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ABSTRACT: Optically transparent wood has emerged as a
promising glazing material. Thanks to the high optical transmittance, strong mechanical properties, and excellent thermal
insulation capability of transparent wood, it oﬀers a potential
alternative to glass for window applications. Recently, thermo-,
electro-, and photochromic transparent woods that dynamically
modulate light transmittance have been investigated to improve
building energy eﬃciency. However, it remains challenging to
widely replace windows with transparent wood because of its poor
weather resistance. In this study, an environment-friendly
thermochromic transparent wood ﬁlm (TTWF) with thermal
switching of transmittance is proposed and demonstrated. To achieve thermochromism, the bleached wood is impregnated with the
vanadium dioxide (VO2)/polyvinyl alcohol composite. Due to the self-densiﬁcation of cellulose microﬁbrils during the evaporation
of solvents, the transparent wood is in the form of thin ﬁlms, which can be attached on the inner face of a window to protect it from
severe weather conditions, making the installation convenient and low-cost. Furthermore, the surface of VO2-TTWF is modiﬁed by
octadecyltrichlorosilane to enhance the waterproof ability and achieve self-cleaning and antidust functions. The proposed VO2TTWF shows great potential for application in energy-eﬃcient buildings using sustainable materials with advanced optical properties
(i.e., Tlum = 50.5%, ΔTsol = 3.4%, and haze = 70%) that are mechanically robust (i.e., σ = 130.6 MPa along the wood growth
direction), have low-thermal conductivity (i.e., K = 0.29 W m−1 K−1 along the perpendicular direction to the wood ﬁbers), and
demonstrate hydrophobic self-cleaning and antidust functions (i.e., contact angle: 121.9°). An experiment, using a model house,
showed that the VO2-TTWF attached on the inner face of the window could signiﬁcantly reduce the indoor air temperature by 33.9
°C compared with a bare glass panel, proving that VO2-TTWF has potential to be applied as a new-generation energy-eﬃcient
material for smart windows.
KEYWORDS: energy-eﬃcient glazing, thermochromic smart windows, transparent wood, thermal management, vanadium dioxide

1. INTRODUCTION
Wood is a renewable and sustainable material which has been
widely used in our daily life for items, such as furniture,
decoration, and infrastructure.1 The remarkable mechanical
properties and low-thermal conductivity as well as the low
density of wood attract the attention of researchers to develop
various multifunctional wood-based materials.2−5 Recently,
newly developed transparent wood has attracted a lot of
attention as an energy-saving material. Transparent wood is an
optically transparent composite of deligniﬁed wood with
matching polymers in terms of refractive index, such as
epoxy,6,7 polymethyl methacrylate (PMMA),8 and polyvinylpyrrolidone.9 Being transparent, it shows great potential to be
an alternative material for traditional glass. Compared with
single-pane glass windows, the intrinsic thermal conductivity of
transparent wood is much lower, leading to excellent thermal
insulation in buildings.10 Moreover, transparent wood is not as
fragile as glass, reducing the hazard of breaking upon sudden
impact11 and enhancing the safety. Most importantly, wood is
© XXXX American Chemical Society

