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Abstract

Vanadium dioxide (VO.) based thermochromic films are of great interest for energy-saving
smart windows as they can dynamically change the solar transmittance as the ambient temperature
changes. However, VO is thermodynamically unstable and could be easily oxidized by the oxygen
and moisture in the ambient air. In this work, a durability-enhanced VO2 nanoparticle-polymer
thermochromic film was proposed and fabricated using the blade coating method where the cross-

linked and highly entangled poly (methyl methacrylate) (PMMA) chain with molecular weight (~
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950,000) was adopted to block gas diffusion in the polymer matrix. It was shown that the
developed VO2 nanoparticles film kept ~ 30% of the solar modulation ability after ~ 900 hours of
accelerated durability test in the aging environment with a temperature at 60 °C and ~ 95%
humidity. This is ~ 4 times of the lifetime of the VO2 nanoparticles which are embedded in the
non-cross-linked PMMA matrix with low molecular weight (~ 15,000). The cross-linked PMMA-
VO film also showed a high luminous transmittance of ~ 50%, a high solar modulation ability of
~17% and a low haze of ~ 11%. Our method provides an easy and effective strategy to improve
the lifetime of VO nanoparticles, showing a promising pathway toward environmentally stable

and easily scalable thermochromic films for energy-efficient smart windows.
Keywords: Vanadium dioxide nanoparticle, Cross-linking, Thermochromic, Smart window.
I. Introduction

With a high solar transmittance > 90%, as much as ~ 800 W/m? solar irradiation reaches
the indoor environment through windows during daytime [1, 2]. The transmitted solar energy
greatly reduces the energy consumption for heating in cold climates. However, excessive solar
heating would result in increased cooling loads in hot climates, especially in summer. Smart
windows that could dynamically adjust the transmittance of solar irradiation have been thought of
as one of the most promising techniques to reduce the energy consumption of buildings [3, 4]. In
particular, there are a lot of interests in vanadium dioxide (VOz) nanoparticle and transparent
polymer matrix based thermochromic films in recent years, especially due to the relatively high
luminous transmittance of ~ 50%, and solar modulation ability of ~ 20% [5-11]. However, pristine
VO is thermodynamically unstable and can be easily oxidized to V20s when exposed to air for
several months [12, 13], which in turn dramatically reduces the solar modulation ability. A humid

environment would also greatly accelerate the oxidation process. Previous studies [8, 14-16]
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showed that the thermochromic performance of VO, decreased noticeably when exposed to
relatively high humidity for only ~ 24 hours, deterring the practical deployment of VO based

smart windows.

To improve the anti-oxidation ability and increase the lifetime of VO nanoparticles, core-
shell nanoparticles have been proposed, where the environmentally stable materials are used as a
protection layer to prevent VO, from water and oxygen exposure and hence to decrease the
oxidation rate. For example, the previous study showed that employing aluminum oxide based
shells could increase the lifetime of VO> from ~ 3 days to more than ~ 20 days under accelerated
aging tests with a 60 °C temperature and 90% relative humidity[16]. In addition, other
environmentally stable oxides like SiO2 [10], TiO2 [17], and ZnO [8] have been used to increase
the durability of VO2 nanoparticles. However, in practical applications, when VO nanoparticles
transit periodically from monoclinic (M, a,, = 5.75,by = 4.52A,¢); = 5.384,5 = 122.6°)
structure to tetragonal rutile (R, ag = bg = 4.55 A, cp = 2.86 A) structure [6], the interface stress
between the VO cores and oxide protection shells induced by the lattice structure transformation
of VO2 nanoparticles may result in the formation of micro cracks at the interface. A recent study
[18] has shown that cracks occur in VO2 based multilayer thin films after ~ 1000 times of reversible
phase transitions. In addition, cracks were even found in SiO; [19] and TiO2 shells [8, 17] during
the synthesis process. The accelerated aging tests at a temperature of 60 °C and 90% relative
humidity showed that the lifetime of the SiO, coated VVO2 nanoparticles were only ~ 72 hours due
to the appearance of such cracks [8]. It is also worthwhile to note that although the introduction of
a shell layer potentially enhances the durability of VO nanoparticles and improves the solar
luminous transmittance, it may lower the solar modulation ability of the film. For example, the

experimental results by Li et al. showed that the solar modulation ability decreased ~ 50% when



the VO nanoparticles were coated by ~ 7 nm thick TiO2 shells [17]. Besides the core-shell
nanoparticle structures, blocking the diffusion of oxygen and moisture in the polymer matrix may
also delay the oxidation process of VO2 nanoparticles. In general, increasing the molecular weight
(length) of polymer chain and generating chemical crosslinks between neighboring polymer chains
are two effective ways to reduce gas diffusion in polymer matrix because the mobility of polymer
chains can be restricted by the highly entangled polymer chains and the ionic or covalent bonds
between neighboring polymer chains [20-24]. A previous study by Berens et al. showed that the
diffusivity of organic vapors (e.g., (CH3).CO, CHCIs) was decreased by a factor of ~ 10 when the
molecular weight of polystyrene increased from 10,000 to 300,000 [25]. Klinger et al. showed that
a 0.45% mole percentage of cross-linking in poly(methyl methacrylate) (PMMA) could reduce the
oxygen diffusion coefficient by ~ 30% [26]. These together imply that highly cross-linked high
molecular weight polymers may provide a simple and yet effective pathway to protect the

randomly dispersed VO nanoparticles from oxidation.

Considering the high transparency, structural stability, and easy to crosslink, a cross-linked
high molecular weight PMMA film (~ 950,000) embedded with VVO> nanoparticles with a size of
50 ~ 80 nm was demonstrated in this work. The developed PMMA-VO: film with a thickness of ~
4 um has a relatively high luminous transmittance of ~ 50%, solar modulation ability of ~17.1%,
and a low haze value of ~ 11%. The accelerated aging test at a temperature of 60 °C and a relative
humidity of ~ 95% showed that the lifetime of the VVO2 nanoparticles dispersed in the cross-linked
high molecular weight PMMA film (~ 950,000) is more than 900 hours, which is much longer
than that of VO2 nanoparticles in the non-cross-linked low molecular weight (~ 15,000) PMMA,
around 200 hours. The lifetime of VO2 nanoparticles in the cross-linked and entangled PMMA

matrix is significantly longer than the reported VO nanoparticles coated by SiO> (~ 72 hours) ,



AI(OH)sz (~ 120 hours) , and VO: thin film protected by Al>O3 (~ 100 hours) [14], and is
comparable to the VO2 nanoparticles coated by Al2Oz (> 480 hours) [16], and VO- thin film
protected by SiNx (~ 600 hours) [18]. The fatigue test shows that the thermochromic performance
of the developed PMMA-VO:; films keeps the same after 3000 times of continuous reversible
phase transitions. The analysis also shows that the developed PMMA-VO: film could greatly
reduce the cooling demands in hot climates and improve the thermal comfort and condensation

resistance in cold climates.

I1. Materials and methods

2.1 Synthesis

2.1.1 Chemicals and materials
Vanadium pentoxide (V20s, 99.99%, Sigma Aldrich), oxalic acid dihydrate
(H2C204-2H20, 99%, Sigma Aldrich), poly (methyl methacrylate) (PMMA, molecular weight

~15,000 (15K), Sigma Aldrich), and anisole (C7HgO, 99.7%, Sigma Aldrich), PMMA A4

(molecular weight ~950,000 (950K), MicroChem Corp) resists in anisole were purchased and used
as as-supplied without additional purifications.
2.1.2 Synthesis of monoclinic VO (M)

Various synthesis methods of monoclinic VO2 (M) could be found in the earlier studies [8,
10, 27-29]. In this work, VO2 nanoparticles were synthesized by the hydrothermal method [8]. For
a typical synthesis, 2.0 g of V205 powder was added to 40.0 ml deionized water and was stirred
for 20 min, then 3.4 g of oxalic acid dihydrate was added to the mixture and further stirred until a
clear light green/blue slurry was formed. The suspension was then moved to a 150 ml Teflon-lined

stainless-steel autoclave. The autoclave was kept at 260 °C for 24.0 h and then air-cooled to room



temperature. The resulting black-precipitates was collected and washed with deionized water and
ethanol 3 times, respectively, then dried with a vacuum furnace at 120 °C for 5.0 h. A schematic
illustrating the synthesis process could be found in Fig. 1(a).
2.2 Measurements

