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Nanoscale tungsten oxides (WOsz/WigO49) are a hot research topic because of their impeccable
performance in different fields, such as multi-step responses to one stimulus or selective response to a
stimulus under controlled conditions, particularly electrochromic performance and energy saving
applications in dynamic controllable smart windows. To satisfy different environments, the transparency and
thermal insulation of windows are particularly tailored to reduce energy consumption, thereby decreasing
cooling and heating costs. In this review, the nonstoichiometric tungsten oxides (WOs_,) are presented in
detail, summarized, and discussed, focusing on various methods for the synthesis of W1gO49 and WOs3, such
as chemical vapor deposition (CVD), physical vapor deposition (PVD), sol—gel, solvothermal, and hydrother-
mal methods, together with the synthetic strategies for the corresponding thin coatings. Then, the advanced
strategies to improve the EC performance of nonstoichiometric W;gO49 nanostructures for multi-

Received 7th May 2021, functionality EC smart windows are discussed. Furthermore, the fundamental mechanisms in coloration/

Accepted 12th August 2021 bleaching related to oxygen vacancies, hybridization, elemental doping and surface decoration are explored
and discussed in detail. Finally, the key challenges, future developments, and remarks to improve the variabil-

ity of EC smart windows, such as energy harvesting and energy storing multifunction, coloration enhance-
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1. Introduction

The growing energy and global environmental issues require
advanced, renewable, and sustainable energy resources, espe-
cially energy-efficient functional materials. Smart windows are
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ment, stability, durability, and reducing toxicity are also highlighted accordingly.

an emerging technology that uses chromogenic materials to
tailor the visible light transmission and thermal loads in
buildings. Smart windows reduce energy consumption due to
their astonishing energy harvesting ability and energy savings
compared to the commonly used traditional glass. Therefore,
according to the technological challenges, the aim of this green
innovation is to build large-area, low-cost, durable, and multi-
functional electrochromic (EC) smart windows.

It was first demonstrated in 1953 that WO; thin films can
change color via an applied voltage after being immersed
in H,S04." Analogous results were achieved by Deb, at the
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American Cyanamide Corporation in the 1960s> for WO;-based
films, which were subsequently published in 1969 and 1973.>*
This work was motivated by large companies to produce
informative displays and liquid crystal display devices.” A
similar concept was extended to rear-view mirrors in automo-
biles and industrialized.” In the 1980s, EC became widely
accepted as energy-efficient technology.”” In 1984/1985, the
name “smart windows” was coined, which become popular,
not only to scientists but also soft media and the public. A
recent development in chromogenic materials is their energy-
saving multi-step application in dynamic switchable smart
glasses due to their unique electrochemical properties. A smart
window is a dynamically switchable device in which the optical
properties of chromogenic materials change upon stimulation,
such as electricity, heat, and light, and can be observed.
The corresponding technologies are known as photochromic,
thermochromic, gasochromic and electrochromic windows,
respectively.> ' Among them, photochromic (PC) materials
are the most attractive because they change color when exposed
to light and are promising in many applications. The optical
transmittance in PC materials drops and returns to its
original state without stimulation, such as in sunglasses,
lenses, and some plastics."’ In contrast to EC, PC films
do not need an external power source. Recently, advancements
in this area have been made using WO; as an active material.'?
However, utilizing WO3; in PC smart windows is limited
because the switching largely depends on the light intensity
and cannot be controlled by the user."' However, this
drawback can be overcome by hybrid photo-electrochromic
materials that spontaneously work when exposed to sunlight
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and also change color or bleached with a supplied electric
potential,'*314

Thermochromic (TC) materials can respond to changes in
temperature with a clear and dark color. TC smart glasses
display the automated capability of an optical transmission/
reflection with variations in temperature. Operationally, it
cannot be a personal preference. Nonetheless, for smart func-
tions, no additional energy is required. Many polymers and
small molecules can be activated with thermally dependent
reversible reactions or temperature-driven  structural
rearrangements.'> The most representative material in the
group of TC materials is vanadium oxide (VO,) or VO,-based
composite materials, which allows the transmission of less heat
energy at high temperatures than at low temperatures, and vice
versa."®* An ultra-transparent coating composed of template-
free tunable VO, hierarchical and honeycomb-like structures
showed excellent visible light transparency up to 95.4% at
700 nm with a solar modulation ability of 5.5%.%° The obtained
ultra-transparent honeycomb-like V,05/VO, film exhibited an
enhanced anti-reflective and transmittance performance,
which was demonstrated both theoretically and experimentally.
The device constructed based on the ultra-transparent
honeycomb-like VO, coating film has potential for energy-
saving applications as smart windows. Similarly, vertically
aligned VO, hierarchical nanoplate structures grown on hollow
spheroids without any template greatly enhanced the optical
properties of VO, film(s).”* The visible light transmission and solar
heat modulation were recorded to be 50% and 11.2%, respectively,
with a contrast transmittance of 60 °C at 2500 nm. The film
thickness was effective in varying the visible transmittance by
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lowering the solar optical modulation, ie., 87.2%, and solar optical
sound of 5.3%. The 2D hierarchical nanoplate structure possibly
promotes the optical properties for smart windows.

Gasochromic (GC) windows aroused wide interest at the
beginning of the 21st century due to their simple, inexpensive
layer configuration, and high solar transmittance. The synth-
esis, characterization, and electrochemical activation of WO;
thin films used as cathodes in EC devices have also attracted
interest in gasochromic applications.>® WOj;-based thin films
are doped or decorated with a catalyst such as Pd or Pt
nanoparticles. These films are transparent in the visible spec-
tral range; however, upon exposure to H, gas, the Pt and Pd
nanoparticles in these systems promote the room temperature
dissociation of the H, molecules into hydrogen atoms, which
upon reaction with the tungsten oxide support, provoke the
coloration (i.e., blue color) of the oxide film.>* The dissociated
H' ions and electrons spillover, and then these ion-electron
pairs transfer to the WO; layer and cause changes in the optical
transmittance based on the small polaron transition
mechanism.>®> However, repeated coloring-bleaching cycles
and long-term charge storing usually lead to structural dysfunc-
tions and catalyst poisoning, which increase the switchable
time and result in partial gasochromic irreversibility.”® The
coloration in a photoemission experiment with a Pt/WO;
system was observed, where Pt nanoparticle-decorated WO;
thin films were prepared by magnetron sputtering at an oblique
angle and exposed to H, gas in situ by near-ambient photo-
emission spectroscopy (NAPP).>* The formation of W** (n < 6)
species, which are associated with oxygen network vacancies, is
believed to be responsible for the blue color when exposed to
hydrogen. Given that magnesium (Mg) has a high hydrogen
storage capacity, which tends to be further improved by hybri-
dizing with various metals and oxides, it has been widely used
in H, storage and switchable mirrors.>” Due to the excellent
catalytic property of Nb,Os; for the magnesium-hydrogen
reaction, fluorocarbon (FC)/Pd/Mg-Nb,Os5 switchable films fab-
ricated via magnetron sputtering and low-temperature induc-
tively coupled plasma chemical vapor deposition technology
have demonstrated.”® FC/Pd/Mg-Nb,Os films exhibit a high
dynamic range of luminous properties, excellent optical modula-
tion, and fast H, adsorption/desorption performance. Similarly,
Mg-TiO, thin films obtained via magnetron co-sputtering can act
as the switchable layer in smart windows. Thus, gasochromic
switchable mirrors based on Pd/Mg-TiO, films fabricated via
magnetron sputtering demonstrate excellent optical properties,
microstructures, and strict structure-function relationships.’

EC materials®**" have been extensively studied to adjust the
transmittance, absorbance or reflectance of visible light and
solar heat for energy-saving EC smart windows, information
displays, self-dimming rare mirrors for automobiles and air-
craft, electronic (e-)papers, electronic (e-)skins, etc.>***7° To
satisfy different environments, the transparency and thermal
insulation of windows are particularly tailored to reduce energy
consumption, thereby decreasing cooling and heating costs. For
this purpose, different types of EC materials have been designed
and implemented in EC windows, including tin-doped indium
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oxide (ITO), aluminum-doped zinc oxide, and especially WO;
nanoparticles, which are electrochromic toward NIR light.****
Hybridizing WO; with traditional transition metal oxides/organic
electrochromics for visible light modulation makes it possible to
construct dual/multifunction capacities that can independently
modulate visible and NIR light. Polymer-based EC materials
targeting visible light offer several potential advantages with
good absorption properties in a wide range of colors, fast switch-
ing speed, and high coloration efficiency, which are usually
difficult to achieve with metal oxides.**™** Based on the design
of the donor-acceptor (D-A) structure,*®*” EC polymers with a
low onset potential and high reversible-switching stability includ-
ing conjugated polymers,****~° unconjugated polymers,”* and
cross-conjugated polymers have been demonstrated.’>>* Poly
(3-hexylthiophene) (P3HT) is a regioregular semiconducting poly-
mer that shows EC modulation under a small electrical bias
polarity and acts as an anodically coloring material.>® Given that
WO; is a well-known cathodically coloring material, a hybrid
composed of P3HT and WO; as two active electrochromics
demonstrated a dual-band EC performance.”® In the dual EC
device, P3HT was used as the anode coloring material and WO;
as the cathode coloring material, and therefore, the transfer of
charges from WO; to P3HT makes it colored, whereas the colors
of both materials were bleached in the opposite direction.”

To achieve multiple colors and enhance the functionality of
all-in-one-type EC devices, the incorporation of several EC
chromophores is inevitable.’® They can achieve the simplest
device configuration because of their facile fabrication using
versatile solution processes (e.g., spin coating and printing) and
easily tunable device characteristics such as transmittance
contrast, color, operating voltage, and cyclic stability by varying
the concentration of the chromophores®”*® and tuning
the electrochemical properties®® or molecular structures®®°"
of the redox species. Accordingly, 1,1’-disubstituted-4,4'-
bipyridinium salts, which are known as viologens, have been
extensively studied because their optical and electrochemical
properties can be easily tuned by modifying their substituents.
The coloration potential (i.e., reduction potential) of viologens
depends on the color. Therefore, uneven color contrast is
obtained when a fixed voltage is applied to a device including
multiple viologens.®>®® However, self-bleaching occurs even
under open-circuit conditions, which is considered to be a
weakness of all-in-one EC devices. Polymeric viologens (poly-
viologens) have been demonstrated to lower the diffusivity of
EC chromophores and minimize self-bleaching.®® Compared
with EC devices based on mono-viologens corresponding to the
monomer of poly-viologens, EC devices containing poly-
viologens exhibit the advantages of lower coloration voltage
(—0.55 V) and higher coloration/bleaching cyclic stability
(>1500 cycles). In particular, as-designed poly-viologen ECDs
show remarkably reduced self-bleaching, resulting in extremely
low power consumption (~8.3 pW cm ?) to maintain the
colored state.* Moreover, compared with common glass,
poly-viologen-based EC devices have strong NIR ray absorption
capacity, which proves their feasibility as effective heat shutters
at low-power consumption.®* EC smart windows utilizing these

Mater. Adv,, 2021, 2, 6839-6884 | 6841
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composite materials can simultaneously control building light-
ing and heating.

In the OFF state, EC devices are transparent to natural light.
When a suitable voltage is applied, electrons are transferred
due to the oxidation-reduction reaction, and the EC materials
become colored with an optical modulation. Thus, by varying
the voltage applied across electrodes modified with EC materi-
als or their composites, they can be switched between “bright
and warm”, “bright and cool”, and “dark and cool” modes.
Consequently, at a lower potential, windows are in the cooling
mode, blocking heat flux but allowing UV light, whereas setting
smaller potential switches to dark mode limits both heat rays
and UV light. These functional modes facilitate the multipur-
pose use of windows as follows: (i) operate under different
weather conditions particularly with personal preference,
(ii) provide better comfort for occupants, and (iii) features
associated with energy-storage/harvesting, aseptic/sterile func-
tion, aesthetics, privacy/security, high-latitude zones, aircraft,
etC.5'32’33'65’66

Energy efficiency in buildings has become a focus, given that
40% of the global energy consumption comes from the urban
5758 Due to the rapid increase in global warming,
building cooling is becoming a key problem because every
1 °C rise in temperature leads to a 20% increase in energy
consumption.®” Building cooling systems in developed coun-
tries account for nearly 50-60% of the total building energy
consumption.®®” The concept of a “zero-energy building” has
emerged to control the thermal load via the dynamic optical
modulation of “smart” windows.®® Moreover, these Wi-Fi-
connected tint-controllable smart glass surfaces are equipped
with environmental sensors that can read room occupancy,
weather, and sunlight. The emerging smart windows installed
in commercial and domestic areas can save ~170 kW h, i.e.,
30% of the total energy consumption annually, which is an
important step towards achieving “zero energy buildings”.®¢’
The other recent approaches based on energy-saving EC mate-
rials and technologies for novel multifunction are published
elsewhere.®”*®7°778 Modern commercial buildings in European
countries have installed functioning EC smart windows instead
of active air conditioning, and approximately 4.5% energy can
be saved annually in the USA and Australia.”® Similarly, auto-
dimming smart glass and automotive rear-view mirrors have
been commercialized.®*

Nonstoichiometric metal oxides such as WO;_,, MoO;_,,
TiO,, NbO,, NiO,, V.0, MnO,, and Cu,S, have strong light
absorption/reflection and thermal insulation properties. In
particular, WO;_,-based materials in energy-saving EC devices
have application prospects because (i) they possess unusual
defects and enormous oxygen vacancies, thus achieving strong
adsorption affinity with electrolyte ions, (ii) oxygen vacancies
provide free electrons, which increase the electric conductivity,
resulting in quick electron transfer from the surface, (iii) strong
local surface plasmonic resonance (LSPR) provides strong
photoabsorption over a wide range of the NIR region, and (iv)
a significant reduction in bandgap results in strong light
absorptivity, generating electron-hole pairs.**"®® Because of

environment.
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their unique channel/tunnel-like structures for easy electrolyte
ion intercalation, defective structure, low cost, high natural
abundance, excellent thermal stability, good compatibility, and
high theoretical capacitance, oxygen-deficient W;30, nanos-
tructures are attractive for application in various chromogenic
devices, particularly in EC smart windows,?*%%%7:88

The scope of this review is focused on the recent advance-
ments in the synthesis of WO;_,/WO; nanostructures,
EC smart coatings, and future advances in smart windows.
Sections 1, 2 and 3 briefly introduce the basic properties and EC
mechanism of sub-stoichiometric WO;_,. Section 4 provides an
overview of the synthetic methods, film formation, and EC
properties. Section 5 discusses the strategies for improving the
electrochromism of tungsten oxide, including hybridization,
elemental/plasmonic doping, and surface decoration. Section 6
describes the all-in-one solid-state next-generation multifunc-
tional EC window principle and its configuration as a typical
example for realization, followed by the conclusions, existing
and prospective challenges, and finally future demands.

2. Electrochromism

EC materials coated on a transparent conducting electrode
can change their optical properties reversibly and continuously
by applying a small electric potential. Thus, the transport of
ions can occur between the EC material film(s), ion storage/
conducting film(s), and/or ion conducting electrolyte(s). The
charges are balanced by intercalated/deintercalated electrons,
and then transported through the transparent conductors.
Smart films can maintain their physical properties with rever-
sible optical modulation in the open circuit, and their color can
be refreshed to a specific intermediate state. If energy storage
devices can sense energy changes in predictable patterns, we
can quickly determine that energy is running out before these
devices stop working, demonstrating a wide range of potentially
smart applications. Moreover, energy can be saved by using the
energy stored in EC devices. If we need to color an EC device to
resist sunshine/protect privacy, charges can be stored inside. If
the coloration is no longer needed, the stored energy can be
released through an external circuit, providing another way for
energy resource utilization.

As mentioned, EC films and the complementary counter
electrode may have similar optical properties. In a hybrid dual-
EC device, two complementary electrodes (working and coun-
ter) coated with switchable EC materials have sufficient charge
capacity for ion storage, as shown in Fig. 1. These EC devices
are promising because the redox reaction that occurs in the
active layer is fully compensated and can complete the color
changes, resulting in an electrochemically stable battery-
type cell. Therefore, EC materials can be (i) cathodic EC
materials and (ii) anodic EC materials. Some EC materials that
can achieve color from transparent to dark colors by ion-
insertion/reduction during cathodic polarization are called
cathodic EC materials. Similarly, some are anodic electrochro-
mics, which can achieve a dark color/opaque state from a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Simplified EC smart window illustration in the colored and
bleached state. Electron intercalation through an external circuit into the
EC materials (cathode and/or anode), while ions flow through the electro-
lyte to compensate for the electronic charges. The panel shows sealing
with a curtain for protection.

transparent state under ion-extraction/oxidation during the
anodic polarization process. The key variables for evaluating
the performance of EC materials are as follows: (i) optical
modulation, EC materials should carry excellent optical mod-
ulation (100%), i.e., fully transparent in the bleached state and
fully opaque in the dark state. (ii) Switching speed, EC materials
should reach 90% optical modulation between the coloration
and bleaching states. (iii) Coloration efficiency is the key index
to evaluate the EC performance. A high coloration efficiency
ensures that materials exhibit large optical modulation with
low power consumption. (iv) The cycling stability and reliability
of EC materials should be maintained for more than 50 years
without degradation during use.

Many inorganic materials such as TiO,, WO3z, M0O,, VO,,
Nb,0s5, Ta,05, CeO,, NiO, Co;04, and Sn0,;**°? organics such
as Prussian blue; and small organic molecules®™®” including
conjugated polymers,”®° transition metal complexes,>**%7*100-104
viologens'® and conducting polymers'®"* have been examined
recently. The two dominant EC materials are polymers and metal
oxides." Polymers are excellent candidates for bendable, foldable,
and stretchable applications because of their flexible molecular
framework interjunctions.'®"'®'"" Metal oxides possess ultra-
small particle sizes with a large specific surface area and are
expected to exhibit excellent EC functionality, possibly due to
their short ion diffusion length, easy electrolyte accessibility,
excellent coloration efficiency, cyclic stability, and durability.
However, metal oxide-based films also have certain disadvan-
tages, such as cracking and degradation, after continuous
bending and stretching.

Organic EC materials exhibit controllable color, higher
coloration efficiency, and polyelectrochromism similar to that
of inorganic EC materials. Particularly, the well-known organic
EC materials are organic small molecules, especially viologens,
which are the major candidates used in EC display devices.
Specifically, viologens are 1,1’-disubstituted-4,4’-dipyridinium
salts, with two positive charges, which are colorless in the
normal state (V>*), deep-blue in the radical cation state (V") and
reversible.”®> When the N-substituents are short alkyl chains
(e.g., methyl or ethyl), the colored state including the viologen
cation radical shows a blue color. As the alkyl length increases

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(e.g., heptyl) and the electrolyte has hydrophilic character, the
colored species tend to dimerize. Consequently, the colored
state is magenta, but the quasi-reversible oxidation of the
dimerized viologen cation radical degrades the device perfor-
mance. Various aryl-substituents have been also reported to
obtain other colors such as green. Based on the numerous
viologens, multicolor ECDs with EC ion gels have been
demonstrated."” The EC properties of conjugated conducting
polymers such as polythiophenes (PT), polydimethylsiloxane
(PDMS), poly(vinyl alcohol) (PVA), poly(methyl methacrylate)
(PMMA), polyaniline (PANI), polyimide (PI), polypyrroles (PPy),
polycarbazoles (PCz), and polyfurans (PF) vary with their mole-
cular structure and bandgap energy. The coloration may be due
to the donor moiety, which accelerates the n-n* electronic
transition. The HOMO energy level is at a higher energy state.
In contrast, the acceptor moiety lowers the LUMO energy level,
promoting the charge transfer between the two types of units
within the backbone of the polymer in the electrolyte upon
electrochemical oxidation and reduction.’** PT, PANI, and PPy
have gained intense research interest due to their facile syn-
thetic route, low redox potential and suitable bandgap. The
electrochromism in conjugated polymers is tunable with
changes in their bandgap, monomer type, conjugation length,
side-chain/substitution groups, steric effects, and stereo-
regularity. Because of their unique absorptivity and redox
reactions in the visible range, they change their electronic
structure, optical states, and conductivity under an applied
electric current. Metal-organic frameworks (MOFs) are porous
materials, and their permanent porosity offers channels for the
fast transport of ions, thus enhancing their EC properties.'®
However, there are certain challenges®>%'*° that limit the large-
scale preparation of organic EC materials as follows:

(i) their multistep synthesis and purification processes,

(ii) use of hazardous organic reagents,

(iii) their photo-electrochemical instability,

(iv) their optical contrast fade-out caused by overoxidation, and

(v) wide range optical modulation in the visible region and
lack of control over NIR light.

