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Three-State Thermochromic Smart Window for Building
Energy-Saving
Meiling Liu, Xiansheng Li, Wenshuo Zhang, Lanxin Li, Liang Li, Chengming Wang,
Gang Pei,* Bin Zhao,* and Chongwen Zou*

Smart windows that dynamically regulate solar spectrum transmission to
reduce energy consumption in heating, ventilation, and air conditioning
systems are highly desirable. However, the limited amplitude of the regulation
and narrow wavelength control often degrade the modulation performance of
existing smart windows. To improve solar modulation and thermal
management, here we propose a three-state thermochromic smart window
(TSSW) capable of modulation across the entire solar spectrum. The TSSW is
mainly based on the unique phase transition properties of tungsten-doped
vanadium dioxide (W-VO2) and perovskite films, which can stepwise control
the visible light and near-infrared (NIR) transmittance separately, leading to
the adaptive transitions between cold, warm, and hot states. Results indicate
that the TSSW achieves a solar modulation rate of 23.5%, with indoor solar
irradiance decreasing from 413.6 W/m2 in the cold state to 374.5 W/m2 in the
warm state, and down to 189.1 W/m2 in the hot state. The simulation results
show that the annual total energy demand can be reduced by up to 102.09
WJ/m2 in some typical regions. Compared to Low-E glass and ordinary glass,
this TSSW offers superior energy-saving potential, making it an ideal solution
for reducing building energy consumption.
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1. Introduction

Energy remains a critical global issue
and a key focus in modern science and
technology.[1–3] In developed countries,
buildings account for ≈40% of total energy
consumption. For buildings, the attached
windows always serve as the major con-
duits for energy exchange between indoor
and outdoor environments, which makes
them the least energy-efficient building
components.[4,5] Though ordinary glass
windows provide sufficient daylighting,
they also allow excessive solar radiation,
causing significant indoor temperature
fluctuations. Thus, it is necessary to use air
conditioning facilities to keep the comfort-
able indoor temperature, increasing energy
consumption.[6] Accordingly, optimizing
the building’s energy efficiency and day-
lighting performance by regulating solar
radiation transmission is essential.
In recent years, smart windows, which

dynamically adjust spectral transmittance
in response to environmental stimuli, have garnered significant
attention and rapid development. Among these, thermochromic
smart windows are particularly promising due to their passive
response to temperature changes, requiring no external energy
input. Various thermo-responsive materials, including vana-
dium dioxide (VO2),

[7–10] hydrogels,[11–15] ionic liquids,[16] liquid
crystals,[17–19] and perovskites,[6,20,21] have been successfully
employed to regulate transmittance via different mechanisms.
For example, VO2 nanocrystals, ionic liquids, and perovskites
regulate absorption via phase transitions, while hydrogels and
liquid crystals modulate transmittance through phase separation
and crystal orientation changes, respectively. Despite advances,
conventional thermochromic smart windows have primarily
focused on improving radiative transfer in a specific wavelength
range, such as single-band regulation for visible light or dual-
band regulation for the solar spectrum.[12,20,22] These designs
are often limited to a critical temperature and can only switch
between two states (hot and cold). In the hot state, they minimize
the transmittance of solar radiation to reduce heat gain, while
in the cold state, they maximize the transmittance to increase
solar heat. Although they can effectively reduce unwanted
solar heat, they cannot dynamically and stepwise modulate
visible and near-infrared transmittance, nor can they control
the heat entering the room according to different ambient
temperatures, limiting their modulation capability. In fact, for
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Figure 1. Ideal Three-State Thermochromic Smart Window. The blue, yellow, and red lines represent the spectra for an ideal energy-saving smart window
in the cold state, warm state, and hot state.

the practical application of smart windows, visible light lighting
and near-infrared blocking/transmittance are both the required
functions. Thus, achieving the separate and stepwise control of
the near-infrared and visible transmittance in the solar spectral
range is highly desirable. However, there are few reports on
the three-state thermochromic smart windows for the stepwise
modulation of visible and near-infrared transmittance separately.
To address this limitation, we have developed a three-state

thermochromic smart window, which utilizes the different crit-
ical temperatures of W-VO2 and perovskite and can adaptively
and gradually regulate visible and near-infrared radiation. Ex-
perimental results demonstrate that the smart window can re-
versibly transition between three distinct states (cold, warm, and
hot) in response to temperature changes, thereby achieving adap-
tive control over visible and near-infrared light transmission. Af-
ter structural optimization, the fabricated smart window achieved
a visible light transmittance greater than 43.5% and a solar mod-
ulation rate of 23.5%, indicating promising potential for future
energy-saving applications.

2. Results and Discussion

2.1. Ideal Schematic of Three-State Thermochromic Smart
Window

To satisfy human needs in different environments, an ideal smart
window with three different states is proposed (Figure 1), which

is associated with cold, warm, and hot situations. Specifically, for
the cold state, the windowmaintains a high transmittance in both
visible and near-infrared regions to ensure sufficient transmitted
sunlight for lighting and heating. When the temperature rises,
the window switches to the warm state, where the window adap-
tively closes the NIR channel and reduces the solar heat entering
the room, but maintains a high visible transmittance to satisfy
visual needs. If the temperature continues to rise, the smart win-
dow immediately switches to the hot state, blocking most visible
and near-infrared light to reduce building energy consumption.
The newly proposed three-state thermochromic smart window
provides broadband tunability of the selective solar spectrum in
dynamic climate conditions, promising a significant increase in
energy performance on a global scale.