The commercial Netzsch differential scanning calorimetry (DSC 204 F1 Phoenix) was used
to determine the phase transition properties of the synthesized VO, powder over the temperature
range from 0 to 100 °C, and the heat absorption properties of the PMMAs from 0 to 550 °C,
respectively. The heating/cooling rate was set at 10 °C/min. The crystalline phase of the VO
powder was identified using X-ray diffraction (XRD, MiniFlex600, Rigaku, Japan) with Cu Ka
radiation (A = 1.5418) at a voltage 40 kV and a current of 40 mA. Transmission electron
microscope (TEM, JEM-2010) was used to characterize the morphology and microstructure of the
nanoparticles. Optical performance, including spectral transmittance and haze of the films, was
measured using a UV-Vis-Near-IR spectrophotometer (Shimadzu UV-3101) together with a

temperature control unit including black anodized aluminum 6061 plate, and a variac (2 A, 120

V). A helium-neon (HeNe) laser (SIEMENS), and a programmable stage temperature controller
(LINKAM TMS 94) together with a heating/freezing microscope stage (LINKAM MDS600) with
a microscope objective lens (NIKON, Plan Fluor ELWD 20x/0.45) was assembled to measure the
reflectance spectrum of the film with a 200 nm silver coating in 633 nm at 25 °C and 90 °C with
ramping rate 10 °C/min. A TPS (TENNEY) environmental chamber was used to create a steady-
state temperature and humidity (60 °C, relative humidity ~ 95%) for the durability testing of the
PMMA-VO: films.

I11. Results and discussion

3.1 Fabrication and characterization of PMMA-VO: film



PMMA is a non-toxic, inexpensive thermoplastic with high optical transparency, high
mechanical strength and durability, excellent thermal stability, and weather resistance [30].
PMMA with different molecular weights (chain length and entanglement) could be obtained and
processed easily [31]. Moreover, the influence of the near-UV from solar radiation on the PMMA
is minor since PMMA is only sensitive to high energy radiation such as the electron beam, x-rays,
and UV radiation with wavelengths shorter than 300 nm [31, 32]. Thus, PMMA was adopted as
the polymer matrix in this work. As shown in Fig. 1(b), the desired amount of as-synthesized
crystalline monoclinic VO2 nanoparticles was dispersed ultrasonically into 40 ml of PMMA 950K
A4. The solution was then stirred at room temperature for 12 hours. Generally, the molecule chains
of PMMA could be interlinked using several methods, including free radical polymerization,
condensation reactions, small molecule crosslinking, and radiation [33]. Wochnowski et al.
showed that the 248nm-wavelength ultraviolet (UV) irradiation could crosslink the two
neighboring PMMA molecules by establishing an oxygen bridge between ester side chains or
connecting the two carbonyl groups [32]. The degree of crosslinking of the PMMA matrix could
be controlled by both the dose and the duration of the UV irradiation. A higher degree of
crosslinking usually has a higher endothermic peak, which can be evaluated by the DSC
measurements. The radiation dose needs to be smaller than 2.0 J/cm?to prevent the brittleness of
PMMA film after crosslinking [34]. Here the PMMA/VO: solution was irradiated by the UV
radiation (220 ~380 nm, ADJ Products) for 10 hours in the room environment while being stirred
at 300 rpm to generate crosslinks in the PMMA matrix. The final mixture was maintained at a
constant temperature of ~ 75 °C on a hotplate for 40 min. The solution was then loaded onto a ~
50 um thick transparent and chemically stable biaxially-oriented polyethylene terephthalate

(BoPET) sheet laminated on a piece of float glass using blade coating method as shown in Fig.



1(b). The final thickness of the dried PMMA-VO: film is determined by the concentration of
PMMA, the moving speed of the blade, and the gap between the blade tip and the substrate. Here
the film was formed using blade coating at a speed of 15mm/s. After the wet film is fabricated, the
film is dried in a fume hood for 2 hours. Finally, a thin film with an area of 600 mm x 300 mm
(length x width) and a thickness of ~ 4 pum is obtained as shown in Fig. 1(c), in which the PMMA-

VO film is coated on a 50 pm thick BoPET film. No obvious variation of the film brittleness was

observed.
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Figure 1. Fabrication of durability-enhanced PMMA-VO, thermochromic film for smart windows.
(a) Synthesis process of VO2 nanoparticles using the hydrothermal method. (b) Schematic of the
fabrication process of the meter-scale durability-enhanced PMMA-VO; film using the blade
coating method. The PMMA/VO: solution was first exposed to ultraviolet (UV) rays. Then, the wet
PMMA-VO; film was fabricated using the blade coating method. After drying, the PMMA-VO>
composite film was obtained. (c) Snapshot of a PMMA-VO: film with a size of 600 mm x 300 mm
(length x width) manufactured using the blade coating method, in which a ~ 4.0 um thick PMMA-

VO film is coated on a 50 um thick BoPET film.

Figure 2(a) shows the morphology of VO nanoparticles from transmission electron
microscopy (TEM). It is seen that most of the nanoparticles have an approximately spherical shape,
and the diameter of the VO2 nanoparticles mainly lies in the range of 50 ~ 80 nm. Fig. 2(b) presents
the X-Ray Diffraction (XRD) measurement of the VO nanoparticles, where the diffraction peaks
indicate that the VO2 nanoparticles are in the monoclinic phase (M2, C2/m) [12]. The phase
transition temperature of the VO, nanoparticles was determined by differential scanning

calorimetry (DSC) measurements using a heating/cooling rate of 10 °C/min in the temperature



range from 0 to 110 °C. Since the insulator-to-metal transformation of VO: is a first-order phase
transition [35], the discontinuous variation of entropy results in the release or absorption of latent
heat. As shown in Fig. 2 (c), when VO transits from the monoclinic (M) insulator phase to the
rutile (R) phase during the heating cycle, an endothermic (positive) peak with peak temperature ~
71 °C is observed. A corresponding exothermic (negative) peak, representing metal-to-insulator
transition, occurs in the cooling cycle, where the peak temperature is ~ 63 °C. This DSC curve is
similar to those reported in the literature [8, 11, 36]. Since the crosslinking process could generate
new chemical bonding between neighboring chains, the cross-linked PMMA polymers are
expected to have a higher endothermic peak and a larger maximum decomposition temperature
[37]. Figure 2(d) compares the DSC thermographs of cross-linked PMMA and non-cross-linked
PMMA with molecular weight ~ 950,000. Comparing to the non-UV exposed 950,000 PMMA,
the 950,000 PMMA under UV exposure has a higher endothermic peak (from ~ 6.0 uV/mg to ~
9.5 uV/mg) and a larger maximum decomposition temperature (from 375 °C to 386 °C), indicating

the crosslinks were generated.
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Figure 2. Characterization of the synthesized VO, nanoparticles. (a) Transmission electron
microscopy (TEM) image of the VO2 nanoparticles. (b) X-Ray Diffraction (XRD) pattern of the
VO, nanoparticles. (c) Differential scanning calorimetry (DSC) of the VO2 nanoparticles, where
the heating/cooling rate is set at 10 °C/min. (d) Comparison of the DSC thermograms of the cross-
linked and non-cross-linked PMMA with molecular weight ~ 950,000. The positive peak represents

an endothermic process, and the negative peak represents an exothermic process.
3.2 Optical performances of PMMA-VO: film