Recent interest in flexible, stretchable, and foldable devices
has been focused on incorporating EC metal oxides in polymers
to prepare hybridized materials by carefully matching
their refractive index and surface chemistry. The resulting
hybrid composites exhibit improved chemical and mechanical
properties, enhanced dispersion of nanoparticles, stimuli-
responsiveness and provide excellent bendability, stretchabil-
ity, and foldability.'3%:8%:86.98:114 Thege intrinsic stretchable
and transparent conductive electrochromics combine to bal-
ance the optical transparency, conductivity, and mechanical
stretchability. Focusing on the explosive growth of metal oxides
towards EC applications, tungsten, titanium, niobium, vana-
dium, molybdenum, nickel, copper, manganese, cobalt, and
iridium oxides are highly addressed based on their preparation,
stoichiometry, particle morphology, composition, and deposi-
tion process. Recently, WO3;/WO;_, has been demonstrated to
be an ideal material owing to its unique EC, electrochemical,
and optical properties. The unique detail of this review is the
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Table 1 Advanced EC materials and their mechanisms and merits towards EC smart glass, evaluated for the desired “zero-energy buildings” “smart

windows”

Switching speed (color/

Coloration effi- Transmittance bleach (s)) and cycle life

EC material EC mechanism and properties ciency (em” C™') contrast (cycles) Ref.

WO;_, (amorphous) Ion insertion, polaron absorption, charge 125-80 56-70% at 5 5/2.5 s, 1000 to 4000 115-
transfer, and Vis and NIR absorption 550-800 nm 118

WO, 7, assembled on Ag Ion insertion, polaron absorption, charge 35.7 58-86% at 550 nm 2 s/4 s, 1000 119

nanowires transfer, and Vis and NIR absorption

Mesoporous WO3; Ion intercalation, polaron absorption, charge 188 76% at 700 nm 0.8 s/0.4 s 1000 120
storage, Vis NIR absorption

WO; (crystalline) Ion intercalation, polaron absorption, charge 42 50-70% at 550 nm Several min, 3000 101
transfer, free carrier, and Vis and NIR
absorption

WO;-2H,0 nanoplates Pseudocapacitive, polaron absorption, charge 322.6 63.8% at 550 nm  93.7% after 500 cycles 121
transfer, and NIR absorption with transmit- and 90.4% at
tance modulation (90.4%) 1600 nm

WO;_,/POMs Ion insertion, polaron absorption, charge 42.31 64% at 630 nm and 26/86, 500 122
transfer, and Vis, NIR selective absorption 88% at 915 nm

WO, 7,-NbO, on ITO-  Ion insertion, polaron absorption, charge 30 — Mint, 2000 123

PET transfer, capacitive, and Vis and NIR selective
transmission

Mo0;-WO;/Ag/MoO;-  Ion diffusion, charge transfer, and Vis and NIR 70 72.9-79.3 at 400-  2.7/4.1, 500 124

WO, selective transmission 800 nm

WO,;/Ag/WO; Ion diffusion, charge transfer, and Vis and NIR 30.5 52.5-82.7 at 400-  15/22.4, 2500 125
selective transmission 780 nm

NiO Pseudocapacitive (anodic) polaron absorption, 30-100 68% at 650 nm 53, 10000 117
and charge transfer

Smart window for zero Capacitive, sensing, plasmon absorption + Infinite More than 75% at  Seconds/less ?

energy building polaron/charge transfer, and Vis and NIR-

independent absorption + reduce toxicity

prospective advancement towards next-generation smart win-
dows using W;30,0/WO, 5, among the metal oxide (Table 1).

3. Nonstoichiometric WOz_,:
properties and electrochromic
mechanism

3.1. Properties

Tungsten oxide (WO3/WO;_,/WO;-xH,0) is a type of perovskite
structure formed of WOg octahedra connected by W-O-W
bonds or water molecule(s) similar to the geometry of rhenium
oxide (ReO,). Its electronic structure is composed of oxygen
with a filled 2p orbital (valence band) and tungsten with an
empty 5d orbital (conduction band).**®'*>” The WOg octahedron
can be interpreted as a central tungsten metal surrounded by
six equidistant oxygen atoms, sharing edges or corners, thus
forming a 3D-octahedral crystal structure."*® In the octahedral
geometry, there are hexagonal tunnels and trigonal windows
(Fig. 3), and the corner sites facilitate the transport of ions. One
or two charge-compensated electrons are transferred to the
adjacent W-atoms, reducing them to W>* ions."*® The charge-
compensated electrons can be transferred to two neighboring
W ions to form a doubly charged W*" and transition
between W** to W>*.'?*"31 The crystal lattice of WO, contains
considerable oxygen deficiency sites with partially reduced W>*
species. These sub-oxides with substantial oxygen vacancies
become more metalized with an increase in non-stoichiometry
and achieve high conductivity. The WO¢ octahedral symmetry

6844 | Mater. Adv, 2021, 2, 6839-6884

550-630 nm and Greater than 50 000
More than 95% at IR Stand for over 50 years
region

undergoes tilting and rotation with a change in temperature,'*>
forming typical monoclinic, hexagonal, orthorhombic and tet-
ragonal crystal symmetries, indicating that the WO; crystal
phases are partially reversible. At room temperature (25 °C),
WO; crystallizes in the triclinic phase, which transforms into
other phases upon annealing,"** such as monoclinic II (&-WOs,
<—43 °C) - triclinic (8-WO3, —43 °C to 17 °C) — monoclinic I
(y-WO3, 17 °C to 400 °C) — orthorhombic (B-WOj3;, 400 °C to
740 °C) — tetragonal (a-WO3, > 740 °C), as shown in Fig. 2. The
obtained crystal structures are orthorhombic for W;05 and
W3,0g44, monoclinic for W;50,47, W13049, W5005g, and W,50-3,
and tetragonal for W50,4. The reduction reactions of mono-
clinic WO; (y-WO;) forms Magneli phases. Monoclinic WO; is
the most stable phase studied as EC films in EC devices. In this
reduction process, with an increase in oxygen vacancies, the
position of the WO, octahedra in the crystal structure changes
from corner-sharing to edge-sharing, which split by well-
ordered crystallographic shear planes.’** In WO,_,, the edge-
sharing WO, octahedra with channels arrange to form hexago-
nal and pentagonal tunnels.

The nonstoichiometric WO;_, was first demonstrated by
Glemser and Sauer, where they found that the pure stoichio-
metric WO; phase structure could be converted to WO,
by introducing oxygen vacancies.'*® Therefore, the WO;_,
lattice can exhibit a large number of oxygen vacancies, resulting
in a variety of non-stoichiometric compounds.”®"** Recent
research has focused on the synthesis of sub-stoichiometric
tungsten oxide (WO;_,, 0 < x < 1), including W,,0sz (x = 2.90),
W190s5 (X = 2.89), W50, (x = 2.80), W30, (x = 2.72), and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD patterns and crystal structures of (b) WO5 and (c) WOs-2H,0O (W, blue; O, red; and H, white) **” (d) Variations in the color of tungsten oxide
powders prepared via reduction under a CO atmosphere at different temperatures. (e) XRD patterns of pure tungsten trioxide before reduction and its
sub-oxides after reduction under a CO atmosphere. Reproduced with permission.*>® Copyright@2017, MDPI.

Tungstite

Orthorhombic- WO, H,0 Q@
f010)

Hexagonal -WO, b

[001] view [100] view 1008

WO;2H,0 ———> W
0;2H,0 350°C [o

Fig. 3 Left: (a—g) Unit cells of various WO3z_,. The large gray and small red balls represent W and O atoms, respectively. Reprinted with permission.16°
Copyright@2010, AIP. Right: (a) Schematic of the transition mechanism from orthorhombic WO=-H,O to hexagonal WOs, (b) crystallographic structure of
monoclinic WOz from layered hydrated WOg3 via heat treatment process: hydrated WO3z (WO3-2H,0) to monoclinic (y) WOs. Reproduced with

permission.'®* Copyright©2017, ACS. (c) and (d) Unit cell orientations of orthorhombic and monoclinic WOs along the a, b, and ¢ planes,
bronze (MWOs) (e) cubic (x = 1), (f) tetragonal (1 > x > 0.33),2%7168 and (g) hexagonal (x < 0.33) structures.

W3,044 (x = 2.62)."%° W30, is an n-type material semiconduc-
tor with a bandgap of 2.6-3.5 eV. The formation of oxygen
vacancies in the WO, lattice affects the Fermi level of tungsten
oxide, narrows the bandgap, and increases the conductivity and
free carrier electrons.”®'*313¢ These materials are usually inso-
luble in all solvents and can be oxidized to stoichiometric WO;
after a long oxidation reaction. Decreasing the particle size
increases the bandgap and results in a blue shift and photon
absorption.®®13¢

© 2021 The Author(s). Published by the Royal Society of Chemistry

166 and tungsten
168

WO;_, is an interesting LSPR candidate host due to its
distinctive properties with outer d-valence electrons. The new
discrete energy bands beneath the conduction band (Fig. 4b)
are produced by oxygen vacancies.*""*”'*® Due to the presence
of oxygen vacancies, crystal defects, or insertion of tiny metal
ions, strong LSPR with energy comparable to the bandgap
energy can induce significant near-infrared absorption proper-
ties. The LSPR peak in plasmonic nanoparticles is directly
proportional to the square root of the density of free electrons

Mater. Adv,, 2021, 2, 6839-6884 | 6845
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in the particles."*® The LSPR depends on certain factors, such
as the particle size, dimensions, structure, shape, and dielectric
properties of metals."*® Controlled heat treatment in a weak
reducing environment is a facile but effective way to increase
the number of oxygen vacancies. The dopants/desired impu-
rities donate their electrons/holes and increase the density of
free electron(s) in the conduction band. Meanwhile, the LSPR
generates a rigorous local electric field, promoting the photo-
electric harvesting application, which has broad application
prospects for smart functions in EC windows."*"

The monoclinic W;30,49 has excellent stability and can be
recovered in the pure phase with substantial oxygen vacancies.
W;30,49 possesses both the octahedral and pentagonal bipyr-
amidal coordination links of the W with O atoms. Similar to h-
WO;, ordered edge-sharing WO, networks produce three dif-
ferent tunnels/cavities on a crystal plane, such as hexagonal,
trigonal, and quadrilateral, to accommodate guest ions during
the electrochemical process (Fig. 3).'**> Due to its astonishing
defect structure and remarkable physicochemical properties,
W,5049 has become a potential candidate for application in
solar cells,"** photocatalysis,"****” chromogenic devices,"****°
photothermal agents for cancer treatment,'*® supercapacitors
and batteries for energy storage,'** and sensors toward various
toxic gas molecules because of its distinctive structural
faces, ultrathin nature, small particle size, high surface area,
reproducible morphologies, crystal defects, and oxygen
vacancies.'**™'** Hexagonal WO, (h-WO;) is a metastable phase
that has received significant interest in electrochemical appli-
cations as an Li" and Na* ion host material,’>® and its crystal
structure is presented in Fig. 3a. In other polymorphs, the
octahedral units are organized into a perovskite-like structure.
In hexagonal WO3;, the WOg octahedra existing in the form of
three- and six-membered rings in the “ab” plane create trigonal
cavities and hexagonal windows, respectively, whereas in the ‘“c-
axis”, sharing of the axial oxygen results in 4-coordinated
square windows."*® These tunnels offer accommodation sites
for a large number of guest cations during the electrochemical
process. No hexagonal phase was observed during the

6846 | Mater Adv, 2021, 2, 6839-6884
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structural transformation; however, it can be obtained via the
dehydration of hydrated tungsten oxides, indicating that the
structural transformation can only occur in aqueous media. In
addition, it can be converted into a monoclinic phase (Fig. 3b)
by annealing at a temperature above 400 °C. The redox reac-
tions of tungsten metal/tungsten oxides in aqueous electrolyte
are controlled by various pH-related half-reactions, and possi-
ble explanations can be found in the review published by
Shinde and Jun.*?

Tungsten oxide hydrates (WO;-xH,0) also exhibit properties
similar to WO;_, nanostructures. They can be classified into
subclasses based on the number of water molecules present in
their crystal lattices as follows:

(i) WO;-dihydrate (WO3-2H,0),

(ii) WOz-monohydrate (WO3-H,0), and

(iii) WOz-hemihydrate (WO;-1/2H,0)/WO3-0.33H,0.

WO;-2H,0 has a stratified layered structure composed of a
WO;(OH), layer sharing corners and the other water molecule
is found in between the layers. Hence, it can be facially
exfoliated into thin 2D nanosheets.*"'** WO;-H,0 is composed
of highly distorted WO5(OH), units sharing corners and is
coordinated by five oxygen atoms and one H,O molecule. As
shown in Fig. 3e, it is believed that the crystal structure of WO;-
1/2H,0 resembles a cubic pyrochlore type, where the water
molecules are present in its tunnels.'®® The inter-layer expan-
sion can significantly reduce the ion diffusion energy barrier,
ultimately improving the ion diffusion kinetics. Furthermore,
the structural water molecules confined in the nano-interlayer
spaces facilitate efficient proton transfer and induce a battery-
to-pseudocapacitor transition in electrode materials.'®""*°> The
interlayer water molecules can improve the intercalation cap-
ability of EC ions, which is significantly important in attaining
superb NIR electrochromism in EC devices. Accordingly, Wang
et al.'®® demonstrated hydrated WO; and studied the influence
of water molecules in decreasing the energy barrier of ion
diffusion and improving the ionic flux in the WO; crystals.
They found that WO,;-2H,0 exhibited a good NIR extension
with a large transmittance modulation (90.4%), high coloration

© 2021 The Author(s). Published by the Royal Society of Chemistry
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efficiency (322.6 cm® C™'), and high cyclic stability (maintain-
ing 93.7% after 500 cycles), with good solar heat maintenance
capability. Li and coworkers'®* reported an EC hybrid material
using WO;-H,0 nanosheets and a Persian-white film on FTO
substrate as an asymmetric electrode. The film had an optical
modulation of 61.7%, response speed of 1.84/1.95 s, coloration
efficiency of 139.4 cm”® C™*, and cyclic stability of 82%.

The optical properties of WO;_, can be measured by absorb-
ing photon energy, which excites electrons from the valence
band (occupied state) to the conduction band (empty state) and
generates electron-hole pairs.'®® The absorption coefficient ()
evaluated from the spectral transmittance, 7(1), and reflec-
tance, R(1), is given as eqn (1).

() = 1/dIn[(1 — REN(T(A)] (1)

Tungsten oxide is transparent in most visible wavelengths
when the photon energy is lower than the bandgap energy.
However, it shows a yellowish and blue color with a smaller
bandgap, representing that some parts of blue light are
absorbed.””>'”* The optical absorption at a lower energy than
the bandgap is because of the electronic transition between the
localized states.'”> However, when the photon energy is greater
than the bandgap energy, the absorption can be described as
follows:

& o oo(e — Eg)" (2)

where “¢” is the photon energy and “#” depends on the type of
optical transition, for example, if # = 2 it is an indirect and
allowed transition.

Because of the reduction in particle size (quantum confine-
ment effect), the bandgap becomes wide, resulting in light
emission at shorter wavelengths.'”* Nonetheless, the structural
defects and oxygen vacancies in WO;_, narrow the bandgap
due to the defective band below the conduction band. The high
concentration of oxygen vacancies in WO;_, extend the defec-
tive band into the conduction band. This forms a degenerate
semiconductor, which shifts the Fermi level upward, achieving
metal-like conductivity, and thus highly improves the electro-
chromic, electrochemical, photocatalytic, and photochromic
properties."””" The color of WO; films changes from light-
yellow to light-greenish and WO;_, changes to dark blue, which
shows a blue shift. Broad absorption bands appear in the red to
NIR region and blue-green region. The absorption bands at
these specific wavelengths make WO, 5, light green, where the
additional absorption bands are due to the transfer of electrons
from W®" to W°'.'72 The excess electrons can be localized,
which are known as small polarons, or transferred to adjacent
W ions."” The intercalated electrons may occupy the empty
d-bands and develop a new electronic transition that is delo-
calized on crystalline WO; or localize on the metal sites in an
amorphous form and perform polaronic absorption. Amor-
phous WO;_, exhibits a disordered structure, indicating
the presence of broken bonds with variable bond lengths,
bond angles, and coordination. In WO;_,, the localized states
are found closer to the oxygen vacancies or tungsten atom, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thus the electrons and/or charge compensating ions can easily
jump within the localized states.'*®¢%17>

3.2. Electrochromic mechanism

The EC properties mainly depend on the particle size, dimen-
sions, aspect ratio, crystallinity, porosity, thickness, and rever-
sibility of films, together with their capability to accommodate
guest ions (H", Na*, and Li*)."***'7® The coloration mechanism
depends on the nature and behaviors of materials. In crystal-
line tungsten oxide films, their coloration is attributed to the
Drude-like absorption of delocalized/free electrons, similar to
the behavior of heavily doped metal oxides with ionized
impurities.””” In amorphous tungsten oxide films, the optical
absorption is caused by the electron exchange/polaron-to-
polaron transition between adjacent W atoms (W°*, W**, and
W*" states), and the inserted electrons are localized in the W>"
sites and polarize their surrounding lattice to form small
polarons.'”® Moreover, compared to crystalline films, amor-
phous WO; films show a better coloration efficiency, which
increases with an increase in oxygen vacancies.'”® However,
amorphous tungsten oxide films show poor stability because of
their irregular atomic distribution.®®

W50, is a promising EC smart material that changes color
from clear to blue, dark-blue, and transparent with a faradaic
charge. When protons/lithium ions intercalate and externally
powered electrons are inserted into the tungsten oxide film, the
transmissivity of the electrodes drops from 91.3% to 15.1%
during charging.'***®° Two types of redox reactions occur upon
voltage bias as follows:'®' (a) a charge transfer process at the
material-electrolyte interface, ie., surface-dependent process
and (b) diffusion controlled redox reactions within the material
lattices, i.e., ion-diffusion dependent process. The intercalated
cations exist in the channels formed by the WO, octahedra or
react with the bridging oxygen of the host'*® by breaking the
W-O-W networks and generating new W=O bonds."?%'%?
Thus, the coloration (tungsten bronzes, H,WO;/Li,WO; for-
mation) is due to the reaction of cations with W=—0 groups
by forming colored W>*-OH states.'® It is assumed that cations
can react with the bridging oxygen at a low concentration of
inserted charges. However, at a high concentration, they can
also react with W-0."*'85183 Raman spectroscopy results show
that the interaction between oxygen vacancies and Li" ions
improves the coloration efficiency of WO, ,, films.'?*'3¢17°
When the applied voltage polarity is reversed, the Li" ions de-
intercalate and the film is bleached. These redox dynamics
demonstrate that tungsten oxide can be transformed from a
transparent state to an absorbent state to store electric energy.

