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SUMMARY

Electrochromic (EC) glazing has garnered significant attention recently as a crucial solution for enhancing
energy efficiency in future construction and automotive sectors. EC glazing could significantly reduce the
energy usage of buildings compared to traditional blinds and glazing. Despite their commercial availabil-
ity, several challenges remain, including issues with switching time, leakage of electrolytes, production
costs, etc. Consequently, these areas demandmore attention and further studies. Among inorganic-based
EC materials, tungsten oxide nanostructures are essential due to its outstanding advantages such as low
voltage demand, high coloration coefficient, large optical modulation range, and stability. This reviewwill
summarize the principal design and mechanism of EC device fabrication. It will highlight the current gaps
in understanding the mechanism of EC theory, discuss the progress in material development for EC
glazing, including various solutions for improving EC materials, and finally, introduce the latest advance-
ments in photo-EC devices that integrate photovoltaic and EC technologies.

INTRODUCTION

Introduction

In the current era of increasing severe environmental challenges, the emissions of carbon dioxide (CO2) in human production and life are

still high, with over 3.6 billion tons of CO2 emitted annually from the combination of fossil fuels, execution production, and other social con-

struction and development processes.1 Considering the risks posed by emerging industries, it is most likely that the construction industry,

contributing to 37% of global CO2 emissions, is the largest consumer of energy.2 Replacing traditional technologies with new environmentally

friendly technologies—i.e. energy-saving glass—is one way to reduce pollution emissions in the building construction.3 This intelligent en-

ergy-saving glass, known for its ability to drastically cut energy consumption, has the unique ability to dynamically adjust light transmission

properties on demand,4 providing greater control over the amount of light and heat entering the building.

Operating on the principle of electrochromic (EC) device inherent in metal oxides, the advent of smart windows has revolutionized build-

ing energy efficiency and indoor comfort.5 When the self-controlled voltage is applied, the luminous flux of visible light changes, resulting in

macroscopic adjustments in color or opacity. The sun’s heat energy is transmitted to the building through thermal radiation, which often in-

creases the need for indoor air condition due to the absorption of unnecessary heat energy. However, smart windows, with their ability to

adjust discoloration and opacity can effectively reduce solar energy solar intake. This not only minimizes the energy required for indoor

air conditioning but also prevents the absorption of unnecessary heat, thereby contributing to overall energy efficiency.3,6

First concept of EC was introduced by Platt in 1961. Subsequently, in 1969, Deb demonstrated the unique capability of tungsten oxide

(WOx) to achieve reversible coloring, either through ultraviolet light irradiation or an external potential. ED refers to the phenomenon in which

various organic and inorganicmaterials produce newor different visible bands when redox reactions occur due to change in their redox states

and electronic absorption bands.7 Since the discovery of electrochromism and its advantages in terms of rich color, energy saving, environ-

mental protection, and intelligent control, EC technology has led to its application in various fields including intelligent windows, intelligent

displays, anti-dazzle mirrors, and so on (Figures 1A–1F).10–20

An EC device is operated similarly to a thin-film battery. The reaction process involves the transfer of electrons from electroactive sub-

stances (i.e., donors and receptors of electrons in redox reaction) on electroactive films.21 ECmaterials can reversibly change the light absorp-

tion properties within a certain wavelength range. This is achieved by attaching twomaterials, one in a complete bleaching state and the other

in a complete coloring state, to both ends of the electrode. The reversible color change is then realized through oxidation and reduction,22,23

composed of a multi-layer structure that includes an EC material, electrolyte, and ion storage layer (Figure 2). Two transparent conductive

electrodes sandwiched between these layers required two redox pairs each. The material with the highest coloring rate is attached to the
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Figure 1. Applications of electrochromic devices

(A) Design of electrochromic window. Reprinted with permission ref.8 Copyright 2013, Macmillan Publishers.

(B) Smart switchable window applied in Boeing aircraft produced by SmartTintW.

(C) Photographs of the electrochromic lens. Reprinted with permission from ref.9 Copyright 2015, American Chemical Society.

(D) Automatic dimming mirror based on electrochromism produced by Gentex. Printable and flexible electrochromic displays designed by (E) Prelonic

Technologies and (F) Siemens. Copyrightª2023 Elsevier B.V. or its licensors or contributors. ScienceDirect is a registered trademark of Elsevier B.V.
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working electrode and the ion storage material without EC activity is used as another simple counter electrode, and the color is changed

through external potential charge and discharge.25 At the center of EC device structure is ion conductors which are responsible for con-

ducting electricity. The ion conductor layer in EC devices is very similar to the ion conduction reaction in batteries. They are all related to

faradaic reactions. When the faradaic reactions occur in ion migration, the electrode material will undergo reversible coloring, that is,

electrochromism.26

Despite the advent of smart windows, they continue to grapple with several challenges such as long response time, material degradation,

installation cost, etc. In response to these challenges, researchers have been focusing on the development of device design and ECmaterials.

Particularly, EC materials based on the transition metal oxides have seen significant advancements. Scientists have proposed many methods

to improve the properties of these EC materials. These include forming composite materials through the doping metals, organics and inor-

ganics, or downsizing thematerial to create nanoscale transition metal oxides. Suchmodifications have proven effective in improving the sta-

bility, color adjustment, and opacity of EC materials.27,28

In addition, under ideal conditions, the ideal optical modulation of the ECmaterial is 100%. Simply speaking, when the ECmaterial is in the

bleaching state and the coloring state, the material should correspond to the completely transparent state and the completely opaque state,

respectively. However, most of the research groups or research teams are unable to verify that the optical modulation of EC materials is

greater than 80%.29–33 Obviously, there is still a big challenge for us to achieve 100% optical modulation of EC materials. So far, WOx-based

nanostructured films have shown porous and nanoscale interconnected network structures due to their ultra-high transmittance and WO3

films prepared by short-interval pulse electrochemical deposition,34 and WO3 films can exhibit higher EC activity.35 These characteristics

make WOx-based nanostructured films a strong competitor in the field of EC research.

This review aims to offer a comprehensive understanding of this exciting field and its potential for future development. The review delves

into properties, applications, degradation, and regeneration ofWOx-based nanostructures within the realm of ECmaterials.Wewill also shed

the latest advantages in research progress of WOx-based nanostructures. Finally, we will provide an overview of the current progress, future

trends, and challenges of the WOx-based nanostructures and their electronic applications.

