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Fatty Alcohol-Based “Smart Windows” Driven by
Photo-Thermal Materials Toward Thermal Management in
Hot Regions and High Fire Safety

Wei Cai, Tianyang Cui, Liangyuan Qi, Junling Wang, Wei Wang, Chengfei Cao, Shuo Shi,
Xin Hu, Mohammad Ziaur Rahman, Weiyi Xing,* De-Yi Wang,* and Bin Fei*

In modern architecture, windows are increasingly employed as curtain wall
structures, playing a critical approach in regulating indoor environments to re-
duce building energy consumption. Meanwhile, the demands for transparency
and flame retardancy present significant challenges in guaranteeing people’s
privacy and safety. In response, a two-layer “smart window” is designed to
achieve thermal management, privacy protection, and fire safety, through lever-
aging the photo-thermal effect of MXene nanosheets, the phase change charac-
teristic of fatty alcohol, and the flame-retardant effect of tetrabromobisphenol
A (TBBPA). In the daytime, MXene not only absorbs solar energy to mitigate its
heating effect on indoor temperatures and achieve an average decrease of ≈4.2
°C but also facilitates the melting of fatty alcohol to provide optimal daylighting
conditions (transmissivity of 65.0%). In the nighttime, the solidified fatty
alcohol prevents light transmittance (modulation of 30.6%) and significantly
enhances the light deviation to protect personal privacy. Besides, TBBPA
dissolved in fatty alcohol effectively enhances the fire safety performance of
“smart windows” without sacrificing the transparency. Most importantly, the
manufacturing approach is extremely simple to present significant advantages
compared to other “smart windows”, promoting its practical application in
emerging buildings in terms of energy saving, privacy protection, and fire safety.

1. Introduction

The indoor environment adjustments of buildings account for
≈40% of global energy consumption, encompassing ventilation,
heating, and cooling.[1] Even worse, this figure is steadily ris-
ing due to the pursuit of higher living standards. Windows and
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outer walls play crucial roles in exchanging
indoor heat with the environment.[2] To re-
duce energy consumption in building cool-
ing, research institutes and scholars world-
wide are dedicated to developing daytime
radiative cooling materials that can be ap-
plied to exterior walls. These materials re-
flect solar energy and radiate the building’s
heat outward.[2b,3] While numerous studies
focus on the application of radiative cool-
ing materials on building walls, the de-
velopment of smart windows has received
less attention and poses a greater challenge
due to the requirement for transparency.[4]

Although there is less research on smart
windows compared to daytime radiative
cooling materials, various types of smart
windows have been designed and fabricated
to regulate indoor environments, includ-
ing thermochromic, electrochromic, and
photochromic windows.[5] Notably, vana-
dium dioxide (VO2), known for its re-
versible metal-to-insulator transition, has
been synthesized to create polymer-based
nanocomposites that reflect near-infrared

(NIR) light from solar illumination, serving as a representa-
tive thermochromic material.[6] For instance, VO2 nanoparticles
are spin-coated onto the surface of a poly(methyl methacrylate)
(PMMA) spacer, using PMMA as a polymer binder to modu-
late transmittance.[6b] Due to its reflective properties in the NIR
region, a solar transmission modulation of ≈9.3% is achieved,
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Figure 1. Design concept of smart window with thermal management, privacy protection, and fire safety. (a) Conventional design of sun umbrella,
absorbing solar energy to decrease the bottom temperature; Working principle of smart window at daytime (b1) and nighttime (b2); (c) The vertical
propagation of fire along glass curtain wall; (d1 and d2) The dispersion state of fatty alcohol and TBBPA within WPU matrix.

reducing the NIR heating effect during hot seasons. Despite
the significant potential of VO2-based smart windows to regu-
late room temperature, their transition temperature (≈68 °C) be-
tween metal and insulator states is much higher than typical
room or environmental temperatures and needs to be lowered
through doping strategies.[7] By the Fe/Mg co-doping approach, a
phase transition temperature≈38.2 °C is realized by Jiang et al.[8]

However, the preparation and application of VO2 nanoparticles
doped by other elements will significantly increase the commer-
cial cost in the practical application, particularly due to the high-
temperature calcination involved.[9]

In addition to vanadium dioxide, hydrogel-based ther-
mochromic windows are also garnering wide attention from
academic institutions and researchers. The thermochromic
mechanism in hydrogels primarily stems from the structure
transformation of polymer molecules, which causes the switch
between hydrophilicity and hydrophobicity.[10] When the envi-
ronment temperature exceeds a critical temperature, polymer
molecules that are well dissolved in hydrogels become hy-
drophobic and aggregate together to form micelles, further
blocking light transmission. Recent research on hydrogel-based
thermochromic windows has focused on the design, functional-
ization, and modification of poly(N-isopropylacrylamide) (PNI-
PAM). For instance, Fu et al. introduce hydrophilic monomer
N, N-dimethylacrylamide (DMAA) in the molecule structure
of PNIPAM through the in situ free radical copolymerization,
reducing the critical temperature to 32.5 from 43.5 °C.[10] This
structural design achieves solar modulation of up to 88.84% and
intrinsic transmittance of up to 91.30% across the full spectrum,
resulting in energy savings of up to 4.30 J m−3, as confirmed
by the EnergyPlus simulation.[10] However, the raw materials
for synthesizing PNIPAM are expensive, hindering further
commercial popularization. Meanwhile, uniformly injecting hy-
drogels between two sheets of glass with a large manufacturing
scale is extremely challenging and poses a risk of leakage.
Here’s a practical example the window used in automobile

