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Engineering Structural Janus MXene-nanofibrils Aerogels
for Season-Adaptive Radiative Thermal Regulation

Weiging Yang, Peng Xiao,* Shan Li, Feng Deng, Feng Ni, Chang Zhang, Jincui Gu,

Jinlin Yang, Shiao-Wei Kuo, Fengxia Geng,* and Tao Chen

Aerogels have provided a significant platform for passive radiation-enabled
thermal regulation, arousing extensive interest due to their capabilities of
radiative cooling or heating. However, there still remains challenge of devel-
oping functionally integrated aerogels for sustainable thermal regulation in
both hot and cold environment. Here, Janus structured MXene-nanofibrils
aerogel (JMNA) is rationally designed via a facile and efficient way. The
achieved aerogel presents the characteristic of high porosity (=98.2%),

good mechanical strength (tensile stress of =2 MPa, compressive stress

of =115 kPa), and macroscopic shaping property. Based on the asymmetric
structure, the JMNA with switchable functional layers can alternatively enable
passive radiative heating and cooling in winter and summer, respectively. As
a proof of concept, ]MNA can function as a switchable thermal-regulated roof
to effectively enable the inner house model to maintain >25 °C in winter and
<30 °C in hot summer. This design of Janus structured aerogels with compat-
ible and expandable capabilities is promising to widely benefit the low-energy

40% in the building systems.®”] Despite
the conventional insulation materials and
related heating-cooling equipment that
have been conducted,®! pursuing new
thermally regulated materials and technol-
ogies with non/low-energy consumption
is highly desired. Recently, passive radia-
tive thermal regulation has emerged as a
promising solution to alternatively achieve
thermal regulation without need of excess
power input.*™ Therefore, radiation reg-
ulation is considered as a direct, efficient,
and promising candidate to absorb input
sunlight and further to energy saving. The
radiation regulation significantly depends
on the physically/chemically modified and
synthesized materials, rational structural
design and effective functional coordina-

thermal regulation in changeable climate.

1. Introduction

In the 21st century, explosive growth of population has severely
accelerated the energy consumption, which further leads to
undesired energy crisis and even extreme weather.'3 Specifi-
cally, air-conditioning-based space cooling and heating, such
as buildings and automobiles, is one of the important parts of
energy consumption, which accounts for =12% of global energy
per year.*’] In developed countries, the value can raise to over

tion. In recent years, diverse radiation reg-

ulation materials have been significantly

developed, such as the thermochromic

materials,>9 the electrochromic mate-
rials,?%21 and mechanoresponsive materials.[?2-2°! However, the
materials requirements of biocompatibility and multi-function-
ality are highly desired. Meanwhile, the complex preparation
process and multi-layered structural design also limit the devel-
opment of radiation regulation materials and their application.
To this end, the rational design and fabrication of thermal
regulated materials are crucial, which can remarkably improve
the cooling or heating performance through adjustable physical
or chemical structures.[26-28]
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To achieve this objective, significant efforts have been
devoted to exploit a series of developed materials systems,
such as wood, aerogels, textiles, films, etc.?*34 Among them,
aerogels are characteristic of ultralightweight, highly porous,
excellent optical properties, and large specific surface area,l>="]
which are expected to be promising materials for thermal
regulation. Therefore, diverse aerogel materials have been
developed for thermal management, including the MXene
based aerogels, 33 Kevlar based nanofiber aerogels,**#l and
Boron Nitride nanocomposite aerogels,*#] etc. However,
some challenges still remain, including undesired mechanical
brittleness, environmental unfriendliness, and poor climate
adaptability.**! Typically, conventional aerogels preparation
was generally based on the freeze-drying method, resulting
in limited sizes, weak mechanical strength, and also massive
energy loss.’#1 Moreover, when the climate changed, the
achieved aerogels could scarcely adapt to the certain environ-
ment for alternative radiative cooling or heating.

In this work, we have designed a Janus-structured aerogels
composed of photothermal MXene-CNF layer and CNF layer via
a freeze-drying-free method, which enables switchable thermal
regulation to integrate passive radiative cooling and heating into
one material system for changeable environment. The achieved
aerogels present good compressive strength (=115 kPa), ultralow
densities (4=10 kg m™), and high porosity (=98.2%). Based
on the favorable mechanical properties, the Janus aerogel was
employed as a smart roof for season-adaptive radiative thermal
regulation. When CNF layer was exposed to the outer environ-
ment, the combination of outer layer high reflectivity and inner
layer low infrared emissivity enabled an effective passive radia-
tive cooling in summer. Furthermore, to tackle with the cold
winter, the MXene-CNF layer was used as the outer layer, which
could efficiently convert sunlight into considerable thermal
energy. And the generated heat could be further transferred to
the inner air through typical high infrared emissivity of CNF
layer, resulting in a remarkable passive radiative heating. The
facile fabrication method and rational design of Janus-structured
aerogels provide an alternative pathway for the development of
scalable climate-adaptive thermal regulated materials.