a sustainable material, and the fabrication process of
transparent wood is environmentally friendly compared with
glass production which produces massive amounts of CO2.12
Besides these advantages, transparent wood can be easily
functionalized because of its intrinsic microchannels formed by
a cellulose scaﬀold.1 Yu et al. developed a heat-shielding
transparent wood by inﬁltrating CsxWO3/PMMA, which can
block near-infrared (NIR) light for potential application in
energy-eﬃcient buildings.13 Recently, Zhang et al. impregnated
pine wood with epoxy resin and VO2 and developed a
thermally insulated transparent wood.14 Additionally, a solar
irradiation experiment was also built to investigate the infrared
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thermal-shielding performance, showing that the transparent
wood composite eﬀectively reduced the indoor air temperature. Unfortunately, the solar modulation ability, one of the
key parameters of thermochromism, is not reported in their
study. On the other hand, Lang et al. developed an
electrochromic transparent wood using poly(3,4-ethylenedioxy-thiophene)/poly(styrene sulfonate) (PEDOT/PSS) as
an electrode. A magenta-to-clear transition behavior was
exhibited by applying diﬀerent voltages.15 Wang et al.
experimentally demonstrated a photochromic transparent
wood by mixing 3′,3′-dimethyl-6-nitro-spiro[2H-1-benzopyran-2,2′-indoline]-1′-ethanol with PMMA. They reported that
the photochromic transparent wood exhibited a photoresponse
color-tuning ability in the visible-light region.16 However, it
should be noted that studies of optically regulated
thermochromic transparent wood for application in windows
are still rare. Compared with electrochromic and photochromic
smart windows, thermochromic smart windows have certain
advantages since they are (i) passive and require no electricity
to power the change in optical transmittance;17 (ii) low cost to
manufacture and maintain due to the simple conﬁguration;18
and (iii) regulated by temperature instead of UV-triggered
optical modulation.19 They can replace conventional windows
in buildings, vehicles, aircraft, and ships to save energy. Among
diﬀerent thermochromic materials, vanadium dioxide (VO2) is
widely investigated as it can modulate the transmittance of
solar radiation because of its internal reversible phase change
from a metal (hot state) to an insulator (cold state) at a
critical-transition temperature of 68 °C.20,21 The phase change
gives rise to an abrupt change in the NIR transmittance so that
VO2 shows high transmittance in the NIR region at the cold
state and becomes opaque to NIR light at the hot state. The
solar energy in the NIR region accounts for around 49%, so the
NIR regulation ability of VO2 enables the window to save a lot
of energy. In addition, the transition temperature of VO2 can
be modulated by doping with various metal ions. For example,
by doping tungsten (W), the transition temperature of VO2
can be reduced, close to room temperature.22 Although a lot of
research has been devoted to the study of various functional
transparent woods, there is still a long way to go before they
completely replace traditional windows, and one major
concern is the poor durability of wood under extreme and
changeable weather conditions (e.g., heavy rains and windy
days).
In this study, a self-densiﬁed VO2 thermochromic transparent wood ﬁlm (VO2-TTWF) with thermo-switching of
transmittance in the NIR region is proposed. It should be
noted that the VO2 thermochromic transparent wood
developed in this work is made in the form of a ﬁlm, implying
that it can be easily and directly attached on the inner side of
existing windows to reduce the installation cost and
simultaneously avoid the weather resistance problem of
wood, thereby extending its life span. Previous studies reported
that polymer-based VO2 materials were applied as coatings for
smart windows,23 but the mechanical strength of polymerbased VO2 ﬁlm needs to be further enhanced. Therefore, in
this study, the VO2−polymer mixture was integrated with a
unique hierarchical structure of wood to develop a robust
thermochromic wood ﬁlm. To fabricate VO2-TTWF, W-doped
VO2 nanoparticles are well dispersed in polyvinyl alcohol
(PVA), which is then used to impregnate the lignin modiﬁed
wood. Compared with other polymers (e.g. epoxy, PMMA),
PVA is a rare polymer which is biodegradable under a natural

environment.24 This feature makes VO2-TTWF truly sustainable, recyclable, and a green construction material. Besides, due
to the rapid solvent evaporation of PVA solution during the
polymerization process, the overall thickness of the transparent
wood can be signiﬁcantly reduced and the self-densiﬁcation of
cellulose microﬁbrils leads to a stronger hydrogen bonding
between the PVA and cell walls, resulting in a robust wood
ﬁlm.25 The proposed VO2-TTWF demonstrates good properties in multiple aspects, namely, smart optical regulation ability
(i.e., Tlum = 50.5% & ΔTsol = 3.4%, haze of 70%), strong
mechanical properties (with a tensile strength of 130.6 MPa
and a Young’s modulus of 5.2 GPa), and a low-thermal
conductivity (0.29 W m−1 K−1). Furthermore, VO2-TTWF is
modiﬁed by coating with octadecyltrichlorosilane (OTS)26 to
achieve a hydrophobic surface for improving water resistance
for window applications, while simultaneously achieving the
self-cleaning and antidust functions (i.e., the contact angle of
VO2-TTWF is 121.9°). Finally, an experimental test using
model houses under the infrared (IR) lamp demonstrates that
VO2-TTWF can achieve signiﬁcant indoor air temperature
reduction by about 33.9 °C compared with a bare glass
window. Overall, VO2-TTWF shows great potential to be
applied in energy-eﬃcient buildings as the next-generation
glazing technique.
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2. EXPERIMENTAL SECTION
2.1. Deligniﬁcation. Sodium hypochlorite solution (NaClO,
available Cl ≥ 5%, Aladdin) is diluted to 5%, and the balsa wood slices
(35 mm × 35 mm × 1 mm) are immersed in the NaClO solution for
12 h at room temperature. Next, the wood slices are rinsed with
deionized water and ethanol. The slices are stored in a 96% ethanol
solution at 4 °C for the next process.
2.2. Fabrication of the VO2 Thermochromic Transparent
Wood Film. VO2 nanoparticles doped with W (concentration of W:
2 wt ‰; particle size: 30−50 nm) (Ji Kang New Material, China) are
dispersed in 50 mL of DI water. The nanoparticles are weighed to be
4.35, 13.05, and 26.1 mg as nominal 1, 3, and 6 wt ‰ for samples
with diﬀerent VO2 concentrations, respectively. The mixture is
blended by a magnetic stirrer for 12 h, followed by an ultrasonic
process to reduce the concentration of aggregated VO2 nanoparticles.
After that, 4.35 g of PVA (Sigma-Aldrich) is dissolved in the mixture
at 90 °C. Hereafter, the deligniﬁed wood is impregnated with the
PVA/VO2 solution under the vacuum condition. The process is
repeated ﬁve times to ensure full impregnation. Next, the wet wood is
taken from the PVA solution and placed on a Petri dish. VO2-TTWF
can be tightly attached to the Petri dish because of the surface tension
between VO2-TTWF and the Petri dish. In this way, the curling
problem can be avoided in the next solidiﬁcation process. Finally, the
wood is completely solidiﬁed in an oven at 60 °C, and the ﬁnal
product can be peeled oﬀ from the Petri dish.
2.3. Surface Treatment for Hydrophobicity. The aim of the
following procedures is to achieve a hydrophobic surface on VO2TTWF for self-cleaning and antidust functions. First, 1 g of PVA is
dissolved in 25 mL of DI water at 90 °C. 0.3 g of SiO2 nanoparticles
(DK Nano Technology, particle size: 30 nm) is well dispersed into
the PVA solution by magnetic stirring (12 h) and an ultrasonic
process (2 h). A small amount of mixture solution is dripped on VO2TTWF and dried at room temperature. Then, a 1.5:100 (V/V) OTS
(J&K Chemical) n-hexane (Acros) solution is prepared, into which
VO2-TTWF is immersed for 2 h followed by drying in a hot oven at
40 °C, leading to the hydrophobic surface on VO2-TTWF.
2.4. Characterization. The crystalline structure of W-doped VO2
powders is characterized using X-ray diﬀraction (XRD) (PANalytical
X’Pert3 powder diﬀractometer). The transition temperature of VO2
powders is measured by diﬀerential scanning calorimetry (DSC) (TA
Q1000); the endothermic and exothermic peaks correspond to the
transition temperature of heating and cooling processes of VO2,
B
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respectively. A ZEISS EVO MA10 scanning electron microscope
(SEM) is used for characterizing the morphologies of the samples
with a layer of gold sputtered on the sample surface (Quorum
Technologies Q150T ES). The transmittance spectra of VO2-TTWF
under the cold and hot states are measured by a SHIMADZU
UV3600 UV−vis−NIR spectrophotometer. There are two vital
indices to quantify the optical performance of VO2-TTWF, namely,
the luminous transmittance (Tlum) and solar modulation ability
(ΔTsol).18,21 Tlum is the amount of visible light transmitted by the
VO2-TTWF that is useful for human vision under normal conditions;
it is deﬁned as
780nm