BASIC MORPHOLOGICAL AND STRUCTURAL FORMS OF WOx STRUCTURE

WOx itself is composed of a large number of polymorphs and sub-stoichiometry and has inherent oxygen vacancies (VO) and tunnels in the

energy band structure.36 In general, from the existence of VO in the lattice, WOx crystals can be divided into two forms: stoichiometric tung-

sten oxide (WO3) and non-stoichiometric tungsten oxide (WO3-x). These oxides, known as the Magnéli phase, exhibit diverse properties de-

pending on the specific composition of WOx. For instance, when 3-x < 2.5, the WO3-x films are conductive and metallic in appearance. Films
2 iScience 27, 109535, April 19, 2024



Figure 2. Schematic of the electrochromic device

Electrons flow through an external circuit into the electrochromicmaterial, while ions flow through the electrolyte to compensate the electronic charge. Reprinted

with permission from ref.24 Copyright 2014, Royal Society of Chemistry.
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with 3-x = 2.7–2.5 appear blue and conductive. On the other hand, films with 3-x > 2.7 are transparent and have resistance.37 The crystal model

of WO3 can be approximated by a ReO3 cubic model.38 However, due to various internal defects, WO3-x exhibits different crystal structures at

different temperature ranges. For example, it forms a tetragonal crystal system above 740�C, an orthogonal crystal system between 330�C
and 740�C, a monoclinic crystal system between 17�C and 330�C, and a triclinic system between 50�C and 17�C, and so on. Different crystal

structures can lead to differentmaterial properties of WOx. For an example, hexagonal WO3 shows fast response in EC performance (5/6 s for

coloration/bleaching) and significant optical modulation (78.1%)39; these advantages are attributed to the ordered ion channels in the hex-

agonal crystal structure.40

The color ofWOx can also vary depending on their stoichiometry. For example,WO3 is general yellow or light green in color. The presence

of gaps and VO in sub-stoichiometric and stoichiometric films can help explain the differences in optical and EC properties between different

films.41 For example, the EC behavior observed in amorphous WO3 films is mainly attributed to small polarized molecular transitions and

F-like color centers. On the other hand, the coloring mechanism in crystalline WOx film is Drude-like free electron absorption, which behaves

similarly to heavily doped semiconductors with ionized impurities.42

Compared to their microsize,WOx nanoparticles demonstrate enhanced ECperformance, and this performance is further improvedwith a

reduction in particle size.43 One-dimensional (1D) nanostructures of WO3 come in various forms including nanowires, nanotubes, nanofibers,

nanorods, and nanobelts. Meanwhile, two-dimensional (2D)WO3 has been acknowledged as a stable crystalline phase, largely due to its high

specific surface area compared to its 1D structures. We have made this point more clear in the study of Zhao et al.44 They prepared 2D-WO3

nanonetworks by thermal evaporation, and clearly found by scanning electronmicroscopy that they aremore fluffy and ultrafine than 1D-WO3

nanomaterials, which also proves that 2D-WO3 has a higher specific surface area. Thanks to the low-dimensional characteristics of 2D-WO3,

quantum confinement plays a significant role. This not only alters the electronic properties, but also enables the preproduction of multi-form

nanomaterials, such as disks-like nanostructure and thin sheets.45 The presence of VO inside structure can determine whether WO3 can be

condensed into a 2D structure, known as crystal shear plane. If the VO content exceeds the limit, theWO6 octahedron transforms from a com-

mon angle connection to a common edge connection, resulting in a WO3 plate that is separated by the defect area (crystal shear plane). The

generation of high valence tungsten is attributed to the excess VO, which also improves the conductivity of the material.46

From a thermodynamic perspective, WO3 is more stable than WO2 as indicated by their formative enthalpies: WO3 has a DHF, 298 of

�201.46 kcal mol�1, while WO2 has a DHf:298 of �140.94 kcal mol�1, WO2 crystallizes in twisted rutile, which can be observed through

the edge-sharingWO6 octahedron.
47 As mentioned earlier, the structure of WO3 may originate from cubic ReO3 structure. However, in addi-

tion to this structure, WO3 can also occur in a metastable hexagonal modification.48

In terms of the electronic structure of WO3, stoichiometric WO3 is a wide band-gap semiconductor (i.e., 2.5–3.2 eV49–54), and the width of

the band gap depends on the structure. Numerous studies have investigated the electronic characteristics of WO3, with the recent findings

showing that the Kohn–Sham’s band gap of monoclinic phase at room temperature is 3.13 eV, while the band gap of cubic phase is 1.89

eV.55,56

WOx has a very complex andflexible electronic structure, rooted in its basic octahedral unit (WO6). This unit can undergo various permutations

and combinations, formingnewcrystal structure through the sharingof angles, edges, and faces. The nanostructures ofWOxplay critical role in its

performance, as nanosizedmaterialswithdifferentmorphologies exhibit unexpectedbehaviors. The variousmorphologyofWOx includingnano-

particles, nanosheets, nanorods, ultra-thin films, and more has injected strong vitality into the field of advanced nanotechnology materials.

PREPARATION METHODS OF NANOSTRUCTURED TUNGSTEN OXIDE

In today’s advanced development environment of nanomaterials, reducing the size and dimension of oxides has become an important

research requirement.WOx nanoparticles with high crystalline structure have a higher solubility in acidic solutions than ordinary crystals, which
iScience 27, 109535, April 19, 2024 3



ll
OPEN ACCESS

iScience
Review
limits their use in practical applications. Therefore, there is need to optimize the existing preparationmethods and improve the size control of

WOx nanomaterials to address this contradiction.57,58 Various methods are employed to synthesize nanostructured WOx such as the sol-gel

method, the solvothermal synthesis method, the hydrothermal method, the template method, etc. Tungsten powder, tungsten chloride, and

peroxy tungstic acid, etc., can serve as precursors for the preparation of 1D or 2D WOx nanomaterials.59

It is important to note that the selected preparation method can significantly influence the size, structure, and properties of the resulting

WOxmaterials. The effective synthesis ofWO3 nanostructure is a key factor that greatly affects the performance ofWOx films.60 In this section,

we will explore primary methods for synthesizing nanostructured WOx, highlighting their unique characteristics and roles in the production

process.
The sol-gel method

The sol-gelmethod is a technique that offers a straightforward, efficient, and cost-effectivemeans of preparing nanoparticles. It is widely used

in the synthesis of nanocomposite and nanocrystals with complex structures offering the advantages of low processing temperatures and

ease of use.61 The sol-gel method involves several key steps including (1) hydrolysis, (2) polycondensation, (3) aging, (4) drying, and (5) thermal

decomposition.62

This technique is based on the hydrolysis and polycondensation of precursor molecules, which can be performed under mild reaction con-

ditions (heat and stir in a water bath at 85�C for 8–12 h to obtain a slightly yellow and transparent sol).63 In the review by Badilescu et al., two

chemical methods for forming solid-phase chemical networks are detailed. The first method, known as themetal-organic route, involves add-

ing metal alkoxides to organic solvents. For instance, tungsten alkoxide salts, which remain stable in anhydrous organic media, quickly react

with water. This reaction leads to rapid hydrolysis followed by dehydration or dealcoholization, resulting in the formation of an inorganic poly-

merization network. The secondmethod, termed the inorganic route, incorporates metal salts such as chlorides, nitrates, and sulfides into an

aqueous solution. Unlike the metal-organic route, which uses organic solvents, this method utilizes water-based reactions to achieve the

chemical network.64 Chai et al. studied the effect of aging time on the preparation of hydrated WOx by sol-gel method. No structure could

be detected on the first day of initial aging, but formed hydrated tungsten oxide platelets of 1-1.q ȝmafter 30 days of aging, which can greatly

increase the uniformity of water.65,66
The hydrothermal method

The hydrothermal method is a process to obtain the crystalline powder, coating, and single crystal directly in the liquid phase. The method

requires relatively low-temperature conditions (i.e., add range of temperature a bit). In brief, the hydrothermalmethod involves using water as

the solvent and dissolving and recrystallizing the powder. Recently, advancements in the hydrothermal preparation of nanoparticles have led

to the development of several innovative techniques including supercritical hydrothermal route, continuous hydrothermal route, and hydro-

thermal modification route, each offering unique advantages in the synthesis process.67