2. Results and Discussion

2.1. Application and Preparation Scheme of Janus
MXene-Nanofibrils Aerogel

Ice-templating materials with well-defined microstructures
play crucial roles in the fields of aerogels,”**l biomaterials,>”
catalysts,>>>* separation,l>* and energy conversion.’”%8! Here,
we prepared JMNA by ice templating method for season-adaptive
radiative thermal regulation. The low infrared emissivity of the
MXene-CNF layer enables further storage radiant energy and
optimized cooling performance. The extremely high light absorp-
tion intensity of the MXene-CNF layer can absorb the solar
energy and deliver it to the CNF layer with high infrared emis-
sivity, thereby keeping indoor warm in winter through infrared
thermal radiation (Scheme 1a). Meanwhile, the extremely high
solar reflectivity and infrared emissivity of the CNF layer are
beneficial to indoor radiative cooling in summer (Scheme 1b).
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From Scheme 1c, JMNA were fabricated with the suspen-
sions of CNFs, sodium alginate (SA), and MXene. For the
JMNA system, in order to maintain a stable macroscopic mor-
phology under the circumstance of materials transformation
from hydrogels to aerogels, a strong, dense, and interconnected
network is highly preferred. As shown in Figure Sla (Sup-
porting Information), an ice templating strategy was employed.
In this method, upon exposure of the hydrogels to tempera-
tures below the freezing point, ice crystals nucleate and grow,
resulting in the densification of the dispersed components in
the progressively reducing volume between the ice crystals.*
So, following thawing and solvent exchange, the CNF layer of
JMNA has ice-templated pores (Figure 2a). Typically, a suspen-
sion of CNFs (0.4-1.4 wt.%) and SA was poured into a mold,
followed by subjecting to freezing in a conventional freezer
(=-20 °C). The reciprocal negative charge of CNF and SA ena-
bles the formation of a homogeneous polymer mixture.>
Meanwhile, with the introduction of sodium alginate and
calcium ions, this technique can also produce water-resilient
aerogels that do not collapse in water.’062 Moreover, inter-
penetrating polymeric network is formed, in which the CNF
network is homogenously distributed within a Ca?*-cross-linked
network of sodium alginate to further improve JNA mechanical
property. As shown in Figure S2 (Supporting Information), the
compression performance of JNA without the addition of SA is
about 20 kPa lower than that of JNA-SA. After pouring another
solution of MXene (2 mg mL™) and CNFs to freezing, thawing,
solvent exchange, and ambient drying (FTSA). The integration
of the two layers was achieved by pre-freezing procedure, which
enabled the formation of stable interface structure between the
two layers. Therefore, JMNA was prepared by freeze-drying at
ambient temperature (=25 °C). Wet stability and mechanical
strength can be obtained during post-dissolution during solvent
exchange by incorporating CaCO; particles into the mixture.
HCl and CaCO; release Ca?" through chemical interaction
during solvent exchange. Simultaneously, most of the carbonate
ions were released from the system in the form of carbon
dioxide. Furthermore, an interpenetrating polymeric network is
then formed in which the CNF network is distributed within
the Ca?"-cross-linked network and intermolecular forces of SA
and MXene. Meanwhile, cellulose abundant surface groupst*>%3l
(e.g., —-COOH and —OH) ensured their affinity to MXene
surfaces through interactions of van der Waals, coordination
(e.g., fibril-C=0- - -Ti-MXene)l® and H-bonding (e.g., fibril-
OH- - -O-MXene, fibril-OH - - - F-MXene, and fibril-O- - - HO-
MXene) (Figure S1b, Supporting Information).*”! In this way,
the material to withstand the conversion from a hydrogel to
an aerogel without collapsing, strong, wet-stable, and inter-
connected network is built, which is achieved in this work by
ice templating and FTSA procedure. Season-adaptive radiative
thermal regulation is also realized through differences in optical
properties between the double layer of the JMNA.

2.2. Morphology and Physics Characterization of Janus
MXene-Nanofibrils Aerogel

After the JMNA by dried at ambient temperature, the bilayer
microstructure of the aerogel could be observed by SEM (Figure 1a;
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Scheme 1. JMNA application scheme for a) winter and b) summer thermal regulation. c) Preparation scheme of JMNA by ice templating method and

FTSA procedure.