skylights usually employs a transparent black structure to ab-

sorb solar energy, thus decreasing the heating effect on the
car’s interior temperature. A similar phenomenon is observed
with the sun umbrella (Figure 1a1). Unlike pure-white mor-
phology in the daytime radiative cooling technology, the black
characteristic helps avoid visual pollution associated with white
surfaces.[11] However, incorporating black materials into win-
dows can reduce transparency, affecting visual clarity. As an
emerging 2D nanomaterial, MXene nanosheets have demon-
strated a significant absorption effect in solar energy.[12] Accord-
ing to Sun et al., adding a small quantity of MXene nanosheets
can still maintain a high transparency, evidenced by the high
transmittance of 71.4% at 550 nm.[13] This means that coating
MXene nanosheets onto glass surfaces can mitigate the solar
heating effect in room temperature while preserving a desirable
transparency. Interestingly, Silva et al. prepared a “smart” win-
dow by combining polyethylene glycol and chitin nanofibers,
switching between transparent and vague states due to the phase
change of polyethylene glycol in response to the environment
temperature.[14] This window allows solar light penetration at 35
°C, while becoming opaque to protect privacy at 25 °C. How-
ever, the uniform and continuous dispersion of polyethylene
glycol in the “smart” window poses a leakage risk.[15] As an
alternative organic phase change material, fatty alcohol is in-
soluble in water and can form an island structure in water-
soluble/dispersed polymer resin, addressing the typical leakage
risk.[16] Besides, waterborne polyurethane (WPU) is a commer-
cial cationic polymer (i.e., quaternary ammonium structure) that
can be dispersed in water with a colloidal structure. Once dried,
pure WPU is highly transparent. Therefore, incorporating fatty
alcohol into WPU resin allows regulation of transparency and
opacity through the melting and solid states of fatty alcohol, cor-
responding to transparent and white appearances, respectively.
Under solar illumination, the photo-thermal MXene-based layer
is capable of raising the temperature of the WPU/fatty alcohol
composite to a liquid state, resulting in a transparent structure
(Figure 1b1). Into the night, the fatty alcohol gradually cools to
a solid state, creating an opaque appearance in the WPU/fatty
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alcohol composite to further block the view from outside
(Figure 1b2).
Recent research advancements usually neglect the fire hazard

associated with smart windows that use polymer resin as base
materials. For instance, PMMA is commonly used to incorpo-
rate VO2 nanomaterials in the fabrication of smart windows.[17]

As organic materials, typical polymers are highly flammable and
can release a lot of heat and toxic gases. In addition, using
polymer-based materials as the smart window can cause a ver-
tical spread of fire along a wall (Figure 1c).[18] It has been found
that bisphenol A can selectively dissolve in liquid fatty alcohol.[19]

Tetrabromobisphenol-A (TBBPA), a commercial flame retardant
with a structure similar to bisphenol A, may also dissolve in fatty
alcohol. Although the flame-retardant mechanism of TBBPA can
producemore smoke particles, outdoor conditions can effectively
reduce the risk posed by these particles.[20] Meanwhile, on 10 De-
cember 2024, the EuropeanUnion announced the termination of
the legislative proposal to include tetrabromobisphenol A in the
list of restricted substances of the RoHS Directive (2011/65/EU)
with immediate effect. Herein, by leveraging the diverse disper-
sion properties in the water, TBBPA and fatty alcohol will to-
gether form an island structure within a water-soluble/dispersed
polymer.
Herein, we aim to reduce energy consumption, ensure pri-

vacy, and enhance fire safety by utilizing the photo-thermal effect
of MXene nanosheets, the phase change properties of fatty al-
cohol, and the flame-retardant capabilities of TBBPA. We have
developed a smart, self-adaptive composite film that functions
as a “smart window”, providing transparency during the day
and light shielding at night (Figure 1b). Due to the photo-
thermal effect of MXene, the fatty alcohol melts to meet the
refractive index with a waterborne polyurethan (WPU) matrix,
allowing for transparency during the day (Figure 1b1). Mean-
while, MXene nanosheets further absorb the solar energy, mit-
igating its heating effect on indoor temperatures. At night, the
cooled and solidified fatty alcohol blocks light transmission and
enhances light diffusion to protect privacy (Figure 1b2). Fur-
thermore, the flame-retardant TBBPA, dissolved in fatty alco-
hol, addresses the issue of vertical fire propagation in high-
rise buildings without affecting transparency. Most importantly,
this work presents an extremely simple method for preparing a
smart, self-adaptive composite film, advancing the development
of thermal management materials to reduce building energy
consumption.

2. Results and Discussion

2.1. The Synthesis of WPU/Fatty Alcohol

Herein, we present a two-layer “smart windows” designed to
achieve thermal management, privacy protection, and fire safety,
by leveraging the photo-thermal effect of MXene, phase change
properties of fatty alcohol, and flame-retardant capabilities of
tetrabromobisphenol A (TBBPA). The photo-thermal conversion
effect of MXene nanosheets allows the phase change process
of n-hexadecanol to be easily regulated by solar intensity, en-
abling the transition between white and transparent states. Given
the high temperature generated by the photo-thermal conver-
sion of MXene nanosheets, a high phase change temperature