Gao et al. found that using insoluble p-nitrobenzoic acid as a promoter in the hydrothermal process resulted in the formation of the defec-

tive WO3 nanoplates with intermediate pores. The influence of hydrochloric acid on the final product was greatly reduced when the tungstic

acid precursor was washed with water during the synthesis process. As a result, the synthesized nano-WO3 exhibited high photocatalytic

degradation ofmethylene blue.68 Mohan et al. compared various synthesismethods of nano-WO3materials in recent studies including chem-

ical vapor deposition, sputtering, laser ablation, sol-gel technology,microwave plasma, and hydrothermal synthesis. Their findings suggested

that the hydrothermal synthesis of nano-WO3 offered the greatest environmental protection coefficient, coupled with low cost and ease of

operation.69 Figure 3 shows the formation process of WO3 nanocubes by hydrothermal synthesis.

In addition, Thummavichai et al. found that metal dopants can significantly improve the performance of EC materials prepared by hydro-

thermal method. They investigated the effects of niobium, gadolinium, and erbium doping on tungsten oxide using a single-step solvother-

mal technique. Their research results show that controlling the content and size of metal dopants is a key way to improve the excellent EC

performance materials obtained by hydrothermal method. Through the data provided by them, we found that compared with pure WOx,

low doping concentration leads to distorted structure, which helps Li+ insertion/deinsertion to obtain better EC performance.71
The solvothermal synthesis method

Choi et al. used a simple process to produce nano-WOx. Tungsten hexachloride was used as a precursor and dissolved in a proportionatemix

of ethanol and water. The well-mixture was then subjected to solvothermal treatment at 200�C. After 10 h, W18O49 and WO3 nanoparticles

were obtained (Figure 4). Interestingly, they found that alteration in the concentration of the precursor materials significantly influenced the

morphology of the final product.72
The template method

Employing the template method can yield nanomaterials with high crystallinity and specific surface area, thereby enhancing their perfor-

mance in catalytic reactions. The approach also facilitates the integration of nanomaterial synthesis and assembly, addressing the issue of

nanomaterials dispersion stability. High crystallinity can reduce the recombination of electron-hole pairs, while high specific surface area

can increase the density of active surface sites where catalytic reactions can occur.73
4 iScience 27, 109535, April 19, 2024



Figure 3. Schematic illustration of the formation of WO3 nanocubes via hydrothermal synthesis

Reprinted with permission from ref.70 Copyright ª The Authors, published by EDP Sciences, 2021.
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For WO3 nanofilm materials used in the EC reaction, the template method involves depositing controllable nanostructure materials into

the holes of the template by physical or chemical methods. Once the template is removed, materials with the desired shape can be obtained.

This method allows for production of nanomaterials with standardized morphology and size. Essentially, the template method is a process

that involves creating templates based on hydrothermal method, which ultimately leads to the production of nanomaterials.74

Generally, templates are categorized into two groups, namely hard and soft templates, according to their structural differences.75,76 A hard

template (e.g., NaCl,77 CaCO3,
78etc.) is a rigid material with stable structure that can directly determine the size and morphology of sample

particles. On the other hand, the soft template such as mesoporous alumina enriched with lanthana,79 etc., does not have a fixed structure,

and does not appear as a rigid material.75 After the synthesis of nanomaterials via the template method, the final, crucial step involves the

removal of the template (i.e., dissolution, sintering, and etching methods, etc.). This step is of paramount importance as it can significantly

influence the physical and chemical properties of the resulting product.80 According toHongo’s work, the hard templatemethod is a powerful
Figure 4. TEM images of tungsten oxide particles

TEM images (top) and corresponding high-resolution atomic images (bottom) of tungsten oxide particles: (A), (B) sample ES, monoclinic W18O49; (C), (D) sample

MS, hexagonal WO3; and (E), (F) sample WS, monoclinic WO3. Reprinted with permission from ref.72 Copyright ª 2023 The American Ceramic Society, all rights

reserved.
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Figure 5. The EC properties of WOx films prepared by DC magnetron sputtering

(A1 and A2) Capacity of inserted and extracted charge, (B) coloration efficiency, and (C) optical modulation range for�300 nm-thick films ofW oxide prepared by

sputtering at the shown values of O2/Ar gas flow ratio in the sputter plasmaG, total pressure of the sputter plasma ptot, and sputtering power Ps. Data were taken

for different values of Ps during continuous voltammetric cycling in an electrolyte of LiClO4 in PC at a voltage scan rate of 20mV/s. Measured data are indicated by

symbols which are joined by straight lines for clarity. Data for Ps = 200Wwere shown in Figure 4 and but are included here to allow easy assessment on the role of

Ps. Reprinted with permission from ref.83 Copyright ª 2023 Elsevier B.V. or its licensors or contributors.
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and effective method for production of nanostructured crystals. Utilizing this method, they synthesized nanostructuredWO3 from sheet mes-

oporous silica SBA-15. The result was an ordered nanorod array that inherited the hexagonal p6mm structure with boasting a BET surface area

value of 30m2/G. This arrayed WO3 comprise two crystalline phases, specifically tetragonal and monoclinic symmetries.

Other preparation techniques

Enhancement of the production method of WOx nanomaterials can boost their application efficiency. The traditional methods for preparing

nano-WOx (i.e., sol-gel, hydrothermal, and template methods81,82) lack the ability to controlling the crystal size. An alternative method for

synthesizing nanoparticles with controllable size, morphology, and crystallinity is flame spraying technology. In this route, Hidayat et al. uti-

lized larger sub-micron particles as precursors for preparing nanomaterials via this method, which provides significant advantages in reducing

material costs, operation difficulty, and time.43

Atak et al. used DC magnetron sputtering (with 5 cm diameter w target) to prepare WOx thin films which were then analyzed for their EC

performance via lithium perchlorate (LiClO4) electrolyte in propylene carbonate potentiostat system. They found that selecting more appro-

priate deposition parameters can greatly improve the cycle durability of WOx thin films under repeated voltage. This study reveals an excel-

lent improved method for preparing WOx films with good cycle durability.83 Figure 5 summarizes their experimental results.