Figure S3, Supporting Information). From the SEM image
of JMNA, we could find CNF layer with highly porous struc-
ture and MXene-CNF composite layer lamellar and wrinkled
structure. For the Mxene-CNF layer, the morphology can be
attributed to the 2D structure of MXene nanosheets. And the
extrusion may be caused by the growth of ice crystals during
freezing.[®) Meanwhile, the interface adhesion between the
two layers is mainly achieved by hydrogen bonding and Ca?*-
cross-linking network. According to the Figure S5a (Supporting
Information), the peel strength between MXene layer and CNF
layer has been obtained with the value of =180 kPa through the
two layers tensile stress test. In addition, we can also clearly
observe the exfoliated MXene nano-lamellar structure from the
TEM image of MXene (Figure S4, Supporting Information).
In order to further optimize the properties of the JMNA, we
optimize the CNF layer porosity, mechanical strength, and wet
stability by adjusting the concentration of CNF. As shown in
Figure 1D, the tensile stress of ambient-dried CNF aerogel (JNA)
presented a gradually increasing tendency when the concentra-
tion of TEMPO-CNFs increased from 4 mg mL™, 6 mg mL7,
8 mg mL™L, 10 mg mL™, 12 mg mL7, to 14 mg mL™L. This is
attributed to the increase in the CNF concentration, which
enhanced the Ca?*-cross-linked network. However, the excessive
Ca’*-cross-linked network could occupy numerous COO- on
the cellulose nanofibers, which can severely lose hydrophilic
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groups of the cellulose nanofibers’ surface, thus bringing
a decline in water absorption and porosity (Figure 1c and
Figure S6, Supporting Information). Therefore, the most
suitable concentration of the TEMPO-CNFs was =10 mg mL™
through the consideration of tensile stress, porosity, and water
absorption performance. Thus, the JNA could be optimized
with the porosity of =98.2%, the tensile stress of =2.2 MPa,
and the water absorption of =60 g g™ (Figure 1b,c) (see experi-
mental section for the details about the porosity measurement).
Also, as shown in Figure S5b (Supporting Information), the
optimized JMNA tensile stress is =2 MPa. Furthermore, when
the compressed aerogel absorbs water, these aerogels could also
have excellent compression recovery performance (Figure 1d,e).
From the Figure S7 (Supporting Information), when the JNA
has no water absorption, it cannot be recovered after com-
pression, and the increase of CaCO; will further improve the
compression performance due to the strengthening of the Ca?*-
cross-linked network. Meanwhile, when the CaCOj; content is
more than 0.1 wt.%, the Ca?" content is greater than that of the
carboxyl groups, resulting in no redundant cross-linking sites
left for Ca?* cross-linking, and the mechanical properties of
JNA have not been improved. Therefore, the CaCO; with the
content of 0.1 wt.% in JNA system was alternatively selected for
subsequent experiments and applications. However, JNA also
exhibit remarkable wet shape-recovery after water absorption,
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Figure 1. a) Electron micrographs of JMNA porous structure (CNF layer) and wrinkled structure (MXene-CNF layer) (the sample size: d =10 cm,
h = 2.5 cm). b) Tensile stress, ) porosity, water absorption properties, and d) cyclic (3 cycles) compression for JNA. e) Sequence of photographs
showing the ability of wet JMNA to be compressed at 25 °C, and then re-wetted to regain its original dimensions (the sample size:d=2cm, h=0.8 cm,
test number: n = 3). f) Preparation of JNA in diverse shapes (the sample size: d =5 cm, h = 2 cm, test number: n = 3).

followed by re-wetting (Figure le; Movie S1, Supporting
Information). In addition, the JNA and JMNA have excellent
cycle stability performance. As shown in Figure 1d and SSc
(Supporting Information), the compressive stress remains
=150 and =115 KPa after three-cycle compression, and the JNA
recovery rate is =100% after repeated compression (Movie S2,
Supporting Information), showing an excellent mechanical
property of the JNMA. This excellent shape recovery also facili-
tates efficient and environmentally friendly delivery of these
types of lightweight materials (Figure S8, Supporting Informa-
tion). Meanwhile, the excellent stability and Ca?*-cross-linked
network of the JNA were also crucial for further applications of
diverse shapes (Figure 1f; Figure S9, Supporting Information).

2.3. Thermal Regulation Mechanisms and
Performance Evaluation

More importantly, the optimized concentration of CNF layer
was combined with MXene to prepare JMNA for thermal
regulation application. As shown in Figure 2b,d, the thermal
regulation model is a smart window concept of JMNA, which
is capable of high efficiency and continuous thermal regulation
under sunlight illumination. Therefore, it can potentially be
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acted as a window screening bilayer aerogel of a temperature-
manageable window. Thus, JMNA was expected to regulate
the indoor temperature of living spaces suitable for human
comfort. In winter, the MXene-CNF side of the window was
exposed to sunlight, harvesting solar energy with the high solar
absorption (=97.5%) (Figure 2a). The absorbed solar energy was
delivered to the CNF layer with high infrared emissivity, so
the indoor temperature was raised by infrared thermal radia-
tion. (Figure 2b,c). In summer, the CNF side was exposed to
sunlight, reflecting solar energy with low absorption (=12%)
and porous structure (Figures la and 2a). Meanwhile, the
CNF layer dissipates solar energy through outwardly infrared
radiation. The low infrared emissivity of the MXene-CNF layer
further reduces the energy diffusion to the interior, resulting in
lower indoor temperature (Figure 2c,d).

