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Hybrid vanadium dioxide-liquid crystal tunable
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Abstract: Smart windows based on VO, can control the infrared radiation entering the building
based on the temperature, however, the visible part of the spectrum is not controlled. Liquid crystal
(LC) based privacy windows, on the other hand, control the visibility either with temperature
or applied voltage, however, the total transparency remains fixed as the scattering is mainly
in the forward direction. To be able to control both the visibility and the temperature in the
house, here we combine both layers in which the LC layer is made of a composite of nanoporous
organic microparticles called Cochleates at small concentrations embedded in the LC matrix, thus
acting as a tunable scattering metamaterial. The VO,-LC interface has less Fresnel reflectivity
and therefore higher solar modulation is expected in an optimized window. In addition, being
hidden under the LC layer, VO, will be protected from oxidation. Electro-optic and thermo-
optic properties of the device are investigated including the response time measurements. A
non-reciprocity effect is observed showing better performance when the VO, layer is facing the
outside world, in which the window becomes more transparent from inside than from outside and
also showing higher solar modulation. Response time is 1 ms for the rise and 10 ms fall time at
70 V. This approach opens up a new possibility of thermochromic VO, and LC-based systems to
satisfy the real-life requirements on smart window applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Windows were invented since humans started to build houses for privacy, safety and to protect
themselves from cold or hot weathers. Recent advances in modern technology, however are
re-inventing the window by making it smarter to be able to self-control its visibility and heat
transfer. With the increasing awareness in reducing the emission of harmful green-house gases
that adversely affect our environment there is race for reducing energy consumption in buildings.
Buildings are responsible for about 40% of the total energy consumption used for heating,
cooling, lightening or air conditioning [1]. Buildings continuously exchange energy through
their windows by means of conduction, convection and radiation. Managing this heat exchange
through windows is a possible approach to effectively control the building energy consumptions.
In summer, solar radiation and the visible light entering buildings should be controlled to reduce
the air-conditioning energy consumption. On the contrary, in winters, buildings should allow the
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inflow of solar radiation to retain the heat [2]. Smart windows which adjust the transmittance of
solar irradiation are considered to be the promising candidates in reducing energy consumption
of the buildings [3].

One of the effective routes to achieve this goal is by employing smart coatings on building
windows that control the solar radiation. In this regard, several smart coatings based on
electrochromism [4-6], gasochromism [7,8], thermochromism [9,10] and photochromism [11,12]
have been widely investigated for the energy-efficient coating applications. Among them,
thermochromic windows have gained enormous interest as they can modulate near-infrared
radiation (NIR) from transmissive to opaque in response to the rise in environmental temperature,
which does not require extra stimuli, in turn reduces the energy consumption. Thermochromic
windows can be operated in two states: a transparent state with a higher solar transmittance and
an opaque state with a lower solar transmittance [13].

Vanadium oxide (VO,) is one such promising material for energy saving applications due to
its reversible metal-insulator (MIT) phase transition that occurs at critical transition temperature
(Tc) at 68 °C [14] accompanied by the changes in the optical properties [15]. Below Tc, VO is in
dielectric monoclinic phase that is transmissive to NIR. Above Tc, VO, in its metallic tetragonal
phase is reflective for NIR. This feature makes VO, a promising material to be employed in the
thermochromic smart coatings [16,17].

VO, coatings are mostly used as VO,-based multilayer films [18-20] and VO, nanoparticles
based flexible foils [21-23]. However, there are several obstacles limiting the applicability of
VO, smart coatings [24]. (i) Phase-transition temperature (Tc) for pure VO, (68 °C) is too
high to be applied on building windows, while Tc around 40 °C is acceptable; (ii) Luminous
transmittance (Ty,y) for single layer VO, with desirable solar modulation (ATsg) is usually less
than 40% due to the absorption in the short-wavelength range in both the insulating and metallic
states of VO,, needs to be larger than 50% for daily applications; (iii) VO, can easily transform
into V,0s5 phase when exposed to the environment, this phase is not just stable but does not
possess the thermochromic property [25]. For practical applications, VO, must possess excellent
thermochromic performance for several years. Therefore, environmental stability of VO, is a
great challenge for practical applications as smart coatings. Recently, a unique core-shell structure
made of Au/VO, was introduced which could reduce the Tc of VO, up to 10 °C, explained as a
result of internal stress when metal nanoparticles are introduced in the VO, matrix, and not due
to Plasmonic heating as it was believed before [26]. A machine learning approach to design and
optimize VO, based nanostructured smart window performance was introduced to simplify the
heavy numerical simulations usually required when complicated photonic structures of VO, are
required to obtain better performance [27]. Improved transmittance in NIR and solar modulation
are obtained by incorporating nanostructured VO, films, which can be achieved by femtosecond
pulsed laser patterning [28] or patterned nano-holes [29]. Apart from their applications in smart
windows, such structures are also being explored for their tunable photonic bandgap properties
[30].

In parallel to this, there is also a great interest in controlling the visible radiation for privacy and
human comfort in particular in places where windows cannot be opened for safety reasons such as
in trains, hospitals, hotels and high buildings. Hence privacy windows in which the visibility can
be controlled are in demand. Most of the existing solutions are based on voltage controlled light
scattering using polymer dispersed LCs [31,32], dye-doped LCs [33,34], particle dispersions in
LCs [35] and by employing transparent electrodes [36—-38]. However, the scattering is both for
the visible and infrared light and usually in the forward direction, meaning that the heat cannot be
controlled based on these privacy windows. On the other hand, the smart windows that control the
heat do not control the visible light. Hence there is a need for a smarter window that can control
both the heat and the visibility. This is the main motivation for this work in which we present
the first demonstration of such hybrid smart window showing the two functions by combining
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VO, layer with a tunable scattering metamaterial layer made of LC-nanoporous microparticles
composite which we have shown recently [39,40] to be able to control the transparency by voltage
and temperature. The VO,—LC interface has less Fresnel reflectivity and therefore higher solar
modulation is expected in an optimized window. In addition, being hidden under the LC layer,
VO, will be protected from oxidation.

2. Materials and methods
2.1. VO, film deposition on ITO substrate

VO, thin films were prepared through physical vapor deposition (PVD). The vanadium source
is a 390 cm? 99.9% purity vanadium target provided by Cemecon. During the deposition, the
deposition chamber was evacuated to under 0.5 mPa and maintained at 420 °C throughout the
experiment. Argon was pumped into the chamber with a flow rate of 500 sccm to serve as the
protective gas, and the substrates were subjected to a DC bias of 120 V. High power impulse
magnetron sputtering (HiPIMS) power was then supplied with a pulse frequency of 1500 Hz and
a pulse on-time of 200 us, which resulted in a duty cycle of 30%. After forming a monolayer of
vanadium metal, oxygen gas was then introduced into the chamber with a flow rate of 53 sccm.
The pressure was kept at 500 mPa during the deposition process [28].

2.2. Characterization

The surface morphology and the topography of VO, film on ITO were studied by Scanning
Electron Microscopy (SEM, Quanta 200, FEI) and Atomic Force Microscopy (AFM, MFP-3D-
Bio, Asylum Research, Oxford Instruments). SEM images were captured at an accelerating
voltage of 3kV, and AFM was operated in the tapping mode. The XPS data were collected
using an X-ray photoelectron spectrometer ESCALAB 250 (Termo Scientific, England) ultrahigh
vacuum (1#107 bar) apparatus with an Al Ka X-ray source and a monochromator. The X-ray
beam size was 500 wm and survey spectra were recorded with pass energy (PE) 150 eV and high
energy resolution spectra were recorded with pass energy (PE) 20 eV. To correct for charging
effects, all spectra were calibrated relative to a carbon C 1s peak positioned at 284.8 eV. Processing
of the XPS results was carried out using AVANTGE program.

2.3. Sample preparation of LC cell assembly

Cochleates are lipid-based supramolecular tubular structures with a morphology accompanied
by tightly packed bilayers [41]. A composite mixture of cochleates with nematic LC, BL036
(a mixture of alkylcyanobiphenyls obtained from Canaan Chem, China) is used for the device
fabrication. Measurements are performed on the device made of 12 wt% cochleate in the BL036
[42]. The weighed amount of cochleate and LC is ultrasonicated for 15 mins in the presence of
ethanol. The composite was subjected to magnetic stirring for 3 hrs in the presence of heat. The
process helps in evaporating the ethanol, aiding to the uniform dispersion of the material.

Schematic illustration of the VO, based LC-cochleate device is shown in Fig. 1. Out of the
two substrates employed in the LC cell assembly, one was Indium-Tin oxide (ITO) coated SF11
glass (used to enable the light transmission in the range 420-2300 nm) and the other was VO,
coated ITO glass substrate. These two substrates were spin coated with a photoalignment layer
ROP-108, obtained from ROLIC Technologies Ltd.-Switzerland. The substrates were baked at
180 °C for 15 mins. Thereafter, the substrates were treated with a linearly polarized ultraviolet
(UV) light of power density of 0.5 mW/cm? for 30 mins. Coating of the substrates with the
photoalignment layer and further treatment with UV light helps in the uniform alignment of the
LC molecules in the device. These two glass substrates were assembled together with a cell gap
of 10 um. The prepared LC-cochleate mixture was then filled into the device in the isotropic
phase of LC using capillary action.
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Fig. 1. Schematic illustration of VO, based LC- Cochleate device.

Electro-optic measurements on the device were performed with a tungsten-halogen light source
(190-2500 nm) and the output response is recorded from the spectrometer for the entire Vis-IR
range of the spectrum (StellarNet UV-Vis-NIR spectrometers (Blackcomet-SR) for the range
200-1080 nm and (NIR) for the range 900-2500 nm). Haze-transmittance measurements on
the LC device were performed using an integrating sphere (Thorlabs). A bipolar sine wave
input AC signal of specific amplitude at 1 kHz frequency from the function generator (GW
Instek, AFG-2005) amplified by high-voltage amplifier (Tabor Electronics-9100A) is fed to the
device. Instec hot-stage with mk 2000 controller is employed for the temperature dependent
measurements.

3. Results and discussion

3.1. Device

The LC device can be operated between scattering and transparent states with the application of
external voltage. The device switching for a sine wave input AC signal applied at 1 kHz frequency
at different RMS voltages is shown in Fig. 2. As the applied voltage increases, gradual increase in
the transparency from opaque state (voltage OFF) to transparent state (voltage ON) is achieved.

Fig. 2. Images taken through the LC device for a sine wave input AC signal applied at 1
kHz frequency in the scattering state obtained with RMS voltage of 0V, translucent state at
30V and the transparent state at 70 V in the absence of polarizers.

It should be mentioned that the voltage drop can be calculated based on the equivalent circuit
model where each layer is represented by capacitance and resistor in parallel and the two layers
are connected together in series [43]. Based on this the voltage drop is mostly on the LC layer
because resistivity of VO, is much smaller (kQ to few hundred kQ at room temperature and few
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Q above the MIT temperature) than that of the LC and the capacitance of the VO, layer is much
larger than that of the LC (dielectric constant of VO, around 36 at room temperature and around
6000 above the MIT temperature) [44].

