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Abstract
Both high visible transparency and strong solar modulating ability are highly required for energy-saving
smart windows, but conventional responsive materials usually have low transparency and narrow solar
transmittance range. Herein, we report a signi�cant advance toward the design and fabrication of
responsive smart windows by trapping novel V0.8W0.2O2@SiO2 doped poly(N-isopropyl acrylamide)
(PNIPAm) thermochromic liquid hydrogel within two glass panels. The smart window is highly
transparent to allow solar transmittance at low temperatures, while turns opaque automatically to cut off
solar energy gain when exposed in sunlight. With a remarkably low content (1.0wt‰) of dopant,
V0.8W0.2O2@SiO2/PNIPAm (VSP) hydrogels exhibit ultrahigh luminous transmittance Tlum of 92.48%
and solar modulation ∆Tsol of 77.20%. The superior performance is mainly attributed to that
V0.8W0.2O2@SiO2 doping induces PNIPAm particles’ size reduction and internal structure change. W-
doping decreases the phase transition temperature (Tc) of VO2 from 68 ºC to ~30 ºC (close to the Tc of
PNIPAm), contributing to an unprecedented infrared transmittance modulation. Especially, the smart
window shows excellent energy-saving during daytime outdoor demonstrations where practically
achievable cooling temperature reaches up to 15.1 ºC. In addition, the smart window exhibits outstanding
stability, as embodied by unchanged optical performance even after 100 transparency-opaqueness
reversible cycles. This new type of thermochromic hydrogel offering unique advantages of shape-
independence, scalability together with soundproof functionality promises potential applications in
energy-saving buildings and greenhouses.

Introduction
Building energy consumption is as high as it even accounts for 40% of global energy consumption1, 2.
Serving as the main channel of heat exchange, windows are responsible for higher than 50% of the heat
exchange energy between the buildings and the outside environment, and are thus the key to building
energy saving3, 4. The conventional energy-saving glasses need expensive equipment, thus developing
high-performance and low-cost smart windows with unique advantages of shape independence,
scalability, and soundproo�ng is highly desirable for energy-saving.

 In recent years, growing demands for smart window that responds to temperature automatically to
regulate the solar transmittance require advanced thermochromic materials (TCMs) as the most cost-
effective and energy-saving parts due to their rational stimulus and zero energy input properties. TCMs
can selectively transmit, absorb or re�ect speci�c spectra by means of changing its optical
characteristics driven by external conditions (e.g., temperature, electric �eld, and illumination). Once they
are used for smart window, besides control over color and transmittance, the indoor temperature can be
effectively adjusted to realize energy saving. Ideally, an intelligent energy-saving smart window with both
high visible transparency (solar transmittance) at low temperatures and strong solar modulating ability
as well as thermal insulation at high temperatures is required. However, conventional responsive
materials usually have low visible transparency and relatively narrow solar transmittance range, which
cannot satisfy the practical requirements of smart windows.  And most importantly, it is an inevitable
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challenge to further enhance the energy-saving capability of conventional TCMs due to their intrinsic
performance limits5.

Among polymer TCMs candidates, poly(N-isopropyl acrylamide) (PNIPAm) stands out owing to its
excellent optical switching performance6, 7 and a low critical solution temperature (LCST) of around 32
ºC8, 9. Under external temperature stimuli, a rapid, discontinuous and reversible volume change of
PNIPAm between the swollen and collapsed states leads to obvious transformations of its color and
optical characteristics 10. Unfortunately, the transmittance modulation of PNIPAm itself only covers a
range of 350-1350 nm, much narrower than the entire solar spectral range of 300-2500 nm. Very recently,
some strategies, such as graft copolymerization modi�cation method 11 and dispersing PNIPAm particles
into heat-capacity water12 were adopted to improve the thermo-responsive optical properties of PNIPAm.
Nevertheless, it is still a great challenge to obtain high visible transparency and strong solar modulating
ability of PNIPAm simultaneously. For instance, the solar transmittance modulation (∆Tsol) of PNIPAm-
based smart windows could reach the maximal value of 81.3%, while the luminous transmittance (Tlum)

value was much less than 90%13, 14.