is essential for practical application, preventing the melting be-
havior of fatty alcohols at low solar intensities. Among fatty al-
cohols, n-hexadecanol with a phase change temperature near
50 °C, remains solid, making it an ideal choice for exploring
the transparency and opacity-switching behavior of this smart
window design. First, n-hexadecanol (C16-OH) and WPU are
physically mixed at room temperature in varying mass ratios
and gradually heated to 80 °C. As n-hexadecanol is non-polar
and insoluble in water, it forms oil droplets within the WPU
solution during heating and stirring. Meanwhile, the blending
temperature of 80 °C disrupts the colloidal dispersion of the
WPU solution, precipitating in the mixture.[21] It is hypothe-
sized that the WPU molecule will assemble onto the surface
of n-hexadecanol droplets, gradually losing fluidity (Figure 2a).
After the uniform blend, the WPU/C16-OH composite becomes
sufficiently viscous to be applied onto the surface using the
blade method. Composites with 10, 20, 30, 40, and 50 wt.%
n-hexadecanol in the WPU matrix are designated as WPU-1,
WPU-2, WPU-3, WPU-4, and WPU-5, respectively. The pre-
pared WPU/C16-OH composite films are then adhered onto the
top of a patterned surface (Figure 2b). It was found that, even
though the addition of 30 and 50 wt.% n-hexadecanol in WPU
(WPU-3 and WPU-5) obviously decreases the transparency, the
underlying pattern remains visible. When placed 2 cm above
the pattern, WPU-5 gradually and completely obscures the pat-
tern as it cools from 60 °C to room temperature (≈21 °C),
due to its high haze value (Figure 2c; Figure S1, Supporting
Information).[22] When heated to 60 °C, pure n-hexadecanol
quickly melts and spreads (Figure 2d1; Figure S2, Supporting
Information). In contrast, the composite film becomes transpar-
ent while maintaining its structure (Figure 2d1). Upon cooling,
both the composite film and pure n-hexadecanol revert to a non-
transparent state (Figure 2d2; Figure S3, Supporting Informa-
tion). Throughout the heating and cooling process, the leakage
phenomenon isn’t presented for this composite film, due to the
packaging effect of WPU.[23] Based on the above phenomenon,
the switch function between non-transparent and transparent
of composite film is attributed to the phase change behavior of
n-hexadecanol.
In addition, the effect of varying the amount of n-hexadecanol

in the transmittance of the WPU composite is also examined
(Figure 2e). As the proportion of n-hexadecanol increases, the
transmittance of the WPU composite films decreases at room
temperature. Even though the transmittance of WPU-5 remains
above 40% in the solar wavelength range, the scattering effect of
n-hexadecanol crystal successfully alters the angle of the incident
light, resulting in a high haze value, as confirmed by Figure 2c.
The transition between transparent and opaque states is achieved
through the phase change of fatty alcohol. This means that
different fatty alcohols and their mixture can provide different
phase-change temperatures. In addition to pure n-hexadecanol,
laurinol, and n-decanol, laurinol is mixed respectively with n-
hexadecanol and n-decanol with a mass ratio of 1:1. Their switch
temperatures, ranging from 0 to 50 °C, are revealed by the dif-
ferential scanning calorimetry (DSC) curves, meeting the re-
quirement in different environments and regions (Figure 2f).
It is observed that the mixtures of fatty alcohols exhibit
lower phase-change temperatures compared to individual fatty
alcohols.
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Figure 2. The exploratory result of WPU/fatty alcohol composite film. (a) Schematic for the preparation process of WPU/C16-OH composite film. (b)
The transparency of WPU/C16-OH composite films with different amounts of C16-OH, attached closely to the pattern. (c) Transparency change of WPU-5
during the cooling process, setting a 2 cm distance to the pattern. The transparency and structure change of WPU-5 and C16-OH during heating (d1)
and cooling process (d2). (e) The transmittance spectra for WPU/C16-OH composite with different amounts. (f) DSC curves of n-hexadecanol, laurinol,
n-hexadecanol@n-decanol (mass ratio of 1:1), and laurinol@n-decanol (mass ratio of 1:1), confirming the adjustive switch temperature.

2.2. The Synthesis of WPU/MXene/C16-OH@TBBPA

Based on the above result, we further design the “smart win-
dows”, using MXene as photo-thermal materials and TBBPA as
flame retardants. As presented by Figure S4 (Supporting Infor-
mation), TBBPA does not dissolve in hot water of 60 °C but dis-
solves rapidly in melting n-hexadecanol. Due to the structural
similarity among fatty alcohols, TBBPA is likely soluble in other
fatty alcohols such as laurinol and n-decanol. C16-OH, TBBPA,
and WPU are mixed at 80 °C and then cool to room tempera-
ture (Figure 3a1). The mixed solution is bladed onto the surface
of polytetrafluoroethylene (PTFE) mold and dried at room tem-
perature to form the bottom structure (WPU/C16-OH@TBBPA).
The top structure consists of a WPU/MXene composite coat-
ing, with MXene prepared according to our previous work.[24]

The transmission electron microscope (TEM) image and X-Ray
Diffraction (XRD) spectrum of MXene nanosheets are respec-
tively demonstrated in Figures S5 and S6 (Supporting Informa-
tion), with authorized copyrights.[24] MXene nanosheets are di-
rectly added to theWPU solution and sonicated to achieve a well-

dispersion state (Figure 3a2). The MXene content is kept at 0.2
wt.% to ensure sufficient transparency. Similarly, WPU/MXene
composite film is prepared by the blading coating method on
a PTFE mold. The two films are then pressed together to form
a double-layer composite film (Figure 3b). The fracture sur-
face of the two-double composite film is observed by scanning
electron microscope (SEM) image, revealing a distinct bound-
ary line (marked by red line, Figure 3c1). The left structure,
WPU/C16-OH@TBBPA, exhibits a special porous structure at-
tributed to the fatty alcohol (Figure 3c2,c3). The right structure,
WPU/MXene composite coating, displays a smooth and flat mor-
phology (Figure 3c4). As observed from Figure 3c3, the pores are
discontinuous and surrounded by a resin matrix, forming an is-
land structure for n-hexadecanol. In addition, compared to other
literature reporting WPU/MXene composites, the smooth frac-
ture surface structure is attributed to the low addition amount
of MXene nanosheets, which is not capable of significantly en-
hancing the interfacial interaction.[25] Through SEM EDS spec-
tra, Br and Ti elements is successfully detected in WPU/C16-
OH@TBBPA and WPU/MXene, respectively (Figure 3d1,d2).
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Figure 3. The preparation and structure characterization of WPU/MXene/C16-OH@TBBPA. The preparation schematic of WPU/C16-OH@TBBPA (a1)
and WPU/MXene (a2). (b) Schematic for the formation of a two-layer composite layer by the cold compression. SEM images of the fracture surface of
WPU/MXene/C16-OH@TBBPA film (c1), while left and right regions are corresponding to WPU/C16-OH@TBBPA and WPU/MXene films, respectively.
(c2 and c3) SEM images of fracture surface of WPU/C16-OH@TBBPA film in different resolutions. (c4) SEM image of the fracture surface of WPU/MXene
film. SEM-EDS spectra of WPU/C16-OH@TBBPA (d1) and WPU/MXene films (d2).