3.2.  Microscopy and XPS analysis of VO, film

The surface morphology of the VO, thin-film is studied from SEM and AFM images shown
in Fig. S1 of Supplement 1. Morphology confirms the uniform and dense coating of the film
with the film thickness of ~ 150 nm. In order to verify the contents of the film, XPS surface
measurement was performed on the VO, film deposited on ITO substrate. The XPS spectra can
be resolved into two main peaks in the V 2p3/, and V 2p; /, regions in Fig. S2. The parameters
obtained after profile fitting such as peak position, full width at half-maximum (FWHM) and area
are tabulated. The photoelectron peaks for the V 2ps3/, line in the range from 514-518 eV and for
the V 2py» line from 522-526 €V are the characteristic binding energies of V4 (VO, phase)
[45,46]. Traces of V,0s are found in the peak fitting of XPS spectra. The higher binding energies
for the V 2p3, line in the range from 516-520¢eV and for the V 2p;,, at 525eV indicate the
presence of V3* (V505 phase), from the surface oxidation of the film [46,47]. Therefore, the XPS
peak fitting confirms the presence of vanadium multiphases such as VO, and V,0s. This can be
a result of the prolonged exposure of the films to air as they were prepared in NTU-Singapore
(SHARE, CREATE labs), tested and shipped to BGU-Israel for device assembly.

3.3. Optical microscopy

Polarizing optical microscopic images of the VO, based LC-Cochleate device obtained without
and in the presence of external AC voltages are shown in Fig. 3. The images are collected with
device positioned at 0° (optic axis parallel to one of the polarizers), rotated by 45° with respect
to the crossed polarizers, and in the absence of one of the polarizers. The uniform dispersion
of the particles in the LC is observed both with and without applied voltage. Some of the LC
molecules can get trapped within the hollow cylindrical anisotropic cochleate particles. With the
application of voltage, LC molecules transfer their torque to the cochleate particles which in turn
orient along the field direction. The system reverts back to the stable state upon withdrawal of
the applied voltage, the state governed by the elastic forces. For more detailed description of the
tunable scattering metamaterial LC-Chochleate device the reader is referred to our recent work
[42].

3.4. Electro-optic measurements

The transmission spectrum of the VO, based LC-Cochleate device was measured by a
UV-VIS—-NIR spectrometer (Stellarnet). The experimental set-up employed for the measure-
ments is shown in Fig. 4. The light beam from the source is collimated using the lens and
directed to the device in the hot-stage from the pinhole. The scattered beam from the device gets
collected by the collection lens. The lens focuses the beam to the fiber which in turn is fed to the
spectrometer and PC.

The transmittance spectra of the VO, based LC-cochleate device obtained at three different
temperatures of 25 °C, 50 °C and 80 °C for various voltages are shown in Fig. 5(a-c). The
transmittance increases with the increase in the applied voltage. As the VO, is more transmissive
to the light in IR region in its insulating state, at 25 °C and 50 °C the transmittance continues
to increase throughout the IR wavelength range (900-2500nm). The transmittance increases
from 5% to 23% at the highest applied voltage of 70 V. At high temperature 80 °C, VO, is in its
metallic state reflecting most of the IR radiation, hence the profiles show a drop in the overall
transmittance of light from the device.

Figure 6(a-c) show the transmittance profiles at fixed AC RMS voltages (0 V, 50V and 70 V)
for three different temperatures, 25 °C, 50 °C and 80 °C. In the absence of external applied
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30V

Fig. 3. Polarizing optical microscopy images of the VO, based LC-Cochleate device at
different voltages. The images are obtained in the transmission mode with the LC cell
positioned with optic axis at 0°, and 45° with respect to the polarizer axis between the

crossed polarizers.
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Fig. 4. Schematic of the experimental set-up employed for the transmission measurements.
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Fig. 5. Transmission spectra of VO, based LC-cochleate device plotted as a function of
wavelength at three different temperatures a) 25°C b) 50°C and c) 80°C for various voltages.

field, at room temperature the device is in its scattering state owing to the refractive index (RI)
mismatch between cochleate and LC molecules, and hence the transmittance is low in the visible
region. As the VO; is in its insulating state at low temperatures, this allows the transmission of
NIR through the device. As the applied voltage increases, the index matching between cochleate
and LC molecules increases the transmittance from the device. At 70V, the device becomes
almost transparent, as the cochleates and LC molecules orient along the field direction reducing
the scattering in the device. This further increases the transmittance. The profiles at 80 °C,
show a reduction in transmittance in NIR region due to the fact that VO, is in its metallic state
reflecting most of the IR radiation. Transmission spectra of pure VO, in the cold (20 °C) and
hot (90 °C) states are shown in Fig. 6(d). Pure VO, allows up to 40% of transmission of visible
light, but the device with LC molecules transmits about 23% of the incoming light. This can be
optimized further by choosing more transparent glass than SF11 as well as more transparent ITO
layers.

The transmission spectra of VO, are calculated from the optical constants obtained from the
fit parameters of classical Drude-Lorentz classical oscillator model [48]. The model assumes the
complex dielectric constant is given by the dispersion relation:

2 n S,'O.Lz
(W)= o g Y T (1)

w? +iw.w = w? — w? = iTiww;
The first term on the right €., represents a contribution to the real part of the dielectric constant
from high-frequency electronic transitions. The second term gives the free-electron contribution
to the dielectric constant. Here w,, = (4mtn.e*/m >‘<)1/ 2 js the carrier density parameter and is related
to the plasma frequency, and w. = e/uopm™ is the collision frequency, where 7, is the number of
conduction electrons and m* the so-called optical mass of the electrons. The third term, which is
a sum over Lorentz classical oscillators, takes into account the contributions to the dielectric
constant from lattice vibrations. Herein, S;, w; and I'; represent strength, frequency and linewidth
respectively, of the ith oscillator. Parameters of optical constants obtained from the fitting in the
insulating phase (at 20 °C) and metallic phase (at 90 °C) of VO, are tabulated in Table S1.

The integrated values of luminous transmittance (T, 380—780 nm), infrared transmittance
(Tnir, 780—2500 nm), and solar transmittance (Tso1, 380—2500 nm), which are used to quantify
the amounts of visible, NIR, and solar energy entering a smart window, can be determined from
the following equations [29].

f;ﬁggo Plum T(/l)d/l
Thum = A0 )
f4:330 Prumdd
2500
2780 AM15(2) T(2) dA
Tnik = 2250 3

308, AM, 5(2) d2
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The modulation levels of transmitted luminous, NIR, and solar radiation at cold and hot
weather conditions can be represented as ATy, ATNR and ATy, respectively, and it can be
calculated from the following equations:

Tsol =

“

AT1um = Tlum(cold) - Tlum(hot) (5)
ATNIR = TNIR(cold) - TNIR(hot) (6)
ATgo1 = Toieold) - Tsolchon) (7

T()\) represents the measured spectral transmittance. The photopic luminous efficiency of
the human eye (@ym) [49] and the air mass (AM) 1.5 solar irradiance spectrum distributions
(corresponding to the sun standing 37° above the horizon) [50] are used as weighting functions for
the wavelength-dependent transmittance coefficients. Cold and hot states stand for the insulating
state of VO, at 20 °C and the metallic state of VO, at 90 °C, respectively.

Thermochromic parameters of bulk VO, show Ty, (Avg) = 39.7%, ATNr = 8% and ATso; = 10.2%,
whereas the device with LC-cochleate exhibits slightly lower performance with Tyym(Avg) = 5.3%,
ATNIR =1.9% and ATo =3.6% at 0 V, the values improve at 70 V (Tjym(Avg) =17.3%,
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ATNR = 10.1% and AT, =4.16%). The low values of Ty, are attributed to the strong re-
flection and absorption in the visible region both due to non-optimized glass substrate and ITO
layers. Employing antireflection coatings (ARCs) have proved to be one of the effective strategies
for enhancing the low T, without degrading the thermochromic properties of the VO, films.
Another problem for the low modulation values at 0 V is the fact that the device is scattering in
this state and therefore the collected light to the optical fiber is not the whole light transmitted
through the device.

The simulated transmittance profiles from the device at 0V and 70V for two different
temperatures 25 °C and 80 °C are given in Fig. 7. The simulation was performed using 4 x 4
matrix formalism [51]. The measured transmittance values are lower in compared to simulated
results for both the temperatures at O V. This is due to the fact that the device is in its scattering
state without the application of voltage, while the simulation does not take into account the
scattering. With VO, being in its insulating state at 25 °C it transmits most of the IR radiation
causing the rise in transmittance in the infrared region.
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Fig. 7. Measured (red and green curves) and simulated transmittance profiles (black curves)
from the device at (a) 0 V and (b) 70 V for two different temperatures 25°C and 80°C.

The transmittance at 80 °C is mainly contributed by two factors: Firstly, the increase in
the transmittance observed from the device as the LC-Cochleate composite gets more diluted
upon approaching closer to the isotropic phase, which reduces the scattering. Secondly, at
this temperature VO, being in its metallic state reflects most of the IR radiation, reducing the
transmission in the IR region. At 70V, most of the LC-Cochleate molecules are oriented along
the applied field direction leading to increase in the transmittance from the device. The measured
transmittance change between the low and high temperature profiles in the visible region were
66% and 26% respectively at 0 V and 70 V. Similarly the change in the IR region is about 71% at
0V and 89% at 70 V. The simulated transmittance change between 25 °C and 80 °C in the visible
region was about 30% for both 0 V and 70 V. The change is about 89% and 92% at 0V and 70 V
respectively in the IR region.

Temperature dependence of transmittance in the wavelength range (900-2500 nm) at different
voltages (0 V, 30 V and 70 V) is shown in Fig. 8. Evidently, the transmittance increases with the
increase in wavelength for all the voltages below 70 °C. This originates from the fact that VO, is
in its insulating state below 70 °C, allowing the IR radiation to pass through the device. Above
70 °C, the VO3 is in its metallic state blocking the IR, lowering the total transmittance from the
device. An interesting result observed in Fig. 8 is the fact that there is almost no sensitivity to the
wavelength in the IR at the MIT transition, particularly at the scattering state (0 V).

Variation of the total transmittance (TT) is shown in Fig. 9, obtained using an integration
sphere in the wavelength range of 420-2500 nm at 25 °C and 80 °C for different voltages (0V,
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Fig. 8. Transmittance of VO, based LC-Cochleate device plotted as a function of temperature
at three different RMS voltages a) OV b) 30V and c¢) 70V in the wavelength range
(900-2500 nm). Transmittance increases with the increase in wavelength.

50V and 70 V) at two different configurations, depending on which side the output signal is
collected. The Fig. 9 (a, b), show the TT collected from the VO, side of the device showing
that the transmittance increases as the applied voltage increases. At 25 °C the increase in
transmittance is about 15% in the visible region and 17% in the IR region for the highest applied
voltage 70 V. At 80 °C the change in transmittance is about 61% in the visible region and 8% in
the IR region. The reflectance measured with integration sphere for 0 V, 50 V and 70 V at 25 °C
and 80 °C for the output collected from LC side and VO side of the device is shown in Fig. S3.
The 3 mm diameter beam was collimated with a lens from an optical fiber, then hit the sample
on the opposite side of the sphere. The incidence angle is supposed to be zero, however small
angles are possible due to misalignment and some divergence of the beam.