Tlum =

∫λ = 380nm y ̅ (λ)T(λ)dλ

Figure 1. (a) XRD pattern of W-doped VO2 powder and the pattern
from JCPDS no. 65-2358. (b) DSC curves of W-doped VO2 powder.
The endothermic (red line) and exothermic (blue line) peaks indicate
the transition temperature of W-doped VO2 powder.

780nm

∫λ = 380nm y ̅ (λ)dλ

(1)

where T(λ) is the transmittance of the VO2-TTWF at wavelength λ.
y̅(λ) is the photopic luminous eﬃciency of the human eye deﬁned by
the CIE (International Commission on Illumination) standard. The
wavelength range of 380−780 nm corresponds to the limits of human
vision. The solar transmittance (Tsol) is the integral transmittance
under AM 1.5 solar irradiation and is given by

observed at 47.6 and 26.9 °C, respectively. Compared with the
pure VO2 powders, the transition temperature of W-doped
VO2 powders upon heating and cooling processes has been
reduced by about 14 and 6.1 °C, respectively (Figure S1), due
to W-doping. VO2 is also a rapid response material that
demonstrates a phase transition from the monoclinic insulating
phase at a low temperature to the rutile metallic phase at a high
temperature in only femtoseconds.29 The lower transition
temperature which is close to room temperature and the rapid
phase switching time are more practical in building
applications.
The fabrication process of VO2-TTWF is illustrated in
Figure 2. Balsa wood is selected as the raw material as it is a
commercial timber with low density (i.e., 100−250 kg m−3)
and is one of the fastest growing wood species in nature (i.e.,
reaching up to 75 cm in diameter and around 20 m in height in
about 5−8 years).30 Moreover, balsa wood is easily fabricated
on a large-scale by the rotary cutting method which has been
widely used in the industry.25 All these features make balsa
wood a suitable material for the mass production of
transparent wood. Due to the absorbance of light by lignin
and the scattering eﬀect caused by the cell walls, the original
wood appears opaque.31,32 After the deligniﬁcation process, the
wood becomes more porous with thinner cell walls (Figure S2)
and gradually appears white in color. The morphology of the
microstructure is well preserved after bleaching. However,
because of the increased light reﬂection on the surface and the
scattering in the microchannels of the bleached wood, the
color of the wood becomes white and opaque at this stage.33
To achieve the thermochromism, PVA which has a well
matched refractive index (i.e., ∼1.47)34 with cellulose
(∼1.525) and hemicellulose (∼1.532)35 is selected as the
polymer, and W-doped VO2 nanoparticles are well mixed with
PVA, followed by vacuum-assisted impregnation. Finally, the
wood slice is polymerized at 60 °C to evaporate the water
solvent in the PVA solution. The last polymerization process is
the key to achieve self-densiﬁcation of the wood ﬁlm.
Speciﬁcally, water evaporates from inside to the surface of
the wood, and this phenomenon causes a negative pressure.36
It should be noted that deligniﬁcation by NaClO greatly
increases the ﬂexibility of wood cell walls; therefore, the wood
structure cannot resist the compressive loads from the negative
pressure, leading to collapse of the wood structures. This
process signiﬁcantly reduces the thickness of the wood. It can
be seen from Figure 3a,b that the thickness of deligniﬁed wood
has been signiﬁcantly reduced by a factor of 5, that is, from 1 to
0.2 mm. In addition, a strong hydrogen bond is also formed

