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A B S T R A C T   

Smart windows that regulate solar irradiation (including ultraviolet UV, visible and infrared) have emerged as an 
exciting research area for energy conservation, privacy protection and organism healthcare. However, scalable, 
low cost and robust smart windows with broadband light modulation are still challengeable for practical ap
plications. Here, an integrated smart membrane with capability of managing the light wavelength from UV, 
visible (Vis) to near infrared (NIR) band via facile spray coating is reported. The smart membrane consists of the 
upper ITO rich layer, bottom TiO2/SiO2 NPs layer and a bulk elastomeric PDMS as matrix. Due to the NIR 
reflection and UV absorption, the smart membrane shows high Vis transmittance and moderate UV and NIR 
transmittance under relaxed state. Due to Mie scattering from vacuum cavity, under stretching (50%), UV, Vis 
and NIR transmittance could be dramatically decreased from 40% to 5% (380 nm), from 70% to 5% and from 
70% to 10%, respectively, indicating highly efficient and sensitive management. In particular, the application in 
greenhouse exhibits excellent properties in plants protection, IR cooling and privacy preserving. We believe that 
this work will pave a facile and low-cost approach for a novel class of integrated smart windows via broadband 
light modulation.   

1. Introduction 

Smart windows that can tailor sunlight irradiation have attracted 
extensive attention not only in academic research but also industrial 
fields. The most abundant energy sources, i.e. sunlight consists of 5% 
ultraviolet light (UV), 52% visible light and 43% infrared light (IR). 
Generally, excessive exposure to UV/IR lights induces the degradation of 
organic materials, loss of mechanical strength even diseases of human or 
other creatures [1,2], while selective control of visible light is a neces
sary choice to achieve energy saving, privacy protection and further 
space segmentation. Thus smart windows are particularly intriguing as a 
potential alternative to address these problems. Potential applications 
include architectural or vehicle windows, house roofs, greenhouse, 
skylight, etc. Therefore, smart optical materials which are capable of 
blocking UV and IR lights and manipulating visible light on demand are 
promising. 

Extensive efforts have been devoted for the modulation of lights in 
specific narrow band. In UV band, the most common approach is the 

embedding of inorganic UV absorbents (e.g. ZnO [3,4], TiO2 [5]) in a 
polymeric matrix [6]. The color/transparency modulation has been 
extensively studied, involving photonic crystals [7,8] or liquid crystals 
[9,10] through electric field, oxidation-reduction reactions of chromo
genic materials [11,12], phase change materials under heat/light acti
vation [13,14]. In contrast, mechano-driven smart materials exhibit low 
cost, high efficiency and chemical stability, including surface nano
patterned elastomers [15–19], nano voids inside of elastomer [20–22], 
cracks on the surface of elastomer [23,24], vertical arranged nano
particles in elastomers [25,26], IR cooling materials exhibit high solar 
reflection and high thermal emission, including hierarchical porous 
polymeric coating [27], phase-change photonic nanostructure [28,29] 
and phonon resonance effect [30], etc. Moreover, IR transmittance 
could be effectively blocked via coating of silver nanowires [31], ITO 
[32] on the surface or inside of PLA, PVB as a result of high IR reflec
tance. However, these candidates can modulate light only in a specific 
narrow band, which severely limit the practical applications. 

Recently, materials with light-to-heat conversion effects and 

* Corresponding author. 
E-mail address: liliyang@dhu.edu.cn (L. Yang).  

Contents lists available at ScienceDirect 

Solar Energy Materials and Solar Cells 

journal homepage: www.elsevier.com/locate/solmat 

https://doi.org/10.1016/j.solmat.2022.111611 
Received 24 September 2021; Received in revised form 6 December 2021; Accepted 14 January 2022   

mailto:liliyang@dhu.edu.cn
www.sciencedirect.com/science/journal/09270248
https://www.elsevier.com/locate/solmat
https://doi.org/10.1016/j.solmat.2022.111611
https://doi.org/10.1016/j.solmat.2022.111611
https://doi.org/10.1016/j.solmat.2022.111611
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2022.111611&domain=pdf