To evaluate the thermochromic performance of the PMMA-VO; film, the total
transmittance and haze, were both measured using a commercial UV-Vis-Near-IR
spectrophotometer (Shimadzu UV-3101). The total transmittance (t,.) were measured by
placing the PMMA-VO; film and a diffuse reflector at the inlet and outlet of the integrating sphere,
respectively. The measured total spectral transmittances of the PMMA-VO: film at low
temperature (~ 25 °C) and high temperature (~ 90 °C) are shown in Fig. 3(a). Since the metallic
phase VO_ blocks the near-infrared (NIR) solar radiation, it was found that the transmittance of

the PMMA-VO:; in the range of 800 ~ 2500 nm was much smaller when the temperature of the
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PMMA-VO: film was set at ~ 90 °C. The mean luminous (380-780 nm) transmittance t;,,,, and

mean solar (280-2500 nm) transmittance t,,; were then calculated as,

780 nm
_ f380 nm Ilum,/IT)l,totd/l 1
Tium = f780nm1 i1 (1)
380 nm < luma

2500 nm

_ fzso nm Lso1,2T2,t0tdA

Tsol = 2500 nm (2)
fzso nm 1so,2d4

where Iy, ;2 is the standard luminous efficiency function for vision [38], I, ; is the solar
radiation intensity of air mass 1.5 (AML1.5) corresponding to the sun standing 37° above the
horizon [39], and 7, ;,. is the total transmittance of radiation at wavelength A shown in Fig. 3(a).
The solar modulation ability Atg,; is defined by the difference of solar transmittance before and

after the phase transition, i.e.,
Aty = T501 (T < Tp) — T (T > T) A3)

where T;. is the critical phase change temperature of VO,. According to Egs. (1-2), the luminous
transmittance at low temperature and solar modulation ability are calculated to be ~ 50% and
~17.1%, respectively. Besides, we have also checked the uniformity of the coating by measuring
the transmittance of the film at several different locations. The difference of the solar

transmittances among different points was found to be smaller than 1%.

Haze is used to characterize the percentage of the transmitted light whose propagation
direction deviates a specific angle from the direction of the incident beam. Accordingto the ASTM

D1003-13 [40], haze is defined as,

Tdif,A Tdif A
Hy=—12 = ! (4)
Ttot,h  Taif,a + Tdira
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where 745 5 refers to the light scattered more than 2.5° off from the incident light [40], and 74;,
is the transmitted light within the angle of 2.5°. The diffuse transmittance can be measured by
replacing the diffuse reflector at the outlet of the integrating sphere with a light trap to prevent the
direct transmittance from influencing the measurement signal. Since the VVO2 nanoparticle size (50
to 80 nm) is much smaller than the wavelength of the visible light (400~ 800 nm), the scattering
of the light passing through the PMMA-VO: films can be described by Rayleigh scattering [41].
Therefore, it is seen that the haze value decreases as the wavelength increase in Fig. 3(b). The

averaged haze value in the visible range is calculated as,

ST g madA

H = 380 nm (5)
780 nm Ilum,AdA

f380 nm

where H; is the measured haze value at wavelength A. According to Eq. (5), the averaged haze in
the luminous range is ~ 11%, as shown in Fig. 3(b). Note that the haze of the developed film could
be lowered by reducing the size of the VO, nanoparticles [41]. In short, we have fabricated a large-
size PMMA-VO: film with high luminous transmittance (~ 50%), large solar modulation ability

(~ 17.1%), and relatively low haze visibly (~ 11%).
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Figure 3. The optical performance of the PMMA-VO: film. (a) Spectral transmittance of the
PMMA-VO: film in the solar spectrum, where the luminous transmittance is ~ 50% and the solar
modulation ability is ~ 17.1%. (b) The spectral haze of the PMMA-VO:; film in the visible range

with wavelengths of 400 ~ 800 nm, the averaged haze is ~ 11%.
3.3 Durability of PMMA-VO: film

Oxygen and moisture in the ambient air could diffuse into the polymer matrix and oxidize
the phase-switchable VO to non-switchable V2Os, resulting in the loss of solar modulation ability.
It is thus desirable to reduce the diffusion capacity of gas molecules in the polymer matrix. The
previous studies have shown that the thermal stability [37], surface hardness, and chemical
resistance [42] of the polymer matrix could be improved significantly using entangled and cross-
linked molecular chains, which is also directly related to a smaller gas diffusion coefficient. In
practice, the natural oxidation of VO is a long process, and the obvious variation of the
thermochromic property in the ambient conditions may only be observed after a few months [12].
Thus, accelerated environmental tests were performed to evaluate the durability of VO
nanoparticles [43, 44]. The tests were conducted at a temperature of 60 °C, and the relative

humidity ~ 95%, similar to the testing conditions reported in the previous studies [8, 18].
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Systematic measurements of spectral transmittance at both low temperature (25 °C, insulating
phase) and high temperature (90 °C, metallic phase) were recorded as a function of time to
determine the variation of the thermochromic performance. Each measurement was then repeated
at least three times to ensure the testing reliability. To investigate the influence of crosslinking and
entanglement on the durability of the PMMA-VO. film, the cross-linked and non-crossed-linked
PMMA-VO: film with two different molecular weights were measured. It is seen that the cross-
linked PMMA film with molecular weight ~ 950,000 exhibits no noticeable change in optical
transmittance after ~ 200 hours, as shown in Fig. 4 (a). The thermochromic properties of cross-
linked PMMA-VO: film with molecular weight ~ 950,000 begin to deteriorate after ~ 450 hours
exposure while still maintaining more than 60% of its solar modulation ability (~ 10%). After
about ~ 900 hours, the solar modulation ability decreased from ~ 17.1% to ~ 4.0%, indicating that
a large part of the VO2 nanoparticles was oxidized. For comparison, the durability performances
of the non-cross-linked PMMA with molecular weights ~ 15,000 (Fig. 4(b)) and ~ 950,000 (Fig.
4(c)) were also tested under the same accelerated testing conditions (60 °C, humidity > 95%). Fig.
4(d) gives the variation of solar modulation abilities of the above three PMMA-VO- films as a
function of time. It is seen that the decreasing rate of the non-cross-linked film with molecular
weight ~ 15,000 is much faster than that of the non-cross-linked PMMA with molecular weight ~
950,000, which is close to decreasing rate of the uncoated VO in the matrix of resin[16]. The
thermochromic performance of the VO in the non-cross-linked PMMA with molecular weights ~
15,000 disappears after ~ 200 hours. Furthermore, it is found that the lifetime of the cross-linked
950,000 PMMA was approximately 350 hours longer than of non-cross-linked 950,000 PMMA at
~ 600 hours. This indicates that the entangled and crosslinked polymer matrix can substantially

improve the lifetime of VO2 nanoparticles. Fig. 4(d) shows that the lifetime of the PMMA-VO;
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film developed in this work is better than the previously reported values for VO2 nanoparticles
coated by SiO2 (~ 72 hours) [8], AI(OH)z (~ 120 hours) [8], and VO thin film protected by Al>O3
(~ 100 hours) [14], and is comparable to the performances of VO2 nanoparticles coated by Al,O3
(> 480 hours) [16] and VO3 thin film protected by SiNx (~ 600 hours) [18]. Clearly we have
demonstrated here an alternative pathway to effectively improve the lifetime of the VO

nanoparticles, avoiding the emergence of cracks induced by the periodic insulator-to-metal phase

change found in the core-shell structures.
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Figure 4. Durability performance of the PMMA-VO; films. (a) Variation of the spectral optical
transmittance of VO, nanoparticles embedded in cross-linked 950,000 PMMA matrix as a function
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of aging time. (b) Variation of the spectral optical transmittance of VO, nanoparticles embedded
in the non-cross-linked 150,000 PMMA matrix as a function of aging time. (c) Variation of the
spectral optical transmittance of VO, nanoparticles embedded in the non-cross-linked 950,000
PMMA matrix as a function of aging time. (d) Comparison of the solar modulation ability of the
VO2 nanoparticles embedded in non-cross-linked 150,000 PMMA, non-cross-linked 950,000
PMMA, cross-linked 950,000 PMMA matrixes, and previous studies [14, 16, 18]. The low and
high temperatures for the optical measurements are 25 °C (insulating phase) and 90 °C (metallic
phase), respectively. The aging tests were performed in the accelerated aging chamber with a

temperature at 60 °C, and the relative humidity is ~ 95%.

