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Book Chapter: Light-switch Responsible Nanomaterials for Smart Windows

Authors: Jiadong Qin and Yu Lin Zhong

1. Introduction

The residential, public and commercial buildings consume considerable energy for heating,
ventilation and air conditioning (HVAC) but more than 50% of the energy use is wasted due to the
unwanted heat exchange through the conventional windows.* Additionally, due to the poor utilization
of daylight, the maintenance of interior brightness still relies on the lightings even in the daytime. To
reduce the unnecessary energy waste, smart windows are regarded as an efficient and promising
energy-conservation technology as they can dynamically adapt the heat flux and the light transmission
to the changing exterior temperature and sunlight intensity. Further, smart windows, due to the
flexible switchability between a transparent state and an opaque state, can provide the privacy
protection and the control over indoor brightness and temperature. Therefore, smart windows will

eliminate the demands for curtains or blinds, and hence save the relevant installation cost.

The core of smart windows lies in the chromogenic materials whose transmittance is in response to
the external stimuli, such as temperature (thermochromic) and applied voltage (electrochromic).
Currently, thermochromic and electrochromic materials are playing the dominant roles in the smart
windows. The temperature-responsive thermochromic windows are one of the most studied smart
windows as they can reduce the influx of heat in hot weather but welcome the heat from sunlight in
cold weather. The principle is that the thermochromic materials can undergo a reversible phase
transition or chemical reaction at a well-defined critical temperature (T¢). This will significantly change
their optical properties to the near-infrared (NIR) light in the spectral range of 780~2500 nm, which is
the predominant contributor of solar heat. They can block the NIR light at high temperature above T,
whereas allow the traverse of IR light at low temperature below T. (as illustrated in Figure 1a).
Therefore, thermochromic windows with well-controlled heat exchange ability are helpful to reduce
the energy consumption by HVAC. Electrochromic windows are another attractive type of smart
windows. They can reversibly switch between coloured and bleached state, responsive to the applied
voltage. A typical electrochromic window is based on an electrochemical-cell structure where the
active electrochromic components and the electrolyte layer are sandwiched between two transparent
conducting electrodes (TCEs), as shown in Figure 1b. When the device is switched on, the external
voltage propels the migration of electric charges from the counter-electrode, through the electrolyte,
to the electrochromic electrode, giving rise to the change in its oxidation state and hence the
corresponding colouration.? When switched off, electric charges move back to the counter electrode

for charge balance, and the electrochromic electrode concurrently reverts to its original bleached



state. Electrochromic windows behave like an electrical curtain which facilitates the flexible

broadband modulation of light transmittance.?

Figure 1. The schematic mechanism of thermochromic and electrochromic windows. (a) For the thermochromic windows,
the active thermochromic coating has a critical transition temperature. Below the transition temperature, most of the NIR
light can pass through the window, thus transferring the solar heat into the building (keep the interior warm). However, the
NIR light will be blocked outdoors above the transition temperature, which greatly reduces the transmitted heat radiation
(keep the interior cool). Reproduction from [*] with permission from Royal Society of Chemistry, Copyright 2014. (b) When
applying the voltage, the flowing ions will cause the reversible chromogenic reaction in the electrochromic layers, contributing

the colour changes. Reproduction from [?] with permission from Royal Society of Chemistry, Copyright 2014.

Commercial smart windows have already emerged in the market. One of the best-known examples
is the electrochromic windows employed in the Boeing 787 Dreamliner airplane, which can gradually
darken under the external bias. Though advantageous in the improved energy conservation and
dynamic energy management, smart windows fail to make greater impact in the building market at
the present stage because the conventional chromogenic materials are limited by high cost,
inconsistent chromogenic ability as well as questionable working life. Fortunately, the recent fruitful
researches in nanomaterials are likely to revive the commercialized smart windows in the near future.

The functionality, reliability and stability of smart windows can be further improved by nanomaterials



and nanostructuring via the facile and precise controls of morphology, nanocrystal size, surface
chemistry and composition. Also, the employment of nanomaterials will benefit the scalable and cost-
efficient manufacturing of smart windows. This is because a wide range of nanomaterials and their
synthesis routes are solution processable and free from high temperature treatment.? Apart from the
conventional methods (roll-to-roll printing and bar coating), many chromogenic nanomaterials can be
deposited onto glass to form the “intelligently” responsive layers using the three-dimensional (3D)
printing techniques®”’. With advantages in the reproducible and customisable fabrication, the low-cost

3D printed smart windows show great promise in standardization and commercialization.

In this chapter, we review the recent progress in the responsive nanomaterials for smart windows.
In section 2 and 3, we focus on the nanomaterials-based thermochromic and electrochromic windows,
respectively, from the perspective of working principles, light management ability and device
engineering. Finally, to provide an outlook for the commercialization of smart windows, we discuss
the importance of the utilization of nanomaterials and the challenges to be solved for the crucial lab-

to-industries transition in section 4.

2. Responsive nanomaterials for thermochromic smart windows

Temperature-responsive thermochromic smart windows can switch between the NIR-transparent
and -blocking state at the transition temperature of T, to realize the dynamic regulation of heat flux
through the windows. For an ideal thermochromic smart window, it should simultaneously have high
solar-energy modulation ability AT and high visible light transmittance (also known as luminous
transmittance Tuum in the spectral range of 380~780 nm). In terms of ATar, it is the difference in the
transmittance of solar energy, T/, between the two states in the range of 240~2500 nm, indicative
of the energy conservation efficiency.® Apart from that, a suitable T, in close proximity to room
temperature (25~30 °C) is also needed for more effective thermal management. Besides the optical
performance, thermochromic smart windows must be mechanically robust and chemically inert due

to their long-time exposure to the weather.