2500nm

Tsol =

∫λ = 300nm AM 1.5(λ)T(λ)dλ
2500nm

∫λ = 300nm AM 1.5(λ)dλ

(2)

The solar modulation ability (ΔTsol) of a VO2-TTWF is the solar
transmittance between cold (Tsol,cold) and hot (Tsol,hot) states, which is
calculated as
ΔTsol = Tsol,cold − Tsol,hot

(3)

The calculation of haze based on ASTM D1003 “Standard Method
for Haze and Luminous Transmittance of Transparent Plastics”8 is
deﬁned as
ij T
T yz
haze = jjj 4 − 3 zzz × 100%
j T2
T1 z{
k

(4)

where T1 is the incident light, T2 is the total light transmitted by the
VO2-TTWF sample, T3 is the light scattered by the equipment, and T4
is the light scattered by the VO2-TTWF sample and equipment.8 A
universal test machine (MTS SANS) is used to test the mechanical
properties (e.g. tensile stress and strain). The thermal conductivity
(K) of the samples can be estimated by
K = αρc

(5)

where α is the thermal diﬀusivity, ρ is the density, and c is the heat
capacity. Knowing the thermal diﬀusivity, density, and heat capacity,
the thermal conductivity of the VO2-TTWF can be determined by eq
5. A light ﬂash apparatus (LFA467 NETZSCH) and NETZSCH DSC
204 are used to obtain the thermal diﬀusivity and heat capacity,
respectively. Lastly, the contact angle measurement is conducted by a
drop shape analyzer (KRUESS GmbH DSA25S).

3. RESULTS AND DISCUSSION
3.1. Characterization of W-Doped VO2 and Fabrication of VO2-TTWF. XRD and DSC are performed on
commercially W-doped VO2 nanoparticles used in this study
to identify the crystal structure and the transition temperature
of W-doped VO2 (Figure 1). XRD diﬀraction peaks of the Wdoped VO2 powder, as shown in Figure 1a, can be indexed to
the monoclinic crystalline phase of VO2.27 The XRD pattern is
in accordance with standards PDF card of JCPDS no. 65−
2358,28 and diﬀraction peaks from other vanadium oxide
phases are not observed, conﬁrming the purity of the
nanoparticles. Figure 1b shows the transition temperature of
the W-doped VO2 by DSC measurement. The endothermic
and exothermic peaks of the W-doped VO2 powders are
C
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Figure 2. Fabrication process of VO2-TTWF.

wood cell wall is closely attached with the PVA. However, it
should be noted that the shape of the tubular structures of the
deligniﬁed wood are deformed after polymerization due to selfdensiﬁcation. Overall, the self-densiﬁcation eﬀect could
eﬀectively reduce the thickness of the wood, leading to a
dense VO2-TTWF (Figure 3e).
3.2. Optical Properties of VO2-TTWF. The unique
feature of the VO2-TTWF is the capability to passively
modulate NIR transmittance with diﬀerent ambient temperatures. T lum and ΔT sol are tunable by choosing the
concentrations of W-doped VO2 in PVA. In order to
investigate the optical properties of the VO2-TTWF, the
mass concentrations of VO2 in PVA are controlled from 1 to
6‰. The photographs of transparent wood and VO2-TTWFs
with diﬀerent VO2 concentrations are shown in Figure 4a. The
pure transparent wood is colorless, meanwhile the VO2-TTWF
appears brown in color due to the presence of W-doped VO2
nanoparticles, and the color darkens as the W-doped VO2
concentration increases.
To characterize the thermochromism, the optical transmittance of the VO2-TTWF was measured at the cold state
and hot state, and the results are shown in Figure 4b. The
VO2-TTWF shows a remarkable optical transparency with a
Tlum of 84.6% but without the ability to regulate light due to
the absence of thermochromic VO2 nanoparticles. The ΔTsol
increases while the Tlum decreases with the W-doped VO2
concentration. It can been seen from Figure 4b that the VO2TTWF mainly tunes the NIR transmittance (i.e., >700 nm),
and the transmittance in the visible light region between the
cold state and hot state is nearly unchanged, which is in
accordance with traditional VO2 thermochromic smart
windows.19,37 The results based on the transmittance spectra
of VO2-TTWF (Table 1) show that the average value of Tlum is
50.25% at the cold and hot states. Meanwhile, the ΔTsol can
reach 3.4% when the VO2 content is up to 6‰; it should be
noted that the Tlum and ΔTsol of VO2-TTWF are signiﬁcantly
inﬂuenced by the concentration of VO2 particles, and the ΔTsol
can be further improved to ∼4% when the VO2 concentration
reaches 10‰. However, the Tlum was reduced to only around
20% (Figure S3) which is too low for window applications, and

