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Due to the huge energy consumption of traditional cooling- and heating-based electricity, passive radia-
tive cooling and solar heating with a minimum carbon footprint using the outer space and Sun as natural
thermodynamic resources have attracted much attention. However, most passive devices are static and
monofunctional, and cannot meet the practical requirements of dynamic cooling and heating under var-
ious conditions. Here, we demonstrate a smart thermal-gated (STG) bilayer membrane that enables fully
automatic and temperature-adaptive radiative cooling and solar heating. Specifically, this device can
switch from reflective to absorptive (white to black) in the solar wavelength with the reduction in optical
scattering upon ambient temperature, corresponding to a sunlight reflectivity change from 0.962 to 0.059
when the temperature drops below �30 �C, whereas its mid-infrared emissivity remains at �0.95.
Consequently, this STG membrane achieves a temperature of �5 �C below ambient (a key signature of
radiative cooling) under direct sunlight (peak solar irradiance >900 W m�2) in summer and a solar heat-
ing power of �550Wm�2 in winter. Theoretical analysis reveals the substantial advantage of this switch-
able cooling/heating device in potential energy saving compared with cooling-only and heating-only
strategies when widely used in different climates. It is expected that this work will pave a new pathway
for designing temperature-adaptive devices with zero energy consumption and provide an innovative
way to achieve sustainable energy.

� 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Maintaining a relatively stable temperature plays a critical role
in various industries, such as the breeding and brewing industries
[1,2]. However, traditional temperature regulation mainly relies on
air conditioning, which consumes a considerable amount of energy
[3,4]. It has been reported that the energy consumption of indoor
temperature regulation devices for heating and cooling accounts
for 20% of the world’s total energy demand, producing large
amounts of carbon dioxide emissions [5,6]. Therefore, it is essential
to develop energy-saving temperature regulation approaches
with a minimum carbon footprint. In recent years, radiative cool-
ing [7–22] using the outer space (3 K) as the cold source and solar
heating [23–27] using the Sun (5800 K) as the heat source have
been proposed to effectively realize passive cooling and heating
without extra energy consumption (Fig. 1a). However, previously
devices for radiative cooling or solar heating were mostly static
or quasi dynamic, making it difficult to meet the dynamic cooling
and heating demands to maintain a constant temperature.

Some efforts have been made to achieve switchable radiative
cooling and solar heating [28–33]. For example, Zhao et al. [34]
presented porous silicone coatings as platforms for optical man-
agement with reversible mechanical forces. Li et al. [35] demon-
strated a dual-mode heat managing device that can switch
radiative cooling and solar heating functions through a pair of
rotary actuators or rollers. These strategies always require extra
energy. However, as the requirements of heating or cooling depend
on ambient temperature, it is desirable to develop a smart and pre-
cise temperature regulator triggered directly by temperature.

A few strategies have been demonstrated to achieve
temperature-adaptive and passive radiative cooling and heating
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Fig. 1. (Color online) The design of the STG membrane. (a) Schematic of passive radiative cooling using the outer space (3 K) as the cold source and passive solar heating using
the Sun (5800 K) as the heat source. (b) Concept of the ideal smart temperature control in summer and winter. The red line represents the temperature for ideal smart
temperature control, and the black line represents ambient temperature in summer and winter. (c) Schematic of the STG membrane, which consists of a switchable hydrogel
atop a solar absorption coating layer. (d) Schematic of the STG membrane in cooling mode due to high reflection in the solar wavelength and high emission in the mid-
infrared wavelength. (e) Solar (left axis) and mid-infrared (right axis) absorption spectra of the STG membrane in cooling mode. (f) Photograph (50 cm � 70 cm) of the STG
membrane in cooling mode. (g) Schematic of the STG membrane in heating mode due to high absorption in the solar wavelength. (h) Solar (left axis) and mid-infrared (right
axis) absorption spectra of the STG membrane in heating mode. (i) Photograph (50 cm � 70 cm) of the STG membrane in heating mode.
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[36–47]. For example, Tang et al. [48] developed temperature-
adaptive radiative coating relying on thermotropic metal-
insulator transition materials. Despite its ability to tune thermal
emittance in response to ambient temperatures, it is incapable of
regulating solar reflectivity/absorptivity to achieve solar heating.
Fang et al. [49] realized a sandwich structure thermal homeosta-
siser based on thermochromic hydrogel, which achieved the switch
between radiative cooling and solar heating. However, it is noted
that a sub-ambient temperature under direct sunlight, the signa-
ture or the defining point for radiative cooling representing a net
cooling power, has never been realized in all of those previous
works.