Major conventional thermochromic windows make use of thermochromic polymers or inorganic
solids to modulate the light transmission and the associated heat exchange.® '° The advancement in
nanomaterial science not only revitalizes the conventional materials but also introduces some new
materials and novel device design with improved performance. Here we discuss some of the

representative thermochromic nanomaterials for smart windows.



Figure 2. Schematic of the change in the crystal structure of VO; at the T, of 68 °C. When heated to 68 °C, the insulating
monoclinic VO; (IR transparent) will transform into the metallic rutile phase with longer V-V distance (IR blocking). Conversely,
the rutile VO, can recover to the monoclinic phase as cooled to below T.. Reproduction from [11] with permission from Royal

Society of Chemistry, Copyright 2011.

2.1.  Vanadium dioxide-based thermochromic nanomaterials

Among all of the conventional thermochromic materials, vanadium dioxide (VO,) has attracted the
most extensive studies due to its unique reversible metal-to-insulator transition (MIT) at a relatively
low T. of 68 °C (as shown in Figure 2) and the accompanied abrupt change in the light transmittance
in NIR region since 1980s.1?> Upon T, is exceeded, the occurrence of MIT will immediately transform
the crystalline structure of VO, from an insulating and NIR-transparent monoclinic phase (M phase, <
68 °C) to a metallic and NIR-translucent rutile phase (R phase, > 68 °C), within only 102 s.23 In contrast,
the phase transition of VO, does not apparently affect the transmittance of visible light (no obvious
colour change).® The T.of VO, can be effectively reduced by elemental doping, such as H,** W, and
Mo, which makes VO, more applicable for practical use. This thermochromism behaviour, therefore,
enables the temperature-adaptive regulation of solar heat. Nevertheless, the VO, based smart
windows are limited by the poor AT and Tium, less than 20% and 50%, respectively.!” The bigger
challenge is that ATsoer and Tium are seemingly mutually exclusive because it is difficult to enhance both
parameters simultaneously.® In the traditional approach, Tum can be improved by reducing the
thickness of VO,-based continuous film but at the expense of AT, as illustrated in Figure 3.2
Another approach to enhancing Tium of VO, film is to apply the antireflection coatings and form the
multilayered structures which utilize the light interference between the film interfaces.'® However,
the introduction of antireflection coatings normally requires the expensive and complex physical
vapor deposition technology.?>?? To fulfil the great potential of VO, for smart windows, a humber of
researches have attempted to achieve the optimal thermochromic properties, especially AT;or and

Tum,® via the forming of VO,-based nanocomposites,?® 2* and the nanostructuring of VO,.2>2®



Figure 3. UV-Vis-NIR transmittance spectra for VO, continuous films with different thickness. The solid and dashed lines
represent the spectra measured at 20 and 90 °C, respectively. It is apparent that an ultrathin VO, film (<30 nm) can provide
high Tium (~ 80%) but low ATor (~ 20%). With the increased film thickness (> 100 nm), ATsor was noticeably enhanced (~ 50%)
while Tum was dropped sharply (~ 10%). Reproduction from [27] with permission from American Chemical Society, Copyright
2010.

Relative to the bulk particles, the nanosized VO, particles (< 40 nm) with high crystallinity and
uniform sizes have better dispersibility in the aqueous solvent, in favour of the low-cost solution
processing.?® %° The facile dispersion will greatly facilitate the forming of nanocomposites by dispersing
the VO, nanocrystals into the dielectric matrix, such as polyurethane (PU),*° and polydimethylsiloxane
(PDMS).2* The VO,-based nanocomposites, attributed to the minimized Mie scattering,?* can offer
higher solar modulation ability as well as visible transmittance than the continuous VO, thin films,
which was first demonstrated by the theoretical calculation.3® As compared the simulated spectral
transmittance in Figure 4a-b, the dispersive VO, nanocomposite can simultaneously achieve larger
ATsoier and Tum than the continuous film. On the top of that, the particle-size dependent optical
properties, which is obvious in Figure 4a, implies the smaller VO, particles are more favourable for
high ATsoer and Tum.2® Further, the advantages of the nanocomposite film have been confirmed by the
practical experiments.® 3% 3! For example, Chen et al. reported a VO,-based nanocomposite foil
comprised of uniformly dispersed VO, nanoparticles in the PU matrix, as shown in Figure 4c-e.>° This
type of nanocomposite film can deliver excellent optical properties (ATsoiar= 22.3% and Tium = 45.6%),
which was superior to the continuous thin film,?” and VO,-based multilayered film.3* Because VO, is
prone to be oxidized into V,0s in the ambient air, VO, nanoparticles are usually coated with a stable
oxide layer, such as Si0,?® and Zn0O,® to form an oxidation-resistant core-shell structure. The model of
dispersive VO,-based nanocomposites also works well on the thin-walled VO; nanoparticles, providing

an even higher AT only at the cost of a slightly lesser Tum.2® Another advantage of scaling to



nanometer-sized dimensions is that the thermochromic performance can also benefit from the
localized surface plasmon resonance (LSPR) of the metallic VO, (R) nanoparticles.?” The LSPR, initiated
by the coupling of the resonance frequency of free electrons in VO, (R) with the wavelength of the
incident light,®® will give rise to strong absorption in the NIR range and hence the enhanced ATsoar.3*
%2 In addition to the improved optical properties, VO, nanoparticles are more resilient to the MIT-

induced strain in the lattice, which guarantees the mechanical stability of thin films.*?