Integrating the PNIPAm with inorganic nanomaterials has been proved to be an effective route to extend
the solar modulation range11. Vanadium dioxide (VO2) is one of typical inorganic TCMs whose optical

properties (especially the near-infrared transmittance) changes with Tc 12. VO2 can adjust the
transmittance of sunlight according to ambient temperature, and ultimately achieve a comfortable
building environment of "warm winter and cool summer". Usually, the VO2-based devices show a high

working temperature of 90 °C or even 100 °C due to the high metal-semiconductor Tc of VO2 (68 °C) 13, 14,
which leads to that most of reports focused on the spectral properties of VO2-TCMs only around 90 °C. In
practical applications, however, the outdoor temperature of smart windows is much lower, especially the
comfortable temperature for the human body is even less than 35 °C. So far, very little attention has been
devoted to the temperature-involved studies, thus most of the reported TCMs are lacking of practicality
and popularity. Su�ciently stable and e�cient VO2-TCMs for practical use in smart windows have not
been realized yet.

In order to address the issues, a variety of strategies including element doping15, 16, nanocomposite
construction17, 18, porosity controlling19, 20, gridding21, 22, and multilayer design were developed 23, 24.
Among them, construction of composites at the nanoscale is one of the most e�cient and conventional
strategies to enhance Tlum or/and ∆Tsol. It was reported that combination of VO2 nanoparticles (NPs)
with a thermo-responsive matrix led to that the Tlum was increased up to 62.6%, and the ∆Tsol value was

also dramatically increased to 34.7%.1, 25 Problematically,  heterogeneous interior structure made by
classical synthesis results in high turbidity of the composite at room temperature.26 Additionally, reducing
the Tc of VO2 NPs in a VO2-TCMs composite material has been rarely investigated. Recently, a
hydroxypropyl cellulose-based hydrogel was developed, which was endowed with excellent
thermochromic performance (∆Tsol of 36.0% and Tlum of 56.0%) and relatively high Tc of 50 °C 27. In
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spite of this, it is still urgent and challenging to develop a class of new TCMs with both high Tlum and

∆Tsol, as well as a low Tc for e�cient energy-saving 28.

Herein, insight into trace doping of V0.8W0.2O2@SiO2 to maximize improvement of both high Tlum and
∆Tsol of PNIPAm for energy-e�cient smart window is proposed. Tungsten doping reduces the Tc of VO2

to ~30 °C, which is close to that of PNIPAm. The resulting V0.8W0.2O2@SiO2/PNIPAm (VSP) have both
ultrahigh visible transparency and unprecedented infrared transmittance modulation with extremely high
Tlum of 92.48% and ∆Tsol of 77.20%. Particularly, the ∆Tsol value is higher than most reported values.
The involved mechanisms of PNIPAm by V0.8W0.2O2@SiO2 doping and the strong synergy for the
performance enhancement are discussed in detail. A novel type of responsive smart window is developed
by trapping the liquid composite hydrogel within glass panels, and the smart window reached an
achievable high outdoor temperature drop of 15.1 ºC. The smart window with thermochromic VSP shows
excellent stability with no obvious change of the spectral characteristics after 100 cycles. The thermo-
responsive liquid trapped structure offers a disruptive strategy of easy fabrication, good uniformity, and
scalability. The superior thermochromic capability of VSP together with soundproof functionality
promises many applications in the �eld of highly energy-e�cient smart windows, greenhouses and other
thermochromic devices.