The ion insertion and extraction in WO; films can be shown
as eqn (3)-(5):

Cathodic reaction,

[Wo3fx + H+ + Xei]bleached - [HXW()fo]coIored

()
[Wo3fx + Li+ +Xe_]bleached - [LixWO37x]colored (4)

Anodic reaction

Mater. Adv,, 2021, 2, 6839-6884 | 6847
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[Ni(OH)Z]bleaChed - [NIOOH + H+ + e_]m)lored (5)

Protic electrolytes are used for H' intercalation. Similarly, Li"
electrolytes are widely used in WO, 5, EC devices (Fig. 1).">° The
colored state should be H,WO; or Li,WO;, whereas some
reactions reach X < 0.5 states, resulting in complete reversi-
bility. The hybridization in the octahedral geometry can be
shown between the oxygen 2p orbital (valence band) separated
from the tungsten 5d orbitals (conduction band) with a band-
gap (Fig. 4a and b). The d-orbital of tungsten in WO; splits into
two sub-orbitals, conventionally represented by “eg” & “t2g”'®*
as given in Fig. 4a and b, respectively. In stoichiometric WO,
the “O2p” orbital is filled and the W5d orbital is empty
(Fig. 4a), where the bandgap is wide enough, which results in
glowing transmission in the thin films. The intercalation of
external ions and the charge compensating electrons partially
fill the empty d-orbitals, resulting in optical absorption.*%*
The removal of the oxygen atom (oxygen vacancy) from the
WO; structure produces two additional electrons that can be
paired in a single spin state (closed-shell) (Fig. 4b) or an
unpaired triplet spin state. Furthermore, single/two electrons
can be transferred to nearby W atoms, resulting in W>* and
W>*-W>" centers, respectively. The formation of an oxygen
vacancy changes the W-W bond distance across the O vacancy
sites. Thus, the W-O bond length and bond angles in the
crystal change as the bonded orbitals split, leading to the
hybridization of the W5d and O2p orbitals. The inserted
electrons and ions diffuse and localize on the tungsten atoms,
reducing some of the W® to W°' states. Because of the
absorption of photons, the inserted electrons gain sufficient
energy, which can be transferred to the adjacent sites*®* or
oxygen vacancies, indicating that oxygen vacancies have a
significant impact on both the photochromic and EC
properties."**"*" The W*" state is considered energetically
unfavorable, although XPS results prove the existence of W**
136,186 However, XPS is surface sensitive and is not con-
sistent about the bulk state of different tungsten oxide films."*®
The most favorable condition is the creation of a double charge
vacancy and two W>" ions. The transfer of charges between two

sites is represented by “7”’ & ‘j”, as given in eqn (6).

ions.

Wi" + Wj®" + photon — Wi + Wj>* (6)

It is believed that the intercalated electrons diffuse in the
localized state near the conduction band and the surrounding
atoms move, and thus a potential well is generated. The
obvious interaction of the electrons and phonons results in
the formation of polarons. An electron interacting with a cloud
of phonons is called polarons.'®” The polaron-induced optical
absorption in W;gO04 produces a broadband absorption
spectrum, making the film dark blue.'® Similarly, in the
polaron-induced coloration,'®® the electrons produced due to
the oxygen vacancies are trapped in the 5d orbitals of W;50,
(or defect sites) and then polarize the surrounding lattice to
produce small polarons. The resulting polarons then simulta-
neously yield polaron-to-polaron transitions between two
adjacent non-equivalent tungsten sites. In contrast, localized

6848 | Mater. Adv., 2021, 2, 6839-6884
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surface plasmons are the mutual oscillations of free electrons/
conductive electrons in materials with large carriers.”*® There-
fore, NIR absorption is widely interpreted as the result of the
small polarons hopping and/or local surface plasmon reso-
nance (LSPR).®®

4. Synthesis and film fabrication
strategies of WO3z_,/WO3

Substantial efforts have been dedicated to synthesizing WO;
nanostructures with different morphologies, sizes, and dimen-
sions (0D, 1D, 2D, and 3D), as displayed in Fig. 5. To date,
tungsten oxide particles have been synthesized by varying the
synthetic conditions and technologies, which greatly affect
their size, morphology, and functional applications. According
to the relevant reaction media, the techniques can be grouped
into two main categories, i.e., gas-phase technologies and wet-
chemical synthesis methods. Gas-phase technology is classified
as plasma sputtering,’®® chemical vapor deposition,™*
and physical vapor deposition. Wet-chemical synthesis
includes Langmuir-Blodgett deposition,'®* electrophoretic
deposition,'®® electrospinning,'®* and hydrothermal'®® and
solvothermal synthesis. Similarly, spray-coating, inkjet print-
ing, spin-coating, roll coating, screen printing, and layer-by-
layer self-assembly have also been employed.'*® However, the
material synthesis and film fabrication processes are still
challenging to adopt on a large scale. These technologies will
be reviewed in this section.

4.1. Gas-phase deposition methods

4.1.1. Chemical vapor deposition (CVD). CVD is a common
industrial technology used for depositing extremely high-
quality thin films on a variety of substrates. The commonly
used CVD methods include atmospheric pressure chemical
vapor deposition (APCVD) and aerosol-assisted chemical vapor
deposition (AACVD). APCVD has certain merits, such as large
area scalability, uniformity in thickness, and possibly low cost.
For example, the APCVD process is used to manufacture large-
area energy efficient FTO/ITO coatings for windows over three
meters.'® The working principle of both the CVD and PVD
methods can be found in the review published by Jiang et al.>®
Blackman and Parkin®® used the APCVD method to deposit
WCls dissolved in different solvents (ethanoic anhydride,

oD O ¢
1o | I
2D N

> Q@

Fig. 5 Schematic illustration of the design of WOs_,/WOs nanostructures
with different shapes/dimensions.*®” 0D nanoparticles, 1D nanowires and
nanotubes, 2D thin layers, and 3D porous nanostructure. Reproduced with
permission.*°8 Copyright©2019, ACS.
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ethanoic acid, ethyl ethanoate, methanol, ethanol, 2-propanol,
2-methyl-2-propanol, and water) on a glass substrate. The thin
films crystallized with ethanoic anhydride, water, and ethanoic
acid were fully oxidized to a monoclinic phase of WO; at 625 °C.
The deposited films revealed different surface morphologies,
i.e.,, cubic to platelets, under similar conditions, which dis-
played significantly different performances in different applica-
tions, such as photocatalysis, gas sensors, and photochromism.

Brescacin et al.>*" developed phosphorus (P)-doped amor-
phous WO; films via CVD processes using volatile, low-melting
P-doped tungsten carbonyls. The P-doping preserved the amor-
phous nature of the material and deposited film, even upon
calcination at high temperatures. The tiny amount of dopant
released by the precursor during its decomposition was suffi-
cient to inhibit the crystallization of tungsten oxide on the
matrix. The films deposited on common glass displayed
remarkable EC performances with the maximum coloration
efficiency of 66 cm® C™*. Ou et al.**® synthesized tungsten(vi)
oxo-complexes of the type WO(OR);L having partially fluori-
nated alkoxide and/or chelating ligands (Fig. 6). The thermal
decomposition behavior and mass spectrometry (MS) of
selected examples were studied. With WO(OC(CF;),CH3); as
a single-source precursor, tungsten oxide (WO,) was deposited
via CVD and AACVD and compared. The obtained deposi-
ted coatings exhibited different crystallinity, structures, and

N 500 C |

Fig. 6
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morphology (nanowires, nanoplates, and nanocubes). These
variations in morphology demonstrated that the solvent used
during AACVD controls the growth of the film. The obtained
results suggested that the materials deposited by both deposi-
tion methods allow not only the procedure to be scaled up, but
also have the potential to generate the formation of a film on a
wide area with EC properties.

Studies emphasized that MoO; and WO; have similar EC
properties, and thus the APCVD method can be used solely to
obtain a film composed of either Mo-doped WO; or mixed Mo-
W oxides via the pyrolytic decomposition of metal carbonyls.>*
The visible light transmission of the film deposited on ordinary
glass was about 80%, while that on conductive glass (e.g.,
SnO,:Sb/glass) was about 60%. It is also found that after
annealing, the optical transmission of the single oxide films
improved, while that of the mixed oxide films slightly
decreased. The mixed oxide showed deep-blue coloring only
at the cathode, minimizing the visible-light transmittance.
Similarly, excellent reversibility with an optical modulation of
about 30% was obtained. Numerous reports based on mixed
Mo-W oxides have been published.***>%”

4.1.2. Physical vapor deposition (PVD). PVD is another gas-
based coating process, which involves metal transfer at the
atomic level under vacuum conditions. This method may be
related to CVD, except that in PVD, the depositing material is

(top) Plane-view SEM images of deposits grown on Si(100) at 500 °C, 450 °C, 400 °C, and 350 °C from the precursor via (a) AACVD and (b) CVD.

Reproduced with permission.?®2 Copyright@2019, ACS. (c) High-magnification SEM images of y-WOs film deposited via the HW-CVD (hot wire) method.
Reproduced with permission.2%® Copyright@2017, Wiley-VCH. (bottom) Deposition at different times. Top view (a) over 5 min, (c) over 60 min, and
(e) over 60 min with 48 h of additional substrate heating during and after deposition. (b, d and f) View of fractured cross section of the corresponding
films. All scale bars represent 500 nm. Reproduced with permission.2%* Copyright@2010, Wiley-VCH.
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initially in the solid state, whereas in CVD, the gaseous form of
the precursor material is introduced into the reaction chamber.

PVD is comprised of four steps as follows:

(i) evaporation of materials deposited by high energy sources
(e.g., electron beam/ions that evaporate atoms from the surface);
(i) transport of the vapor to the substrate to be coated;

(iii) the reaction between the metal atoms and the appro-
priate reactive gas (such as oxygen, nitrogen, and methane)
during the transport stage; and

(iv) deposition of the coatings on the surface of the substrate.

The PVD method has several advantages including (i) PVD
thin coatings demonstrate better properties compared to the
substrate materials; (ii) all types of inorganic materials and
some types of organic materials can be used; and (iii) the
procedure is more environmentally benign than several other
techniques, e.g., simple electroplating. Meanwhile, the PVD
method also has certain disadvantages, including (i) problems
with coating complex shapes; (ii) high cost and low output; and
(iii) complexity of the process.

Zhang et al.*°® demonstrated the growth of a WO;-WS,
bilayer hybrid with WO; monolayer species attached on the
surface of large-size WS, monolayers, as shown in Fig. 7a-d.
The optical analysis showed that the photoluminescence quan-
tum yield (PLQY) of the as-prepared WO;-WS, hybrid was
excellent and could reach 11.6% higher PL than that of the
bare WS, monolayers, which is about 13-times greater than that
via the mechanical exfoliation of WS, (Fig. 7e-g). The improved
PL enhancement mechanism can be investigated by carrying
out time-dependent optical measurements. The generation of
WO;-WS, hybrid structures with ultrahigh PLQY can provide
an efficient method for developing highly effective 2D inte-
grated photonic applications. Hadifakoor et al.>° fabricated a

(@) (b)

WO, monolayer

AR

/
WO,+WS, Powder

WO, WS, bilayer
Heterostructure

10 um
R

Fig. 7 (a and b) Schematic of the synthetic process and 3D representation
of the WO3-WS, heterostructure. (c and d) Typical optical image of (c)
partially covered and (d) completely covered WOz—-WS, heterostructures.
The inset in (c) shows the SEM image of the area within the red box. (e-g)
AFM images of (e and f) partially covered and (g) completely covered
heterostructures. The insets show the corresponding height profile.
Reproduced with permission.2°® Copyright@2019, ACS.
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DMD skeleton of WO3/Ag/WO; thin films with various thick-
nesses through the PVD approach via electron-beam evapora-
tion under the vacuum at pressure of 10 ° torr and calcination
temperature of 100-400 °C. The structural and optical proper-
ties of the nano-multilayer composites structures were studied
in heat mirror applications. Nanosized Ag layers with thick-
nesses of 10 nm, 12 nm, and 14 nm were deposited on
monolayer WO; films. Atomic force microscopy (AFM) showed
the morphology of the individual layers, indicating that a
smoother layer can be achieved after annealing at 300 °C.
Ellipsometry analysis was performed to examine the bilayers,
thickness of the Ag film layer, and inter-connectivity between
the WO;-Ag-WO; layers. There was almost no interference
among the WO;-WO; layers in the samples with Ag thicknesses
of 12 nm and 14 nm. The efficiency of the heat mirrors was
evaluated according to their optical characteristics and best
performance. Recently, Hoseinzadeh et al.>*® studied a WO;
and Ag composite deposited via the layer-by-layer (LbL) PVD
method as an EC electrode on an FTO glass substrate. Nano-
sized silver noble metal can behave as an electron-trap center,
which enables the departure of charges. The electrochemical
and optical properties were examined through CV and UV-
visible absorption experiments, which showed that heating
the deposited film at 200 °C can provide much better conduc-
tivity (90 mA) and transmittance change (AT = 90% at a
continuous switching step), endowing WO;-Ag-WO;-Ag with
excellent EC properties. Esmail et al.>'® demonstrated amor-
phous WO; smooth films thinner than 200 nm, which exhib-
ited an excellent coloration efficiency with a switching speed in
the order of seconds.

4.2. Wet-chemical synthesis methods

The gas-phase deposition of coatings is a highly pure and
efficient route for the fabrication of WO; films. However, the
required instrumentation is very complex and expensive. Con-
versely, solution-based particle synthesis and film formation
are cost effective, controllable, and high yielding, which provide
an alternative reliable route for the production of smart coat-
ings, reflective displays, and sensors.*""

4.2.1. Sol-gel method. The ‘“sol-gel” terminology describes
a wide-range process, which is the production of a solid
phase through the colloidal dispersion/gelation of a colloidal
suspension (the sol). Further reactions lead to bonds between
the sol particles, creating an infinite network of particles (gels).
The “dry gel” (xerogel) state results after drying the gel,
and subsequent heating can remove the unreacted organic
impurities, stabilize the gel, densify, and -crystalize the
material.®%?*? Thus, a metal solution can be converted to an
oxide chain-like complex compound such as a metal alkoxide
via a simple polymerization reaction and/or using a template(s).
The compounds used for the oxide polymerization include
common organic solvents, organic acids, and templates, and
the polymerization occurs through hydrolysis/condensation.
The sol-gel method was used only to prepare metals and
semi-metal oxides, and then extended to organic-inorganic
hybrids and occasionally for the production of pure organic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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networks.*® WO, V,05, MnO,, and many other transition-metal
oxides display numerous oxidation states. The composition and
structure of their precursors are susceptible to the pH and
redox states, and hence they can control the sol and gelation.®°
The sol-gel deposition techniques include dip-coating,*'*>'¢
spin-coating,”’”  inkjet-printing,>'®**®  Langmuir-Blodgett
deposition,?**** and spray-pyrolysis.”®**** This technology
requires cheaper equipment for large-area surface coatings
compared to gas-phase technologies.

The sol-gel method is attractive due to the following
reasons:

(i) it provides an easy route for the preparation of metal
oxide microstructures and mixed oxides with a controlled
composition and homogeneity,

(if) processing produces an amorphous hydrogel, which is
better than crystalline films due to its excellent elasticity,

(iii) can reform volume changes caused by redox reactions,
and improve conductivity,

(iv) films can well adhere to ITO/FTO films and be processed
at ambient pressure, and

M MAG B008 & WE LB WY WO 84w
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(v) deals with a new deposition method of WO;-based coat-
ing on a large scale.

In 1984, Chemseddine et al.*** first reported the results of a
sol-gel EC WO; film, which was then subjected to different sol-
gel processes for the production of pristine WO; and mixed
oxides. The coloration efficiency values compared to the
reported sol-gel films were 70 cm® C™* (at 685 nm) and 223-
167 cm® C™' (at 800 nm)*** compared to 115 cm® C ' (at
633 nm) for the amorphous films**® produced via thermal
evaporation and 42 cm® C™' (at 650 nm) reported for sputtered
polycrystalline films.*””>*° The advantage of the sol-gel tech-
nique is its capability to generate various mixed oxides from a
variety of hybrid mixtures with controlled compositions.>*°"2%°
Nguyen et al>*' used the sol-gel spin coating process and
further annealing to form amorphous EC WO, thin films. The
precursor solutions were prepared from ammonium metatung-
state hydrate ((NH4)s[H,W;,040]-4H,0) and dimethylforma-
mide (DMF) to produce a smooth and transparent
amorphous WO, film via spin-coating followed by calcination
in air at 250 °C for 2 h. The obtained EC film exhibited excellent

80 4

Sol-Gel Synthesized WO3

——— GLi30W10 Bleached
GLI30W7 Bleached

——— GLI30OW10 UV treated
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W*540, —» WO + 05 Bleached
W6 4+ e~ — W5
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Fig. 8 Surface morphology of the 5% MoO3z-95% WOs film annealed at (a) 300 °C and (b) 400 °C. (c) Transmittance spectra. Reproduced with
permission.2** Copyright@2017. Elsevier. (d) Film containing 30 wt% LiClO4 and 10 wt% WOj3 (sample denoted as GLizgWio), (€) tungsten map and (f)
chlorine and tungsten distribution mapping. (g) Transmittance spectra of free-standing films and (g) optical images of colored and bleached states.

Reproduced with permission.?42 Copyright@2020, Wiley-VCH.
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stability over 4000 switching cycles with a coloration efficiency
of 125cm® C™" and color/bleach times of 5/2.5 s. Amorphous
WO, film-based devices are impeccable for next-generation
smart windows and other electronic display devices. Recently,
Azarian et al**> explored amorphous electro-photochromic
films formed via the in situ sol-gel synthesis of 10 wt% WO;
and 30 wt% LiClO, (denoted as GLi3,W;,) in a gelatin/lithium
cosolvent mixture (Fig. 8d-f). The transparent single-layer film
was flexible and adhesive, active under UV radiation with a
photo-response time of 30s, and gradually reversed once the
UV source was blocked. Besides, in the presence of a conductive
ion storage anode, the film on ITO glass exhibited an excellent
EC response. The EC device configured with ITO/GLi3,W1¢/NiO/
ITO achieved a coloration efficiency of 51.54 cm® C™* and fast
color-bleach response times (2 s/1 s). Jittiarporn et al.>** pre-
pared hybrid MoO;-WO; thin films on ITO glass via a sol-gel
dip-coating process (Fig. 8). The formation of the film could be
influenced by the calcination temperature, the concentration of
MoO; (0-10%), and the copolymer template of Pluronic P-123
triblock (0-20% w/v). The lowest amount of 5% Mo00;-95% WO,
films without the use of the template and 200-300 °C annealing
resulted in a high CE, excellent cycling stability, and low
response time. The surface roughness and low crystallinity of
the films were thought to be attributed to their enhanced EC
features. Amorphous mesoporous WO; with a pore size in the
range of 20-30 nm was fabricated via evaporation induced self-
assembly and used as an electrochromic supercapacitor
(ECS)."*° The resultant device based on ECS exhibited excellent
optical modulation (76% at 700 nm), ultrafast switching speeds
(0.8s for coloration and 0.4 s for bleaching), and a high areal
capacitance (2.57 mF cm ™ ?), even at a high current density
(1.0mA cm™?).

