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18  Abstract: Seasonable and spontaneous replacement approach of daytime radiative cooling to
19  solar thermal conversion is challenging yet imperative for year-round thermal management
20  materials. Meanwhile, the fire safety of thermal management materials is extremely important
21  but often overlooked. Herein, we report a bio-inspired and fireproof aerogel presenting
22 dynamically self-switchable ability of daytime radiative cooling and solar thermal conversion,
23 composed of thermochromic microcapsules (TC), boron nitride nanosheets (BN), and bio-based
24 materials (alginate and phytate). In hot environments, TC/BN composite aerogel shows solar
25  reflectivity of 91.8% and IR emissivity of 84.3%, promoting heat radiation to outer space and

26  achieving an average temperature drop of ~5.62 °C. Attributed to the thermochromic
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mechanism, TC/BN composite aerogel can harvest visible light of 87% in the solar spectrum to
increase the material temperature by 28.3 °C, under an environment of -8.8 °C. Based on the
EnergyPlus simulation, the employment of TC/BN composite aerogel contributes to decreasing
the energy consumption of buildings in both hot and cold regions, including Cairo, Singapore,
Alaska, Yakutsk, and so on. Besides, the peak values of heat release rate and total heat release
during the combustion of TC/BN composite aerogels are significantly decreased by 70.6% and
58.4%, compared to those of TC composite aerogel. The produced protective char layer
enhanced by BN nanosheets is capable of isolating the fire and suppressing the fire propagation,
improving the fire safety of composite aerogels designed. The TC/BN composite aerogels
provide a smart thermal regulation mode for radiative cooling and solar heating, overcome the
problems from changing weather and environment, and significantly promote the practical

application by enhanced fire safety.

Keywords: Fireproof performance; bio-based aerogels; Solar reflection and radiative cooling;

Solar absorption and conversion

1. Introduction

Carbon neutrality by 2050 is undoubtedly the world’s most imperative mission with the growth
of global climate change and energy crisis. The building sector accounts for approximately 31%
of global final energy consumption and more than 30% of the entire worldwide CO2 emission[1].
The significant energy consumption in buildings is mainly attributed to the indoor temperature
control system, i.e., heating and cooling. It is a huge challenge to develop an energy-saving and
sustainable technology to regulate the room temperature, replacing the traditional air-
conditioning technique. Recently, solar heating and radiative cooling effects, which can convert
solar energy into heat or radiate heat energy through atmospheric window, have been regarded
as two advanced and effective approaches to change the indoor temperature[2-4]. For example,
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photo-thermal materials coated onto the building surface can absorb solar energy and deliver
effective heat to indoor. Besides, passive cooling materials are able to reflect solar energy and
radiate heat through atmospheric window[5-9]. Therefore, it is believed that the integration and
seasonal employment of solar heating and radiative cooling effects can effectively decrease
energy consumption in buildings. In an ideal condition, the solar reflectance in hot summer
should be close to 100%, thus avoiding the unfavorable effects of overmuch solar energy
(Figure 1a). Different from hot summer, the ideal solar absorbance in cold winter should be
increased as far as possible (Figure 1b). However, solar heating and radiative cooling are
related tightly to solar absorption and reflection, respectively[10]. Due to the opposite
mechanism in solar absorption and reflection, integrating the effects of solar heating and
radiative cooling onto the building surface is a huge challenge and extra energy sources, such
as electricity and mechanical energy, are required usually for material replacement
seasonally[11, 12]. Besides, the application fields of thermally managed materials focus on the
surface of buildings and human skin, tightly relating to fire safety problems. In particular, the
polymer-based thermally managed materials are flammable and easily ignited to release a mass
of heat and toxic gas, causing loss of life and personal injury. However, the fire hazards of
thermally managed materials are usually ignored.

There is an interesting phenomenon that some birds and animals, such as ptarmigan and polar
hare, will change their hair color according to the seasonal change (Figure 1c). It is attributed
to the adjustment mechanism of melatonin, reported by the previous literature[13]. Inspired by
the seasonal color molting in mammals, fortunately, the development of thermochromic
materials provides a new and adjustive ability to photo-thermal conversion and passive radiative
cooling, facing different seasons and temperatures[14, 15]. As one kind of thermochromic
materials, temperature-responsive melanin is composed of fluorane, bisphenol A, and aliphatic
alcohol. At different temperatures, aliphatic alcohol will be in a molten state or solidification

state. Fluorane is not dissolved into aliphatic alcohol in any state, while bisphenol A can be
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dissolved into molten aliphatic alcohol. Therefore, in a warm environment, bisphenol A and
fluorane will be separated. On the contrary, in a cold environment, bisphenol A and fluorane
will be blended and form a conjugated structure to absorb and convert solar energy, with the
generalized acid-base neutralization reaction between phenolic hydroxyl and amino groups
(Figure 1d). It is believable that, based on the adjustive effect, thermochromic materials are
capable of harvesting solar energy in cold winter and reflecting solar energy in hot summer,
presenting a smart thermal regulation function. Meanwhile, once the radiative cooling effect is
introduced, the smart thermal regulation effect of thermochromic materials will be significantly
promoted.

Herein, inspired by the seasonal color molting in birds and animals, a smart composite
aerogel towards seasonal thermal regulation is developed by integrating thermochromic
microcapsules, boron nitride nanosheets, and bio-based alginate and phytate. Due to the
multiple reflections in the air-aerogel interfaces, the solar reflection of composite aerogel is up
to 91.8%. Along with high IR emissivity, TC/BN composite aerogel presents an effective
radiative cooling effect. Attributed to the temperature-responsive melt characteristic of aliphatic
alcohol, TC/BN composite aerogel can present an obvious photo-thermal conversion effect. As
confirmed by the EnergyPlus simulation, as-prepared TC/BN composite aerogel can decrease
the energy consumption of buildings located in both hot (i.e., Cairo, Singapore, and New Delhi)
and cold (i.e., Alaska, Mohe, and Yakutsk) cities. Meanwhile, the fireproof performances are

also presented by TC/BN composite aerogel, enhancing the application safety.