In this work, we demonstrate a smart thermal-gated (STG)
bilayer membrane that can automatically switch between radia-
tive cooling and solar heating triggered by ambient temperature
(Fig. 1b). This membrane comprises a thermoresponsive poly (N-
isopropyl acrylamide) (PNIPAm) based hydrogel atop a reduced
graphite oxide (rGO) coating layer (Fig. 1c). The top layer of the
PNIPAm-based hydrogel can switch between transparent and
reflective upon ambient temperature change, while the underlayer
maximizes solar absorption. Specifically, when the temperature is
2055
above the low critical solution temperature (LCST) of the PNIPAm-
based hydrogel, the top layer presents white, maximizing the
backscattering of sunlight with solar reflectivity of 0.962. Mean-
while, the intrinsic molecular vibration modes of PNIPAm endow
a high mid-infrared emissivity (0.95) in the 4–18 lm range
(Fig. 1d–f), thus enabling excellent passive radiative cooling perfor-
mance to decrease the temperature and achieve sub-ambient cool-
ing. When the temperature is lower than the LCST, this bilayer
membrane switches to heating mode. The top layer which
becomes transparent, allows sunlight to pass through and be
absorbed by the black rGO underlayer with solar absorption of
0.941 (Fig. 1g–i), thus enabling efficient passive solar heating per-
formance to increase the temperature. Therefore, automatic
switchable thermal properties are realized by this STG bilayer
design based on passive radiative cooling and solar heating.

Leveraging this smart temperature-adaptive cooling/heating
design, we experimentally observed that the inner temperature
protected by the STG membrane was maintained around the LCST
when the outer temperature switched from �50 to �0 �C. It can
achieve up to �100 W m�2 of cooling power at 50 �C and up to
�550 W m�2 of heating power at 15 �C. In addition, we model its
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substantial advantage in energy potential compared with only
radiative cooling and only solar heating strategies. It is expected
that this design not only provides a new path for energy-saving
building cooling/heating but also has implications in various other
fields, such as fermentation and preservation of goods.
2. Materials and methods

2.1. Preparation of the STG membrane

The Al2O3 nanoparticles (NPs)-composited PNIPAm hydrogel
was synthesized by the in-situ polymerization of the monomer in
deionized water. First, 7.91 g (0.07 mol) of PNIPAm, 1.32 g
(0.03 mol) of polyvinyl alcohol (PVA), and 215.6 mg (0.0014 mol)
of N,N’-methylenebis (acrylamide) were dissolved in deionized
water at 50 �C to make a homogenous 100 mL of the aqueous solu-
tion. Then, 10 mL of Al2O3 NPs (a phase) with a size of approxi-
mately 30 nm dispersion solution (20 g L�1 Al2O3 NPs, 12 g L�1

tetrabutyl titanate (TT)) was added to a 40 �C water bath for 1 h.
After the homogeneous solution had been obtained, the tempera-
ture of the solution was reduced to room temperature (�25 �C),
and the solution was purged with N2 for 3 h. Subsequently,
1.35 mL of tetramethylethylenediamine (catalyst) and 2.7 mL of
ammonium persulfate (initiator) were added in sequence to the
solution with 30 s stirring. Last, the homogenous solution was
injected between two clean glass slides, which had their edges
pre-sealed with sealant before the experiment to make a sandwich
structure. The sample is put at room temperature to stand for 24 h,
the Al2O3 NPs-composited PNIPAm hydrogel with a thickness of
�500 lm was successfully made and sealed in glass slides. Gra-
phene oxide (GO) nanosheets were dispersed in deionized water
(3 mg mL�1) by ultrasonic vibration for 2 h. Then, the GO solution
was sprayed onto the preheated fabrics using a commercial air-
brush to produce solar absorption GO-coated fabrics. The GO-
coated fabrics were then baked at 150 �C in a vacuum to obtain
solar absorption rGO-coated fabrics with a thickness of �450 lm
(Fig. S1 online). The as-prepared Al2O3 NPs-composited PNIPAm
hydrogel and rGO-coated fabrics were tightly adhered by adding
adhesives to their edges to form a double-layer STG membrane.
2.2. Preparation of the Al2O3 NPs-composited PNIPAm hydrogels with
30, 35, and 40 �C LCSTs