Solar Energy Materials and Solar Cells 238 (2022) 111611

2

thermochromic effects [33,34] have been studied, but their light 
transmittance control range is limited (~50%), and the precise control is 
difficult to achieve. And the surface notch treated elastomer with 
phase-change VO2 nanoparticles shows ~40% increase in UV–Vis–NIR 
transmittance when the strain is up to 100% [35]. Smart film that realize 
sunlight reflection or heating by adjusting the opening and closing of the 
nanopores in the black elastomer under the pull/scratch state can ach
ieve effective temperature control, but it is difficult to apply to smart 
windows due to the inability of displaying transparency [36]. A smart 
hydroglass that enables to manage the light wavelength over three or
ders of magnitude, and reversibly switches transmittance in the visible 
region is reported, while the humid storage environment puts forward 
higher requirements for its practical application [37]. Therefore, it will 
be highly desired to design smart membranes with the ability to adjust 
the light transmittance of UV–Vis–NIR via facile, low-cost approaches. 

Previously, we reported a robust smart membrane that could be 
reversibly switched from highly transparent to opaque under stretching 
due to the diffused light scattering from micro-/nano voids [20]. Here, 
an integrated smart membrane with capability of managing the trans
mittance of UV–Vis–NIR region is reported. As illustrated in Fig. 1A, this 
smart membrane can be applied as the smart windows of greenhouse, 
building, skylight etc. for energy saving, privacy protection, plants 
preserving. The smart membrane consists of upper ITO rich layer for NIR 
reflection, bottom TiO2/SiO2 NPs layer, which embedded in bulk elas
tomeric PDMS. Rising from the UV absorbing, NIR reflection and Ray
leigh scattering, the smart membrane shows moderate UV and IR 
transmittance and high Vis transmittance under relaxed state, and 
excellent UV–Vis–NIR modulation under stretching. 

2. Experiments 

2.1. Materials 

Tetraethyl orthosilicate (TEOS, 98%), isopropanol (IPA, 99.8%), 
ammonium hydroxide (28–30%), ethanol (99%), were purchased from 
Sinopharm Chemical Reagent Co., Ltd (China). PDMS (Sylgard-184, 
Dow Corning, USA), ITO nanoparticles (10 nm, Macklin, China), TiO2 
nanoparticles (20 ± 10 nm, Macklin, China) and Rhodamine B (99%, 
Rhawn, China) were used as received. 

2.2. Preparations of smart membranes 

Silica NPs were firstly synthesized by the Stöber method. Then a 
mixed solution in IPA was obtained with SiO2 and TiO2 NPs concen
trations of 10 mg mL− 1 and 1 mg mL− 1, respectively. Then, the mixed 
solution was sprayed 20 times by industrial spray gun on the polystyrene 
(PS) Petri dish at a spray distance of 5 cm and a moving speed of ~5 cm 
s− 1. After that, ITO NPs were dispersed into IPA with a concentration of 
10 mg/ml for the 2nd spray coating for 30 times. Dow Corning Sylgard 
184 and its curing agent were mixed at a weight ratio 10:1. After 
degassing, PDMS precursor was cast on the sprayed Petri dish and then 
cured at 65 ◦C for 4 h. Finally, the hybrid membrane was carefully 
peeled from the Petri dish. 

2.3. UV-shielding measurement of smart membrane 

The degradation behavior of RhB solution in the presence of pho
tocatalyst (TiO2) under high-pressure mercury lamp (150 W) was con
ducted to evaluate the UV-shielding performance of membrane. Briefly, 
30 mg of TiO2 and 50 mL of RhB solution (1 × 10− 5 M) were mixed for 
complete dispersion. Smart membrane under different strains was used 

Fig. 1. (A) Schematic of our multifunctional smart membrane as smart window, its composition, and light management mechanism. (i) NIR reflection of ITO rich 
layer, (ii) UV absorption of TiO2 NPs, and (iii) light scattering after stretching. (B) Optical image of large-size smart membrane. (C) Cross-sectional SEM image of 
functional layer in smart membrane. (D) EDS elemental mapping of Si (i), Ti (ii), Sn (iii), scale bar: 2 μm. (E) Surface SEM image of functional layer in 
smart membrane. 
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to encloses the entire sample bottle before UV irradiation. The wave
length of UV light was 365 nm, and the light power reaching the surface 
of the film was 2.26 W/m2. At given intervals (t), the absorbance of RhB 
solution at 552 nm was measured by the USB2000 fiber optical spec
trometer (Ocean Optics, USA). The UV-shielding performance was 
calculated as I=At/A0 × 100%, where A0 is the initial absorbance of RhB 
solution and At is the absorbance of the remaining RhB solution. 