2. Materials and methods

2.1. Raw materials
Bisphenol A (AR), melamine (AR), and 37% formaldehyde solution (AR) were provided by
Aladdin Industrial Co., Ltd. (Shanghai, China). 2-Anilino-6-dibutylamino-3-methylfluoran

(AR), n-decanol (AR), lauryl alcohol (AR), sodium alginate (AR), sodium phytic (AR), and
4
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sodium dodecyl sulfonate (AR) were purchased from Sinopharm Chemical Reagent Co., Ltd.
Hexagonal boron nitride (h-BN, AR) with a purity of 98.5% was purchased from Aladdin

Industrial Co., Ltd. (China), of which the average particle size was about 1 um.

2.2. The preparation of thermochromic microcapsules

Based on this classical microencapsulation technology, the thermochromic microcapsule was
prepared using melamine resin as shell material. Firstly, bisphenol A, 2-Anilino-6-
dibutylamino-3-methylfluoran, and aliphatic alcohol were added into an aqueous solution, with
a mass ratio of 1:2:97. Meanwhile, the aliphatic alcohol is a mixture of n-decanol and lauryl
alcohol with a mass ratio of 56:44. Employing sodium dodecyl sulfonate as a surfactant, a
steady O/W emulsion was formed with a mechanical stirring (3000 r/min) for 60 min. Melamine
and 37% formaldehyde solution were mixed and reacted with a pH value of 8.5, forming the
pre-polymer of melamine resin which was slowly added to the above emulsion dropwise.
During the microencapsulation process, the pH value of this reaction system was adjusted to 4.
After the microencapsulation process of 6h, the synthesized product, i.e., thermochromic
microcapsule, was collected by vacuum filtration.

2.3. The preparation of TC/BN composite aerogels

The unidirectional freezing method was employed to prepare bio-inspired composite aerogels.
BN nanosheets were prepared according to previous literature[16]. Based on the function of
individual modules, 1.0g BN nanosheets, 1.0g sodium alginate (SA), 0.3g sodium phytate, and
0.5g TC microcapsule were added to an aqueous solution of 200 mL. The mixed solution was
stirred for 1h with sonication, thus obtaining well-dispersed BN nanosheets and TC
microcapsule. A slant copper platform was first put into liquid nitrogen to obtain an extremely
temperature. Then, the precursor solution of composite aerogel contained by
polytetrafluoroethylene mold was put onto the surface of the slant copper platform for 30 min,
thus achieving a unidirectional freezing structure. The completely frozen solution was freeze-
dried to prepare bio-inspired TC/BN composite aerogel.
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2.4, Characterization

The structure and features of composite aerogel were observed with an XL-30 ESEM scanning
electron microscope (SEM) at an acceleration voltage of 20.0 kV. Transmission electron
microscopy (TEM) was used to observe BN nanosheets with a JEOL JEM-2100F transmission
electron microscope at an accelerating voltage of 200 kV. The contact angle was determined by
an SL200B Contact Angle System (Solon Tech. Co., Ltd., China) at ambient temperature. At
least five points were detected for each sample. Thermogravimetric analysis (TGA) was
executed with a TGA Q5000 IR thermogravimetric analyzer (TA Instruments, U.S.) at a heating
rate of 20 °C mint. A combustion test was performed on a cone calorimeter (Fire Testing
Technology, UK) according to ISO 5660 standard procedures, with 100 x 100 x 5 mm?
specimens. Each specimen was exposed horizontally to 35 kW/m? external heat flux. All
samples were tested three times. Thermogravimetric analysis-infrared spectrometry (TG-IR)
was investigated with a TGA Q5000IR thermogravimetric analyzer linked to a Nicolet 6700
FTIR spectrophotometer from 20 to 700 °C at 10 °C /min (N2 atmosphere, flow rate of 30
mL/min). The micro-sized combustion behavior of TC and TC/BN composite aerogels was
performed on a microscale combustion calorimeter. Differential scanning calorimetry (DSC)
was conducted using a Q25 instrument (TA, USA) at a heating rate of 5 K/min from -20 to
50 °C under a nitrogen atmosphere. The light intensity of the Xe lamp and solar are measured
by a light intensity meter (TES-1333). The mechanical performance of TC/BN composite
aerogel is studied by the compression test, by a universal testing machine with a digital force
gauge (DS2, ZHIQU Precision Instruments) of a 100 N load at a displacement rate of 10
mm/min at 50% compression strain. N> adsorption-desorption isotherms were performed at
77 K using 3H-2000PS1 specific surface and pore size analysis instrument (BeiShiDe
Instruments, China). The specific surface area was calculated according to the Brunauer-
Emmett-Teller (BET) method.

2.5. Radiative cooling and Photo-thermal conversion test

6



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

UV-vis-NIR spectroscopy was performed using a Perkin-Elmer LAMBDA 1050 high-
performance UV-vis-NIR double-beam spectrophotometer. The emittance spectra were
obtained by measuring reflectance (R) and transmittance (T), which were calculated as 1-R-T.
According to Kirchhoff’s law, emittance is equivalent to absorptance when an object is in
thermodynamic equilibrium. Outdoor cooling performance was measured using a self-
assembled radiant refrigeration performance test device in Hefei, China. A homemade
measurement system mainly consisting of cold hydrazine with a diameter of 35.0 cm and a
height of 50.0 cm, a Xe lamp (CELPE300L-3A), an IR camera (FLIR-E95), and a digital camera
(FDRAX700 4K) was used to investigate the photo-thermal conversion effect under cold
enviroment. After being radiated by simulated solar light of 1.0 kW/m?, the surface temperature
and appearance of TC/BN composite aerogel were recorded to evaluate the photo-thermal
conversion performance. The humidity ranged from 70% to 80% and the test pressure is
101.325 kPa, i.e., standard atmospheric pressure.