Figure 3. (a) Cross section of deligniﬁed wood. (b) Cross section of
VO2-TTWF. (c) Zoomed-in SEM image of cross section of
deligniﬁed wood. (d) Zoomed-in SEM image of cross section of
the VO2-TTWF. Insets of (c,d) show the white wood and VO2TTWF before and after impregnation with PVA, respectively. (e) 3D
schematic of internal structure of VO2-TTWF.

between the PVA and wood cell walls, resulting in the tightly
packed composite of wood and PVA. The cross-sectional SEM
images shown in Figure 3c demonstrate that the microstructure of the wood is well preserved after the deligniﬁcation
process, and the aligned channel provides room for the
inﬁltration of polymer. Figure 3d indicates that the microchannels of the deligniﬁed wood have been ﬁlled with the PVA
(i.e., containing the W-doped VO2 nanoparticles), and the
D
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Figure 4. (a) Thermochromic transparent wood with diﬀerent concentrations of W-doped VO2 (0, 1, 3, and 6‰ from left to right); (b)
temperature-dependent optical transmittance spectra of VO2-TTWF; and (c) optical transmittance haze of VO2-TTWF.

Table 1. Tlum and ΔTsol Comparison of VO2-TTWF with
Diﬀerent Concentrations of W-Doped VO2 and Glass-Based
VO2 Thermochromic Smart Windows
Tlum,cold (%)
VO2-TTWF 0‰
VO2-TTWF 1‰
VO2-TTWF 3‰
VO2-TTWF 6‰
glass-based W-doped VO2
thermochromic window42

84.6
82.8
68.8
50.9
44.8

±
±
±
±

0.7
0.7
0.2
0.5

Tlum,hot (%)

ΔTsol (%)

±
±
±
±

0.0
0.7 ± 0.1
2.7 ± 0.2
3.4 ± 0.2
6.0

84.6
82.8
68.7
50.1
47.4

0.7
0.7
0.3
0.5

test has been conducted continuously for 50 h which is
equivalent to a 14-days solar exposure in Hong Kong’s local
climate. The results show that there is no signiﬁcant change in
the transmittance spectrum of the 6‰-VO2-TTWF before and
after the UV exposure (Figure S4 in the Supporting
Information), proving that the VO2-TTWF has a relatively
stable optical property against the UV radiation.
Due to the collective light scattering at the interfaces of the
polymer and deligniﬁed wood, the haze of the transparent
wood is normally high.6 Hu’s group developed a method using
NaClO in the deligniﬁcation process to reduce optical haze,7,25
and the same method is used in this study. The inﬂuence of Wdoped VO2 nanoparticles on haze is also investigated here. As
shown in Figure 4c, the haze increases as the W-doped VO2
content increases. Previous studies have proved that the VO2
particles could lead to a signiﬁcant optical dispersion, and the
refractive index of VO2 varies from 3.0 to 3.6 with the change
of temperature.38,39 The VO2 nanoparticles enhance the light
scattering, which has a detrimental eﬀect on the refractive
index matching between PVA and cellulose, leading to a

the color is unfavorable (i.e., dark brown). Therefore, in the
following tests of mechanical, thermal, and hydrophobic
properties as well as the model house experiment, the 6‰VO2-TTWF wood is selected. The experimental results also
demonstrate that VO2 can be successfully combined with the
transparent wood, and the solar radiation regulation ability of
VO2 can still be maintained. In addition, a UV aging test has
also been conducted in a UV aging box (UVA340) to examine
the stability of the 6‰-VO2-TTWF under UV exposure. The