DC magnetron sputtering technology, which involves the acceleration of atoms by electrons under an electric field, is utilized in the fabri-

cation of ECmaterial films, and is particularly suitable for creatingmetal-WOx. The procedure involves the use of plasma composed of oxygen

and argon in the reactive magnetron sputtering process. This approach is generally preferred in the production of EC smart glass. Such a

technical scheme can meet the requirements of producing materials with sufficient EC properties and excellent deposition rates over large

area, up to a few square meters.84–87

Deshpande et al. synthesized high-density WOx nanoparticle crystals using hot filament chemical vapor deposition (HWCVD), and doped

these particles into the EC film which greatly improved the device’s EC performance.88 In brief, chemical vapor deposition is a type of chemical

vapor depositionmethodwhere a filament is heated to a high temperature, causing a chemical reaction that results in the deposition of material
6 iScience 27, 109535, April 19, 2024



Figure 6. The XRD pattern of the solvothermally synthesized WO3-x powder

(A) XRD pattern (black line) of the synthesized WO3-x powder. Red lines corresponding to XRD pattern of the W18O49 (jcpds No. 64–0773) – the insert shows the

dark blue color of the synthesizedWO3-x solution in ethanol (�10mgmL� 1), (B) XRD pattern of theWO3-x films annealed at 130�C, 250�C, 350�C, and 450�C, and
TEM/HR-TEM (insert) images of (C) the nearWO3-x powder and (D) the 250W sample (for interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.). Reprinted with permission from ref.90 Copyrightª2022 The Author(s). Published by Elsevier B.V.
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onto a substrate. Deshpande et al. first created a static atmosphere of argon and oxygen, and placed a single tungsten wire in it, randomly

heated to 1400� C (measured by optical high-temperature determination), and the oxygen concentration was maintained between 5% and

16% during this experimental change. All depositions were carried out at 150 Torr reactor pressure and 300�C furnace temperature. After about

20 min, the material is deposited on the wall of the reactor. The crystalline phase of nanoparticles can be customized by changing the HWCVD

synthesis parameters89; the optimal synthesis conditions occur when an O2 partial pressure of�4% is employed in an Ar ambient with Pch = 150

Torr. The synthesis temperature ismaintained at 300�Cwith an external furnace, and the tungsten filament is operated at 1400�C. The cycle dura-
bility in an acid electrolyte (3,000 cycles) can begreatly improvedbydopingnano-sizedWO3 into the film, while other films can only complete 500

cycles.58

Park et al. studied the dual-band of anoxic WOx-based EC window which can effectively control infrared and visible light indepen-

dently and dynamically. The anoxic WOx nanoparticles were prepared via the basic solvothermal method. To improve the dispersion

of nanoparticles in the solvent used for thin film deposition at lower temperatures, they also designed the oil ink coating method

with high dispersion under the mixing of various solvents. Through the use of X-ray diffraction, high-resolution transmission

electron microscopy, and in situ spectroelectrochemical measurement, it was found that oxygen-deficient level of WOx can

independently and dynamically control the transmittance of infrared and visible light under the annealing condition of 350�C
(Figure 6).90

Nanocrystalline WO3 film, mesoporous WO3 film, and layered WO3 hollow shell are considered to have better optical effects than WO3

bulk.91–93 This has been confirmed by Kim’s team who synthesized WO3 with different diameters using the dense micro-WO3 layer and the

porous nano-WO3 layer. They prepared EC batteries by nanoparticle deposition system, a method they believe could replace the expensive

and environmentally problematic sol-gel and sputteringmethods.94 The results showed the insertion of a large amount of Li+ ions with a 90%

transmittance change of 30 s for micro-WO3 and 26 s for nano-WO3. When the volume percentage of micron WO3 and nano-porous WO3 is

9:1, 5:5, and 1:9, the switching times were recorded as 21, 25, and 18 s, respectively.95–97

Similarly, Song’s team reported the development of a layered mesoporous silica microsphere/WO3 nanocrystalline hybrid

film (THMS/WO3) doped with Ti (as shown in Figure 7). They explored its EC properties and found that after 100 coloration and

bleaching cycles, the THMS/WO3 film maintained its dark blue color in the coloring state, and was nearly transparent in the bleaching

state.
iScience 27, 109535, April 19, 2024 7



Figure 7. Schematic illustration of the fabrication and electrochromic property of the Ti-doped hierarchically mesoporous silica microspheres/tungsten

oxide (THMS/WO3) hybrid films

Reprinted with permission from ref.98 Copyrightª1996–2023 MDPI (Basel, Switzerland) unless otherwise stated.
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OPTICAL PRINCIPLE OF MATERIALS AND THEIR ROLE IN EC APPLICATIONS

This section mainly delves into these two aspects, exploring how the internal structure of a material influences its transparency and how the

absorption and re-emission of light contribute to a material’s color. Furthermore, we will discuss the practical implications of these properties

in the use of EC devices, highlighting the key parameters that indicate the quality of EC products.

The performance and functionality of EC materials, which are capable of changing their optical properties under an applied electric field,

are largely determined by two key factors: the transparency of the materials and the effects of electro-redox reactions. In general, the trans-

parency of the material is determined by the optical effect of the scattering and refraction of visible light waves, which are influenced by the

material’s internal structure. When the light enters the materials, multiple scattering and refraction occur. If the scattering degree is weak or

virtually non-existent, the material shows such characteristics of transparency. Conversely, if the degree of scattering is intense, preventing

light waves from passing through, the material is characterized as having low transparency or being opaque.99

There are numerous factors contributing to the internal scattering of materials. Generally, microcrystalline with anisotropic refractive index

within the material is the primary cause of strong scattering. Due to the disordered orientation of these microcrystals, light will inevitably un-

dergomultiple scattering and refraction at the adjacent interface, resulting in diffused light. Not only the microcrystalline structure of the ma-

terial, but also the fine dispersion of two phases with different refractive indices can cause light scattering.100 For example, while amorphous

homogeneous polymers are generally transparent, crystalline polymers with both crystalline and amorphous regions tend to scatter signifi-

cantly due to the differing refractive indices of those regions.101 In addition, block copolymers, graft copolymers, and blend polymers are

mostly two-phase systems, and thus, are generally translucent and opaque.102,103

The color of a material and its coloring principle are also crucial factors. The absorption of light by materials is indeed a process where the

material’s molecules absorb photons of a specific wavelength from the continuous spectrum, leading to the excitation of electrons and their

subsequent transition. When the material is solid, the atoms that absorb the photons interact with each other, causing in a splitting of the

energy level and a broadening of the emission line. This broadening also affects the absorption spectrum line, leading to a wider absorption

region or even an absorption band on the optical wavelength distribution map.

In general, the light transmitted through a material is a composite wave, containing both non-absorbing and re-emitting light waves. Non-

absorbing light wave originates from the portion of the incident light that thematerial does not absorb. On the other hand, the re-emission light

wave arises from the excitation of the electrons. When electrons absorb photons, they are excited from their ground state to the excited state.

These high energy, unstable excited electronwill soon transition back to their stable ground state.104 The single ECmaterial,WOx, can transition
8 iScience 27, 109535, April 19, 2024



Figure 8. Conventional procedure for reporting switching times

(A) Square-wave potential steps with fixed pulse lengths.