2.6. EnergyPlus simulation

The length, width and height of each floor of building model are 40m, 20m, and 4m. The layer
number of building model is 8. Meanwhile, the height of glass is 1.5m. The TC/BN composite
aerogel cover onto the surface of building model, excluding rooftop and glass. The thickness of
TC/BN composite aerogel layer is 3.0 mm. The thermal conductivity, density, specific heat
capacity, and IR emissivity of TC/BN composite aerogel set as 0.04 W/mK, 0.0175 g/cm?, 1.5
kJ/(kg*K), and 0.843. The control sample is CaCOs. With same thickness, The thermal
conductivity, density, specific heat capacity, and IR emissivity of CaCOs3 set as 0.05 W/mK,
0.0175 g/cm?, 1.5 kJ/(kg*K), and 0.700. The solar and visible absorptivity of CaCOs are 0.1
and 0.1. In cold cities, the solar and visible absorptivity of TC/BN composite aerogel are 0.545
and 0.870. In hot cities, the solar and visible absorptivity of TC/BN composite aerogel are 0.082

and 0.098. Cairo, Singapore, and New Delhi are chosen as hot cities and Alaska, Mohe, and
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Yakutsk are chosen as cold cities. The ideal air condition system is used in this simulation,

without the energy limiting. The heating and cooling critical temperature is 20 °C and 26 °C.

3. Results and Discussion

3.1. Production of bio-inspired composite aerogels

Inspired by the molting phenomenon of animals and birds, a smart and thermochromic material
is developed with the classical microencapsulation technology (Figure 1e). Firstly, pre-
polymer of melamine resin was used for the encapsulation of bisphenol A, 2-Anilino-6-
dibutylamino-3-methylfluoran, and aliphatic alcohol, thus preparing thermochromic
microcapsules. Secondly, a directional-freezing method was employed to prepare bio-based
composite aerogels (Figure 1f). The significant temperature gradient promoted the directional
growth of the aerogel structure[17, 18]. With the addition of TC microcapsules, the prepared
composite aerogel not only converts solar energy to heat in cold weather, but also reflects the
solar energy and delivers heat to outer space in hot weather (Figure 1g).

As presented in Figure S1, the synthesized thermochromic microcapsules demonstrate an
appearance of gray-white. This phenomenon indicates that a small number of bisphenol A and
2-anilino-6-dibutylamino-3-methylfluoran is reacted, may attributed to the slight solidification
of mixed fatty alcohol at low temperature (~14 °C). Removed from an environment temperature
of 0 °C, thermochromic microcapsule gradually transition to gray-white from black, within 180s,
corresponding to the gradual melting process of mixed fatty alcohol (Figures 2a and S2). The
micro-morphology of thermochromic microcapsules is studied by SEM photographs,
presenting a typical spherical structure (Figures 2b; and S3). Obviously, the scale of the most
thermochromic microcapsules is from 2 pm to 5 um and has a uniform grain diameter dispersion
(Figure 2b1). The phase change temperature of thermochromic microcapsules is determined by
the DSC curve (Figure 2by). The endothermic peaks related to the melting process of fatty
alcohol are between 4.9 and 13.7 °C. This temperature range is also corresponding to the color
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change of white to black of thermochromic microcapsules. In addition, the long-term
performance of TC microcapsules during the solid/molten cycles is studied by a multi-cycle
DSC scan (Figure S4). Even with cycle tests of up to 50 times, all the endothermic curves were
similar to the initial curve, showing that the TC microcapsules have excellent phase transition
stability[19]. With the sonication process in a liquid phase, bulk BN powder was successfully
exfoliated into a sheet structure, with 500 nm in length (Figure S5). The digital photo and 3D
schematic of the prepared TC/BN composite aerogel are presented in Figures 2c: and 2ca.
During the formation of ice crystals, BN, SA, PA, and TC microcapsules will be repelled from
the suspension solution. Meanwhile, due to the directional heat loss caused by the copper
platform, the large temperature gradient promoted the vertical growth of ice crystals. The top
surface presents a disorder morphology, while the parallel skeleton structure in cross-section
indicates a directional growth mechanism (Figures 2d; and 2d>). A large number of voids with
ultrathin cell walls implies a low density (Figure 2ds). In addition, some TC microcapsules are
covered on the walls (Figure 2ds). The chemical elements of TC/BN composite aerogel are
determined by SEM-EDS Mapping (Figure 2ds). The element signals of B, N, O, and C
elements are consistent with the major materials, i.e., sodium alginate and boron nitride. The
ordered element distribution also confirms the directional structure of TC/BN composite
aerogel. The specific surface area of composite aerogel was calculated by the Brunauer-
Emmett-Teller (BET) method, which is up to 9.986 m?/g (Figure S6). Combined with the soft
and rigid nature of SA and BN nanosheets, this as-prepared composite aerogel exhibited high
strength to compression (Figure S7). At 0 °C, the compression strength of TC/BN composite
aerogel is up to 0.380 MPa. With a higher test temperature (30 °C), the fatty alcohol melts and
slightly decreases the corresponding compression strength to 0.323 MPa. Even though the fatty
alcohol will be melted into liquid at a relatively high temperature, the shell material prepared
by melamine resin still maintains the solid state to package the melted fatty alcohol. Therefore,

the mechanical properties of TC/BN aerogel composites are not influenced obviously by this
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melt behavior. Under simulated sunlight of 1.0 kW/m?, the surface temperature of TC/BN
composite aerogel is gradually increased to ~49.8 °C from 32.1 °C, achieving an equilibrium
temperature of ~49 °C in 100s (Figure 2e, S8, and S9). Compared to TC/BN composite aerogel,
TC composite aerogel without BN nanosheets presents a slightly higher equilibrium
temperature, near 53.1 °C at 150 s (bottom right corner in Figure 2e). The IR thermal images
corresponding to the time of TC/BN composite aerogel are presented in Figure S8. Given the
environment temperature of ~30 °C, the temperature increase of only ~19.8 °C in TC/BN
composite aerogel is relatively weak and attributed to the reflection effect of BN nanosheets
and porous structure in aerogel[20-22]. Meanwhile, the equilibrium temperature of low to ~49