Thermotropic parameters calculated from the data obtained using the integration sphere gives
more accurate values, with Ty, (at 25 °C) =5.06%, Tium (at 80 °C) =15.1%, ATNwr = 1.6%
and AT, =5.1% at OV, the values being Ty, (at 25 °C) =6.7%, Tum (at 80 °C)=30.3%,
ATNR =0.8% and AT = 10.7% at 70 V. The solar modulation gets doubled at 70 V. For the
output collected from the LC side of the device (see Fig. 9(c, d)) the transmittance at 80 °C
almost reduces to half the value of the signal from the VO, side. Parameters calculated in
this configuration have Ty (at 25 °C)=5.4%, Tiym (at 80 °C)=12.1%, ATNr = 16% and
ATgo1 =4.8%, at 0V, while at 70V, the values being Tyy (at 25 °C)=9.2%, Tum (at 80
°C) =15.5%, ATNir = 12.4% and AT, =2.8%. The reason for the nonreciprocal effect is due to
two effects: (i) the asymmetric lossy structure, and (ii) the scattering. The losses in the ITO layer
and the VO, can cause nonreciprocal behavior however this is a small effect as can be seen in
Fig. S4 showing simulated reflectance/transmittance at normal incidence for unpolarized light
from both sides of the device and different temperatures assuming uniform non-scattering device.
The non-reciprocity due to losses and asymmetric structure showing around 5% maximum
differences between the two sides. On the other hand in the true measurement (Fig. S3) the
differences between the two sides can be as large as 30% depending on the temperature, voltage
and wavelength. The scattering has larger effect because of the reflectivity dependence of VO,
on the incidence angle, as when the light incident first on the VO, side, the reflectivity is mainly
that of small angles, while the light is incident from the LC side, due to the forward scattering,
many large angles hit the VO, and therefore changing the reflected and thus transmitted signals.
As a privacy window it can be recommended to have the LC side facing the inside of the room so
that the window is more transparent for the people inside and less when looking from outside.
This orientation also gives the higher ATy, which is better in terms of energy consumption.

Figure 10 shows the schematic of experimental set-up employed in the measurements using
integration sphere. The scattered beam from the device enters the integration sphere from the
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entrace port. Upon undergoing reflections within the sphere, the signal collected by the detector
port is collected by the fiber to the spectrometer.
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Fig. 10. Schematic of set-up employed for the measurements using integration sphere.

One of the important parameters in determining the performance of switchable devices is

the response time. The schematic of experimental set-up employed for the response time
measurements is shown in Fig. S5. A low frequency square wave input signal for the amplitude
modulation given from the function generator to the amplifier is fed to the LC device for the
response time measurements. Rise time and fall times at different voltages for temperatures 25
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°C, 50 °C and 80 °C is shown in Fig. 11(a, b). The rise time is measured between 10% and 90%
values during the voltage ON state, while the fall time is measured from 90% and 10% in the
voltage OFF state. A decreasing trend is observed in the rise time with the increase in applied
voltage. The measured rise and fall times are about 1 ms and 10 ms at 70 V. It is worth mentioning
that the fall time at voltages above 10-15 V of 10 ms is much less than the visco-elastic relaxation
time. The anchoring of the LC molecules to the walls of Cochleate tubes and the existence of
domains prevents the backflow effect and thus responsible for such shorter relaxation times. The
LC molecules in the device start to orient above 1V and then continue to gradually increase
without indication of cochleates re-orientation. The only indication of the reorientation of the
cochleates is the abrupt reduction in the fall time around 10-15V which is believed to be result
of the formation of cylindrical walls created by cochleates separated by an average distance of
around 5 pm (due to the 10% concentration of cochleates with diameter of 500 nm). Since the
device thickness is 10 um, the switching time is expected to reduce by at least factor 4. Additional
reductions can be coming from variation in the anchoring conditions. Also worth mentioning
that the LC molecules inside the cochleates will be switching at much fast speed because of the
small diameter of 500 nm.
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Fig. 11. Device response time to the applied voltage, with a) the rise time and b) fall time
measured during the voltage ON and OFF states for different temperatures 25 °C, 50 °C and
80 °C.

4. Conclusions

A true smart window that controls both the infrared light and the visibility is demonstrated
based on a hybrid VO,-LC tunable scattering metamaterial structure. While VO, controls the IR
transmission as the temperature varies it cannot control the visible light transparency. On the
otherhand the LC based layer controls the transparency in the whole spectral range by voltage
and temperature however it is based on forward scattering. The combination then is essential in
order for the window to act both as privacy window in which the visibility is controlled and to
control the heat as an energy saving window. Temperature and voltage dependent transmittance
measurements were performed to determine the electro-optic and thermo-optic properties of the
device. A non-reciprocity effect is reported in which the electro-optic and thermo-optic properties
depend on which side the window is facing the outside world. The reason for the nonreciprocal
effect is partially due to the asymmetric lossy structure, however the large effect originates due to
the reflectivity dependence of VO, on the incidence angle, as when the light incident on the VO,
side, the reflectivity is mainly that of small angles, while the light is incident from the LC side,
due to the forward scattering, many large angles hit the VO, and therefore changing the reflected
and thus transmitted signals. As a privacy window it can be then recommended to have the LC
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side facing the inside of the room so the window is more transparent for people inside and less
when looking from outside. This orientation also gives the higher AT, which is better in terms
of energy consumption. Response time is faster in this system. Further optimization is possible
through choosing more transparent glass substrates and ITO coatings, less absorbing LC in the
IR, and addition of anti-reflection coatings. Combination of other VO, structures that gave better
performance can now be combined with LC privacy window to give even better performance.
Using fresh VO, prepared samples and the device construction immediately before exposing the
VO, to air will help maintain its thermochromic properties at optimum. The LC layer in this
window helps in protecting the VO, layer from further oxidation once the device is assembled.
In addition the LC-VO, interface exhibits less Fresnel reflectivity and this fact is expected to
improve the window performance. This device opens up a new possibility of thermochromic
VO, and LC based systems to satisfy the real-life requirements on smart window applications.
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ABSTRACT: Smart windows with controllable visible and near-infrared light transmittance can significantly improve the
building’s energy efficiency and inhabitant comfort. However, most of the current smart window technology cannot achieve the
target of ideal solar control. Herein, we present a novel all-solution-processed hybrid micronano composite smart material that
have four optical states to separately modulate the visible and NIR light transmittance through voltage and temperature,
respectively. This dual-band optical modulation was achieved by constructing a phase-separated polymer framework, which
contains the microsized liquid crystals domains with a negative dielectric constant and tungsten-doped vanadium dioxide (W-
VO,) nanocrystals (NCs). The film with 2.5 wt % W-VO, NCs exhibits transparency at normal condition, and the passage of
visible light can be reversibly and actively regulated between 60.8% and 1.3% by external applied voltage. Also, the transmittance
of NIR light can be reversibly and passively modulated between 59.4% and 41.2% by temperature. Besides, the film also features
easy all-solution processability, fast electro-optical (E-O) response time, high mechanical strength, and long-term stability. The
as-prepared film provides new opportunities for next-generation smart window technology, and the proposed strategy is
conductive to engineering novel hybrid inorganic—organic functional matters.

KEYWORDS: near-infrared and visible-light transmittance, dual-band control, liquid crystals,
tungsten-doped vanadium dioxide nanocrystals, polymer structure

1. INTRODUCTION
With the continual increase of electricity cost and the global

role in improving the building’s energy efficiency and inhabitant

comfort."' ™"

temperature, it becomes more and more difficult to keep a In general, an ideal sTn'art wind.ow should indep e-ndently
control the passage of visible sunlight and the near-infrared

(NIR) irradiation into a building'*"®

applicable across different climate zones and personal prefer-

ences. As is well-known, the invisible NIR light carries about half

of the solar energy.” Thus, it may be more appropriate to employ

pleasant and environmental-friendly atmosphere in the architec- . .
. 1—3 . so that it can be universally
tural environment.” ~ In recent years, people have paid close

attention to control the passage of light via transparent glass
windows (e.g., in the office building). Meanwhile, multiple

techniques have been used to cope with the heat into such spaces materials that can passively reject the unwanted NIR light in high

as well as the influx of light. ™~ Compared with the cumbersome temperature periods but intelligently allow the passage of NIR

physical obstacles (e.g, curtains, blinds, or awnings), smart light in a cold weather. Equally, controlling the passage of visible

windows can intelligently tune the transmittance of solar

irradiation according to the weather conditions and personal
preference. Overall, they are not only much more elegant in
aesthetics and convenient in control,'® but also play a significant

-4 ACS Publications  ©2017 American Chemical Society

Received: August 4, 2017
Accepted: November 2, 2017
Published: November 2, 2017

DOI: 10.1021/acsami.7b11582
ACS Appl. Mater. Interfaces 2017, 9, 40810—40819


www.acsami.org
http://dx.doi.org/10.1021/acsami.7b11582
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b11582
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b11582
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b11582

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Four Optical Modulation Modes Realized in Hybrid Micro—Nano Composite Film®

(b)

@

Mode 4

“(a) Mode 1: the film allows the passage of both visible and NIR light with no voltage applied at low environmental temperature. (b) Mode 2: the
film allows the passage of visible light and rejects most NIR light with no voltage applied at high environmental temperature. (c) Mode 3: the film
strongly scatters the visible light and allows the passage of NIR light by applying a voltage at low environmental temperature. (d) Mode 4: the film
strongly scatters the visible light and rejects the most NIR light by applying a voltage at high environmental temperature.

light actively is also important to block the intensive sunlight on
scorching days or to prevent the people outside seeing directly
inside the buildings for privacy protection. Apart from this dual-
band solar control, other crucial considerations, such as long-
term stability, low-cost processability, fast respond time, high
mechanical strength, and being transparent at normal condition,
should also be considered in the material design for practical
application.'®"”

Nowadays, tremendous efforts have been taken to realize this
dual-band modulation of solar irradiation. Approaches based on
electro-,""**'? thermo-,>%*! gaso—zz’23 and photochromogen-
ic”*® materials represent promising progress for creating the
smart windows with excellent properties. Among them, the
electrochromic devices can achieve the largest projected energy
savings by offering the widest range of solar control.”® However,
most of the smart windows based on electrochromism can only
either selectively block the NIR light or control the passage of
NIR and visible light simultaneously.””** Moreover, the visible
transmittance in most electrochromic devices still maintains a
clear version during the solar modulation,”” which means that the
physical obstacles (e.g., curtains, blinds or awnings) are still
required for privacy protection in buildings equipped with these
electrochromic windows. Also, the solar regulation in electro-
chromic devices is realized in an active mode, but sometimes a
passive mode (e.g., solar control via temperature) in controlling
the invisible NIR light will be much more desirable.

