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Influence of VO, based structures and smart
coatings on weather resistance for boosting the
thermochromic properties of smart window
applications
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Vanadium dioxide (VO,)-based energy-saving smart films or coatings aroused great interest in scientific
research and industry due to the reversible crystalline structural transition of VO, from the monoclinic to
tetragonal phase around room temperature, which can induce significant changes in transmittance and
reflectance in the infrared (IR) range. However, there are still some obstacles for commercial application
of VO,-based films or coatings in our daily life, such as the high phase transition temperature (68 °C),
low luminous transmittance, solar modulation ability, and poor environmental stability. Particularly, due
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to its active nature chemically, VO, is prone to gradual oxidation, causing deterioration of optical

rsc.lifrsc-advances properties during very long life span of windows. In this review, the recent progress in enhancing the
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thermochromic properties of VO,-hybrid materials especially based on environmental stability has been

summarized for the first time in terms of structural modifications such as core-shell structures for

nanoparticles and nanorods and thin-films with single layer, layer-by-layer, and sandwich-like structures

due to their excellent results for improving environmental stability. Moreover, future development trends

have also been presented to promote the goal of commercial production of VO, smart coatings.

1. Introduction

Immense amount of energy is consumed every year to sustain
thermal comfort in residential and commercial buildings,
needing heat and air conditioning. All these processes lead to
an increase in the consumption of electricity, CO, emissions,
and the formation of huge amounts of air pollutants, including
SO, and NO, emissions and particulate matter (PM;, and
PM, ;)."* To alleviate these environmental problems, new
advanced materials are needed to synchronize the transfer of
energy for optimizing energy requirements. About 35% of the
heat energy gets out through windows, leading to huge losses in
energy.*® Buildings (i.e., the residence of modern humans) are
among the utmost energy consumers and have a large impact
on the environment. Buildings account for 39% of energy
consumption in the USA and 40-45% in Europe.>* The good
news is that the capability for energy saving in buildings is also
wide, if sharp energy-efficient technologies and designs are
utilized." Windows are essential for buildings for providing
lighting and visual association with the outside world, and their
existence demands much attention in advanced architecture. In
terms of energy efficiency, simple windows are not playing
a positive role due to some elements; windows regularly let in or
let out a large amount of energy and add to energy consumption
especially in summers and winters."”” Therefore, as windows
have a large effect on energy consumption/saving, they need to
be made energy-efficient. Smart windows, which can be
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implemented in modern energy-saving buildings are currently
being extensively investigated (coating with photochromic,
thermochromic, and electrochromic materials)."* Additionally,
radiative cooling materials spontaneously radiate long-wave
infrared (LWIR) to the cold outer space, providing cooling
power that is preferred in hot seasons. Radiative cooling has
been widely explored for walls and roofs but rarely for windows,
which are one of the least energy-efficient parts of buildings.
On-demand and selective regulation of radiative cooling (long-
wave infrared, LWIR) and solar heat gain (ultraviolet, visible,
near-IR, and UV-vis-NIR) of building facades is a grand chal-
lenge but essential to decrease energy usage in buildings.****

To expand the smart window technology, vanadium dioxide
(VO,) has attracted large attention due to its tunable different
properties under the effects of external factors. Mostly, the
common polymorphs are: VO,(A) (tetragonal), VO,(B) (mono-
clinic), VO,(R) (tetragonal-rutile), and VO,(M) (monoclinic-
distorted rutile).”” VO,(A) is a metastable phase that occurs
during the conversion of VO,(B) into VO,(R)™ or VO,(M),*
depending upon the conditions of synthesis. Temperature
sensing optical switching®® and optical modulation and smart
windows are all the areas of applications for the final device
defined by the phase composition of the VO, powder or layers,**
for example, Li-ion batteries and Na-ion batteries.”>* The phase
structure of VO, is changeable depending upon the value of
temperature, which is called the critical temperature (7. = 68 °
C). V. Wittwer and coworkers made the first observation of the
semiconductor to metal phase transition in VO,.?® Below 68 °C
VO, changes to the monoclinic from tetragonal phase, having
transmittance properties instead of the reflection of infrared
radiation, but it remains lucid to the visible range of radiation.
Phase transition and functional properties such as morphology
and dimensionality,”” stoichiometry, doping,®*?° and type of
lattice (low-temperature phase) are now commonly discussed.
On the basis of these properties, thermochromic windows can
efficiently reduce energy consumption in residential and
commercial buildings because phase transitions successfully
adjust solar irradiation in the wavelength region of 800-
2500 nm.**** Based on these properties, VO, represents
a promising active material in the field of energy-efficient smart
windows.

Nevertheless, there are still many hurdles for commercial
applications as smart coatings on energy-efficient fenestrations,
which seriously limit the relative usefulness of VO, smart
coatings. (i) The phase transition temperature (7.) of pure bulk
VO, (at 68 °C) is mostly applicable on building fenestrations
when a T, of about 40 °C is considered appropriate; (ii) VO,
coatings' relative modulation capabilities are not much efficient
to save energy due to the fact that the modulation of VO, for sun
oriented radiation is mostly relegated to the transmittance

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Overview of VO,-based composites on durability against a harsh environment.

switch within the near-infrared region, which is accounted for
43% of sun powered vitality within the sun oriented spectrum;
(iii) the glowing transmittance Ty, for a single layer of VO, with
alluring ATy, is, as a rule, less than 40% (indeed 30%) due to
retention within the short-wavelength region extending in both
the semiconducting states and metallic states of VO,, which is
anticipated to exceed by at least 50% for regular applications;
(iv) as an advanced coating, VO, must maintain good thermo-
chromic performances for at least a decade for practical
applications.****

However, in the real environment, VO, finally changes to the
V,0s5 phase, which is the most thermodynamically stable
phase.**** Considering, the environmental conditions, VO,,
could be an awesome challenge for general applications such as
modern coating. These challenges must be solved for practical
applications to be realized, and various attempts have begun to
accomplish this goal. Distinctive strategies have been proposed
to solve these issues including doping with different particles in
a viable way to tweak the phase-transition temperature of

VO,,** multilayer structures,*®* nanocomposites, and
manufacturing nanostructures to enhance the optical
properties,*®*® counting improving solar-modulation abilities

and progressing better luminous transmittances. Many works
have used these tactics which have been detailed in earlier

reviews.>->®

© 2022 The Author(s). Published by the Royal Society of Chemistry

Unfortunately, except for the above-mentioned hindrances
there exist new but critical challenges for VO, based coatings
that may have been overlooked in the foregoing work. The
constraints of VO, based smart coatings are presented in this
review, to address these difficulties, merging current research
with future possibilities. Furthermore, as researchers’ interest
in this topic has grown, this work highlights broad evaluation
standards that can be used to compare qualities objectively. In
this review, we have focused on thermochromic VO, smart
coatings for enhanced thermochromic performance, environ-
mental stability, and mass production for commercial applica-
tions on building fenestrations. With the development of
material fabrication technology, various VO, nanostructures,
e.g., thin films and low-dimensional structures (LDSs), have
been successfully fabricated and have been widely investigated
to enhance environmental stability in thermochromic smart
windows, as shown in Scheme 1. Thin films and LDSs are
suitable for micromachining processes, which promotes the
development of both macro and micro-scale devices. As we
know, the metal-insulator transition (MIT) temperature and
behavior of VO, are extremely sensitive to external stimuli,
including doping, strain, surface/interface effects, electro-
chemical gating, electric field, light, electron beam, etc. Besides,
the morphology also has a great influence on the properties of
the VO, material. VO, LDSs-nanowires (NWs), nanodots (NDs),
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nanoparticles (NPs), nanorods (NRs), nanobelts (NBs), nano-
sheets (NSs), etc. exhibit unique electrical, mechanical and
optical properties different from their bulk counterparts due to
the size and surface/interface effects. Thus, we categorized the
literature based on structures such as coatings in the form of
core-shell structures for nanoparticles and nanorods, and thin-
films, which led to the layered and layer-by-layer and double-
layer structures, etc. The coating layers of various materials on
VO, particles played an outstanding role to enhance the dura-
bility of hybrids by preventing the direct contact between air
and VO, particles, which led to the improvement of the ther-
mochromic performance (T}, and Ts,) of VO, and its hybrids.
On the basis of a survey of excellent experimental works on VO,,
we aim to provide a wide range of insights into the recent
studies in the above mentioned field.