°C also confirms its potential in the radiative cooling performance (Figure S9).

3.2. Thermal regulation performance of bio-inspired composite aerogels

Based on the UV-vis-near IR spectrum, the solar absorption of BN nanosheets, SA, and TC
microcapsules under room temperature are investigated (Figure 3ai). It is found that both SA
and TC microcapsules present a high absorption capability to UV (300-380) and visible light
(380-760 nm). Ranging from 250 nm to 640 nm of solar wavelength, solar absorption of both
TC and SA is more than 27.8%. Due to the large bandgap and high refractive index, an obvious
solar reflection is presented onto the surface of BN nanosheets, thus obtaining solar absorptivity
of ~20% in the whole solar waveband. Therefore, the introduction of BN nanosheets is able to
improve the solar reflection of composite aerogels at normal temperatures, avoiding the
unfavorable effect caused by solar energy. As expected, the addition of BN nanosheets
significantly decreases the solar absorption of TC/BN composite aerogel (Figure 3az). For
example, from 400 nm to 600 nm, solar absorption of TC composite aerogel is near 40%. With
the high reflectivity of BN nanosheets, the solar absorption of TC/BN composite aerogel in the

same waveband is decreased to 20%[23]. To compare the solar absorptions of TC and TC/BN
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composite aerogels more clearly, the solar absorption in the whole wavelength was calculated

according to the following equation[24]:

Amax Amax

a(8,¢0) = [, . Tsolarr0,¢) %solar0,0)dA/ fyin solarr,6,9) dA (1)

where a is the solar absorption (%), A is the wavelength (nm), Amin and Amax are 300 and 2500
nm, respectively. 0 is the polar angle, and ¢ is the azimuthal angle. Isolar(A) is the AM1.5G solar
spectral irradiance at A, and osolar(A) is the light absorption (%) at A. After the calculation, the
solar absorption of TC composite aerogels was low to 20.2% (corresponding to the solar
reflection of 79.8%). Meanwhile, the incorporation of BN nanosheets further decreases the solar
absorption to 8.2% (corresponding to the solar reflection of 91.8%). Interestingly, the solar
absorption of composite aerogel is lower than that of BN nanosheets, indicating an unexpected
factor mainly due to the multi incidence-reflection modes (Figure 3az). In flat and dense
structures, incident light successively goes through air, medium, and air, presenting two lines
of reflection light. As presented by SEM photographs, there are a lot of air voids and cell walls
that constitute the multilaminate interface. Therefore, multiple incidence-reflection will happen
on the interfaces between the aerogel skeleton and air, further enhancing the solar reflection
(Figure 3a4)[20]. An outdoor experiment was performed to record the surface temperature of
composite aerogel under solar illumination. The environment humidity is 53% and the solar
intensity is ~0.9 kW/m? (Hefei, China). As presented in Figures 3a; and 3ay, it is found that TC
aerogel without BN nanosheets has an obvious solar absorption in 300-700 nm. Meanwhile, in
Figure 2e, the surface temperature of TC aerogel is higher than that of TC/BN aerogel, at
simulated sunlight of 1.0 kW/m?. Therefore, it is anticipated that the radiative cooling effect of
TC aerogel is lower than that of TC/BN aerogel. In recent reports, the radiative cooling effect
of cellulose has been widely confirmed[25-27]. Based on such reasons, the radiative cooling
effect of composite aerogel is compared with cellulose paper, when carrying out an outdoor
experiment. It was found that the surface temperature of the paper crane prepared by cellulose

is close to 41.6 °C. In contrast, a lower surface temperature is presented in TC/BN composite
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aerogel, near 39.9 °C (Figures 3b: and 3bz). The temperature difference between TC/BN and
cellulose may be due to the radiative cooling effect, relating closely to the reflectivity in the
solar spectrum and IR emissivity in the atmospheric window. Therefore, the IR emissivity of
TC/BN composite aerogel within the atmospheric window was further studied (Figure 3bs).

The overall IR emissivity in the atmospheric window is defined and calculated by equation

(2)[24]:

Amax Amax

e\, 0,0) = fmin I(A,0,0) (A, 0,p)dA/ fxmin I(2, 6, @)dA 2
where ¢ is the IR emissivity (%), A is the wavelength (um), Amin and Amax are 5 pm and 17 um,
respectively. 0 is the polar angle, and ¢ is the azimuthal angle. I(A) means the spectral intensity
emitted by the blackbody at A. It is found that the overall IR emissivity of TC/BN composite
aerogel in the atmospheric window is up to 84.3%, may be due to the vibration of chemical
bonds in BN and sodium alginate [21, 28]. As presented in the FTIR spectrum, BN nanosheets
present a strong characteristic absorption peak near 12.44 um, corresponding to the FTIR
wavenumber of 803.86 cm™ generated from the out-of-plane bending vibration of B-N-B bond
(Figure 3b4). Two broad characteristic absorption peaks centered in 13.8 pm (724.6 cm™) and
12.5 um (800 cm™) in the FTIR spectrum of sodium alginate are assigned to the vibration of
uronic acid. In addition, the broad peak ranging from 8.6 um to 10 um is assigned to the
stretching vibration of C-O-C groups in sodium alginate. These characteristic peaks in BN
nanosheets and sodium alginate are coincident with the atmospheric transparency window. For
further investigating the radiative cooling effect, a continuous test of more than 8h was also
performed under humidity of 46-53% and solar intensity of 300-1000 W/m?. The schematic
for the test configuration is shown in Figure S10. With the solar reflection of aluminum foil
and thermal insulation of PS foam, thermal transmission and thermal convection are
significantly suppressed. In addition, highly IR-transparent polyethylene (PE) film covered the
surfaces of TC and TC/BN composite aerogel. The clear weather recorded by digital photos is