Results
Designed VSP hydrogel and TCM mechanism model. Fig. 1a schematically illustrates the switchable
thermochromic behavior of the designed VSP hydrogel. At lower temperature (e.g., 20 ºC), the window
with VSP hydrogel is transparent to let in the solar transmittance; when heated from 20 ºC to 40 ºC, the
VSP hydrogel blocks sunlight automatically to cut off solar gain. Moreover, VSP maintains the excellent
reversibility of the temperature-dependent spectra (Tsol,20 °C = 78.82%, Tsol,40 °C = 1.62%). The newly
developed VSP experienced a hydrophilic to hydrophobic transition at a low LCST. Below the LCST, the
water molecules are kept in the interior of the PNIPAm macromolecules, which assures high transparency
due to the high solar transmittance of the hydrogel. Once be heated above the LCST, the water molecules
will be released from the PNIPAm, and the shrinkage particles will cause strong scattering of the light.
The V0.8W0.2O2@SiO2 NPs in the VSP hydrogel plays an important role for enhancing the transmittance
of sunlight and solar modulating ability. Particularly, the content of inorganic NPs used in this work was
extremely lower than that in other similar reports1, 22. The involved mechanism for the performance
improvement will be discussed later.

Importantly, our as-prepared thermo-responsive VSP hydrogel is liquid in the form of gels and thus can be
easily laminated in-between two layers of glasses to form a Glass-VSP-Glass type "sandwich" structure,
which facilitates to regulate the transmittance of sunlight8, 29 and its large-scale application for a smart
window. Owing to the free-�owing feature, the liquid VSP has no any constraint of window shape. A
thermo-responsive smart window using the liquid VSP was developed. Fig. 1b presents an illustration of
the "sandwich" structure in which VSP hydrogel layer locates in-between two transparent glasses. When a
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building top is installed with suchlike large-area smart window for solar modulating, a high outdoor
temperature drop will be realized and thus a comfortable building environment of "warm winter and cool
summer" will be achievable. Interestingly, the trend of the transition state of the fabricated smart window
with VSP shows strong time-dependence when illuminated under a 0.1 W/cm2 infrared lamp. Fig. 1c
shows the of the window at 505 nm after illumination for different times. Being irradiated for one minute,
the window still maintained a high transmittance with the corresponding Tlum value of 82.7%. After four
minutes, the window exhibited an opaque state with a very low value reaching 0.17%. Obviously, the
luminous transmittance Tlum of the window gradually decreased with increasing the irradiation time. Fig.
1d presents the corresponding photographs showing the time-dependent transmittance evolution of a
VSP-based smart window device with an area of 10 cm × 10 cm. Within only ~3 minutes, it can be
observed that the smart window changes from high transparency to opaqueness.

 

Construction of VSP. The synthesis process of VSP is illustrated in Fig. 2a. First, silica coated V0.8W0.2O2

NPs were synthesized. Subsequently, the V0.8W0.2O2@SiO2 NPs suspension in sodium dodecyl sulfate
solution was added during the emulsion polymerization of PNIPAm, resulting in formation the VSP. Here
the coating of silica enhances the stability of NPs and also the interaction between the groups on SiO2

coating and PNIPAm makes them to form a stable and uniform suspension. As shown in the scanning
electron microscopy (SEM) images (Fig. S1a), the V0.8W0.2O2 NPs have sizes of 20~50 nm, which is
consistent with that obtained from a magni�ed transmittance electron microscopy (TEM) image (Fig.
S1b). After SiO2 coating, the resulting V0.8W0.2O2@SiO2 NPs with a core-shell structure exhibit clear
outline and a uniform shell and their diameters increase to ~70 nm. The thickness of SiO2 shells is thus
about 14 nm (Fig. S1d-e). The core-shell structure was further con�rmed by energy dispersive
spectrometer (EDS) mappings (Fig. S1c, S1f). The distributions of two main elements (V and W) in the
VSP are also revealed by the EDS mapping (Fig. S4). Fig. 2b-d show TEM images at different
magin�cations of the resulting VSP, from which it can be seen that the NPs tend to be randomly
distributed in the organic matrix. The V0.8W0.2O2@SiO2 NPs are embedded in the 3D netwok of PNIPAm,
which can be con�rded by the EDS analysis.