Fatigue tests are used to determine the numbers of cycles (fatigue life) that a material or
structure can withstand under cyclic loadings. The emergence of cracks in VO»-based films or
complete fractures may occur due to the lattice transformation of VO during many cycles of phase
transitions from the insulating to the metallic state. Therefore, the fatigue test is performed to study
the stability of the developed PMMA-VO> thermochromic film. The design of the fatigue test can
be seen in Fig. 5(a). The PMMA-VO, sample coated with a ~ 100 nm thick bottom silver layer
was placed on a programmable stage with a temperature control unit (LINKAM MDS600), where

the ramping rate was set at (10 °C/min) and an extra 45 seconds delay was assigned to stabilize

the temperature of the film at both 25 °C and 90 °C. Meanwhile, the film was constantly exposed
to a 633 nm focused laser beam from the helium-neon (HeNe) laser (SIEMENS). The intensity of
the transmitted light (uUW) was then recorded by the detectors at both low temperature (25 °C,
insulating phase) and high temperature (90 °C, metallic phase) to complete a cycle. Fig. 5(b) shows
no noticeable change in transmitted laser intensity in both the metallic and insulator phase after

3000 continuous cycles, indicating that the solar modulation ability of the cross-linked PMMA-
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VO; remained constant. To ensure the reliability of the test, the measurements were repeated at
another two sample locations during each cycle and the results in Fig. 5(b) are the arithmetic
average of the three tested points. Note that since incident light traveled across the film twice, the
difference between the metallic phase (25 °C) and the insulator phase (90 °C) in Fig. 5(b) is

approximately twice larger than that of Fig. 3(a).
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Figure 5. Fatigue test and performance of the PMMA-VO: film. (a) Schematic of the setup for
fatigue measurements. The temperature of the insulating phase and metallic phase VO2 were set
as 25 °C and 90 °C, respectively. (b) Variation of the transmittance of the durability enhanced

PMMA-VO: film as a function of cycle number.
3.4 Thermal comfort and energy saving of PMMA-VO: film in different regions

To evaluate the energy saving performance of a PMMA-VO; film in different climates and
regions, a heat transfer model was developed. Figure 6(a) depicts the heat and solar radiation
transfer across a window pane, where the PMMA-VO: film with a thickness of ~ 4 pm is employed.
The spectral transmittance of the PMMA-VO: film in both the insulating phase and the metallic

phase was shown in Fig. 3(a). Since the thickness of the window is much smaller than its width

18



and length, the heat transfer in the z-direction can be treated as one-dimensional. Thus, the heat

transfer in the z-direction can be described as,

d?T(2)
kglav +Vq(z) =0 (6)

where kg, is the thermal conductivity of the float glass, T(z) is the temperature at position z,

q(z) is the local heat source carried by the solar irradiation, which can be written as
q(z) = Tsolloe_ﬁglaz (7)

where I, is the incident solar energy, t,,; is the solar transmittance of the PMMA-VO; film, and
Bgials the extinction coefficient of the float glass. Compared with the thickness of float glass (3
mm), the thickness of the PMMA-VO; (~ 4 um) film can be ignored. Thus, the boundary

conditions at z = 0 and z = Lg,, are as follows:
Q(Z = O) = ho (Ta - TZ=O) +o0¢, (T(;L - Tz4=0) + Qabs (8)

4(z = Lyia) = hi (Tym, = T ) + 08 (T, — T) )

where T, and T, are the external ambient temperature and the internal room temperature,
respectively, h,, h; and ¢,, €; are the external and internal convective heat transfer coefficients and
average external and internal surface emissivities, o = 5.67 x 1078 (Wm)/K* is the Stefan-
Boltzmann's constant, Q,ps = @s011,, IS the absorbed solar irradiation by the PMMA-VO; film,
and ay,; is the absorbance of the PMMA-VO: film. Here, Eq. (6) was solved by the finite volume
method [45]. The thermal conductivity and average surface emissivity of the float glass are
assumed to be k; = 0.96 W/(mK) and ¢, ~ 0.84 according to reference [46]. The surface

emissivity of the PMMA-VO; film is g, = 0.9. From Fig. 3(a), the solar transmittances (z,;) of
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the PMMA-VO:; film in the insulating phase and metallic phase are 0.57 are 0.40, respectinvely.
The reflectances (ry,;) of the PMMA-VO: in both the insulating and metallic phases were
measured as 0.05. Thus, the absorbance can be calculated by as,; = 1 — 745, — 1'5o;- The inside
and external convective heat transfer coefficients can be evaluated by h; = 3.6 W/(m?K)
and h, = (10 + 4.1v) W/(m?K), where v (m/s) is the wind speed [46]. The weather conditions

including ambient temperature (7,), window speed (v) and solar irradiation density (/,) are

acquired from the NSRDB Data Viewer [47].
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Figure 6. Thermal comfort and energy savings of the PMMA-VO: film in selected cities: Boulder

(CO), Phoenix (AZ), and Boston (MA). (a) Schematic of heat and radiation energy transfer across
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a south-facing single-pane window covered by the PMAA-VO; film. (b) Comparison of reduced
annual heating/cooling loads of a south-facing window. (c) Influence of PMMA-VO: film on the

inside surface temperature of a glass window.

The inside surface temperatures of the single-pane window with and without VO film are
compared in Fig. 6(b). After employing the PMMA-VO: film, the inside surface temperature of
the single-pane window is ~ 5 °C higher than that of the single-pane window without a film,
indicating that the PMMA-VO: film can reduce the temperature difference between the occupants
and the innermost surface of windows, which indeed improves the thermal comfort and
condensation resistance of the single-pane window in cold climates significantly [48]. Since the
solar transmittance of the PMMA-VO: film (0.57 ~ 0.4, Fig. 3(a)) is smaller than the single-pane
window (~ 90%), applying the PMMA-VO; film increase the heating loads in cold climates and
reduce the cooling loads in hot climates. Figure 6 (c) compares the reduced annual heating/cooling
loads of a south-facing window in different regions. In this Figure, the positive/negative sign
represents the reduced/increased energy. For simplicity, it is assumed that the transmitted solar
energy decreases (increases) the heating (cooling) loads when the external ambient temperature is
higher (lower) than the internal room temperature (21 °C). Note that the transmitted solar energy
includes both the directly transmitted solar irradiation and the absorbed solar energy by window
pane and subsequently transferred towards the indoor room environment through heat conduction.
Clearly, the cooling demands in the hot areas (e.g., Phoenix) are significantly reduced. However,
in the cold areas (e.g., Boston), the increased heating loads in winter are much higher than the
reduced cooling loads in summer, indicating that the PMMA-VO: film could increase the annual

energy cost.
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IV. Conclusions

In summary, a thermochromic film based on vanadium dioxide (VO2) nanoparticles and
poly (methyl methacrylate) (PMMA) matrix was proposed and fabricated using the blade coating
method. The area and thickness of the fabricated film are 600 mm x 300 mm (length x width) and
~4 um, respectively. It is shown that the PMMA-VO; film has a luminous transmittance of ~ 50%,
solar modulation ability of ~ 17.1%, and haze of ~ 11%. The solar modulation ability of the
PMMA-VO: film is higher than that of most previous studies which are usually smaller than 10%.
The lifetime of the VO. nanoparticles is greatly improved by the cross-linked polymer matrix with
high molecular weight. The durability tests were performed in the accelerated aging chamber
whose environmental temperature is 60 °C, and humidity is ~ 95%. It was shown that the lifetime
of the VO nanoparticles embedded in the cross-linked PMMA matrix with molecular weight ~
950,000 is ~ 900 hours, which is much longer than that (~ 200 hours) of the VO in the non-cross-
linked PMMA matrix with low molecular weight (~ 15,000). The lifetime of the VO, nanoparticles
in the highly entangled and cross-linked polymer matrix is close to or longer than the lifetime of
thermochromic films made of VO protected by environmental stable materials (e.g., aluminum
oxide and SiNy), indicating that cross-linked the polymer chains with high molecular weight could
improve the durability of VO, remarkably. It was shown that there is no decay of the solar
modulation ability after ~ 3000 cycles of fatigue test. The analysis also shows that the PMMA-
VO film could greatly reduce the cooling demands in hot climates and improve the thermal

comfort in cold climates.
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Highlights

The highly entangled and crosslinked PMMA matrix was used to improve the lifetime of
VVO2 nanoparticles.

The PMMA-VO; thermochromic film shows a high luminous transmittance of ~ 50% and
solar modulation ability of ~ 17%.