(B) Corresponding transmittance evolution at a fixed wavelength.

(C) Switching time at an arbitrarily chosen percentage of a full switch (90% in this case), whether for bleaching or coloration. Reprinted with permission from ref.111

Copyrightª 2018 Elsevier B.V. All rights reserved.
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gradually from transparent to blue. This change is attributed to an increase in the transmittance of blue light, resulting from a decrease in the

concentration of WO+
3�x ions at the cathode. As a consequence, the material adopts a dark blue color in its colored state.105,106

The coloring effect is generally based on the interplay between the material inherent properties and various factors such as spectrum,

brightness, hue, saturation, etc.107,108 The intensity of the transmitted or reflected light determines the brightness, while the hue is deter-

mined by the dominant wavelength of the reflected or transmitted light. Meanwhile, the proportion of the dominant wavelength in the white

light defines the saturation. When it comes to the practical use of the EC device, there are four key parameters that are used as benchmark to

gauze the quality of the EC products.

(1) Optical contrast

The percentage change of absorbance and transmittance, which reflects the impact of EC color change, is a primary parameter considered

in the practical application of EC device.109 This parameter is crucial as it directly relates to the device’s ability tomodulate light and hence the
iScience 27, 109535, April 19, 2024 9



Figure 9. Perovskite solar cell (left) harvests solar energy to drive ECD (electrochromic devices)/ECS (electrochromic supercapacitors) to different

colored states under different light intensities, and the stored energy of ECS (in deep colored state) can light a red LED (right)

Reprinted with permission from ref.181Copyrightª 2023 Springer Nature Limited.
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greater the percentage change in absorbance and transmittance, the more pronounced the color change, and the more effective the EC de-

vice is likely to be. This can be represented as following Equation 1.110

DT = Tb � Tc or DA = AC � Ab (Equation 1)

DT-transmittance; DA-absorbance; Tc, Ac-colored state; Tb, Ab-bleaching state

(2) Color switching time.

Typically, scientific literature reports a 90% or 95% switching time for the ECmaterial to complete its full contrast switch.26 This is due to the

face that the change of light transmittance over time generally follows an exponential patternmaking it difficult to pinpoint the exact moment

of the transition. Thus, the focus is on the time it takes for material to achieve a significant majority of its total possible color change (i.e., 90%).

Hassab’s team proposed an accurate formula for calculation of the switching time, which involves using symmetrical potential steps of

varying pulse lengths to switch the device and monitor the change in transmittance at required wavelength. The contrast value obtained

is then expressed as a function of the pulse length and fitted to the formula (Equation 2, Figure 8).111

DTðtÞ = DTmax

�
1 � e� t

t

�
(Equation 2)

Where DTmax represents the full-switch contrast obtained for long pulse lengths and t is the time constant.

(3) Coloration efficiency (CE)

The actual power consumption in the discoloration process is related to the efficiency of EC device color change at the same energy.112

h =
DOD

Qd
=

DA

Qd
=

logðTb=TCÞ
Qd

(Equation 3)

h-CE; Qd-injection charging unit area; DA-absorbance; Tb, Ab-bleaching state

(4) Cycle stability

Cycle stability is a key parameter that reflects the maximum number of cycles the EC device can transition between the colored state and

the bleached state, or vice versa. Similar to many electrical appliances, the cycle index determines the EC device lifespan. To ensure the

longevity, EC devices are often sealed to protect against unfavorable factors such as moisture and other airborne substances that could

shorten the device’s lifespan.

MATERIAL SOLUTION IN EC DEVICES

Inorganic-based EC devices are mainly constructed from transition metal oxide materials (e.g., iridium, tungsten, cobalt, manganese, nickel,

palladium, cerium, rhodium, ruthenium, titanium, and molybdenum oxides), such as antimony EC film, three-dimensional ordered macropo-

rous vanadium oxide EC film, and nickel oxide-based EC thin film.113–131 Among inorganic-based EC materials, WOx offers better EC redox

reaction effect, multi-color characteristics in reversible intercalation/deintercalation process, and fast switching response compared to other

metal oxides. Moreover, WOx is a non-toxic, light-stable n-type semiconductor with a band gap of about 2.6 eV, enabling it to absorb a wide

range of visible light.132–134 Currently, the most commercially viable products are generally based on WO3 as the EC material sub-

strate.36,135,136 Materials with potential EC properties include inorganic materials, organic materials, inorganic-organic hybrid materials,

and plasma materials, which are generally divided into two categories: organic and inorganic.137–140 For most organic materials such as bi-

pyridine chlorides, transition metal-ligand complexes, and conjugated polymers. Organic ECmaterials generally have the advantages of rich
10 iScience 27, 109535, April 19, 2024
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color and easy processing.141–146 WO3 not only has broad application prospects in the field of electrochromism, but also has important

research value in the fields of photocatalysis, thin film photothermal effect, gas sensitivity, supercapacitor, and so on.147–154

In the realm of EC materials, both organic and inorganic variants face their own unique challenges. Inorganic-based EC devices, typically

constructed from transition metal oxide materials, grapple with material degradation issues that arise from ion insertion. On the flip side,

organic EC devices, despite offering high flexibility and wearability, are hampered in their practical applications due to their poor durability

under light working conditions.

Material degradation issue of WO3 materials or thin film is characterized by a gradual reduction in optical modulation ability of EC device

and increase in the response time, both of which are consequences of long-term charge insertion and extraction, leading to a decline in EC

performance. When the ions enter the host structure and are subsequently extracted, some ions might fail to be successfully removed. Over

time, this residual ion accumulation weakens the bleaching and coloring state of the WO3 film. Furthermore, the ions that have not been

successfully extracted from the structure will form an internal electric field inside the film, causing a resistance to subsequent coloring and

bleaching process.155,156

Apart from material degradation issue, WO3 EC materials have certain limitations including low ion transport efficiency and low conduc-

tivity compared to those of organic type. These drawbacks result in a lower coloring efficiency of EC device.157 Addressing the low coloration

efficiency of EC materials is a significant challenge. Future research efforts will likely focus on adapting EC devices to complex environments,

whether through the development of new EC materials or other innovative approaches This will be a significant step toward improving the

durability and efficiency of these devices.
Development of hybrid EC materials

It is well known that nanostructured WOx materials offer superior EC performance compared to their micro or bulk counterparts. To further

enhance this, the ECperformance ofWOx basedmaterials can also be improved through doping techniques These doping techniques, which

include metal doping, organic doping, and inorganic doping, have been reported to significantly enhance the coloration efficiency of EC

nanomaterials.158–162 Wang’s team prepared WOx-titanium dioxide thin film composite on the ITO substrate.163 The result shows that

pure WO3 film typically exhibits a blue hue within the visible light spectrum. The addition of TiO2 into the composite glass results in a striking

jewel blue color. This unique coloration offers promising potential for use in EC device or, smart glass that requires specific base color char-

acteristics. Xu et al. reported the excellent characteristics of photothermal WO3 film that uses an external electric field to cooperate with a

three-dimensional porous WO3 to further enhance photothermal conversion and sterility in the colored state. The principle behind this is

that the film can tune the localized surface plasmon resonance of Au nanostructures and broadband non-radiative plasmadecay. In the exper-

iment, WO3, Au nanoparticle-Au nanorod (Au PR)/WO3, and Au nanoparticle (Au P)/WO3 films were irradiated with 915 nm near-infrared for