Sun et al.*** prepared mixed molybdenum-tungsten oxides
with different stoichiometries (Mo,W;_,03, 0 < x < 1) via sol-
gel deposition from peroxo-polymolybdotungstate solutions
onto FTO glass substrates. The Mo,W; ,O; films were annealed
at 450 °C. The transmittance modulation of the mixed oxide
films was improved compared to the pristine WO; film and no
broadening of spectral modulation was observed. Kharade
et al.”®' also employed a similar method to prepare MoO;
mixed WO; thin films via hybrid physicochemical synthesis
involving the microwave-assisted sol-gel preparation of WO;
and vacuum evaporation of MoO; on an FTO glass substrate.
Similarly, a mesoporous WO;-TiO, composite film was fabri-
cated via a sol-gel-based two-stage dip-coating technique on
ITO glass, and subsequently annealed at 450 °C, 500 °C, and
600 °C.>*> The composite film calcined at 600 °C contained
orthorhombic WO; and anatase TiO,. Mesoporosity was
achieved in the film by employing silicates as templates. Mixed
hexagonal and monoclinic phases were obtained upon calcina-
tion at 450 °C and 500 °C. The results show that nanocrystal
anatase TiO, can stabilize the orthorhombic WO; phase by
calcination at 600 °C. The mesoporous dye-sensitized WO;—
TiO, composite film calcined at 600 °C showed an optical
modulation of 51% in the NIR region. In contrast, the devices
examined for the composite layers annealed at 450 °C and
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500 °C displayed a moderate optical modulation of 24.9% and
38%, respectively.

4.2.2. Hydrothermal and solvothermal methods. The sol-
vothermal and hydrothermal methods are commonly used for
the synthesis of nanostructured materials. These methods
allow the generation of various nanoscale morphologies and
the possibility of structural control, which may not be afforded
by high-temperature wet-chemical reactions. Hydrothermal
synthesis involves the use of water-soluble precursor com-
pounds at room temperature, which is cost-effective, and also
depends on the relevant reaction variables, e.g., concentration,
pH, temperature, time, and reducing agents, that control the
structural evolution, morphology, and size in the required
dimensions (Table 2).

Due to its distinctive features, the hydrothermal method is
considered the most suitable route for the synthesis of
tungsten-based nanostructures. The solvothermal route
involves nonaqueous media, which provide unique physico-
chemical characteristics to the material design for various high-
tech devices. Because of the wide applications of WO; and
WO;_, nanostructures in energy-saving high-tech devices,
many research groups have focused on these materials in the
last few years. For example, Guo et al.””’ prepared Wi5040
nanorods by pyrolyzing the (NH,),WOs.,, precursor, which
was synthesized in the presence of an inorganic surfactant
((NH,),S0,) in a reducing environment. Pan et al>*®® used
glycerol and ammonium sulfate ((NH,),SO,) as a surfactant
and capping agent, respectively, for the synthesis of coral-like
nanostructures via the hydrothermal method. The obtained
product showed excellent EC properties, including a fast-
switching time (6/5 s for bleaching/coloration), a good CE
(109.6 cm® C 1), and a large optical modulation (~78.1%) at
630 nm by applying a potential of £1 V. Similarly, Kadam
et al.>”® used propylene glycol (PG) as a surfactant to increase
the size of the nanocrystals on the surface of ITO glass, which
was then used for EC application. Chu et al.>’® used a seed layer
and a surfactant-free hydrothermal method to synthesize nano-
plates on FTO glass. The obtained highly oriented 2D nanos-
tructure exhibited potential for practical applications in smart
windows due to its fast-switching speeds of 12 s and 3 s for
coloration and bleaching, respectively. Mathuri et al.**® also
used an FTO glass substrate and synthesized WO; nanoplates;
however, they used different hydrothermal reaction times
(8-16 h), and temperatures (120-180 °C), which resulted in
hexagonal and monoclinic WO; nanoplates. The WO;-
deposited films at 120 °C and 180 °C for different reaction
times of 8 h, 12 h, and 16 h possessed different surface
morphologies, such as buds-like, bricks-like, sheets, and
platelets-like structures. The optical bandgap of the deposited
WO; films varied in range of 2.5-2.9 eV and 2.6-2.75 eV,
respectively.

Liang et al.*®' produced a WO; film using FTO-coated glass
via the hydrothermal method. Their results showed that differ-
ent WO; nanoparticles such as nanosheets, nanoflakes, nano-
cuboids, and 3D nanowire flowers could be synthesized by
adjusting the precursor solution composition. The solvent plays

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 List of the preparation methods and EC properties of 0D, 1D, 2D, and 3D WO, 7,/WOs3-based nanoparticles
Coloration efficiency,
color/bleach response and
Technology Methods Sub-method Materials Morphologies cyclic stability (cycles) Ref.
Mechanochemical Na,WO; (bronze) Nanoparticles 246
process (Ball
milling)
Magnetron WO, 46.9 cm> C ™', 7.8/117.8 s 247
sputtering
Gas-phase CVD/PVD R.F. sputtering WO, 46.45 cm”> C™7, 8.33/4.16 s 248
technologies
R.F. sputtering WOj3,, Granular ~213 cm? C™%, 5000 249
Thermal vapor WO;_, Nanorods 250
deposition
HIPIMS WO;/Ag/WO; 30.5 cm> C Y, 15/22.4s, 125
2500
APCVD WO;_, Nanowires, 200
nanoplates
Wet-chemical Hydrothermal/ WO, 7, Sub-micro fibers 251
technologies solvothermal
WO, 7, Nanodots 154 cm®C Y, 1/1 s 252-255
WO, 75 Nanocrystals/particles 124.5 cm®> C™', 1.9/2.8' s, 139 and
1000 256
WO, 7, Nanowires (—) 135
WO, 7 Nanowires assembled 35.7 cm® C™%, 2/4 s, 1000 119 and
257
WO, Nanorods/Nanowires 102.8 cm? C ™%, 25.2/18 s, 229 and
arrays 7.6/4.2 s, 3000 258
WO; Nanoparticles 151.9 em® C %, 1.3/1.7 s 259
Nanofibers 109.6 cm®* C™ 1, 2.7/7.9s, 260
4000
WO, Particles 178.7 cm®* C™ ', 1.9/2.5 s, 261
5000
WO, Nanoflakes/sheets 55.6 cm” C™ 7, 5.2/2.2, 3000 262
WO, 75 Nanowires/Nanotrees 75.35 cm?® C™ ", 2.64/7.28 s, 263
WO, -, Nanoneedles 150 cm> C™ %, 500 264
WO, 5, Nanobelts (—) 265
WO, Nanobricks 39.24 cm* C %, 9.7/6.9s 266
WO,/NiO Nanoporous 85.9 cm® C™ 7, 21.76/4.54 s 267
structures
WO;-H,0, WO;-  Nanoplates 38%.6 cm? C Y, 322.6 cm? 163
2H,0 c%, 500
WO, -,/POMs Nanowires 42.31 cm?> C 1, 52/26 s, 500 122
WO,-TiO, Hierarchical 128.3 cm* C™ %, 65,1000 268
nanostructure
WO,-NbO, Nanowires
WO, 75 Mesoporous 80.5 cm”> C™ ', 5.3/3 s 70
WO, 7, Mesoporous 46.9 cm? C’l, 7.8/117 s, 8 247
Sol-gel Spin coating WO, 125 em® C™, 5/2.5 s, 4000 241
Dip coating WO, Mesoporous 35.8 cm> G, 16/30 s 269
Electrodeposition =~ Ag-WO; Nanowires composite 45.3 cm® C™*, 12/2 s 270
Inkjet printing WO3/TiO,/WOx 480 cm® C 7, 3.3/2.8 s 271
WO,-PEDOT:PSS composite 68.8 cm®> C %, 2.4/0.8s, 272
10000
Langmuir-Blodgett WO; Nanobundles 41.8 cm®> C* 273
Electrostatic force- WO, ink WO; powder 51.5 cm® C Y, 65.5% at 274
assisted printing 700 nm, 25 s/24 s
Spray pyrolysis
Pulsed electro- WO, Poros films 1183 ecm* C™ ', 6/2.7 s 275
chemical deposition
Electrochemical WO; Nanorods/ ~90 cm*C™4, 3/2 s 185
deposition nanoparticles
Electrochemical WO, Nanogranular 4116 cm® C ', 7.5/3.9s 276
deposition

a significant role in controlling the shape and size of nano- the applied potential of +1.0 V, was maintained for 1000

WO;. The transmission spectra indicated that the WO; film continuous coloration/bleaching cycles. Bhosale et a

1.2% used

showed 50% and 70% transmittance in the visible spectrum a wet-etching process and fabricated a WO; EC film on ITO
both in the colored and bleached state, respectively, which with  glass via the hydrothermal method. The etched WO; exhibited

© 2021 The Author(s). Published by the Royal Society of Chemistry
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roughness, porosity, and an open-tunnel structure. The resultant
films showed excellent coloration efficiency (~178.7 cm® C™%), a
fast response time (1.9/2.5 s), transmittance modulation (~49%
at 630 nm), and stability (5000 cycles).

Lu et al.*®* prepared uniform WO; nanorods using NaCl as a
capping agent. The solution pH and amount of NaCl played key
roles in the morphology and microstructure evolution. The
prepared nanorods were aligned on ITO glass via the drop-
casting method. Sun et al.>® synthesized W,30,, nanowires via
the solvothermal method using WCls and cyclohexanol pre-
cursors. The sample calcined up to 400 °C was stable and no
phase change was observed; however, upon increasing the
calcination temperature to >400 °C, a phase conversion to
monoclinic WO; occurred. Lu et al.>®* grew a vertical nanowire
array on FTO glass for the fabrication of an EC working
electrode. They used WCls, CH;0H, and polyethylene glycol
(PEG) as a capping agent. The WO; nanowires coated FTO glass
showed maximum coloration/bleaching of 41.63% at 632.8 nm
and the switching times of 9.8 s and 2 s, respectively. Li and co-
workers®®® synthesized hierarchical nanotree-like WO, archi-
tectures directly via seed-mediated growth on FTO, as shown in
Fig. 9a-f. They used H,WO,, SC(NH,),, C;H,0,, aqueous HCl,
and FTO glass and hydrothermal treatment to form a WO;
seed layer. The same precursors were used and the seed layer
on FTO was put in an autoclave to grow the WO; nanotree
architecture. They reported that the nanotree trunks showed

Bare FTO
100
S
o 80t ~a— Bleached stat
Q —ao—Under -0.10 V
= 60} wp—Under -0.15 V
g Under -0.20 V
£ 4o}
]
=
& 20}
[

800

400 500 600 700
Wavelength (nm)

800

Fig. 9

View Article Online

Materials Advances

(002) orientation growth, whereas the branches exhibited (100)
and (200) oriented growth directions. The optical modulation
was 74.7% at 630 nm at a potential 0.2 V (Fig. 9g). The
coloration efficiency (Fig. 9h) was 75.35 cm® C' with fast
switching responses of 2.64/7.28 s. The electrochemical and
EC properties of the WO; nanotrees were attributed to their
large surface area, showing potential for application in EC
smart windows.

Li et al.*** synthesized needle-like W;30, to form a thin film
on an ITO substrate. The needle-like W;30,9 nanocrystals
exhibited a good performance and control over NIR light. Their
powder-based optical properties also showed that the needle-
like W;5049 nanocrystals have excellent photoabsorption in the
NIR region, corresponding to 780-2500 nm. The LbL-coated
film exhibited high color contrast, quick switching kinetics,
improved coloration efficiencies (150 cm® C™* at 650 nm and
255 em” C~' at 1300 nm), good long-time stability (reversibility
of 98% after 500 cycles), and wide EC spectral coverage for both
the Vis and IR regions. Huang et al>®® also obtained WO;
hexagonal nanorods, although they used tungstate powder,
commercial tungsten oxide powder, H,0,, oxalic acid, Na,SO,
for the synthesis of nanorods and nanofibers via the hydro-
thermal method. Guo et al.*®*® obtained nanowires; however,
they also used graphene sheets and ethanol as the solvent.
Park et al.®>® synthesized urchin-like W;30,, particles via the
simple sonication of a WCl, and ethanol mixture. Gu et al.>®®

Bleached
state

(a—c) SEM images of WOz nanowires and nanotree grown on FTO and (d—f) corresponding schematic illustrations, respectively. (g) UV-vis spectra

of WOz nanotree at various potential and photographs of its color change. Reproduced with permission.26®* Copyright@2018, ACS.
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synthesized hierarchical structures composed of 1D nanowires/
nanorods via a simple hydrothermal method with various
surfactants, e.g., K,SO,, Rb,SO,, Na,SO, and (NH,),SO,. The
urchin-like and ribbon-like structures were produced with
K,SO, and Rb,SO, based on a sulfate-induced oriented growth
mechanism. Guo et al.’®® synthesized W50, nanostructures
with different morphologies, i.e., nanowires, nanotubes, and
nanoparticles, via the solvothermal method (Fig. 10a-i) by
changing the alcohol and tungsten source (WCls and
W(C,0H)). They reported that using primary alcohol resulted
in W;5049 nanostructures, whereas pentanol and secondary
alcohols, e.g., 2-propanol and 2-butanol, gave a mixture of
WO;-W;5040. The dispersed W,30,9 particle suspension was
paint coated on quartz glass using an applicator (Fig. 10j).

Fig. 10
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We also attempted to use similar routes to synthesize 1D
stoichiometric and nonstoichiometric tungsten oxide with dif-
ferent morphologies (nanotubes (NT), nanowires (NW), nano-
wire bundles (NWB), nanorods (NR), nanoplates (NP), and
urchin-like nanospheres (Fig. 11a-i). The different morpholo-
gies were tuned by changing a variety of pertinent variables
such as organic/inorganic surfactants (K,SO,, Na,SO,, LiySOy,,
(NH,4),S04, KCl, KNO3, citric acid, oxalic acid, PVP, and CTAB),
temperature (120-180 °C), reaction time (1-24 h), tungsten salt,
(Na,WO,-2H,0 and WClg) and solvent (water, ethanol and
ethylene glycol). Controlled experiments resulted in highly
crystalline 1D WO; nanostructures. The Brunauer-Emmett-
Teller (BET) surface area was derived for the h-WO; nanotubes
(71.95 m> g7 '), WO;_, nanowires (51.83 m?> g '), h-WO,

SRURNJYBEZEESR

e 10 2 » o 0 @
Time / min

(a—i) SEM and TEM images of the W10 49 nanomaterials. (j) Schematic illustration of the simulated experiment. Sealed boxes with a facet covered

by quartz glass, W1gO49 nanorods coated on quartz glass and ITO glass were irradiated by a 50 W halogen lamp. The temperature changes were
determined using an electronic thermometer. (k) Time-dependent temperature in the box. Reproduced with permission.28° Copyright©2012, ACS.
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Fig. 11 TEM and SEM images of tungsten oxide nanoparticles: (@) WOz_,-NW, (b) WOz-NT, (c) h-WO3z-NW, (d—f) h-WO3-NR, and (g) (NH4)>,SO4, and (h)
and (i) CA and OA without K»SO,, respectively. Reproduced with permission.*>? Copyright@2020, Elsevier.

nanowires (42.70 m”> g~ ), nanorods (24.60 m” g~ ), and nanowire
bundle ordered structures (18.4m?>g ). The effects of pertinent
variables such as surfactants were explored by carrying out a series
of experiments. Under hydrothermal conditions, the ions in the
solutions and organic acids (citric acid and oxalic acid) adsorbed
on the WO; crystal facets and produced highly oriented 1D WO;
nanostructures. Meanwhile, the K', Na*, Li' and SO,>” ions
adsorbed on the WO; crystal planes of h-W0;.'** The SO,>~
anions preferentially adsorbed on the surface parallel to the c-
axis at the (001) plane of WO, resulting in the formation of 1D

single-crystal nanostructures.'> CA and OA allowed the controlled
growth and conversion of the crystal phases. It was concluded that
an appropriate number of ions and CA and OA played a crucial
role in controlling the nanocrystal phases and crystallinity. More-
over, ultrathin aggregated nanotubes and nanowires were pro-
duced, which then simultaneously assembled into bundles due to
the self-assembly and oriented attachment mechanism.?*®
Zheng and co-workers>®® reported various morphologies of
WO;, i.e., nanorods, nanofibers, and nanoflakes, by changing
the surfactant and reaction conditions, as shown in Fig. 12a-d.

"“ tungsten oxide octahedron

(g)

«  Li-ion

+ electron

at the coloration stage

s’.“}“‘é’:‘; .
& », ol
4; e S
"‘!4; ‘s"‘
A
A

at the bleaching stage

Fig. 12 SEM images of (a) porous WOz nanofibers, (b) WNRs-1, (c) WOz nanoflake arrays, (d) WNRs-2. (e) EC mechanism of the WNRs the interface
reaction process of Li-ions and electrons between WOz and the electrolyte and the diffusion process of Li-ions in the WOs5 crystal lattice. Reproduced

with permission.2°° Copyright@2015, RSC.

6856 | Mater. Adv., 2021, 2, 6839-6884

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00418b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 10 September 2021. Downloaded on 2/7/2026 11:42:52 PM.

(cc)

Materials Advances

The impact of crystallinity and morphologies on the EC proper-
ties was also investigated. Accordingly, nanorods were grown
via seed-mediated growth on an FTO substrate at pH 2 via the
hydrothermal process without any hard organic templates,
followed by annealing (Fig. 12b). The nanofibers grew on FTO
at pH 2.4 with the assistance of KCl as a capping agent, keeping
the temperature 160 °C for 4 h (Fig. 12c). For the nanoflakes,
the pH was 1.5 and NacCl is used as the capping agent at 180 °C
for 40 min (Fig. 12d). The WO; nanorods grown on FTO showed
a high optical modulation of 64%, coloration efficiency of
61 cm® C™', and switch speeds of 5 s and 6 s as shown in
Fig. 12e-h. It was reported that the highly ordered WO,
nanorods grown on an FTO seed layer showed the best EC
performance among the morphologies. High-temperature
annealing also affected the EC properties, given that the
annealed WO; nanorod sample possessed a low optical mod-
ulation due to its long hexagonal tunnel, but short response
time due to its high crystallinity.

5. Strategies to improve EC properties
5.1. WO, ;, hybridized/mixed composites

It is believed that composite materials can aggregate and boost
the performance of two/more ingredients. The mixing of two
active materials with matching behavior can achieve a domi-
nant interfacial area to a large extent. In nanoscale composites,
the structural organization is advantageous because the physi-
cochemical features arise from the confined interfaces. How-
ever, in arbitrary mixing, even the active components of
material blends may be affected/detrimental due to the fact
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that their passageways are tortuous, and there may be some
inactive sites. These composites may be more beneficial for the
deliberate design of architectures from their mesoscale
structure.?*>*°2 The metal oxide nanocomposites with template
mesoscale architectures have fast switching kinetics and long
cycle life. In this case, it has been reported that two degenerate
metal oxide nanocrystals may efficiently modulate the NIR
spectral transmittance via electrochemical charging, and then
discharging of free electrons, which are responsible for LSPR
trigger absorption.*®?°*?* Hence, it can be concluded that
NIR spectral light is much more intense at shorter wavelengths
(700-1300 nm), which can be ideal for composite nano-
crystals with LSPR absorption, and thus beneficial for dynamic
solar light.