2. Structures of VO, for durability

The unstable behavior of VO, particles is the major problem for
their practical application in smart windows. The stabilization
of VO, has been deemed a key factor for realizing the
outstanding candidate for smart window applications. To
improve the structural integrity of active materials in various
fields, surface modification remained an excellent strategy
through different structures of active materials. However, the
surface modification of VO, also has huge potential for
improving its stability against a harsh environment by avoiding
the direct contact between air and the surface of VO, particles.
As a result of the prevention of direct contact with air, the
durability of thermochromic performances of VO, is signifi-
cantly enhanced, which is summarized below.>*-*

2.1 VO, nanoparticle-based core-shell structures

In the core-shell structure strategy, the shell materials provide
the protection of the core from various factors such as oxida-
tion, harsh environments, and produced stress in the core
materials. Because of the synergic effects of the core-shell
structure, the composites emerge with excellent properties
instead of intrinsic properties of core materials. As a result of
the combined properties of core materials and modification,
the composites deliver excellent performances in practical
applications.®* VO, particles have been used as core materials
to evaluate the performance in smart window applications. Y.
Chen and coworkers presented the fabrication of VO,@ZnO
core-shell nanoparticles, which improved the stability of VO,-
based films in practical architecture (Fig. 1(a)).*® In the entire
process of forming a VO,-based film, the transmission electron
microscopy (TEM) image exhibits that nanoparticles were
covered with a ZnO shell with a thickness of roughly 20 nm as
seen in Fig. 1(b). Furthermore, the durability of VO,-based
smart windows was significantly improved by VO,@ZnO core-
shell structures. The coated shell acted as a barrier to the flow of
oxygen and water. It prevented the oxidation of VO, to V,Os.
They created a harsh atmosphere with a constant temperature
of 60 °C and a humidity of 90%. The degree of decline in
thermochromic performance was used to assess the durability
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of VO,-based films. They analyzed the transmittance spectra of
an uncoated VO, film and VO,@ZnO film. After 12 hours, the
transmittance contrast between the low-temperature semi-
conductor phase and high-temperature phase in the uncoated
VO, film began to decrease. For the uncoated VO, film, the AT,
was 17.2% within the initial state and decreased to 0% after
30 h. It is evident through Fig. 1(c) and (d) that the organized
VO,@Zn0O nanoparticles primarily based for smart windows
totally demonstrated strong sun modulation efficiency, exces-
sive luminous transmittance, and fantastic sturdiness in a hot,
humid, and oxygenic environment. It could well be found that
the transmittance contrast between 20 and 80 °C at A = 1500 nm
(AT, = 1500) started to decrease with the time increasing. S.
Zhao and coworkers applied an inorganic-organic hybrid lined
of VO, nanoparticles for more advantageous durability.”” They
proposed a VO,@MgF,@polydopamine (PDA) inorganic-
organic hybrid. Fig. 1(e) shows the synthesis process of VO,@-
MgF,@PDA. The coated architecture greatly enhances the
optical durability more than 13 times in contrast to pristine VO,
and the transmittance difference between room and high
temperature changed within 20% (decreasing from 25 to 20.1%)
at A = 1200 nm after an ageing time of 1000 h at constant
temperature (60 °C) and relative humidity (90%). The SEM
image can be seen clearly from Fig. 1(f). It depicts the repre-
sentative core-shell structure. For the durability portrayal of
inorganic core-shell nanoparticles, temperature-responsive
optical films were ready and positioned in a soggy warming
environment (7 = 60 °C, RH = 90%) for testing their optical
properties in a predetermined time frame. After different aging
times, the visible infrared (vis-IR) transmittance of VO, nano-
particles demonstrates the durability of VO,@MgF, core-shell
architectures. It is observed that it was worse than the VO, core
only. The hydration effect of the VO, core surface in the core-
preparation process could be the reason. Further, the VO,
nanoparticles can be damaged after many days of soaking in
water and the disassembling process can accelerate if the pH of
water is not neutral. Fortunately, the durability of VO,@MgF,
has been increased by almost ~6.5 times (from 77.5 h to more
than 500 h) in EG solvent. Under the same conditions as
VO,@MgF,, the optical durability of VO,@MgF,@PDA inor-
ganic-organic core-shell nanoparticles is presented in Fig. 1(g).
The durability has substantially improved after PDA coating and
the value of AT changed by 20% (from 25 to 20.1%) after 1000
hours of treatment at constant temperature (60 °C) and
humidity (90%). In comparison to pristine VO, (the durability
time is higher than that of others) the durability time of
VO,@MgF,@PDA has been increased by more than 13 times.
The differential scanning calorimetry (DSC) curves of
VO,@MgF, have the endothermic peak at 64.1 °C in the heating
process and the exothermic peak at 41.3 °C in the cooling
process, as illustrated in detail, and it showed that the DSC cycle
corresponds to one cycle of high-low-high transmittance.
Bifunctional template-induced VO,@SiO, Dual-Shelled Hollow
Nanosphere-based coatings (DSHNs) were prepared by Z. Qu
and coworkers.®® They investigated the thermochromic and
optical performances of VO,@SiO, DSHN coatings; a UV-vis-IR
spectrophotometer with the assistance of the warming stage

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Experimental flow chart for the synthesis of VO,@ZnO core-shell structure nanoparticles and VO,@ZnO films. (b) TEM images of

VO,@ZnO core-shell structure nanoparticles. Optical transmittance spectra of (c) uncoated VO, and (d) VO,@ZnO. Reproduced with
permission® copyright © 2017, American Chemical Society. (e) Flow chart for the whole process of flexible film preparation and influence of
reaction parameters for depositing MgF, on the surface of the VO, core. (f) TEM images of VO, nanoparticles with different shell thicknesses of
VO,@MgF,. Vis-IR transmittance spectra of the VO, core. (g) Curves of visible light transmittance and the transmittance difference (AT) between
room and high temperature at 2 = 1200 nm of these samples with the change of treatment time. Reproduced with permission®” Copyright ©
2019, American Chemical Society. (h) SEM image of the sample. (i) Preparation of VO, and AlO. (j) Transmittance spectra with different time

spans. Reproduced with permission®® Copyright © 2017, Elsevier.

was used to quantify the temperature-dependent transmittance.
The test results and the determined optical performances (Tjum
and ATy,) are examined in detail. Concentrating with the
nonstop and dense VO, coatings, the VO,@SiO, DSHN coatings
introduced much better optical work. With the rise of the