Although TBBPA shows selective solubility in n-hexadecanol, the
island dispersion of the Br element is not visible in the SEM
Mapping spectrum (Figure S7, Supporting Information), possi-
bly due to the low element ratio. The mechanical performance of
WPU/MXene/C16-OH@TBBPA is further evaluated through the
tensile test (Figure S8, Supporting Information). It is found that
the break strength and elongation at break of WPU/MXene/C16-
OH@TBBPA are decreased to 14.5 MPa and 340%, presenting
decreases of 28.2% and 37.0% compared to those of pure WPU
(20.2 MPa and 540%). However, these values still satisfy the prac-
tical application for this double-layer composite film. Based on
the above analyses, the double-layer composite film is success-

fully prepared by cold pressing of WPU/C16-OH@TBBPA and
WPU/MXene composite films together.

2.3. Thermal Management Performance

As reported previously, MXene nanosheets exhibit a superior
photo-thermal conversion function, effectively converting so-
lar energy into heat.[13] Consequently, WPU/MXene composite
film is expected to absorb solar energy and heat the WPU/C16-
OH@TBBPA layer, thus achieving high transparency. As shown
in Figures 4a and S9 (Supporting Information), when the
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double-layer composite film is placed over flowering shrubs
and exposed to solar illumination, it gradually transitions from
opaque to transparent, allowing the flowers beneath to be clearly
seen. This smart, self-adaptive feature enables the composite film
to either allow light to pass through or block it, depending on so-
lar intensity. Based on Figure 2d, the switch between transparent
and vague is attributed to the thermal melting of n-hexadecanol,
with the photo-thermal conversion effect of MXene nanosheets.
Under illumination of 1.0 kW m−2, the surface temperature
of WPU/MXene/C16-OH@TBBPA is recorded by the thermo-
couple and infrared thermal images. As shown by Figure S10
(Supporting Information), the surface temperature rapidly in-
creases to≈70 °Cwithin 5min, which is furthermaintained near
50 min. When the simulated solar illumination is removed, the
surface temperature presents a sudden decreasing trend, indicat-
ing that the high temperature is from the photo-thermal conver-
sion effect. The corresponding infrared thermal images are also
presented in Figure S11 (Supporting Information), indicating a
rapid heating process. In addition, n-hexadecanol is dispersed
within the WPU matrix with an island structure. The packaging
effect of WPU resin effectively suppresses the leakage behavior
of n-hexadecanol. After being placed in the outdoor environment
for 30 days, the switch between transparent and vague is still pre-
sented, confirming the desirable durability (Figure S12, Support-
ing Information). The transmittance of double-layer composite
film at different states is studied by the UV–vis-NIR spectrum
(Figure 4b). According to previous work, the overall transmit-
tance can be calculated by formula 1), indicating that the trans-
mittance is increased to 65.0% from 34.4%.[19] The transmittance
of up to 65.0% indicates a well lighting performance.[26] In addi-
tion, the IR emissivity in the atmospheric transmission window
of double-layer composite film in opaque states is also examined.
Based on formula 2), the emissivity of the two-layer composite
film is ≈86.3% (Figure S13, Supporting Information).
The open-air experiment was conducted to investigate the ther-

mal management performance in Hefei, China (31°49′14″N and
117°13′38″E). The experiment took place from 21:50 20-July-
2024 to 21:00 21-July-2024, under sunny and cloudless weather
(Figure 4c1). Similar to previous work, the experimental setup
included thermocouples, a meteorological station, and hollow
polystyrene (PS) foam (Figure 4c2).

[19] The hollow PS foam, cov-
ered with either WPU/MXene/C16-OH@TBBPA or commercial
polyethylene terephthalate (PET), is wrapped in aluminum pa-
per to minimize environmental influences. The thermocouples
were attached to the top and bottom of hollow PS foam to record
temperatures. The well weather condition provides a solar in-
tensity of up to 924 W m−2, resulting in an ambient tempera-
ture of near 44 °C (Figure 4c3). In nighttime, similar temper-
atures were recorded at the top and bottom locations for both
commercial PET andWPU/MXene/C16-OH@TBBPA, likely due
to the low IR emissivity of composite film (Figure S13, Sup-