Figure 4. The simulated and the experimental dispersive VO, nanocomposites. The ideal film models and their simulated
light transmittance spectra for (a) a nanocomposite in which VO, nanoparticles (with different sizes: 10, 40, 100 and 200 nm,
filling factor = 0.01) are uniformly embedded and (b) the continuous film in which the VO, nanoparticles cluster together.
With the same film thickness of 10 um, the dispersive VO, nanocomposite obviously has advantages in high ATsoer and Tiym
over the continuous film. (a-b) Reproduction from [40] with permission from American Chemical Society, Copyright 2015. (c)
The image of the nanocomposite coated glass which shows yellowish green colour. The composite coating is composed of
the dispersed VO, nanoparticles in the PU matrix. (d) SEM images of the cross-sectional nanocomposite coating on the
substrate and (e) the homogeneous dispersion of VO, nanoparticles in the PU matrix. (c-e) Reproduction from [30] with
permission from Royal Society of Chemistry, Copyright 2014.



The optical properties of the VO; film can also be improved by the introduction of nanopores, of
which the sizes are far smaller than the visible wavelength.?> 444¢ Similar to the dispersive VO,
nanocomposite, trapped air in the nanopores acts as a secondary phase. According to the simulated
thermochromic performance (Figure 5a), Zhang and his co-workers demonstrated that the increased
porosity can enhance ATser of the nanoporous VO, films without the sacrifice of T, due to the higher
ability to depress the reflection.” They also fabricated the VO, film with random porosity (pore size:
15~ 80 nm) by incorporating the removable polymer additives, and the resulting nanoporous film (Tium
=43.3%, ATsoir = 14.1%, Figure 5b) had comparable optical performance to the multilayered VO, film
with the optically optimized structure (Tium = 44%, ATsor = 12%).% In contrast to the random porous
films, the highly ordered porosity can further improve the performance. For instance, Zhou et al. first
reported the fabrication of periodic nanoporous VO film, which featured a grid-like structure (Figure
5c¢), using a feasible colloid lithography method.* Owing to the optimal space occupancy of monoclinic
VO, crystals, the periodic porous film possessed ultrahigh visible transmittance (Tum = 81%) and

excellent solar modulation ability (ATser= 23%), as illustrated in Figure 5d.%°

Figure 5. The simulated and experimental optical performance of nanoporous VO, film. (a) The calculated Ty, of monoclinic
VO, at low temperature (red dotted lines) and ATsoqr Of rutile VO, at high temperature(black solid lines) as a function of
thickness and porosity of the VO, films. (b) SEM image of the VO, film with random porosity. The inset is the cross-sectional
view of the nanoporous film. (a-b) Reproduction from [25] with permission from American Chemical Society, Copyright 2011.
(c) SEM image of the single layered periodic porous VO, film (3) The spectral transmittance of the periodic porous film at low
temperature insulating (M phase, 30 °C) and high temperature metallic state (R phase, 90 °C). It is apparent that the porous
VO, highlights the ultrahigh visible transmittance regardless of the phase transition (T, > 80%). (c-d) Reproduction from [45]
with permission from Royal Society of Chemistry, Copyright 2014.



To fabricate the VO,-based smart windows, the traditional approach is to employ the gas-phase

47-49 50-52 to

deposition methods, including physical vapour deposition and chemical vapour deposition,
form a uniform and high quality VO, thermochromic film on the glass. However, the expensive and
complex gas-phase deposition methods impede the mass-production and commercialization of the
smart windows. Due to the excellent solution processability, VO, nanoparticles are fully compatible
with the scalable, low-cost and high-yield solution-phase deposition methods, such as sol-gel coating®®
>4 and polymer-assisted deposition.?> >> Moreover, the dispersible VO, nanoparticles can be exploited
as the active components in the thermochromic inks for 3D printed smart windows. In 2018, Ji et al.
demonstrated the first ink-jet printed VO, smart window with desirable performance (ATsoar =
15.31%).” They carefully tuned the viscosity (8 mPa-s) and surface tension (26.8 mN/m) of the ink
based on VO, nanoparticles (30 - 50 nm). Therefore, the inks can be continuously deposited onto the
glass and then solidify into the compact VO, thermochromic film via a simple thermal treatment at

80 °C after printing. This proof-of-concept 3D printed smart window is likely to open up new

possibilities for the customizable fabrications of smart windows.

2.2. Polymer-based thermochromic nanomaterials

Generally, thermochromism in the polymeric materials originates from the changes in light
reflection or absorption induced by the thermally-driven structural rearrangement or reversible
reaction.>° In recent years, thermochromic hydrogels, which consist of the water-swollen networks
of polymer chains, have emerged as a new class of temperature-responsive materials for smart
window application.’”” °¢ The solar heat can activate a hydrophilic-to-hydrophobic transition in
thermochromic hydrogels, accompanied by the change in transparency, as long as the lower critical
solution temperature (LCST) is surpassed (Figure 6a). Below the LCST, intermolecular hydrogen bonds
allow the polymer chains to be hydrated and swollen. When heated above the LCST, the breakage of
intermolecular hydrogen bonds will cause dehydration of the polymer networks, leading to structural
collapse and polymer aggregation.!”” > The aggregated polymer chains tend to invite more light
scattering, which significantly reduce the transparency of the hydrogels (Figure 6b).>® >° The
thermochromic hydrogels include but are not limited to hydroxypropyl cellulose (HPC),*°

polyampholyte hydrogel (PAH),®! and poly(N-isopropylacrylamide) (PNIPAm).6264



Figure 6. Schematic of thermochromic hydrogels below and above the LCST. (a) The temperature-responsive arrangement
of polymer chains. Below the LCST, the hydrophilic polymer chains are surrounded by water molecules and the hydrogel is
transparent. Above the LCST, the polymer chains lose water molecules and collapse into polymer clusters which makes the
hydrogel opaque. Reproduction from [¢°] with permission from Elsevier, Copyright 2016. (b) The schematic of a smart window
where the thermochromic hydrogel layer is sandwiched between two glass panels. The incident light can pass through the
hydrogel layer below the LCST but is largely blocked above the LCST due to the light scattering. Reproduction from [42] with
permission from Elsevier, Copyright 2019.

