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Recent Advances on Dual-Band Electrochromic Materials 
and Devices

Yanling Zhai, Jiahui Li, Sophia Shen, Zhijun Zhu,* Sui Mao, Xiao Xiao, Chengzhou Zhu, 
Jianguo Tang, Xiaoquan Lu,* and Jun Chen*

Dual-band electrochromism is a phenomenon where materials can 
independently regulate the transmittance of visible (VIS) and near-infrared 
(NIR) light. Owing to their bistability, low energy consumption, and 
independent control over VIS and NIR regions, dual-band electrochromic (EC) 
devices have been of great significance to fully harnessing VIS and NIR light 
and building an energy-saving society. The past several years have witnessed 
the efforts put in developing novel EC materials to improve their dual-band 
optical performance through altering their composition, structural, and 
physicochemical features, which determine the optical behavior of dual-band 
EC devices. In this review, the concept, significance, working principle, and 
key influence factors of dual-band electrochromism are briefly introduced. 
Next, the up-to-date progress of dual-band EC materials including inorganic, 
organic, and composites materials are summarized, with a focus on material 
design, device fabrication, and performance optimization. Finally, the 
challenges and perspectives of dual-band EC materials and devices are also 
presented.
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1. Introduction

Electrochromic (EC) materials and devices 
are capable of reversibly regulating their 
optical properties via redox reactions 
with applied bias voltages.[1–2] Since its 
first report in 1961,[3] EC technology has 
received enormous attention and has been 
rapidly developed over the past several 
decades.[4–14] With a collection of compel-
ling features, including bistability, low 
energy consumption, and a fast process, 
electrochromism has exhibited great com-
mercial potential in applications such as 
smart windows, low-energy displays, and 
energy-saving glass.[15–17] Currently, most 
EC materials focus on the regulation of 
visible (VIS) light.[18–20] However, nearly 
50% of solar energy is located in the near 
infrared (NIR) region (780–2500  nm, 
Figure  1a),[21,22] which can pass through 
glass panels and significantly raise indoor 
temperatures but has not yet been well 

controlled in traditional EC devices.[15] Consequently, about 41% 
of global energy consumption is used to maintain a comfort-
able light and temperature environment inside buildings,[23] 
arousing extensive concerns about the thermal regulation 
of NIR irradiation. Therefore, the development of EC mate-
rials capable of independently controlling both VIS and NIR 
transmittance (referred to as “dual-band” electrochromism) in 
accordance with weather conditions and personal preferences 
is of great significance to separately regulate the light and 
heat entering buildings.[24] Four EC modes of “bright”, “dark”, 
“warm”, and “cool” (illustrated in Figure  1b) are expected to 
be achieved using dual-band EC materials in smart windows. 
These smart windows would contribute to reducing the global 
energy consumption across building heating and cooling sys-
tems by blocking undesired NIR light in summer and intelli-
gently allowing its passage in winter.[25]

EC materials, whose optical properties determine the EC per-
formance of the device, are the key components in developing 
dual-band smart EC systems. Great efforts have been devoted 
to designing and synthesizing various materials with excellent 
dual-band EC performance, such as separate potential ranges 
over VIS and NIR regions, fast switching speed, and excellent 
cycle stability, to promote the further development and com-
mercialization of dual-band EC devices.[26–30] There have been 
some excellent review articles regarding the synthesis and 
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application of EC materials,[22,31–39] however, few have paid spe-
cial attention to smart dual-band EC materials.[40] Inspired by 
the urgent need and increasing efforts in synthesizing high-
performance dual-band EC materials,[27–28,41–43] this review will 
systematically discuss the latest development of dual-band EC 
materials and devices according to their material composition: 
inorganic, organic, and hybrid composite. The comparisons 
of key parameters among various EC materials are also pre-
sented to demonstrate the respective features of each individual 
material, which will inspire further research in the optimiza-
tion of dual-band EC devices. Finally, the review will conclude 
with a discussion of the challenges and perspectives for future 
research on dual-band EC materials and devices.