© 2022 The Author(s). Published by the Royal Society of Chemistry

refluxing time, the Tj,,, increased from 42.5% to 66.3% (VS1)
first and then, at that point, decreased to 61.7% (VS2) and
61.8% (VS3), separately. Meanwhile AT, expanded from 7.6%
to 10.7% (VS1), 10.5% (VS2), and 12.6% (VS3), independently.
The RI of VO,@SiO, DSHN coatings gained in the current work

RSC Adv, 2022, 12, 30985-31003 | 30989
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exhibited a dramatic reduction, and reached 1.63 at a wave-
length of 630 nm, diffusing the coating with the best anti-
reflection (AR) effect. They also matched the transmittance
spectra at low temperature by finite-difference time-domain
(FDTD) using the measured optical constants. It is found that
the calculated results are in strong accordance with the exper-
imental spectra. Consequently, the dual-shell hollow nano-
particles of VO,@SiO, demonstrated extraordinary potential in
enhancing the optical performance of thermochromic coatings.
K. Tong and coworkers synthesized VO, nanoparticles covered
with Al-O-based shell (V/AO) nanoparticles by utilizing a facile
method.* The strengthened V/AO nanoparticles had shown
great durability for the unique environment. TEM images can
be seen in Fig. 1(h); it showed the typical structures of the
annealed V/AO nanoparticles in a better way. Moreover, Fig. 1(i)
represents the VO, nanoparticles that had directly reacted with
water and oxygen. The reaction had begun at the outer layer of

View Article Online
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Subsequently, the VO, no longer has the thermochromic
property but an un-annealed Al-O-based shell allowed for
a shelter to the VO, center, which delayed down the diffusion of
water and oxygen into the VO, cross section. The un-annealed
(V/AO) nanoparticles reliably decreased the thermochromic
property. The annealed (V/AO) nanoparticles outlined the
preferred stability over un-annealed (V/AO) nanoparticles
because the previous shell had more excellent compactness and
gave sufficient protection for the core. Further, shell of Al-O-
based to the VO, center, the stability of the thermochromic
nanoparticles, is estimated and put into a climate chamber to
replicate the result of humidity and temperature. The annealed
Al-O-based shell had shown the most stability of the VO, core.
The transmittance of the films had been estimated around the
same value. It showed the progression of AT, for different
values. The annealed V/AO nanoparticles explain the most
generous stability of three samples, with ATy, changing from

the VO, nanoparticle, and V** had oxidized to V°'. 9.62% to 9.30% after 20 days of aging, which indicates that the
(a) i \
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Fig. 2 (a) Preparation procedure for VO,@SiO, nanoparticles and flexible composite films. (b) TEM images of the VO,@SiO, composite film. (c)

Transmittance spectra of coated and un-coated samples. Reproduced

with permission”* Copyright © 2012, The Royal Society of Chemistry. (d)

Preparation process of VO, and AA-VO,. (e) TEM images of VO, nanoparticles and AA-VO,. (f) Transmittance spectra with time in days. (g)
Transmittance spectra with time in seconds. Reproduced with permission’® Copyright © 2019, American Chemical Society.
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annealed Al-O-based shell is compact and blocks the diffusion
of moisture and oxygen more effectively. So the annealed V/AO
nanoparticle had the capacity for the broad application of the
VO,-based thermochromic film. Fig. 1(j) reveals that VO,
nanoparticles had been secured by the Al-O shell and stayed
stable when placed in a damp warming climate. The tempera-
ture of VO, only shows high at (350 °C in the air) which assure
the presence of the Al-O-based shell. These core-shell structure
nanoparticles had shown good optical properties and chemical
stability. The shell had a successful boundary layer to keep away
from oxygen and water from diffusing into the VO, materials.
So, VO, is protected by the Al-O-based shell and applied in
smart windows, such as automobiles, buildings, etc. It was
found that the above mentioned techniques are suitable for
durability-enhancement against weather resistance of smart
window applications.

The coatings of metals as a shell on different core materials
have shown extraordinary results in various applications.”®”* By
taking the advantages of different coating materials, Y. Gao and
coworkers used the dip-coating technique to create transparent
flexible hybrid VO,-based films with exceptionally high ther-
mochromic characteristics as shown in Fig. 2(a).” Fig. 2(b)
displays the TEM images of the original VO, nanoparticles and
the silica-coated VO, nanoparticles with a PVP prepared sample.
PVP pre-treatment favored the production of smooth, uniform
silica shells. PVP is an amphiphilic polymer, which could keep
the nanoparticles stable in water and a variety of non-aqueous
solvents. The transmittance spectra of coated and uncoated
samples after various acid exposure times are shown in Fig. 2(c).
After the first 200 seconds, the uncoated particles had a quick
56.2 percent rise in transmittance, from 8.6% to 64.8%. The
coated particles experienced an increase of 10.9%, from 8.1% to
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19.0%. This result exhibits that VO,@8SiO, was able to confront
the acidic treatment due to the protection of the SiO, shell. The
films had great flexibility and fair visible transmittance due to
the above mentioned results. Generally optical transmittance of
spectra and thermal hysteresis loops are presented at the
wavelength of 1500 nm of films. J. Zhu and coworkers tried to
prepare V,W; ,0,(M) NPs, which were subsequently coated
with a thin layer of silica, shielding VO, NPs from aggregating
and forming during the annealing process.”” The production
process of V,W; ,0,(M)@SiO, and nano-crystal coated VO,
with SiO, materials is discussed. They presented the TEM
pictures of the VO,(M)@SiO, and the annealed VO,(M)@SiO,
nano-materials. It was noted that essentially every single VO,
nanoparticle was coated with a SiO, shell independently. The
crystallinity of VO, nanoparticles was essential for the best
thermochromic execution of vanadium dioxide-based thermo-
chromic smart coating (VTSC). They addressed the trans-
mittance spectra of VI'SC based on the prepared particles. Both
the silica coating and annealing showed excellent effects on the
thermochromic properties. The Tj,, and ATy, were increased
from 56.6% and 8.7% to 59.7% and 11.3%, respectively, after
the original VO,(M) NPs were coated with a layer of silica. The
thermochromic performance was good enough to obtain VTSC
suitable for practical construction. Y. Chen and coworkers
prepared the core-shell structure by applying the ascorbic acid
shell on VO, nanoparticles and measured the thermochromic
properties for smart window application (Fig. 2(d)).” The
covalently bonded ascorbic acid shell played an outstanding
role to uplift the durability and anti-oxidation properties of VO,
by avoiding further oxidation with air, which became fruitful for
enhancing the life span of VO, in a humid environment.
Transmittance spectra of the ascorbic acid-coated sample and
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uncoated sample were compared. It delivered excellent anti-
corrosion properties in H,SO, and H,0, environments, which
led to enhance the thermochromic properties. Ascorbic acid
remained firmly on VO, particles due to strong interfacial
interaction between VO, particle surfaces and ascorbic acid
coating, which was confirmed by SEM (Fig. 2(e)). It was found
that the thermochromism of pure VO, completely vanished
within 3 days due to phase changes, but coated VO, remained
stable and the thermochromic property existed without phase
changes against a humid environment. The result can be easily
observed in Fig. 2(f). The durability of ascorbic acid-coated VO,
was also investigated under a highly humid environment
(humidity 90% and temperature 60 °C) through differential
scanning calorimetry in Fig. 2(g). This method provides
a promising way for weather resistance applications.