No noticeable decay of the solar modulation ability was observed after ~ 3000 cycles of
fatigue test.

The proposed method provides a promising pathway toward environmentally stable and

easily scalable thermochromic film.
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Abstract

Vanadium dioxide (VO.) based thermochromic films are of great interest for energy-saving
smart windows as they can dynamically change the solar transmittance as the ambient temperature
changes. However, VO is thermodynamically unstable and could be easily oxidized by the oxygen
and moisture in the ambient air. In this work, a durability-enhanced VO2 nanoparticle-polymer
thermochromic film was proposed and fabricated using the blade coating method where the cross-

linked and highly entangled poly (methyl methacrylate) (PMMA) chain with molecular weight (~
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950,000) was adopted to block gas diffusion in the polymer matrix. It was shown that the
developed VO2 nanoparticles film kept ~ 30% of the solar modulation ability after ~ 900 hours of
accelerated durability test in the aging environment with a temperature at 60 °C and ~ 95%
humidity. This is ~ 4 times of the lifetime of the VO2 nanoparticles which are embedded in the
non-cross-linked PMMA matrix with low molecular weight (~ 15,000). The cross-linked PMMA-
VO film also showed a high luminous transmittance of ~ 50%, a high solar modulation ability of
~17% and a low haze of ~ 11%. Our method provides an easy and effective strategy to improve
the lifetime of VO nanoparticles, showing a promising pathway toward environmentally stable

and easily scalable thermochromic films for energy-efficient smart windows.
Keywords: Vanadium dioxide nanoparticle, Cross-linking, Thermochromic, Smart window.
I. Introduction

With a high solar transmittance > 90%, as much as ~ 800 W/m? solar irradiation reaches
the indoor environment through windows during daytime [1, 2]. The transmitted solar energy
greatly reduces the energy consumption for heating in cold climates. However, excessive solar
heating would result in increased cooling loads in hot climates, especially in summer. Smart
windows that could dynamically adjust the transmittance of solar irradiation have been thought of
as one of the most promising techniques to reduce the energy consumption of buildings [3, 4]. In
particular, there are a lot of interests in vanadium dioxide (VOz) nanoparticle and transparent
polymer matrix based thermochromic films in recent years, especially due to the relatively high
luminous transmittance of ~ 50%, and solar modulation ability of ~ 20% [5-11]. However, pristine
VO is thermodynamically unstable and can be easily oxidized to V20s when exposed to air for
several months [12, 13], which in turn dramatically reduces the solar modulation ability. A humid

environment would also greatly accelerate the oxidation process. Previous studies [8, 14-16]
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showed that the thermochromic performance of VO, decreased noticeably when exposed to
relatively high humidity for only ~ 24 hours, deterring the practical deployment of VO based

smart windows.

To improve the anti-oxidation ability and increase the lifetime of VO nanoparticles, core-
shell nanoparticles have been proposed, where the environmentally stable materials are used as a
protection layer to prevent VO, from water and oxygen exposure and hence to decrease the
oxidation rate. For example, the previous study showed that employing aluminum oxide based
shells could increase the lifetime of VO> from ~ 3 days to more than ~ 20 days under accelerated
aging tests with a 60 °C temperature and 90% relative humidity[16]. In addition, other
environmentally stable oxides like SiO2 [10], TiO2 [17], and ZnO [8] have been used to increase
the durability of VO2 nanoparticles. However, in practical applications, when VO nanoparticles
transit periodically from monoclinic (M, a,, = 5.75,by, = 4.52A,¢); = 5.384,5 = 122.6°)
structure to tetragonal rutile (R, ag = bg = 4.55 A, cp = 2.86 A) structure [6], the interface stress
between the VO cores and oxide protection shells induced by the lattice structure transformation
of VO2 nanoparticles may result in the formation of micro cracks at the interface. A recent study
[18] has shown that cracks occur in VO2 based multilayer thin films after ~ 1000 times of reversible
phase transitions. In addition, cracks were even found in SiO; [19] and TiO2 shells [8, 17] during
the synthesis process. The accelerated aging tests at a temperature of 60 °C and 90% relative
humidity showed that the lifetime of the SiO, coated VVO2 nanoparticles were only ~ 72 hours due
to the appearance of such cracks [8]. It is also worthwhile to note that although the introduction of
a shell layer potentially enhances the durability of VO nanoparticles and improves the solar
luminous transmittance, it may lower the solar modulation ability of the film. For example, the

experimental results by Li et al. showed that the solar modulation ability decreased ~ 50% when



the VO nanoparticles were coated by ~ 7 nm thick TiO2 shells [17]. Besides the core-shell
nanoparticle structures, blocking the diffusion of oxygen and moisture in the polymer matrix may
also delay the oxidation process of VO2 nanoparticles. In general, increasing the molecular weight
(length) of polymer chain and generating chemical crosslinks between neighboring polymer chains
are two effective ways to reduce gas diffusion in polymer matrix because the mobility of polymer
chains can be restricted by the highly entangled polymer chains and the ionic or covalent bonds
between neighboring polymer chains [20-24]. A previous study by Berens et al. showed that the
diffusivity of organic vapors (e.g., (CH3).CO, CHCIs) was decreased by a factor of ~ 10 when the
molecular weight of polystyrene increased from 10,000 to 300,000 [25]. Klinger et al. showed that
a 0.45% mole percentage of cross-linking in poly(methyl methacrylate) (PMMA) could reduce the
oxygen diffusion coefficient by ~ 30% [26]. These together imply that highly cross-linked high
molecular weight polymers may provide a simple and yet effective pathway to protect the

randomly dispersed VO nanoparticles from oxidation.

Considering the high transparency, structural stability, and easy to crosslink, a cross-linked
high molecular weight PMMA film (~ 950,000) embedded with VVO> nanoparticles with a size of
50 ~ 80 nm was demonstrated in this work. The developed PMMA-VO: film with a thickness of ~
4 um has a relatively high luminous transmittance of ~ 50%, solar modulation ability of ~17.1%,
and a low haze value of ~ 11%. The accelerated aging test at a temperature of 60 °C and a relative
humidity of ~ 95% showed that the lifetime of the VVO2 nanoparticles dispersed in the cross-linked
high molecular weight PMMA film (~ 950,000) is more than 900 hours, which is much longer
than that of VO2 nanoparticles in the non-cross-linked low molecular weight (~ 15,000) PMMA,
around 200 hours. The lifetime of VO2 nanoparticles in the cross-linked and entangled PMMA

matrix is significantly longer than the reported VO nanoparticles coated by SiO> (~ 72 hours) ,



AI(OH)sz (~ 120 hours) , and VO: thin film protected by Al>O3 (~ 100 hours) [14], and is
comparable to the VO2 nanoparticles coated by Al2Oz (> 480 hours) [16], and VO- thin film
protected by SiNx (~ 600 hours) [18]. The fatigue test shows that the thermochromic performance
of the developed PMMA-VO:; films keeps the same after 3000 times of continuous reversible
phase transitions. The analysis also shows that the developed PMMA-VO: film could greatly
reduce the cooling demands in hot climates and improve the thermal comfort and condensation

resistance in cold climates.