2. Inorganic EC Materials

Inorganic materials such as metal oxide semiconductors and 
inorganic-inorganic composites have attracted extensive atten-
tion due to their high optical contrast, good cycle stability, 
and excellent durability.[44–45] It has been well-accepted that 
the EC behavior of metal oxides originates from the double 
injection and extraction of cations and electrons simultane-
ously upon various potentials.[46] For example, WO3 is an EC 
material that has been extensively investigated, and the revers-
ible EC processes of WO3 can be expressed with the following 
reaction:[47–48]

WO WO3 3xM xne Mn
x+ + ↔+ − 	 (1)

where Mn+ can be H+, Li+, Na+, K+, Zn2+, Al3+, etc., e− represents 
an electron, and x is the stoichiometric coefficient, varying 
between 0 and 1. When a negative voltage is applied, WO3 film 
appears blue in color, accompanied by a double injection of cat-
ions and electrons. When the cations and electrons are extracted 
under a positive voltage, the film transits into a bleached state, 
appearing transparent.[49] The intercalation and extraction of 
Mn+ are generally limited to a very thin surface layer of the EC 
material, which strongly depends on its microstructure.[50] Thus, 
optimizing the microstructure of the materials is critical to 
improving their EC performance, as it will provide more active 

sites and increase the accessible intercalation sites, leading to 
a fast switching speed and high optical contrast.[51] Cai  et  al. 
fabricated three kinds of vertically aligned WO3 nanocluster, 
nanotree, and nanowire arrays, respectively, on fluorine-doped 
tin oxide (FTO) substrates by changing the amount of HCl 
during the synthesis process. Compared with the nanocluster, 
WO3 nanotree and nanowire arrays revealed faster switching 
speed, higher coloration efficiency, larger optical contrast, and 
improved cycling durability. These improvements can be attrib-
uted to the faster H+ diffusion rate and more efficient charge 
transfer mainly originating from the unique nanostructure and 
larger porous network of the vertically aligned nanotree and 
nanowire.[50] Additionally, the particle size of EC materials is 
also crucial to their EC performance.[52] Most recently, Yao et al. 
constructed EC films composed of WO3 quantum dots (QDs) 
with a hexagonal crystal structure and an average diameter of 
1.2 nm. The ultrasmall size and the clear surface of WO3 QDs 
can provide high surface accessibility, shorten the diffusion path 
of the intercalation cations,[44] and increase the contact interface 
between cations and the electrode materials, which is critical 
to improve EC performance.[53] In addition to the diffusion-
controlled intercalation of the Mn+, WO3 also exhibits (pseudo) 
capacitive charge storage-induced EC behavior, which is associ-
ated with Mn+ adsorption on the surface. These two competing 
processes are highly dependent on the structural and morpho-
logical characteristics of WO3.[29]

Metal oxide semiconductors always possess free carrier den-
sities in the range of ≈1021 cm−3, leading to pronounced absorp-
tion in NIR and mid-IR regions.[54] The absorption bands of 
metal oxide nanocrystals (NCs) can be effectively managed 
by tuning their localized surface plasmon resonance (LSPR) 
via either aliovalent atom-doping or electrochemical doping 
at sufficient potentials.[54–56] LSPR is a phenomenon in which 
light absorption can be enhanced when the incident light fre-
quency matches the natural resonance frequency of collective 
electron oscillations of the materials,[22,57–60] and the LSPR 
frequency is positively correlated with the free carrier den-
sity.[61–62] LSPR occurs not only on the surface of plasmonic 
metals such as Au and Ag, but also in metal oxide semicon-
ductors with extraordinary free carrier densities.[58,61] Conven-
tional plasmonic Au and Ag nanoparticles (NPs) have large 

Figure 1.  a) The solar spectrum and its energy distribution. The spectrum data were obtained from https://www.pveducation.org/pvcdrom/appen-
dices/standard-solar-spectra. b) Illustration of the four distinct dual-band EC modes. Reproduced with permission.[127] Copyright 2020, American 
Chemical Society.
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free electron densities, so their LSPR frequency is usually not  
adjustable and the LSPR bands are always located in the VIS 
region. On the other hand, the free carrier densities of metal 
oxide semiconductor NCs are about one to two orders of magni-
tude lower than those of the plasmonic metal NPs. This allows 
for much easier modification of the LSPR frequency by varying 
the doping type and content, leading to an LSPR in the NIR or 
mid-IR regions.[62] In 2011, Milliron et al. reported a tin-doped 
indium oxide (ITO) NC film with tunable optical transmit-
tance in the NIR range, whose LSPR peak is highly dependent 
on various Sn doping levels and thus the electron density of 
ITO (Figure 2a). The EC films fabricated from ITO NCs with 
16.8% Sn showed controllable NIR absorption intensities under 
various voltages and high NIR contrast in both the colored and 
bleached states (Figure 2b,c).[63]