2.2. Design Concepts for TSSW Smart Window and W-VO2 Film
Characterization

Figure 2a illustrates the design concept of the TSSW smart win-
dow, which is composed of an Al2O3 substrate, a W-VO2 film,
an Al2O3 film, an air gap, a perovskite film, and a glass sub-
strate, from the left (inside) to the right (outside). The W-VO2
film serves to regulate the near-infrared transmittance, while the
perovskite film controls visible light transmittance. It is impor-
tant to note that the perovskite material’s relatively low decom-
position energy contributes to its inherent instability. To address
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Figure 2. TSSW smart window design principles and related characterization of W-VO2 films. a) Working principle of TSSW window in (1) cold state,
(2) warm state, (3) hot state. b) The SEM images for the cross-section of W-VO2/Al2O3 films with a sputtering time of 15 min. c) The temperature-
dependent resistance changes for the prepared 52 nm W-VO2 film, showing a critical temperature of ≈37 °C. d) The Raman spectra of W-VO2 film at
different temperatures. e) AFM images of W doped VO2 thin film, 5 × 5 μm. f) Complex refractive index of VO2 in the monoclinic phase (M1) and the
rutile phase (R) as well as the Al2O3 in this study. g) Transmittance spectra of the initial W-VO2 and antireflection W-VO2 in cooling and heating states.

this, the functional film is embedded within the window struc-
ture, thereby preventing direct exposure to air and enhancing its
overall stability. Due to thermal equilibrium through heat con-
duction, the temperature difference between the inner and outer
glass layers is minimal and can be considered as a single tem-
perature, denoted as T, and the detailed description is provided
in Note S1 (Supporting Information). The critical transition tem-
peratures for the W-VO2 and perovskite films are denoted as T1
and T2, respectively. Bymaterial optimization, the critical temper-
ature of perovskite film is higher than that of W-VO2, thus here
the temperature T2 is higher than T1. Consequently, the TSSW
smart window operates in three distinct states based on T: 1)Cold
state (T < T1): both the W-VO2 and perovskite films remain in
their initial phases; 2)Warm state (T1 < T < T2): the W-VO2 film
transitions from its monoclinic (M1) phase to its rutile (R) phase,

while the perovskite film remains unchanged; 3) Hot state (T >

T2): the perovskite film also undergoes the structural phase tran-
sition.
VO2 can regulate solar transmittance in the NIR region with

temperature change, which is a key material for the prepara-
tion of smart windows. Experimentally, we fabricated W-VO2
films with varying growth times and measured their resistance-
temperature profiles (Figure S1, Supporting Information) and
thicknesses (Figure S2, Supporting Information) to determine
the optimal film thickness. As shown in Figure S3 (Support-
ing Information), visible light transmittance decreased with in-
creased growth time of the W-VO2 films. Considering the mod-
ulation capability in the near-infrared band, we selected a film
grown for 15 min, resulting in a thickness of 52 nm (Figure 2b).
The critical temperature of the W-VO2 films was maintained
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at ≈37 °C by adjusting the tungsten doping concentration
(Figure 2c). Raman spectroscopy results further demonstrated
that the characteristic peaks for monoclinic W-VO2 at 192, 223,
308, 388, and 612 cm−1 disappeared when the heating tempera-
ture exceeded 40 °C and reappeared upon cooling to room tem-
perature, confirming the reversible metal-insulator transition be-
havior of the W-VO2 films (Figure 2d).[23–25] The decrease in the
phase transition temperature of VO2 was attributed to the intro-
duction of excess electrons by the doping of high-valence W6+

ions, which reduced the dII band splitting gap and lowered the
activation energy required for the transition from theM1 phase to
the R phase (Figure S4, Supporting Information).[22,26] However,
the introduction of tungsten atoms led to changes in the grain
nucleation and growth process, resulting in a slight decrease in
surface roughness (RMS: 1.243 nm) (Figure 2e; Figure S5, Sup-
porting Information).[27,28] XPS test results indicated a tungsten
doping level of 1.43% (Figure S6, Supporting Information). The
high quality of the W-VO2 thin films was further confirmed by
X-ray absorption near edge spectroscopy (Figure S7, Supporting
Information).[29]

To enhance visible wavelength transmittance and increase the
weathering resistance of W-VO2 films, an anti-reflective coating
(ARC) was designed and applied. For optimal performance, the
ARC layer for W-VO2 films should have a refractive index (n)
value in the range of 1.5–2.4 at 550 nm and a thickness of 50–
60 nm.[30,31] Considering both the fabrication process and coat-
ing cost, we selected an alumina film with a thickness of 60 nm,
which had a refractive index between that of air and the VO2 film
(Figure 2f). After introducing the alumina anti-reflective layer,
the optical performance of the multilayer film improved signifi-
cantly. As shown in Figures 2g and S3 (Supporting Information),
the films with an antireflective layer of Al2O3 showed an increase
in transmittance at the peak by more than 15% compared to the
single-layer W-VO2 films. At the same time, the Al2O3 film fur-
ther protected the VO2 film against oxidation.