XRD patterns of VO2, V0.8W0.2O2 and V0.8W0.2O2@SiO2 are shown in Fig. 2f, where all the diffraction
peaks are assigned to VO2 (M) with a monoclinic lattice symmetry and space group of P21/c (JCPDS
card No.43-1051). No other detectable impurity phases are observable in the pattern. To investigate the
effects of tungsten ion (W6+) doping and SiO2 on the Tc of VO2, differential scanning calorimetry (DSC)
analysis was performed. As shown in Fig. 2g, the Tc of V0.8W0.2O2 NPs (27 ºC) is much lower than that of

VO2 NPs (64.5 ºC), which is because the W6+ doping changes the position of V4+ and thus affects

electronic states 30. Meanwhile, the nano-effect makes that the Tc of VO2 NPs is below the normal

transition temperature of bulk VO2 (68 ºC) 31, 32. After the SiO2 coating, the Tc of V0.8W0.2O2@SiO2 NPs
(27.7 ºC) is slightly higher (only 0.7 ºC increase) than that of V0.8W0.2O2 (before coating), which is mainly
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attributed to the thermal insulation role of SiO2 layer 14, 33. The composition transition from VO2 to
V0.8W0.2O2 and to V0.8W0.2O2@SiO2 can be further veri�ed by Fourier Transform Infrared Spectroscopy
(FT-IR) analysis (Fig. S2). Also, the interactions between the groups on the SiO2 coated NPs and PNIPAm
are demonstrated by the FT-IR analysis.

The thermochromic features are highly related to the particle size because the polymer affects the
propagation path of light, leading to different visible light transmittance 34. PNIPAm possesses both
hydrophilic amide groups and hydrophobic isopropyl groups, which make it temperature-responsive. The
main driving forces of phase transformation are hydrogen bonds and hydrophobicity. The hydrogen
bonding force between the polymer chains and water molecules changes with temperature. The vector
property of the hydrogen bond causes the polymer chains to stretch (T < LCST) or shrink (T > LCST) while
leading to particle size change. The regularity of hydrogen bond is susceptible to temperature, and the
hydrophilicity of the polymer chains are also changed, which results in a macroscopic change of VSP
particle size distribution. Interestingly, the particle sizes of the VSP are much reduced comparing with the
PNIPAm, while the LCST did not change. Addition of V0.8W0.2O2@SiO2 has a great in�uence on the
polymerization process of PNIPAm, which results in an obvious decrease of particle size. However, the
LCST is mainly related to the hydrogen bonding of PNIPAm. A decrease of the original density of PNIPAm
network causes it fragmented into smaller particles under mechanical agitation. That is to say, the VSP
induced size reduction of PNIPAm particles and microstructure change of 3D network of PNIPAm. The W-
doping decreases the Tc of VO2 from 68 °C to ~30 °C leading to an unprecedented infrared transmittance
modulation range. The strong synergy between PNIPAm and NPs makes the smart window more
sensitive to external temperature change.

Optical performance and theoretical calculations. Fig. 4a shows the transmittance spectra recorded at 20
ºC and 40 ºC of VSP containing different contents of V0.8W0.2O2@SiO2 NPs. At 20 ºC, as the
V0.8W0.2O2@SiO2 content increases, the ∆Tsol of VSP shows a trend of gradual increase in the
wavelength of 200~2500 nm, especially in the visible region (380~780 nm). Based on the curves, the
characteristic values (as listed in Table 1) are calculated by using the equations (1-2). The contents of
V0.8W0.2O2@SiO2 in the VSP samples increases from zero to 1.0 wt‰. The ∆Tsol and Tlum,20 °C as the
function of the solid contents are plotted in Fig. 4b. For the same VSP sample, the ∆Tsol at 40 ºC
decreased signi�cantly compared with that of 20 ºC. When the content of V0.8W0.2O2@SiO2 are 0.4 wt‰,
0.6 wt‰ and 0.8 wt‰, the corresponding Tlum,20 °C values are 81.56%, 88.10% and 91.43%, and the
∆Tsol are 73.10%, 77.20% and 61.11%, respectively. Furthermore, increasing the solid content of
V0.8W0.2O2@SiO2 from 0 to 1.0 wt‰ results in that the Tlum,20 °C increases proportionally. Notably, the
∆Tsol of the samples increases �rst and then declines, as shown in Fig. 4b. Once the solid content
increases to higher than 0.6 wt‰, the ∆Tsol will be stable with no obvious change. It is worthwhile
mentioning that the VSP exhibited drastically enhanced thermochromic properties as compared with that
of the reported VO2-based thermochromic works (Table S1), as shown in Fig. 4c. In order to characterize
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the haze coe�cient, the sample was also measured on the haze meter at 20 ºC and 40 ºC, respectively.
The results show that the haze of VSP IV was 2.53% (20 ºC) and 91.82% (40 ºC), consistent with the
UVPC analysis results. This indicates that the optical properties of VSP are temperature sensitive.