Considering the respective VIS and NIR light modulation 
abilities of different materials, it is possible to blend the mate-
rials of complementary EC properties to form nanocomposites 
for dual-band EC modulation.[46,64] In a pioneering study, Mil-
liron et al. proposed a dual-band EC system by introducing ITO 
NCs into niobium oxide (NbOx). ITO NCs are able to tune NIR 
light in the potential range between 4 and 2.3 V (versus Li+/Li), 
while pure NbOx can modulate VIS transmittance in a separate 
potential range of 2.3–1.5  V. Remarkably, the VIS optical con-
trast of the ITO-NbOx composites was five times higher than 
that of pure NbOx in VIS region. This demonstrates the suc-
cessful fabrication of a composite dual-band EC system with 
much better performance than individual materials.[65]

On the other hand, recent studies have also shown that 
surface capacitive charging/discharging upon cation adsorp-
tion/desorption can also change the free carrier density of 
the metal oxide semiconductor and thus strongly affect LSPR 
modulation.[66–67] Considering the aforementioned VIS-
modulating function resulting from cation intercalation/
deintercalation, single component heteroatom doped metal 
oxide semiconductors are expected to work as dual-band EC 
materials as the cation adsorption and intercalation take place 
under different potentials. Therefore, great effort has been 
put into developing novel inorganic materials capable of inde-
pendently regulating VIS and NIR transmittance. This sec-
tion will provide a discussion on the inorganic dual-band EC 
materials including WO3- and TiO2- and other metal oxide-
based materials/composites.

2.1. WO3-Based Dual-Band Materials

WO3 is a broad family of polymorphic compounds with 
inherent tunnels and excellent ion-hosting capacity. The solar 
light passing through WO3 can be regulated in amplitude and 
energy due to the adjustable bandgap by varying the crystal-
line structure and oxygen stoichiometry.[68–73] As shown in 
Figure  3a, when the oxygen vacancies in WO3 NPs increased 
from WO3 to WO2.92, WO2.83, WO2.72, and WO2, transmit-
tance in the VIS region decreased along with a blue-shift of 
the absorption peak.[74] This is in accordance with a later report 

Figure 2.  Optical spectra of ITO NCs. a) Normalized absorption spectra of ITO NCs with various tin-doping contents. b) Absorption spectra of the 
film composed of ITO NCs (16.8% Sn doping) with a diameter of 4.1 nm. c) Transmission spectra of ITO NCs (4.5 nm, 16.8% Sn doping) at bleached 
(1.5 V, versus Li+/Li) and colored (4 V) states for various film thicknesses. Reproduced with permission.[63] Copyright 2011, American Chemical Society.

Figure 3.  Optical spectra of WO3-based materials. Transmittance spectra of a) tungsten oxide NPs with various oxygen vacancies and b) different types 
of MxWO3 NPs dispersed in toluene (0.01 wt%). The disturbance between 1620 and 1790 nm is due to the absorption of toluene. Reproduced with 
permission.[74] Copyright 2007, American Ceramic Society.
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which discovered that the introduction of oxygen into WO3-x 
lattice upon being heated in air led to decreased LSPR absorp-
tion in the NIR region by reducing the charge carrier density.[75] 
In addition, the type and concentration of the injection cations 
have a significant effect on the transmittance spectra of MxWO3 
(Figure 3b),[74] which provides a wide range of possibilities for 
the optical modulation of WO3. With advantages such as mul-
tiple oxidation states, high coloration efficiency, large optical 
regulation range, and good chemical stability,[45,76] WO3-based 
dual-band EC devices have attracted great interest.[36,77]