I1. Materials and methods

2.1 Synthesis

2.1.1 Chemicals and materials
Vanadium pentoxide (V20s, 99.99%, Sigma Aldrich), oxalic acid dihydrate
(H2C204-2H20, 99%, Sigma Aldrich), poly (methyl methacrylate) (PMMA, molecular weight

~15,000 (15K), Sigma Aldrich), and anisole (C7HgO, 99.7%, Sigma Aldrich), PMMA A4

(molecular weight ~950,000 (950K), MicroChem Corp) resists in anisole were purchased and used
as as-supplied without additional purifications.
2.1.2 Synthesis of monoclinic VO (M)

Various synthesis methods of monoclinic VO2 (M) could be found in the earlier studies [8,
10, 27-29]. In this work, VO2 nanoparticles were synthesized by the hydrothermal method [8]. For
a typical synthesis, 2.0 g of V205 powder was added to 40.0 ml deionized water and was stirred
for 20 min, then 3.4 g of oxalic acid dihydrate was added to the mixture and further stirred until a
clear light green/blue slurry was formed. The suspension was then moved to a 150 ml Teflon-lined

stainless-steel autoclave. The autoclave was kept at 260 °C for 24.0 h and then air-cooled to room



temperature. The resulting black-precipitates was collected and washed with deionized water and
ethanol 3 times, respectively, then dried with a vacuum furnace at 120 °C for 5.0 h. A schematic
illustrating the synthesis process could be found in Fig. 1(a).
2.2 Measurements

The commercial Netzsch differential scanning calorimetry (DSC 204 F1 Phoenix) was used
to determine the phase transition properties of the synthesized VO, powder over the temperature
range from 0 to 100 °C, and the heat absorption properties of the PMMAs from 0 to 550 °C,
respectively. The heating/cooling rate was set at 10 °C/min. The crystalline phase of the VO
powder was identified using X-ray diffraction (XRD, MiniFlex600, Rigaku, Japan) with Cu Ka
radiation (A = 1.5418) at a voltage 40 kV and a current of 40 mA. Transmission electron
microscope (TEM, JEM-2010) was used to characterize the morphology and microstructure of the
nanoparticles. Optical performance, including spectral transmittance and haze of the films, was
measured using a UV-Vis-Near-IR spectrophotometer (Shimadzu UV-3101) together with a

temperature control unit including black anodized aluminum 6061 plate, and a variac (2 A, 120

V). A helium-neon (HeNe) laser (SIEMENS), and a programmable stage temperature controller
(LINKAM TMS 94) together with a heating/freezing microscope stage (LINKAM MDS600) with
a microscope objective lens (NIKON, Plan Fluor ELWD 20x/0.45) was assembled to measure the
reflectance spectrum of the film with a 200 nm silver coating in 633 nm at 25 °C and 90 °C with
ramping rate 10 °C/min. A TPS (TENNEY) environmental chamber was used to create a steady-
state temperature and humidity (60 °C, relative humidity ~ 95%) for the durability testing of the
PMMA-VO: films.

I11. Results and discussion

3.1 Fabrication and characterization of PMMA-VO: film



PMMA is a non-toxic, inexpensive thermoplastic with high optical transparency, high
mechanical strength and durability, excellent thermal stability, and weather resistance [30].
PMMA with different molecular weights (chain length and entanglement) could be obtained and
processed easily [31]. Moreover, the influence of the near-UV from solar radiation on the PMMA
is minor since PMMA is only sensitive to high energy radiation such as the electron beam, x-rays,
and UV radiation with wavelengths shorter than 300 nm [31, 32]. Thus, PMMA was adopted as
the polymer matrix in this work. As shown in Fig. 1(b), the desired amount of as-synthesized
crystalline monoclinic VO2 nanoparticles was dispersed ultrasonically into 40 ml of PMMA 950K
A4. The solution was then stirred at room temperature for 12 hours. Generally, the molecule chains
of PMMA could be interlinked using several methods, including free radical polymerization,
condensation reactions, small molecule crosslinking, and radiation [33]. Wochnowski et al.
showed that the 248nm-wavelength ultraviolet (UV) irradiation could crosslink the two
neighboring PMMA molecules by establishing an oxygen bridge between ester side chains or
connecting the two carbonyl groups [32]. The degree of crosslinking of the PMMA matrix could
be controlled by both the dose and the duration of the UV irradiation. A higher degree of
crosslinking usually has a higher endothermic peak, which can be evaluated by the DSC
measurements. The radiation dose needs to be smaller than 2.0 J/cm?to prevent the brittleness of
PMMA film after crosslinking [34]. Here the PMMA/VO; solution was irradiated by the UV
radiation (220 ~380 nm, ADJ Products) for 10 hours in the room environment while being stirred
at 300 rpm to generate crosslinks in the PMMA matrix. The final mixture was maintained at a
constant temperature of ~ 75 °C on a hotplate for 40 min. The solution was then loaded onto a ~
50 um thick transparent and chemically stable biaxially-oriented polyethylene terephthalate

(BoPET) sheet laminated on a piece of float glass using blade coating method as shown in Fig.



1(b). The final thickness of the dried PMMA-VO: film is determined by the concentration of
PMMA, the moving speed of the blade, and the gap between the blade tip and the substrate. Here
the film was formed using blade coating at a speed of 15mm/s. After the wet film is fabricated, the
film is dried in a fume hood for 2 hours. Finally, a thin film with an area of 600 mm x 300 mm
(length x width) and a thickness of ~ 4 pum is obtained as shown in Fig. 1(c), in which the PMMA-

VO film is coated on a 50 pm thick BoPET film. No obvious variation of the film brittleness was

observed.
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Figure 1. Fabrication of durability-enhanced PMMA-VO, thermochromic film for smart windows.
(a) Synthesis process of VO2 nanoparticles using the hydrothermal method. (b) Schematic of the
fabrication process of the meter-scale durability-enhanced PMMA-VO; film using the blade
coating method. The PMMA/VO: solution was first exposed to ultraviolet (UV) rays. Then, the wet
PMMA-VO; film was fabricated using the blade coating method. After drying, the PMMA-VO>
composite film was obtained. (c) Snapshot of a PMMA-VO: film with a size of 600 mm x 300 mm
(length x width) manufactured using the blade coating method, in which a ~ 4.0 um thick PMMA-

VO: film is coated on a 50 um thick BoPET film.

Figure 2(a) shows the morphology of VO: nanoparticles from transmission electron
microscopy (TEM). It is seen that most of the nanoparticles have an approximately spherical shape,
and the diameter of the VO2 nanoparticles mainly lies in the range of 50 ~ 80 nm. Fig. 2(b) presents
the X-Ray Diffraction (XRD) measurement of the VO nanoparticles, where the diffraction peaks
indicate that the VO2 nanoparticles are in the monoclinic phase (M2, C2/m) [12]. The phase
transition temperature of the VO, nanoparticles was determined by differential scanning

calorimetry (DSC) measurements using a heating/cooling rate of 10 °C/min in the temperature



range from 0 to 110 °C. Since the insulator-to-metal transformation of VO: is a first-order phase
transition [35], the discontinuous variation of entropy results in the release or absorption of latent
heat. As shown in Fig. 2 (c), when VO transits from the monoclinic (M) insulator phase to the
rutile (R) phase during the heating cycle, an endothermic (positive) peak with peak temperature ~
71 °C is observed. A corresponding exothermic (negative) peak, representing metal-to-insulator
transition, occurs in the cooling cycle, where the peak temperature is ~ 63 °C. This DSC curve is
similar to those reported in the literature [8, 11, 36]. Since the crosslinking process could generate
new chemical bonding between neighboring chains, the cross-linked PMMA polymers are
expected to have a higher endothermic peak and a larger maximum decomposition temperature
[37]. Figure 2(d) compares the DSC thermographs of cross-linked PMMA and non-cross-linked
PMMA with molecular weight ~ 950,000. Comparing to the non-UV exposed 950,000 PMMA,
the 950,000 PMMA under UV exposure has a higher endothermic peak (from ~ 6.0 uV/mg to ~
9.5 uV/mg) and a larger maximum decomposition temperature (from 375 °C to 386 °C), indicating

the crosslinks were generated.
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Figure 2. Characterization of the synthesized VO, nanoparticles. (a) Transmission electron
microscopy (TEM) image of the VO2 nanoparticles. (b) X-Ray Diffraction (XRD) pattern of the
VO, nanoparticles. (c) Differential scanning calorimetry (DSC) of the VO2 nanoparticles, where
the heating/cooling rate is set at 10 °C/min. (d) Comparison of the DSC thermograms of the cross-
linked and non-cross-linked PMMA with molecular weight ~ 950,000. The positive peak represents

an endothermic process, and the negative peak represents an exothermic process.
3.2 Optical performances of PMMA-VO: film