Figure 5. (a) VO2-TTWF was folded and rolled in A and R directions. (b) Stress−strain curves of VO2-TTWF, TWF, and original wood in A and R
directions. (c) Comparison of thermal conductivity between VO2-TTWF, transparent wood, and glass.
E
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stronger scattering at the interface of the cell walls and the
polymer.40,41 This phenomenon causes increased haze with the
increase of VO2 concentration in the VO2-TTWF.
It should be also noted that the haze of transparent wood
can be further controlled by the deligniﬁcation time,7 which
can be utilized to meet diﬀerent user requirements (e.g. high
haze for privacy, low haze for clear target).
3.3. Mechanical and Thermal Properties of VO2TTWF. VO2-TTWF is in the form of ﬁlm, which is convenient
for pasting on the inner side of an existing window. As shown
in Figure 5a, it can also be folded and rolled in both A
direction (along with the direction of wood ﬁber, Figure 3e)
and R direction (normal to the direction of wood ﬁber, Figure
3e). In addition, the density of VO2-TTWF is 173 kg m−3,
which is only 0.07 times of glass (i.e., 2500 kg m−3). The
ﬂexibility and light weight make VO2-TTWF easy to transport
and install. Regarding its mechanical properties, the tensile
stress−strain was tested and is presented in Figure 5b and
Table 2. Thanks to the anisotropic properties of wood, the

Wood is an excellent thermal insulation material (i.e., K =
0.0381−0.0665 W m−1 K−1)44 which is suitable for use as a
building material to minimize the heat gain/loss through the
building, thus improving a building’s energy eﬃciency.45−47 As
the thermal conductivity of the wood after adding PVA and Wdoped VO2 is unknown, the thermal conductivity of the VO2TTWF along the perpendicular direction to the wood ﬁbers is
measured at room temperature. Laser ﬂash apparatus (LFA)
measurement is conducted to determine the thermal diﬀusivity
of VO2-TTWF. Next, the thermal conductivity of VO2-TTWF
is calculated using eq 5 in Section 2.4. The comparison among
the thermal conductivities of several materials is illustrated in
Figure 5c. The thermal conductivity of glass7 is about 1 W m−1
K−1 which is the highest among these materials. Due to the low
thermal conductivity of the cell walls and PVA, the thermal
conductivity of transparent wood25 is 0.19 W m−1 K−1, much
lower than that of glass. Adding the W-doped VO2 nanoparticles, the thermal conductivity of VO2-TTWF increases
slightly to 0.29 W m−1 K−1. This can be ascribed to the high
thermal conductivity value of VO2 (i.e., 6.6 W m−1 K−1)48
added to the VO2-TTWF. When compared with glass, the
thermal conductivity of VO2-TTWF is still much lower,
showing promise as an energy-eﬃcient material for smart
windows in building applications.
3.4. Self-Cleaning and Antidust Functions of VO2TTWF. Normally, the waterproof ability of wood is poor. As a
result, oil-based paint is always painted on wood-based
materials (e.g. furniture) to prevent rotting in a humid
environment. In a previous study of transparent wood, Li et
al. utilize the light-guiding eﬀect of wood to develop a building
material and demonstrated waterproof ability due to the usage
of hydrophobic epoxy in their transparent wood.10 Diﬀerent
from other polymers (such as epoxy, PMMA, etc.), PVA is a
nontoxic and totally degradable polymer in the natural
environment;24 the key reason that we selected PVA in this
work to develop a totally environment-friendly TTWF.
However, PVA is a water-soluble polymer,49 so the moisture
stability of the transparent wood is not good. In addition, the
surface of the wood easily accumulates dust, and if the
transparent wood becomes dirty, it cannot be cleaned with a
wet cloth because of the sensitivity to water. Various methods
have been proposed to overcome these drawbacks, such as
coating with oil or ZnO.50 In this work, the surface of the VO2TTWF is treated by OTS, which is a highly transparent and
stable material. Therefore, a hydrophobic transparent wood
ﬁlm is developed, achieving self-cleaning and antidust
functions to reduce the housework load of cleaning windows.
With the coating of the PVA-SiO2 polymer composite, the
surface roughness is improved,26 and OTS reduces the surface
energy, which traps a lot of air in the cavities and interfaces of
the wood surface.26 Therefore, the contact area between the
wood and water droplets is small, and the wood itself is
protected from wetting. A comparison of the contact angle
measurement results of glass and VO2-TTWF before and after
surface treatment are exhibited in Figure 6. Traditional glass
shows a small contact angle of 29.7°, meaning that traditional
glass is hydrophilic without self-cleaning and antidust abilities.
The VO2-TTWF before the surface treatment demonstrates a
hydrophilic property with a contact angle of 45.1° because of
the polyhydroxy property of PVA. However, after the surface
treatment by coating PVA-SiO2/OTS, the contact angle of
VO2-TTWF increases to 121.9°, and the surface is transformed
from hydrophilic to hydrophobic. Due to the hydrophobic

Table 2. Mechanical Property Comparison between the
Original Wood, Transparent Wood Film, VO2-TTWF, and
PVA

original wood (A)
original wood (R)
transparent wood ﬁlm
(A)
transparent wood ﬁlm
(R)
VO2-TTWF (A)
VO2-TTWF (R)
PVA

strain, ε
[%]

stress, σ
[MPa]

Young’s modulus, E
[GPa]