The LCST of PNIPAm hydrogel is mostly based on the
hydrophilicity of the organic chain. Therefore, to control the LCST
of the STG samples, we added 20% more PNIPAm to increase the
length of the organic chain to enhance hydrophobicity during the
fabrication process, and the LCST of the sample can be tuned to
30 �C. To increase the LCST, extra 20% PVA was added during the
fabrication process to enhance the hydrophilicity of the sample.
And the LCST can be precisely tuned to 40 �C. The LCST of the orig-
inal PNIPAm hydrogel is 35 �C.
2.3. Material characterizations of the STG membrane

The microstructures of the PNIPAm-based hydrogel were char-
acterized by an optical microscope (DS-FI2, Nikon). The micro-
images of the rGO coating were captured by scanning electron
microscopy (SEM, MIRA3, TESCAN). A UV–Vis–NIR spectropho-
tometer (UV-3600, SHIMADZU) equipped with an integrating
sphere (ISR-310) was used to measure the solar reflectivity spectra
of samples. The mid-infrared emissivity spectra were measured
with a Fourier transform infrared (FTIR) spectrophotometer
(Nicolet iS50R, Thermo Fisher) equipped with an integrating
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sphere (4P-GPS-020-SL, Pike). The Raman spectra were obtained
on MR350, SOL Instruments., Ltd.
2.4. Heating and cooling performance tests of the STG membrane

The heating and cooling temperature was monitored by K-type
thermocouples. The heating/cooling load, a constant power, was
applied by a semiconductor chilling plate/a Kapton heater with a
temperature feedback circuit. The heating power was obtained
by monitoring the cooling power of the semiconductor chilling
plate with a power meter (66205, Chroma). The energy conversion
efficiency of electrical power to semiconductor refrigeration power
is �50%. The cooling power was obtained by monitoring the heat-
ing power of the Kapton heater by a power meter (66205, Chroma),
a mature method repeatedly used in Refs. [7,8,10]. The solar power
was measured by a solar radiation meter (TBQ) or a portable solar
power meter (1333R, TES Electrical Electronic Co.). Ambient tem-
perature and relative humidity were monitored by a temperature
and humidity recorder in a shelter (Tuolaisi Co., Ltd.) or a portable
device (COS-03-5, Shandong Renke Control Technology Co., Ltd.).
3. Results and discussion

3.1. The design of the switchable Al2O3 NPs-composited hydrogel

As demonstrated above, the top layer with switchable optical
properties is the most critical for this STG membrane. PNIPAm
hydrogel, a thermoresponsive material that can switch its optical
properties as temperature changes, is widely used in a series of
applications, such as heat-sensitive coatings and smart windows
[50–53]. The optical properties of PNIPAm hydrogel are fundamen-
tally related to its porous network, which shrink when the temper-
ature is beyond its LCST due to the formation of intramolecular
hydrogen bonds inside the chains. This structural change induces
its strong scattering of sunlight, from transparent (0.86) to
reflective (0.83) (Fig. S2 online). Meanwhile, the main component
of PNIPAm possesses high emissivity in the mid-infrared spectrum
(8–13 lm), which can radiate heat. Therefore, PNIPAm can be con-
sidered as a promising candidate for radiative cooling when the
temperature is beyond its LCST. However, according to previous
results, for a radiative cooler to achieve sub-ambient cooling, over
90% of incident sunlight must be reflected [54]. To realize temper-
ature control of the STG device, it is desirable to further increase
the solar reflectivity of the original PNIPAm hydrogel without neg-
atively affecting its thermal emission properties.