Discussion
The uniqueness in light management of temperature-responsive PNIPAm particles is that their scattering
behavior can be adjusted according to the internal structure, as illustrated in Fig. 4d. At low temperatures
(below the LCST), the water molecules are within the PNIPAm macromolecules and lots of hydrogen
bonds form between water and the PNIPAm molecular chains, which leads to a homogeneously low
mismatch of refractive index between PNIPAm and water, and consequently a high solar transmittance.
As the temperature increases, these hydrogen bonds are gradually broken, indicating a continuous phase
separation. The oscillator strength of the O–H bond is proportional to the hydrogen bond energy
therefore, with fewer existing hydrogen bonds, the intensity of the transmittance valleys decreases. Once
the temperature exceeds the LCST, the water molecules will be released from PNIPAm macromolecules
and the polymer collapses, which results in a strong optical contrast to be established between PNIPAm
and water, and the light is scattered at the interface between PNIPAm particls and surrounding water8, 25,

35. Problematically, heterogeneous internal structure of PNIPAm particles made by the classical synthesis
results in high turbidity of the hydrogel above LCST. To extend the transmittance modulation spectrum
and guarantee the high Tlum, the hybrid strategy is to adjust the hydrogel particle size and the
crosslinking density, as shown in Fig. 1a. After the introduction of V0.8W0.2O2@SiO2 NPs, the crosslinking
density of PNIPAm reduces, which enhances the swelling capacity of the polymer. Therefore, much more
hydrogen bonds form between water and the PNIPAm molecular chains and a higher solar transmittance
is obtained at low temperature36, 37. In general, When the hydrogel is below LCST, the transparency allows
a large transmittance of solar radiation, whereas above LCST the scattering center induced by phase
separation partially blocks radiation, thereby reducing transmittance.

 

Table 1. Thermochromic properties of VSP with different contents of V0.8W0.2O2@SiO2.
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Sample V0.8W0.2O2

@SiO2(wt‰)

Tlum,20 °C

(%)

Tlum,40 °C

(%)

∆Tlum

(%)

Tsol,20 °C

(%)

Tsol,40 °C

(%)

∆TIR

(%)

∆Tsol

(%)

VSP I 0 57.63 0.01 57.62 57.62 0.00 60.35 57.62

VSP II 0.2 73.26 0.02 73.24 68.67 0.15 64.15 68.52

VSP III 0.4 81.56 0.03 81.53 74.33 1.23 63.22 73.10

VSP IV 0.6 88.10 0.04 88.06 78.82 1.62 63.47 77.20

VSP V 0.8 91.43 11.21 80.22 81.19 20.08 35.17 61.11

VSP VI 1.0 92.48 28.10 64.38 81.85 33.04 26.42 48.81

 

In order to investigate the practical applications of our VSP hydrogel, a device with Glass-VSP-Glass type
"sandwich" structure for smart window was assembled. The device was measured under 0.1 W/cm2