Due to the intrinsic crosslinked structure and temperature responsiveness, thermochromic
hydrogels act as an ideal switchable matrix for photothermal nanoparticles to form a dual-responsive
nanocomposite for smart windows.® Typically, the temperature-responsive materials only respond to
the surrounding temperature but not the intensity of sunlight. As a result, they fail to provide dimming
control in cold climates despite in exposure to the intensive sunlight. In comparison, the dual-
responsive nanocomposites can sense not only the environmental temperature but also the intensity
of solar irradiation. The additional responsiveness to sunlight arises from the conversion of sunlight
to heat by the embedded photothermal nanoparticles, such as graphene oxide (GO) and antimony-
tin oxide (ATO).%* % Once the converted heat transfers to the hydrogel matrix, the temperature
increase will trigger the optical switching from transparent to translucent in the nanocomposite. For
example, Lee et al. fabricated such dual-responsive nanocomposites by incorporating ATO
nanoparticles into the PNIPAm hydrogel (Figure 7a-b).®> When the solar irradiation is sufficiently
intensive, the photothermal effect of ATO nanoparticles will enable the immediate phase transition in
the PNIPAm, making dimming control feasible even under the LCST of PNIPAm (~32 °C) in less than 5

min, as shown in Figure 7¢.%



Figure 7. Schematic of the dual-responsive PNIPAmM/ATO nanocomposite in a) clear state and b) opaque state. The
photothermal ATO nanoparticles are evenly distributed in the cross-linked hydrogel networks. Upon exposed to the strong
sunlight, the ATO nanoparticles, acting as a nanoheater, convert sunlight to thermal energy, giving rise to temperature
increase and phase transition in the PNIPAm. The hydrogel matrix is in charge of the visible light manipulation while the ATO
nanoparticles can absorb the NIR light. (c) The optical switching of the nanocomposite is dependent on the content of ATO
nanoparticles. With the addition of more ATO nanoparticles, the phase transition of PNIPAm tended to start at lower
temperature under the solar irradiation. Reproduction from [3] with permission from American Chemical Society, Copyright
2017.

In addition to the photothermal nanoparticles, VO, nanoparticles can also be hybridized with the
thermochromic hydrogel to form the aforementioned dispersive VO,-based nanocomposite.®® % In
2015, Zhou et al. reported a sandwich-type smart window based on a VO,/PNIPAm hybrid
nanocomposite (Figure 8a-b).%* The highlight of their work is that the hybrid nanocomposite can afford
excellent thermochromic performance (Tum = 62.6%, ATwir = 34.7%), superior to pure VO,
nanoparticles and pure PNIPAm hydrogel (Figure 8c). The hybrid system exhibited dramatical contrast

in the visible and NIR region, contributing to the prominent enhancement in ATo/ar.%

Figure 8. (a) The schematic of the smart window based on the VO,/PNIPAm nanocomposite. The PNIPAm matrix regulates
the visible transmittance at ~30 °C while VO, nanoparticles regulate the NIR transmittance at ~68 °C. The insets (i) and (ii)
show the clear state at room temperature (hydrated PNIPAm) and opaque state at 35 °C (dehydrated PNIPAm). (b) UV-Vis-
NIR transmittance spectra of VO,/PNIPAm nanocomposite, pure VO, nanoparticles and pure PNIPAm at 20 and 80 °C. It is
obvious that VO,/PNIPAm hybrid has higher Ti,m than pure VO, due to the reduced light scattering. Further, VO,/PNIPAm
hybrid has greatly enhanced AT, relative to the another two. Reproduction from [¢*] with permission from Royal Society of
Chemistry, Copyright 2015.
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2.3.  Halide perovskite-based thermochromic nanomaterials

Over the past decades, halide perovskites of an ABXs crystal structure [A=CHsNHs* (MA), HC(NH,),*
(PA) or Cs*; B=Pb**or Sn?*; X=I, Br  and CI] as shown in Figure 9, have been the research hotspots of
photovoltaic nanomaterials due to their high power conversion efficiency and low cost.®’%° The
tremendous research efforts on perovskites not only make huge progress in the photovoltaic devices

but open up a new avenue for thermochromic smart windows as well.

Figure 9. Crystal structure of cubic halide perovskites with the general formula of ABXs. The larger cation A (green) occupied
the cuboctahedral voids formed by the 12 nearest-neighbouring X ions (purple). The smaller cation B is centred at the unit
cell. Reproduction from [70] with permission from Nature Publishing Group, Copyright 2014.

In 2017, Bakr’s group pioneered the work on the organic halide perovskites-based (MAPbBr3.ly)
thermochromic windows which exhibited yellow, orange, red and black colour at 25, 60, 90 and 120 °C,
respectively (Figure 10a-b).”* The thermochromism of the perovskite materials is associated with the
inverse temperature crystallization (ITC) of halide perovskites, which means their solubility decreases
at elevated temperature in certain solvents.”?> Another intriguing aspect is that both the crystallization
temperature of ITC and the absorption of photons by the perovskites rely on the halogen constituent
of the perovskites.” Therefore, with the increment of the temperature, orange MAPbBr;.7lo3, red
MAPbBr,.4los and black MAPbBr; sl1.2 perovskite crystals successively precipitate out from the original
yellow biconstituent perovskite solution at 60, 90 and 120 °C (Figure 10c). The temperature-
dependent precipitation and dissolution of perovskite crystals lead to the reversible chromatic

variation.
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Figure 10. (a) Absorption spectra of thermochromic perovskite crystals obtained at 60, 90 and 120 °C. The original yellow
solution changed to orange at 60 °C, to bright red at 90 °C, and finally to black at 120 °C. (b) Images of the thermochromic
prototype annealed at 25 and 60 °C. (c) The formulation of the original perovskite solution and tshe major contributors of
colour changes at 60, 90 and 120 °C. Reproduction from [71] with permission from American Chemical Society, Copyright
2017.