porting Information). Near 07:50, temperatures in the top lo-
cation for both commercial PET and composite film designed
are rapidly increased, due to the solar illumination (Figure 4d1).
Meanwhile, the temperature of WPU/MXene/C16-OH@TBBPA
composite film is significantly higher than that of commercial
PET, clearly attributed to the photo-thermal conversion effect.
From 10:50 to 12:50, the average temperature increase between
commercial PET and WPU/MXene/C16-OH@TBBPA compos-
ite film is ≈4.87 °C. Temperatures recorded at the bottom of
hollow PS foam present different characteristics (Figure 4d2).
First, the noticeable difference in bottom temperatures began
at 08:50 and became a significant difference after 09:50. How-
ever, this corresponding phenomenon appeared earlier in the top
temperature, due to the top films shielding solar energy. Sec-
ond, the photo-thermal effect of WPU/MXene/C16-OH@TBBPA
significantly reduced the solar energy reaching the bottom of
the hollow PS foam, resulting in a much lower bottom temper-
ature. From 09:50 to 15:50, the average temperature decrease
between commercial PET and WPU/MXene/C16-OH@TBBPA
composite film was −4.2 °C (Figure 4d3). As the sun set, temper-
atures at both the top and bottom locations gradually decreased.
The cooling mechanism of WPU/MXene/C16-OH@TBBPA is
demonstrated by Figure 4e. When used as the roof material, the
transparent PET cannot block the sunlight, allowing solar radia-
tion to directly heat the bottom region (Figure 4e1). In contrast,
WPU/MXene/C16-OH@TBBPA is capable of exhibiting a solar
thermal conversion effect to suppress the direct illumination of
solar radiation to the bottom region. Meanwhile, the heat gener-
ated by the solar thermal conversion effect of WPU/MXene/C16-
OH@TBBPA will be directly dissipated by the external environ-
ment, particularly through wind action (Figure 4e2).
Due to the combination of the phase change function of n-

hexadecanol and the photo-thermal conversion capabilities of
MXene nanosheets, this composite film is designed to absorb so-
lar energy, thereby reducing indoor temperatures and providing
excellent transparency during the day, while also protecting pri-
vacy at night. In addition, the simulation of energy consumption
using WPU/MXene/C16-OH@TBBPA was conducted by the En-
ergyPlus software, compared to commercial PET film. Detailed
parameters are demonstrated in the experimental part. Mean-
while, as confirmed by Figure 2f, the switch temperature can be
easily adjusted. Consequently, in this simulation, 26 °C was se-
lected as the switch temperature. Above 26 °C,WPU/MXene/C16-
OH@TBBPA is in a transparent state, while below 26 °C, it be-
comes opaque. The heating and cooling modes correspond to 21
and 26 °C, respectively. Importantly, the simulation focuses on
window structures rather than wall structures, which is a sig-
nificant distinction in EnergyPlus software. As presented by the
energy saving mapping, the employment of WPU/MXene/C16-
OH@TBBPA can effectively decrease the total building energy
consumption in hot climate regions, including tropical rainy,

Figure 4. The thermal management performance of WPU/MXene/C16-OH@TBBPA. (a) The switch process from blurry to transparent under solar
illumination; (b) Transmittance spectra with/without solar illumination; (c1) Digital picture for the field test of thermal management performance; (c2)
Schematic for the home-made configuration for evaluating thermal management performance; (c3) The solar intensity and environment temperature
during the field test; (d1 and d2) Top and bottom temperatures of hollow PS foam using commercial PET and WPU/MXene/C16-OH@TBBPA as glass
roof; (d3) Decrease value of two bottom temperatures; (e1 and e2) Cooling mechanism brought by WPU/MXene/C16-OH@TBBPA; (f) Energy saving
performance on a worldwide scale considering the energy consumed by cooling and heating systems, using Koppen’s climatic province; (g) Energy
saving performance on the representative climate city in cooling mode.
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Figure 5. Fire safety performance investigation. Thermal stability performance of pure WPU and composite films designed at air (a1) and nitrogen (a2)
atmospheres; (a3) MCC curves of pure WPU and composite films designed; The curves of heat release rate (b1), total heat release (b2), CO release rate
(c1), total CO release (c2), CO release rate (d1), and total CO release (d2) of WPU/MXene/C16-OH and WPU/MXene/C16-OH@TBBPA.

tropical monsoon, tropical savanna, semi-arid steppe, and so on
(Figure 4f). However, in some cold climatic regions, the employ-
ment of WPU/MXene/C16-OH@TBBPA will further increase
energy consumption. This outcome is attributed to the simul-
taneous consideration of heating and cooling modes. The to-
tal, cooling, and heating energy consumption in representative
cities are respectively discussed in Figure 4g and Figures S14,
and S15 (Supporting Information). For both cooling and heat-
ing modes, the largest energy saving is observed in Shijiazhuang
city, while the largest energy consumption increase is shown
in Amundsen-scott station. When considering only the cooling
mode, the application of WPU/MXene/C16-OH@TBBPA is able
to decrease building energy consumption all over the world (up to
406MJm−2) (Figure 4f).However, the contrary result is presented
when only considering the heating mode, increasing the energy
consumption of all cities (Figure S15, Supporting Information).
Therefore, this designed WPU/MXene/C16-OH@TBBPA is suit-
able for hot cities and regions that primarily require cooling or
have less reliance on heating.

2.4. Fire Safety Evaluation and its Mechanism

The “smart windows” were prepared mainly by flammable WPU
resin and fatty alcohol, which will release a lot of heat, smoke par-
ticles, and toxic gases during combustion.[27] In consideration of
the practical application, it is very crucial to further investigate the
fire hazard of WPU/MXene/C16-OH@TBBPA. As presented in
thermogravimetry analysis (TGA) results (Figure 5a1,a2; Table S1,
Supporting Information), compared to pure WPU, adding both
n-hexadecanol and MXene will decrease the temperature corre-
sponding to 5 wt.% mass loss of composite film whether air
or nitrogen atmospheres, regarded as initial thermal decompo-
sition temperature. This phenomenon is attributed to the short
molecule chain of n-hexadecanol, resulting in a low thermal de-
composition temperature.[28] There is no doubt that adding n-
hexadecanol to theWPUmatrix will significantly increase the fire
hazard. Although flame-retardantMXenewas also introduced, its
addition amount is much lower than n-hexadecanol and cannot
present an effective flame-retardant effect. It is interesting that