2.1.1. Multi-Component EC Materials

Currently, most metal oxides are capable of blocking either the 
VIS or NIR region of solar light, which opens up avenues of 
fabricating dual-band EC materials by forming composite mate-
rials with complementary EC behaviors.[46] WO3-x NCs have 
been known for their ability to selectively modulate NIR light 
by tuning their LSPR property upon alternant voltages.[78] To 
complement the NIR response of the WO3-x NCs, Milliron et al. 
chose a VIS-modulating component, amorphous NbOx, to fab-
ricate a dual-band EC device.[64] To promote the EC performance 
of the WO3-x–NbOx composite, WO3-x NCs were assembled into 
a mesoporous architecture (Figure 4a), using a block copolymer 
as a sacrificial template, to form an open network which was 
subsequently filled with NbOx (Figure  4b). The mesoporous 
film allows fast infiltration of the electrolyte for contact with 
both WO3-x and NbOx, resulting in faster color switching and 
higher optical contrast compared with a compact one. The 
composite film was transparent in both NIR and VIS regions 
at 4  V (versus Li+/Li, bright mode) because both WO3-x and 
NbOx were fully discharged. At 2.3 V, WO3-x NCs are selectively 

charged, giving rise to improved LSPR absorption in the NIR 
region. Then, at 1.5 V, NbOx is reduced by Li+ ion intercalation, 
which induces VIS polaronic absorption of the composite film, 
resulting in the dark mode (Figure 4c). Moreover, only 5.7% of 
the charge capacity of the composite film was lost after 2000 
cycles, much lower than those of single component WO3-x 
(21%) and NbOx (11%) films (Figure 4d), which was ascribed to 
the robust architecture of the composite film.

Dual-band EC composites often require deliberate design of 
the porous structure to improve the mass transport of electro-
lytes into a deep region of the EC-active components. Making 
external channels through the template method is workable 
but laborious, so instead intrinsic tunnels within EC materials 
can be directly utilized to provide extra EC material-electrolyte 
interfaces. Prussian blue (PB) NCs are known for their VIS 
light modulation,[17] which features an open framework struc-
ture with a tunnel size of 3.2 Å to allow the passage of insertion 
ions.[79–80] Recently, Zhao et al. designed a dual-band EC device 
via electrodeposition of PB film onto W18O49 nanowires (NWs) 
substrates.[46] The PB overcoat layer containing an intrinsic 
tunnel structure allows the efficient permeation of electrolytes 
to be in contact with the inner W18O49 NWs layer (Figure 5a). 
Notably, this layer shows a slight increase in the switching time 
of W18O49 NWs (Figure 5b), indicating its excellent Li+-perme-
ation nature. The optimized W18O49 NWs/PB composites can 
successfully deliver the four distinct EC modes at different 
potentials (Figure 5c). Furthermore, the transmittance modula-
tion contrast of the W18O49/PB composites is about 71.2% and 
64.8% before and 70% and 58% after 100 repeated cycles at  
633 and 1600 nm, respectively (Figure 5d), revealing the high- 
coloration contrast and the comparable cycle stability of the 
W18O49 NWs/PB composite electrode in both the VIS and NIR 
regions. This work demonstrates that the intrinsic intracrystalline  

Figure 4.  Structure, optical, and charge capacity profiles of WO3-based films. Cross-section SEM images of WO3-x a) and WO3-x-NbOx composite b) 
films. c) Transmittance spectra of the composite film at indicated voltages (versus Li+/Li), and the corresponding photographs of the sample. d) Nor-
malized charge capacity profiles of three films over 2000 cycles. Reproduced with permission.[64] Copyright 2015, American Chemical Society.
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tunnel structure could be employed to construct high-perfor-
mance dual-band EC devices by improving the penetration of 
insertion ions for contact with inner EC components.

To simplify the fabrication process and improve the perfor-
mance of dual-band EC devices, Liu  et  al. proposed a simple 
and universal method to integrate VIS- and NIR-active com-
ponents, W18O49 NWs and K28Li5H7P8W48O184·92H2O (P8W48), 
respectively, into one dual-band EC device through a layer-by-
layer (LBL) assembling technology.[23] W18O49 NWs worked 
as NIR absorption materials because of their unique LSPR 
absorption caused by O-vacancies and high carrier density 
as the voltage decreased from 0.4 to −1.0  V (versus AgCl/
Ag) (Figure  6a).[75,81–82] On the other hand, the reduced form 
of P8W48 exhibited strong absorption of VIS light from −0.6 
to −1.0  V (Figure  6b). As a result, the W18O49/P8W48 com-
posite film was able to reversibly switch between three optical 
states—bright, cool, and dark modes—by varying voltage 
(Figure  6c). Furthermore, the composite film showed excel-
lent electrochemical stability, with only 2.4% and 3.2% decay 
at 500 (Figure 6d) and 1060 nm (Figure 6e), respectively, after 
500 cycles. No power density change was observed after being 
repeated more than 100 times (Figure 6f). These results dem-
onstrate the excellent stability of the composite film, which was 