Recent research indicates that hybrid systems for smart
windows show much more enhanced performances compared
with other approaches.”” Herein, we promote an all-solution-
processed hybrid micronano composite material that have four
different optical states in response to temperature and external
voltage to separately modulate both the visible and NIR light
transmittance. The film possesses a porous polymer morphology
and has a thickness of ~30 um. In this porous framework,
microsized nematic liquid crystals (LCs) droplets with a negative
dielectric constant and tungsten-doped vanadium dioxide (W-
VO,) nanocrystals (NCs) are homogeneously dispersed in as
shown in Scheme 1. Unlike the traditional polymer dispersed
liquid crystals (PDLCs) film,**~* this material is transparent at
normal condition. Moreover, visible light transmittance of the
film can be tuned actively and reversibly from transparency to
opaqueness by applying a voltage to control the orientations of
LCs within the microsized droplets. Also, the modulation of NIR
light transmittance is realized passively by the thermochromic
behavior of W-VO, NCs during the reversible metal-to-insulator
transition (MIT) at near room temperature. In this way, four
optical modulation modes can be realized in this hybrid film to

separately control the passage of both visible (actively) and NIR
(passively) light according to different stimuli, as shown from
Scheme la—d. This hybrid micro—nano material can not only
enlighten insights into engineering novel functional organic—
inorganic matters, but also provide new opportunities for the
next-generation smart window technology.

2. EXPERIMENTAL METHODS

2.1. Materials. Unless specified, the chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). E7, used as LCs with a positive dielectric
constant (P-LCs), was purchased from Shijiazhuang Yongsheng
Huatsing Liquid Crystal Co., Ltd. Photoinitiator, Irgacure 651, was
obtained from TCI Co., Ltd. Hydroxypropyl methacrylate (HPMA) and
dodecyl methacrylate (LMA) were purchased from Tokyo Chemical
Industry Co., Ltd. Polyethylene glycol diacrylate (PEGDA600) was
provided by Sartomer Co., Ltd. Liquid-crystalline acrylate monomers
(LAMs), C6M, were synthesized according to the methods suggested by
Broer et al.>> and Gray et al.** LC-0518#, used as LCs with a negative
dielectric constant (N-LCs), were homemade LCs mixture with a
negative dielectric constant suggested by the literature.>> The glass
beads and the conducting PET films were purchased from Sekisui
Chemical Co., Ltd. and Kangdexin Composite Material Co., Ltd,,
respectively. The chemical structures and some physical properties of
chemicals used were provided in Scheme S1.

2.2. Synthesis of W-VO, NCs. The W-VO, NCs were synthesized
using the thermolysis method.***” First, 9.6 mL of concentrated
hydrochloric acid and 1 g of hydrazine hydrogen chloride were
alternately introduced into a 7 mL of aqueous suspension containing
5.46 g of vanadium pentoxide under continuous stirring until a blue
mixture was obtained. After that, the blue mixture was filtered to obtain
the clear vanadyl chloride (VOCIL,) solution. Then the VOCI, solution
was dropwise added into a 20 mL of aqueous suspension containing
0.306 g of tungstic acid and 15 g of ammonium bicarbonate NH,HCO,
with stirring under nitrogen protection to produce the violet precursor.
Next, the precursor was filtered, washed with a saturated NH,HCO;
solution for four times, and dried under vacuum in an oven. Finally, the
violet precursor was heated in a tube furnace under a flow of nitrogen at
500 °C for 0.5 h to obtain the W-VO, NCs.

2.3. PVP Functionalized W-VO, NCs. As-made W-VO, NCs were
functionalized by PVP by the following procedures. Typically, 15 mg of
the as-made W-VO, NCs was first dispersed into 2 mL of deionized
water under continuous ultrasonication for 10 min. In the meantime, 8
mg of PVP was dissolved in 2 mL of deionized water by ultrasonicating
the solution for 15 min. Subsequently, the PVP and the colloidal
solutions were mixed under continuous stirring for 24 h. Then the W-
VO, NCs coated with PVP were collected by centrifugation and rinsed
with deionized water to remove residual PVP molecules. Finally, the
PVP coated W-VO, NCs were obtained by repeating the above
procedure three times.

2.4. Preparation of Hybrid Smart Films Containing W-VO,/
PVP NCs. A syrup containing P-LCs, E7, isotropic acrylate monomers
(IAMs), HPMA, LMA, ethoxylate dimethacrylate (Bis-EMA1S), LAMs,
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C6M, photoinitiator, Irgacure 651, and W-VO,/PVP NCs was prepared
and mixed homogeneously. An additional 0.5 wt % of 30 ym nonreactive
glass bead spacers (made up of polystyrene) was added to adjust the
thickness of the films. The hybrid smart films were prepared according
to the procedures in Scheme 2. In detail, the syrup was first sandwiched

Scheme 2. Schematic Depictions of Preparation Procedures
for Hybrid Micro—Nano Composite Film“
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® VO, nanocrystals 0 LCs with a positive dielectric constant (P-LCs)
Gj isotropic acrylate monomers (IAMs) U liquid-crystalline acrylate

monomers (LAMs) 0 LCs with a negative dielectric constant (N-LCs)

“(a) Side view of the polymeric syrup containing W-VO, before
polymerization. (b) Porous structure was formed after a short time of
UV irradiation. (c) Enlarged P-LCs domains within the porous
structure. (d) Voltage was applied to align the long-axis directions of
P-LCs molecules perpendicularly to the substrates. () HALPNs were
formed after further irradiating the film by UV exposure with the
voltage applied simultaneously. (f) P-LCs were extracted by dipping
the film into cyclohexane. (g) N-LCs were homeotropically aligned
induced by the HALPNs. (h) Final structure of the hybrid micro—
nano composite film.

between the two pieces of transparent and conductive surfaces. These
conducting surfaces we used were thin layers of tin doped indium oxides
(ITO) coated on the inner surfaces of polyester (PET) substrates. After
that, the cell was irradiated under UV light (PS135, UV Flood,
Stockholm Sweden, 365 nm) with an intensity of 0.5 mw/ cm?for 90 s at
room temperature. Then a voltage (square wave, SO Hz, 150 V) was
applied to oriented the long-axis molecular directions the P-LCs
perpendicularly to the surface of the conductive substrate. At the same
time, the film was irradiated by UV light again with an intensity of 0.5
mw/cm? for an additional S min at room temperature to complete the
polymerization. Subsequently, the P-LCs were completely removed out
of the film by soaking with cyclohexane for 6 days (P-LCs molecules
could move from inside film to outside cyclohexane solvent driven by
the P-LCs concentration gradient38’39). Then, after the film was dried
under vacuum for 2 h, N-LCs, LC-0518#, were refilled into the film
under vacuum by capillary action and the hybrid smart film with dual-
band optical modulation was prepared.

2.5. Measurements. TEM observation was carried out on a Tecnai
G2 F30 microscope operating at 200 kV. XRD patterns of W-VO, NCs
were obtained on a Bruker AXS D8-Advanced diffractometer with Cu
Ka radiation (4 = 1.5418 A). The composition and surface chemistry of

W-VO, NCs were studied by an energy-dispersive X-ray (EDX)
spectrometer attached to a scanning electron microscopy (SEM,
HITACHI S$-4800) and X-ray photoelectron spectroscopy (XPS,
Thermo escalab 250XI), respectively. The zeta potentials of the sample
were determined by a Zeta potential analyzer (Zeta PALS BI-90 Plus,
Brookhaven Instruments). FT-IR spectra were measured on a
BrukerVector-22 FT-IR spectrophotometer using a KBr pellet over a
range of 4000—600 cm™". The phase transition behavior of W-VO, NCs
was characterized by A PerkinElmer DSC8000 with a mechanical
refrigerator under nitrogen protection at a heating and cooling rate of 10
°C/min. The morphologies of the polymer framework after the stepwise
polymerization were characterized by scanning electron microscopy
(SEM, HITACHI S-4800). To observe the polymer framework, LCs
molecules were first extracted by dipping the films in cyclohexane for at
least 4 days at ambient temperature. After that, the films were dried
under vacuum for about 2 h to eliminate the cyclohexane. At last, thin
layers of gold were deposited onto the films to increase conductivity.
The vis/NIR spectra and the thermo-optical transmittance were
obtained by a UV—vis/NIR spectrophotometer (JASCO V-570)
equipped with a hot stage (Linkam LK-600PM) calibrated to an
accuracy of +0.1 K. Electro-optical (E-O) properties of the hybrid smart
films were measured by a LC device parameters tester (LCT-5016C,
Changchun Liancheng Instrument Co. Ltd., China) equipped with a hot
stage (Linkam LK-600PM). A halogen tungsten lamp (550 nm) was
applied as the source of incident light, and a photodiode was used to
record the transmittances of the as-made films. The distance between
the films and the detector was about 300 mm. During the measurements,
avoltage (square wave) with a frequency of 50 Hz was applied to change
the transmittance of the films. The shearing strength was measured by
universal tensile testing machine (LETRY) at the rate of 10 mm min™"
and the size of the tested films was 20 mm X 10 mm. The integral
luminous transmittance T, (380—780 nm) and T, (250—2500 nm)
were calculated by eq 1:

/ Pram /s (DT (A) dA
SOt B2 0

where @, (1) denotes the standard luminous efficiency function of
photopic vision®® from 380—780 nm, and @ (1) refers to the IR/solar
irradiance spectrum distribution for air mass 1.5 (corresponding to the
sun standing 37 °C above the horizon with 1.5 atm thickness and the
presence of a solar zenith angel of = 48.2)."" T() is the tested spectral
transmittance. AT, is determined by AT = Tya) — Tei):
Transmitgnce contrast (TC) is obtained by TC = 9% T offvoltage — %
T,

on-voltage*

T

um /sol =

3. RESULTS AND DISCUSSION

A stepwise UV polymerization strategy promoted in our previous
work'” was applied to prepare the smart film. As shown in
Scheme 2, first, a homogeneous polymeric syrup containing LCs
with a positive dielectric constant (P-LCs), isotropic acrylate
monomers (IAMs), liquid-crystalline acrylate monomers
(LAMs), and W-VO, NCs was sandwiched between two plastic
conductive substrates (Scheme 2a). After that, IAMs and LAMs
within the film were partially polymerized through irradiating the
film by UV light for ~90 s, and a preliminary phase-separated P-
LCs/polymer structure was formed as shown in Scheme 2b and
c. Subsequently, the long-axis molecular directions of P-LCs and
LAMs were perpendicularly oriented by applying a voltage of 150
V(Scheme 2d). In the meantime, cross-linking among LAMs was
completed by further irradiating the film under UV light, which
formed a homeotropically aligned liquid—crystalline polymer
network (HALPN) in the microdomains of the porous matrix
(Scheme 2e). Next, the film was dipped into cyclohexane to fully
extract the P-LCs (Scheme 2f) and then refilled using LCs with a
negative dielectric constant (N-LCs) (Scheme 2g) under
vacuum by capillary action. Afterward, the smart film with
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Figure 1. (a) TEM photograph (insert: photograph of the synthesized W-VO, products) of the W-VO, NCs. (b) XRD pattern and (c) DSC curves of
the as-made W-VO, NCs. (d) Schematic illustration of the surface modification procedure of the as-made W-VO, NCs, and the Tyndall effect of W-
VO,/PVP NCs within the mixture of P-LCs and polymerizable monomers. (e) FT-IR spectra of W-VO,/PVP NCs (blue curve), W-VO, NCs (red
curve), and PVP (black curve), respectively. (f) Digital photographs showing the dispersibility of the pristine W-VO, NCs dispersed in water and the
syrup, respectively, and the PVP functionalized W-VO, NCs dispersed in the syrup.

dual-band optical modulation was prepared as shown in Scheme
2h. In this film, the HALPN within the N-LCs microdroplets
plays a critical role in inducing the N-LCs to be homeotropically
aligned after it was refilled into the film. Because the refractive
index (RI) values of the long-molecule-axis of N-LCs and
polymer were well-matched, the film displays a transparent
appearance at normal condition. Furthermore, through the
application of a voltage, these N-LCs tend to be aligned parallel
across the direction of the generated electric field, which will
thereby generate a spatially varied RI between these microsized
N-LCs domains and polymer and turn the film from trans-
parency to strong light-scattering. Thus, by applying different
voltages, the visible light transmittance of the film can be actively
and dynamically modulated. Moreover, nanocomponents of W-
VO, within the film undergo a drastic change of NIR optical
properties during the phase transition at near room temperature,
making the NIR light transmittance of the film thermally
switchable in a passive way.