Polyoxometalate nanoclusters (POMs) denote a familiar
class of metal oxide cluster compounds with framework topol-
ogies, which possess electronic and optical properties.”*>**®
POMs as an electron reservoir undergo reversible multi-
electron transfer reactions and significantly impart EC proper-
ties. Gu et al.'®® studied the EC performance of crown-type
polyoxometalates, K,gLisH,PgW,50154-92H,0 (PgW,g), and
W;50,40 nanowires coated on ITO glass via the LbL process, as
shown in Fig. 13. The PgW,5 anion is a visible light absorption
material owing to its wide range of stability. In the reduced
state, it may exhibit good absorptivity of visible light, while the
W;50,40 NWs are a candidate with excellent absorptivity of NIR
light. The effects of the W;30,0 NWs and PgW,g on near-
infrared and visible-light selective modulation were studied
via the self-assembly technique. Meanwhile, the W;30,9 NWs
or PgW,g anion are negatively charged species, which hybri-
dized with the positively charged poly(ethylenimine) (PEI)
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Fig. 13 Transmittance spectra of [PSS(PEI/PSS)s(PEI/W1gO40)30/(PEI/PgWa4s)20] film at different potentials, held for 4 min. (b) Relative transmittance
change for [PSS(PEI/PSS)s(PEI/W1g049)30/(PEI/PgW4g)20] film under different applied potentials; blue curve: NIR + Vis region, red curve: NIR region, and
black curve: visible region, and digital photographs of the film at 0.4 V, —0.6 V, and —1.0 V, respectively. (c and d) In situ optical response of [PSS(PEI/
PSS)3(PEI/W18049)30/(PEI/PgW4g)20] multilayer when switching between —0.60 V (100 s) and —1.0 V (100 s) to 0.4 V (200 s), where each step is measured
at 1060 nm (c) and 500 nm (d). (e and f) Optical density variation as a function of charge density at 1060 nm (red curve) and 500 nm (black curve). The
applied potential is —0.6 V (e) and —1.0 V (f) for 100 s. Corresponding schematic (i) shows the dual-band optical modulation. Reproduced with

permission.'?2 Copyright@2018, ACS.
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polymer to create electrostatic interactions for alternating layer
deposition of a multilayered film (abbreviated as (PEI/W;5049),
or (PEI/PgW,g),). The ITO glass was first activated via the LbL
deposition of a polyelectrolyte multilayer of poly(sodium
4-styrene-sulfonate) (PSS) and PEI to increase the surface
charges and surface affinity before the deposition of the (PEI/
Wi;50,49),, OF (PEI/PgW ,3),, composite multilayer thin film. Due to
the excellent stability of the films prepared using PgW,s and
W04 and their precise structural control, the nano-
composites film achieved the high coloration efficiency of
42.31 em® C' at 500 nm and 287.49 cm® C™' at 1060 nm
(Fig. 13e-h). The switching speeds for the transparent,
NIR-blocking and broadband-blocking were 86 s, 52 s, and
26 s, respectively. The electrochemical cycle stability of the
composite film after 500 cycles at wavelengths of 1060 nm and
500 nm was only 3.20% and 2.40%, respectively. The obtained
results provide an effective way for the formation of composite-
based functional smart glass.

Liu et al.*®” and Wang et al.’*® demonstrated that ITO-based
coating films are hard, which can be damaged and lose con-
ductivity after a certain degree of bending of the device struc-
tures. They used Ag nanowires as a conductive substrate
support and deposited W;30,49 nanowires for EC device
applications. The Ag nanowires and W;30,, nanowires were
orderly assembled via the Langmuir-Blodgett (LB) method*®” to
develop several layers with elevated conductivity and transmit-
tance. The Ag-W;3049 nanowire co-assembled thin film
obtained via the LB method was continuously transferred to a
PET substrate as an EC smart cell electrode, as demonstrated in
Fig. 14. An increase in the number of layers of W;3049 nano-
wires significantly increased the coloration efficiency, cyclic
stability, and transmissivity, as shown in Fig. 14b, c, f and g.
The Ag-W;30,49 co-assembled nanowire film could bend to a
very small radius of 1.2 em without any mechanical loss, which
showed an excellent EC performance and mechanical stability
(1000 cycles), as shown in Fig. 14d and e.

W50 NWs
VEEe Bl

Ag NWs

Fig. 14
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An Ag-W,53049 co-assembled film was used to develop a
multilayered nanowire network on an ITO-PET film over a
large-area conductive substrate with tunable conductivity
(7-40 Q sq ') and transmissivity (58-86% at 550 nm), as shown
in Fig. 15a-e."'® The Ag-W,;30,4,-LiClO,/PMMA/PC-ITO-PET
hybrid all-in-one solid-state portable and flexible EC device is
shown in the colored and bleached states, which could be
bent to a radius of about 1.2 cm with 90% resistance retention
(AR/R ~ 8.3%) after more than 1000 cycles. Heo et al'*
produced a low-temperature mesoporous WO, ;,-NbO, composite
thin film on an ITO-PET supporting substrate, as shown in Fig. 16.
Consequently, they realized a random/disordered arrangement of
nanocrystal structures in organic media, which giving the
opportunity to develop mesoporosity and overcoming the com-
pact structure formulations (Fig. 16E and F). Ligand-stabilized
WO, 5, nanorods were synthesized using W(CO)s and Me;NO
dissolved in oleylamine in a three-neck flask in an N, glove box
and annealing directly at 300 °C for 90 min. After the wet-
chemical reaction, the colloidal solution was washed using
isopropyl alcohol (IPA) and redispersed in toluene, which were
repeated several times to produce clean high aspect ratio
WO, 7, nanorods. They also synthesized low aspect ratio
WO, 7, nanorods by reducing the Me;NO and oleylamine
concentration, as shown in Fig. 16A. The obtained WO, 7,
may contain highly encapsulated ligands, which were stripped
using Meerwein’s salts (Et;OBF,). Et;OBF, was dissolved in
acetonitrile (AN) and mixed with WO, ,, nanorods in toluene at
a 1:1 ratio with constant stirring, centrifuged and then redis-
persed for repeated washing. Both the ligand-stripped and
ligand-capped WO, 7, nanorods were spin-coated on clean
ITO-PET substrates using different dispersion media to form
thin films of about 300 nm. The results showed that ligand-
stripped WO, 7, nanorods produced a thin mesoporous film
due to the opposite electrostatic links, which prevented the
spontaneous packing of the nanorods (Fig. 16E and F). After the
fabrication of the WO, 5, nanorod thin film, a guest component

(a) Schematic of the fabrication of a flexible device. (b and c) Images of Ag—W;g049 nanowires. (d—f) Coloration and bleaching of Ag—W;gO49

nanowires film before and after an applied potential. Reproduced with permission.!*® Copyright@2017, ACS.
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Fig. 15 (a) Schematic diagram of a solid EC device. Photographs showing
the (b) bleached and (c) colored state of the EC devices in the bending
state. The insets are photos without bending. (d) Photographs of the EC
glasses model and (e) EC window model. Reproduced with permission.!'°
Copyright©2017, ACS.

solution composed of NbO,POM clusters and [N(CHs)4]s
Nb;,0,5-6H,0 was drop-casted on the fabricated film, and then
immersed in a formic acid and absolute ethanol mixed solution
and heated at 150 °C. The WO,-NbO, composite film fabricated
on ITO-PET has the advantages of selective control of the Vis-
NIR light transmission, fast switching, and long cycle life
(Fig. 16G and H).

Kim et al.*" designed WO;_, nanocrystals and an amor-
phous niobium oxide nanocomposite mesoporous film. The
obtained WO;_,-NbO, composite exhibited high charge-dis-
charge kinetics and stability for about 2000 cycles. However,
wet-synthesis of WO;_, nanocrystals via the direct heating of a
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mixture of tungsten salts without applied pressure requires
harsh conditions, high temperature, and the product yield is
small. Vuong et al.*>®” also employed similar procedures and
reported the fabrication of a porous core-shell TiO,-WO;
nanowire structure film via sputter deposition using carbon
nanotubes as a substrate and frequent thermal treatment. The
particle size, morphology, electrochemical, and EC perfor-
mance were studied and then compared with that of thin
TiO,-WO; composite films and single WO; and TiO, nano-
wires. The porous composite nanowires exhibited high proton
intercalation capability with good reversible electrochemical
cycles through intercalation and de-intercalation of the charge-
compensating ions. Dulgerbaki and co-workers®*® fabricated
WO3/PEDOT hybrid films and Li co-workers®® fabricated
Wy.71MO0g 2903/PEDOT:PSS hybrid film-modified electrodes,
which exhibited highly improved EC performances, including
fast switching kinetics, high coloration contrast, and tremen-
dous coloration efficiency of >100 cm* C™* compared with the
pure WO; films.

5.2. WO;_,/metal/WO;/other EC bilayer architecture films

To strengthen the transparency and EC functionalities, soft
coatings as dielectric/metal/dielectric (DMD) blends have been
appealing in recent years as alternatives to ITO-coated
substrates.*°® Various dielectric materials, for example WOj,
TiO,, M0O3;, and ZnS, have been reported for the construction
of DMD blends recently. The DMD assembly has also been
extensively used in electrodes in organic optoelectronic devices,
such as light-emitting diodes and organic solar cells.*** % In
DMD coatings, the WOj; film may perform a dual function,
where it is anti-reflective for light in the transparent state and
becomes absorbent in the colored state.?***°*3%” Furthermore,
DMD bilayer or trilayer films possess optimum resistivity (> 15
Q), high transparency (<80%) in the visible region, low thick-
ness and superior flexibility.'**'>**%73%7 For dual functionality,
the matrix design by simulation of D/M/WOj; as glass/ZnS
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(A and B) Low and high aspect ratio WO, 7, nanorods (top) and (C and D) their XRD and UV-vis absorbance spectra, respectively. Low and high

aspect ratio (E) WO, 7, mesoporous film and (F) Nb-POM in-filled WO, 7, film (top). (G) Transmittance of composite film at various applied potentials and
their corresponding photographs. (H) Charging and discharging profile at various potentials. Reproduced with permission.??®* Copyright©2017, ACS.
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(34 nm)/Ag (15 nm)/WO3 (326 nm) was formulated and verified
v experiments by Leftheriotis’ team.*** The color coating simu-
lation studies showed the asymmetry of the radiation propaga-
tion path, which is absorptive in one direction and highly
reflective in the opposite direction. They also substituted the
layer of ZnS with an optimum thickness of WO; and the Ag
layer with Au, and the addition of a 4th protective layer of Al,0;
demonstrated feasible replacements toward the optimum
design. The film was produced via electron-beam gun deposi-
tion with a transparency of 57% and sheet conductivity of 9 Q.
The obtained results showed that the outer WO; coating layer
should be thick enough to protect the Ag nanolayer from the
liquid electrolyte. The optical contrast was 90 cm* C™* and a
coloration efficiency of 30 cm® C™' was recorded for 500
coloration/bleach cycles. The influence of liquid electrolyte on
the EC coatings was observed with an increase in resistance and
stability due to degradation, where the Ag nanolayer degraded
because of the interactions of the electrolyte through the pores
of the coated ZnS layers.*°® Hence, a layer thickness of WO; of
up to 300 nm was adequate for the protection of the Ag
nanolayer over the ZnS/Ag/ZnS stack.

Koubli et al.*°® employed electron beam deposition for the
formation of a WO3/Ag/WO; coating film. The fabricated film
exhibited excellent deep coloration. However, with the inter-
calation of electrical charges, the film was unstable and
damaged with the reversal of electrical potential. It became
dysfunctional in the bleach state due to the reaction of Ag with
Li" ions, and the resistance of the Ag layer increased. Hence, for
safe mode operation, the charge density was lowered to
12.6 mC em > from 15.7 mC em . Li et al.**> demonstrated
that a WO3/Ag/WO; film could sustain up to 3000 cycles with-
out EC performance degradation, as shown in Fig. 17. The poor
adhesion and rapid degradation regarding color/bleaching of
the bifunctional WO3/Ag/WOj; film were improved by sputtering

View Article Online

Materials Advances
deposition using metal targets.">® They successfully added an
ultrathin tungsten sacrificial layer followed by an external WO,
layer. Metal-to-metal bonds are generally stronger than metal-
to-oxygen bonds. Therefore, the Ag-to-W layer film was adjusted
to the desired thickness and the resulting film in the 2000th
bleaching cycle showed a stable EC performance and avoided
oxidation of the silver metal nanolayer in the oxygen atmo-
sphere. Based on this strategy, the oxidation of silver metal
(Ag®) can be eliminated and the conductivity of the film can be
lost. Moreover, according to the conventional DMD three-layer
structure, the introduction of a sacrificial W layer presents
complexity to the deposition process in the form of a fourth
structural layer in the device configuration.

Najafi-Ashtiani et al.**° used high-power impulse magnetron
sputtering (HiPIMS) instead of DC/RF magnetron sputtering
technology to produce aa DMD film without a fourth sacrificial
metal layer, as illustrated in Fig. 18. The HiPIMS EC deposition
method has a wide range of use in industry and production.
Converting a traditional sputtering system to HiPIMS operation
only requires the application of a suitable power supply to
derive the target in the HiPIMS mode.*'® The high instanta-
neous power supply produces high-density plasma of the
sputtered target material with a high ionization degree.’'°
The limited supply of oxygen is promising for the controllable
growth of WO; nanoparticles and external layer deposition to
reduce the oxidation of the Ag layer.*®® The thickness of WO;
(30 nm)/Ag(10 nm)/WO; (50 nm) was optimized with the sheet
resistance of ~23 Q and transmittance of 80% (Fig. 18a). The
fabricated coating exhibited an EC performance with good
transparency, excellent cycling stability for 2500 cycles, fast
switching kinetics, and Vis-NIR light modulation (Fig. 18b).

The EC performance of DMD films is not satisfactory
in terms of switching time, switching speed, optical modula-
tion, and durability. To this end, the pioneering work of
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Dong et al."** proved the application of mixed oxides of W-Mo-
encapsulated Ag such as an MoO;-WO;/Ag/MoO;-WO; trilayer
film for ITO-free EC devices, as demonstrated in Fig. 19. The
film thickness was optimized at 40 nm, resulting in the sheet
resistance of 9 Q with a fast-switching speed and high colora-
tion efficiency (70 cm® C™1).

5.3. Doped WO, ;, nanostructures

Using dopants or intended impurities to switch the behavior of
nanomaterials is at the heart of various key technologies. For
semiconductors, the doping process is crucial, otherwise they
would be electrically insulating. Certain applications such as
wavelength-tunable lasers,®"" bioimaging,>'*> photocatalysis,
and solar cells*"® may eventually rely on the doping of nano-
crystals to tune their electrical properties. Doping is an effective
method to tailor the bandgap of semiconductor materials by
introducing a transition state (defect band) between their
valence bands and the conducting bands. Moreover, dopants
can strongly alter the electronic, optical, and magnetic proper-
ties of bulk semiconductors.>'* The EC efficiency of WO;_,/
WO, has been tested by doping®'®> with Mo, Nb, Ti, Ni, Al, Ag,
Pd, Cu, Au, etc. The use of impurity atoms to tune the con-
ductivity of WO;_, can be better understood by considering (i)
substitutional doping and (ii) interstitial doping.

5.3.1. Substitutional doping. Substitutional doping plays a
key role in tuning the electrical conductivity in semiconductor
materials, where the dopant atom replaces an atom in a
nanocrystal, thereby integrating discrete components into cir-
cuits and devices.*'® Semiconducting nanocrystals possess low
free carrier concentrations, and thus do not exhibit LSPR
phenomena. Accordingly, substitutional dopants with one
additional valence electron can be thermally ionized and
donate their extra electron to WO;_, (n-type doping). Similarly,

© 2021 The Author(s). Published by the Royal Society of Chemistry

dopants with one fewer/deficient valence electrons can offer an
extra hole (p-type doping). These electrons/holes acting as
charge carriers can support LSPR in the NIR region, thereby
increasing the electrical conductivity. For conducting thin-film
technology, the capability to introduce these carriers is neces-
sary, as published for tin-doped indium oxide (ITO),*"”
aluminum-doped zinc oxide (AZO),*'® indium-doped cadmium
oxide (ICO),*'° and niobium-doped anatase titania.>*® Hasani
et al.**' doped CdSe quantum dots with WO; nanocrystals via
wet-synthesis followed by annealing. The optimized CdSe QD-
doped WO; showed an excellent EC performance with a coloration
efficiency of 112.3 em® C™*. Ni and Ti doping has been reported
recently to introduce oxygen vacancies, crystal defects, and nanos-
tructural changes in WO; for improved EC properties.****>

Mo, Cu, and Nb are considered effective sensitizers, increas-
ing the oxygen vacancies and crystal defects. Thus, the absorp-
tion peak position of the films shifts to a low wavelength range
(blue shift). Moreover, they can also accelerate the reversible
switching kinetics of the film.">*** Al ion doping also
adds advantages based on the shape, size, and structural
variations.>® Li and Ru doping successfully enhanced the
electrochemical performance, cycle stability, and diffusion
coefficient of WO;-based thin films.””**® As the size of nano-
crystals decreases, their energy increases, and thus the carriers
in the nanocrystals must occupy any confined electronic
states.**” For robust/stable conductivity, adjacent nanocrystals
should be uniform in size to have resonant electron states, and
eventually, be narrowly spaced to confirm their quantum-
mechanical overlap. Yao et al.**® synthesized Cr-doped WO;
polyhedra by controlling the parameters of RF thermal plasma.
The results demonstrated that the 2.5 at% Cr-doped-layer could
reduce the crystal growth rate of WO; along the (001), (010),
and (100) planes.
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Higher carrier concentrations are required for superior
conductivity. However, nanocrystals with additional free elec-
trons and holes can also be used as strong reducing/oxidizing
agents. Therefore, the electrochemical reactions on the surface
can consume the charge carriers,**® and the carriers will not
participate in electrochemical reactions. Thus, avoiding these
reactions of films fabricated using doped nanocrystals is a big

6862 | Mater. Adv,, 2021, 2, 6839-6884

challenge! The n-type and p-type doping of CdSe quantum dots
using In, Sn, Al, or Ag as dopants have been a research focus, as
illustrated in Fig. 20a and b.*****' The critical temperature
affecting the doping processes can be summarized as fol-
lows:*** (i) surface adsorption, (ii) lattice incorporation, (iii)
lattice diffusion, and (iv) lattice ejection (Fig. 20a and b). It is
noteworthy that each nanocrystal can be switched, but it may

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00418b

Open Access Article. Published on 10 September 2021. Downloaded on 2/7/2026 11:42:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Temperature dependent “el tary pr ” in nanocrystal doping
(a)
Surface Lattice Latfice
o ® adsorption incorporation dxffus:on
TR — —
Host  Dopant df;::;:'eon e,ech?n surface-doped  Interior-doped
q-dots ions D-dots D-dots
CdSe Cdi.-Mn,Se CdSe

] /Q.. Mn2+, Se? Cd” :@.

= Diffusion Doping —- Cation Exchange -

Fig. 20 (a) Temperature-dependent surface adsorption,
poration, lattice diffusion, and lattice ejection doping in nanocrystals.
(b) Mn?* diffusion doping of CdSe nanocrystals and Mn?* expulsion from
Cd;-xMn,Se nanocrystals via cation exchange with Cg?+3%2 Reproduced
with permission. Copyright ©JACS.

lattice incor-
332

be impossible to dope to achieve the desired doping
characteristics.