2.4. NIR-shielding measurement of smart membrane 

The measurement device was built by a wooden house. The specific 
test process was to cover the window with a smart membrane under a 
specific strain. A 50 W halogen tungsten lamp simulated sunlight at a 
distance of about 50 mm from the top of the film, and records the 
temperature in the thermal insulation box at a specific time interval. 

2.5. Characterization 

The surface morphologies and EDS mapping were examined using a 
field-emission scanning electron microscope (MAIA3, TESCAN, Czech). 
The surface morphologies of the nanoparticles (TiO2 and ITO) were 
examined using a transmission electron microscope (JEM-2100, Japan). 
The scattering spectra at various strains, the cycle-dependent trans
mittance and the UV absorbance spectra were collected from a USB2000 
fiber optical spectrometer (Ocean Optics, USA) combined with a custom- 
built stretcher. The UV–Vis–NIR spectra were collected from a UV-3600 
spectrometer (Shimadzu, Japan). The haze was collected with an inte
grating sphere ((INT-36T-2, Changhui Electronic Technology, China). 
Digital photos were collected using a digital camera (Nikon 1 J5, Japan). 
The XRD patterns were characterized by X-ray diffractometer (Bruker 
D8, Germany). 

3. Results and discussions 

3.1. Design and fabrications of multifunctional smart membrane 

As illustrated in Fig. S1, the preparation of multifunctional smart 
membrane includes three facile steps: spraying of mixed solution 
involving SiO2 & TiO2 NPs, spraying of ITO NPs solution, final casting 
and curing of PDMS precursor. Therefore, two layers, i.e. functional 
layer and supported PDMS layer, are exhibited (Fig. 1A). The facile 
industrial-grade process is notably beneficial for the scalable fabrication 
of smart membrane. Fig. 1B shows a transparent smart membrane with 
20 cm × 20 cm × 0.1 cm. The XRD patterns of NPs (Fig. S2) exhibits the 
amorphous structure of SiO2 and crystalline structure of ITO and TiO2. 
TEM images of TiO2 and ITO NPs were shown in Fig. S3, indicating the 
sizes of about 30 nm and 10 nm, respectively. After the first spraying, 
SiO2 NPs (～290 nm) are arranged with a quasi-ordered structure, while 
smaller TiO2 NPs are existing in the voids of silica in the form of small 
clusters (Fig. 1C and Fig. S4). After the second spraying process, an ITO 
rich layer is covered on the surface of TiO2/SiO2 layers (see Fig. 1C and 
D), and some areas are even completely covered (Fig. 1E). Importantly, 
the content of light shielding NPs (TiO2 and ITO) are small (See Fig. 1C), 
which can effectively reduce the decrease of transmittance in the visible 
region. 

3.2. Tunable optical property in visible region 

Occupying the 52% sunlight radiation, the light management in 
visible band is so important for the energy saving and privacy protec
tion. In order to clarify the effect of different NPs on the Vis trans
mittance on relaxed state, Fig. 2A shows the Vis spectra of membranes 
embedded with various NPs. Due to the very close refractive index of 
SiO2 (n = 1.46) and PDMS (1.43), the membrane shows very high 
transparency (up to 92%). While the transmittance is decreased due to 
the addition of TiO2 (n = 2.87) or ITO (n = 1.86) NPs, which is attributed 
to the enhanced Mie scattering from NPs. However, the smart membrane 