W-VO, NCs were synthesized according to the thermolysis
method.”**” The TEM image in Figure la shows the
morphology of the as-made W-VO, NCs products and the
sizes of most of the synthesized NCs is below 50 nm. The X-ray
diffraction (XRD) pattern measured at 20 °C in Figure 1b shows
the monoclinic structure of VO, (M) phase (JCPDS No. 72—
0514), without impurity peaks. Besides, differential scanning
calorimetry (DSC) measurement in Figure lc indicates the as-
made W-VO, NCs have a reduced MIT temperature of ~43.2 °C
(heating cycle) compared with the bulk VO, 68 °C.%***!
Moreover, the chemical composition of the W-VO, NCs
products was determined by energy-dispersive X-ray (EDX)
analysis and X-ray photoelectron spectroscopy (XPS) measure-
ment. EDX results in Figure S1 show that the elements W, V, and
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O were all detected, and the composition of the W-VO, is shown
in Table S1, indicating that the concentration of W was 1.32 atom
%. The surface composition of the W-VO, products was revealed
from XPS results in Figure S2. Four elements, C, W, O, V, were
detected from the XPS measurement, which further confirmed
the composition of the W-VO, products. The carbon peak could
be resulted from the surface contamination.*® These results are
consistent with the previous works of W-VO, NCs.**¥7#37%

Prior to the preparation of the film, achieving a homogeneous
distribution of W-VO, NCs within the polymeric syrup should be
in the first place. However, the as-made W-VO, NCs
spontaneously form large aggregates (Figure 1f) within the
mixture containing acrylate monomers and LCs probably due to
the reason that the surface electric double layers of W-VO, NCs
were compressed after the phase transfer, which will lead to a
great loss of transparency and poor mechanical properties.*
Therefore, rendering a homogeneous dispersion of W-VO, NCs
within the film is essential for practical applications. The
synthesized W-VO, NCs were found to be well-dispersed in
water (Figure 1d) resulted from the high zeta-potential value of
about —43.3 mV as shown in Figure S3. Taking advantage of the
good dispersibility of the W-VO, NCs in aqueous medium, we
promote a facile surface-treatment strategy by functionalizing the
as-made W-VO, NCs with poly(vinylpyrrolidone) (PVP) in
water, as shown in Figure 1d (details are provided in the
Experimental Methods). As is well-known, this amphiphilic and
nonionic polymer can not only absorb onto a broad range of
different materials, including many metal oxides,"” but also has
multiple polar functional groups (e.g, carbanyl and amide).
Thus, the coated PVP layer will create a highly compatible
interface between the polar syrup containing LCs and W-VO,
NCs and render a homogeneous W-VO, NCs dispersion.
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LCs micro-domains

Figure 2. (a) Schematic diagram of the porous polymer framework within the film. SEM observation of the morphology of the polymer framework from
(b) the overhead view and (c) the side view. (d) Enlarged version of the SEM photograph of the polymer framework from the side view.
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Figure 3. (a) Schematic illustration of the optical behaviors of the as-prepared film upon the heating or cooling the film. (b) Vis/NIR transmittance
spectra from 400 nm to ~2500 nm for the as-prepared films with 2.5 and 5.0 wt % W-VO, NCs incorporated at 20 and S °C, respectively. (c) NIR light
transmittance at 1150 nm of the films containing 2.5 and 5.0 wt % during the heating process from 20 to 55 °C (heating rate: S °C/min). (d) Dynamic

variations of the vis/NIR transmittance spectra from 400 nm to ~2500 nm for the film with 2.5 wt % W-VO, NCs incorporated during the heating
process from 20 to SS °C.

The success of the promoted PVP surface treatment was
confirmed by FT-IR spectrum, as shown in Figure le. In the
black curve of PVP, five distinct peaks, ascribed to the stretch

cm™!, 2938-2854 cm™!, 1655 cm™!, and 1290 cm™, and the
flexural vibrational bands of §(c_p) at around 1423 cm™!, were
detected. After modifying the surfaces of W-VO, NCs with PVP,
vibrational bands of v/(o_p), V(c—m) V(c=0) and v(c_y) at 3490 the above peaks from PVP could still be detected from the blue
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Figure 4. (a) Schematic illustration of the optical behaviors of the as-made film by applying or removing the vltage at low environmental temperature.
(b) Digital photographs of the as-prepared films with 2.5 wt % W-VO, NCs incorporated at ~20 °C by applying different voltages. (c) Transmittance
variations at 550 nm of the as-prepared film with 2.5 wt % W-VO, NCs by applying different voltages at 20 and S5 °C, respectively. (d) E-O response of
the as-made film containing 2.5 wt % W-VO,/PVP NCs at 20 and 55 °C, respectively. Vis/NIR transmittance spectra from 400 nm to ~2500 nm of the
film with 2.5 wt % W-VO, NCs incorporated under the application of various voltages at (e) 20 °C and (f) S5 °C, respectively.

curve in the spectrum. However, the result of pristine W-VO,
NCs (red curve) does not indicate the characteristic peaks of
PVP, demonstrating the success of this PVP surface treatment
process. These W-VO,/PVP NCs can keep stable for at least
one-month storage. By contrast, large precipitates could be
observed for the pristine W-VO, NCs within a half day as shown
in Figure 1f.

The as-made hybrid smart films containing W-VO, NCs were
fabricated according to the stepwise polymerization strategy in
Scheme 2. During the fabrication, we first constructed a polymer
framework with a unique microstructure by using P-LCs as a
template. After fully extracting P-LCs by dipping the film in
cyclohexane, we used SEM to characterize the polymer
framework within the film. As shown in Figure 2b, a porous
microstructure of polymer matrix can be clearly seen from the
overhead view. When flexible substrates are used, this porous
polymer matrix not only provides excellent adhesive strength to
the film, but also plays a key role in sustaining the film thickness
and preventing the two substrates from being easily separated
apart, as demonstrated in Figure S4. Moreover, from the side
view in Figure 2¢ and d, homeotropically aligned polymer
networks can be clearly seen within the P-LCs microdomains.
Taking advantages of the polymerization induced phase
separation and using P-LCs as a template, we successfully
constructed a homogeneous microstructured polymer frame-
work between the two substrates. Furthermore, after N-LCs were
refilled into the film, the interactions between “the homeotropi-
cally oriented polymer networks” and “the N-LCs molecules”
induced perpendicular alignment of the long molecular axis of
LCs. Since the ordinary RI of N-LCs and the RI of polymer are
well-matched, the as-made film exhibits a transparent state at the
normal condition. Besides the phase-separated N-LCs/polymer
microstructures between the substrates, as the W-VO,/PVP NCs
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were homogeneously dispersed within the composite (Figure
1f), also confirmed by the SEM photograph in Figure S5, we can
conclude that the as-made film processes a hybrid phase-
separated micro—nanostructure.

Because of the sharp, first-order, and reversible MIT at 43.2 °C
as well as the corresponding drastic changes in NIR optical
properties of the as-synthesized W-VO, NCs, NIR light
transmittance of the film can be passively modulated according
to the temperature variations. We studied the NIR modulation
performance of the as-prepared films with 2.5 and 5.0 wt % W-
VO, NCs incorporated, respectively. It can be seen in Figure 3a
and b that the variation of temperature does not affect the
orientations of N-LCs because of the anchoring forces from
HALPN. Thus, the film maintains transparency in visible region
at no matter higher or lower temperature. However, a drastic
change of NIR transmittance was observed at different
environmental temperatures, as shown in Figure 3b. Specifically,
during the heating process from 20 to 55 °C, the transmittance of
NIR light dynamically decreased from 59.4% to 41.2% and 40.6%
to 8.1% for the as-made films containing 2.5 and 5.0 wt % W-VO,
NCs, respectively. Furthermore, this passively controllable NIR
transmittance was confirmed by the vis/NIR spectra at different
environment temperatures in Figure 3d and Figure S6, indicating
an effective thermally switchable NIR light property.

Moreover, the visible light transmittance of the film can also be
independently and dynamically regulated by the external voltages
as shown in Figure 4a and b. The electro-optical (E-O) behaviors
of the film at different temperatures were first investigated, as
shown in Figure 4c and d. When the applied voltage increased
from 0 to 35V, the visible light transmittance at 550 nm of the
film containing 2.5 wt % W-VO,/PVP NCs gradually decreased
from 60.8% to 1.3%, as shown in Figure 4c. This is because during
the increase of applied voltages, the long molecule axis of N-LCs
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Figure S. (a) Transmittance variations of the as-prepared film with 5.0 wt % W-VO, NCs by applying different voltage at 20 and S °C, respectively. (b)
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state, respectively.

tends to align parallelly to the direction of the electric field,
generating a spatial variation of IR between the micro-LCs
domains and the polymer. This spatially mismatched IR within
the film strongly scatters the visible light and turns the film from a
transparent to an opaque state. However, when the applied
voltage was removed, induced by the molecule interaction from
HALPN, the film could rapidly change from opaqueness to
transparency within 84 ms as shown in Figure 4d. Also, it is
noticeable that the driving and saturated voltages of the film at 55
°C were lower than those at 20 °C, and the response time of the
film at 55 °C was faster than that at 20 °C. This improvement of
E-O properties at higher temperature could be attributed to the
fact that the viscosity of N-LCs was lower at higher temperature,
making the N-LCs more easily to be driven by the electric field.
Besides, it can be seen from Figure Sa and b that similar E-O
properties were also observed from the as-prepared film with 5.0
wt % W-VO,/PVP NCs incorporated.
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Vis/NIR spectra of the films with 2.5 and 5.0 wt % of W-VO,/
PVP NCs incorporated further demonstrated the independent
control of visible light in the films, as shown in Figures 4e and f
and Sc and d, respectively. Obviously, below the phase transition
temperature of W-VO, NCs, the visible light transmittance at
400 nm to ~800 nm dynamically decreased with the increase of
the applied voltage, while the NIR light transmittance still
maintained at relatively high level (Figures 4e and Sc) due to the
fact that LC birefringence decreases as the wavelength
increases. "’ Similarly, as the environmental temperature
went above the phase transition temperature of W-VO, NCs,
the NIR light transmittance in the film drastically decreased due
to the reflective effects of W-VO, NCs, and the visible light
transmittance could be still dynamically controlled by the applied
external voltages (Figures 4f and 5d).