5.3.2. Interstitial doping. Interstitial doping is a principal
means for new atoms to be incorporated within the crystal
structure because of the atomic vacancies/defects within the
lattices. Interstitially doped tungsten oxides, which are known
as tungsten bronze, have the formula M,WO;, where M is Li",

a*, Cs*, or Rb".**® Tungsten bronze materials retain high
visible light transmittance, while exhibiting high NIR light
absorption, making them ideal candidates for spectrally selec-
tive optical devices. A high doping level/degenerate doping in
semiconductor metal oxides can effectively modulate the NIR
wavelength transmittance through electrochemical charging
and discharging of the free electrons responsible for LSPR
absorption.*"*** 1t has been found that solar NIR light is the
most intense at shorter wavelengths (700-1300 nm), and thus
nanocrystals with LSPR absorption in this spectral range will be
ideal for dynamic solar light control. Due to their outer-d
valence electrons, WO;_, nanoparticles can be ideal candidates
with intense visible and NIR light absorption, where their
metallic characters exhibit tunable LSPR peaks."* Therefore,
interstitially doped/oxygen vacancy-doped nanocrystals can
achieve metallic characters with LSPR modulation in the NIR
region, besides the substitutionally doped transparent conduc-
tive oxides, e.g., ITO/AZO,*"139294331 yy5ed for tuning the LSPR
absorption in the IR range (1400-3000 nm). When dopants are
incorporated in these nanocrystals, they can emerge as new
advances for certain well-known applications and effectively
predicted, as found in the literature,?**331:334-338

To improve the energy saving proficiencies of EC smart
windows, it is necessary to maximize the plasma resonance
displacement and modulations of NIR rays. For example, in
ITO, a high doping concentration shifts its LSPR peak to the
high frequency spectrum. In contrast, a decrease in the nano-
crystal size to ~2-5 nm in accordance with an increase in
optical modulation remains enigmatic. Smaller nanocrystals
have a higher surface charge density, which facilitates high

© 2021 The Author(s). Published by the Royal Society of Chemistry
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capacitive behavior and allows more electrons to be injected.
Therefore, smaller size and highly doped nanocrystals will
exhibit improved EC performances in the desired multifunc-
tional EC smart windows. Because of the impurity atom doping
and higher formation energy of defective nanocrystals, nano-
crystals tend to expel dopants during annealing to minimize
their energy and undergo self-purification/healing (Fig. 20).>*°
It was found that surface adsorption and diffusion®*® can be
influenced by three main factors: (i) surface morphology, (ii)
nanocrystal shape, and (iii) surfactants in the growth solution.
Based on the kinetic control, dopants can be incorporated in
the host nanocrystals if they can bind and reside on the host
crystal surface. Diffusion of impurities into the host nanocrys-
tals may occur on the surface of nanocrystals. It was also found
that nanocrystals contain active surface sites and the binding
energy of the impurities adsorbed on the nanocrystals deter-
mine their residence time.**° The diffusion doping strategy is
based on incorporating relatively incompatible anions/cations
in semiconductors, which is driven by thermodynamic
and high-temperature cation randomization. For, example
Cd,;_,Mn,Se has been studied (Fig. 20b).>*° The slow diffusion
kinetics of Mn>" ions and high-temperature treatment possibly
accelerate their diffusion, although it is associated with self-
purification due to the diffusion of Mn>" ions out from the
nanocrystals.**?

It is worth noting that only effective doping that successfully
incorporates dopants in the host crystal lattice rather than
adsorbed on its surface can alter the characteristics properties
of nanocrystals; however, plasmonic nanocrystals are quite
interesting in this regard.*'*?*° Au and Ag are believed to have
strong surface-enhanced Raman spectroscopy (SERS) perfor-
mance. They have no signals upon Raman scattering but can
produce strong LSPR under irradiation of light. Because Au
couples with Ag substrates, and then non-noble metals, metal
oxides, graphene, silicon-metal and metal-tellurides are also
considered to become a new type of SERS materials due to the
charge transfer mechanism. Liu and coworkers®*" reported that
TiO, and WO;_, do not have free electrons because of their
wide bandgaps, indicating that these semiconductors will not
show the LSPR effect. However, their conductivity can be greatly
enhanced due to the introduction of dopants into their large
vacancy/defect sites, given that the dopant materials have the
LSPR effect due to the free electrons found in their d-orbital, as
shown in Fig. 4b and 21. However, the SERS induced due to
the LSPR in TiO,_, and WO;_, cannot be generated due to the
presence of oxygen vacancies and crystal defects. This can be
attributed to the difference in excitation wavelength between
NIR and SERS, which are found in the visible region. However,
the conductivity (charge transfers) greatly increases due to the
vacancy-doped features between the substrates and the
adsorbed molecules. Therefore, if the LSPRs of vacancy-rich
materials can be adjusted from the NIR region to the visible
region (near the SERS excitation wavelength), then due to the
charge transfer process, their SERS activity can be further
improved. The high density and oriented W;30,o ultrafine
nanowire bundles with an abundance of oxygen vacancies
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(e) Cross-section of a 1.0 nm nanowire inside of one W;gQO49 unit cell oriented along the [010] direction. (f) UV-visible-NIR absorption spectra of the W1gO49-
561, W1gQO49-743, and W;g049-1025. (left) Top: Band structure of W1gO49 and the two possible SERS enhancement ways in W1gOgg: (1) EM and (2) CT. Bottom:
LSPR coupling between nanowires. Adopted from ref.341 Copyright©2018, ACS.

and defects have strong LSPR due to the charge transfer and
electromagnetic enhancement factors. With an increase in
thickness due to the aggregation of the nanowires, the absorp-
tion peaks gradually change from the NIR to visible region
(Fig. 21). However, the XRD peaks remain almost the same,
which was concluded to be due to electromagnetic oscillations
found in the highly thin W,30,9 nanowire bundles. These
pioneering results may reveal SERS properties.**" The SERS
enhancement mechanism can be attributed to the synergistic
effect of the LSPR-SERS coupling that occurred among the
ultrathin oriented nanowires, defects, and oxygen vacancy,
which significantly improves the charge transfer process.**!

5.4. Plasmonic surface-decorated WO, ,, composites

Plasmonic nanocrystal-modified interfaces significantly affect
the optical absorption properties of nanomaterials. Noble
metals nanocatalysts, such as Au, Pd, Pt, Ag, Rh, and Cu, are
promising for improving the optical properties via LSPR effec-
tive modulations and Schottky junction formation. This is
because the difference in the work functions of noble metals
and the semiconductor metal oxide (WO, 5,) induce electronic
sensitization, affecting their electrical properties. The rectifying
Schottky barrier at the interface enhances the electrical trans-
port properties. Thus, a higher work function and Schottky
junction formation can significantly facilitate the separation of
photogenerated electrons and holes. Ordered-shaped plasmo-
nic nanocrystals such as nanorods (1D), sheets (2D), cubes, and
triangular prisms (3D) possess sharp edges and corners, and
hence exhibit excellent LSPR and considerable electromagnetic
field enhancement.

Plasmonic-mediated nanocrystals can be classified into four
categories as follows: (i) isotropic/bulk, (ii) assembled, (iii)

6864 | Mater. Adv, 2021, 2, 6839-6884

responsive, and (iv) interfacial plasmonic nanocrystals. In
bulk/isotropic plasmonic nanocrystals, the nanocrystal compo-
site is monodispersed throughout the matrix compared to the
bulk in a medium. The dielectric matrix may cause an insulat-
ing barrier between the plasmonic nanocrystal candidates or
may also contribute to their optoelectronic properties. In
assembled nanocrystals, the plasmonic component species
are arranged into groups, clusters or certain anisotropic areas
in the dielectric matrix. This self-assembly causes the nano-
particles to acquire strong plasmonic coupling due to the
formation of nanojunctions and their collective optical proper-
ties. New research is devoted to reconfiguring the capability of
plasmonic nanocrystals to modulate external stimuli that trig-
ger a high optical response. Thus, the responsive plasmonic
nanocrystals can acquire tunable and unique optical
functionalities.’® It is noteworthy that the gaps between the
nanocrystals often have an impact on their optical properties.
The interfacial plasmonic nanocrystals connect the interfaces
of the metal-dielectric (M-D), dielectric-dielectric (D-D) or
dielectric-metal-dielectric (D-M-D). These composite architec-
tures are frequently 2D/3D structures. Electron injection in 2D/
3D plasmonic nanocrystal composites results in a shift towards
the high-frequency region and optical modulation in the NIR
region of the solar spectrum. Plasmonic composites are spe-
cially engineered to acquire optoelectronic properties different
from their bulk components. The blend symmetries of
plasmonic-incorporated particles can be understood based on
Fig. 22, and detailed explanations can be found in the chemical
review published by Su-Wen Hsu et al.***

The Vis-band optical modulation of WO;_, can be shifted
towards the NIR wavelength due to the coupling of traditional
metals/cation intercalation, resulting in NIR-LSPR extinction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Thus, the surface decorating/synthetic doping of noble metals
in WO;_, nanocrystals should be capable of independent
modulation of spectral bands in both the Vis and NIR regions
within a single-component functionalized film. Thus functio-
nalized WO;_, can be capable of dual-mode optical modulation
as a nonradiative material to achieve multifunctional smart
windows for controlling visible light transmittance, photo-
thermal conversion of NIR solar loads, and also eliminating
microorganisms living on windows.®”**3%334% The growth of
plasmonic nanocrystals on metal oxide layers can support the
tunable LSPR, which will interact with the solar spectrum to
shift the plasmon resonance for color changes.*> Moreover,
Li-ion intercalated WO;_, can be used for energy storage
applications, such as supercapacitors and batteries."***
Improving the slow diffusion kinetics of Li ions and the
conductivity of bulk WO;_, can improve the charge capacity
and charging capability of WO;_,-based electrodes. Assuming
that surface-modified WO;_, can be charged, its charge capa-
city is almost equivalent to that of lithium insertion reactions
in ultra-small particles of about 10 nm.****® Besides decreasing
the size of WO;_,, doping can also improve the electrochemical
properties of WO;_, electrodes (see Section 5.3) to boost their
inherent low conductivity. Furthermore, surface-decorated
nanocrystals with a diameter of <10 nm can support LSPR,
which can be tuned through the Vis to NIR region by altering
the size, shape, composition, and Fermi energy level of the
nanocrystals, as reported in the literature.®”**"*® Au, Ag, and
Pd nanoparticles may exhibit a strong, robust, stable, and
tunable LSPR absorption band at both visible and NIR absorp-
tion wavelengths.®**° Au and Pd nanoparticles with a spheri-
cal shape and size of ~4-6 nm were deposited on the surface
active sites of WO; nanowire bundles in HAuCl, and PdCl,
solutions with additional oxidation®”"**>*°° (Fig. 23). In this
scenario, the absorbed NIR light could subsequently be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 (a-d) TEM and HRTEM images displaying WOs_, nanorods:
nanowire assembly decorated with Au (a and b), Pd (c), and (d) bimetal
Au, Pd NP-decorated WOs. (e and f) Corresponding EDS elemental
mapping. Reproduced with permission.**® Copyright©Elsevier.

converted to heat energy due to the electron-phonon/pho-
non-phonon interactions. Au NP-decorated WO; may enhance
the catalytic and photocatalytic activity and exploit the LSPR in
Au NPs. The extensive work functions of ®(Au) = 5.1 eV, ¢(Pd) =
5.5 eV, and ®(WO3) = 4.8 eV may induce electronic sensitization
and trap photo-excited electrons. The LSPR in gold-decorated
WO;_, has been applied in photothermal ablation therapy,***
biological sensors,***?*® gas sensors,***?°® and optical
detection.*”’

Xu et al.**® fabricated an EC-photothermal dual-band com-
posite film of plasmonic Au anchored with 3D honeycomb-like
WO;, as shown in Fig. 24a-d. The obtained composite film was
tested for the optical transmission and photothermal conver-
sion of visible and NIR light and reducing the attack of
microorganisms (Fig. 24e). The Au LSPR and broadband non-
radiative plasmon decay are assumed to be tunable as an
electric field on the surface of the WO; substrate. The photo-
thermal conversion was attained in a colored state, which is
ascribed to the coupling of traditional visible-band optical
switching with the NIR-LSPR extinction, as given in Fig. 24f
and g. The as-prepared EC and photothermal films were also
examined and proven to be effective in reducing the risk of
microorganisms such as E. coli bacteria. Therefore, photother-
mal EC film-coated glass as an advanced multi-functional
smart sterile window has broad application prospects.

Moreover, Ag nanoparticles were distributed isotropically
within the bulk polytetrafluoroethylene (PTFE) matrix through
direct current (DC) or co-sputtering of Ag and PTFE to leverage
the LSPR extension of the Ag nanoparticles in the visible

Mater. Adv., 2021, 2, 6839-6884 | 6865
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Fig. 24 SEM images (a) top view and (b) magnified view of a blank WO3
film; (c) top view of Au nanoparticle-decorated WOs film; and (d) top view
of Au nanoparticle- and nanorod-decorated WOs film. (e) Schematic of Au
nanoparticle-attached nanorods, and digital photographs of the AuPR/
WOs film on FTO in the bleached and colored state. (f) Transmission
spectra of the WO3, AUP/WO3, and AuPR/WOs film-coated FTO slides at
OCP and colored states. (g) Relationship of transmittance at 915 nm with
an applied electrochemical potential at a scan rate of 10 mV s*. Repro-
duced with permission from ref. 293 Copyright@2018, ACS.

range.***?>® The deposition process is important for

developing flexible substrates that utilize matrix/nano-inks
and target nanoparticles with a very small size. The plasmonic
nanoparticle-based composite-generated film on the flexible
substrates not only selectively controls the solar spectrum as
an EC device but also has retrofit installation features.**
During in situ synthesis, the small size and morphology, and
aspect ratio of plasmonic nanoparticles can cause impedi-
ments. Accordingly, plasmonic nanoparticle-polymer blends
can successfully overcome this disadvantage via the incorpora-
tion of a polymer matrix in the already produced metal nano-
particles. Therefore, each material component of the plasmonic
nanocrystals/composite can be synthesized independently and
combined with the prospective polymer blend to generate a
multifunctional nanocomposite.**°~3%*

Nanoscale WO;_, particle decoration is advantageous for
the fabrication of plasmonic nanocrystal-composites, which
prevents undesirable aggregation or may be beneficial for
phase separation. Similar to NiO, WOj3;, TiO,, and VO,, the
color and optical transmittance can be tailored by external
stimuli, including an electrical field, light, and temperature.®

6866 | Mater Adv, 2021, 2, 6839-6884
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In these scenarios, the nanocrystal components are grafted
with polymer templates, which are miscible in a polymer
matrix, Z.e., dispersion of fullerenes in polystyrene.*®* Similarly,
they can also be grafted through the large gyration radius
of linear polymers, ie., polyethylene nanoparticles in
polystyrene,*®® and/or tethered with soft/hard templates having
a high surface area, which endows the highest possible stability
to the nanocrystal composite-polymer templates.*** Au nanor-
ods were grafted with polystyrene polymer, and then deposited
as a thin film.>*® The thin film showed an optical response at
780 nm, which is reliable with the excitation of the longitudinal
dipolar LSPR modes. The LSPR resonance function showed a
blue shift in the optical absorption, resulting from the long
linear-polymer templates and the side-by-side assembly of the
aligned nanorods. In addition, the plasmonic EC film-based
electrodes with nanocrystals in a disordered packing'*® gener-
ated open network channels, which increased the surface area
and could be easily accessed by the electrolyte. In this area of
research, the Milliron team demonstrated the fabrication of
porous films and the effect of the nanopore sizes obtained by
using amphiphilic block copolymer micelles to bind ligand-
stripped ITO nanocrystal architectures into an ordered/more
alignment conductive mesoporous network.**® The mesopor-
osity was controlled by altering the molecular weights of the
hydrophilic/hydrophobic block polymers, with the pore size in
the range of 29-37 nm and thicknesses of 9-13 nm.?*® The
ordered mesoporous structures resulted from the interaction
between the ligand-stripped nanostructure surface and hydro-
philic block-copolymers.*®” Increasing porosity increases the
speed of ion transport and switching through the surface of the
nanocrystals.**73¢

In addition, the controllable size, quality, and assembly
structure of plasmonic nanocomposites can be integrated into
traditional multi-functional smart windows, where each com-
ponent can be activated independently for specific functions.
The independent modulation of visible and NIR light will
stimulate the window to function in hot/cold climates to
respond perfectly to changes in weather conditions. Recent
research relies on plasmonic nanocomposite architectures
for visible and NIR-selective transmission, enabling dual-
band functionality to meet the challenges of traditional smart
windows.'*>'** Dahlman et al.** fabricated a single-component
colloidal aliovalent niobium-doped anatase TiO, nanocrystal
film for dual-band optical modulation. The Nb-TiO,-deposited
film showed LSPR in the NIR region and could modulate light
with capacitive charging. A variation in the composition, size,
shape, and doping in the TiO, nanocrystals greatly affected the
efficiency of the EC film. The anatase TiO, has low electrical
conductivity and slow ion diffusion, which was improved by
composite formation and impurity doping.

Moreover, multifunctional integrated devices have received
tremendous research interest due to their low cost, lightweight,
flexibility, and for monitoring health and the environment.
Recent research achievements such as gas sensors, strain
sensors, and photodetectors have been reported in various
self-powered multifunctional integrated systems, thus reducing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Stretchable EC film of PEDOT/PU. (a) Molecular structures of PEDOT and photographs of the stretched EC film of a PEDOT/PU composite in the
reduced and oxidized states. (b) Schematic illustration of an EC film/hydrogel hybrid. (c) EC film/hydrogel hybrid wrapped around a glass rod and human
finger. (d) Color change in the EC film/hydrogel hybrid device placed on a human finger. Reproduced with permission.*”> Copyright@2017, ACS.
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energy cost by cooling, heating, and lighting.
example, flexible supercapacitors have been reported together
with photodetectors based on CdSe nanowires,**° C0,0; nano-
wires on Ni fibers with graphene,*”® TiO, nanoparticles,”* and
TiO,/MXene heterostructures®”> deposited on different sub-
strates. The resultant flexible all-solid-state integrated systems
exhibit energy-storage performances together with an excellent
response to white light. Yun et al.>”® fabricated a stretchable
SiC gas sensor for NO, on an Ecoflex substrate, which could
detect gas with a sensitivity of about 50 min after being
charged. Moreover, flexible, self-powered devices have been
reported, which are sensitive to human touch or motion.*”
Kai et al.’”” synthesized a stretchable conductive composite by
mixing poly(3,4-ethylene dioxythiophene):p-toluene sulfonic
acid (PEDOT:PTS) mixed with polyurethane (PU). The film
fabricated by spin coating showed dynamic electrochromism
in a hydrogel without supplying an external voltage, as given in
Fig. 25. The stretchable PEDOT/PU film is suitable for a wear-
able display device; hence, it can be ultimate proof for the
multifunctional features of wearable-to-self-powered with sen-
sory smart window applications.