To evaluate the thermochromic performance of the PMMA-VO; film, the total
transmittance and haze, were both measured using a commercial UV-Vis-Near-IR
spectrophotometer (Shimadzu UV-3101). The total transmittance (t,.) were measured by
placing the PMMA-VO; film and a diffuse reflector at the inlet and outlet of the integrating sphere,
respectively. The measured total spectral transmittances of the PMMA-VO; film at low
temperature (~ 25 °C) and high temperature (~ 90 °C) are shown in Fig. 3(a). Since the metallic
phase VO_ blocks the near-infrared (NIR) solar radiation, it was found that the transmittance of

the PMMA-VO:; in the range of 800 ~ 2500 nm was much smaller when the temperature of the
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PMMA-VO: film was set at ~ 90 °C. The mean luminous (380-780 nm) transmittance t;,,, and

mean solar (280-2500 nm) transmittance t,,; were then calculated as,

780 nm
_ f380 nm Ilum,/lr/'l,totd/l 1
Tium = f780nm1 i1 (1)
380 nm < luma

2500 nm

_ fzso nm Lso1,2T2,t0tdA

Tsol = 2500 nm (2)
fzso nm 1so,2d4

where Iy, ;2 is the standard luminous efficiency function for vision [38], I, ; is the solar
radiation intensity of air mass 1.5 (AML1.5) corresponding to the sun standing 37° above the
horizon [39], and 7, ;,. is the total transmittance of radiation at wavelength A shown in Fig. 3(a).
The solar modulation ability Atg,; is defined by the difference of solar transmittance before and

after the phase transition, i.e.,
Aty = T501 (T < Tp) — T (T > T) A3)

where T;. is the critical phase change temperature of VO,. According to Egs. (1-2), the luminous
transmittance at low temperature and solar modulation ability are calculated to be ~ 50% and
~17.1%, respectively. Besides, we have also checked the uniformity of the coating by measuring
the transmittance of the film at several different locations. The difference of the solar

transmittances among different points was found to be smaller than 1%.

Haze is used to characterize the percentage of the transmitted light whose propagation
direction deviates a specific angle from the direction of the incident beam. According to the ASTM

D1003-13 [40], haze is defined as,

Tdif,A Tdif A
Hy=—12 = ! (4)
Ttot,h  Taif,a + Tdira
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where 74;f 5 refers to the light scattered more than 2.5° off from the incident light [40], and 74, 4
is the transmitted light within the angle of 2.5°. The diffuse transmittance can be measured by
replacing the diffuse reflector at the outlet of the integrating sphere with a light trap to prevent the
direct transmittance from influencing the measurement signal. Since the VVO2 nanoparticle size (50
to 80 nm) is much smaller than the wavelength of the visible light (400~ 800 nm), the scattering
of the light passing through the PMMA-VO:; films can be described by Rayleigh scattering [41].
Therefore, it is seen that the haze value decreases as the wavelength increase in Fig. 3(b). The

averaged haze value in the visible range is calculated as,

ST g madA

H = 380 nm (5)
780 nm Ilum,ldﬂ

J'380 nm

where H, is the measured haze value at wavelength A. According to Eq. (5), the averaged haze in
the luminous range is ~ 11%, as shown in Fig. 3(b). Note that the haze of the developed film could
be lowered by reducing the size of the VO, nanoparticles [41]. In short, we have fabricated a large-
size PMMA-VO: film with high luminous transmittance (~ 50%), large solar modulation ability

(~ 17.1%), and relatively low haze visibly (~ 11%).
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Figure 3. The optical performance of the PMMA-VO: film. (a) Spectral transmittance of the
PMMA-VO: film in the solar spectrum, where the luminous transmittance is ~ 50% and the solar
modulation ability is ~ 17.1%. (b) The spectral haze of the PMMA-VO:; film in the visible range

with wavelengths of 400 ~ 800 nm, the averaged haze is ~ 11%.
3.3 Durability of PMMA-VO: film

Oxygen and moisture in the ambient air could diffuse into the polymer matrix and oxidize
the phase-switchable VO to non-switchable V2Os, resulting in the loss of solar modulation ability.
It is thus desirable to reduce the diffusion capacity of gas molecules in the polymer matrix. The
previous studies have shown that the thermal stability [37], surface hardness, and chemical
resistance [42] of the polymer matrix could be improved significantly using entangled and cross-
linked molecular chains, which is also directly related to a smaller gas diffusion coefficient. In
practice, the natural oxidation of VO is a long process, and the obvious variation of the
thermochromic property in the ambient conditions may only be observed after a few months [12].
Thus, accelerated environmental tests were performed to evaluate the durability of VO
nanoparticles [43, 44]. The tests were conducted at a temperature of 60 °C, and the relative

humidity ~ 95%, similar to the testing conditions reported in the previous studies [8, 18].
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Systematic measurements of spectral transmittance at both low temperature (25 °C, insulating
phase) and high temperature (90 °C, metallic phase) were recorded as a function of time to
determine the variation of the thermochromic performance. Each measurement was then repeated
at least three times to ensure the testing reliability. To investigate the influence of crosslinking and
entanglement on the durability of the PMMA-VO. film, the cross-linked and non-crossed-linked
PMMA-VO: film with two different molecular weights were measured. It is seen that the cross-
linked PMMA film with molecular weight ~ 950,000 exhibits no noticeable change in optical
transmittance after ~ 200 hours, as shown in Fig. 4 (a). The thermochromic properties of cross-
linked PMMA-VO: film with molecular weight ~ 950,000 begin to deteriorate after ~ 450 hours
exposure while still maintaining more than 60% of its solar modulation ability (~ 10%). After
about ~ 900 hours, the solar modulation ability decreased from ~ 17.1% to ~ 4.0%, indicating that
a large part of the VO2 nanoparticles was oxidized. For comparison, the durability performances
of the non-cross-linked PMMA with molecular weights ~ 15,000 (Fig. 4(b)) and ~ 950,000 (Fig.
4(c)) were also tested under the same accelerated testing conditions (60 °C, humidity > 95%). Fig.
4(d) gives the variation of solar modulation abilities of the above three PMMA-VO- films as a
function of time. It is seen that the decreasing rate of the non-cross-linked film with molecular
weight ~ 15,000 is much faster than that of the non-cross-linked PMMA with molecular weight ~
950,000, which is close to decreasing rate of the uncoated VO in the matrix of resin[16]. The
thermochromic performance of the VO in the non-cross-linked PMMA with molecular weights ~
15,000 disappears after ~ 200 hours. Furthermore, it is found that the lifetime of the cross-linked
950,000 PMMA was approximately 350 hours longer than of non-cross-linked 950,000 PMMA at
~ 600 hours. This indicates that the entangled and crosslinked polymer matrix can substantially

improve the lifetime of VO2 nanoparticles. Fig. 4(d) shows that the lifetime of the PMMA-VO;
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film developed in this work is better than the previously reported values for VO2 nanoparticles
coated by SiO2 (~ 72 hours) [8], AI(OH)z (~ 120 hours) [8], and VO thin film protected by Al>O3
(~ 100 hours) [14], and is comparable to the performances of VO2 nanoparticles coated by Al,O3
(> 480 hours) [16] and VO3 thin film protected by SiNx (~ 600 hours) [18]. Clearly we have
demonstrated here an alternative pathway to effectively improve the lifetime of the VO

nanoparticles, avoiding the emergence of cracks induced by the periodic insulator-to-metal phase

change found in the core-shell structures.
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Figure 4. Durability performance of the PMMA-VO; films. (a) Variation of the spectral optical
transmittance of VO, nanoparticles embedded in cross-linked 950,000 PMMA matrix as a function
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of aging time. (b) Variation of the spectral optical transmittance of VO. nanoparticles embedded
in the non-cross-linked 150,000 PMMA matrix as a function of aging time. (c) Variation of the
spectral optical transmittance of VO, nanoparticles embedded in the non-cross-linked 950,000
PMMA matrix as a function of aging time. (d) Comparison of the solar modulation ability of the
VO2 nanoparticles embedded in non-cross-linked 150,000 PMMA, non-cross-linked 950,000
PMMA, cross-linked 950,000 PMMA matrixes, and previous studies [14, 16, 18]. The low and
high temperatures for the optical measurements are 25 °C (insulating phase) and 90 °C (metallic
phase), respectively. The aging tests were performed in the accelerated aging chamber with a

temperature at 60 °C, and the relative humidity is ~ 95%.