Small 2025, 21, 2501540 © 2025 The Author(s). Small published by Wiley-VCH GmbH2501540 (8 of 12)
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incorporating TBBPA to WPU/MXene/C16-OH only enhances
its thermal stability under a nitrogen atmosphere, causing more
residue from 450 °C to 800 °C (Figure 5a2). Micro calorimeter
combustion test (MCC) was also conducted to analyze the ther-
mal decomposition behavior (Figure 5a3; Figure S16, Supporting
Information). In the MCC test, the samples are first pyrolyzed
under a nitrogen atmosphere to release the flammable products
which are then burned to produce the corresponding heat. It is
reasonable to observe two heat release peaks in pure WPU, sim-
ilar with the TGA curves. The peak of heat release rate (PHRR)
and total heat release (THR) of pure WPU are up to 247 W g−1

and 26.7 kJ g−1. Even though the addition of MXene and n-
hexadecanol decreases the PHRR of WPU/MXene/C16-OH near
450 °C, its THR is significantly increased to 31.0 kJ g−1. In fact,
the decrease in PHRR of WPU/MXene/C16-OH is attributed to
less mass ratio for WPU, and more heat is released at lower tem-
peratures near 250 °C due to the weak thermal stability of n-
hexadecanol.[29] By releasing Br free radicals, the incorporation
of TBBPA in WPU/MXene/C16-OH@TBBPA is able to play a
gaseous flame-retardant effect to decrease the PHRR and THR,
compared to WPU/MXene/C16-OH.

[30]

The cone calorimeter test was further employed to assess
the fire hazard of the WPU/MXene/C16-OH@TBBPA compos-
ite. The primary components of the composite film, WPU
and n-hexadecanol, are the main contributors to fire hazard,
rather than pure WPU. Meanwhile, the additional amount of
MXene is low to 0.2 wt.%, which does not provide a signif-
icant flame-retardant effect. Therefore, we focused on com-
paring the combustion behavior of WPU/MXene/C16-OH and
WPU/MXene/C16-OH@TBBPA. When exposed to a heat flux of
35 kW m−2, both composite films ignited rapidly in less than
10 s due to their low thermal stability. The PHRR values of
WPU/MXene/C16-OH and WPU/MXene/C16-OH@TBBPA are
929 and 776 kW m2, respectively (Figure 5b1; Table S2, Support-
ing Information). The decrease of 16.5% in PHRR is attributed
to the incorporation of 2 wt.% TBBPA. The time correspond-
ing to the decrease in HRR is different. For WPU/MXene/C16-
OH, the HRR begins to decrease rapidly and reaches zero ≈89
s. In contrast, the time corresponding to a decrease in HRR of
WPU/MXene/C16-OH@TBBPA is obviously earlier than that of
WPU/MXene/C16-OH,≈64 s. The declining tendency inHRR in-
dicates the suppressed or extinguished combustion behavior.[31]

The distinctly different slopes suggest that the reduction in HRR
after 64 s is due to the combustion suppression effect of TBBPA.
As a result, the total heat release (THR) for WPU/MXene/C16-
OH@TBBPA is reduced from 60.5 to 46.0 MJ m−2 (Figure 5b2),
representing a decrease of nearly 23.3% with the addition of 2
wt.% TBBPA.
In addition, the release behavior of CO2 and CO was also

measured using the cone calorimeter test. CO2 is the primary
gaseous product during polymer combustion, and its release
behavior typically mirrors the heat release rate. Consequently,
the CO2 release behavior exhibits similar patterns to the HRR
curves, including the timing of peak values and declining trends.
The peak values of CO2 release rate in WPU/MXene/C16-OH
and WPU/MXene/C16-OH@TBBPA are 0.44 and 0.33 g s−1,
respectively (Figure 5c1). Meanwhile, the total CO2 release
of WPU/MXene/C16-OH@TBBPA is decreased to 30.4 from
40.0 kg kg−1 (WPU/MXene/C16-OH) (Figure 5c2). A more pro-

nounced reduction is observed in CO release. The CO release
rate for WPU/MXene/C16-OH@TBBPA significantly decreased
to 0.005 from 0.014 g s−1 (WPU/MXene/C16-OH), with a decreas-
ing percentage of 64.3% (Figure 5d1). Furthermore, the total CO
release is also reduced by nearly 61.7% (Figure 5d2). Compared to
the reductions in heat and CO2, the reductions in release rate and
total release of CO are much more significant, indicating lower
toxicity in terms of CO production.

2.5. Gaseous Flame-Retardant Mechanism

Due to the weak char-forming ability of the WPU matrix and a
fatty alcohol, the char residue of WPU/MXene/C16-OH@TBBPA
after the cone calorimeter test is minimal (Figure 6a).[32] Al-
though the condensed-phase flame-retardant function of MX-
ene nanosheets has been confirmed, its effectiveness is lim-
ited by the low addition amount.[33] In addition, TBBPA is
a typical gaseous flame retardant.[30] Therefore, we focus on
the gaseous flame-retardant mechanism and use Thermogravi-
metric analysis-Fourier transform infrared spectroscopy (TG-
IR) to analyze the pyrolysis products. Figure 6b presents the
3D and top views of TG-IR spectra. Due to the varying test
masses, the signal intensity of the same characteristic peaks
cannot be directly compared across different samples. How-
ever, the relative intensity of different peaks within a single
sample can be contrasted. The strongest signal intensity in
pure WPU appears near 20 min and 2932 cm−1 (Figure 6b1).
According to TGA and MCC results, the time corresponding
to the strongest signal intensity in WPU/MXene/C16-OH and
WPU/MXene/C16-OH@TBBPA shifts to 10 min (Figure 6d2;
Figure S17, Supporting Information). The Fourier Transform
Infrared Spectroscopy (FTIR) spectra at the point of strongest
signal are shown in Figure 6c. Clearly, the main pyrolysis
products differ among pure WPU, WPU/MXene/C16-OH, and
WPU/MXene/C16-OH@TBBPA. The pyrolysis products of pure
WPU resin mainly include hydrocarbons (2950 m−1), carbonyl
(1740 cm−1), aromatic compounds (1460 cm−1) and ether (1100
cm−1).[34] In contrast, the composite filmsmainly exhibit a promi-
nent peak at 2930 cm−1, with no observable carbonyl peak, de-
spite theWPUmass ratio being close to 75 wt.%, indicating a sig-
nificant carbonyl presence.[35] This unusual phenomenon may
be due to the incorporation of fatty alcohol altering the thermal
decomposition behavior of WPU molecules, resulting in mutual
interaction rather than independent decomposition.[35] The pres-
ence of numerous carbon radicals from decomposed fatty alco-
hol likely converts carbonyl structures into ether compounds.[36]