In addition, the season-adaptive radiative thermal regulation
of the JMNA also benefits from the difference in thermal con-
ductivity between the MXene-CNF layer and the CNF layer.

Aerogels generally have ultralow thermal conductivities due
to their highly porous three-dimensional network with nano-
pores. The thermal conductivity of the CNF layer is extremely
low A =0.025 W m~! k', and the thermal conductivity increases
with the increase of MXene, reaching A =0.055 W m™ k! at
a mass ratio of 3:1 (Figure 2f). Due to the high absorbance of
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Figure 2. a) Absorption of MXene-CNF side and CNF side. b) Winter thermal regulation model (left) and heating mechanism (right). c) Infrared emis-
sivity of the MXene-CNF side and CNF side. d) Summer thermal regulation model (left) and cooling mechanism (right). e) Surface temperature of
MXene-CNF side and CNF side under one sun (the sample size: d =5 cm, h = 2.5 cm, test number: n = 3). f) Thermal conductivity of CNF layer and
MXene-CNF layer with different MXene contents (A=W m™ k™). g) Thermal conductivity comparing JMNA with relevant lightweight aerogel materials

found in the literature.l6-71

the MXene-CNF layer, the surface temperature can quickly
reach 85 °C within 2 min in one sun, and the low absorb-
ance and thermal conductivity of the CNF layer make the
surface temperature only up =32 °C (Figure 2e). Furthermore,
relatively speaking, considering other reported aerogel mate-
rials, the thermal conductivity of the CNF layer is lower than
most aerogel materials and the MXene-CNF layer exhibited
a superior overall performance as shown in Figure 2g.[6671
Owing to the low thermal conductivity, the Janus aerogels
with dynamic functional surfaces are expected to effectively
realize the winter heating and summer cooling. Therefore, in
specific environment of buildings, it is necessary to trap solar
energy and transport it into the inner building in winter and
block the solar energy into the inner building in summer. In
winter, the CNF layer with low thermal conductivity is inside
the building, which can remarkably decrease the building heat
loss and heating loads. Also, in summer, the CNF layer at the
outer surface can effectively block the thermal energy input and
transport the absorbed the surface energy into the atmosphere
via the high infrared emissivity.

In order to further demonstrate the thermal regulation
mechanism of JMNA, indoor thermal regulation simulation
experiments and structural optimization of JMNA were carried
out. Inset of Figure S10 (Supporting Information) schematically
illustrates the structure of the indoor experimental setup, and
details can be found in the experimental section. Insulation
foam and aluminum foil to isolate the heat exchange between
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the internal and external environment. The temperature of
device inside was detected by thermal couple in different
climatic conditions. The optimization of thermal regulation
performance could be tuned by the thickness of the JMNA
(Figure 3a; Figure S11, Supporting Information). In summer,
we demonstrate that the combined effect of the absorbance and
infrared emissivity of the JMNA could reduce the indoor tem-
perature. Similarly, thicker JMNA can further optimize winter
cooling by increasing solar reflection and transmission paths
(Figure S12, Supporting Information). As shown in Figure S13a
(Supporting Information), when the thickness of JMNA is
thin in the range of 0.5-1 cm, which cannot remarkably affect
the heat dissipation. However, the thermal convection is con-
sidered to contribute to the heat dissipation. Therefore, with
the increase of the thickness, the temperature difference for
winter heating can experience an improvement process. How-
ever, further increasing the thickness of JMNA ranging from
1 to 3 cm, the resulted heat transfer between the MXene-CNF
layer and the CNF layer can be remarkably affected, resulting
in the unfavourable increase of heat dissipation (Figure S13b,
Supporting Information). In addition, the thickness ratio of
the bilayer also played a significant role in the thermal regu-
lation performance of the JMNA. If the MXene-CNF layer
accounts for a large proportion, it is beneficent to the heating
performance in winter (Figure S14, Supporting Information).
Similarly, the CNF layer is dominant, it would be conducive
the cooling performance in summer (Figure S15, Supporting
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Figure 3. a) Indoor summer cooling and winter heating chamber interior temperature of ]MNA with different thickness (1 sun = 1000 W m~2, 0.8
sun =800 W m~2). b) Indoor summer cooling and winter heating chamber interior temperature difference of JMNA with different double-layer ratio.
c) Absorption and d) infrared emissivity of MXene-CNF layer with different MXene contents (the sample size: d = 5 cm, h = 2.5 c¢m, test number:
n = 3). COMSOL thermal regulation simulation of JMNA at €) winter heating and f) summer cooling.