2.2 VO, nanorod-based core-shell structures

The nanorod structure core exhibits a remarkable modulation
ability for thermochromic and solar infrared light. Nanorod
structures with both thermochromic and photocatalytic prop-
erties offer significant potential for creating a multifunctional
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smart coating. Thus, nanorods have proved to be the best for
structural modification compared to spherical particles for
various applications and have gained huge attention because of
the best shape anisotropy. The good physical properties of
nanorods could mostly be achieved by using different metals.
Considering the advantages of nanorods, this structural modi-
fication of VO, with a core-shell structure has also been tried in
smart window applications.””®® For example, A. Huang and
coworkers arranged V,W; ,0,(M)@SiO, ultra-thin nano-
structures.”® They had prepared ultra-thin VO,(B) nano-
structures with a diameter of approximately 15 nm by a simple
post-annealing method, and the VO,(M) nanoparticles were
obtained in this process as shown in Fig. 3(a). The arranged
VO,(M) and VO,(M) execution show that the VO,(M) nano-
particles that is required excessive temperatures and longer
times with the assistance of the hydrothermal process. Fig. 3(b)
clearly demonstrates the TEM images of the prepared
VO,@Si0, sample and SiO, had an external shadow portion and
the inside darker section had VO,. The presence of the silica
shell had greatly enhanced the anti-oxidation ability of the VO,
powders and had subdued nanoparticles throughout the
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(a) Preparation of the VO,@anatase composite. (b) SEM images of the VO,@anatase composite. (c) Transmittance spectra of VO,@-
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thermal method. However, the luminous transmittance
increases with the SiO, shell because it had a transparent
structure. It simply represents that 7. had decreased with
increasing the amount of doping at 20 °C. The optical trans-
mittance spectra of the as-arranged VO,(M)@SiO, nano parti-
cles with various amounts of W-doping (W1, W3, and W5) at low
temperature (20 °C) and high temperature (90 °C) were dis-
cussed. When the measured value of W-doping expanded, T},m
diminished moderately due to an increase of the free-electron
density, which was related to the increase in the absorption
and reflection of visible light at previously mentioned below
temperature. The top free electron density narrows the VO,(M)
energy gap in the semiconductor case. It reduced the value of
enthalpy VO,(M/R) via the phase transition of ATy,. Due to
dispersion and addition of the inert silica coating in the optical
transmittance spectra, T, was increased from 15.73% to
24.69%. ATy was improved from 4.6% to 7.15% due to the anti-
reflection of SiO,. The most beneficial and accurate method is
via W-doping, which was done in this sample, as seen in the
DSC curves (Fig. 3(c)). W. Li and coworkers fabricated VO,(M)-
ZnO heterostructured dandelions.®* Fig. 3(d) elaborates the
mechanism of the VO,(M)-ZnO, which was used to examine the
dandelions, and three different samples were synthesized for
ZnO NR measurements, VO,(M)-ZnO without Na-CA and
VO,(M)-ZnO without ZnO seeds. The scanning electron
microscopy (SEM) image displayed that the samples comprised
ZnO and VO,(M), as seen in Fig. 3(e). The reversible stages of the
transition temperature of the pure VO,(M) and VO,(M)-ZnO
composite powders were demonstrated by using differential
scanning calorimetry (DSC). Moreover, Fig. 3(f) demonstrates
that the ZnO NRs were consistently propagated on the surface of
the VO,(M) NPs to develop the VO,(M)-ZnO hetero-junction
because of interfacial contacts. Following recreated sunlight
irradiation, the electrons and holes were photo-generated to
save separately. The enhanced thermochromic features and
chemical stability were associated with the ZnO. The composite
film of VO,(M)-ZnO showed a diminished stage transition
temperature (7. = 62.6 °C) with an increasing visible trans-
mission (T;s1 = 52.2%) and solar modulating ability (AT, =
9.3%) as contrasted with the pure VO,(M) film. R. Li and
coworkers prepared vanadium dioxide (M)@SiO, NPs.** The
rectangular parts of VO,(B) nano-plates with a diameter ranging
from 20 to 30 nm were hydrothermally manufactured, and the
VO,(B)@SiO, core-shell structure was made by utilizing an
advanced Stober technique; Fig. 3(g) represents the thin layer of
SiO, (30 nm) that was homogeneously surfaced on VO,(M). In
particular, the nano-pores showed two particular sizes: more
prominent ones lied at the interface between VO,(M) and SiO,,
and shorter ones laid inside the VO,(M). Significantly, different
nano-pores were made inside VO,(B)@SiO, nanoparticles
because of the variety in thickness between VO,(B) and VO,(M),
which was given by higher optical transmittance and thermal
protection. The optical transmittance of VO,(B)@SiO, in
comparison to VO,(M) was discussed. It was noticed that
VO,(M) showed a sharp optical distinction between the high
and low-temperature phases, indicating the single-phase char-
acteristic and high crystallinity of the VO,(M) film. VO,(B)@SiO,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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exhibited a vastly improved optical performance with a higher
visible transmittance and a more extensive solar modulation
process, which was observed by the corresponding spectra in
Fig. 3(h). The given data were contrasted to the obvious trans-
mittance of 31.72% for VO,(M), and the VO,(B)@SiO, exhibited
an obvious transmittance of 35.96%, with an increment of
13.4%.

Y. Li and coworkers synthesized the VO,@TiO, core/shell
nano particles as seen in Fig. 4(a).** Fig. 4(b) expresses the
SEM images of TiO, shell composites. It also depicts the
behavior of the VO,@anatase composite. Moreover, Fig. 4(c)
presents the dark and light on graph. The transmittance curves
exhibited an un-doped VO, process after preparation of a layer,
and the average transmittance was improved with the deterio-
rated modulation technique. And the loop width was also down
by 5.7 °C. The above mentioned methods depicted good ther-
mochromic performance against weather resistance potential
for practical application of VO,-based smart windows. T. D. Vu
and coworkers reported a new strategy of nanocompositing
vanadium dioxide preparation with excellent durability.*® They
employed the glass industry compatible process of magnetron
sputtering, followed by rapid thermal annealing (RTA). Instead
of the usual continuous films, this thin film process gave
a unique structure where VO, NPs are dispersed in a V,05/V;05
matrix with a dense thermodynamically stable V,05 overcoat.
The key factor that allows for the deposition of nanorod VO,
embedded inside the V,05 matrix is the introduction of seeding,
followed by delayed injection of O,. As shown in Fig. 4(d), the
sputtering process is divided into two phases. The first phase is
the seeding of vanadium on the substrate. In this phase, the
isolated island of vanadium nucleus is formed through the
sputtering of the vanadium metal target for a short duration of
10 s in this study. At the end of the seeding phase, O, is slowly
injected into V metal. The SEM image shows the presence of V
metal seeds and crystalline VO, behaviour. It can be seen clearly
in Fig. 4(e). This new type of nanocomposite gives a nearly
doubled ATy (20%) compared with that of the best reported
continuous single vanadium oxide film (10%) and high dura-
tion as seen in Fig. 4(f). The accelerated test suggested that the
expected service life of this film is 23 years, which is a break-
through in VO, based thermochromic smart windows. Fig. 4(g)
depicts that the VO, nanorod structure is formed by introducing
seeding guided growth along with manipulation of gas injection
timing and target current during reactive sputtering, resulting
in the V,05/VO, thermochromic composite film. The high
durability, due to the encapsulation of V,0s, together with the
significantly enhanced thermochromic properties and facile
industry compatible process, provides a new strategy to scale up
this technology into real-world applications.