attributed to the radiation of heat to outer space (Figure 3ci). The highest temperature is
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presented in TC aerogel, corresponding to the absorption of partial solar energy shown in
Figure 3a,. Compared to environment temperature, it is found that TC/BN composite aerogel

can achieve an average temperature drop of ~5.62 °C (Figure 3c2). The more effective cooling

effect compared with the rare test presented in Figures 3b: and 3b; is attributed to the
elimination of thermal transmission and thermal convection. Therefore, this sub-ambient
temperature in TC/BN composite aerogel with the daytime radiative cooling effect can
effectively decrease the energy consumption of buildings caused by air conditioning cooling.
The introduction of thermochromic microcapsules can impart the TC/BN composite aerogel
with the ability of color change, under different environment temperatures. Taken from 0 °C to
~20 °C, the color of TC/BN composite aerogel gradually transfers to white from black in a short
time (Figure 4a:). In addition, the color change process of TC, BN, and TC/BN composite
aerogels treated with liquid nitrogen was also recorded, providing a cold environment (Figures
4a; and S11). Before the treatment of liquid nitrogen, all samples present white appearances (at
0s). After being treated with liquid nitrogen, the environment temperature is rapidly decreased
and the aliphatic alcohol is in a condensed state, thus repelling bisphenol A. As a result,
bisphenol A interacts with 2-Anilino-6-dibutylamino-3-methylfluoran to suffer from an
electron transfer process, thus constructing a conjugate structure. Therefore, the appearance of
TC and TC/BN composite aerogels rapidly becomes black. It is found that BN composite
aerogel without TC microcapsule demonstrates a white appearance all the time. The deep-black
morphology in TC and TC/BN composite aerogels indicates a potential photo-thermal
conversion in a cold environment, thus being employed in smart thermal regulation. The solar
absorption of TC microcapsules and TC/BN aerogel under a cold environment is also studied
by the UV-vis-Near IR spectrum. It is found that TC microcapsules and TC/BN aerogel
demonstrate a high solar absorption in 300-650 nm, overlapping with the UV-vis range (Figure
4b). Compared to the solar absorptivity of up to 95% in 300-650 nm of TC microcapsules, the
solar absorptivity of TC/BN composite aerogel is decreased to 87%, attributed to the multiple
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aerogel-air interfaces which promote the reflection effect. In addition, the solar absorption of
TC microcapsules and TC/BN aerogel ranging from 650 nm to 1100 nm is significantly reduced,
indicating the photo-thermal conversion effect of TC microcapsules and TC/BN aerogel
depends on the solar absorption in UV-vis waveband, rather near IR range.

The photo-thermal conversion effect of TC/BN composite aerogels under an environment
temperature of -8.8 °C is further investigated with a home-made device. Without any
illumination at Os, the TC/BN composite aerogel is deep-black, implying a strong photo-thermal
conversion effect (Figure 4c). After being illuminated by simulated sunlight of 1.0 kW/m?, the
color in the surface of TC/BN composite aerogel gradually becomes gray-white within 50s.
Based on the thermochromic mechanism, the gray-white color indicates a higher temperature
compared to the melting point of mixed fatty alcohol. The IR thermal imagery of TC/BN
composite aerogel also confirms that the temperature is increased by 28.3 °C, to ~16.9 °C from
-11.4°C (Figures 4d; and S12). Presented by the heating curve, the surface temperature rapidly
achieves the equilibrium temperature in 50s (Figure S13). Without the addition of TC
microcapsules, the photo-thermal conversion effect isn’t presented in BN composite aerogel.
The surface temperature of BN composite aerogel is slightly increased to ~8.3 °C, attributed to
the heating effect of near IR light contained in simulated sunlight (Figures 4d, and S14). In
addition, the smart photo-thermal conversion effect of TC/BN composite aerogel is also
compared with previous literature reporting other photo materials in normal and cold
environments. As presented in Figure 4e, it is found that the increased temperature (~21.2 °C)
of TC/BN composite aerogel is lower than those of non-adjustive photo-thermal materials,
under one sun and normal temperature[29-36]. These photo-thermal materials including
graphene, CNT, MXene, carbon black, and so on, present significant temperature increases
(from 30 to 95 °C). The temperature increase of TC/BN composite aerogel in a cold

environment is also evaluated in previous reports[37-40] (Figure 4e). Even though the surface
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temperature is not the highest, an acceptable photo-thermal conversion effect is still presented
by the increased temperature (~28.3 °C).