To increase the solar reflectivity of the PNIPAm hydrogel, we
considered the mechanism of the switchable optical properties of
the PNIPAm hydrogel. The PNIPAm molecules have a loose chain
structure at low temperatures, and a huge amount of hydrogen
bonds are formed between the hydrophilic groups on the chain
and water molecules to maintain the stability of the structure. This
structure can effectively allow light to pass through, thus showing
high transmittance. When the temperature rises above the LCST,
the hydrogen bond between the molecular chain and water mole-
cules breaks. To reach a low-energy state, the molecular chain
shrinks to form a close-packed island structure [53]. The island-
shaped PNIPAm molecules can effectively scatter light, thereby
exhibiting high reflectivity. The strong reflectivity of the PNIPAm
hydrogel mainly derives from the difference in the refractive index
between the organic phase (�1.49) and water (�1.33). According
to the Mie scattering theory, increasing the difference of refractive
index for the two phases can increase the solar reflectivity of the
PNIPAm hydrogel. Here, we introduced Al2O3 NPs with a high
refractive index (�1.8) and a size of approximately 30 nm in the
organic phase chain structure to increase its refractive index. How-
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ever, if Al2O3 NPs are added directly to the PNIPAm hydrogel, they
disperse into the aqueous phase and cannot increase the scattering
coefficient of the organic phase because Al2O3 NPs are hydrophilic.
Inspired by the coupling reaction used in plasthetics [55,56], a cou-
pling reagent called TT is chosen to connect Al2O3 NPs with the
organic phase chain structure (PNIPAm/PVA). The butoxy group
in TT can react directly with the hydroxyl group on the surface of
Al2O3 via scission of one butoxy chain of TT, thus leading to chem-
ical bonding with Al2O3. The same reaction also occurs between TT
and the PVA chain of the organic phase [57]. Therefore, strong
bonds and good adhesion between Al2O3 NPs and organic phases
are formed by this molecular-designed bonding (Fig. 2a).

The Raman spectra results confirm that Al2O3 NPs only exist
inside and the boundary of the organic phase after phase separa-
tion due to the strong bond between organic phase chain structure
and Al2O3 NPs (Fig. 2b and Fig. S3 online). The organic phase of the
Al2O3 NPs-composited PNIPAm hydrogel has a significantly
increased effective refractive index from 1.49 to 1.69, resulting in
Fig. 2. (Color online) Structures and characterizations of the Al2O3 NPs-composited PNIP
hydrogel. TT as a coupling reagent to facilitate the bonding of Al2O3 NPs to the PVA chai
structures. (b) The Raman spectra of various regions in the Al2O3 NPs-composited PNIPAm
inside the water phase. (c) Simulation of scattering efficiency of the organic phase island
2.5 lm, with the diameter of the size varying from 5 to 20 lm. (d) The reflectivity of the
spectrum (0.28–2.5 lm). (e) The solar transmittance of 30, 35, and 40 �C LCST Al2O3 NP
adaptive switching. (f) The solar transmittance of the Al2O3 NPs-composited PNIPAm hydr
of the STG membrane above LCST and below LCST had no significant decline.
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higher solar reflectance. We also calculated the scattering effi-
ciency of the organic phase island as a function of the sizes across
the solar spectrum (0.28–2.5 lm) using the Mie scattering theory.
Strong scattering in the solar spectrum can be achieved for island
sizes between 5 and 20 lm (Fig. 2c), and thus we adjusted the size
of the organic island by refining the scattering point in this range
(Fig. S4 online). Fig. 2d shows the solar reflectivity of the Al2O3

NPs-composited PNIPAm hydrogel in cooling mode, with a signifi-
cantly improved reflectivity of �0.962 in the solar wavelength
(0.28–2.5 lm), ideal for sub-ambient daytime radiative cooling.
Meanwhile, the Al2O3 NPs-composited PNIPAm hydrogel main-
tained a solar transmittance of 0.9 in heating mode (Fig. S5 online).
In addition, we have applied a radical polymerization, spraying and
annealing synthesis method, which has shown potential for scaling
up to realize the aforementioned tandem STG membrane.