Fig. 2. Visible management ability of smart membrane. (A) Vis Transmittance comparison of various membranes with different NPs. (B)Vis transmittance spectra of 
smart membrane upon stretching. (C) Transmittance at wavelength of 550 nm and mechano-optical sensitivity of smart membrane comparing with previous smart 
membrane as a function of applied strain. (D) Optical images of smart membrane at various applied strains. (E) Transmittance at 550 nm versus stretching/release 
cycle numbers. 
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involving three kinds of NPs still shows a high transmittance (≥70% at 
550 nm) due to the small amount of TiO2 and ITO NPs. Seen from Video 
S1, the smart membrane shows a reversible transition between trans
parent and opaque states under stretching and releasing. Furthermore, 
the Vis transmittance changes of smart membrane upon stretching is 
also studied (Fig. 2B). Under the stretching of NPs/PDMS membrane, 
crescent shaped vacuum cavity (n = 1) is formed between NPs and the 
matrix. In order to understand the Mie scattering resulting from crescent 
cavity under stretching better, the hazing transmittance is tested and 
shown in Fig. S6. The increasing haze improves the enhanced Mie 
scattering under stretching. Based on the spherical and ellipsoid model, 
the approximate calculations of scattering (details in supporting infor
mation) demonstrate that the scattering intensity increases with the 
volume of cavity under stretching. 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.solmat.2022.111611. 

Fig. 2C summarized the transmittance decreases at 550 nm and the 
corresponding mechano-optical sensitivity. The mechano-optical sensi
tivity (S) can be calculated as follows: 

S= |
Tε − T0

ε | (1)  

where ε is the strain, T0 and Tε are the transmittance (wavelength of 550 
nm) at initial state (ε = 0) and stretching at a certain strain (ε), 
respectively. The properties of soft membrane (SiO2/PMDS) reported in 
our previous work are also illustrated for comparison. Based on our 
previous research, the optical tuning is attributed to the Mie scattering 
from internal cavitation between PDMS and NPs under stretching. It is 
indicated that a high total transmittance tuning range of ～65% is 
exhibited, which is little lower than that of SiO2/PMDS membrane 
(75%) due to the little loss of original transmittance. However, the 
transmittance of this smart membrane can be dramatically reduced by 

~30% and ~63% at small strain 15% and 40%, respectively. While the 
SiO2/PDMS membrane only shows transmittance loss of ~8% and 40% 
at 15% and 40% strain, respectively. Here we believe that the internal 
cavitation between PDMS and NPs is easier to form due to the stress 
concentration because of the incomplete filling of PDMS due to the 
smaller NPs. Therefore, the mechano-optical sensitivity is enhanced 
especially in the small strain, which is very important for the applica
tions in smart windows. Fig. 2D also showed the rapid decrease of 
transmittance of the membrane which transferred to completely opaque 
at 20% strain during the stretching process. The normal transmittance at 
550 nm versus release/stretching cycles was exhibited in Fig. 2E which 
showed negligible difference of transmittance even after 2000 cycles. 
This result indicated the excellent robustness of our optical tunable 
membranes. 

3.3. Tunable optical property in UV and NIR region 

The UV blocking ability of smart membrane is further explored. In 
order to clarify the effect of different NPs on the UV transmittance on 
relaxed state, Fig. 3A shows the UV curves of various membranes. With 
the adding of TiO2 and ITO NPs, the UV transmittance of membrane 
decreased substantially in total three stages (Fig. 3A). Seen from the UV 
absorbance of TiO2 and ITO NPs (Fig. S8), a very high UV absorbance of 
TiO2 NPs is exhibited and moderate absorbance of ITO is also present. 
Thus TiO2 NPs are good at UV blocking, leading to the almost complete 
blocking of UVC (200–280 nm) and UVB (280–320 nm) and extremely 
lower transmittance of UVA (320–400 nm). The transmittance spectrum 
at UV region of the smart membrane during the stretching process is 
shown in Fig. 3B. It is demonstrated that the UV transmittance of the 
smart membrane is furtherly decreased with the stretching (0–50%). 
The UV transmittance at 350 nm is decreased from 30% to 8% and at 
strain of 20% and 50%. The modulation ability in UVA is greater than 

Fig. 3. (A) UV transmittance spectra of various membranes with different NPs. (B) UV transmittance spectra of smart membrane upon stretching. (C) Photo
degradation curves of Rh B solutions protected by smart membrane under applied strain. Inset: Schematic diagram of test process and optical images of Rh B under 
various states. (D) NIR transmittance spectra of various membranes with different NPs. (E) NIR transmittance spectra of smart membrane upon stretching. (F) 
Temperature change inside the wooden house without or with smart membrane. Inset: optical images of test device. 
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that in UVC. We believe that this is also mainly due to the Mie scattering 
from the smaller crescent cavity during the stretching process. The 
scattering is enhanced with the stretching of smart membrane, leading 
to the continuous decrease of UV transmittance. 