2.3. Perovskite Film Characterization of TSSW Smart Windows

Perovskite thin films are a key part of the preparation of TSSW
smart windows. It has been shown that as the CHNH3I content
in the precursor increases, the reactants do not dissolve com-
pletely to synthesize (CH3NH3)4PbI6·2H2O. No other residues
appeared when using a mixture ratio of PbI2: CHNH3I = 1:4,
so this ratio is more suitable for further experiments.[32] How-
ever, pure DMF is not suitable as a solvent for spin coating alone
due to its low viscosity and high volatilization rate. In contrast,
DMSO has a slower volatilization rate, and this difference con-
trols the overall volatilization rate of the solvent system, which
favors the slow growth of perovskite crystals, and the appropri-
ate amount of DMSO helps to reduce defects and improve film
properties.[33,34] Therefore, we added different amounts ofDMSO
to DMF to form mixed solvents (Figure S8, Supporting Infor-
mation, DMF: DMSO = 1:0, 4:1, 2:1, 3:2). Figures 3a–h showed
the surface morphology of the perovskite prepared using differ-
ent ratios of DMF-DMSO. When pure DMF solvent was used,
more holes and poor coverage of the film surface were observed
in Figures 3a,e. When the percentage of DMSO was increased to
25 vol%, the holes on the surface of the films were reduced as

shown in Figures 3b,f. The surface of the films was covered with
holes. Continuing to increase theDMSOpercentage to 33 vol%, it
was found that the grain size of the film surface became smaller
and the coverage further improved (Figures 3c,g). However, as
the percentage of DMSO was increased to 40 vol%, the coverage
of the film surface showed a decreasing trend (Figures 3d,h), so
33 vol% DMSO added to DMF was finally selected as the optimal
solvent ratio.
The uniform distribution of elements on the surface of the per-

ovskite film with a thickness of ≈1 μm can also be demonstrated
by SEM mapping tests in Figures 3i–k and cross-sectional char-
acterization in Figure 3l. The transmission spectra of the chalco-
genide film are illustrated in Figure S10 (Supporting Informa-
tion). The 𝜏 lum is 77.4% and 43.4% in the cold and hot states, re-
spectively. The transmittance and hysteresis lines (𝜆= 550 nm) of
the perovskite coatings were collected at variable temperatures at
2 °C intervals in Figure 3m. This phenomenon was attributed
to the different energy barriers between the heating and cool-
ing processes (dehydration and hydration processes). The trans-
mittance at 550 nm was chosen to monitor the thermochromic
effect because the maximum difference in perovskite transmit-
tance was observed at 550 nm,[32,35] which also corresponded to
the peak of the CIE brightfield luminescence efficiency of the
human eye. From the transmittance spectral the average critical
temperature was 51.5 °C. Figure 3n shows the FTIR spectra of
thermochromic perovskite in the hot and cold states. From the
spectra, when the sample was at 20 °C, a distinct characteristic
peak of O─H bonding appeared near 3500 cm−1. When the sam-
ple was heated to 100 °C, the O─H bond completely disappeared
and the N─H chemical bond moved to the low wave number di-
rection. When the sample was cooled to 20 °C, the O─H bond
reappeared and the N─H chemical bond returned to its original
position, indicating that water molecules play a key role in the
weakening of the hydrogen bond strength.[36]

In addition, cycling performance was investigated to ensure its
suitability for TSSW smart window applications. To verify its sta-
bility during heating and cooling, 100 cooling and heating cycles
were performed. The ambient temperature was set at a constant
25 °C with an RH of ≈50% and the heating and cooling temper-
atures during the cycling tests were set at 80 and 25 °C, respec-
tively. During the heating and cooling cycles, the transparent state
(i.e., cold state) and the reddish-brown state (i.e., hot state) were
consistently displayed throughout the cycling tests (Figure S11
and Movie S1, Supporting Information). The transmittance of
perovskite at 550 nm in both the hot and cold states was exam-
ined by testing the transmittance at five-cycle intervals, and the
results showed that the transmittance did not decay significantly
aftermany heating and cooling cycles, demonstrating their stable
and promising thermochromic properties.

2.4. Application of the TSSW Smart Window in the Real
Environment

As shown in Figure 4a, the designed adaptive dual-band TSSW
smart window can independently regulate visible and NIR light,
enabling the transition between cold, warm, and hot states. This
smart window achieves amaximum visible light transmittance of
47.8% and a solar modulation efficiency of 23.5%. Notably, in the
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Figure 3. Optimization and characterization of perovskite films. a–d) are the surface scanning electron microscopy (SEM) images (×1 k) of perovskite
film with different mixing ratios solvents (DMF: DMSO = 1:0, 4:1, 2:1, 3:2). e-h) are the surface scanning electron microscopy (SEM) images (×10 k). i-k)
EDS mapping of perovskite film with uniform elemental distribution. l) The SEM images for the cross-section of perovskite film (DMF: DMSO = 2:1).
m) Transmittance of the perovskite film at 550 nm as a function of temperature showing the transition process upon temperature changes. The red
arrow indicates the heating process with a temperature increase, while the black arrow indicates the cooling process with a temperature decrease, the
transition temperatures for heating and cooling processes are 51.5 and 26.8 °C, respectively. n) FTIR spectrum comparison of thermochromic perovskite
at the cold and hot states. o) Cycling performance (𝜆 = 550 nm) of the thermochromic perovskite film in the ambient environment.