Furthermore, we tested the stability and the reversibility of the
as-made films. In details, the thermal-optical stability of the films
containing 2.5 and 5.0 wt % W-VO, NCs was measured by
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Table 1. Comparison of Optical Performances of As-Made Film with Previously Reported Hybrid Hydrogel/VO, Film

sample ATy Tium TC at 600 nm response type control mode
hydrogel/VO, ~35% 82.1% ~45% e NIR e NI
temperature passive
LCs/VO, 34.6% $7.8% 58.9% i NIR ‘"s, NIR
voltage temperature active passive
subjecting the films to the heating—cooling cycles for 30 times, under the application of the voltage,”" while for the electro- or
and the transmittances of the films at 1150 nm were recorded thermo-chromic materials, it usually involves oxidation—
during the cycles, as shown in Figure 6a. The results show that reduction reactions or phase transition processes during the
the transmittances of the films containing 2.5 and 5.0 wt % W- changes of optical properties.
VO, NCs at 20 and 55 °C are almost the same during the cycles, Since the film in this work from a hybrid system enriched the
indicating an excellent thermal stability and reversibility. current research community of smart films with separate control
Moreover, to show the E-O stability of the films, we monitored ability of both visible and NIR light, we further compared the
the transmittances of the films at 550 nm during the voltage-on optical performances of the as-made film with the previously
state (34 V) for 90 min and then recorded the transmittances for reported hybrid hydrogel/VO, material,”” which also exhibits a
90 min after removing the voltage, as shown in Figure 6b. dual-band optical modulation ability. As shown in Table 1, the
Obviously, the films could maintain the opaqueness and AT, values for both of them are almost the same, ~35% for the
transparency during the voltage-on and voltage-off state, hydrogel/VO, and 34.6% for the as-made film in this work,
respectively, showing good E-O stability. respectively. The Ty, at 20 °C for the hydrogel/VO, is 24.3%
Also, we compared the optical performances of the micro/ higher than our material, which can be probably attributed to the

nanohybrid film with standard electro-/thermo-chromic materi- different VO, contents in the two materials. However, because of

als, and the results are summarized in Table S2 and Figure 7. If we the strong light—scat'ter.ing effectﬁ of LCs in visible light region,
only consider the thermo-optical properties of the film, the AT, the TC of our material is ~14% higher than that of the hydrogel/
and Ti,, (20 °C) for the film containing 2.5 and 5.0 wt % W- VO, material. Additionally, since hydrogel and VO, are both
VO,/PVP NCs are 7.5%/11.6% and 57.8%/39.7%, respectively thermochromic materials, the transmittances of visible and NIR
These results are comparable with the current research hght in_ hydrogel/VO, are I?Oth passively controlled ‘by
communities in VO,based films as shown in Table S2. environmental temperature, while ours shows a dual-responsive
Moreover, the AT, of the film can be further enhanced by ability: the passage of visible light can be af:tively controllefl by
combining the electro-optical properties of the film. As shown in the external applied voltages and the NIR light can be passively

Figure 7a, by increasing the applied voltage from 0 to 34 V, the controlled by environmental temperature.

AT, for the film containing 2.5 wt % W-VO,/PVP NCs can be

dynamically enhanced from 7.5% to 34.6%, and for the film 4. CONCLUSIONS

containing 5.0 wt % W-VO,/PVP NCs, the AT, can be In summary, we present a novel all-solution-processed hybrid

enhanced from 11.6% to 30.1%. We have also compared the micronano composite smart material that have four optical
transmittance contrast (TC, around 600 nm) and the response modulation modes to separately modulate the visible and NIR
time (RT) of the as-made film with the current electrochromic light transmittances according to the external applied voltage and
materials as shown in Figure 7b. The TC for the as-made film is environmental temperature, respectively. This dual-band optical
58.9%, which is acceptable compared with other reported values. modulation of the film was achieved by constructing a phase-
Noticeably, the RT for the film is only within 100 ms, which is separated polymer framework containing microsized N-LCs
much faster than the previous electrochromic or hydrogel domains and W-VO, NCs. The film with 2.5 wt % W-VO, NCs
materials. This is because the optical switching in LCs-based exhibits transparency at normal condition Moreover, the passage
films is realized by the changes of LCs molecules orientations of visible light at 550 nm can be reversibly regulated between
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60.8% and 1.3% by actively controlling the directions of N-LCs
via external applied voltages. Also, the transmittance of NIR light
can be modulated between 59.4% and 41.2% by the
thermochromic behavior of W-VO, NCs during the MIT at
43.2 °C. Besides, the film also features easy all-solution
processability, high mechanical strength, fast E-O response
time, and long-term stability. This hybrid micronano material not
only enlightens insights into engineering functional organic—
inorganic matters, but also provides new opportunities for the
next-generation smart window technology.
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Visible and infrared optical modulation of PSLC
smart films doped with ATO nanoparticlest

Zhibo Zhang,® Ruicong Zhang,? Liangge Xu, 2 Jiajun Li,? Lei Yang,” Yanan Yang,®
7 xa.d

Andrey Bolshakov® and Jiagi Zhu (2

In recent years, smart windows have been gradually applied and developed in the fields of environmental
protection, energy management, smart camouflage and display. With the continuous upgrading of
market demand, smart windows with both visible and infrared band modulation functions are the future
development trends. However, the optical modulation of smart windows is usually limited in the visible
light band (380-780 nm). In this paper, we report a novel smart window by doping antimony doped tin
oxide (ATO) nanoparticles (NPs) into polymer stabilized liquid crystal (PSLC) films. These films have the
widest waveband modulation function among those reported so far, covering the visible and infrared
regions (380-5500 nm). The transmittance of the as-prepared smart films can be changed reversibly
from highly transparent (78.5%) state to a strong light scattering (10%) state in the visible region. In
addition, due to the localized surface plasmon resonance of ATO NPs, up to 80.7% of the infrared invisible
light can be effectively shielded. The significance of this research is to provide theoretical and technical
support for the broadband optical modulation of novel smart windows.

Introduction

With increasing attention to environmental protection and
energy conservation, great progress has been made in the
rational use of energy and the research and development of
energy-saving products. In recent years, smart windows have
been gradually applied and developed in the fields of environ-
mental protection, energy management, smart camouflage and
display."® The commercial value has also expanded from the
single market of buildings to automobiles and airplanes.®’
Polymer/liquid crystal is one of the most promising optical
modulation materials because of its mature preparation
process, fast response, low driving voltage and high contrast.®™°
Generally, polymer/liquid crystal consists of micron sized bire-
fringent liquid crystal droplets dispersed in other optically
transparent and uniform polymer films."" The transparent state
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(ON state) and the scattering state (OFF state) of polymer/liquid
crystal are controlled by an external electric field following the
matching/mismatching of the refractive index of liquid crystal
droplets and the polymer."* According to the polymer content,
polymer/(liquid crystal) can be classified into polymer dispersed
liquid crystal (PDLC, polymer content >20%) and polymer
stabilized liquid crystal (PSLC, polymer content <20%)."* PDLC
has a lower OFF state transmittance and better film forming
properties, while PSLC has a higher ON state transmittance and
a faster response speed, so PSLC is more suitable for smart
windows than PDLC.'* The optical modulation of PSLC is
always limited in the visible light band (380-780 nm), however,
about 40% of the energy of sunlight comes from infrared light,
and some light pollution problems also arise from the infrared
band."> With the continuous upgrading of intelligent market
demand, smart windows with both visible and infrared band
modulation functions are the future development trends.'®*®
Due to the localized surface plasmon resonance (LSPR)
characteristics of inorganic semiconductor nanoparticles,
(NPs) they have a good shielding effect on ultraviolet (UV) light
and infrared light."” ' The particle size of the nanoparticles is
smaller than the wavelength of the visible band, which cannot
basically affect the transmittance of visible light. It is a poten-
tial method to improve the modulation of the infrared band by
doping inorganic semiconductor nanoparticles into PSLC.
Antimony doped tin oxide (ATO) is a kind of n-type semi-
conductor material formed by replacing Sn with Sb. Because of
the good carrier concentration and lower cost compared to

Dalton Trans., 2021, 50, 10033-10040 | 10033
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indium tin oxide (ITO), ATO NPs are widely used in transpar-
ent heat insulation coatings.”*>* Besides, the conductivity of
ATO NPs are expected to reduce the driving voltage of liquid
crystal molecular orientation, further optimizing the electro-
optical properties of PSLC.*>*® In this paper, ATO NPs were
doped into PSLC to develop a novel film, which can be used in
smart windows and implement the broadband optical modu-
lation of visible-infrared light.

Experiments and simulation

Materials and preparations

ATO NPs were synthesized by the sol-gel method.>””>° The
ethanol solution of 0.5 mol L™" tin chloride (SnCl,) and
0.5 mol L™" antimony chloride (SbCl;) were mixed at 343.15 K
for 30 min. Ammonium hydroxide (NH;-H,0, 30%) was added
dropwise to the mixture until the pH value of the mixture was
6. The resulting gel was centrifuged, washed several times with
deionized water, dried at 353.15 K in a nitrogen environment
for 12 h, and finally the dried gel was calcined at 973.15 K for
3 h to obtain ATO NPs. We investigated the PSLC properties of
the ATO NPs with different mole ratios of Sb/Sn (Sb/Sn = 3/97,
5/95, 7/93, 10/90, 15/85, and 20/80) by adjusting the proportion
of Sb during the initial feeding. The above raw materials were
purchased from Sigma Aldrich Co., Llc., China.

GXP-6003 was used as the positive nematic mixed liquid
crystal (ny = 1.524, n. = 1.776, Ty = 357.5K, and Ae = 14.1;
Yantai Xianhua Chem-Tech Co., Ltd), and 3,5,5-trimethylhexyl
acrylate (TMHA, J&K Scientific Ltd) and polyethylene glycol
(600) diacrylate (PEGDA600, Aladdin Co.) were used as UV
polymerizable = monomers.  Benzoin  dimethyl ether
(Irgacure651, Aladdin Co.) was used as the photoinitiator. A
GXP-6003/TMHA/PEDGA600/Irgacure651 mixture was formed
with the mass ratio of 80/15/4/1 and it was stirred at 353.15 K
until the liquid crystal molecules were transformed into an iso-
tropic state. Then a certain concentration of ATO ethanol dis-
persion was added to the liquid crystal mixture, and the mass
fraction of ATO in the ATO/liquid crystal mixture was 0, 1 wt%,
3 wt%, 5 wt%, 7 wt%, and 10 wt%. The mixture was stirred at
333.15 K until all the ethanol volatilized. The LC cell (North
Liquid Crystal Displays Research and Development Center,
Co.) with a thickness of 20 pm was placed on a hot stage at
353.15 K, and the above mixture was dropped to the opening
side of the LC cell. Capillary action makes the liquid crystal
mixture automatically fill the gap of the cell. Finally, the filled
cells were placed under the illumination of a UV light source
(365 nm, 3.5 mW cm?) for 20 min to prepare PSLC films.