The energy-saving efficiency of TC/BN composite aerogel applied onto the surface of
buildings is calculated by EnergyPlus simulation, as presented in Figure 4f;. Detailed
parameters, including building model and material properties, are provided in the experimental
section. For conforming to practical application, CaCOs is chosen as the control material.
Referred to previous literature, the solar absorption and IR emissivity of CaCOs are set as 0.1
and 0.7[41, 42]. Alaska, Mohe, and Yakutsk are chosen as cold cities. Once the indoor
temperature is lower than 20 °C, the heating system will be run. Meanwhile, the cooling system
does not exist. It is found that the heating consumption of building model in Alaska, Mohe, and
Yakutsk are up to 1305.72 GJ, 2160.08 GJ, and 2971.11 GJ (Figure 4f;). With the cover of
TC/BN composite aerogel with a thickness of 3.0 mm onto the outer wall of the building model,
the corresponding energy consumption is decreased to 1261.04 GJ, 2101.22 GJ, and 2926.6 GJ,
presenting reductions of 44.68 GJ, 58.86 GJ, and 44.51 GJ. Meanwhile, Cairo, Singapore, and
New Delhi are selected as hot cities. Higher than 26 °C, the cooling system will be opened.
Compared to high energy consumption (475.83 GJ, 742.38 GJ, and 756.48 GJ), the cover of
TC/BN composite aerogel also reduces the cooling consumption to 465.72 GJ, 727.19 GJ, and
742.97 GJ (Figure 4f3). Even though the decrease ratio (1.5~3.4%) in building energy
consumption is not significant, the accumulated amount of energy saving in the tens of
thousands of cities and buildings will be extremely tremendous. Meanwhile, the simulation
results in hot and cold cities also strongly confirm the universality of TC/BN composite aerogel
on a global scale.

The color change mechanism is attributed to the temperature-sensitive melt feature of fatty
alcohol and the selective dissolution of bisphenol A (Figure 4g). At low temperatures, aliphatic
alcohol will be in a solidification state. Fluorane and bisphenol A are not dissolved into fatty

alcohol. Therefore, bisphenol A and fluorane will be blended and form a conjugated structure
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to absorb and convert solar energy (Figure 4g1). More than the melting point, fatty alcohol will
be in a melting state and bisphenol A can be dissolved into molten fatty alcohol. However,
fluorane is still not dissolved into melting fatty alcohol. As a result, bisphenol A and fluorane
will be separated, thus presenting a colorless appearance (Figure 4g2). The smart thermal
regulation based on solar thermal conversion and the radiative cooling effect is further analyzed.
Under the condition of thermal equilibrium, the gain net power of Pnet can be referred to as
Equation 3[24, 43, 44]:
Pret (T) = Psolar + Patm(Tamb) + Pconv+cond - Prad(T) ~ (3)

where Prag represents the energy that the sample emits outward, Psolar is the radiation received
from the sun, Pam is the radiation from the atmosphere, T is the surface temperature, Tamp is the
ambient temperature, and the material also performs nonradiative heat exchange with the
environment through thermal conduction and convection (Pconv+cond). Obviously, with the
change in environment temperature, the Psoar Of TC/BN composite aerogel is changed
correspondingly (Figure 4gs). Meanwhile, the Pconv+cond Will be also influenced by the
temperature difference between the environment and TC/BN composite aerogel. The Pconv+cond
will promote the temperature consistency of TC/BN composite aerogel with the environment,
thus leading to a negative effect on temperature regulation. In a cold environment, TC/BN
composite aerogel presents an effective solar thermal conversion, thus significantly harvesting
solar energy. As a result, the Pnet (T) will be increased substantially. In a hot environment,
TC/BN composite aerogel will reflect solar energy. Meanwhile, the heat is radiated
continuously to outer space with the transparent atmospheric window. Therefore, the Ppet (T)
will be decreased correspondingly. Obviously, in responding to the dynamic environment, the

changing Pret (T) contributes to imparting stable temperature to the material surface.
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3.3. Fireproof performance of bio-based composite aerogels

As reported by previous literature, BN nanosheets have extreme resistance to high temperatures
[45]. Meanwhile, the stable layer structure of BN nanosheets can suppress the delivery of
pyrolysis products and oxygen during combustion. Besides, the synergistic effect between
sodium alginate and phytic acid is capable of promoting the formation of a protective layer[46].
Presented in Figure 5, the heat release behavior of composite aerogel is evaluated by the cone
calorimeter test. Compared to most polymer materials, the heat release curve of TC aerogel is
broad relatively, without a keen-edged shape (Figure 5a1) [47]. Meanwhile, the peak value of
heat release rate (PHRR) and total heat release (THR) of TC aerogel are 164.6 kwW/m? and 15.4
MJ/m?, respectively (Figures 5a; and 5az). These results indicate a low fire hazard for TC
aerogel, attributed to the intrinsic flame retardancy of SA and PA. The introduction of BN
nanosheets further decreases the fire hazards of TC/BN composite aerogel, presenting PHRR
of 48.4 kW/m? and THR of 6.4 MJ/m?. The flat and broad heat release peak in TC/BN
composite aerogel may be due to the formation of a dense char layer that suppresses the
combustion reaction. The PHRR and THR of TC/BN composite aerogel are decreased by 70.6%
and 58.4%, respectively, compared to those of TC composite aerogel. The significant decreases
in heat release rate and total heat release confirm that the incorporated BN nanosheets are
capable of improving the fire safety of TC/BN composite aerogel. With the micro-calorimeter
(MCC) test, the fire hazards of composite aerogel are further investigated (Figure 5b). Three
heat release peaks are presented for TC composite aerogel. The first weak heat release peak is
presented near 250 °C, due to the thermal degradation of fatty alcohol or hydroxyl and carboxyl
groups[48]. The second and highest heat release peak is attributed to the combustion of
pyrolysis products from the main chain of sodium alginate, presenting the peak value of heat
release rate (PHRR) of up to 209.7 W/g. The oxidation of char residue causes the third heat
release peak. The introduction of BN nanosheets effectively suppresses the heat release of

composite aerogels. The PHRR value of TC/BN composite aerogel is decreased to 133.1 W/qg,
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presenting reductions of 36.5%. Interestingly, incorporated BN nanosheets lead to the
disappearance of the third peak in TC/BN composite aerogel. This result also confirms that the
introduction of BN nanosheets can effectively suppress the further oxidation of char residue[49].
As a result, the protective char layer can be effectively reserved, thus isolating the fire and
inflammable products.