Most importantly, the use of halide perovskites realizes the perfect combination of sunlight-
regulating smart windows and power-generating photovoltaic windows at the same time (smart solar
windows). One the one hand, perovskites can efficiently convert sunlight to electricity, as what they
do in solar cells. On the other hand, their distinct chemistry and nanostructure render perovskites’
optoelectronic properties responsive to the temperature change.”* Consequently, the smart solar
windows literally make full use of solar energy. In 2017, Wheeler et al. fabricated an inorganic-organic
hybrid halide perovskite (MAPbIs)-based smart solar window which can rapidly switch between
transparent and opaque at 60 °C within a few minutes (Figure 11a).”> At cooler temperature, the
perovskite forms a visibly transparent complex with the methylamine (CHsNH>) in a sealed layer. When
the temperature hits 60 °C, the window switches into an opaque state attributed to the dissociation
of CHsNH, from the complex and the strong absorption of sunlight by the perovskite (Figure 11b). In
the opaque state, the photovoltaic effect of the perovskite enables the transformation of absorbed
solar energy into electricity, and the conversion efficiency reaches up to 11.3% (Figure 11c). When
cooled below 60 °C, CH3NH; gas returns to the perovskite and reforms the complex, making the
window return to the transparent state. Besides the chemical reaction-driven thermochromism, it has
been found the purely inorganic halide perovskites are responsive to temperature, varying a lot in
their crystal structures and hence optical properties.”®’” In 2018, Yang’s group reported a novel smart
solar window utilizing the caesium-based perovskite (CsPblsxBry) thin film.”® Figure 11d shows the
thermochromic phase transition of CsPbls«Bry. Once reaching a critical transition temperature (as low
as 105 °C), the structural rearrangement occurs in the CsPbls4Bry crystal, from a colourless room-
temperature non-perovskite phase (low-T phase, 81.7% transparency) to an orange-red-coloured
high-temperature perovskite phase (high-T phase, 35.4% transparency), as shown in Figure 11e. The
exposure to moisture can arouse the back-conversion of the high-T phase to low-T phase. Therefore,

this perovskite-based smart solar window can reversibly switch between a transparent low-
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temperature state with low power output and a deeply coloured high-temperature state with high

energy output (conversion efficiency = 7%) (Figure 11f-g).

Figure 11. The halide perovskite smart solar windows based on the complexion-dissociation of methylamine (a-c) and the
temperature-responsive structural change (d-g). (a) Schematic of the smart solar window architecture and the chemical-
reaction induced thermochromism. In the architecture, TiO; is the electron transport layer and fluorine-doped tin oxide (FTO)
is the transparent conducting electrode. The single-walled carbon nanotube (SWCNT) is to provide hole extraction and
improve lateral electrical transport. The topmost layer (microgrid/PEDOT:PSS) serves as an electric glue to package the whole
device. (b) Transmittance spectra of the smart solar window in the transparent (red) and opaque (blue) states. It is obvious
that the visible transmittance sharply drops after the dissociation of methylamine from the perovskite. (c) Current density vs
voltage curve of the switchable smart solar window in the dark (dashed) and under illumination (solid). Reproduction from
[75] with permission from Nature Publishing Group, Copyright 2017. (d) Schematic of the thermally driven, moisture-mediated
reversible phase transition between the high-T and low-T phases. (e) The picture of the CsPbiIBr, smart solar window in the
colourless low-T state (left) and deeply coloured high-T state (right). The sputtered indium tin oxide (ITO) layer acts as the top
transparent electrodes. (f) Current density vs voltage curve of the device. (g) The transmittance spectra of the smart solar
windows at low-T (black) and high-T state (red). The spectrum for the sputtered ITO layer is as a reference. Reproduction from
[78] with permission from Nature Publishing Group, Copyright 2018.
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In spite of the fascinating features, the stability and efficiency of the perovskite-based smart solar
windows are still far from satisfaction at the current stage. Wheeler’s window, which is driven by
chemical reaction, suffers from poor stability due to the loss of methylamine during the repetitive
switching back and forth. Yang’s structure transition-driven window, however, is limited by slow
response (> 10 hours) and high transition temperature (> 100 °C). In addition, the both perovskite
windows fail to regulate the light transmittance in the NIR range. Fortunately, it is expected the smart

solar windows will keep evolving with the persistent pursuit for new modified perovskites.