warm state, the visible light transmittance remains unaffected by
the NIR light shielding, ensuring the visual needs of humans are
met. In the hot state, the visible light and solar transmittance de-
crease to 12.6% and 19.8%, respectively. In contrast to current
work related to thermochromic smart windows, the TSSW smart
window not only achieves a three-state switching function that
improves the ability to modulate the visible and solar spectrum.
In addition, potential leakage problems with materials such as
liquid paraffin are avoided (Table S1, Supporting Information). In
window applications, human color perception is crucial for eval-
uating overall color rendering performance. Based on the trans-
mission spectrum of the TSSW smart window, the color coor-
dinates in the CIE 1931 chromaticity diagram were calculated,

as shown in Figure 4b. As the state switches, the color gradu-
ally shifts from light yellow to orange-red. In addition, visible
light transmittance and total indoor irradiance in different states
were calculated and correlation curves were plotted (Figure 4c)
to evaluate the impact of TSSW smart windows on human vi-
sual and thermal perception. The TSSW smart window blocked
NIR light while maintaining a high visible light transmittance
to ensure a good visual experience. With the conversion of the
smart window’s working state, the total solar irradiance entering
the room was significantly reduced from 413.6 W/m2 in hot state
to 189.1 W/m2 in cold state, with a modulation ratio as high as
54.3%, which was in line with the energy saving requirements of
green buildings. Immediately following this, the feasibility of the
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Figure 4. Spectral Properties and Outdoor Performance of TSSW. a) Transmittance spectrum (0.35–2.5 μm) of the TSSW smart window at cool (25 °C),
warm (45 °C), and hot (60 °C) states, AM 1.5 G, air mass 1.5 global. b) CIE chromaticity coordinate chart for TSSW smart window Three-State color
change. The smart window color gradually changes from light yellow to orange. c) The visible transmittance and the amount of solar irradiation entering
the room correspond to the TSSW smart window. d) Scheme of model house field test set up. e) Temperature profiles for different types of windows,
sun simulator exposure time 20 min, stop 20 min, irradiation intensity fixed at 970.8 W/m2. f) Wind speed and humidity on the day of the outdoor
experiment. g) Room temperature curve for the model house field test in Hefei.

TSSW three-state switch was initially verified using a solar sim-
ulator, where the phase transition occurs earlier than in the per-
ovskite film due to the initial absorptivity of theW-VO2 film to en-
sure that a stepwise and reasonable modulation of the solar spec-
trum is achieved (Figure S13, Supporting Information). To fur-
ther verify the superiority of TSSW smart windows, we designed
five different types of smart windows and conducted indoor ex-
periments. For more information about these five types of smart
windows, please refer to Figure S15 (Supporting Information).
As shown in Figure 4d, we recorded five temperature profiles for
each of the chamber and the outer surface of the window, respec-
tively. As expected, the chamber temperature of the TSSW smart
window design was significantly lower than the other chamber

designs, especially when compared to the glass chamber, with a
temperature difference of 6.4 °C after only 20 min of irradiation.
Subsequently, to test the practicality of the TSSW smart win-

dow in real outdoor environments, we conducted comparative ex-
periments with commonly used double-glazed glass in the mar-
ket (e.g., Low-E glass and ordinary glass). The test was conducted
in Hefei in early autumn (see Table S2, Supporting Informa-
tion for weather information), and the samples were installed
on an insulated acrylic model house with a volume of 16 × 16
× 10 cm3. The experimental setup is shown in Figure 4e, and the
tests were conducted on the roof of the building. The windows of
the model house face the sky to simulate roof windows. We used
two T-type thermocouples to monitor the indoor air temperature
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and the surface temperature outside the window, respectively,
and measured humidity, wind speed, and total solar radiation
via a weather station. The test results are shown in Figures 4f,g,
and S16 (Supporting Information). After sunrise (6:00 AM), the
indoor air temperatures of the three sample houses increased
rapidly as the intensity of solar radiation increased. During the
day, the indoor air temperature of the model house with TSSW
smart windows was consistently lower than that of the other
model houses, even though the outside surface temperature of
TSSW windows was the highest, which confirmed the shield-
ing effect of TSSW against solar radiation. The maximum indoor
air temperature reduction was 3.4 °C at noon. It was noteworthy
that the difference in indoor air temperatures between the model
house with Low-E smart windows and the normal glass house
was small and almost non-existent in the afternoon. This sug-
gested that the indoor air temperature of each model house con-
tinued to rise under continuous solar radiation, while the Low-E
smart window had little cooling effect due to its low emissivity
on the inner surface, which made it difficult for heat to be trans-
ferred to the outdoors by radiation. When the intensity of solar
radiation decreases in the late afternoon, the indoor air temper-
ature difference between the three model houses gradually de-
creases, which suggests that the TSSW smart window controls
energy loss or gain mainly by regulating solar radiation. Overall,
the field test results showed that the TSSW smart window could
effectively regulate solar transmittance and demonstrated great
potential as a smart window in building applications.
The optical stability of TSSW smart windows is critical to their