It is important to precisely control various temperature
ranges for practical applications. It can be seen from the COMSOL
simulation that a controlled temperature is always established
Am hydrogel. (a) Schematic of the fabrication for the Al2O3 NPs-composited PNIPAm
n of organic phase through a coupling reaction. The asterisks represent other chain
hydrogel, including the boundary of the organic phase, inside the organic phase and
in the Al2O3 NPs-composited PNIPAm hydrogel over the wavelength range of 0.28–
Al2O3 NPs-composited PNIPAm hydrogel and original PNIPAm hydrogel in the solar
s-composited PNIPAm hydrogels between 20 and 50 �C showing the temperature-
ogel in cycles. After 15 times of cycles between 50 and 25 �C, the solar transmittance
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around the LCST of the Al2O3 NPs-composited PNIPAm hydrogel
under near-ideal conditions (Fig. S6, Note S1 and Table S1 online).
Therefore, the precise modulation of the LCST of the Al2O3 NPs-
composited PNIPAm hydrogel is a promising approach to tuning
the temperature-control performance of space. By adjusting the
hydrophilicity of PNIPAm chains with introduced different
amounts of PVA and PNIPAm in the Al2O3 NPs-composited PNIPAm
hydrogel [56], we can easily adjust the LCST of the Al2O3 NPs-
composited PNIPAm hydrogel (see details in Methods). As shown
in Fig. 2e, the solar transmittance of the fabricated Al2O3 NPs-
composited PNIPAm hydrogels with LCSTs of 30, 35, and 40 �C
can change around LCSTs in the heating and cooling cycles. Nota-
bly, the solar transmittance of the Al2O3 NPs-composited PNIPAm
hydrogel in two modes maintains stable over 15 times cycles time
(Fig. 2f). It is noted that the Al2O3 NPs-composited PNIPAm hydro-
Fig. 3. (Color online) The temperature regulation of the STG membrane under contr
environment for cooling performance tests. (b) Power of incident sunlight and the te
Schematic of the device creating a controlled cold environment for heating performance
STG membrane in a cold environment. (e) Power of incident sunlight and the temp
environments.
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gel also performs stable optical performance outdoors (Fig. S7
online).

3.2. The temperature regulation of the STG membrane

To examine the temperature regulation of the STG membrane,
we used a nested device to create controlled experimental condi-
tions for the outdoor tests (Fig. 3a and c). The device has several
parts, including an inside container that is covered by an insulation
layer and takes the role of a protected object, an outside container
that can hold hot water/ice to create hot/cold conditions, and a
30 �C LCST STG membrane on the top to manipulate the tempera-
ture of the inside container. Here, a thermal insulator (containers
protected by a pure insulation membrane) is set as the control
group. We tested the cooling performance of the STG membrane
olled hot/cold conditions. (a) Schematic of the device creating a controlled hot
mperature control performance of the STG membrane in a hot environment. (c)
tests. (d) Power of incident sunlight and the temperature control performance of the
erature control performance of the STG membrane in alternating hot and cold
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in a 55 �C hot environment, wherein the STG membrane effectively
lower the inner temperature from 40 �C to approximately 32 �C,
close to the LCST (30 �C) of the STGmembrane (Fig. 3b). In contrast,
the temperature of the thermal insulator continuously increased to
approximately 45 �C with a mean sunlight irradiance of
�800 W m�2 (ambient conditions shown in Fig. S8 online). When
switching to heating mode in a �2 �C cold environment, the tem-
perature of the inner side of the container quickly rises to approx-
imately 24 �C within 3 h (approaching the LCST of the STG
membrane, Fig. 3d), while the temperature of the insulator-
protecting container remains �2 �C with a mean sunlight irradi-
ance of �700 Wm�2 (Fig. S9 (online) for ambient conditions). Even
in alternating hot and cold environments, the STG membrane also
exhibits excellent temperature control performance. As shown in
Fig. 3e, with an initial temperature of 20 �C, the 30 �C LCST STG
membrane can effectively control the temperature inside the con-
tainer to approximately 30 �C, with a temperature difference of less
than 5 �C, regardless of the outer temperature changes (from �50
to �0 �C) with ambient conditions shown in Fig. S10 (online). The
temperature difference is mainly due to the unavoidable conduc-
tive heat changes between the inside and outside containers. This
experimental result further verifies that the STG membrane shows
excellent temperature control performance under various working
conditions.