Fatigue tests are used to determine the numbers of cycles (fatigue life) that a material or
structure can withstand under cyclic loadings. The emergence of cracks in VO»-based films or
complete fractures may occur due to the lattice transformation of VO during many cycles of phase
transitions from the insulating to the metallic state. Therefore, the fatigue test is performed to study
the stability of the developed PMMA-VO> thermochromic film. The design of the fatigue test can
be seen in Fig. 5(a). The PMMA-VO, sample coated with a ~ 100 nm thick bottom silver layer
was placed on a programmable stage with a temperature control unit (LINKAM MDS600), where

the ramping rate was set at (10 °C/min) and an extra 45 seconds delay was assigned to stabilize

the temperature of the film at both 25 °C and 90 °C. Meanwhile, the film was constantly exposed
to a 633 nm focused laser beam from the helium-neon (HeNe) laser (SIEMENS). The intensity of
the transmitted light (uUW) was then recorded by the detectors at both low temperature (25 °C,
insulating phase) and high temperature (90 °C, metallic phase) to complete a cycle. Fig. 5(b) shows
no noticeable change in transmitted laser intensity in both the metallic and insulator phase after

3000 continuous cycles, indicating that the solar modulation ability of the cross-linked PMMA-
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VO; remained constant. To ensure the reliability of the test, the measurements were repeated at
another two sample locations during each cycle and the results in Fig. 5(b) are the arithmetic
average of the three tested points. Note that since incident light traveled across the film twice, the
difference between the metallic phase (25 °C) and the insulator phase (90 °C) in Fig. 5(b) is

approximately twice larger than that of Fig. 3(a).
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Figure 5. Fatigue test and performance of the PMMA-VO; film. (a) Schematic of the setup for
fatigue measurements. The temperature of the insulating phase and metallic phase VO2 were set
as 25 °C and 90 °C, respectively. (b) Variation of the transmittance of the durability enhanced

PMMA-VO: film as a function of cycle number.
3.4 Thermal comfort and energy saving of PMMA-VO: film in different regions

To evaluate the energy saving performance of a PMMA-VO; film in different climates and
regions, a heat transfer model was developed. Figure 6(a) depicts the heat and solar radiation
transfer across a window pane, where the PMMA-VO: film with a thickness of ~ 4 pm is employed.
The spectral transmittance of the PMMA-VO: film in both the insulating phase and the metallic

phase was shown in Fig. 3(a). Since the thickness of the window is much smaller than its width
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and length, the heat transfer in the z-direction can be treated as one-dimensional. Thus, the heat

transfer in the z-direction can be described as,

d?T(2)
kglav +Vq(z) =0 (6)

where kg, is the thermal conductivity of the float glass, T(z) is the temperature at position z,

q(z) is the local heat source carried by the solar irradiation, which can be written as
q(z) = Tsolloe_ﬁglaz (7)

where I, is the incident solar energy, t,,; is the solar transmittance of the PMMA-VO; film, and
Bgials the extinction coefficient of the float glass. Compared with the thickness of float glass (3
mm), the thickness of the PMMA-VO; (~ 4 um) film can be ignored. Thus, the boundary

conditions at z = 0 and z = Lg,, are as follows:
Q(Z = O) = ho (Ta - TZ=O) +o0¢, (T(;L - Tz4=0) + Qabs (8)

4(z = Lyia) = hi (Tym, = T ) + 08 (T, — T) )

where T, and T, are the external ambient temperature and the internal room temperature,
respectively, h,, h; and ¢,, €; are the external and internal convective heat transfer coefficients and
average external and internal surface emissivities, o = 5.67 x 1078 (Wm)/K* is the Stefan-
Boltzmann's constant, Q,ps = @s011,, IS the absorbed solar irradiation by the PMMA-VO; film,
and ay,; is the absorbance of the PMMA-VO: film. Here, Eq. (6) was solved by the finite volume
method [45]. The thermal conductivity and average surface emissivity of the float glass are
assumed to be k; = 0.96 W/(mK) and ¢, ~ 0.84 according to reference [46]. The surface

emissivity of the PMMA-VO; film is g, = 0.9. From Fig. 3(a), the solar transmittances (z,;) of
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the PMMA-VO:; film in the insulating phase and metallic phase are 0.57 are 0.40, respectinvely.
The reflectances (ry,;) of the PMMA-VO: in both the insulating and metallic phases were
measured as 0.05. Thus, the absorbance can be calculated by as,; = 1 — 745, — 1'5o;- The inside
and external convective heat transfer coefficients can be evaluated by h; = 3.6 W/(m?K)
and h, = (10 + 4.1v) W/(m?K), where v (m/s) is the wind speed [46]. The weather conditions

including ambient temperature (7,), window speed (v) and solar irradiation density (/,) are

acquired from the NSRDB Data Viewer [47].
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Figure 6. Thermal comfort and energy savings of the PMMA-VO: film in selected cities: Boulder

(CO), Phoenix (AZ), and Boston (MA). (a) Schematic of heat and radiation energy transfer across
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a south-facing single-pane window covered by the PMAA-VO; film. (b) Comparison of reduced
annual heating/cooling loads of a south-facing window. (c) Influence of PMMA-VO: film on the

inside surface temperature of a glass window.

The inside surface temperatures of the single-pane window with and without VO film are
compared in Fig. 6(b). After employing the PMMA-VO: film, the inside surface temperature of
the single-pane window is ~ 5 °C higher than that of the single-pane window without a film,
indicating that the PMMA-VO: film can reduce the temperature difference between the occupants
and the innermost surface of windows, which indeed improves the thermal comfort and
condensation resistance of the single-pane window in cold climates significantly [48]. Since the
solar transmittance of the PMMA-VO: film (0.57 ~ 0.4, Fig. 3(a)) is smaller than the single-pane
window (~ 90%), applying the PMMA-VO; film increase the heating loads in cold climates and
reduce the cooling loads in hot climates. Figure 6 (c) compares the reduced annual heating/cooling
loads of a south-facing window in different regions. In this Figure, the positive/negative sign
represents the reduced/increased energy. For simplicity, it is assumed that the transmitted solar
energy decreases (increases) the heating (cooling) loads when the external ambient temperature is
higher (lower) than the internal room temperature (21 °C). Note that the transmitted solar energy
includes both the directly transmitted solar irradiation and the absorbed solar energy by window
pane and subsequently transferred towards the indoor room environment through heat conduction.
Clearly, the cooling demands in the hot areas (e.g., Phoenix) are significantly reduced. However,
in the cold areas (e.g., Boston), the increased heating loads in winter are much higher than the
reduced cooling loads in summer, indicating that the PMMA-VO: film could increase the annual

energy cost.
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IV. Conclusions

In summary, a thermochromic film based on vanadium dioxide (VO2) nanoparticles and
poly (methyl methacrylate) (PMMA) matrix was proposed and fabricated using the blade coating
method. The area and thickness of the fabricated film are 600 mm x 300 mm (length x width) and
~ 4 um, respectively. It is shown that the PMMA-VO; film has a luminous transmittance of ~ 50%,
solar modulation ability of ~ 17.1%, and haze of ~ 11%. The solar modulation ability of the
PMMA-VO: film is higher than that of most previous studies which are usually smaller than 10%.
The lifetime of the VO. nanoparticles is greatly improved by the cross-linked polymer matrix with
high molecular weight. The durability tests were performed in the accelerated aging chamber
whose environmental temperature is 60 °C, and humidity is ~ 95%. It was shown that the lifetime
of the VO nanoparticles embedded in the cross-linked PMMA matrix with molecular weight ~
950,000 is ~ 900 hours, which is much longer than that (~ 200 hours) of the VO in the non-cross-
linked PMMA matrix with low molecular weight (~ 15,000). The lifetime of the VO, nanoparticles
in the highly entangled and cross-linked polymer matrix is close to or longer than the lifetime of
thermochromic films made of VO protected by environmental stable materials (e.g., aluminum
oxide and SiNy), indicating that cross-linked the polymer chains with high molecular weight could
improve the durability of VO, remarkably. It was shown that there is no decay of the solar
modulation ability after ~ 3000 cycles of fatigue test. The analysis also shows that the PMMA-
VO film could greatly reduce the cooling demands in hot climates and improve the thermal

comfort in cold climates.
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