Information). In general, when the bilayer thickness ratio of
=~1:2 and =2:1, the summer heating and winter cooling values of
the JMNA reached the maximum AT at =5.5 °C and =—9.8 °C,
respectively (Figure 3b).

More importantly, the MXene-CNF layer mass ratios of CNF
and MXene also have a significant influence on the thermal
regulation capability of the JMNA. As shown in Figure S16
(Supporting Information), the surface temperature of JMNA
presented a gradually decreased tendency when the mass
ratios of CNF and MXene increased from 2:1, 3:1, 41, 5:1,6:1,
to 1:0. Moreover, there was a remarkable absorption and emis-
sivity difference of MXene-CNF layer with the increased mass
ratios of CNF and MXene (Figure 3c,d). Furthermore, the effect
of the mass ratio of the JMNA bilayer on the thermal regula-
tion performance was detected to receive an optimal mass
ratio of MXene-CNF layer. When the relative proportion of
MZXene was high, the solar absorption showed a higher value
and the emissivity showed a lower value (Figure 3c,d). So, we
could know that a high proportion of MXene was beneficial
to winter heating and summer cooling (Figures S17 and S18,
Supporting Information). However, as shown in Figure 3d,
the excessive MXene dispersions can reduce CNF content
and Ca’*-cross-linked network, which lead to the reduction
in JMNA stability and severely affect the shape of JMNA.
Besides, the thermal regulation may experience a declined
performance (Figure 3d). Meanwhile, as shown in Figure S19a
(Supporting Information), compared with the MXene films,
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the absorbance of MXene-CNF aerogel shows a higher value.
To further explore the photothermal capacity, the temperature-
time curve is displayed in Figure S19b (Supporting Informa-
tion). It can be clearly observed that the temperature of the
MZXene-CNF aerogel is remarkably higher than that of the film
under 1 sun irradiation. Therefore, Janus structured MXene-
CNF aerogels are preferred in our system. Thus, considering
benefits and thermal regulation performance, the JMNA
could be optimized with the thickness of =2.5 cm (summer)
and =1 cm (winter), the CNF and MXene mass ratios of =3:1,
and the bilayer thickness ratio of =2:1 and =1:2 (Figure 3a,b;
Figure S18, Supporting Information). Furthermore, with the
increase of MXene concentration, the emissivity of the MXene-
CNF side also could be decreased. As shown in Figure S20a
(Supporting Information),b, the JMNA thermal emissivity
of the MXene-CNF side presented a gradually decreaseing ten-
dency as the MXene concentration increased from 2 mg mL™,
4 mg mL™, 6 mg mL™, to 8 mg mL™L. It can be found that the
emissivity is reduced from 75% to 52% in the infrared thermal
band of the atmospheric window. Meanwhile, with the increase
of MXene concentration, the MXene-CNF layer aerogels still
maintained favourable mechanical strength (Figure S20c,
Supporting Information). Therefore, the emissivity of the
MXene-CNF side could be effectively adjusted by controlling
MXene concentration. Based on the above-mentioned strategy,
the emissivity of MXene-CNF side can be rationally controlled
to be lower values. As a result, the heat loss in winter can be

(6 of 1) © 2023 Wiley-VCH GmbH
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effectively reduced with the improvement of radiative heating.
Meanwhile, comparative experiments were conducted to testify
the practical thermal regulation performance of JMNA. The
summer cooling and winter heating performance were further
compared with JNA in a window-closed room with continual
changing of ambient temperatureand solar intensity (Figure S21,
Supporting Information). The temperature difference (AT) and
thermal regulation capacities of JMNA were higher than the
CNF aerogel.

Apart from this, to further evaluate the cooling and warming
capacities of the JMNA, we performed a COMSOL simula-
tion heat transfer model to analyze the cooling and warming
capability (Figure 3e,f). For the simulation in a cold environ-
ment, the JMNA surface temperature (Ty) was =70 °C and
that of the ambient temperature was set to 20 °C in 0.8 sun;
this range includes the temperature change of the JMNA and
interior space (Figure 3e). Similarly, T; was =31 °C and that of
the ambient temperature was set to 40 °C in 1 sun to simulate
a hot environment (Figure 3f). More detailed information on
the simulation is presented in Figures S22-S24 (Supporting
Information) in the Supporting Information. Parameter setting
used in this study is depicted in Tables S1 and S2 (Supporting
Information). Heat transfer mainly occurs in the Z-direction,
and the grids are divided into multiple layers, and the grid
can be appropriately coarsened. There is no air convection on
the sides for heat dissipation. Originally, the winter heating
simulation structure had a lower ambient temperatures of
20 °C. However, the T; of the structure increased to =70 °C,
which is attributed to the high absorbance of the MXene-CNF
layer. Similarly, the T of the summer cooling structure =31 °C,
which is attributed to the low absorbance and thermal conduc-
tivity of the CNF layer. Furthermore, the JMNA temperature
contour images of the simulation are shown in Figure S22
(Supporting Information) for the JMNA bottom temperature of
=28 and =29 °C in winter heating and summer cooling, respec-
tively. The simulated results are approximately consistent with
the experimental results, and the JMNA shows thermal regula-
tion capacity in both summer and winter environments.