Meanwhile, the remaining weak intensity of ether compounds
at 1100 cm−1 is attributed to the relatively stronger signal in-
tensity of hydrocarbons. After normalizing by the test mass,
the peak intensity of pyrolysis products of WPU/MXene/C16-OH
and WPU/MXene/C16-OH@TBBPA can be further compared
(Figure 6d1–d3; Figure S14, Supporting Information).[37] TGA re-
sults confirm that the pyrolysis products near 10 and 20min orig-
inate from n-hexadecanol and WPU, respectively (Figure 5a1).
The intensity of characteristic peaks located at 2932 and 2863
cm−1 near 10 min, corresponding to hydrocarbons released from
n-hexadecanol, are effectively decreased. However, peak inten-
sities of 1461 and 1049 cm−1 near 10 min are not effectively
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Figure 6. (a) Char residue of WPU/MXene/C16-OH@TBBPA after cone calorimeter test. Top view of 3D TG-IR spectra of pure WPU (b1) and
WPU/MXene/C16-OH (b2); (c) FTIR spectra of pure WPU, WPU/MXene/C16-OH, and WPU/MXene/C16-OH@TBBPA, corresponding to largest signal
intensity; The curves of absorbance intensity of hydrocarbons, corresponding to 2932 cm−1 (d1), 2863 cm−1 (d2), and 1461 cm−1; Flame-retardant
mechanism of TBBPA to pyrolysis behavior of C16-OH (e1) and WPU (e2).

decreased. The above results indicate that the addition of TBBPA
effectively decreases the production of hydrocarbons from n-
hexadecanol, but not aromatic compounds and ether. The peak
intensity of 2932 and 2863 cm−1 near 20 min from WPU pyrol-
ysis isn’t influenced by incorporating TBBPA. Even though the
peak intensity of 1461 cm−1 near 20 min is further decreased, the
opposite phenomenon is presented for 1049 cm−1 (Figure S18,
Supporting Information). These results indicate that aromatic
compounds from WPU pyrolysis may be converted into ether
by the addition of TBBPA. As presented in Figure 6e, TBBPA
can suppress hydrocarbon production from the thermal pyroly-
sis of n-hexadecanol but does not affect the aromatic compounds
and ether (Figure 6e1). TBBPA does not decrease the hydro-
carbon production from WPU resin, but its addition increases
the formation of ether compounds by converting aromatic com-
pounds (Figure 6e2). Despite TBBPA exhibiting different flame-
retardant mechanisms in WPU resin and fatty alcohol, its addi-
tion still effectively decreases the heat and toxic gas production
of WPU/MXene/C16-OH composite film, further enhancing fire
safety.

3. Conclusion

Herein, we developed a self-adaptive composite film, function-
ing as a “smart window”, by leveraging the phase change be-
havior of fatty alcohol, the photo-thermal conversion of MXene
nanosheets, and the gaseous flame-retardant effect of TBBPA.
This innovative film aims to reduce energy consumption for
cooling buildings, provide adequate daylighting, and ensure pri-
vacy and safety. The photo-thermal conversion properties of MX-
ene nanosheets cause n-hexadecanol to melt thermally, align-
ing its refractive index with that of WPU, thereby enabling a
transparency switch from 34.4% to 65.0%. The switch temper-
ature can be easily adjusted by varying the composition and
types of fatty alcohol. High transparency during the day allows
for desirable daylighting, while low transparency at night en-
sures privacy. Besides, the solar absorption capability of MXene
nanosheets prevents direct solar illumination from affecting in-
door environments. Field tests confirm a temperature reduction
of ≈4.2 °C when WPU/MXene/C16-OH@TBBPA replaces PET
film. Furthermore, EnergyPlus simulations indicate that using

Small 2025, 21, 2501540 © 2025 The Author(s). Small published by Wiley-VCH GmbH2501540 (10 of 12)
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WPU/MXene/C16-OH@TBBPA can significantly reduce energy
consumption for cooling buildings, particularly in hot cities and
regions. Attributed to its selective solubility, TBBPA dissolves in
thermally melted fatty alcohol without affecting the optical per-
formance of the composite films. The gaseous flame-retardant
mechanism of TBBPA effectively suppresses hydrocarbon pro-
duction, thereby reducing the fire hazard associated with this
composite film. Cone calorimeter results show that incorporating
2.0 wt.% TBBPA into WPU/MXene/C16-OH reduces the peak
heat release rate (PHRR) by 16.5%. In summary, with a straight-
forward processing approach, the designed WPU/MXene/C16-
OH@TBBPA meets daylighting needs protects privacy at night,
and offers enhanced fire safety, providing substantial practical
value.

4. Experimental Section
Raw Materials: Commercial WPU (F0401, 33.3 wt.% mass concentra-

tion) was purchased from Jitian Chemical Company. The fatty alcohols, in-
cluding n-hexadecanol, laurinol, and n-decanol, were provided by Aladdin
Industrial Co., Ltd. TBBPA was obtained from the Macklin Industrial Co.,
Ltd. (China). MXene nanosheets were prepared and provided by the pre-
vious research.[24a] In addition, organic solvents were not used here and
only deionized water was consumed.