1.7 ± 0.1
1.9 ± 0.1
2.5 ± 0.2

26.4 ± 1.0
0.7 ± 0.1
117.6 ± 2.8

1.60 ± 0.10
0.04 ± 0.01
4.70 ± 0.50

2.5 ± 0.1

74.7 ± 1.9

3.00 ± 0.10

2.5 ± 0.2
2.7 ± 0.1
4.2 ± 0.2

130.6 ± 3.8
78.5 ± 2.0
25.9 ± 4.0

5.20 ± 0.42
2.90 ± 0.21
0.62 ± 0.10

mechanical properties of VO2-TTWF also demonstrate a
diﬀerence in A and R directions. The tensile stress (σ) and
Young’s modulus (E) of the VO2-TTWF in the A direction are
130.6 MPa and 5.2 GPa, respectively, which are much stronger
than that of the original wood (i.e., σ = 26.4 MPa and E = 1.6
GPa) and much higher than that of the previously reported
VO2 wood14 (i.e., σ = 74.57 MPa and E = 1.47 GPa). The high
strength is ascribed to the dense packing of cellulose
microﬁbrils during the self-densiﬁcation as well as the eﬀective
hydrogen bonding between the cell walls and PVA.43 It should
be noted that the tensile stress of the VO2-TTWF in the A
direction is close to that of traditional soda-lime glass (i.e., 165
MPa).10 Apart from the measurement in the A direction, the σ
and E of the VO2-TTWF in the R direction are also recorded,
showing a value of 78.5 MPa and 2.9 GPa, respectively.
Moreover, because of the impregnation of PVA, the strain (ε)
of VO2-TTWF is improved in both A and R directions
compared with the original wood (Table 2). Additionally, a
transparent wood ﬁlm (TWF) impregnated only with PVA is
also fabricated and its mechanical properties are compared to
the VO2-TTWF. It can be seen from Table 2 that the
transparent wood shows a similar mechanical strength to the
VO2-TTWF, implying that VO2 nanoparticles have almost no
signiﬁcant eﬀect on mechanical properties. Comparing with
the PVA ﬁlm whose σ is 25.9 MPa (Figure S5), the σ of VO2TTWF in both A and R directions shows higher values due to
the reinforcement from wood ﬁbers.
F
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20 cm × 20 cm × 20 cm (Figure 7a, model house 1). Another
model house, model house 2, was set as the reference having
only a bare glass window installed. Due to the solar regulation
ability in the NIR region, these two model houses were placed
under an IR lamp to monitor their indoor air temperature and
window temperature to compare the heat-shielding ability of
the VO2-TTWF and the bare glass panel. As shown in Figure
7b, with continuous exposure under the IR light, the indoor air
temperature of both model houses increased sharply. Notably,
the indoor air temperature of model house 2 increased to 72.1
°C from 25.5 °C. However, the indoor air temperature increase
of model house 1 was relatively small, increasing by about 12.4
°C, from 25.8 to 38.2 °C. Clearly, VO2-TTWF demonstrated a
good heat shielding ability; hence, the indoor air temperature
of model house 1 can be controlled at a relatively low level.
When the IR lamp was turned oﬀ, the indoor air temperature
of model house 2 was 33.9 °C higher than that of model house
1, and the indoor air temperature of model house 2 decreased
quickly to its initial indoor air temperature (∼25.5 °C) in 2
min. However, the indoor air temperature of model house 1
took around 5 min to return to its initial temperature. The key
reason for this phenomenon is attributed to the large heat
capacity of VO2-TTWF over bare glass. Figure 7c exhibits the
window temperature of the two model houses. Due to the
strong NIR absorption of VO2, the temperature of VO2-TTWF
increased dramatically; it was 12 °C higher than that of the
normal glass at the moment of turning oﬀ the IR light. Because
of the slow heat dissipation of VO2-TTWF after turning oﬀ the
light, the indoor air temperature reduction of model house 1
was not as signiﬁcant as model house 2. From Figure 7c, it can
be seen that the heating and cooling rates of VO2-TTWF are
both slower than that of normal glass, indirect evidence that
the heat capacity of VO2-TTWF is greater than that of glass.
Based on our measurement, the results in Figure 7d show that
the heat capacity of glass is around 1 J g−1 °C−1, but the heat
capacity of VO2-TTWF is higher than that of glass, increasing
with the temperature from 1.5 to 4.5 J g−1 °C−1. The relatively
high heat capacity can store more thermal energy to reduce

Figure 6. Contact angle measurement: (a) VO2-TTWF after surface
treatment by coating PVA-SiO2/OTS, the contact angle is 121.9°; (b)
VO2-TTWF before surface treatment, the contact angle is 45.1°; and
(c) glass, the contact angle is 29.7°.