2.4. Outdoor Thermal Regulation Performance
Testing and Analysis

Moreover, a practical application for the thermal regulation per-
formance of the JMNA was carried out in the actual outdoor
environment. The outdoor experimental application site is
located on the roof terrace (urban area in Ningbo, 29.55° N,
121.37° E; subtropical monsoon climate). JMNA and CNF
aerogel were placed next to each other and exposed to direct
sunlight, as shown in Figure 4a. In winter, the MXene-CNF
layer of JMNA in Figure 4a was horizontally faced to the sky.
CNF aerogel was selected in the chamber as a control group
to demonstrate the thermal regulation ability of the JMNA.
Inset of Figure 4b schematically illustrates the structure inside
the chamber and details about the experimental setup can be
found in the experimental section. Thermocouples were encap-
sulated inside the PS foam chamber, and aerogel backs were
well insulated. A solar radiometer was used to monitor the
solar intensity. Chamber internal and ambient temperature
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was tracked by the thermocouple of multi-channel tempera-
ture tester and the temperature & humidity recorder. PMMA
board were used to reduce the convection heating from
ambient air, which is more in line with the practical application
scenarios. As shown in Figure 4d, the average solar intensity
was =0.72 Kw m~2 and the average relative humidity was =40%
during the experimental period (Beijing time 10-15 o’clock,
Ningbo in south China, Daytime on Dec. 3th, 2021). Figure 4e
shows that the chamber temperature of JMNA is =6 °C higher
than that of CNF aerogel and =4 °C higher than ambient tem-
perature. The temperature tracking result (Figure 4c) and the
distribution of temperature difference (Figure 4e) demonstrate
the reliability of the real-time measurement systems compared
with the lab experiment and thermal regulation simulations.
These temperature differences illustrate the advantageous
heating capability of the JMNA.

Similarly, in summer, the CNF layer of JMNA in Figure 5d
was horizontally facing to the sky. We can know that the average
solar intensity and relative humidity period were ~0.8 kW m™2
and =42% during the experimental period (Beijing time
12:30-14:30, Ningbo in south China, daytime on October 8,
2021). Furthermore, as shown in Figure 5c, the chamber tem-
perature of JMNA is =1.5 °C lower than that of CNF aerogel
and =7 °C lower than ambient temperature. The temperature
tracking result (Figure 5a) and the distribution of temperature
difference (Figure 5c¢) demonstrate the advantageous cooling
capability of the JMNA. Meanwhile, in 1 sun, the CNF layer
surface temperature and temperature difference (AT) were
further compared with other insulation aerogel or polymer
materials. The CNF layer surface temperature and tempera-
ture difference (AT) of JMNA were lower than other insulation
aerogel or polymer materials (Figures S25 and S26, Supporting
Information).

Furthermore, JMNA and CNF aerogel volume shows a
decrease of only =6% of their initial volume after 20 adsorp-
tion—desorption thermal regulation performance cycles
(Figure Se; Figure S27, Supporting Information) but reaches a
steady state after 5 cycles. It can be observed that the results
present a slight decrease of its volume from 9.8 cm? t0 9.2 cm?,
which exhibits an excellent cycle stability. Therefore, due to the
porous, Ca?-cross-linked network structure, and re-wetting
stability, JMNA shows an excellent mechanical property, cycle
stability and volume stability. This also improves the durability
and tolerance of JMNA in practical thermal regulation applica-
tions. Meanwhile, the JMNA presented favorable thermal regu-
lation, which was comparable to the majority of the previously
reported non-biomass and other biomass materials in summer
cooling (Figure 5f).1267271 The high temperature regula-
tion performance and stability of JMNA suggests that these
materials pave the way towards the development of new
highly efficient processes for season-adaptive radiative thermal
regulation.