Measurements

The dispersion characteristics of ATO NPs in ethanol were ana-
lyzed using a Talos F200X transmission electron microscope
(TEM, FEI Co.), and the elemental distribution of ATO was ana-
lyzed by mapping. The particle size distribution of ATO NPs
was analyzed using a DynaPro NanoStar dynamic light scatter-
ing instrument (DLS, Wyatt Technology Co.). The crystal struc-
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ture of ATO NPs was characterized by X’PERT X-ray diffraction
(XRD, PANalytical Co.). The texture of the ATO-doped PSLC
films was characterized using a WMP-6880 polarizing micro-
scope (POM, SHANGHAI WUMO Optical Instrument Co., Ltd).
The microstructure of the ATO-doped PSLC films was analyzed
using a HELIOS NanoLab 600i field emission scanning elec-
tron microscope (FEI Co.). The typical element concentration
of ATO in cleaning solution was determined by NexION 300X
inductively coupled plasma mass spectrometry (ICP-MS,
PerkinElmer Co.). The electro-optical properties of the ATO-
doped PSLC films were tested using an LCT-5016 (North
Liquid Crystal Displays Research and Development Center,
Co.). The transmittance of the ATO-doped PSLC films in the
UV-vis-NIR band was measured using a Lambda950 UV-vis-NIR
spectrophotometer (PerkinElmer Co.) and the mid-infrared
transmittance of the ATO-doped PSLC films was measured
with a Fourier transform infrared spectrometer (FTIR, PE Co.).
The three-dimensional cutting plane structure of the ATO-
doped PSLC films was determined using an Xradia 520 Versa
three-dimensional X-ray microscope (XRM, Carl Zeiss Co.).

Simulation methods

ATO semiconductor NPs may optimize the response perform-
ance of PSLC due to the LSPR and good conductivity. However,
it is difficult to forecast the distribution of ATO NPs in PSLC
under general conditions. In order to explore the influence of
doping of ATO NPs on the threshold voltage (V;;,) of PSLC, we
established an equivalent circuit model of this system. The dis-
persion of ATO NPs in various ideal states is shown in Fig. 1a:

@r1e

PP " ®P®
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o Liquid Crystal ; Polymerizable Monomer @ ATO NPs
(© @ '

G, G, g
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0.65 |
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Fig. 1 The electric driving performance of ATO-doped PSLC by simu-
lation. (a) Ideal dispersion model of ATO NPs in PSLC, (I) the mixture of
liquid crystal, polymerizable monomer and ATO NPs, (Il) ATO NPs con-
centrated in the polymer network area of PSLC after phase separation,
(1) ATO NPs concentrated in the liquid crystal droplets, (IV) ATO NPs
evenly distributed in the polymer network area and liquid crystal dro-
plets. (b) Equivalent model of ATO-doped PSLC. (c) Equivalent circuit
model, () ATO-doped LC and (ll) ATO-doped polymer. (d) Variation
trend of G'.c/G'» with ATO doping concentrations, where W% is the
doping percentage of ATO NPs in PSLC and n% is the doping percentage
of ATO NPs in the liquid crystal.
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I shows the mixture of liquid crystal, polymerizable monomer
and nanoparticles without phase separation, and II-IV show
that the nanoparticles were only concentrated in the polymer
network area, only concentrated in the liquid crystal droplets
and evenly distributed in the polymer network area and liquid
crystal droplets of PSLC after phase separation. On the basis of
the above, we studied the equivalent circuit model of the ATO-
doped liquid crystal and ATO-doped polymer, respectively. As
shown in Fig. 1b, L;c, L, and a represent the side lengths of
the liquid crystal cube, polymer cube and ATO NP cube,
respectively,”® and each polymer and liquid crystal equivalent
cube containing ATO NPs can be represented as the equivalent
circuit shown in Fig. 1c, where C;, C, and Cj; are the capaci-
tances of the liquid crystal, ATO NPs and the polymer, respect-
ively, and G;, G, and G; are the conductivities of the liquid
crystal, ATO NPs and the polymer, respectively. After a series of
calculations, we introduced a positive correlation between the
equivalent conductance (the equivalent conductivities of the
ATO-doped liquid crystal and ATO-doped polymer are G';c and
G'p, respectively) and Vi, judging the trends of Vi, of PSLC
according to the G';¢/G'p ratio at different ATO doping concen-
trations. For the detailed calculation process refer to the ESL.{

Results and discussion

The simulation results of V;, optimization by ATO NPs of ATO-
doped PSLC are shown in Fig. 1d. It can be seen that the G';¢/
G', ratio decreases with the increase of doping percentage (W%,
from eqn (S3)t) of ATO NPs, and the decrease rate of ATO NPs
concentrated in the polymer network area is faster than that in
liquid crystal droplets. According to eqn (S27), since other para-
meters remain unchanged, the relation Vi « G'1o/G, is
deduced. Therefore, we confirm that the addition of ATO NPs
significantly reduces the threshold voltage of PSLC. When the
doping percentage of ATO NPs reaches 10 wt% in PSLC, and
90% of these ATO NPs being distributed in the polymer network
area, the G'1c/G', ratio of PSLC decreases most significantly
compared to undoped ones, reaching the maximum is 12.4%.
The transmission electron microscopy (TEM) images of the
ATO NPs dispersed in ethanol are shown in Fig. 2a and b. It
was found that ATO NPs showed no obvious aggregation
phenomenon, indicating good dispersion. The average particle
size of ATO NPs was 10 nm and dynamic light scattering (DLS)
measurement of the ATO NPs showed a hydrodynamic dia-
meter of 10 nm + 1.2 nm. It was found that ATO NPs prepared
by the sol-gel method in this paper had a uniform particle
size. The XRD analysis of ATO NPs showed the characteristic
diffraction peaks of ATO NPs (Fig. 2c¢). The as-prepared ATO
NPs showed the rutile structure of SnO,, and the diffraction
peaks were broadened, d[110] = 0.33373, d[101] = 0.26393, and
d[211] = 0.17620. It was found that Sb does not form second
crystalline phases, such as Sb,03; and Sb,0s. All the antimony
ions enter the SnO, lattice instead of tin ions. Therefore, the
sol-gel method achieves a better composite doping. Another
key issue of particular concern is that whether the ATO NPs
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Fig. 2 (a) TEM image of ATO NPs in ethanol. (b) TEM image of the
typical size of ATO NPs and DLS measurement of ATO NPs in ethanol
with a concentration of 5.0 wt%. (c) XRD spectrum of ATO NPs. (d)
EDS-HAADF measurement of ATO NPs (Sn/Sb = 90/10).

synthesized by the sol-gel method can maintain the content
and proportion of the Sn and Sb elements. The results of
EDS-HAADF measurement (Fig. 2d) and EDS SPEC measure-
ment (Fig. S11) showed that the content of Sn/Sb in ATO nano-
particles was strictly controlled.

The polarizing microscopic (POM) images of PSLC with
different ATO NP doping concentrations are shown in Fig. 3.
With the increase of ATO NP doping concentration, the size of
liquid crystal droplets in PSLC enlarge, however, the size uni-
formity of PSLC decreases. This indicates that ATO nano-
particles can enter into the liquid crystal droplets during the
phase separation process, thus affecting the segregation of the
liquid crystal and polymer molecules. The POM images of
PSLC before and after doping with ATO NPs were observed at
50x magnification. It was found that after the voltage reached
a certain amplitude, the liquid crystal molecules were aligned
along the electric field. A bright state in the case of a parallel
polarizer and a dark black state in the case of a vertical polari-
zer were observed. Taking the 3 wt% ATO doping concen-
tration as the typical doping concentration, it was found that
the doped ATO did not affect the orientation of the liquid
crystal molecules of PSLC in the ON state.

The PSLC samples were immersed in cyclohexane at room
temperature for two days to remove the liquid crystals, and the
micromorphology of the polymer network was observed with a
scanning electron microscope (SEM). As shown in Fig. 4a-
Fig. f, with the increase of ATO NPs doping concentration, the
polymer network becomes more and more sparse, the mesh
becomes larger and irregularly distributed, and the phenom-
enon of large mesh nesting small mesh occurs. The reason is
that the incorporation of ATO NPs affects the phase separation
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Fig. 3 (a) POM 10x image of PSLC in the OFF state. (I) undoped, (I1) 1 wt%, (Ill) 3 wt%, (IV) 5 wt%, (V) 7 wt%, (VI) 10 wt%. (b) POM 50x image of PSLC.
() ON state parallel polarization image of undoped, (Il) ON state orthogonal polarization image of undoped, (Ill) ON state parallel polarization image
of 3 wt% doped, (IV) ON state orthogonal polarization image of 3 wt% doped.

Weight Atomic

Element

percent percentage
oK 49.81 88.07
SnL 44.86 10.69
SbL 5.33 1.24

AuM 49.81 88.07

Total 100.00

ElGHiaHt Weight Atomic
percent percentage
oK 7.87 48.22
SnL 16.12 13.31
SbL 2.03 1.64
AuM 73.98 36.82

Total 100.00

Fig. 4 Microstructure of the polymer network (LC removed) by SEM. (a) Undoped, (b) 1 wt%, (c) 3 wt%, (d) 5 wt%, (e) 7 wt%, (f) 10 wt%. (g) EDS
measurement of the polymer network. (h) EDS measurement of ATO-doped PSLC (LC not removed). (i) EDS measurement of the polymer wall

around a typical liquid crystal droplet.

rate of PSLC, the liquid crystals and polymerizable monomers
have little time to separate. The polymer pores gradually
become larger, and the polymer wall of large-size droplets is
thickened. The microstructure obtained by SEM is consistent
with that obtained with a polarizing microscope. On the other
hand, the non-uniform network structure makes the electro-
optical performance of PSLC complex, which needs further

10036 | Dalton Trans., 2021, 50, 10033-10040

research. The EDS analysis results are shown in Fig. 4g-i. It
can be seen from Fig. 4g that a large number of Sn and Sb
elements are distributed in the polymer network. Comparing
the percentages of Sn and Sb elements in PSLC before (Fig. 4h)
and after the removal of liquid crystals, the percentage of ATO
NPs in the polymer network increased significantly after the
removal of liquid crystals, and the proportion of ATO NPs in
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the polymer network did not decrease with the loss of liquid
crystals. In order to eliminate the influence of the deposition
of ATO NPs initially in liquid crystal droplets on the EDS
results, we took out the PSLC film immersed in cyclohexane
and washed it several times with unused cyclohexane. The
solution collected after washing was tested by ICP-MS until
there were no Sn and Sb elements. So we can infer that ATO
NPs were transferred to the polymer network more during the
process of phase separation, and the proportion of ATO NPs in
the polymer network increased. This may be due to the
polymerization of monomers into a network structure with a
higher density and viscosity during the process of phase separ-
ation, which is easier to bind ATO nanoparticles. Fig. 4i shows
the selected polymer wall around a typical liquid crystal
droplet, with the enrichment of Sn and Sb, which is consistent
with the above conclusion.