6. State-of-the-art EC devices:
principal factors and composition

6.1. Principle factors

In an exemplary EC device (Fig. 1), cathode EC materials exhibit
their inherent optical properties without an applied electrical
potential, and the electrolyte ions (cations and anions) are
uniformly dispersed in the device. When an electric potential
is applied, the EC material captures the injected electrons, and
thus the material gets reduced and then ionized, with a change
in optical property to the ‘“switching” mode. Meanwhile, the
cations from the electrolyte move toward the opposite electrode
and gather in the area of negatively ionized EC materials to
balance the charge near the cathode. Also, the anions from the
electrolyte enter the counter electrode to balance the charge
and are stabilized by oxidization. Thus, fully reversible redox
reactions occur with an appropriate reverse voltage. Therefore,

© 2021 The Author(s). Published by the Royal Society of Chemistry

the performance of EC devices depends not only on the
electrochemical reaction of heterogeneous electron transfer
between the electrode and the EC film and/or ion storage film,
but also on the homogeneous ion(s) transfer through the EC
layer(s), the ion-transport layer, and the ion-storage layer. Thus,
the EC performance can be optimized as follows: (i) by increas-
ing the surface activity between electrodes and the EC film and/
or ion storage film; (ii) increasing the electronic conductivity of
electrodes and/or the ionic conductivity of electrolytes; and (iii)
advancement to EC materials.

The EC material films are the key components defining the
EC device performance, where the reversible optical modula-
tion occurs under a suitable voltage. The dynamic windows
consisting of WO;_, can be electrochemically/electronically
color/bleached with the insertion of a tiny electric potential
(1-3 V) to dynamically control the inlet/exit of thermal loads
and daylight via smart windows of buildings, vehicles, aircraft,
etc.

EC devices can be (i) single EC and (ii) dual/multiple EC.

(i) Single EC devices are developed from one EC material
coated as a thin layer. This type comprises materials with
alternative one coloured state and one bleached state, which
is useful in absorption/transmission-type devices. These
devices may have fewer redox states compared to that
composed of more than one EC active species.

(ii) Dual/multiple EC devices consist of two/more active EC
materials triggered for multifunctional features in a single
platform (Fig. 1). However, two/more active materials on the
same platform can cause system complexity. Nevertheless, they
have significant advantages in the possibility of multiple color
changes at small applied potentials and multifunction. Dual-
function devices designed with cathode and anode EC materi-
als in one platform (Fig. 1) are considered to be more efficient,
powerful, and therefore can save a tremendous amount of
energy.

Based on their operation, EC devices can be transmissive
type, which operates on the principle of optical transmission,
and reflective type, regulating the optical reflectance. Further
progress remains to be achieved in developing more efficient
multifunctional EC devices with different capabilities in a
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single platform. The key parameters used for evaluating the EC
device performance are as follows:

6.1.1 Coloration efficiency

6.1.2 Switching time

6.1.3 Cycling life

6.1.4 Device stability and durability

6.1.1. Coloration efficiency. The change in optical modula-
tion (optical density) occurring per unit injected charge is
known as the coloration efficiency (CE), which has an impact
on selecting the EC material and device performance. It can be
expressed as follows:

CE = AOD/Q = Iog[Tbleached(i)/TcoloredUv)]/Q (7)

where Tpleached aNd Teolored are the transmittance in the
bleached and colored states, respectively. The coupling of
electrochromism and energy storage involves a high CE (cm?
C™") and fast switching speed with the supply of low power for
high optical modulation and charge density. Generally, an EC
device having a high coloration efficiency will be more durable
and switch faster.”

6.1.2. Switching time. Switching time is the response time
required to achieve switching efficiency between the transpar-
ent and different colored states. The switching speed depends
on the (i) conductivity of the electrodes, (ii) ionic conductivity of
the electrolyte, (iii) diffusion of ions in the thin films, (iv)
magnitude of the applied potential, (v) film thickness, (vi)
microstructure size, and (vii) surface morphology.

6.1.3. Cycling life. The cycle life refers to repeatable cycles
between the colored state and bleached state under an applied
voltage. Due to repeatable cycles, device failure may occur, such
as solid-phase changes, and/or side reactions may occur, and
thus the lifetime of thin layers decreases with changes in the
electrode composition.

6.1.4. Device stability and durability. The stability towards
redox reactions generally limits the utility of EC materials. For
practical impact, EC smart windows should sustain steady
switching after thousands (10-10°) of repeatable cycles, which
is a key obstacle for the perspective development of next-
generation EC devices. In addition to long-term switching
stability, device durability is also a key parameter. Moreover,
the device should remain stable in an environment that is very
cold (below —20 °C) or very hot (above 80 °C). Moreover, EC
devices are generally sealed to avoid the adverse consequences
of humidity, oxygen, air, and water in the external environment.
Finally, the given appropriate voltage schemes and combi-
nation of electroactive materials candidates inside the EC
devices are beneficial for promising EC properties.

6.2. Device configuration

Optical transparency and mechanical flexibility have
become new developments in the next generation of flat panel
electronics, enabling new technologies, including EC windows,
(e)skin, wearable optoelectronics, and rolled-up displays.*”®>””
A traditional EC device is composed of a 4-5 layer configu-
ration, and nanomaterials are widely used in each layer to
achieve better performances and reliability. The recent
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advances on EC materials (inorganic/organic) have been
reviewed by Yang et al.,** Rai et al,*” Kim and Yang,'® and
Eh et al.,'*® and the state-of-the-art approach of EC materials
towards multifunctional EC smart-windows by Cai et al.®* and
recent progress in smart windows based on electro-, thermo-,
mechano-, and photochromics is summarized by Ke et al.® The
more recent development in EC materials triggered in each
layer to build the next-generation smart windows for ‘zero-
energy buildings” is summarized in this review, as illustrated
in Fig. 26.

6.2.1 Transparent conductive substrates

6.2.2 Ion conducting electrolyte

6.2.3 Ion storage/conductive oxide counter electrodes
(anode)

6.2.4 EC material (WO, ;,) cathode

6.2.1. Transparent conductive substrates. For EC devices,
the ideal electrode materials not only need to possess tremen-
dously high conductivity, but also excellent transparency and
high chemical/electrochemical corrosion resistance capabil-
ities. The CVD, PVD, PLD, spray coating, spin coating, inkjet
printing solution casting, and dip coating methods have been
considered to be the best techniques for forming transparent
thin films.?”® The transparent conducting electrode materials
used in EC devices will be summarized as:

(i) Doped metal oxides. For EC glasses, thin transparent
conducting films consisting of doped metal oxides are generally
employed as conductive electrode supporting substrates. Com-
mon examples include In,03:Sn (ITO), SnO,:F (FTO), SnO,:Sb
(ATO), In,05:Zn (I1ZO), ZnO:Al (AZO), ZnO:Si (SZO), ZnO:Ga
(GZO), ZnO:B (BZO), ZnO:F (FZO), ZnO:Nb, ZnO:Sc, and
Sn0,:Ta.>>”® All these co-doped oxides have wide bandgaps
and are transparent in both the visible and NIR light spectrum.
They can develop several bilayer architectures with a combined
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Fig. 26 Schematic illustration of the composition of EC devices.
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resistivity of about ~1 x 107*-107> Q em ™", expected thickness
of up to ~300 nm, and can be reduced to a certain adequate
value with excellent durability. With the arrival of flat-panel
display devices, ITO became the most commonly used trans-
parent conductive oxide material for transparent electro-
des;*”®?7° however, it is still not available on a large scale for
EC smart windows. All these oxides are transparent in the solar
spectrum.

The large-scale integration of traditional wearable electro-
chromic devices requires the development of flexible, stretch-
able, and deformable substrates.'?®37>37>377:380  Generally,
polymer, CNTs, graphene, MXenes, metal film, plastic, carbon
fibre, silicone, hydrogels, and paper are used as supporting
substrates due to their outstanding mechanical flexibility and
physiochemical stability (resistivity, heat, good acid-base cor-
rosion resistance, etc.).>*® ITO is cost-expensive and brittle.
Thus, conductive coatings on the surface of flexible EC sub-
strates may be destroyed and cracked due to excessive stretch-
ing and bending processes at a lower strain of 2-3%. Concerns
have also been raised over the limited indium source, stringent
deposition conditions, and consequently high costs.*®! It is
unstable in acidic/basic environments, which leads to a shor-
tened device lifetime. Moreover, ITO films have a high refrac-
tion index, and thus can cause unwanted reflections.***

Polyethylene terephthalate (PET) supporting substrate is a
commonly used bendable electrode material due to its easy
manufacture, low cost, excellent flexibility, super transparency
(>85%), and constancy in weak acids-bases.****** Thermal
evaporation and photolithography can be applied for deposi-
tion on PET substrates; however, its brittleness and processing
at high-temperature (150 °C) limit its use in flexible EC devices.
Therefore, it is difficult to distribute the functional electrode
materials and sensing materials on PET substrates through
direct chemical preparation. ITO- and FTO-coated glass sub-
strates have been replaced by PET/polymers (polyimide), and
because of their excellent conductivity, these materials improve
the cycle stability and colour efficiency, and hence are suitable
for use in EC devices (Fig. 1).>” Polyimide (PI) sustains a high
temperature (400 °C < 3%) without affecting wearability and
transparency.*®® Gas-phase and wet-chemical methods can be
used to deposit materials on PI substrates, which demonstrates
that the active materials have strong adhesion with the sub-
strates, thereby improving their electrochemical properties.
Moreover, ultra-thin silicon films (5-10 m) and mica plates
are also a good choice for EC material growth and device
manufacturing due to their high thermal stability (>600 °C).
Graphite, carbon paper and MXenes have attracted great atten-
tion because of their foldable, bendable, and rollable proper-
ties. Flexible substrate-based electrodes in EC devices have
retroflected installation ability on existing windows, which
significantly reduces costs compared to new installations.
However, for large-area practical applications, the development
of flexible EC devices at present is in its infancy. For example,
in advanced flexible EC devices, the effect of UV light on
polyester/PET foils can cause degradation and will affect the
lifetime of EC windows. To avoid the brittleness of FTO and ITO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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glass, some substrates such as

384,385

flexible transparent
graphene, carbon  nanotubes  (CNTs),*%¢
nanowires, conducting polymers,***2° and MXenes
have been investigated as a substitute. However, the electrodes
made up of these prevailing materials may suffer from limited
transmittance in the bleached state.

metal

387,388 389

(it) Metal nanostructures. Metal grids and 1D noble metals
nanoparticles such as Ag, Au, Cu, and Al have been tested as
coatings for wearable substrates, which exhibit decent flexibil-
ity and excellent conductivity (Fig. 27).>°® The metal-based
coated layer should retain a low refractive index in the visible
region and d-band contribution to the plasma wavelength
oscillations in the UV range (~320 nm). The d-d electronic
transitions provide minimum reflectance of a shorter wave-
length in the visible region closer to the plasma
wavelength.>%°"

Gold exhibits great potential because of its environmental
stability and LSPR peaks that spectrally match with the solar
emissions.”**?%® Ag nanowire-based films are rapidly emerging
due to their excellent conductivity, transparency, softness, and
toughness, making them an auspicious candidate for the
electrodes of next-generation wearable optoelectronics.®* The
refractive index of silver is 0.06 and its extinction coefficient of
3.59 at 4 = 550 nm is the most ideal choice among the noble
and non-noble metals in recent research. It has limited absorp-
tion in the visible region with a neutral color and has excellent
optoelectronic properties.>**®****%* Cu multi-layers films also
increased in popularity and became the preferred choice for
thin-coating technology because of their tunable performance
and reduction in overall material size and cost.**° Metals
nanowire-based electrodes have good connectivity, flexibility,
and anti-deformation ability. However, they have certain lim-
itations, where the nanowires have weak wire-to-wire inter-
action and poor adhesion with the substrates, making it easy
for them to detach from the surface, thus shortening the
coating lifetime. It is worth noting that pure metal nanowires
are easily oxidized in air and have poor stability due to long-
term electrochemical cycles. Therefore, new materials with
ultrasmall size and excellent morphologies should be exploited
to construct flexible substrates with lightweight, high electro-
chemical stability, high transparency, high interface adhesion
of conductive layers, and high thermal management properties.

To improve the conductivity stability of silver-based trans-
parent conductive electrodes, Cai’'s group®''* and Li’s
group®” proposed replacing ITO with silver grids as flexible
transparent conductive substrates, as shown in Fig. 28. A high
conducting silver grid/PEDOT:PSS hybridized composite film
with outstanding stability was developed. An ultrathin layer of
WO; nanoparticle coating was formed on an Ag-grid/PED-
OT:PSS hybridized film, exhibiting the performance of flex-
ible/foldable electrochromics. The hybrid-blend structure
showed a large optical modulation of 81.9% at 633 nm,
fast switching kinetics, and a high coloration efficiency of
124.5 cm® C~'. Moreover, the hybrid film showed outstanding
electrochemical cycling stability (sustaining 79.1% of its initial

Mater. Adv.,, 2021, 2, 6839-6884 | 6869


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00418b

Open Access Article. Published on 10 September 2021. Downloaded on 2/7/2026 11:42:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review
(i) %
00
Z 7
0
w0
P AQ NW 110 Ohvee
20 AQ NW 38 Ohavng
= AQ NW 21 Ohaveg
20 —— AQ NW 12 Ohaveq
" —— 17O §0.300 Oheveq
° '
100 300 600 TOO SO0 1100 1300 1600 1700
Wavelength (nm)
Fig. 27

View Article Online

Materials Advances

Stretching

-

Stretching

\mily,

[ Twisted Crumpled
A

AgNW,

Bl 0% Strain 50% Strain
NTUS NTU
— ) —;cm
NTU :'“’ NTLP
— 1 —

(right) SEM images of Ag NW films produced from Ag NWs with a diameter of 40-100 nm and different densities lead to different sheet

resistances of: (a) 100, (b and c) 50, and (d) 15 Q I~ (f) 2.7 mg mL~* Ag NW ink in ethanol solvent. (h) SEM image of Ag NW coating shown in panel c. The
sheet resistance is ~50 Q 7L (i) Optical transmittance of transparent Ag NW electrodes measured with a UV-vis spectrometer, without including the
substrates. Reproduced with permission.*®” Copyright©2010, ACS. (Left) (a) Schematic of the stretchable EC device. (b and c) Stretchable device is
twisted and crumpled, showing excellent mechanical robustness. (d and e) Examples of the patterned device in the bleached and colored states at 0 and
50% strain, respectively. Reproduced with permission.>*2 Copyright©2014, ACS.

transmittance modulation after 1000 cycles) and remarkable
mechanical flexibility (optical modulation decay of only 7.5%
after 1200 compressive bending cycles). Consequently, a smart
supercapacitor was developed as a conventional energy-storage
device, which can simultaneously monitor the energy storage
levels through rapid and reversible colour changes, even at high
charge and discharge processes. The high-performance Ag-grid/
PEDOT:PSS hybridized transparent films demonstrate a pro-
mising topology and a wide range of developing flexible
electronics and photoelectronics. The high angle flexibility
and bending nature of Ag nanowire-coated substrates maintain
interconnectivity and can still illuminate light-emitting-diodes
(LEDs) and bulbs after severe mechanical bending and defor-
mation (Table 3).%”

(iti) Carbon nanotubes (CNTs). Due to their distinctive 1D
nanostructure and unique mechanical and electrical proper-
ties, CNTs have achieved potential in many types of electronic
devices. In particular, their inherent high conductivity, excel-
lent flexibility, and stability, and relatively easy and low-cost
preparation make them a promising electrode candidate for
next-generation smart electronics. When CNTs act as electrodes
for EC devices, they can also be employed as promising sensing
elements and stretchable/flexible electronics for the prospec-
tive development of soft and versatile ends. Moreover, because
of their compatible functionalized structure, they can also

6870 | Mater. Adv, 2021, 2, 6839-6884

function as both an electrode candidate and EC smart material,
which will further shorten the structure of EC devices and
reduce their manufacturing costs.®*

(iv) Graphene. The thinnest 2D carbon material has wide
application prospects in many research fields because of its
excellent electronic, optical, mechanical, and thermal
properties.®®’ Graphene electrodes made of mechanically
cracked graphene, CVD-grown graphene, or mass-produced
graphene derivatives from bulk graphite have been used in a
wide range of applications as an alternative to ITO transparent
electrodes such as light emitting-diodes, touch screens, solar
cells, field-effect transistors, batteries, supercapacitors, and
sensors.*®'

(v) MXenes. Recently 2D transition metal carbides, nitrides,
and carbonitrides known as MXenes have achieved wide
research interest due to their flexibility, superior mechanical
strength, physical/chemical properties, and multiplex tremen-
dous functionalities.>® Because of their excellent electroche-
mical stabilities, mechanical properties, high ion adsorption
capacities and charge transfer, metallic conductivities, and
unique topology, MXenes have demonstrated innumerable
potential applications in structural composites, electromag-
netic interference (EMI) shielding materials, lithium-ion
batteries (LIBs), supercapacitors (SCs), electrocatalysts, electro-
nics, and topological insulators.”****>*'*> Interestingly, 2D

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PEDOT:PSS hybrid film in the bleached and colored state under repeated compressive bending (c and d) or tensile bending (e and f) with a curvature
radius of 20 mm.*** Copyright@2016 Wiley-VCH. Right (a and b) FESEM images of the spray-LbL Wq71Mog 2503 electrode and (c and d) Wo7:M0og 2603/
PEDOT:PSS electrodes. (e) Schematic illustration and (f) optical transmittance. Reproduced with permission.?*® Copyright©2018 ACS.

Table 3 Transparent conductive substrates for EC devices

Electrode materials Deposition method Properties Ref.
ITO thin film Sputtering Ry=10Qsq ', T =~ 90% 396
FTO thin film Spray pyrolysis R=~7x10"Qcm; T=~90% 397
Ag NWs/PI Wet process R=25Qsq ", T=286% 398
Ag NWs/PDMS Spray process R=20Qsq Y, T=75% 399
Ag NWs/PET Lithographic filtration — 392
Ag NWs/glass Spin coating R=10Qsq ", T=60% 85

Ag NWs/PDMS Spray coating R=20Qsq ", T=85% 400
Ag NWs/PMMA/glass Spin coatings R=2401Qsq ', T=67% 401
Ag NWs/PDMS Spray coating R=16Qsq ', T=87% 402
CNT/PDA nanofibers Spinning coating R =100-1000 S cm™* 403
CNT/PDMS Paving method R=01-1kScm™, T=80% 404
Graphene/PET Layer formation R=1~2kQsq ', T=97% 405
Graphene/PET-ITO Electrodeposition R=—,T=80% 406
N-Graphene/glass LPCVD R=11kQsq ", T=93% 407
RGO/Cu NWs/glass Spin coating/spray process R=34+26Qsq ", T=80% 408
Ag NWs/PEDOT:PSS/PET Spray process R=10Qsq ", T=86% 409
CNT/PANI/PET Spray process R=364Qsq ", T ~ 94% 410
RGO/Ag NWs/Ag grid/PET Bar rod coatings R=0.714Qsq ', T = 90.9% 411

MZXene nanosheets and their derivatives can be produced via
wet-chemical synthesis, which makes it easy to self-assemble
hybrid-films and unique structures.?*®*'2*!3 Thus, the effective
combination of the mechanical and functional properties of
MXenes emerges as a promising opportunity to design nano-
scale flexible, foldable, and wearable EC devices on a large scale
with superb durability.