practical application. Tests have shown that under UV exposure
and moderate humidity (50% RH), TSSW smart window main-
tain stable optical and thermal properties and exhibit superior
durability. While high humidity (80% RH) has an impact on per-
formance, this is rare in natural environments and is of short
duration. Therefore, these results confirm the practical feasibil-
ity and certain use of the TSSW smart window (Figures S17 and
S18, Supporting Information).

2.5. Energy Efficiency of Buildings Integrated with the Smart
Window

To further evaluate the energy-saving performance of smart win-
dows in real buildings, an Energy Plus-based energy estimation
model was developed, and a 3-floor reference office building con-
structed by theU.S. Department of Energy (DOE) was used in the
simulation (Figure 5a). To investigate the applicability of TSSW
smart windows in different climate zones, four cities with dif-
ferent latitudes, namely Beijing, Hefei, Hong Kong, China, and
Singapore, were selected (Figure 5b). Unsurprisingly, the energy-
saving ability of TSSW smart windows was significantly better
than that of ordinary glass and Low-E glass. Among them, the to-
tal consumption inHongKong (subtropical) and Singapore (trop-
ical) was lower than that of ordinary glass and Low-E glass for 12
months of the year (Figures 5c–f). The energy savings of TSSW
smart windows were particularly significant in subtropical and
tropical regions, as the original huge amount of energy used by
building cooling systems and auxiliary equipment can be signif-
icantly reduced. Adopting TSSW window technology in these re-
gions could contribute even more to building carbon neutrality.

Furthermore, we comprehensively analyzed the total annual en-
ergy demand with TSSW smart windows across 10 different lati-
tudes globally (as illustrated in Figure 5g and Table S3, Support-
ing Information). The regions that stand out in terms of themost
significant reduction in total annual energy demand are Miami,
Bangkok, and Singapore, with respective decreases of 42.97%,
34.59%, and 36.59% compared to regular glass. The Miami re-
gion demonstrated the potential to save up to 102.09WJ/m2 in to-
tal annual energy demand. The cumulative effect of TSSW smart
windows on building energy savings is significant from a long-
term operational perspective.

3. Conclusion

In this study, we have designed a three-state thermochromic
smart window with W-VO2/perovskite films that demonstrates
dynamic and independent regulation of NIR and visible light
transmittance, thereby adaptively categorizing the smart window
into cool, warm, and hot states. Its double glazing further en-
hances environmental resilience and durability. The smart win-
dow exhibits reversible color changes, with transmittance values
of 𝜏 lum = 47.8% in warm states, 12.6% in hot states, and a solar
modulation capacity of Δ𝜏sol = 23.5%. Most importantly, in field
tests using the model house equipped with the TSSW, the indoor
air temperature was reduced by 3.4 °C, showing great potential
for energy savings compared to conventional windows. The en-
ergy savings of the device in different climate zones are remark-
able. This work provides a viable avenue for year-round thermal
management, which is promising for energy-saving applications
in the future.

4. Experimental Section
Materials: CH3NH3I (MAI, 99.5%) and PbI2 (99%) were provided

by Xi’an Polymer Light Technology. Dimethylformamide (DMF, ≥ 99.5%)
and Dimethyl sulfoxide (DMSO, ≥ 99.5%) were purchased from Alfa
Assar. W target (> 99.99%) and V target (> 99.99%) were purchased
from Zhongnuo New Material Technology Co. Al2O3 substrates were pur-
chased by Shanghai Spectrum Power Precision Instrument Technology Co
(PrMat).

Preparation of TSSW: W-VO2 filmswith different thicknesses were pre-
pared by wet oxidation method with the sputtering times of 10, 15, and
20 min for sputtering V, and 1 min 10 s, 1 min 25 s, and 1 min 35 s for
sputtering W to ensure that the critical temperature of W-VO2 films was
maintained at ≈35–40 °C. The growth process was as follows: first, W-
doped V metal film was deposited on the substrate (Al2O3) by RF mag-
netron co-sputtering. The RF sputtering powers of the metal W target and
V target used were 25 W and 150 W, respectively, and the working pres-
sure was maintained at 1.0 Pa with an argon flow rate of 80 SCCM. The
precursor films were then oxidized to W-VO2 films by wet oxidation in a
tube furnace. Finally, 60 nm thick Al2O3 was deposited on the top surface
of the obtained films.