3. Responsive nanomaterials for electrochromic smart windows

Compared to the passive thermochromic windows with no energy input, electrochromic windows
are powered by the electric supply and they allow users to manage the light transmittance in a broad
spectral range as needed by altering the applied voltage. Electrochromic materials are the core
components in the whole device because they take control of the reversible redox switching between
the bleached and coloured state as a response to electrical potential. To achieve the high optical
performance of smart windows, electrochromic materials should provide high optical contrast, fast
switching kinetics and high colouration efficiency.® Colouration efficiency is measured by the ratio of
the optical absorbance change to the charge inserted into the electrochromic material per unit area.?
In addition, the stability towards the long term redox switching and sunlight exposure is of great
importance. Various electrochromic materials, including transition metal oxides,” conjugated
polymer,® and small organic and inorganic molecules,®” 8 have been employed in smarts windows
while they rarely reach a trade-off between optical performances, stability and production cost. These
issues must be addressed, which is also the prerequisite for the commercialization of electrochromic
smart windows. Numerous researches have proved that nanostructuring is an effective way to
improve the conventional electrochromic materials.> > # Further, the introduction of nanomaterials
endows smart windows with new functionalities, which will greatly broaden their application in the
energy saving and light managing. In section, we will focus on the well-studied nanostructured metal

oxides and the emerging two-dimensional (2D) nanomaterials for electrochromic smart windows.

3.1. Metal oxides-based electrochromic nanomaterials

The use of transition metal oxides (TMOs), such as tungsten oxide (WOs),”” molybdenum oxide
(M00s),2* and titanium oxide (TiO3),® in electrochromic devices dates back to 1960s when Deb first
demonstrated the electrochromic phenomenon in W03.2% In 1980s, the successful introduction of
electrochromic W03 to the dynamic light modulating windows flourished the researches on the
electrochromic smart windows.”®” The electrochromic nature of TMOs originates from the reversible

change in the oxidation state of transition metal ions with the insertion/extraction of electrons (e)
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and ions (M*) upon voltage bias.® For example, the reversible electrochromism of WO between the

transparent and blue state is shown by the following Faradaic reaction:%
W05 (transparent) + x(M* + e~) & M WY W) 05 (blue) (1)

In general, the colouration efficiency, optical contrast and response time are closely related to the
amount of reduced/oxidized metal ions (colouration centres) and the kinetics of redox reaction. The
electrochromic redox reactions of TMOs involve the charge transfer at the interface between
electrolyte and TMOs, and the ion-diffusion controlled redox reaction within the lattice of TMOs.
Typically, electrochromic thin films based on bulk TMOs fall short of colouration efficiency (in the
range of tens cm?/s) and response time (> 60 s) due to impeded charge transfer and long ion diffusion
distance.?® Therefore, the facilitation and promotion of the two processes are key to improving the

electrochromic performance. Herein, nanostructuring of TMOs, including nanoparticles,®®3

94-96 97-99 100, 101

nanorods,’*® nanosheets, nanowires, and quantum dots, %% 1% has been proved as a potent
route to expedite the both processes and enhance the performance. Owing to the large specific
surface area, nanostructured TMOs greatly facilitate the charge transfer on more metal ions. Further,
the diffusion path for ions is considerably shorten, from micrometre to few hundred or tens of
nanometres, within the lattice of nanosized TMOs. The junction of these effects not only increases the
total amount of colouration centres but also accelerates the overall kinetics of redox reactions,
resulting in the deeper optical contrast, shorter switching time and higher colouration efficiency.%% 1%
It is also worth noting that nanostructured TMOs with higher colouration efficiency tend to have
better durability because less charge is needed to produce a given span of optical modulation.?*? In
terms of economic benefit, solution-processable TMOs nanomaterials have advantages in improved

manufacturability, inexpensive production and good compatibility with 3D printing techniques.® 105197

Among all electrochromic TMOs, tungsten oxides have attracted the most extensive studies since
Deb’s pioneering work and, accordingly, much progress has been made in the nanostructured WOs. In
2011, Zhang et al. developed a hexagonal WO3 nanowire array film using a low cost solvothermal
method.1® In the previous works, thermal evaporation and physical vapour deposition were the
prevailing methods to synthesize WO3 nanowires on the conducting substrates but these techniques
are costly and energy-intensive.'® 1% |n Zhang’s solvothermal method, the ordered WO3 nanowires
directly grew from WOs; seeds on the transparent conductive FTO-coated glass by controlling the
reaction conditions, such as pH and reactants. Compared with the W03 micro-brick film, an improved
electrochromic performance was observed in the resulting WOs nanowire array film, with high
colouration efficiency of 102.8 cm?/s and fast response time of 7.6 and 4.2 s for colouring and
bleaching, respectively (Figure 12a-b).1°® Further enhancement in the electrochromic performance

can be achieved by downsizing the nanocrystalline tungsten oxide to quantum dots (QDs) with an
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average size of 1.6 nm via a facile colloid process, as reported by Cong and his co-workers.2% In
addition to the efficient charge transfer and ion diffusion, tungsten oxide quantum dots are even more
active in electrochromic reactions due to the ultrahigh proportion of surface atoms (Figure 12c).
Consequently, the QDs-based electrochromic window showed a remarkably high colouration
efficiency (154 cm?/s) and super-fast switching time (< 1 s for both colouring and bleaching), as shown
in Figure 12d-e. The significant performance improvements can also be achieved in other TMOs at the

nanoscale, such as TiO,,*** Mo0:®* and NiO.1*?

Figure 12. Nanocrystalline WOs3 in the form of nanowires and quantum dots and the corresponding electrochromic
performance. Colouration efficiency of WO3 nanowire array film (a) and WO3 micro-brick film (b). Reproduction from [108]
with permission from Royal Society of Chemistry , Copyright 2011. (c) Tungsten oxide QDs provide more efficient ion diffusion
and charge transfer than the bulk counterpart. Transmittance spectra for tungsten oxide QDs electrode deposited on FTO
glass in the coloured (0.8 V) and bleached (+0.2 V) states, respectively. The electrochromic window is highly transparent
at bleached state (> 90% of transmittance) and large modulation window (> 80%). The insets are images of the electrode at
bleached and coloured states, appearing almost transparent and dark blue colour, respectively. (d) The colouration efficiency
of the QDs-based electrochromic window. (e) Alternate transmittance switching for bulk (green) and QDs (black) tungsten
oxide showing the significant faster response for QDs. Reproduction from [103] with permission from Wiley-VCH, Copyright
2014.