continuous irradiation of an infrared lamp inside an infrared thermal insulation analyzer. A blank double-
layer glass was used for comparison. As shown in Fig. 5a, the initial temperatures of the VSP-based and
blank double-layer glass are the same being 27.2 °C. Under the irradiation, the corresponding temperature
of the devices started to rise gradually. It is obviously observed that the rate of temperature rising for our
VSP-based device (on the right) is much lower than that of double-layer glass (on the left). After being
illuminated for 500 seconds, their corresponding indoor temperatures of the VSP-based and blank double-
layer glass are 34.0 °C and 49.1 °C, respectively (Fig. 5b). Clearly, the VSP device can be cooled down by
15.1 °C under 0.1 W/cm2 irradiation. That their indoor temperatures change with the irradiation time is
presented in the curve, as shown in Fig. 5c, and demonstrated by the Movie S1. After turning off the lamp,
both the devices gradually returned to the initial temperature of 27.2 °C. Moreover, the thermal
conductivity of our VSP hydrogels was evaluated. For example, the thermal conductivity of the VSP-IV
hydrogel was measured to be 0.2678 W/(m·k), and its thermal diffusivity was measured to be 0.1262
mm2/s. More importantly, the VSP device has the excellent reversibility of the temperature-dependent
transmittance spectra at 550 nm. That is to say, the change between the transparency with high light
transmittance and opaqueness can be cycled between a temperature (e.g., 20 °C) and a high temperature
(e.g., 40 °C), as shown in Fig. 5d. Even after 100 transparency-opaqueness reversible cycles, our VSP still
exhibits the outstanding stability with no any change in optical performance.

 

The long-term anti-ultraviolet aging performance of our VSP hydrogel was measured. The transmittance
spectra at 550 nm of VSP before and after UV irradiation was shown in Fig. S3. After UV irradiation for
more than 100 hours, the transmittance of VSP does not decrease obviously, which indicates its excellent
anti-ultraviolet aging ability. As demonstrated by the photographs, the window with VSP hydrogel is
highly transparent to let in the solar transmittance at 20 °C (as shown in Fig. 5e), and turned to be opaque
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when the temperature increases to 40 °C after irradiation of infrared light (Fig. 5f). In addtion, the VSP
hydrogels have outstanding heat insulation properties, which promises their advantage of less thermal
loss at high temperatures. Along with the excellent cooling performance, VSP is expected to play a key
role in intelligent temperature control and would have hopeful prospects in energy-saving applications.

As shown in Fig. 6a, due to the unique advantage of liquid phase, VSP device can be completed with a
simple pouring operation, which shows the easy fabrication as well as the high potential of scaling up
and independence on window shape. Furthermore, the solution-phase synthesis described herein permits
an industrial scale and cost-effective production, whereby a 30 ´ 30-cm window device is fabricated to
display its scalability and the prospect of practical applications (Fig. 6b-c). For the large-scale sample, the
VSP �lled half of the double-glazed glass box (30 ´ 15-cm). Note that the photos of VSP device showing
the change from high transparency to whloy opaqueness were recored outside of the buliding of College
of Engineering and Applied Sciences of Nanjing University on September 8th at Nanjing City, China
(32°7'16"N, 118°57'19"E). The simplicity of the single-component structure holds promise for industrial
production and ease of implementation. The thermochromic hydrogel with the advantages of shape-
independence, scalability and soundproof functionality promises potential applications in energy-saving
buildings.

In summary, a new type of intelligent temperature control device based on thermochromic VSP has been
demonstrated. Especially by adjusting the content of V0.8W0.2O2@SiO2, the particle size and internal
structure of VSP were effectively tailored, contributing to an ultra-high Tlum,20°C of 92.48% (VSP-VI) and
∆Tsol of 77.20%. Meanwhile, doping of tungsten ions modifed the Tc of vanadium dioxide, which enabled
it to exhibit a lower Tc of 30 °C. Thermochromic windows based on our VSP have reduced the indoor
temperature by 15.1 °C, which also make VSP ideal for energy-saving. They maintain excellent stability
after 100 cycles. The smart window may revolutionize the window industry based on their outstanding
performance and good scalability for large-scale synthesis and commercial applications. Our �ndings
provide an effective solution to regulate the transparency and thermal insulation of smart windows in
response to environmental changes, which is of high potential to cut down the carbon emission and
improve the sustainability of buildings and greenhouses. This revolutionary technology not only opens an
avenue for revamping energy-saving smart windows but will also be broadly applicable to wearable
sensors, optical modulators and medical devices.