Combining VO, particles with polymers and two dimen-
sional materials is deemed to boost the thermochromic prop-
erties of VO,-hybrids for long term durability.**** W. Li and
coworkers arranged useful fiber mats with tunable diffuse
reflectance and VO,/PVP composite fiber mats.’* The VO,/PVP
composite fibers were scattered by the inter-fiber scattering
process, which means light phenomena. Every scattering
process involved absorption and reflection was due to the
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dispersion of the incident light. The absorption expanded to
understand the absorption coefficient of VO, nanoparticles,
and the cross-sectional of these fibers was modified to investi-
gate the optical property. The VO, and W doped VO, nano
particles were phase-stable. The diffraction peak shift created
by W doping was apparent in the nanoparticles immersed in
PVP. They showed that the W-doped VO, nano particles con-
sisted of the diffuse reflection spectrum of fiber mats. They
tuned their temperature phase transition in to 40 °C and its
diameter was 800 nm that exhibited the diffuse reflection range
by the blue line in the infra-red range. The diffuse reflectance
demonstrated that no variation existed above 68 °C, which was
more than that of the fiber mat included 0.05 g of VO,, then the
appropriate diffuse reflection property associated with VO,
particles. J. Zhou and coworkers arranged nano-scale VO, and
performed characterization of VO,(M)-SnO, thermochromic
films, and annealing was utilized to change over them into
VO,(M)/SnO, hetero-structures.” The optical band gap of the
VO, crystals was expanded. Thus, the optical properties were
enhanced. The nanosized particles (SnO,) are bigger as
compared to outer layer of the VO,(M). They showed the
reversible phase transition temperature of the VO,(M) and
VO,(M)/SnO,. It was concluded that the sharp endothermic
peak of the pure VO,(M) was determined at 73.7 °C, which was
marginally bigger than 68 °C. Yet, the phase transition
temperature of the VO,(M)/SnO, hetero-structure was decreased
from 69.8 °C. The change between endothermic and exothermic
peaks for the VO,(M)/SnO, hetero-structure was 9.6 °C, which
was a lot lower than the 15.9 °C of the pure VO,(M). It was seen

View Article Online

Review

that the loop amplitude of the VO,(M)/SnO, hetero-organized
film was 10.7 °C, which was limited by 7.1 °C related to the
pure VO,(M) film. The limited hysteresis has raised the affect-
ability of phase transition responses to the different values of
temperatures. They demonstrated the optical transmittance
spectra and the corresponding film images. The optically
improved performance of nano-sized SnO, on the surface of
exposed VO, nano-rods yielded better results. The above
mentioned results have expressed the best performance of
weather resistance of smart window applications.

2.3 Thin film strategies of VO, at the device level

2.3.1 VO,-based thin film structures. The layer by layer thin
film preparation strategy is one of the simplest and most
effective methods for preparing thin films. Compared with
mixing film-growth techniques, layer by layer preparation of
thin films provides better control of the structure at the
molecular level.

The coating of materials on VO, particles at the nanoscale
level is considered an expensive method of fabrication at the
industrial level. The structural modification based on the thin
film is the easiest and cheapest process for coating at a bulk
level, which may affect the cost of the final product.”**° The
thin film coating has also been investigated by combining
different materials through various methods. For example, by
a simple mixing method, a thin film has been tried by J. Sang
and coworkers, in which they achieved the VO,-ZnO combined
films with improved thermochromic features by a facile ball-
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(a) Experimental flow chart for the synthesis of VO,@ZnO core-shell structure nanoparticles and VO,@ZnO film. (b) TEM images of

VO,@ZnO core-shell structure nanoparticles. (c) Optical transmittance spectra of VO,@ZnO at a constant temperature (60 °C) and humidity
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milling method.”* Fig. 5(a) depicts the facile ball-milling
method by which VO,-ZnO composites were made, and the
combined films were built. The morphology of the as synthe-
sized sample was presented by the SEM image as seen in
Fig. 5(b). The ZnO NPs were represented as a scattering medium
that was consistently filled in the space between the VO,
powders throughout the process of ball milling. The ZnO NPs
were added to optimize the thermochromic properties of the
VO,. The addition of ZnO uniformly increased the thermo-
chromic properties, and its excellent performance was ach-
ieved, having results of Ty, = 64.2% and ATy, = 11.3%.
Moreover, the film coated with two layers displayed an ultra-
high AT, of 18.8%, and likewise, kept an excellent Ty, of
54.3%, which was preferred to most VO, nano-composite films
and multilayered VO, films. Fig. 5(c) shows the spectra between
transmittance and ZnO/VO,. They observed that the reflectance
of various samples was reduced by enhancing the content of
ZnO NPs. This indicated that ZnO NPs separated uniformly in
the VO,-ZnO composite layer that decreased the reflectance of
VO, films similar to the anti-reflection coatings (ARCs), and
increased both Ty, and AT, concurrently. Further, instead of
metal oxides, the polymer material has been tried to explore the
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thermochromic properties of the hybrid of VO,. Z. Qu and
coworkers prepared VO, nanoparticles that were embedded on
cross-linked polymethyl methacrylate (PMMA) chains as seen
in Fig. 5(d).*** The enhanced luminous transmittance of light
along with a better solar transmittance was obtained by this
synthesized VO, NP. They obtained a luminous transmittance
of about 50%, a solar modulation ability of about 17.1%, and
a haze of about 11% via the cross-linked PMMA-VO, film. The
graphical results represented that the luminous transmittance
was decreased at a high temperature of 90 °C, while it increased
largely at 25 °C. The values obtained from the graph were ~50%
luminous transmittance and approximately equal to 17.1%
solar modulation ability. The graph represented value is
decreasing by increasing the wavelength of light. It can be
further reduced by decreasing the size of the VO, NP. The graph
provides us with an average value of haze equal to 11% that was
in the luminous range. In Fig. 5(e) a comparison graph between
solar modulation and time (h) shows the transmittance and
durability of VO,. To check the durability of PMMA-VO,, the
following conditions were sustained: low temperature of 25 °C
(insulating phase), high temperature of 90 °C (metallic phase),
and relative humidity of ~95%, and an aging chamber for aging
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(a) Experimental flow chart for the synthesis of the V,03/VO, bi-layer structure and (b) SEM images of the V,03/VO, bi-layer structure. (c)

Transmittance spectra of 60 nm VO, at different times in hours. (d) 60 nm V,03/VO, at different times in hours. Reproduced with permission*®”
Copyright © 2018, Elsevier. (e and f) Flow chart for the whole process of VO,/HfO, thin films by using the sputtering method and SEM images. (g)
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(days). Reproduced with permission*®® Copyright © 2019, Elsevier. (i) Preparation of VO,/SiO,/TiO, thin layers. (j) TEM images of VO,/SiO,/TiO,
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tests had a constant temperature of 60 °C. The results exhibited
that the cross-connected PMMA-VO, film had a longer life than
the non-cross-connected PMMA-vanadium dioxide film having
a large molecular weight. So, this research shows a greater
enhancement in the durability of VO, for smart window appli-
cations. The PMMA-VO, film played a greater role in weather-
resistance; it minimized the cooling demands at high temper-
atures and enhanced the warm comfort in cooling climates. The
fabricated VO, nanoparticle enhanced the luminous trans-
mittance (~50%), solar modulation ability (~17.1%), haze
(~11%), and lifespan as compared to simple VO, nanoparticles.
These results of nanoparticle-based thermochromic films
exhibit a robust durability.