3. Conclusion

In summary, we have proposed a Janus-structured aerogel via a
freeze-drying-free method for climate-adaptive passive radiative
thermal regulation. In our system, the Janus MXene-nanofibrils
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Figure 4. a) Photograph and b) schematic of the outdoor temperature measurement thermal regulation setup in winter environment (urban area in
Ningbo, 29.55° N, 121.37° E, Dec 03, 2021) (the sample size: =10 cm x10 cmx1 cm, test number: n = 3). c) Temperature tracking of the JMNA, JNA, and
ambient air. d) Solar intensity and relative humidity variations. €) JMNA and JNA temperature difference variations relative to ambient temperature.

(Time: 10:30-15:00.)

aerogel was effectively prepared via a facile freeze-drying-free
method, demonstrating the characteristic of good mechanical
strength, high porosity, and low density. The achieved Janus
aerogel could function as a smart roof for both passive radiative
cooling and heating through the switchable surface. Therefore,
the Janus aerogel with CNF layer exposed to the outer space
can result in high reflection and low absorbance of sunlight,
but low infrared emissivity into inner house. On the contrary,
when the MXene-CNF composite layer with high absorbance
and low infrared emissivity was used as the outer layer, the
Janus one could effectively convert sunlight into considerable
thermal energy and the inner CNF layer could prominently
elevate the inner temperature through high infrared emissivity.
As a result, the indoor temperature could maintain below 30 °C
in summer with ambient temperature of =40 °C, and >25 °C in
winter with ambient temperature of =20 °C.

4. Experimental Section

Materials: TEMPO-CNFs were purchased from Zhejiang Jinjiahao
Green Nano Material Co., Ltd. MXene were purchased from Science
Compass-Feynman Nano. Sodium Alginate and CaCO; were produced
by Shanghai Aladdin Biochemical Technology Co., Ltd. Acetone and HCI
were purchased from Sinopharm Chemical Reagent Co., Ltd.

Preparation of Ambient-Dried Ca®*-Cross-Linked Network CNF Aerogels:
TEMPO-CNFs (1.0 wt.%) and alginate solution (0.5 wt.%) were mixed in
a mass ratio of 40:1. The CaCOj particle suspension (0.1 wt.%) was then
added to the CNF-SA mixture. The mixture is stirred for 1-2 h, and then
evenly distributed into polystyrene petri dishes (20 mm wide and 10 mm
high). The mold was kept in the fridge (4 °C, 1 h) to homogenize the

Small 2023, 19, 2302509 2302509

temperature within the dishes before freezing overnight (—20 °C). The
following day, the frozen hydrogel was put in a solution of hydrochloric
acid (0.1 mol) in acetone for 1 h at room temperature before being
solvent exchanged with pure acetone (3x30 min). The acetone-soaked
aerogels were subsequently ambient-dried. Finally, the ambient-dried
CNF aerogel was successfully prepared.

Preparation of Ambient-Dried Janus MXene-nanofibrils ~Aerogels:
TEMPO-CNFs (1.0 wt.%) and alginate solution (0.5 wt.%) were mixed
in a mass ratio of 40:1. The CaCOjs particle suspension (0.1 wt.%) was
then added to the CNF-SA mixture. Similarly, another mixture with
a mass ratio of TEMPO-CNF(1.0 wt.%) and MXene (0.2 wt.%) of 3:1
was mixed. The CaCOj; particle suspension (0.1 wt.%) was then added
to the CNF-MXene mixture. These two mixtures were stirred for 1-2 h,
and then evenly distributed into two polystyrene petri dishes (20 mm
wide and 10 mm high), respectively. The molds were kept in the fridge
(4 °C, 1 h) to homogenize the temperature within the dishes.
Furthermore, the suspension of CNF-SA-CaCO; mixture was followed
by subjecting to freezing (-20 °C). Freezing was also performed after
pouring another solution of CNF-MXene-CaCO; mixture (—20 °C).
The following day, the Janus frozen hydrogel was put in a solution of
hydrochloric acid (0.1 mol) in acetone for 1 h at room temperature before
being solvent exchanged with pure acetone (3x30 min). The acetone-
soaked aerogels were subsequently ambient-dried. Finally, the ambient-
dried Janus MXene- nanofibrils aerogel was successfully prepared.

Porosity Calculation and Measurement of Ca**-Cross-Linked Network
CNF Aerogel: The CNF aerogel porosity () is expressed as:

9=%x100% )

The porosity was determined by the densities of the aerogel (p,) and
pure cellulose (p,). p.was set as =1.27 g cm=. p,, is functions of aerogel
mass (m,) and volume (v,), which is expressed as:

