Characterization. The reflective spectra of the dual-mode device in heating and
cooling modes were measured by using an ultraviolet-visible near-infrared spectro-
photometer (Cary 5000, Agilent) with a calibrated integrating sphere and a Fourier
transform infrared spectrometer (Frontier Optica, Perkin Elmer) with an integrating
sphere (MCT Mid-IR Integrated Sphere, Pike). The absorptivity/emissivity (α/ε)
was calculated using 100% reflectivity (0% transmissivity determined by Al foil).
Temperature-dependent XRD data were measured by X-ray powder diffraction

instrument (Smart Lab SE, Rigaku) with a homemade proportional-integral-derivative
(PID) temperature control setup. Optical and infrared images were captured by an
optical camera (FDR-AXP55, Sony) and an infrared camera, respectively.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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