Synthesis of WPU/MXene/C16-OH@TBBPA: First, TBBPA was dis-
solved in thermal-melting n-hexadecanol at 60 °C, and the solution cooled
to form a solid product, accompanied by a mild magnetic stirring. Second,
the n-hexadecanol/TBBPA composite was directly added to 30 gWPU sus-
pension with different mass ratios, including 10, 20, 30, 40, and 50 wt.%.
Finally, the suspension was heated above the temperature corresponding
to the phase change of n-hexadecanol and cooled to room temperature.
The formed thick suspension was coated onto the surface of the PTFE
mold by a scraper blade of 1.0 mm and further dried at room temperature.
The mass ratio of TBBPA to WPU/C16-OH was 2.0 wt.%. Other fatty al-
cohols were also incorporated into WPU resin with the same procedure.
Provided by the previous work, MXene nanosheets were added and well
dispersed into WPU suspension with sonication of 30 min.[24a] The mass
ratio ofMXene nanosheets toWPU resin was 0.2 wt.%. Similar, the formed
WPU/MXene suspension was coated onto the surface of the PTFE mold
by a blade method, and further dried at room temperature. The two films
were combined tightly by a cold compression under 5MPa, thus preparing
a targeted product, i.e., WPU/MXene/C16-OH@TBBPA.

Characterization: The fracture structure of the composite film was ob-
served with an XL–30 ESEM scanning electron microscope (SEM) at an
acceleration voltage of 20.0 kV. Thermogravimetric analysis (TGA) was
executed with a TGA Q5000 IR thermogravimetric analyzer (TA Instru-
ments, U.S.) at a heating rate of 20 °C min−1. A combustion test was
performed on a cone calorimeter (Fire Testing Technology, UK) accord-
ing to ISO 5660–1 standard procedure. Each specimen, with a thickness
of ≈1.0 mm, was exposed horizontally to 35 kW m−2 external heat flux.
All samples were tested three times. Thermogravimetric analysis-infrared
spectrometry (TG–IR) was investigated with a TGA Q5000IR thermogravi-
metric analyzer linked to a Nicolet 6700 FTIR spectrophotometer from 20
to 700 °C at 10 °C min−1 (N2 atmosphere, flow rate of 30 mL min−1). The
micro-sized combustion behavior of composite films was performed on
a microscale combustion calorimeter (MCC-1, FTT). Differential scanning
calorimetry (DSC) was conducted using a Q25 instrument (TA, USA) at a
heating rate of 5 °Cmin−1 from−10 to 60 °C under a nitrogen atmosphere.

Thermal Management Test: UV–vis–NIR spectroscopy was performed
using a Perkin-Elmer LAMBDA 1050 high-performance UV–vis–NIR dou-
ble beam spectrophotometer. The emittance spectrum was obtained by
measuring reflectance (R) and transmittance (T), which were calculated
as 1-R-T. According to Kirchhoff’s law, emittance was equivalent to ab-
sorptance when an object was in thermodynamic equilibrium. Outdoor

cooling performance was measured using a self-assembled radiant refrig-
eration performance test device in Hefei, China. A small meteorological
station was established to monitor the humidity, temperature, and solar
intensity. Meanwhile, a hollow PS foam was used as a supporter, covered
by the Al foil. The composite film and its control sample (PET film) cover
the surface of PS foam. Four thermocouples were used to record the tem-
peratures, including the surface of two films and the bottom of hollow PS
foams. According to Equation (1), the reflectivity in the solar waveband can
be calculated. Where r was the reflection (%), 𝜆 is the wavelength (nm),
𝜆min and 𝜆max are the minimum and maximum wavelength, respectively.
𝜃 is the polar angle, and 𝜑 is the azimuthal angle. Isolar(𝜆) is the AM1.5G
solar spectral irradiance at 𝜆, and rsolar(𝜆) is the light reflection (%) at 𝜆.

r (𝜆, 𝜃,𝜑) = ∫ 𝜆max
𝜆min Isolar(𝜆,𝜃,𝜑) rsolar(𝜆,𝜃,𝜑)d𝜆∕ ∫ 𝜆max

𝜆min Isolar(𝜆,𝜃,𝜑) d𝜆 (1)

According to Equation (2), the emissivity can be accurately obtained.
The 𝜖 is the IR emissivity (%), 𝜆 is the wavelength (µm), 𝜆min and 𝜆max
are 5 and 15 µm, respectively. 𝜃 is the polar angle and 𝜑 is the azimuthal
angle. I(𝜆) means the spectral intensity emitted by the blackbody at 𝜆.

𝜀 (𝜆, 𝜃,𝜑) = ∫ 𝜆max
𝜆min I (𝜆, 𝜃,𝜑) 𝜀 (𝜆, 𝜃,𝜑) d𝜆∕ ∫ 𝜆max

𝜆min I (𝜆, 𝜃,𝜑) d𝜆 (2)

EnergyPlus Simulation: In this simulation, a composite film designed
and PET film were used as the windows of buildings. Solar transmittance,
solar reflectance, visible transmittance, visible reflectance, and emissivity
of PET film were set as 0.9, 0.1, 0.9, 0.1, and 0.84, respectively. The switch-
ing temperature of the composite film was different with the environment
temperature and provided by the photo-thermal conversion function of
MXene under solar intensity. Consequently, the environment temperature
of 26 °C was set as the switch temperature. Besides, the thermal conduc-
tivity, density, and specific heat capacity of the composite film designed
and PET film were set as 0.2 W mK−1, 1.0 g cm−3, and 1.3 kJ (kg × K)−1.
The weather and climatic region employ the Koppen’s province.
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the author.
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