In addition to the improved electrochromic performance, some nanostructured metal oxides with
strong LSPR absorption can deliver a new functionality of selective NIR shielding to smart windows.3
The LSPR effect can be flexibly tuned across a wide range of wavelengths by electrochemical charging
or doping of plasmonic nanocrystals.? With the combination of intrinsic Faradaic reaction-based
electrochromism and NIR-selective LSPR, the use of plasmonic nanocrystals allows the dynamic and
independent control of NIR and visible light transmittance by varying the applied voltage, namely the

dual-band electrochromism. In 2013, Milliron’s group fabricated such a dual-band electrochromic
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window, for the first time, via incorporating the tin-doped indium oxide (ITO) nanocrystals into
niobium oxide glass (NbOy).1** Figure 13a illustrates the architecture and working principle of this
smart window. The nanocrystal-in-glass composite electrode is coupled with a lithium counter
electrode, both of which are immersed in the Li* electrolyte. Under the external bias, the amorphous
NbOx matrix modulates mostly the visible light while the ITO nanocrystals mainly block the NIR light
through LSPR. As a whole, the nanocrystal-in-glass composite film progressively switches between
three distinct operating modes: bright mode at the open circuit voltage, cool mode at an intermediate
voltage, and dark mode at a low voltage (Figure 13b). At bright mode, neither the insertion/extraction
of Li* and electrons nor the LSPR happens, allowing the traverse of both visible and NIR light. At cool
mode, the LSPR effect takes place in the charged ITO nanocrystals which have sufficiently high
concentration of free electrons, whereupon they only block most of NIR light while still welcome the
visible light.'> At dark mode, the electrochromic NbOx comes into effect which results in the
broadband blocking of NIR and visible light. Moreover, relative to the pure NbOy film, the ITO-NbOy
composite is more durable and has better visible light modulation ability. This dual-band
electrochromic smart window is more energy efficient than conventional smart windows owing to its
controllable and selective regulation of solar heat exchange and interior lighting. Inspired by Milliron’s
work, the recent five years have witnessed the spring up of various metal oxide nanocomposite-based
dual-band electrochromic smart windows.!1¢11° Apart from the nanocomposite system, a single-
component metal oxide nanocrystals with defects or dopants can also be utilized as an active material
for this smart windows.'?%22 For example, Lee’s group reported a dual-band electrochromic smart
window which exhibited bright mode at 1 V, cool mode at -2.8 V and dark mode at -4 V (as shown in
Figure 13c-d).}> Designed based on the monoclinic oxygen-deficient WOs (m-WO0s.,) nanowires, this
smart window makes use of the LSPR property of m-WOs. hanowires and the phase transition (from
dielectric and metallic) to modulate the NIR transmittance, and the bandgap transitions (intraband
and interband transition) to the visible transmittance. In addition, they replaced the commonly used
monovalent Li* with the smaller multivalent AI**as the insertion ions and thus the smart window can
deliver excellent solar light modulation ability, high colouration efficiencies (254 and 121 cm?/C at NIR
and visible region, respectively), fast response time (within 2 s for coloration/bleaching at NIR and
visible region), and good stability and cyclability. The dual-band electrochromic smart windows are
especially advantageous in the selective modulation of solar irradiation without sacrificing the visible
transmittance for daylighting, helpful to reduce the energy consumption on HVAC and interior

3,124

lighting.
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Figure 13. The dual-band smart windows which can dynamically and independently manage the transmission of visible and
NIR light. (a) The smart window based on plasmonic nanocrystal-in-glass exhibits three distinct modes. Reproduction from
[125] with permission from Nature Publishing Group, Copyright 2013. (b) Changes in the transmittance spectra of the ITO-in-
NbO film with the varying voltages versus Li/Li*. The composite shows bright mode at 4 V, cool mode at 2.3 V and dark mode
at 1.5 V. Reproduction from [114] with permission from Nature Publishing Group, Copyright 2013. (c) The transmittance
spectra of the m-WOs., nanowires-based dual-band smart window under different external biases. (d) The three modes under
different voltage. Reproduction from [123] with permission from Royal Society of Chemistry, Copyright 2018.

3.2. 2D electrochromic nanomaterials

Since the first isolation of graphene in 2004,%2® atomically thin 2D materials have been the spotlight
of fundamental research and state-of-the-art technology due to their extraordinary electrical,
mechanical, optical and chemical properties.’?’13! The uniqueness of 2D materials derives from the
confinement of electrons and photons within their nanoscale thickness, which is much less than their
lateral dimensions.’®? The recent in-depth research and exploration unearth the interesting
optoelectronic properties of 2D materials, which can be made use of in the novel electrochromic

applications.

As the best known example of 2D materials, mono- or few-layered graphene is an ideal alternative
to the traditional ITO transparent conductive electrode in the electrochromic windows due to its high
mechanical strength, optical transparency and carrier mobility.!3*13* The optical transparency tends
to decrease with the number of graphene layers.’*® However, multilayered graphene will reveal
significant increase in optical transmittance and/or electrical conductivity towards the intercalation of
foreign species, such as FeCls, Li* and Na*, between the neighbouring layers (Figure 14a).135% The

principle behind this exceptional phenomenon is that intercalation heavily dopes graphene, which fills
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up the conduction band (higher electrical conductivity) and suppresses interband optical transitions
by Pauli blocking (higher visible transmittance).’®” The controllable and reversible intercalation of
graphene can be achieved by electrochemical methods.’3% 1% For example, Bao et al. fabricated an
encapsulated electrochemical cell in which the multilayered CVD graphene electrode received Li* from
the Li counter electrode and hence Li* intercalation was enabled. As shown in Figure 14b-c, the
transparency of 40 and 80 nm-thick graphene increases pronouncedly upon the external voltage is
applied. Therefore, electrochemical intercalation of graphene potentially provides an emerging and
promising strategy for making a simply structured electrochromic device with tuneable transparency.
In this device, graphene acts not only as a transparent conductive electrode but also as an active

electrochromic contributor.