property of the VO2-TTWF, the waterproof ability is
signiﬁcantly improved, and dust particles are hard to
accumulate on the surface,51 eventually achieving self-cleaning
and antidust functions. Video S1 demonstrates the waterproof
ability and antidust performance of VO2 TTWF before and
after coating with OTS. It can be clearly seen that the water
and dust can be more easily removed after the hydrophobic
treatment for VO2-TTWF. The optical properties of VO2TTWF have also been characterized after coating with the
OTS. The results show that the Tlum,cold and Tlum,hot are 46.4
and 45.7%, respectively, resulting in ΔTsol of 3.5%. This proves
that the hydrophobic treatment does not aﬀect the optical
performance of VO2-TTWF signiﬁcantly (i.e., Tlum,cold = 50.9%,
Tlum,hot = 50.1% and ΔTsol = 3.4% without coating the OTS).
In addition, the mechanical strength is 116.3 MPa in the A
direction and 62.1 MPa in the R direction after coating with
the OTS (130.6 MPa in A direction and 78.5 MPa in the R
direction before coating with the OTS). For strain, it slightly
varied from 2.5 to 2.1% in the A direction and from 2.5 to 2.4%
in the R direction. Overall, the VO2-TTWF can still maintain a
strong mechanical performance even after coating with the
OTS, showing the eﬀective practicability of this method for the
surface hydrophobic treatment.
3.5. Model House Experiment. To evaluate the energysaving performance of VO2-TTWF, an experiment using model
houses was conducted. A large-scale VO2-TTWF (10 cm × 10
cm) was directly pasted on the inner face of a glass window
and installed in an acrylic model house with the dimensions of

Figure 7. (a) Photo of VO2-TTWF pasted on the glass and the experimental set up for the model house test; (b) time-dependence of indoor airtemperature proﬁle in model house 1 with VO2-TTWF and model house 2 with pure glass; (c) window temperature of VO2-TTWF pasted on the
glass in model house 1 and the normal glass in model house 2; (d) temperature-dependent-heat capacities of VO2-TTWF and normal glass.
G
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Table 3. Comparison of Various Energy-Eﬃcient Transparent Wood (TW)
model house test
type
CsxWO3-TW
ATO-TW
VO2-TW
VO2-TTWF

bulk
bulk
bulk
ﬁlm

scale (mm)
60
50
25
100

×
×
×
×

30 × 5
50 × 1
25 × 2.5
100 × 0.2

Tlum (%)
52.4
50.9
50.2
50.5

ΔTsol (%)

σ (MPa)

E (GPa)

Tglass − Twood (°C)

3.4

59.80
113.06
74.57
130.60

2.72
4.27
1.47
5.20

5.2
6.5
25.7
33.9

K (W m−1 K−1)

self-cleaning

references

0.20
0.20
0.29

no
no
no
yes

13
58
14
this work

VO2-TTWF can signiﬁcantly reduce the indoor air temperature compared with a bare glass window because of the NIR
shielding ability of VO2. Additionally, the wood-PVA
composite makes the VO2-TTWF become a totally sustainable
and recyclable environmentally friendly material. These unique
features render the VO2-TTWF with great potential to be
developed as a new generation energy-eﬃcient material, which
can be widely applied on smart windows.

cooling/heating loads and shift energy load to low price
periods.52 The model house experiment demonstrates that
VO2-TTWF shows an excellent heat shielding ability and has
potential to be applied as energy-eﬃcient materials on smart
windows.
3.6. Comparison with Other Studies. Table 3 lists the
typical energy-eﬃcient transparent wood that has been
reported very recently. It can be seen that other studies
focus on the bulk wood, aiming at replacing traditional
windows. However, for the ﬁrst time, an energy-eﬃcient wood
ﬁlm has been developed in this study to directly attach on an
existing window; thus, the installation and maintenance cost
can be signiﬁcantly reduced, simultaneously avoiding the
weather resistance problem of wood, thereby extending the life
span and making it easy to adopt in real applications. For the
optical properties, the visible transparency of all the samples is
similar, but VO2-TTWF demonstrates diﬀerent NIR transmittance between cold and hot states, resulting in the ΔTsol of
3.4%. For the mechanical properties, even though VO2-TTWF
is a thin ﬁlm, it exhibits the highest σ and E due to the selfdensiﬁcation leading to a dense and robust composite. In
addition, a large scale VO2-TTWF (100 mm × 100 mm) was
used to conduct the model house test, and the temperature
diﬀerence between wood window and glass window (Tglass −
Twood) proves that the energy saving potential of VO2-TTWF is
also signiﬁcant compared with other studies. The self-cleaning
and antidust functions as well as the waterproof ability were
also developed for the VO2-TTWF by coating the OTS,
making it more practical for real applications. In summary, the
VO2-TTWF demonstrates great potential as a green and
energy-eﬃcient building material. It should also be noted that,
inspired by the VO2-TTWF, other nanoparticles, such as ZnO,
CeO2, TiO2, and Cr2O339,53−57 are also potential candidates to
be integrated with wood to develop various multifunctional
and environment-friendly wood ﬁlm for use in gas sensing,
optoelectronic devices, antibacterial applications, and photocatalysis, greatly expanding the applications of wood ﬁlms.
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