A one-stepmethodwas used to fabricate the perovskite film. An amount
of PbI2 and CH3NH3I was dissolved in DMF and DMSO solvents and
stirred vigorously in a water bath at 60 °C for 24 h. The exact amount of
chemicals for the perovskite precursor with different mass ratio ingredi-
ents could be found in Table S4 (Supporting Information). Glass of 1 mm
thickness was first cleaned in an ultrasonic bath with acetone, ethanol,
and deionized water for 10 min and then dried with N2. They were then
treated in a 200W plasma cleaner (PLUTO-30) for 20min with oxygen gas.
Perovskite film was spin-coated on the treated surface of the substrates,
with a certain amount of the precursor, 500 rpm for 10 s and a high rate of
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Figure 5. Simulation for energy-saving performance in buildings. a) Building energy consumption calculation model, 49.9 m (length) * 33.3 m (wide)
* 11. 9 m (high). b) The geographic location of Beijing, Hefei, Hong Kong, and Singapore. c–f) Monthly HAVC energy consumption of Ordinary glass,
Low-E windows, and TSSW smart windows in Beijing, Hefei, Hong Kong, and Singapore. g) Annual HAVC energy savings performance for Ordinary
glass, Low-E windows, and TSSW smart windows in each city climate.

3000 rpm for 35 s. The samples were then dried on a hot plate at 100 °C
for 30 min to remove excess solvent.

Subsequently, two substrates (two inches) were sealed together to form
a double-glazed window, ensuring that the film-bearing side was insulated
from outside air and further protecting the films.

Characterization of TSSW: The electric property of the W-VO2 was
measured by a physical property measurement system (PPMS) using
the Vander Pauw configuration under temperatures varying from −50 to
120 °C with a sweeping rate of ≈1 °C/min. An integrated laser Raman
system (LabRAM HR; 523 nm laser source) recorded the temperature-
dependent Raman spectra with a laser power of 5 mW. The surface
morphologies and roughness of W-VO2 film were examined by atomic
force microscopic (AFM, MFP-3D-Origin). Scanning Electron Microscopy
(SEM, FESEM SU8220, Hitachi) measured the surface morphologies and
the cross-section images of the films. X-ray photoelectron spectroscopy
(XPS) (Kratos, AXIS Supra+, Al K𝛼 X-ray of 1486.6 eV) was used to charac-

terize the valence state of V. The X-ray absorption near-edge spectroscopy
(XANES) was conducted at the XMCD beamline (BL12B) in the National
Synchrotron Radiation Laboratory (NSRL), Hefei, to further characterize
the chemical state of the films. The crystal structure was characterized by
XRD (Multifunctional Rotating-anode X-ray Diffractometer, Rigaku Smart-
Lab(9)). The UV durability test was conducted using an LED UV lamp
(50W, 365 nm) to simulate prolongedUV exposure. Humidity cycling tests
were conducted in a constant temperature and humidity chamber at 30 °C
with relative humidity of 50% and 80% to assess stability under different
humidity conditions.

Optical Measurements: The spectral transmittance and reflectance of
the smart window within the solar radiation band were measured using
the UV–vis-NIR spectrometer (SolidSpec-3700DUV, Shimadzu) equipped
with an integrating sphere detector. A temperature controller was paired
to regulate the temperature of the sample to measure in both the cold
and hot states. To quantify the amount of solar thermal energy entering
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a building via solar transmittance, visible transmittance 𝜏 lum is defined in
Equation (1), solar transmittance 𝜏sol is defined in Equation (2):

𝜏lum =
∫ 780 nm
𝜆= 380 nm y(𝜆)𝜏(𝜆)d𝜆

∫ 780 nm
𝜆= 380 nm y(𝜆)d𝜆

(1)

𝜏sol =
∫ 2500 nm
𝜆= 300 nm AM1.5(𝜆)𝜏(𝜆)d𝜆

∫ 2500 nm
𝜆= 300 nm AM1.5(𝜆)d𝜆

(2)

where 𝜏(𝜆) is the transmittance of the smart windows at wavelength 𝜆.
The CIE (International Commission on Illumination) standards for pho-
topic luminous efficiency of the human eye (ȳ(𝜆)), and the solar irradiance
spectrum for an air mass of 1.5 (AM1.5(𝜆)) were used as weighting func-
tions for the wavelength-dependent transmittance.[9,37,38]

The thermal reflectivity within the mid-infrared wavelength band was
performed using an FTIR spectrometer (Nicolet iS50) equipped with an
integrating sphere (PIKE). All reflectivity spectrumswere normalized using
a standard gold film.[39]

RMIR =
∫ R(𝜆)B(𝜆)d𝜆

∫ B(𝜆)d𝜆
(3)

Outdoor Experiment Measurements: The outdoor experiments were
conducted on the rooftop of the second building of Mechanics at
the University of Science and Technology of China, Hefei (31°50′24′N,
117°15′1″E). Total solar radiation was measured by a pyranometer (TBQ-
2, Jinzhou Sunshine Technology Co., Ltd) that was installed in parallel
with samples with an uncertainty of ± 2%. An integrated weather station
(HSTL-BYXWS) was applied to measure the ambient temperature and rel-
ative humidity. T-type thermocouples with an accuracy of ± 0.5 °C were
used for the temperature of the setup. The temperature and humidity data
were recorded using a data acquisition instrument (LR8450, HIOKI).