300 s. After observing the survival rate of E. coli on the films, it was concluded that the survival rate of E. coliwas affected by the photothermal

effect of the film, which was independent of the voltage, and the AuPR/WO3 film was a promising and effective antibacterial coating.164

Gu’s team proposed a layer-by-layer self-assembly technology to conveniently integrate P8W48 and W18O49 nanocomposites materials

that can absorb both visible and near-infrared light. This composite material has the ability to dynamically control the transmittance of

both near-infrared (750–1360 nm) and visible light (400–750 nm) in a quick and reversiblemanner, simply by adjusting the potential.165Wang’s

team conducted a study using vanadium and tungsten as substrates to investigate the impact of film composition and thickness on the spec-

troelectrochemistry and EC characteristics of the films. They found notable effects when the ratio of vanadium to tungsten was 1:1 and the

film’s thickness was set at 110 nm. The amorphous vanadium WOx film demonstrated superior inertia and exceptional storage capacity.

Furthermore, they noted that the device they fabricated exhibited a coloring time of 5 s and bleaching time of 1.7 s at 90 DT% in the

1,100 nmband. The cycle stability is up to 10,000 times. This shows ultra-fast response speed and excellent cycle stability, and has great devel-

opment potential.166

An effective strategy to enhanceECdevices could be achievedby combining the strengths of both inorganic and organicmaterials, aiming

to leverage these distinct advantages, potentially overcoming the limitations such as material degradation in inorganic materials and poor

light durability in organic materials. Shi et al. has proposed a promising approach to enhance the EC properties of WO3 by integrating

poly (3,4-ethylenedioxythiophene) (PEDOT) nanoshells with WO3 nanocores. The PEDOT nanoshells provide flexibility and stability, while

the WO3 nanocores contribute to the desired EC functionality.167 The result show that this hybrid structure offers an impressive coloring

time of 3.8–12.4 s and bleaching time of 3.6–7.6 s. This depends on two reasons. On the one hand, the large contact area between the porous

hybrid nanostructures and the electrolyte to load cations improves the accessibility of the electrolyte to the active sites of the hybrid nano-

structures. On the other hand, WO3 can interact with p-doped PEDOT as an electron acceptor to form an electron donor-acceptor pair,

thereby improving the interaction between the inorganic/organic interface.168 Coordination nanosheet (CONASH) is a kind of nanosheet

composed of organic ligands with metal ions/atoms/clusters. Bera et al.’s WO3-based CONASH nanosheets show excellent performance

tests in EC durability. The results show that the material has a high EC life of at least 15,000 cycles.169 This makes CONASH a promising ma-

terial for the development of long-lasting EC device.

Hou et al. conducted a study on tantalum (Ta) and WOx doped with conjugated polymer composite materials. The team studied a fully

solution-processed double-layer porous extraction contact consisting of Ta-WOx and polythiophene derivative poly [5,5’-bis (2-butyl) -

(2,2’-bithiophene) 4,4’-dicarboxylic acid-substitutive-5,5’ �2,2’-bithiophene]. The Ta-WOx interface layer allows a significant reduction in

the transport barrier between the electrode and the p-conjugated polymer.170
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TheDinca team usedmatrix-assisted pulsed laser evaporation technology to form a controllable EC composite interface.171 Cyclic voltam-

metry measurements showed that the WO3 electrode exhibited a typical cathode peak at �0.2 V and a typical anode peak at 0 V. And the

cathode peak of GO/WO3 composite appears at�0.25 V, and the cathode peak of GO/WO3 composite appears at�1.9 V. This indicates that

the layer-by-layer film has a lower reduction potential than the film obtained from the mixture. In fact, this is supported by the fact that the

cathode peak of the GO/WO3 mixture shifts to a more negative value, indicating that the reduction of WO3 at this interface is more difficult.

Khan et al. prepared (WO3/rGO) composite films by a simple hydrothermal method. The composite film exhibits a highCE value of 181.5 cm2/

C at the wavelength of 633 nm, which is higher than that ofWO3 film (CE = 122.2 cm2/C). In addition, these films also show good cycle stability

maintaining performance up to 2,500 cycles. They suggested that the interface between rGO and WO3 could be the main reason for

enhancing of the electron transfer efficiency of the material.172

In summary, both nanocrystallization and doping present effective methods for enhancing the performance of tungsten oxide-based EC

materials. Often, these twomethods are used in conjunction, or organic and inorganic doping are applied sequentially. By adjusting the ratio

of different raw materials used in doping and the degree of nanocrystallization, it is possible to optimize the conditions for producing high-

performance products.

Development of flexible EC device

Currently, a growing damage for flexible EC device that suitable for certain application (i.e., wearable technology, flexible display, and other

innovation applications). Therefore, developing flexible EC device that can maintain high performance and durability remains a challenge.

The use of ITO materials for EC device comes with certain limitations. For example, Li’s team reported that ITO struggles to withstand

repeated bending, and the scarcity and rapid depletion of indiummake it less suitable for creating low-cost flexible devices.173 To overcome

these challenges, Li’s team developed WO3/Ag/WO3 (WAW)-laminated films. This film can serve not only as transparent electrodes but also

as EC materials. Moreover, the material can be prepared at room temperature, non-toxic and low cost. Compared to WO3 monolayer films,

theseWAWfilms exhibit superior EC optical properties, including high transmittance (480%), long-term cycle stability (3,000 times), and short

switching time (i.e., 11 s for coloration, and 10.5 s for bleaching).174 Lin et al. synthesizedWTixOyCz organic-doped thin films with flexible prop-

erties, similar to those of WAW.175 The results showed that the film could be bent around a rod with a diameter of 2.5 cm for 1,000 times

without any degradation. It is worth mentioning that the porous surface of WTixOyCz film has a high grain boundary fraction of 19.5%. After

200 cycles of Li+ intercalation and deintercalation, the film exhibited a significant light modulation of 82.7%, and the coloring efficiency of

71.2 cm2/C at 850 nm. They also demonstrated excellent switching times, offering a switching efficiency of 31 s for coloring and a swift 5 s

for bleaching. This impressive performance is attributed to the high grain boundary fraction on the porous surface of the WTixOyCz film.

This structure enables the reversible embedding and de-embedding of Li+ ions with less resistance, thereby enhancing the overall efficiency

of the EC process.