(8 of 1) © 2023 Wiley-VCH GmbH
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Figure 5. a) Temperature tracking of the JMNA, JNA, and ambient air. b) Solar intensity and relative humidity variations. c¢) JMNA temperature
difference variations relative to ambient temperature and JNA temperature (illustration). (Time: 12:30-14:30). d) Schematic of the outdoor temperature
measurement thermal regulation setup in summer environment (urban area in Ningbo, 29.55° N, 121.37° E, Oct 08, 2021). e) JMNA volume variations
in cycling stability test and thermal imaging (the sample size: d =2 cm, h = 2 cm, test number: n = 20). f) Cooling temperature difference comparing
JMNA with relevant cooling and insulation materials found in the literature.267277]
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Indoor Thermal Regulation Simulation Test: As shown in Figure S10
(Supporting Information), to initially investigate and optimize the
thermal regulation performance of JMNA, “indoor experiments” were
conducted by using a self-designed testing device. Similarly, used
were thermal-insulated devices covered by aluminum foil in attempts
to prevent the devices from being heated by reflecting solar light. To
maintain the structural stability of the device, insulation foam was
used as a framework inside and also to further insulate heat exchange
between the internal and external environment. With high stability and
strength, a 10 cm diameter JMNA was fixed and attached smoothly on
the aluminum foil edge. Set different solar intensities and simulate
harsh summer climates with a solar simulator. Meanwhile, simulate
winter climatic environmental conditions with an indoor air conditioning
system. A thermocouple was connected with a multi-channel
temperature tester (JK-4000, China) to record the temperature of the
sample inside and the bottom layer in real time.

Actual Outdoor Environment Thermal Regulation Test: As shown in
Figures 4b and 5d, the insulating baffle consisted of insulating foam
and rubber plastic cotton made of high-density butyl rubber, and the
outermost aluminum foil was packaged in the surface of the wooden

Small 2023, 19, 2302509
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box to reduce heat conduction with the ambient environment. The top
layer was a PMMA board to reduce convection. Each individual chamber
was separated by insulating foam to reduce internal convection and
conduction. In winter, the MXene-CNF layer is exposed on the outside,
which increases the inside chamber temperature by absorbing solar
energy and internal infrared thermal radiation. Similarly, in summer,
the CNF layer is on the outside, which reduces the inside chamber
temperature by reflecting sunlight and reducing thermal radiation.
Meanwhile, the multi-channel temperature tester (JK-4000, China)
detects the temperature in the two chambers. The ambient temperature
and humidity were simultaneously recorded by a Temperature &
Humidity recorder (Cos-03, China).

Thermal Regulation Measurement: The IR camera (FLIR E8, Germany)
was employed to realize a real-time recording of the surface temperature
and IR images of the different aerogel samples. For the outdoor thermal
measurement, a self-designed device was used to conduct experimental
tests under different conditions. The solar power was measured with a
solar radiometer (TES-132, China).

COMSOL Thermal Regulation Simulation: Season-adaptive radiative
thermal regulation simulation was completed by computer using
COMSOL software. COMSOL multiphysics was a cross-platform finite
element analysis and multiphysics simulation software. This software
allowed conventional physics-based user interfaces and coupled
systems of partial differential equations. The numerical simulations were

© 2023 Wiley-VCH GmbH
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conducted by COMSOL multiphysics under steady analysis mode with a
model built using a cartesian coordinate system. The physical properties
of the aerogel and indoor space environment were measured in this
work or were taken from the literature.”®l The mesh and parameter
setting used in this study is depicted in Figures S22-S24 and Table S1
and S2 (Supporting Information).

Characterizations: Transmission electron microscopy (TEM, Japan)
and field emission scanning electron microscopy (FESEM, Japan)
images were performed on JEOL-2100-HR (JEOL, Japan) and Hitachi-S4800
(Hitachi, Japan), respectively. Ultraviolet—visible-near infrared (UV-vis—NIR)
spectrophotometer (PerkinElmer, Lambda 950, USA) was used to test the
transmittance and reflection of the aerogel samples. The IR reflectance
and transmittance of the aerogel samples were measured with an FTIR
spectrometer (NICOLET-6700, Thermo, USA) equipped with a diffuse
gold integrating sphere. The solar simulator (PL-X300DF, China) was
used to adjust the solar intensity. A universal tensile testing machine
(Zwick, Z1.0, Germany) was used to characterize the tensile stress and
compressive stress properties of the aerogel. Thermal conductivities
of JMNA and JNA were tested by the laser thermal conductivity meter
(LFA457, Germany).

Statistical Analysis: The experimental data of temperature — time curve
was not pre-processed. The temperature at CNF side and MXene-CNF
side were tested by thermocouple, and the error bars of experimental
data were presented with a mean * standard deviation (SD). The
sample size for optical characterization was 10 cm X 2.5 cm (d x h). The
experimental data of porosity, water absorption, and indoor simulation
Test were tested at least three locations and presented with mean £
standard deviation. The software of Excel was employed to conduct
one-way analysis of variance (one-way ANOVA), and the difference
among samples was considered to be important when the calculated
p-value was <0.05. Season-adaptive radiative thermal regulation
simulation and analysis were completed by computer using COMSOL
software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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