© 2021 The Author(s). Published by the Royal Society of Chemistry

6.2.2. Ion conducting electrolytes. An electrolyte is the
conducting ion reservoir between the EC materials and electro-
des. It can exist as a liquid, gel, polymer, or in the solid state,
either as solid thin films or a polymer layer.'*****'> Electro-
Iytes play a crucial role in the electrochemical reactions,
providing a path for ions between the electrodes and avoiding
the flow of electrons due to the cation-host interaction.'**'®

Mater. Adv, 2021, 2, 6839-6884 | 6871


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00418b

Open Access Article. Published on 10 September 2021. Downloaded on 2/7/2026 11:42:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

The ion transfer speed and efficiency have a great impact on the
switching performance, including response speed, coloration
efficiency, and cyclic stability. Granqvist well explained the
corresponding types of glass-based rigid electrolytes and
polymer-based flexible electrolytes.*’” Lee’s team reviewed
solid-state and polymer-based flexible electrolytes,*'®**°
whereas, Thakur et al.'** reviewed the development of polymer
electrolytes, and Li et al.*® also reviewed the solid-state gel-
electrolytes for flexible/stretchable devices. Similarly, Yun
et al.**' also demonstrated non-volatile, Li ion-based gel elec-
trolytes for WO;-based flexible EC devices. In practical applica-
tions, solid-state electrolytes, for example polymers, ions, gels,
and ion-conducting ceramic-based electrolytes are required to
avoid certain limitations*'® caused by the use of liquid electro-
lytes, such as leaks, fire, and even deformation/breaking of the
glass, especially in large-area EC window applications. Mono-
valent cationic-electrolytes are used in WO;-based EC applica-
tions, in which tiny size ions can easily enter/exit the host-
lattice. However, they have some disadvantages. The cyclic
stability of the EC devices composed of amorphous WO, films
is generally lowered in acidic electrolytes. This is because of the
corrosion effect of H-ions in acidic media. Due to the low
electrode proficiency, the production of H, bubbles has also
been observed on the surface of electrodes. The best choice is
lithium-salt-based electrolytes, which can be used alternatively
to achieve tremendous EC stability and prolonged switching
kinetics. Polymer electrolytes have been employed for advanced
electrochemical and EC devices.*'®*204227426 However, it is
necessary to develop and select an electrolyte with an ideal
performance for EC smart windows.

6.2.3. Ion storage/conductive oxide counter electrodes
(anode). Complementary electrodes in EC devices play a key
role in balancing the charge and ion storage properties. The
electrode with ion-storage properties is generally referred to as
the counter electrode, where the electrode with the EC layer in
smart devices is known as the working electrode. When an
appropriate electric current is applied, the EC materials on the
working electrode are oxidized/reduced, and similarly, the
equivalent reduction/oxidation of the electroactive materials
occurs simultaneously on the counter electrode (Fig. 1). Next-
generation smart windows generally require a counter electrode
with (i) high transmittance, (ii) outstanding charge capacity,
and (iii) low interface resistance, matching the working elec-
trode. NiO, IrO,, CeO,, and V,05 can be used as anodically
chromic and/or charge storage materials, which are termed the
counter electrode. The conventional EC windows show colour
modulation in a complementary fashion to the primary mate-
rial. Among them, NiO is the most popular, which shows a grey
colour in the oxidized state. In NiO, the EC coloration is due to
the surfaces and grain interfaces by the conversion of hydrated
Ni oxide into hydroxide and then oxy-hydrate phases. The
overall electrochromism occurs under the Bode-reaction
scheme®”” between Ni-hydroxide and oxy-hydroxide, as
explained earlier.

Choi et al.**® deposited different size NiO particles on ITO
glass through dry deposition, as shown in Fig. 29a-c. The
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electrochemical results showed that the nanoporous NiO film
had a high charge storage capacity (49.49 mC cm™?) and lower
charge transfer resistance (0.49 Q). The porous structure and
large active surface area enabled better contact with the elec-
trolyte and ion diffusion in the nanoscale NiO fabricated film.
The film showed an excellent transmittance modulation (42%),
with a stable switching speed and electrochemical cycles. Kim
et al.** fabricated N-doped carbon-based porous NiO films via
a sol-gel process with the assistance of oleylamine and amide
condensation. The film showed the coloration efficiency of
48.5 cm® C', color/bleach speed of 3.2/2.7 s, and specific
capacitance of 235.8 F g~ ' with the applied current density of
2 Ag™" (Fig. 29d-h). Wang et al.**° reported the electrochemical
deposition of H3PW;,04 (PW3,) on a TiO, nanoparticle film
coated on FTO glass, which functioned as an electron acceptor
and redox shuttle for charge balancing of the TiO, nano-
particles as the counter electrode (Fig. 29i-1). The hybrid film
achieved 68% optical modulation at 1.5 V to —2.0 V applied
voltage, cyclic stability (2500 cycles), and good coloration
contrast.

6.2.4. EC material cathode (WO, ,,). The EC layer is the
main component in smart windows technology (Fig. 1), which
consists of EC materials (Sections 2 and 3). The reversible
electrochemical redoxation occurs with the insertion of ions
through an applied electric potential and EC materials change
their optical absorption properties dynamically. Among the EC
materials, nonstoichiometric WO;_, has received wide research
interest due to its unique properties, as has been explained in
detail in Sections 2-5.

7. Challenges and perspective
outlooks

7.1. Challenges

Chromogenic materials have been used for dynamic switchable
smart windows; however, the commercialization of EC windows
in the market is still hindered because of major problems
including high manufacturing costs, material implementation,
durability, and reliability. The significant challenges faced in
the synthesis of WO;_,/WO; nanostructures on a large scale
and efficient film preparation are as follows:

(i) Lack of standard synthetic methods for ultra-small size
WO, ,,/WO; particles with a high surface area and EC electrode
fabrication. It is very difficult to evaluate/compare the EC
performance (coloration efficiency, switching speed, cycling
life, cell stability, durability, etc.) reported in the literature.

(ii) Considering industrial applications, the synthesis meth-
ods are still far from market penetration due to the technical
aspects and factors including quality, safety, cost, environmen-
tal hazard, mass production, and processability.

(iii) The phase-pure growth of WO, ,,-based materials on the
surface of electrodes with a controllable morphology and
dimensions can achieve excellent EC performances due to fast
electron/ion transportation, but this has been largely ignored.
In the meantime, the loading (density/%) of WO, ;,-based

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 29 SEM image of NiO film. (b) Schematic illustration of the ion storage and charge capacity on ITO film. (c) Transmittance of the film as a counter
electrode. Reproduced with permission.*?® Copyright@2018, Elsevier. (d—g) FESEM images of N-doped carbon-based NiO in the presence of different
amounts of oleylamine. (h) Schematic illustration of synthesis, followed by annealing. Reproduced with permission.*>® Copyright@2021, Elsevier. (i) SEM
images of TiO, and (j) PW1,-TiO; film. (k) Transmittance of PW;,-TiO, at different voltages with photographs of the colored and bleach states. (l)
Schematic of the various layers in the device. Reproduced with permission.**° Copyright@2019 WILEY-VCH.

materials, electrode area, EC performance parameters, and
other conditions should be stipulated.

(iv) The active WO,, nanostructure, plasmonic-doped
or plasmonic-nanocomposite powders are considered ideal
for practical applications due to the presence of conductive
agents. However, smart techniques are required to overcome
the inherent disadvantages and phase purity of each
component.

(v) For generating multifunctionality, the shape, size and
tunable porous film coatings of WO;_,-based plasmonic com-
posites on wearable substrates acquire lightweight, high active
surface area, and excellent conductivity. However, the charge/
discharge capacity and expenses utilizing stretchable/deform-
able substrates are a key challenge for global researchers.
Similarly, the optical modulation in white light and photother-
mal instability also need to be optimized.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(vi) When WO;/WO;_, tailored structures are deposited on a
conductive substrate support, they can achieve relatively high
electrochemical efficacy. However, at the device level, the cost
may be quite high and the performance poor, with failure to
reach the optical saturation threshold limit. Moreover, fast
redox reactions/large electrochemical cycles result in EC dys-
function, and thus yellowing appears.

(vii) The mechanism through which oxygen vacancies/crystal
defects and the electron/hole coupling in sub-stoichiometric
WO,_, affect EC and electrochemical properties is not well
understood experimentally and/or theoretically.

(viii) Self-chargeable, foldable/flexible smart windows with
unique structural designs, non-sacrificing optical properties,
and cost-effective materials are a growing future demand and
can be implemented first in unique wearable applications, as
part of energy storage systems.
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7.2. Outlook
7.2.1. Energy savings and multifunctional features. Due to

their integration with multifunctional features such as energy
storage, energy harvesting, and environmental sensors, the
next-generation EC smart windows will be promising for novel
diverse applications.??3*10:66:103:196.372 mypnogten oxide-based
coated films achieve dark blue color with an applied voltage
and also become absorbing and store electric current. In self-
powered configurations, solar energy is absorbed and con-
verted to electrical energy. The stored energy can be used to
power EC windows to initiate the redox reaction which dyna-
mically changes the color of the windows, thus effectively
regulating the solar loads in buildings.

Due to their similarities with energy storage devices, e.g.,
supercapacitors and batteries, EC smart windows are known as
transparent electrodes with reversible color states. Electrochro-
mic supercapacitor devices (ESDs) with multicolor changes,
energy harvesting and energy storage capacity, cyclic stability,
and the realization of the quantitative monitoring of energy
storage level of an ESD are very important to realize the
practical application of the device.**""**> Conducting polymers
have been studied as electrode materials for ESDs due to their
rich color change and good energy storage performance.**'
Pseudocapacitive materials simultaneously enable a high rate,
high energy density, and energy storage systems based on ion
intercalation.****** They can be incorporated into electrodes to
minimize the mass-transfer limitations due to thickness
effects, and electrolyte starvation/low particle-to-particle elec-
tron transport. For this purpose, WO;_,, NbO,, M0O,, and TiO,
with Mn, Ni, and Co oxides are appealing because of their
properties related to storing electric charges and dynamic
modulation of LSPR-absorption through capacitive charging/
discharging.®*” The 2D-layered materials known as MXenes
have attracted much attention for applications in energy sto-
rage, optoelectronics, and photocatalysis.’”> MXenes demon-
strate excellent flexibility, are easy to process, with an ultrafine
thickness of high conductivity, and possess the highest electro-
magnetic interference shielding effect. Thus, self-assembled
MXene-WOj;_, heterostructures should be employed as flexible
and foldable energy storage EC films. The MXenes as a flexible
transparent electrode and WOj;_, as the flexible EC layer are
expected to achieve excellent performances in flexible EC
windows on a large scale. The charge-storage mechanism
should be better understood based on pseudocapacitive/
battery-type materials linked with WO, , to enrich the capaci-
tive behavior for achieving self-powered multifunctionality. In
addition, there is no clear quantitative relationship between the
color change parameters and the energy storage level to achieve
quantitative monitoring. This is because the constructed ESD is
used to estimate the energy storage state through a color
change. Under different charge-discharge voltages, the ESD
displays different color.

Besides solar loads, human motions, and daily activities
such as talking, walking, and running can produce a large
amount of mechanical energy. Sensors that can harvest
energy produced by human activities have been developed.
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Self-powered Wi-Fi-connected smart windows integrated with
environmental sensors can read room occupancy and detect
changes in the weather, gases, light, temperature, and mechan-
ical deformations. These all-in-one self-driven, shape-adaptive
versatile smart windows can be self-chargeable with solar
energy/heat and gather energy by human interaction/motions,
and various other types of sustainable mechanical energy
conversion resources would be promising improvements.

7.2.2. Reducing toxicity. LSPR nanocrystals anchored/doped
with WO;_, for the optical transmission of electrochromic-
photothermal conversion of visible and NIR-light can effectively
reduce the risk of microorganisms and are expected to be used as
sterile smart windows. Au, Ag, Rh, Pd, and Pt LSPR have been
widely used for cancer therapy. Thus, the broadband non-
radiative plasmon decay of LSPR nanocrystals is assumed to be
highly tunable as an electric field on the surface of WO;_,.
Surface-decorated WO;_, plasmonic composites are very useful
for reducing the thermal damage threshold due to electron-
phonon and phonon-phonon coupling. MXenes are also promis-
ing antibacterial agents, with higher efficiency than graphene in
diminishing bacterial cell viability.>”> Thus, Au-decorated/self-
assembled Au-MXene-WO;_, heterostructure-based films exhibit
promising transparency, flexibility, EC-photothermal sterility, and
effective modulation of visible and NIR light. The photothermal
transformation will be attained in the colored state, which is
ascribed to the coupling of traditional visible-band optical switch-
ing with the NIR-LSPR extinction, and thus can act as high-tech
sterile EC smart windows. These multifunctional sterile EC smart
windows will be particularly useful in buildings, hospitals, high-
latitude zones, and aircraft.

7.2.3. Coloration enhancement/poly-electrochromism.
Due to electron/ion intercalation, tungsten oxide films achieve
dynamic controllable blue color, which has a great influence on
light absorptivity. The color preferences are closely associated
with the cultural background, where the deep blue color is very
suitable in China and Pakistan. The color development choices
may vary from country to country. Doping can pave a path to
change the colors by shifting the adsorption edges. Thus,
doping and co-/multi-doping must be tested at the atomic level
through experiments and simulation studies, together with
further structural design at the nano-level. Hybridization with
either inorganic/organic candidates is an efficient way to mod-
ulate colors/multicolor; however, the complicated fabrication
strategies should be exploited further with more creative ideas.

In recent years, DMD (dielectric/metal/dielectric) blends
have attracted increasing attention, in which the WO;
membrane can play a dual role of reflecting light energy in
the bleaching state and absorbing in the colored state. In
addition, Ag is an excellent heat-regulating material, which
can also replace expensive substrates, e.g., FTO and ITO. The
presence of extreme transmissive states in WO;_,/Ag/WO;3_,
allows the combination of numerous EC materials (hybrids)
with controlled redox reactions to produce a variety of colors
and bleach states with color coordination. In addition, the
coloration efficiency and color coordination for WO, 5, electro-
chromism have not been investigated systematically, which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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complicates further advanced research. In the DMD architec-
ture, the Cu and/or Al metals sandwiched between EC material
layers are reliable and thermally reflective. Moreover, they can
be promising in terms of cost, durability, and ease of proces-
sing. Researchers found that WO;, TiO,, SnO,, ZnO, CuS, ZnS,
AIN, M00O,, and Nb,Os can form functional multilayer struc-
tures that can functionalize conductive metals, for multi-
coloration in EC smart windows.

7.2.4. Reversibility, durability, and inadequate switching.
It is worth mentioning that WO, ;, films suffer from degrada-
tion due to prolonged switching (ion-intercalation/deintercala-
tion), thus affecting the optical modulation and cyclic stability,
and consequently the device performance. Continuous current-
driven ion de-trapping and self-healing are a successful way to
eliminate the ion-trapping resulting in degradation and
reduction in EC properties. Therefore, the film can be refreshed
and attain its initial state, which is a successful effort to design
super EC substrates for smart windows and other powered
optoelectronics. Self-healing EC materials (e.g., viologens/poly-
mers) can perform in situ redox reactions with excessive Li* ions
to reduce resistance transfer and avoid interface obstacles. The
reversible Diels-Alder cross-linking network®*® structure can
heal the cracks and improve the reliability of the WO;_, EC
layer. The formation of an inert oxide shell separating WO;_,
from oxygen also induces a characteristic effect, but the con-
trollable formation of the core-shell nanoarchitecture is not
very easy. Other essential variables are the WO, ;, response
time under various film thicknesses, material loading per unit
area, and long-term environmental stability. For additional
protection and to avoid unnecessary physical/chemical reac-
tions or environmental strain (damage, ultraviolet, heat, water
vapor, and/or oxygen), smart window devices can be well sealed
by covering curtains, as shown in Fig. 1, which helps improve
their stability, performance, and reliability.

7.2.5. Dual/multifunction. Self-powered EC windows can
offer numerous ways to reconfigure sustainable energy
resources in smart windows, thus reducing energy consump-
tion by minimizing the heating loads, cooling loads, lightings,
and also protecting the privacy of users. Smart windows can
also store energy during the electrochemical process through a
rational circuit in the same electrolyte. Consequently, the
stored energy can be utilized to derive other functional devices.
Tremendous progress has been made in smart electronics and
dual/multifunctional windows for practical applications, in
which the WO; and NiO***-based EC supercapacitors have been
widely demonstrated.**” Dual-function EC supercapacitors
serve as an energy storage device and electrical power source
simultaneously, displaying real-time capacity in the color
state.**>**> The unique characteristics achieved include colora-
tion/bleaching and charging/discharging, large transmittance
contrast (~91%), high coloration efficiency (~61.9 cm> C™ %),
high areal capacitance (~13.6 mF cm™2), and good charging/
discharging cyclic stability.**” A low doping amount of less than
10 mol% can significantly enhance the EC performance.**®

Moreover, smart windows with unique novel multifunc-
tional features extend their utility. Metal oxides become opaque

© 2021 The Author(s). Published by the Royal Society of Chemistry
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upon ion extraction such as oxides of nickel and iridium or
PEDOT/PSS materials. Among them, Ni is more functional,
relatively common, and less expensive, which make it prefer-
able for large-scale production. A device that can combine two
types of EC functional materials, e.g., WO;_, and NiO, will be
more advantageous, where the charges transfer from Ni to W
oxide. In the opposite direction, the EC materials will be
bleached (Fig. 1). It should be stated that the EC properties of
NiO are different from that of WOj; in the case of Li* ion-based
electrolytes. The reason for this is that NiO involves surface
sites for the exchange of both cations and anions.**® However,
these novel multifunctional EC smart windows should be
designed to enrich various EC materials coatings to convert
solar loads into useful energy simultaneously,** or to allow the
transmission of visible light but reflect NIR light. Hybrid
functional compatible electrochromics in a single platform
are significant alternatives in balancing the performance lim-
itations of one type of EC material by supplementing with the
required activity of the competent material. Thus, enriching
versatility in a smart way and minimizing the overall device size
with superb service life will be fundamental approaches in the
future.

7.2.6. Advancements in WO, ,, nanoparticles and film
formation strategies. W;3049 nanoparticles should be consid-
ered for commercialization by controlling their dimensions,
size, dispersibility, phase purity, synthesis routes, and also
coating strategies, such as annealing the coated film, surface
porosity and adhesion of films with substrates, nature of the
conductive substrates, nature of electrolytes, etc., and quantity/
quality regulation of all components. Plasmonic metal-doped
WO;_, and its composites in the desired shape, size, and
tunable porous film coatings with a high active surface area,
excellent conductivity, and lightweight on stretchable/deform-
able substrates should be the focus for scaling up. PED, PLD,
and HiPIMS can be effective deposition methods for the coating
of WO, ,,-based EC materials.?”/86:114:309:310.392  The et
deposition techniques require the preparation of suitable inks
from nanostructured EC materials, and thus the ink prepara-
tion can be the main components in assessing the coating
strategies. Inkjet printing is a cost-effective and highly attrac-
tive industrial technology that can be used to manufacture EC
materials on a variety of substrates. Moreover, it allows the
coating of EC materials in a precise location with a controllable
thickness.

The traditional vacuum evaporation, magnetron sputtering,
and spin-coating methods are not suitable to achieve large-area
coatings, controllable thickness, and low cost. Recently, our
team has focused on different ways to produce ultra-thin films
by rolling, spraying, casting/screen printing, and spin coating
on various substrates, which shall remarkably reduce costs and
readily achieve high-quality EC/TC smart responsive coatings to
fulfill the huge market demands. However, the performance
optimization and the commercial production still need more
effort, as the researchers require cost-effectiveness, manufac-
turability, and market demand user willingness and policies.
Thus, suitable and sustainable solutions to the problems
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addressed in this review regarding EC smart windows need to
be found in the future.
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