2.3.2 VO,-based thin film structures via the layer-by-layer
strategy. The thin film is prepared via spin coating method,
the matrix materials are entangled with active VO,-
nanoparticles. The effects of coating materials in thin-film
structural modification are clearly seen by the sputtering
method based thin film.'®** Like other physical vapor depo-
sition techniques, ion beam sputtering provides advantages
such as deposition rate, uniformity, composition, thickness
control, adhesion, and material properties. However, ion beam
sputtering offers additional sputter deposition features, which
include a wide range of materials with indifference to target
thickness or properties, precision deposition stops, clean and
low pressure processing (<0.5 mTorr), and reactive deposition
not susceptible to high energy arcs due to cathode target
poisoning. In the ion beam deposition process, there is no
plasma between the substrate and the target as one would find
with magnetron sputtering. This means that the ion beam
deposition technique can be used for deposition on sensitive
materials and reduces the likelihood that the final product will
contain gas molecules.

To elaborate the effects of thin film coating on the durability
of VO, in smart window applications, thin films have been tried
by altering the various coating materials. For example, addi-
tionally, S. Long and coworkers prepared a high-quality V,0;/
VO, bi-layer structure.'” To enhance the crystallinity of the VO,
thin film, the bottom layer of V,0; behaved as the buffer layer as
seen in Fig. 6(a). The fabricated film was used to increase the
luminous transmittance, solar modulation ability, and dura-
bility of the vanadium dioxide film. They displayed the dura-
bility of the fabricated film; the film was kept at 60 °C and had
a humidity of 90%. The SEM images clearly show the presence
of V,03 and VO, as can be seen in Fig. 6(b). The simple VO, film
was damaged after 72 hours and completely depleted after 144 h
(~6 days) as compared to this V,0;/VO, thin film which
retained itself at 144 h (~6 days) (Fig. 6(c)); the same is the case
for solar modulation ability AT, Finally, Fig. 6(d) describes
that the fabricated films (V,03/VO,) had maintained the lumi-
nous intensity for a long duration and also provided good
durability and solar modulation ability of 13.2%, which was
increased by 76%. T. Chang and coworkers designed VO,/HfO,
thin films via the sputtering method, the SEM images of which
can be seen in Fig. 6(e) and (f).'"® The fabricated film had an
encapsulation structure that has more stability than a single
vanadium film. The thermochromic properties were enhanced
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by using HfO, with VO,. This increased luminous intensity and
solar modulation ability. The fabricated film VO,/HfO, pro-
tected the VO, layer from weather changes and provided
comprehensive protection. It also increased the service life of
VO, and the stability of the VO, film. A comparison of the
simple VO, film and VO,/HfO, showed that the VO,/HfO, layer
has high luminous transmittance, Tj,, = 55.8% (at low
temperature) and Tj,m 43.6% (at high temperature), and high
solar modulation ATy, = 15.9%. So, as a result, we can see
a total of 80.1% improved properties with VO,/HfO,. For testing
the durability of the fabricated films, the sample was placed in
a harsh environment at a temperature of 60 °C and humidity of
90% as shown in Fig. 6(g). Moreover, Fig. 6(h) represents the
graph of solar modulation ability versus aging time; it is clear
that the simple VO, film lost its thermochromic properties, and
showed enhanced properties that last for a few time span when
combined with silicon weatherproof sealant. The sample
showed greater stability that lasted for 100 days, proving that
the product was more efficient than simple VO,. The guaran-
teed life for their fabricated film was about 16 years as indicated
from the graph that satisfied the demand for practical appli-
cations. The VO, converts into V,05 oxide when heated at high
temperature (annealing temperature) but the use of HfO, as an
antireflection agent protects it from the formation of oxides. So,
by introducing the VO,/HfO, film they got large luminous
intensity ranging from 55.8% and sun modulation of 15.9%,
and the film was more stable than it could be in the actual form
for 16 years.

Further, the double layer of the thin film consisting of
different materials on VO, has also been investigated in terms
of thermochromic properties. For example, M. J. Powell and
coworkers prepared the VO,/SiO,/TiO, thin layers.'® In the
structure, the VO, layer with SiO, was over layered by TiO, as
shown in Fig. 6(i). Furthermore, Fig. 6(j) depicts the TEM of
VO,/Si0,/TiO, thin layers. The results indicated that by insert-
ing these layers the transmission of visible light dramatically
increased and the solar modulation of the material doubled.
The scotch tape test was performed, which justified that the
single VO, layer could be easily delaminated but the multilayer
VO,/silicon di-oxide/TiO, demonstrated high adherence to glass
substrates. Moreover, the deposited films were irradiated with
broad band light sources. The values of transmittance were
taken between the regions with direct contact between air with
TiO, and region of SiO, (glass) in direct contact with the bottom
layer of VO,. The modern window metrics T}, and ATy, were
measured for every layer of VO,. The results with an incoherent
layer of SiO, exhibited the lesser resonant peaks. For the sample
of VST-1, the smart window was demonstrated by a model of
transfer matrix showing the thickness of VO,, which enhanced
and reached the value of 50 nm. This suggests that the VO, film
has a low density. The graph in Fig. 6(k) represents the dura-
bility of the VO,/SiO,/TiO, thin film. Their new manufactured
thin layer coating on VO, resulted from an increase in solar
modulation and visible light transmittance. SiO,/TiO, layers on
VO, enhanced the mechanical properties of the smart windows.
The solar modulation value acquired in the said experiment was
15.29%, which is the best value for VO,. This result about

© 2022 The Author(s). Published by the Royal Society of Chemistry
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environmental durability, which has rarely been considered, is
also so vital for practical application.