ADVANCEMENTS IN EC TECHNOLOGY: A FUSION WITH INNOVATIVE ENERGY SOLUTIONS

Enhancing energy efficiency through the reduction of energy consumption and the recycling of energy can significantly alleviate these prob-

lems. EC devices are instrument in this process as they facilitate substantial energy saving through efficient energy conversion and storage.176

These devices primarily absorb light in the wavelength range of visible light within themodulated solar spectrum. Nearly 50% of the energy in

the solar spectrum is located in the near-infrared band, indicating that EC device mainly focuses on the absorption of visible light and near-

infraredwaves.177 By achieving independent control of visible light and near-infrared radiation light could allow flexible adjustment of sunlight

and heat entering the building.5,178

In recent years, the practical applications of inorganic EC materials have demonstrated significant commercial value. As a result, the uti-

lization rate of inorganic EC materials has substantially exceeded that of organic EC materials.179 Inorganic materials are mainly divided into

transition metal oxides and ferricyanide Fe4[Fe(CN)6] 3-based systems. Inorganic EC materials generally have the advantages of good mate-

rial durability, wide working range, and high chemical stability.180 Transition metal oxides are promising EC materials with good flexibility,

mainly including WO3, TiO2, Nb2O5, MoO3, and so on.

One of the advantages of EC devices is that the conditions for light absorption only require a small driving voltage. However, if it is insen-

sitive to light molecules or unstable absorption, this advantage of EC devices will be seriously affected. Huan et al. invented an integrated gel

EC device powered by perovskite solar cells, which can adjust the absorption of light by automatically switching between bleaching and col-

oring states. It can be used for 70,000 cycles, and the power conversion efficiency can be maintained at 18.3%, showing excellent chemical

stability. The experimental data show that this integrated perovskite EC device is expected to become the framework of energy storage intel-

ligent window, which lays a foundation for the realization of all-weather intelligent window (Figure 9).181

Spinel Li4Ti5O12 (LTO) is an ideal anodematerial for lithiumbatteries and can be used as a rawmaterial for rechargeable EC energy storage

devices (EESDs). In the experiment, the LTO film exhibits excellent theoretical capacitance and structural stability. In addition to the advan-

tages of these twomost EC capacitors, LTO also exhibits good optical contrast during energy storage and conversion. It can effectively block

90% of the thermal radiation energy in sunlight in the wavelength range of visible light and near-infrared light. This rechargeable EESD can be

used as an architecture for modern smart windows, providing a way to promote energy recovery.182 The birth of EC supercapacitor devices

has also promoted the invention of smart windows and energy-saving applications. A self-charging EC supercapacitor device (SC-ESCD) for a

sliding-mode DC triboelectric nanogenerator has excellent electrochemical performance and stable cycle performance. When the current is

0.1 mA cm�2, SC-ESCD has a capacitance of up to 15.2 mF cm�2. After 5,000 cycles, the capacitance only decreased by 1%, which confirmed
12 iScience 27, 109535, April 19, 2024
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that SC-ESCD had excellent stability. The discovery of SC-ESCD also provides a direction for creating a self-charging power supply that in-

tegrates energy collection, storage, and electrochromism.183
ADVANCEMENTS IN WOx UTILIZATION FOR DIVERSE APPLICATIONS

There are many active sites on the surface of the nanostructure, which can effectively shorten the ion transfer path and increase the motion

rate, thereby improving the switching speed.184,185 As an inorganic transition metal oxide, WOx-based nanostructures discussed in the

following section usually produce cathode coloring by simultaneous injection of electrons and ions under cathode bias.5 It has now become

a popular choice in modern EC materials.

In the TeO2-B2O3 glass system,WO3was doped into the composite usingmelt-spinningmethod. It was observed that as the concentration

of WO3 increased and the molar volume expanded, the density and refractive index of the glass samples decreased from 5.4794 to 3.3579

g/cm3 and from 2.628 to 2.522 g/cm3, respectively. This indicates a negative correlation between the WO3 concentration and the density

as well as the refractive index of the glass samples. The glass sample obtained from the TeO2-B2O3 system dopedwithWO3 exhibits an amor-

phous microstructure. The direct optical band gap varies from 2.37 to 3.12 eV, and the indirect optical band gap varies from 2.27 to 2.58 eV.

This can be concluded that the doping ofWO3 did not significantly improve the radiation shielding ability of the glass system, but it showedan

increase in the band gap and a decrease in the refractive index, which may have favorable competition conditions in applications such as

graded index fiber.186

Almuqrin et al. found that the TeO2-WO3 glass system doped with Bi2O3 and PbO can also shield radiation to a certain extent.187 Lithium

bismuth borotungstate glasses with chemical composition of 20Li2O-(20-x) Bi2O3-xWO3-60B2O3 (x = 0, 1, 2, 3, 4, and 5 mol %) were prepared

using quenchingmethod. The addition of high crosslinking density of WO3 into the glass composition results in the reducing of non-bridging

oxygen and free volume within the glass. Moreover, the inclusion of WO3 modifies the direct and indirect band gaps of the glass, making the

glass structure more stable and harder. Hence, the microhardness of the glass samples reaches 4.98 GPa, showing an increase of 0.16 GPa

compared to the undoped glass. Stalin et al. found that this bismuth lithium borotungstate glass can be used in high-energy radiation occa-

sions such as nuclear research structures, has stable chemical properties, and can shield gamma rays.188

By self-assembly of phosphoric acid protective layer on the top of WO3 electrode, the electrochemical corrosion of WO3 electrode is hin-

dered, the electrolyte limitation is overcome, and the stability of the electrode is improved. The self-assembled molecular layer provides hy-

drophobicity, significantly increasing the cycle life of the WO3 electrode. The wrappedWO3 electrode can undergo more than ten times the

number of cycles compared to an unprotected electrode in the 1 M KCI electrolyte system. Even after more than 1,000 cycles, the WO3 elec-

trode canmaintain amaximum current density of 60%. Hopmann et al. proved that the self-assembledmonolayermodification ofWOx-based

materials enhances the cycle life of EC devices, particularly in harsh electrolyte environments.189

The activity of EC properties can be improved by embedding metal nanofiber array (NFA) into WO3 bifunctional electrode. With the NFA

embedded, this WO3-based nanocomposite effectively prevents charge transfer resistance and improves the electrochemical activity of

active molecules at the electrode-electrolyte interface, thus exhibiting excellent stability, coloring efficiency, and light modulation ability.