Due to the LSPR, ATO NPs have a certain absorption effect
on the infrared wavelength, but usually the LSPR absorption
band of ATO NPs is very narrow, which shows a symmetric/
asymmetric line shape according to the distribution of doped
particles.®! It is an ideal state for a PSLC smart window to
maintain high transmittance of visible light and broadband
absorption of infrared light at the same time. Since the LSPR
wavelength of ATO NPs is closely related to the electron
density, it can be adjusted by changing the doping amount of
Sb. We prepared ATO NPs with different mole ratios of Sb/Sn
(Sb/Sn = 3/97, 5/95, 7/93, 10/90, 15/85, and 20/80) to study the
effect of the Sb/Sn doping ratio on the LSPR properties of ATO
NPs. Fig. 5a I shows the NIR absorption spectra of ATO NPs
with different doping amounts of Sb. ATO NPs showed clear
LSPR peaks from 1500 nm to 2500 nm in the NIR region, and
experienced a gradual red shift with the increase of the doping
amount of Sb from 1% to 10%. Based on the abovementioned
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NIR absorption spectra of ATO NPs, we mixed ATO with
different Sb doping amounts, and finally obtained a mixture
with broadband NIR absorption characteristics, as shown in
Fig. 5a II. The visible and near-infrared light modulation pro-
perties of the PSLC films doped with different concentrations
of ATO NPs in the ON state (V = 30 V) and the OFF state (V=10
V) were systematically studied using a UV-vis-NIR spectro-
photometer. Due to the strong absorption characteristics of
ATO NPs in the near-infrared region, upon addition of ATO
NPs, the near-infrared shielding performance of the PSLC
films is enhanced. We define the inhibition rate as

Inhibition rate = (Tundoped psLc — Tato-doped psLc)/ Tundoped PSLC

(1)

where Tyndoped psic 18 the transmittance of the undoped PSLC,
and Taro-doped psic 1S the transmittance of the ATO-doped
PSLC. When the mass fraction of ATO NPs is 7 wt%, the
maximum inhibition rate of the PSLC films on NIR radiation
can reach 38.3% from 1500 nm to 2500 nm in the ON state
(Fig. 5b). Through the spectral display in the OFF state, when
the concentrations of ATO NPs are 1 wt% and 3 wt%, the
overall transmittance decreases. With the increase of the
doping concentration, the visible transmittance increases, and
the infrared transmittance remains low (Fig. 5c). These results
show that the appropriate concentration of doping is condu-
cive to the uniform distribution of the size and position of the
liquid crystal droplets, resulting in the improvement of the
optical contrast of PSLC. With the increase of the doping con-
centration of ATO NPs, the size of the liquid crystal droplets
increases gradually, while the size uniformity decreases and
destroys the contrast of PSLC, which is consistent with the
results of the above POM and SEM measurements.
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(a) NIR absorption spectra variations of ATO NPs with different Sb/Sn mole ratios (I) and broadband absorption by mixing ATO NPs with

different Sb/Sn mole ratios (II). NIR transmission spectra of PSLC in the ON state (b) and OFF state (c) with different doping concentrations of ATO
NPs. (d) Distinctive mid-infrared reflectivity of ATO NPs with different Sb/Sn mole ratios. Mid-infrared transmission spectra of PSLC in the ON state

(e) and OFF state (f) with different doping concentrations of ATO NPs.
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According to Drude-Lorentz free electron theory, with the
increase of the light wavelength, the shielding effect of semi-
conductor nanoparticles will change from absorption to reflec-
tion. Fig. 5d shows that the reflectivity of ATO NPs with
different doping amounts of Sb is more than 85% in the range
of 3000 nm to 6500 nm, showing an excellent reflection effect.
This makes the ATO-doped PSLC films with NPs to still main-
tain a good shielding efficiency in the mid-infrared region of
3000 nm to 6500 nm. Due to the fact that birefringence of LC
decreases with increase in wavelength, the effect of scattering
in the mid-infrared region is poor, which results in the
decrease of the transmittance of PSLC in the OFF state in the
mid-infrared region, which is significantly less than those in
the visible and near infrared regions. After doping with ATO
NPs, the maximum inhibition rate was 62.3% in the ON state,
and 76% in the OFF state, when the mass fraction was 7 wt%,
as shown in Fig. 5e and f. Combining the efficiencies of NIR
and mid infrared inhibition, we concluded that the infrared
inhibition rate of the ATO doped PSLC films can reach 48.1%
in the ON state and 57.4% in the OFF state. By comparing
before and after discoloration, we found that the maximum
infrared inhibition rate can reach up to 80.7% (the maximum
transmittance curve compared with the minimum transmit-
tance curve). Doping with ATO NPs obviously optimizes the
infrared modulation ability of PSLC.

However, by observing the trends of vis-NIR and mid infra-
red spectra, it can be found that when the doping concen-
tration is further increased (up to 10 wt%), the shielding
efficiencies of NIR and mid infrared are significantly reduced,
and the visible light transmittance is not effectively improved
while the infrared transmittance increases. A decrease in the
infrared shielding performance and visible transparency is
mainly due to the poor dispersion of excessive ATO NPs in
PSLC, which leads to the formation of large aggregates. Once
this phenomenon occurs, it will not only have adverse effects
on the transparent state of the film due to Rayleigh scattering
and Mie scattering,®” but also significantly reduce the surface
electron density of ATO particles, thus reducing the intensity
of LSPR in the infrared region.

Fig. 6 shows the photoelectric performance of the PSLC
films doped with different concentrations of ATO NPs. With
the increase of ATO NPs, the ON state transmittance of PSLC
decreases first and then increases, but the OFF state transmit-
tance increases as a whole. This is due to the aggregation of
ATO NPs and a decrease in size uniformity of liquid crystal
droplets. ATO NPs also affect the distribution of the liquid
crystal molecular director to a certain extent, and hinder the
alignment consistency of liquid crystal molecules under an
electric field. Above all they lead to a decrease in the PSLC scat-
tering intensity, so the optical contrast of PSLC increases first
and then decreases. However, the decrease of contrast is accep-
table. When the mass fraction of ATO NPs is 3 wt%, the con-
trast only decreases by 0.1. In the aspect of response perform-
ance, Vy, is according to equation S1. It can be seen from
Fig. 4 that most of the ATO NPs are trapped in the polymer
matrix instead of diffusing with LC due to an increase in the
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Fig. 6 The photoelectric performance of ATO-doped PSLC with
different doping concentrations of ATO NPs. (a) T-V curves of PSLC
films. (b) Tmax. Tmin @and CR of PSLC films. (c) Vi, and Vg, of PSLC films.
(d) ton and tog of PSLC films.

medium viscosity during photopolymerization. This increases
the conductivity of the polymer matrix because of the good
conductivity of semiconductor ATO NPs. In this case, the local
field acting on the droplet is given by*>

30p+ato ) @)

Eic = Eq l(i
pp
26p4at0 + O1C

where, we assume an isolated spherical LC droplet in a
polymer which is in a uniform electric field, E;¢ is the field
yielded in a single droplet with the application of electrostatic
boundary conditions, E,pp is the field in the polymer, opar0 is
the composite conductivity of the polymer matrix doped with
ATO, and o1 is the conductivity of LC. After calculation, it was
found that when oy > 0, E;¢ increases with the increase of
op+ato- An increase in local equivalent voltage leads to lower V,
for orientation of the liquid crystal. The remaining small amount
of ATO NPs dispersed in LC droplets will increase the dielectric
anisotropy (Ae¢) of LC, which will further reduce the Vy, value of
PSLC. The above results are consistent with the simulation
results. The saturation voltage (Vi) explains the degree of
difficulty of liquid crystal molecules to achieve a uniform orien-
tation along the external field. The main factors affecting Vi, are
Ae and the size of LC droplets, both of which are negatively corre-
lated with V. Generally, the trend of Vg, is similar to that of V,,
but it can be seen from Fig. 1c that with the increase of ATO
doping concentration, Vg, of PSLC fluctuates up and down. The
results show that the size uniformity of liquid crystal droplets is
seriously affected by excessive ATO NP doping, and the droplet
size becomes the main factor affecting Vy,. The response time
(ton) and recovery time (fog) of PSLC films are defined as:*

Y
on — 3)
K -1 (
a
ya®
toff = 4
o K(w? —1) “
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Fig. 7 (a) Digital photographs of the ATO-doped PSLC smart window in
the OFF and ON states. (b) Three dimensional XRM image of the ATO-
doped PSLC film on a flexible substrate. (c) Cross sectional XRM image
of the ATO-doped PSLC film on a flexible substrate.

where y is the viscosity coefficient of LC, Ae is the dielectric an-
isotropy of LC, E is the strength of the applied electric field, a
is the semi major axis of the LC droplet, K is the effective
elastic constant and  is the length diameter ratio of the
elongated droplet. An increase in Ae and the droplet size can
significantly reduce the response time of PSLC. Meanwhile, an
increase in the LC droplet size causes a decrease in interfacial
anchoring force to the LC molecule, resulting in an increase of
the recovery time.****

Fig. 7a shows the digital photographs of an ATO-doped
PSLC smart window in the OFF and ON states, and the ‘HIT’
logo can be clearly seen in the ON state. As ATO NPs hardly
affect the visible light, the PSLC smart window is still milky
white after coloring. We also transferred the film onto a flex-
ible substrate (such as ITO-PET and ITO-PEN) by roll-to-roll
coating, which strictly controlled the thickness of the film and
the uniformity of the interface between the film and substrates
(Fig. 7b and c). We verified this process by the XRM test, which
showed that ATO NPs did not destroy the uniformity and film-
forming property of PSLC films, providing a new idea for the
smart films with infrared modulation.

Conclusions

To sum up, we have presented a novel composite film for
smart windows, which has broadband optical modulation
function covering both visible light and infrared light. ATO
NPs with uniform particle size distribution were prepared by
the sol-gel method. After the procedures of dispersion, blend-
ing and UV induced phase separation, we doped the PSLC
films with ATO NPs. The transmittance of the films can
change reversibly between 78.5% and 10% in the visible
region, and they can shield up to 80.7% of the infrared radi-
ation without affecting the visible transmittance. ATO NPs also
reduce the threshold voltage and optimize the response per-
formance of PSLC. In addition, the films can be transferred
onto flexible substrates, which show great potential for appli-
cations in the fields of multi curvature smart windows and
flexible and wearable electronics. It also provides new ideas for
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the development of hybrid functional materials and multi-
responsive materials.
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