Methods
Synthesis of V0.8W0.2O2 NPs: Chemicals used in the experiments are all analytical grade. Typically,
vanadyl sulfate (Meryer Co., Ltd.) and ammonium paratungstate (Shanghai yuanye Bio-Technology Co.,
Ltd.) were dissolved in distilled water (an atomic ratio of V to W was 4:1) to form a blue-green mixed
solution. Then, 0.65 mL hydrazine monohydrate (50 vol%, Ling-Feng Chemical Co., Ltd.) was slowly
added dropwise by using a peristaltic pump. pH of the solution was adjusted to 8.0 by 0.1 M of sodium
hydroxide (Xilong Scienti�c Co., Ltd.), resulting in a brown precursor suspension. The precursor was
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centrifuged at 11,000 r/min, and washed with distilled water for three times. Finally, it was transferred to
a 100 mL Te�on-lined stainless-steel autoclave. Typically, the autoclave was maintained at 260 °C for 36
hours. After cooling to room temperature (r. t.), the obtained V0.8W0.2O2 NPs were collected using a
centrifuge and washed with distilled water and ethanol.

Synthesis of V0.8W0.2O2@SiO2 NPs: 1.0 g of V0.8W0.2O2 NPs were ultrasonically dispersed in 50 mL
ethanol. Then, a solution composed of 280 mL ethanol and 70 mL aqueous ammonia (2 wt.%,
Sinopharm Chemical Reagent Co., Ltd.) was added, and stirred for 30 minutes. Subsequently, 0.5 mL of
tetraethyl orthosilicate was added through a peristaltic pump and stirred at r. t. for 4 hours. The powders
were collected by centrifugation. 0.5 g of precursor powders were dispersed in 100 mL ethanol-ammonia
aqueous solution (the volume ratio of ethanol to ammonia was 99:1). After that, 0.2 mL 3-
(trimethoxysilyl) propyl methacrylate (Aladdin Chemical Co., Ltd.) was added, and then stirred at r. t. for 4
hours. Finally, it was collected by centrifugation, and dried at 80 °C.

Synthesis of VSP Hydrogels: Typically, 5 mg of dry V0.8W0.2O2@SiO2 powder was ultrasonically dispersed
in 10 mL of 0.19 M sodium dodecyl sulfate (Aladdin Chemical Co., Ltd.), and magnetically stirred at r. t.
for 12 hours. Next, an aqueous solution containing 0.4 g N, N-dimethylacetoacetamide (Aladdin Chemical
Co., Ltd.) and 7 mg N, N’-methylenebis (acrylamide) (Aladdin Chemical Co., Ltd.) was added into a four-
necked �ask with 200 mL of distilled water at 80 °C that was evacuated and purged with nitrogen. Under
continuous stir, 1 mL sodium dodecyl sulfate solution containing V0.8W0.2O2@SiO2 NPs was added into
the �ask. Subsequently, 0.8 mL ammonium persulphate aqueous solution was added to initiate the
emulsion polymerization reaction, and the mixture was continuously stirred for 1 min. 3.5 g N, N-
dimethylacetoacetamide and 168 mg N, N′-methylenebis (acrylamide) aqueous solution were dropwise
added slowly for 2 hours. Finally, the resulting product of VSP hydrogels was obtained.

Materials Characterizations: The phase composition was characterized by X-ray diffractometer (XRD, D
max/RB, 12 kW) with Cu Kα radiation (λ = 0.15418 nm), which were performed in the range of 20~80°at a
scanning rate of 10°/min. The time-dependent phase transition was measured via differential scanning
calorimetry (DSC, DSC204 HP) in a continuous nitrogen �ow from 10 to 90 ºC at a heating rate of 2
ºC/min. The size distribution of nano-powders at variable temperatures was measured by dynamic light
scattering analyzer (Zetasizer Nano ZS). Fourier Transform infrared spectroscopy (FT-IR) were recorded
on an infrared spectrum meter (Nicolet iS50). The morphology and nanostructure were identi�ed by using
scanning electron microscopy (SEM, QUANTA250) and transmittance electron microscopy (TEM, Tecnai
G20). The haze coe�cient was conducted on the haze meter (Shenguang, WGT-S). Optical transmittance
characteristics were measured with wavelengths ranging from 200 to 2600 nm at 20 ºC and 40 ºC on a
UV-Vis-NIR spectrophotometer (UVPC, Lambda 950). In detail, the thickness of the hydrogel sample was 2
mm, and the thickness of the double glazing was also 2 mm. The glass was ordinary silicate glass, the
middle of the double glazing was air, and they were constructed using a silicone sealing adhesive. Based
on the integral luminous transmittance Tlum (380-780 nm), IR transmittance TIR (780-2500 nm), and solar
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transmittance Tsol (280-2500 nm), the corresponding transmittance values were calculated from the
equations (1) and (2):
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Figure 1