Even after 2,000 cycles, the performance remains stable. Figure 10 illustrates the formation of theNFAon theWO3 electrode film andpresents

experimental data corresponding to the excellent properties of this composite material. The NFA-embeddedWO3 electrode also enhances

electrochemical energy storage activity and exhibits excellent performance as an intelligent supercapacitor.190

Chen et al. designed a double-sided EC device by imitating the differential coloring of the dorsal (anterior) side and ventral (posterior) side

of the wings with reference to some butterfly species in nature, such as Nymphalidae. Through different driving voltages, the two sides will

exhibit significantly different coloring states due to the thin metal layer with complex refractive index. (Fabrication of dual Z-scheme TiO2-

WO3-CeO2-heterostructured nanocomposite with enhanced photocatalysis, antibacterial, and electrochemical performance). A special de-

vice is called Janus structure ECdevice. The opticalmodulation layer in the device is often composedof absorbingmetals such asW, Cu, Ti, or

Ag, and the initial color asymmetry on both sides can be controlled by the thickness ofW,WO3, and indium-doped tin oxide layers. Chen et al.

believed that this asymmetric EC will be extended to the infrared spectrum, that is, thermal radiation, and as a new type of EC device, it can

broaden the application scenarios.191 Chang et al. studied an EC device using WO3 as a material by electroexplosive wire technology, and

controlled the size distribution of WO3 nanomaterials in deionized water by changing the explosion voltage.192 Wang et al. combined sol-

vothermalmethod and calcinationmethod to prepare a 3DWO3-x EC supercapacitor, and studied the optical and electrochemical properties

of the dual-function electrode nanowire networks/fluorine-doped tin oxide (NWNs/FTO). The experimental results show that the WO3-x

NWNs/FTO cathode has an area specific capacity of up to 57.57 mF cm�2 and an optical modulation of up to 85.05%. After 10,000 cycles,

the specific capacitance rate can still be maintained at 87.53%, and the homologous optical modulation range is maintained at 75.42%, which

is considered to have stable cycle performance (Figure 11).193
OUTLOOK AND SUMMARY

In recent times, there have been numerous breakthroughs in the study of EC tungsten oxide, leading to the development and utilization of

various new hybrid nanomaterials and EC materials. While the advantages of WOx have been extensively explored and recognized, its po-

tential for future development remains substantial. However, it is important to acknowledge the limitation and challenges associated with its

practical application and future research. These shortcomings primarily include the following aspects.
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Figure 10. A metal oxide-based smart supercapacitor electrode by embedding a nanoscale metallic nanofilament array (NFA)

(A) Schematic showing the formation of a conducting nanofilament array (NFA) across a WO3 electrode film via an electroforming process.

(B) Resistance-switching current–voltage (I–V) curves of the WO3 film showing bi-stable resistance states.

(C) The resistance distribution of the low- and high-resistance states extracted at a 0.1 V read voltage. XPS spectra of (D) the pristineWO3 and (E) NFA-embedded

WO3 films.

(F) Cross-sectional high-resolution TEM image of the NFA-embedded WO3 film and (G) a magnified view showing the Moiré fringes.

(H) Conductive-AFM image of the NFA-embedded WO3 electrode measured with a compliance current of 10 nA. Reprinted with permission from ref.190

Copyrightª Royal Society of Chemistry 2023.
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(1) The development of nanoscale WOx materials necessitates advancements in the control of size and refinement of preparation

methods. As materials reach the quantum size regime, careful control of shape and size is essential to prevent significant reductions

in performance. Traditional preparation methods of nanomaterials like sol gel method and hydrothermal method need enhancement

tomeet the higher structural and performance requirements of nanomaterials. For example, as a core ECmaterial,WOx faces the chal-

lenge of balancing cost and cycling resistance especially when applied as a nanofilm. Utilizing larger submicron particles as precursors
ure 11. Schematic illustration of the synthesis of the 3D WO3-x NWNs/FTO electrode

yright ª 2023 Springer Nature Limited. Reprinted with permission from ref.193 Copyrightª 2023 Springer Nature Limited.
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for nanomaterial synthesis can alleviatematerial costs and operational complexities. By optimizing thin filmdeposition parameters, the

cyclic durability of WOx thin films under repeated voltage can be markedly enhanced. The overarching goal is to refine the efficiency

and quality of WOx material preparation methods while preserving its intrinsic performance.

(2) The use of preciousmetal doping to enhance ECefficiency can result in significant economic and environmental resource costs. Improper

handling of certainmetals can lead to environmental pollution and indirectly increase the cost of subsequentmaterial processing. Conse-

quently, it is crucial to exploreWOx compositematerials that offer high EC efficiency at a low cost. TiO2 has shown potential in improving

theoptical propertiesofWOx-basedmaterials; however, it has limitation suchaspoor fatigue resistanceand inability towithstandbending.

Therefore, finding abalancebetweenorganic ECdevices and inorganic compositematerials canbebenefited as they can compensate for

eachother’sweaknesses. This approachholds promise as a novel researchdirection in the fieldof electrochromism,offering opportunities

for the development of more efficient and versatile EC materials while considering environmental sustainability.

(3) The research and development of WOx as ECmaterial should prioritize improving the lifespan and response switching time of EC film,

as these factors are closely related to their application. One approach to enhance performance is synthesis of WOx with specific func-

tional groups. For example, researchers have proposed a method where WOx reacts with the hydroxyl group on the surface of ITO to

improve the adhesion and EC properties of the film on the substrate. However, ITO has limitations in terms of repeated bending and

the scarcity of indium, which restricts its wider use. Therefore, reducing the cost of ITO and exploring alternative materials that are

more adaptable will be important areas for future research efforts.

(4) At present, single-phase EC filmmaterials have noticeable defects which can manifest as single or multiple deficiencies. Exploring the

unique composite properties of nanocomposites represents a promising research direction for improving EC properties. The interfa-

cial property of nanomaterials plays a crucial role in influencing electrochromism. For instance, the development of nanocrystalline

WOx film,mesoporousWOx film, and layeredWOx hollow shell has demonstrated significant improvement in EC properties. However,

further clarification is required to understand the determination of nanomaterial interfaciality. Specifically, in order to control the elec-

tron mobility of nano-WOx, it is important to identify and maintain the appropriate form of the materials, especially the material with

interfacial covalent bonds. By deepening our understanding of the reasons behind the enhanced EC effects observed in various forms

of nano-WOx, we can identify the directions for future efforts aimed at achieving superior EC devices.

(5) In terms of alleviating environmental pollution and meeting global energy demand, WOx has a relatively low conduction band level

higher than the reduction potential of O2/O2, leading to limited reduction of O2molecules during photocatalytic degradation. Various

approaches, such as metal and non-metal doping, heterojunctions, and band-gap engineering, have been explored to address this

issue. In catalytic reactions, the recombination of electron-hole pairs can hinder the efficiency of the process. To overcome this, het-

eroatoms are introduced to adjust the band structure of graphene and reduce the recombination rate of electron-hole pairs. However,

further investigation and research are required to better understand the structural characteristics and functions of doped WOx.

(6) WOx-based nanocomposites have photocatalytic properties and can degrade and regenerate heavy metals and organic pollutants

such as dyes and antibiotics in wastewater. Most of the new WOx-based nanocomposites found in recent studies generally have

outstanding photocatalytic degradation effects only for some pollutants. Most of the experiments of WOx-based nano-photocatalysts

only stay in the laboratory simulation test stage, and cannot clarify the degradation of pollutants in actual water samples. Moreover, the

price of WOx is relatively expensive, and the inexpensive photocatalyst is the main demand for the practical application of degrading

pollutants, which also makes WOx-based nano-photocatalysts still have a way to go to market applications.
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