A fireproof test is performed to investigate the fire safety of bio-based TC/BN composite
aerogel. It is found that the TC composite aerogel will be ignited by fire at 15s (Figure 5c1).
The grown fire also ignites the above paper at 35s, remarked by red narrow. It is found that the
addition of BN nanosheets significantly increases the fireproof performance (Figure 5c2).
Compared to TC composite aerogel, TC/BN nanosheets do not present a fierce combustion
phenomenon. During the combustion process, the fire is gradually extinguished at 50s.
Meanwhile, the above paper is not ignited, indicating a potential fireproof performance. These
results indicate that the incorporation of BN nanosheets can enhance the fireproof performance
of bio-based composite aerogel, which may be attributed to the synergetic mechanism among
sodium alginate, sodium phytic, and BN nanosheets[50]. The combustion residue of TC/BN
composite aerogel is further observed (Figure 5d). It is found that the char layer can be divided
into three layers. The white outermost layer can be BN nanosheets, without char residue (Figure
5d1)[51]. The middle layer shows a brownish appearance, maybe due to the composition of
more BN nanosheets and less char. The transitional middle layer also indicates that different
mechanisms together impart well-fireproof performance to TC/BN composite aerogel (Figure
5d>). The black appearance is presented in the innermost layer, which also occupies the most
residue (Figure 5dz). Due to the preparation process of composite aerogel, this black char
residue also contains BN nanosheets. However, even with white BN nanosheets, white
appearance is hard to find, confirming the high carbonization degree of TC/BN composite

aerogel after the combustion[52].
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The TGA test is carried out to investigate the thermal stability of TC/BN composite aerogel
(Figures 5e; and 5ez). Lower than 230 °C, the mass loss of ~10wt% is mainly attributed to the
carboxyl group of sodium alginate or fatty alcohol. The thermal degradation of hydroxyl and
ether bond together leads to mass loss in 230-330 °C. It is found that, at more than 330 °C, the
nitrogen and air atmospheres cause different thermal degradation behaviors, attributed to the
pyrolysis of the main chain and char layer[53]. The char residue at 800 °C of TC aerogel is 20.1
wt% and 26.7 wt%, corresponding to air and nitrogen atmospheres. Accordingly, the
introduction of BN nanosheets increases char residue to 60.5 wt% and 61.1 wt%. The practical
addition amount of BN nanosheets is 35.7wt%. Meanwhile, the TGA curve in the nitrogen
atmosphere indicates that BN nanosheets can maintain a stable weight under 800 °C (Figure
S15). Therefore, the theoretical char residue in TC/BN composite aerogel should be 48.6wt%
and 52.9wt%. The higher char residue in the experimental result indicates that the introduction
of BN nanosheets effectively promotes the formation of protective char residue in the air
atmosphere[54]. The gaseous pyrolysis products of TC and TC/BN composite aerogels are also
studied by the TG-IR spectrum (Figure 5f). The 3D TG-IR spectra of TC and TC/BN composite
aerogels are presented in Figures 5f; and S16. The characteristic peaks at 2820 cm™, 2360 cm’
12180 cm™, and 1740 cm™ are attributed to the production of hydrocarbons, CO2, CO, carbonyl
compounds[55]. Even with the addition of BN nanosheets, the main thermal pyrolysis products
are nearly the same, as shown in the profile chart of 3D TG-IR spectra (Figure 5f). In fact, the
high thermal stability also makes BN nanosheets not directly participate in the thermal pyrolysis
process of TC/BN composite aerogel. After being divided by sample mass, the absorbance
intensity of total pyrolysis products and hydrocarbons, CO», CO, and carbonyl compounds are
directly employed to investigate the release amount of pyrolysis products (Figures 5fz-f7). It is
found that the addition of BN nanosheets does not change the time corresponding to the
characteristic peaks. This phenomenon also confirms that BN nanosheets does not directly

participate in the thermal pyrolysis process of TC/BN composite aerogel. Besides, incorporated
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BN nanosheets effectively reduce the peak intensity, indicating less pyrolysis products[56].
Based on the TGA and TG-IR results, it is demonstrated that the introduction of BN nanosheets
effectively suppresses the thermal pyrolysis process of TC/BN composite aerogel, confirmed
by more condensed char residue and less gaseous products. Based on the above analyses, a
probable fireproof mechanism is put forward (Figure 5g). In the outermost layer, sodium
alginate and phytic acid will be first burned thoroughly to produce residue of BN
nanosheets[57]. The white shell in the char residue confirms this view. The produced BN-based
shell then promotes the carbonization reaction between sodium alginate as a carbon source and
sodium phytate as an acid source[58]. The brown transition layer and black core confirm the
effect and participation of BN nanosheets in the formation of a protective char layer. Especially,
the TGA and MCC results indicate that the introduction of BN nanosheets can suppress the

degradation of a protective layer, with high thermal stability and layer structure.