(a) Schematic illustration of the switchable thermochromic behavior of the designed VSP hydrogel. (b)
illustration of the "sandwich" structure in which VSP hydrogel layer locates in-between two transparent
glasses. Thermochromic application of the smart window on a building top leading to a comfortable
building environment of "warm winter and cool summer". (c) Statistical analysis of the transmittance (at
505 nm) at different irradiation times, and (d) the corresponding photographs showing the time-
dependent transmittance evolution of a smart window device with an area of 10 cm × 10 cm.
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Figure 2

A schematic diagram of the preparation process. (a) Schematic illustration of the fabrication procedure
of organic-inorganic nanocomposites, (b)-(d) TEM images at different magni�actions of VSP, and (e) the
element distribution of VSP obtained by Energy Dispersive Spectrometer (EDS). (f) XRD patterns of pure
VO2, V0.8W0.2O2 and V0.8W0.2O2@SiO2 NPs, and (g) their DSC thermograms.
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Figure 3

Temperature-Responsive Properties of the PNIPAm and VSP hydrogels. (a,b) Hydrodynamic diameters of
PNIPAm and (c,d) VSP at different temperatures. Insets of (a) and (c) are the photographs showing
transparency change of the PNIPAm and VSP hydrogels.
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Figure 4

Thermochromic property of PNIPAm with different contents of V0.8W0.2O2@SiO2. (a) The transmittance
spectra of PNIPAm with different solid contents of V0.8W0.2O2@SiO2 (in different colors) at 20 ºC (solid
lines) and 40 ºC (short dash lines). (b) ∆Tsol and Tlum, 20 °C as a function of solid contents of
V0.8W0.2O2, wherein the symbols were calculated by the equations (1) and (2) according to the curves of
Fig. 4a. (c) Summary of representative samples with the best thermochromic performance (∆Tsol and
Tlum, 20 °C) in the literature. (d) Thermochromic model and schematic diagram of PNIPAm, from left to
right: PNIPAm-20 ºC, PNIPAm-40 ºC.
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Figure 5

The cooling performance of VSP and its application as a new thermochromic material in smart window.
(a) The experimental setup for measurements of the VSP at the intial and �nal temperatures. As the
sandwich of double-layer glass, VSP was compared with blank double-layer glass under the irradiation of
infrared lamp (0.1 W/cm2), and their corresponding indoor temperature as a function of time. (b) The
results of the VSP, glass composite device and a blank double-layer glass placed in the infrared thermal
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insulation analyzer (left: VSP and glass composite device, right: blank double-layer glass). (c) the
measured indoor temperatures change curve with the irradiation time. (d) Visible light transmittance
distribution at 550 nm for VSP during 100 continuous cycles. Photographs of glass sandwich structure
with VSP at (e) 20 ºC and (f) 40 ºC (after irradiation of infrared light).

Figure 6

Photographs showing large-sized VSP Device of 30 cm X 30 cm and its change under sunlight. (a) The
process of �lling the hollow layer of laminated glass with VSP liquid. The photos of VSP device were
recored outside of the buliding of College of Engineering and Applied Sciences of Nanjing University on
September 8th at Nanjing City, P. R. China (32°7'16"N, 118°57'19"E). (b) Before phase transition. (c) After
phase transition under outdoor sunlight.
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