The bilayer coating strategy has delivered the most prom-
inent results for fixing the oxidation problems of VO, against
humid environments."*™** X. Zhou and coworkers developed
a new strategy to fabricate a VO, coating with long-term
stability, low critical temperature (t.), significantly enhanced
thermochromic performance and low fabrication cost by using
the room temperature PVD deposition of amorphous VO,."° It
is followed by rapid thermal annealing (RTA) in air for less than
10 min. This process renders a fascinating VO, nanocomposite
structure within a V,05 and V30, matrix encapsulated in
a dense amorphous V,05 overcoat, which is impossible to
obtain by the usual PVD approach. Moreover, the sample could
be exposed to the normal atmosphere for more than 2 years and
remain intact. Accelerated results suggested that the sample
can maintain the good thermochromic performance of Tjym
(42.2%) and ATy, (14.6%) after 23 years. H. Zhou and coworkers
prepared a multifunctional bilayer VO,/ZnO (VZ) film to
improve the thermochromic properties of the VO, film."” The
ZnO thin film acts as an anti-reflection layer to protect the film
from corrosion. Furthermore, transmittance spectra shows
a comparison graph between concentrations and immersion
durations for simple VO, and VO,/ZnO films. In comparison to
the simple VO, film, the VO,/ZnO film depicted a greater anti-
reflection property. The ZnO behaves differently in weather
conditions; in cold days it absorbs light to warm up the room,
while in hot days it is reflective to IR light but transparent to
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visible light, displaying a luminous transmittance of 50.3%
enhanced from 40.6% and solar modulation ability of 11.2%
enhanced from 7.7%. J. Zhang and coworkers prepared a mes-
oporous silicon dioxide/VO, double layer system."® The film
was fabricated to increase the refractive index from 1.243 to
1.354. The extinction coefficient K, and refractive index n, were
calculated by fitting the results which were obtained by the
Drude Lorentz method. The graph showed that a refractive
index lesser than 2 was obtained by the said fabrication
method. The transmission of visible light was promoted by
lowering the refractive index. The near infrared ray (NIR)
switching and high visible transmittance were obtained by the
fabricated film that demonstrated the existence of monoclinic
VO,. The NIR switching ability was obtained to be 32.1% at
2000 nm, and the transmittance of visible light (T, 1) was
obtained to be 69.8% in addition to a solar transmittance (AT,)
of 12.6%. The graph depicted the high crystallinity, which
assured the good quality of synthesized VO,. The visible trans-
mittance was 80% by using a refractive index of 1.299 that of
Si0,. This work would be a milestone in energy-saving smart
windows of VO,-based thermochromic coatings. S. Loquai and
coworkers deposited a VO, thin film to study the environmental
stability.’”® The SEM images exhibited an increase in surface
roughness due to identical AT,500 nmn behavior, and both radio-
frequency magnetron sputtering (RFMS) and high-power
impulse magnetron sputtering (HiPIMS) behaved almost simi-
larly in critical temperature (T,) performance as seen in Fig. 7(a)
and (b). Moreover, a graph between transmittance and time (h)
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(a and b) SEM images of the deposited VO, thin film and comparison study between RFMS and HiPIMS. (c) Transmittance spectra of the

thin film. Reproduced with permission**® Copyright © 2016, Elsevier. (d) Preparation of films such as single layer as G/VO,, triple-layer as G/SiN,/
VO,/SiN,, and multi-layer. (e) SEM images of the as synthesized films. (f) Optical transmittance spectra of the films. (g) Solar modulation of the

triple layer. Reproduced with permission*?> Copyright © 2017, Elsevier.
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depicts that the as synthesized materials have better thermo-
chromic characteristics, which can be easily observed in
Fig. 7(c). But visible transmission of HiPIMS was lower due to its
higher refractive index and high extinction coefficient of the
film, which illustrates the loss per hour for both RFMS and
HiPIMS film. The RFMS film had a 2.3% loss per hour, while
HiPIMS acquired a 0.3% loss per hour, which exposed that
HiPIMS deposition was better than RFMS deposition. The
research says that HIPIMS deposition is significantly better for
environmental stability as compared with RFMS due to its larger
grain size, high density, and lower hydrogen intake. As
compared to RFMS the HiPIMS film deposition has approxi-
mately three times longer lifespan. The suggested deposition
method with the help of achieved results was considered
attractive via HiPIMS.

Further, for making a thin film, the multilayer strategy has
also been investigated by choosing various materials (TiO,,
NiCr, SiN, etc.) with VO, and their thermochromic properties
have been explored against weather resistance.””*™** For
example, Y. Zhan and coworkers designed three VO,-based thin
films having different layers, i.e., single, triple and multi-
layered.” The distributions of films were prepared, such as
single layer as G/VO,, triple-layer as G/SiN,/VO,/SiN,, and multi-
layer as G/SiN,/NiCrO,/SiN,/VO,/SiN,/NiCrO,/SiN, as observed
in Fig. 7(d). The cross-sectional SEM images reveal the stress,
grain size, and other defects present in the fabricated film.
Fig. 7(e) shows the surface roughness of the multilayer. It is
verified that the triple-layer and multilayer have a higher density
of grain boundaries that is good for transmission from the
semiconductor to metal. The optical transmittance of the three
fabricated layers before and after thermal treatment at a low
temperature of 30 °C and a high temperature of 60 °C was
discussed. The Iluminous transmittance of all samples
increased with increasing temperature as seen in Fig. 7(f) but
above 325 °C the switching decreased greatly due to another
phase in films. The vanadium pentoxide (V,0s) formed at 375 °©
C due to which thermochromic properties vanished at that
temperature. In Fig. 7(g), a good optical switching in the triple
layer was observed at 275 °C and it became zero level above 325 °©
C due to formation of VO,. Moreover, the thermal stability of the
multi-layer thin film was excellent below 325 °C and came to
zero at 375 °C, and the Ty, remained stable below 325 °C. The
luminous transmittance got stable at a high temperature of 80 °©
C with a numerical value of 34.35% and a solar modulation of
16.56% also stabled as discussed in Fig. 7(f). As defining the
results of this film, we can say that this fabricated film enhances
the thermochromic property of VO,. As VO, was reduced to V,05
after being placed in air, this imperfection in VO, was removed
by making multilayers from this method. Hence, multilayers
provided us a Ty, value of 34.35% and solar modulation ability
of 18.02%. The above mentioned nanomaterials represent
a promising candidate for energy-efficient thermochromic
smart windows for enhancing weather resistance properties.

2.3.3 VO,-based thin film structures via a sandwich-
strategy. The major advantages of sandwich composites over
conventional materials are that sandwich composites (1) have
a low overall density, a high strength-to-weight ratio, and a high
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stiffness-to-weight ratio; (2) are capable of providing good
thermal and acoustic insulation; and (3) have uniform energy
absorption capacity. To avoid contamination of VO, in hybrids
from environment and substrate, the sandwich-like structural
modification is played an excellent role in stabilizing the hybrid
against harsh environments. Sandwich-like structural adap-
tions have been tried by using different materials in the thin
film strategy.”**** For example, S. Long and coworkers
designed SiN,/VO,(SV), VO,/SiN, (VS), and SiN,/VO,/SiN, (SVS)
multilayers as shown in Fig. 8(a)."** The fabricated film played
a better role in the advancement of solar modulation ability and
luminous transmittance. The TEM images show the different
size of thin layers as seen in Fig. 8(b). An experimental test was
performed to observe the retention of luminous transmittance
and solar modulation ability of the VO, film in comparison with
the fabricated SVS thin film. The luminous transmittance 7,500
nm Started to decrease after 1600 cycles for the simple VO, film
and retained only 20.1%. But in the case of the SVS film after
passing 10000 cycles, the luminous intensity decreased very
slowly such that it retained 98.3% of its initial value. Moreover,
it retained 88.1% of its initial value after passing 27 000 cycles,
showing the best performance of the fabricated film. The
experimental results revealed that the lifespan of the SVS film
would be approximately 27 years, which was more than that of
the simple VO,, which was just 4 years. To check out the
durability of the SVS film, the film was kept at 60 °C and
humidity of 90% as observed in Fig. 8(c). The simple VO, film
was damaged after 144 hours and completely depleted after
192 h (~8 days). As compared to this, the SVS thin-film caught
depletion after 480 h and completely depleted after 600 h (~25
days) as shown in Fig. 8(d). This demonstrated that the fabri-
cated film sustained 3 times more than VO, films; solar
modulation ability had a similar tendency, which depicted
a luminous transmittance of 39.1% and solar modulation
ability of 14.2% for SiN,/VO,/SiN, films. The SVS structure has
more lifespan and durability as compared to a single VO, layer.
Further, by varying the materials in the layers of a sandwich
structure, the hybrids were also investigated; T. Chang and
coworkers arranged a sandwiched structure of Cr,03/VO,/SiO,
(CVS) on a glass substrate as observed in Fig. 8(e)."*” The bottom
layer of Cr,O; had improved the crystallinity of VO, and
increased the luminous transmittance of the structure. The
upper layer of SiO, acted as an anti-reflectant to light and also
increased the environmental stability by providing a self-
cleaning layer. The results of the as-prepared thin film have
enhanced the durability of simple VO, as well as the luminous
intensity and solar transmittance. The solar modulation ability
of the fabricated CVS thin film is 16.1%, which is more efficient,
and the obtained luminous transmittance is 54%. The dura-
bility graphs of simple VO,, Cr,03/VO,, and Cr,03/VO,/SiO,
exhibited the credibility of fabricated CVS thin films over other
ones. The graph presented that the CVS film retained its ther-
mochromic properties after thousands of hours, while the
simple VO, had left over after a few hours only. The sample was
kept at a high temperature of 60 °C and relative humidity of
90% for many hours. To endure the environmental damages,
the VO, has to undergo phase transition between metallic and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Preparation of SiN,/VO,(SV), VO,/SiN, (VS), and SiN,/VO,/SiN, (SVS) multilayers by using the reactive magnetron sputtering method. (b)