4. Conclusion

Based on the design and integration of multiple functional components, a bio-inspired,
sustainable, fire-safe composite aerogel towards smart thermal regulation was prepared by
combining thermochromic microcapsule, BN nanosheets, sodium alginate, and sodium phytate.
In addition to the large bandgap and high refractive index of BN nanosheets, multiple incidence-
reflection modes caused by the air-aerogel interface further increase the solar reflection of
composite aerogel to 91.8%. Under simulated sunlight of 1.0 kW/m?, the surface temperature
of composite aerogel is only increased to 49.8 °C. With IR emissivity of ~84.3%, TC/BN

composite aerogel demonstrates an average temperature drop of ~5.62 °C compared with the

environment. Meanwhile, based on the temperature-controlled switch between melting and
solidification of aliphatic alcohol, the reversible formation of conjugated structure within
thermochromic microcapsule is capable of converting solar energy into heat. The photo-thermal

effect of composite aerogel in cold environments also promotes solar harvest and increases the
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temperature of TC/BN composite aerogel by 28.3 °C under an environment of -8.8 °C. The high
thermal stability and layer structure make BN nanosheets suppress the combustion process of
TC/BN composite aerogel. Meanwhile, the pyrolysis products from sodium alginate and
sodium phytic together construct a protective char layer, with the assistance of the barrier effect
of BN nanosheets. As a result, this composite aerogel prepared isolates the delivery between
fire and inflammable products. In conclusion, this multifunctional composite aerogel not only
contributes to decreasing the huge energy consumption of buildings caused by indoor air
condition, but also provides an available solution for the disposal of fire hazards of thermal

management materials.
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Figure caption

Figure 1 Schematic diagram of multifunctional aerogels. Ideal solar reflection (a) and
absorption (b) curves in hot and cold environments; (¢c) The molt phenomenon of polar hare in
summer and winter (with permission.[13] Copyright 2018, Wiley) and the molecular formula
of melatonin; (d) The thermochromic mechanism between fluorane and bisphenol A: fluorane
can reversibly react with bisphenol A to produce a conjugated structure which can absorb solar
energy; (e) The preparation schematic diagram of thermochromic microcapsules based on the
microencapsulation technology with the interfacial polymerization: bisphenol A, 2-anilino-6-
dibutylamino-3-methylfluoran, and aliphatic alcohol are encapsulated by melamine resin; (f)
The preparation schematic of TC/BN composite aerogels with the directional freeze-drying
method: sodium alginate and sodium phytic are used as aerogel skeleton, while BN nanosheets
and TC microcapsule are added as functional fillers; (g) The smart thermal regulation modes
based on the solar thermal conversion under cold weather and radiative cooling under hot
weather.

Figure 2 Morphologies and optical properties of thermochromic microcapsules, BN nanosheets,
and composite aerogel. (a) Color change of thermochromic microcapsules from black in cold
temperature to gray-white in normal temperature; (b1)) SEM photograph of thermochromic
microcapsules showing a spherical morphology; (b2) DSC curve of thermochromic
microcapsules; (c1) Digital photo and (c2) 3D schematic of TC/BN composite aerogel which
has a pure white color; SEM photograph of top view (d1) and cross-section (d2-ds) of TC/BN
composite aerogel; (ds) SEM EDS Mapping spectra of TC/BN composite aerogel; (e) IR
thermal imaging of TC/BN and TC composite aerogels under simulated one sun.

Figure 3 Optical properties and outdoor radiative cooling experiment. (a1) Solar absorption
spectra of BN nanosheets, TC microcapsules, and sodium alginate; (a2) Solar absorption spectra
of TC and TC/BN composite aerogels; (as) Solar absorption spectra of BN nanosheets, TC, and

TC/BN composite aerogels; (as) Schematic for the multi reflection in air-aerogel interface; IR
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thermal imaging of paper crane (b1) and TC/BN composite aerogel (b2) in a field test (Hefei,
China), presenting surface temperature of 41.6 °C and 39.9 °C, respectively; (bs) IR emissivity
spectrum of TC/BN composite aerogel; (bs) FTIR spectra of BN and sodium alginate; (c1) Test
environment presented by digital photo; (c2) Temperature curves of air, TC, and TC/BN
composite aerogels with an LDPE cover.

Figure 4 The thermal regulation performance of composite aerogels. Color change of TC/BN
composite aerogel taken from 0 °C environment (a1) and treated by liquid nitrogen (a2); (b)
Solar absorption spectra of TC and TC/BN aerogel under cold environments; (c) Color change
process versus time of TC/BN composite aerogel under a cold environment, with simulated
sunlight of 1.0 kW/m?; IR thermal imaging of TC/BN composite aerogel (d1) and BN composite
aerogel (dz2) under simulated radiation of 1.0 kW/m?; (e) The comparison results of surface
temperature of TC/BN composite aergel with previous research works, under cold and normal
enviroments with 1.0 sun; (f1) Building Modeling of the EnergyPlus simulation to calculate the
energy-saving efficiency; Energy-saving efficiency for cold (f) and hot (f3) cities; Mechanism
diagram of change color of composite aerogels under cold (g1) and hot environments (g2); (gs)
Mechanism diagram for the temperature regulation behaviors of TC/BN composite aerogels.
Figure 5 Fire safety performance, thermal pyrolysis process, and fireproof mechanism of
TC/BN composite aerogel. (a1)) HRR and THR (a2) curves of TC and TC/BN composite
aerogels with cone calorimeter test; (b) HRR curves of TC and TC/BN composite aerogels with
micro-calorimeter test; The fireproof test of TC (c1) and TC/BN composite aerogels (c2); Digital
photo of char residue of TC/BN composite aerogel, presenting different morphologies in outer
(d1), middle (d2), and inner parts (ds); TGA curves of TC, BN, TC/BN composite aerogels under
nitrogen (e1) and air (e2) atmospheres; (f1) 3D TG-IR spectra of TC composite aerogel; (f2)
Profile chart of 3D TG-IR spectra of the pyrolysis gaseous products emitted from TC and

TC/BN composite aerogels at the maximum degradation rate; Absorbance of pyrolysis products
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756  for TC and TC/BN composite aerogels vs time (fz-f7); (g) The schematic diagram of fireproof

757  mechanism of TC/BN composite aerogel.
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