Energy Saving Performance Simulation: To evaluate the effect of smart
windows on the heating/cooling load of buildings, we develop a single-
story small office building for energy-saving simulation. The dimensions
of the building are 49.9 m × 33.3 m × 11.9 m, with windows size of 2 m ×
8 m evenly distributed on all four walls (Figure 5a), with a window-to-wall
ratio of 33.4%. The building data were summarized in Table S5 (Support-
ing Information) in the Supporting Information, and the optical properties
of the ordinary glass, Low-E glass, and TSSW smart window used in the
simulation are given in Table S6 (Supporting Information) in the Support-
ing Information. The spectral data for the smart window was generated
based on actual measurements, while the spectral data for common glass
was from existing literature. The thermochromic function in Energy Plus
was utilized to simulate the thermal chromic characteristics of the smart
window. The cooling temperature of the room in the summer cooling sea-
son was set at 26 °C, and the heating temperature in the winter heating
season was set at 20 °C. To approximate the real situation, the tempera-
ture for the first switching state was set to 37 °C and the temperature for
the second switching state was set to 52 °C. The energy efficiency of the
building was demonstrated by comparing the heating/cooling load under
smart windows and conventional glass cases.

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

Acknowledgements
This work was partially supported by the National Natural Science Founda-
tion of China (12235015, 52130601, and 52476225), the Young Elite Scien-
tists Sponsorship Program by CAST (2023QNRC001), the Fundamental

Research Funds for the Central Universities and the Collaborative Inno-
vation Program of Hefei Science Center, CAS, Students’ Innovation and
Entrepreneurship Foundation of USTC. This work was partially done at
the USTC Center for Micro and Nanoscale Research and Fabrication. The
authors thank the infrared spectroscopy and microspectroscopy beamline
(BL01B) of theNational Synchrotron Radiation Laboratory (NSRL) for help
in characterizations. The authors also acknowledged the support from the
Anhui Laboratory of Advanced Photon Science and Technology.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
M.-L.L. designed the experiments and wrote the manuscript. X.-S.L. and
W.-S.Z. provided experimental support. L.-X.L. analyzed the data. L.L. and
C.-M.W. gave suggestions for the research. G.P., B.Z., and C.-W.Z. revised
the manuscript, supervised the work, and provided funding.

Data Availability Statement
The data supporting the plots within this paper and other study findings
are available from the corresponding author upon reasonable request.

Keywords
energy-saving, smart window, thermochromic, three-state

Received: December 11, 2024
Revised: February 17, 2025

Published online: March 20, 2025

[1] Y. Zhou, F. Fan, Y. Liu, S. Zhao, Q. Xu, S. Wang, D. Luo, Y. Long, Nat.
Energy 2021, 90, 106613.

[2] S.Wang,W. Gao, X.-Y. Hu, Y.-Z. Shen, L.Wang,Chem. Commun. 2019,
55, 4137.

[3] J. Wang, C.Meng, Q. Gu,M. C. Tseng, S. T. Tang, H. S. Kwok, J. Cheng,
Y. Zi, ACS Nano 2020, 14, 3630.

[4] Z. Wang, J. Liang, D. Lei, C. Jiang, Z. Yang, G. Yang, D. Zhang, L.
Zhang, C. Zhang, Y. Bai, Appl. Energy 2024, 369, 123619.

[5] S. Wang, T. Jiang, Y. Meng, R. Yang, G. Tan, Y. Long, Science 2021, 374,
1501.

[6] B. Deng, Y. Zhu, X. Wang, J. Zhu, M. Liu, M. Liu, Y. He, C. Zhu, C.
Zhang, H. Meng, Adv. Mater 2023, 35, 2302685.

[7] X. Zhao, S. A. Mofid, T. Gao, G. Tan, B. P. Jelle, X. Yin, R. Yang,Mater.
Today Phys 2020, 13, 100205.

[8] S. Chen, Z. Wang, H. Ren, Y. Chen, W. Yan, C. Wang, B. Li, J. Jiang, C.
Zou, Sci. Adv. 2019, 5, eaav6815.

[9] S.-Z. Sheng, J.-L. Wang, B. Zhao, Z. He, X.-F. Feng, Q.-G. Shang, C.
Chen, G. Pei, J. Zhou, J.-W. Liu, Nat. Commun. 2023, 14, 3231.

[10] E. Park, W. Li, H. Jung, M. Lee, J. H. Park, A. Shamim, S. Lim, Adv.
Funct. Mater. 2023, 8, 2201451.

[11] S. Chen, G. Jiang, J. Zhou, G. Wang, Y. Zhu, W. Cheng, G. Xu, D. Zhao,
H. Yu, Adv. Funct. Mater. 2023, 33, 2214382.

[12] S. Wang, Y. Zhou, T. Jiang, R. Yang, G. Tan, Y. Long, Nat. Energy 2021,
89, 106440.

[13] J. Chen, G. Li, T. Jiang, S. Wang, H. Hu, Z. Bai, D. Shi, M. Chen, J.
Guan, G. Tan, Nat. Energy 2024, 123, 109386.

Adv. Sci. 2025, 12, 2416688 2416688 (9 of 10) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[14] J. He, Q. Zhou, Z. Ge, S. Jiang, J. Li, W. Feng, H. Yang, Adv. Funct.
Mater. 2024, 34, 2404341.