To further investigate the UV-blocking ability of smart membrane, 
the UV degradation effect of organic dyes is also used to characterize the 
UV barrier effect of smart membrane. Under the protection of stretched/ 
released smart membrane, the Rhodamine B (Rh B) solution in the 
presence of photocatalyst is irradiated under a UV lamp, the photo
catalytic degradation efficiency is collected (Fig. 3C). As shown in 
Fig. 3C, with the prolongation of UV irradiation time, the absorption 
intensity of Rh B solution at 552 nm continues to weaken. After 60 min 
of UV irradiation, the Rh B solution none covering was almost 
completely degraded. Under the protection of the relaxed membrane, 
the degradation rate of Rh B was obviously decreased that shows a drop 
of 42%, while the Rh B solution protected by the smart membrane in a 
stretched state shows only 13% degradation. Compared with the orig
inal Rh B, the uncovered solution exposed to UV light shows an obvious 
discoloration due to the large photodegradation, and the RhB protected 
by released smart membrane displays a relatively little change, while 
protected by smart membrane under stretched state, the color is very 
similar to the original solution. This proves the great UV blocking ability 
in the stretched state. 

Besides, the optical management in NIR region is also studied. As 

illustrated in Fig. 3D, SiO2/PDMS membrane shows very high trans
mittance in 800–2200 nm. In order to effectively shield NIR radiation, 
ITO NPs which exhibit high NIR reflection are added. The membranes 
with a single layer of ITO and uniform distribution of ITO are both 
fabricated to investigate the effect of NPs arrangement on the optical 
properties. Comparing the NIR transmittance of membrane, PDMS itself 
had absorption in the NIR band of 1500–2500 nm (see Fig. 3D), which is 
due to molecular vibration. Compared with ITO dispersedly arranged in 
the gap of SiO2 particles (ITO/SiO2), forming an ITO rich layer above the 
SiO2 layer (ITO-SiO2) was an effective means to further reduce the 
infrared transmittance (Fig. 3D), which was due to the densely arranged 
ITO layer could better reflect the NIR rays reaching above it and reduce 
the transmission (see schematic in Fig. 1A). As shown in Fig. 3E, during 
the stretching process, the NIR transmittance of the smart membrane 
continues to decrease, which was similar to the UV and visible spectra. 
We believe that the decrease of NIR transmittance is attributed to the 
Mie scattering from cavity around NP clusters. It can be seen that the 
smart membrane shows excellent NIR blocking ability (average NIR 
transmittance <30%) under small strain (~20%). Furthermore, the NIR 
shielding ability of smart membrane is explored by recording the tem
perature of a wooden house with smart window (see Fig. 4D). The 
thermocouple at the bottom of the wooden house is connected with a 
thermometer, and the temperature curve inside the wooden house under 
different state windows was recorded in real time (illustration of Fig. 3F 

Fig. 4. Schematic and images for potential applications of smart membrane. (A) Schematic illustrations of future application of smart membrane as smart window of 
sun room. (B) Optical images of (i) original Asplenium nidus after sunshine exposure, (ii) single leaf covered by smart membrane after same sunshine exposure, and 
(iii) the IR thermal photograph of plant leaf surface protected by smart membrane. (C–D) Optical images of information display (i) and UV-shielding effect (ii) for 
applications in automobile skylight under low light blocking mode and high light blocking mode (D). 
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for the test device). When the initial temperature is close (about 25 ◦C), 
the temperature in the cavity none covering increased by 15 ◦C after the 
NIR light irradiating for 40 min. In contrast, the temperature rise rate of 
the wooden house with the unstretched smart membrane as the window 
significantly drop, the temperature only increased by 5 ◦C in the same 
time. However, when the smart film was in an opaque state with 50% 
strain, the temperature only increased by 1 ◦C. Such significant cooling 
effect is ascribed to the reason that the smart membrane simultaneously 
isolates visible and NIR light and decreases the solar energy absorbed by 
the inner thermometer. 