3.3. The cooling/heating performance of the STG membrane in
practical outdoor conditions

As solar heating/radiative cooling power is a common and cru-
cial factor to evaluate the heating/cooling performance, we per-
formed an outdoor measurement of the heat flux of the STG
membrane in practical outdoor conditions via the setup shown in
Fig. 4a. The positive heat flux represents net heating power, and
the negative flux represents net cooling power. We tested the
heating and cooling power of the STG membrane with the temper-
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ature slowly rising from 15 to 50 �C (the corresponding ambient
conditions during measurements are presented in Figs. S11–S14
online). As shown in Fig. 4b, the heating power reached 550, 400,
and 300 W m�2 at 15, 20, and 25 �C, respectively. When the
temperature reached the LCST (30 �C), the STG membrane auto-
matically switched to cooling mode. The average net cooling power
of the STG membrane reached 52, 70, 90, and 100 W m�2 at 35, 40,
45, and 50 �C, respectively. The results clearly indicate the excel-
lent switchable cooling/heating performance of our designed STG
membrane.

We further tested the cooling/heating temperature perfor-
mance of the STG membrane in practical outdoor conditions. As
shown in Fig. 4c–e and Fig. S15 (online), in hot weather with an
ambient temperature of �35 �C, the STG membrane induced a
sub-ambient temperature drop of �5 �C under direct sunlight
(peak solar irradiance > 900 W m�2). Furthermore, even in the
absence of insulated conditions, this STG membrane achieves a
temperature of �0.6 �C below ambient under direct sunlight
exceeding 900 W m�2 (Fig. S16 online). When placed in cold
weather, it converted to heating mode, the STG membrane
achieves a neat increase of a maximum of 8 �C from 11:00 am to
2:00 pm under an average solar irradiance of �600 W m�2 at an
ambient temperature of �20 �C (Fig. 4f–h, Fig. S17 and Table S2
online). It illustrates that the STG membrane shows an effective
practical heating/cooling effect in winter/summer.

3.4. The energy potential simulation

To quantitively predict the potential impact of our STG mem-
brane on energy-saving, we developed a thermal model (more
details about calculation can be found in Note S2 in the Supple-
mentary materials) with optical properties of material and real
weather data to calculate the monthly (winter: December, January,
February, and summer: the daytime average temperature is above
30 �C) energy potential for only solar heating, only radiative cool-
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Fig. 5. (Color online) Modeled energy potential of different energy-saving modes. (a) Monthly energy potential with different modes in Beijing. (b) Annual energy potential at
different modes over 11 cities in different climates.
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ing, and the STG membrane in Beijing (Fig. 5a). To be expected,
only radiative cooling produced positive energy potential in sum-
mer. And only solar heating could save notable energy in winter.
However, the STG membrane achieved positive energy potential
in both summer and winter. Quantitatively, the total annual energy
potential of the STG membrane is 6 times and 1.2 times more than
the only radiative cooling and only solar heating in Beijing, respec-
tively. Annual energy potentials were also calculated for additional
11 cities in different climates, including temperate monsoon (Bei-
jing, Shijiazhuang, Jinan, Zhengzhou), temperate steppe/desert
(Wulumuqi, Yinchuan, Lanzhou), and subtropical (Chengdu,
Changsha, Nanjing, Guangzhou) climates. It is obvious that the
STG membrane shows a remarkable energy-potential performance
under different climates, compared with single-mode devices
(Fig. 5b).

We also experimentally verified that the STG membrane is suit-
able for maintaining the temperature of alcohol fermentation.
Compared with the container by electric heating and unprotected
container, the temperature of the container protected by the STG
membrane was closer to the appropriate temperature of alcohol
fermentation (30–35 �C). And after six days, the STG membrane-
protected container generated the highest concentration of alcohol
with zero energy consumption (Fig. S18 online).
4. Conclusion

In summary, we experimentally demonstrated that passive
solar heating and radiative cooling can be integrated into the STG
membrane composed of an Al2O3 NPs-composited PNIPAm hydro-
gel atop an rGO layer with switchable optical properties upon tem-
perature change. With the molecular surface treatment, this STG
membrane can switch from reflective to absorptive with the solar
reflectivity change from 0.962 to 0.059, enabling the system from
the radiative cooling mode at high temperatures to solar heating
at low temperatures. Outdoor experimental results and theoretical
analysis both demonstrate the precise temperature control and the
advantage in energy-saving of this STG membrane. We expect that
it will inspire more innovative designs for advanced smart temper-
ature control materials and devices toward an energy-efficient and
sustainable society.
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