[15] Y. Ding, Y. Duan, F. Yang, Y. Xiong, S. Guo, Chem. Eng. J. 2023, 460,
141572.

[16] P. V. Rathod, P. P. More, J. M. C. Puguan, H. Kim, Sol. Energy Mater.
Sol. Cells 2021, 230, 111202.

[17] H. Khandelwal, A. P. Schenning, M. G. Debije, Adv. Energy Mater.
2017, 7, 1602209.

[18] Y. Deng, Y. Yang, Y. Xiao, X. Zeng, H. L. Xie, R. Lan, L. Zhang, H. Yang,
Adv. Mater. 2024, 36, 2401869.

[19] A. Ghosh, Energy 2023, 265, 126396.
[20] S. Liu, Y. Li, Y. Wang, K. M. Yu, B. Huang, C. Y. Tso, Adv. Sci 2022, 9,

2106090.
[21] J. Li, Z.-X. Zhang, T. Zhang, P.-Z. Huang, T. Shao, Y. Zhang, D.-W. Fu,

J. Phys. Chem. C 2022, 126, 16437.
[22] C. Ling, Z. Zhao, X. Hu, J. Li, X. Zhao, Z. Wang, Y. Zhao, H. Jin, ACS

Appl. Mater. 2019, 2, 6738.
[23] D. Lee, B. Chung, Y. Shi, G.-Y. Kim, N. Campbell, F. Xue,

K. Song, S.-Y. Choi, J. Podkaminer, T. Kim, Science 2018, 362,
1037.

[24] X. Ao, B. Li, B. Zhao, M. Hu, H. Ren, H. Yang, J. Liu, J. Cao, J. Feng,
Y. Yang, Proc. Natl. Acad. Sci. USA 2022, 119, e2120557119.

[25] H. Ren, B. Li, X. Zhou, S. Chen, Y. Li, C. Hu, J. Tian, G. Zhang, Y. Pan,
C. Zou, Appl. Surf. Sci. 2020, 525, 146642.

[26] J. Zhou, M. Xie, A. Cui, B. Zhou, K. Jiang, L. Shang, Z. Hu, J. Chu, ACS
Appl. Mater 2018, 10, 30548.

[27] Y. Bleu, F. Bourquard, V. Barnier, A.-S. Loir, F. Garrelie, C. Donnet,
Materials 2023, 16, 461.

[28] G. Pan, J. Yin, K. Ji, X. Li, X. Cheng, H. Jin, J. Liu, Sci. Rep. 2017, 7,
6132.

[29] S. Zhao, L. Li, C. Hu, B. Li, M. Liu, J. Zhu, T. Zhou, W. Shi, C. Zou,
Adv. Sci. 2023, 10, 2300908.

[30] L. Yao, Z. Qu, Z. Pang, J. Li, S. Tang, J. He, L. Feng, Small 2018, 14,
1801661.

[31] S. Long, X. Cao, N. Li, Y. Xin, G. Sun, T. Chang, S. Bao, P. Jin, Sol
Energy Mat. Sol C. 2019, 189, 138.

[32] Y. Zhang, C. Tso, J. S. Iñigo, S. Liu, H. Miyazaki, C. Y. Chao, K. M. Yu,
Appl. Energy 2019, 254, 113690.

[33] B. Li, J. Shi, J. Lu, W. L. Tan, W. Yin, J. Sun, L. Jiang, R. T. Jones, P.
Pigram, C. R. McNeill, ACS Appl. Energy Mater. 2020, 3, 3358.

[34] Z. Tang, S. Tanaka, S. Ito, S. Ikeda, K. Taguchi, T. Minemoto, Nat.
Energy 2016, 21, 51.

[35] Y. Liu, W. Lv, J. Feng, J. Tian, P. Wang, L. Xu, Y. Long, L. Yao, Adv. Funct.
Mater. 2024, 34, 2402234.

[36] S. Liu, Y. W. Du, C. Y. Tso, H. H. Lee, R. Cheng, S. P. Feng, K. M. Yu,
Adv. Funct. Mater. 2021, 31, 2010426.

[37] Y. Wang, Y. Zhao, Z. Yan, T. Li, S. Wang, W. Dong, ACS Appl Mater
2023, 15, 43038.

[38] H. Xie, Z. Wang, M. A. Khalifa, Y. Ke, J. Zheng, C. Xu, ACS Appl Mater
2023, 15, 30469.

[39] Z. Zhou, Y. Fang, X. Wang, E. Yang, R. Liu, X. Zhou, Z. Huang, H. Yin,
J. Zhou, B. Hu, Nat. Energy 2022, 93, 106865.

Adv. Sci. 2025, 12, 2416688 2416688 (10 of 10) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com

	Three-State Thermochromic Smart Window for Building Energy-Saving
	1. Introduction
	2. Results and Discussion
	2.1. Ideal Schematic of Three-State Thermochromic Smart Window
	2.2. Design Concepts for TSSW Smart Window and W-VO2 Film Characterization
	2.3. Perovskite Film Characterization of TSSW Smart Windows
	2.4. Application of the TSSW Smart Window in the Real Environment
	2.5. Energy Efficiency of Buildings Integrated with the Smart Window

	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