In order to study the stability at UV and NIR band, the UV–Vis–NIR 
transmittance of smart membrane before and after 2000 cycles of 
stretching is shown in Fig. S9. The optical property is almost unchanged, 
indicating the structural stability during stretching. Moreover, the op
tical properties of membrane before and after outdoor illumination for 
20 days is compared in Fig. S10. The retained transmittance also dem
onstrates a good chemical stability for applications. 

3.4. Potential applications as smart windows 

Fig. 4A illustrates there are three modes for the applications as smart 
window to satisfy different requirements under different environments. 
In cloudy days, the smart membrane is rolled up, showing a fully 
transparent state and providing sufficient solar radiation (Fig. 4A-i). In 
sunny days, the sun room is covered with the smart membrane at relaxed 
state (Fig. 4A-ii). The low light blocking mode is displayed, in which UV 
and NIR lights are effectively blocked while visible lights can transmit. 
Thus the plants health is keeping while energy consumption is moder
ately reduced. More, in hot days, the high blocking mode is triggered 
when the smart membrane is stretched. Based on above experimental 
results, the broadband UV–Vis–NIR radiation could be effectively 
restrained and the inhibition degree varies with the strain. Under this 
mode, the smart membrane can achieve UV protection, lowering the 
indoor temperature and protecting privacy indoor (Fig. 4A-iii). 

This smart membrane is especially suitable for the smart windows for 
sun rooms and greenhouses. Seen from Fig. 4B, Asplenium nidus leaves 
are shriveled due to the exposure of sun shine for 6 h. In order to verify 
the protection of smart membrane, the relaxed and stretched smart 
membrane are placed at a distance of 20 mm above the leave surface. 
After same 6 h of strong sunlight, the green color of the leave covered by 
the smart membrane is obviously brighter and more vitality than un
covered (Fig. 4B-iii). The surface temperature of the leaf after 1h expo
sure to sunlight was obtained by an infrared camera (Fig. 4B-ii). The 
surface temperature of uncovered leave is as high as 31.1 ◦C. In contrast, 
the surface temperature of leave covered with relaxed smart membrane 
is 27.5 ◦C, while the surface temperature is only 26.0 ◦C when the smart 
film is stretched (50%). It is indicated that the smart membrane can also 
effectively block NIR light, thereby reducing the temperature and pro
tecting plants. 

In addition, the potential application of our smart membrane as 
smart skylight is also a good choice. As illustrated in Fig. 4C-i, when the 
smart membrane is relaxed, the interior of the car is in a relatively low 
UV and NIR state, while the details of the car can be seen clearly. As 
shown in Fig. 4C-ii, the UV display card of the sports car seat shows that 
the UV light intensity of the protected area is significantly lower than the 
unprotected area. When the smart membrane is stretched, the UV and 
NIR transmittance in the car is further reduced, and privacy protection is 
also provided (see Fig. 4D-i). As shown in Fig. 4D-ii, the UV intensity of 
the protected area by the stretched smart membrane is significantly 
lower than that of the unprotected area. The application of smart films to 
closed environments such as buildings and semi-closed environments 
can achieve good UV blocking capabilities, and is of great significance 
for reducing the temperature and providing the required visible block
ing capabilities. 

4. Conclusions 

In summary, we present an integrated smart membrane with 
UV–Vis–NIR broadband light modulation for multifunctional smart 
windows. This smart membrane consisting of SiO2, TiO2 and ITO NPs in 
elastomeric PDMS is fabricated via spray coating and casting process. In 
relaxed state, the smart membrane exhibits moderate UV and NIR 
transmittance and high Vis transmittance. While under stretched state, 
due to the Mie scattering from nanocavitation, the UV–Vis–NIR trans
mittance shows excellent modulation. UV, Vis and NIR transmittance 
under stretching (50%) could be dramatically decreased from 40% to 
5% (380 nm), from 70% to 5% and from 70% to 10%, respectively. 
Overall, our study provides a low-cost, integrated smart membrane in 
the potential applications in greenhouse, skylight etc. for energy con
servation, privacy protection and organism healthcare. 
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