Field Emission Scanning Electron Microscopy (FE-SEM) of the multilayers. (c) Durability graph of the SVS film at 60 °C and humidity of 90%. (d)
Comparison graph of the aging test. Reproduced with permission®*¢ Copyright © 2018, Elsevier. (e) Preparation of the sandwiched structure of
Cr,03/VO,/SiO, (CVS) on a glass substrate by using the magnetron sputtering process and SEM images. (f) Fatigue test of simple VO, and
structures. (g) Comparison graph of single VO, layer and SVS layers. Reproduced with permission®” Copyright © 2017, Elsevier. (h) SEM image of
the as prepared sandwiched structure of WO3/VO,/WO3z on VO, by using the medium frequency reactive magnetron sputtering technique
(MFRMST) and HRTEM images. (i) Durability graph of the prepared layer under different temperature and humidity conditions. (j) Aging test of the
VO, sample and thin-film WOz/VO,/WOs. Reproduced with permission**® Copyright © 2016, The Royal Society of Chemistry.

semiconducting states once a day as can be seen in Fig. 7(f). The
results of the fatigue test for different cycles showed that the
single VO, layer deteriorated after 4000 cycles and only 33%
thermochromic properties were sustained, while the CVS thin
film had constant thermochromic properties after 4000 cycles
as observed in Fig. 7(g). It was clear that we can get a more
reliable and durable product by using the above mentioned
method. This thin film has two non-reflecting agents at both
ends that enhance the solar modulation ability of the VO,, as
well as luminous intensity. By using this film they achieved
a luminous intensity of 54% and solar modulation ability of
about 16.1%, enhancing the thermochromic properties of VO,.
Furthermore, both layers of the sandwich structure were
replaced by metals and thermochromic properties were
explored. S. Long and coworkers prepared a sandwiched struc-
ture of WO3/VO,/WOj; that was deposited on VO, to improve the
transmittance of visible light and durability.**®* The TEM image
depicts that a 50 nm layer of VO, was sandwiched between
30 nm layers of WO; as clearly observed in Fig. 8(h), where WO,
acted as an anti-reflection (AR) agent at both the top and bottom
sides. The sandwiched structure of VO, with WO; has many
useful effects on the smart window. The luminescence of light,
as well as transmittance for infrared light, was enhanced by

© 2022 The Author(s). Published by the Royal Society of Chemistry

using this thin layer. The luminescence (7},m) was dramatically
increased by a factor of 49% (from 37.2% to 55.4%), and also the
hysteresis loop became sharper as the double layer of WO,
enhanced the luminous transmittance (Tj,m,) and it acted as
a better-guarding layer for the thermo chromic property of VO,.
The transition temperature for the single VO, layer is 54.5 °C,
which was reduced to 52 °C by inserting WO; layers (WO3/VO,/
WO,). Fig. 8(i) represents the durability of the prepared layer
under different temperature and humidity conditions. The VO,
sample and thin-film WO;/VO,/WO; have remained in 20 °C
temperature and 90% humidity for 5, 10, 15, and 20 days. The
results displayed that the thermo chromic property of a single
layer of VO, vanished after 20 days. When VO, was coated with
WO; on the top and bottom side, the durability enhanced such
that it remained unaffected after 20 days as shown in Fig. 8(j).
So the obtained results have an excellent proof for the prepa-
ration of thin films such as WO;/VO,/WO; which had better
results than the single VO,, and enhanced the luminous
transmittance of light with increasing the durability for smart
window application. The results about VO,-based thin film
structures via the sandwich-strategy showed the best perfor-
mance for weather resistance in smart windows.
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3. Summery/future outlook

VO, depicts great potential as the next-generation smart glazing
for architecture owing to its automatic thermochromic effect
depending on ecological temperatures. The thermochromic
characteristics of VO, smart windows have been improved
previously with tremendous efforts. However, the fundamental
obstacle in the practical application of VO, in smart windows is
the poor stability of VO, against an environment containing air
moisture and other active elements. In order to establish
carbon-neutral future, it is thus necessary to reduce the
consumption of energy from non-renewable sources and
decrease the energy demand through energy saving, environ-
mentally friendly technologies. In this perspective, thermo-
chromic smart windows, which can regulate the flow of energy
during the day and provide lighting during the night, might
reduce the demand for separate lighting systems and reduce the
demand for energy for cooling. To overcome the effects
emerging from unstable VO, in an open environment, some
attempts have been made through different strategies in our
review. This review investigates the challenges and opportuni-
ties of VO,-based smart glazing that may be beneficial in
accelerating the realization of real-world applications. This
systematically summarises the recent progress in weather
resistance that is currently in the stage of research and exam-
ines the quantitative parameters of smart window devices.
Currently existing and still developing thermochromic tech-
nologies open up a very wide range of possibilities for their use
in construction. This is the reason why broad research is
necessary, and hopefully it will finally be able to identify tech-
nologies that have the potential of scaling, which seems to be
one of the most important challenges of the weather resistance
technology. Even though earlier research has overcome many of
the other issues that impede practical applications, much
development is still required before the technology becomes
fully incorporated into our lives. The following are some
suggestions for further study on VO, based energy-efficient
windows. Firstly, there are many different hues for colors, and
colors can change throughout time. To obtain an aesthetic
appeal, VO, based coatings on smart windows must be changed
from their unattractive brown-yellowish color. VO, can produce
a variety of colors and temperature-responsive color shifts when
combined with other thermochromic or functional chemicals.
More focus is needed to increase the longevity of VO, hybrids,
which could involve structural changes made with other types of
materials. Secondly, material modification is an effective tool
for creating new useful materials. Developing VO, based film
smart windows could be possible by combining VO, films with
additional functional materials that can provide new functions
and/or enhance VO, based films. Such kinds of functional
materials ought to be used to improve the stability of VO
hybrids for applications in smart windows. Lastly, the final
product under consideration must be produced in large quan-
tities at low cost and with high quality. The future development
of thermochromic smart coatings will depend on the creation of
straightforward but effective scaling up procedures for
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synthesis and film deposition. This capability necessitates
proper changes in order to integrate various technologies into
glass manufacturing lines effectively.
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