Figure 14. The intercalated graphene based electrochromic device. (a) Schematic of the multilayered graphene intercalated
by metal ions. Reproduction from [132] with permission from Royal Society of Chemistry, Copyright 2016. (b) Images of the
encapsulated CVD graphene electrochromic device with different thickness of graphene electrode. (c) The optical
transmittance before and after the Li* intercalation. Both CVD graphene electrodes showed the increased transparency after
applying the external voltage to the devices. Reproduction from [137] with permission from Nature Publishing Group,
Copyright 2014. (d) Schematic of Na* intercalation in the rGO film on the transparent substrate. (e) The images show the
transparency increase in the Na*-intercalated rGO electrochromic device. (f) The optical transmittance of rGO film before and
after Na* intercalation. Reproduction from [139] with permission from American Chemical Society, Copyright 2015.

In 2015, Wan and his co-workers’ demonstrated such a reversible electrochromic device based on
the electrochemical Na* intercalation of reduced graphene oxide (rGO) network (Figure 14d-e).** Its

optical transmittance increases from 36% to 79% within 10 min when the Na* intercalation reaches its
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maximum (Figure 14f). In comparison with Bao’s work, they adopted the low cost rGO as the dual-
functional component instead of the costly CVD graphene. In addition, rGO has expanded interlayer
spacing due to the presence of some oxygenated function groups which greatly facilitates the insertion
of Na*. Moreover, although both Na* and Li* are both highly reactive, this Na*-intercalation
electrochromic system is much more stable in air than Bao’s Li*-intercalation system. This is possibly
related to the poorer diffusivity of Na* in the barrier layer at the edge of rGO sheets formed by the
reaction between Na* and water/0,/CO, thus well protecting the intercalated Na* inside the sheets.
This electrochromic Na'-intercalated rGO system provides a good example for the commercial
intercalated graphene electrochromic windows in the future. In addition to graphene, the
intercalation-induced reversible change in the light transmittance also occurs in 2D molybdenum
disulphide (MoS;) and titanium carbide MXene flakes.'** This type of 2D materials-based
electrochromic devices is still at the very initial stage but holds great promise for low-cost and high-

efficiency smart windows.

4. Conclusion and Outlook

Smart windows are appealing to green energy-saving buildings and smart home systems because
of their power in the dynamic management of light transmittance and solar heat exchange controlled
by temperature (thermochromic) or users’ preferences (electrochromic). After decades of
development, thermochromic and electrochromic smart windows have obtained the preliminary
success in commercialization, but their high cost makes them only appropriate to niche markets, e.g.
the auto-dimming airplane windows. Only when they are more affordable in price and conducive in
energy conservation, will smart windows become the mainstream in the mass market. Thus, to
promote the widespread adoption of smart windows, it is imperative to further lower the production
cost, improve the performance and durability, and enhance the energy saving benefits. As discussed
in this chapter, nanomaterials and nanotechnologies have considerable potential for enabling the
broader commercialization of smart windows, ascribed to the abundant advantages offered by them.
First, the solution processable nanomaterials are compatible with low cost and scalable wet chemical
processes, including sol-gel, hydrothermal and electrochemical approaches. The feasible and flexible
control of the composition, morphology and structure of nanomaterials in the wet chemical processes
greatly facilitates the optimization of smart windows. The excellent solution processability also makes
the as-prepared nanomaterials amendable to ink formulations for 3D printings and applications on
various surfaces. Second, nanocrystallization and nanostructuring of responsive materials make
contribution to the improved thermochromic and electrochromic properties, for example, the greater
ATsoier and Tium in thermochromic windows and the deeper and faster switching in electrochromic

windows, and the better stability and durability. In particular, several nanomaterials with distinct
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properties can even introduce new functionality to smart windows, such as the electrical power
generation and the independent control of visible and NIR light. Lastly, nanomaterials-based smart
windows are expected to be much more efficient in saving the energy consumed for HVAC than the
static glazed windows and the unsmart blinds, consequently compensating the relatively high price of

smart windows.

Despite the incomparable advantages of the utilization of nanomaterials, some fundamental issues
must be addressed before the further development and large-scale commercialization of smart
windows. In terms of the wet chemical synthesis of nanomaterials, one of the major challenges is the
level of defects which is more difficult to control than the expensive vapour deposition methods. The
presence of defects might degrade the performance and durability of smart windows. In addition, it is
still problematic to scale up the synthesis of nanocrystals because the increased thermal input in the
industrial-level production will drastically influence the nanocrystal growth, different from the lab-
scale synthesis, which is undesirable for smart windows.? Moreover, the ongoing research is still
pursuing the in-depth understanding of how nanostructures physically and chemically effect the
chromogenic properties at the atomic level, which is inarguably the foundation of evolving the

nanomaterials-based smart windows.

On balance, challenges and opportunities coexist in the expansive commercialization of smart
windows. Although multiple challenges are still awaiting solutions, the recent encouraging advances
in the nanomaterials-powering smart windows highlight the vigour and vitality in this field, which
provides the possibility of achieving greater market penetration and commercial success in the near

future.
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