ascribed to the stable nature of both components as well as pre-
cise control of the structure. Thus, a dual-band EC window with 
quick response, high efficiency, and durability was successfully 
fabricated from the arrangement of W18O49 and P8W48 through 
a facile LBL method.

The effect of anode materials has long been neglected as most 
of the effort in developing dual-band EC devices is focused on 
cathode ones. It is desirable for anode materials to maintain full 
transparency during the EC process and their charge-balancing 
function when they pair with the cathode materials. ITO NCs 
with suitable Sn doping show much greater ion storage capacity 
when compared with commercial ITO glass because of the 
dense and thin ITO coating layer on glass, which does not have 
enough area. Most recently, Lee  et  al.[26] reported a dual-band 
EC device using WO3-x NWs and ITO NCs as an EC cathode 
and high-performance charge-balancing anode, respectively. 
The ITO NCs with 2% Sn doping were chosen after evaluating 
the trade-off between the NIR transparency and electrical con-
ductivity, and their small size and relatively high surface area 
could accelerate the optical response by acting as an ion storage 
layer and guaranteeing the fast ion adsorption/desorption. As 
shown in Figure  7a, the WO3-x NW film cathode exhibited a 
contrast of 42.5% and 68.8% at 633 and 1200 nm under −2.8 V 

Figure 5.  Structure and EC performance of W18O49-PB films. a) Illustration of W18O49 NWs layers with PB overcoat layer. b) The transmittance-time 
profiles of W18O49 NWs with and without PB overcoat layers with different thicknesses at 633 nm. c) The photographs of W18O49–PB film at indicated 
voltages (versus AgCl/Ag). d) The transmittance at 1600 and 633 nm at switching voltages. Reproduced with permission.[46] Copyright 2017, Wiley-VCH.
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Figure 6.  Transmission and power density profiles of W18O49/P8W48 film. Transmission spectra of a) W18O49, b) P8W48, and c) W18O49/P8W48 films at 
indicated voltages. Cycle performance of W18O49/P8W48 film at d) 500 nm and e) 1060 nm for 500 cycles. f) Power density change of the transmitted 
light through W18O49/P8W48 smart window by varying the applied voltage. All voltages used in this caption are quoted with respect to an AgCl/Ag refer-
ence. Reproduced with permission.[23] Copyright 2018, American Chemical Society.

Figure 7.  Optical and capacity profiles of WO3-based films. a) Optical transmittance spectra of the WO3 (a) and WO3-ITO NCs b) films. c) Digital photos 
of different modes. d) Real-time transmittance spectra of the device at 1200 (d) and 633 nm e) in the indicated voltage window. f) The normalized 
capacity of the device is over 500 voltammetric cycles at 20 mV s−1. g) Transmittance changes at 1200 and 633 nm under the open-circuit condition 
after the device was biased at −1.5, −2.8, and 1.2 V for 60 s. All the voltages used in this caption are versus Ag+/Ag. Reproduced with permission.[26] 
Copyright 2019, American Chemical Society.

Adv. Funct. Mater. 2022, 2109848
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(versus Ag+/Ag). After a 6-layer ITO NC film anode was paired 
with the WO3-x cathode, there was a comparable NIR contrast 
along with an unexpected but much-improved VIS contrast 
(71.1%) (Figure 7b) due to the more effective charge balancing 
action of a 6-layer ITO NC film, resulting in greater VIS modu-
lation. The optimized dual-band EC device assembled from a 
WO3-x cathode and an ITO NCs anode delivered three distinct 
operating modes (Figure  7c) -bright, cool, and dark-with high 
optical modulation, fast color switching (Figure  7d,e), good 
cycle stability (Figure 7f), and bistability (Figure 7g).

2.1.2. Single-Component EC Materials

Currently, most of the reported dual-band EC materials are 
complex composites which are fabricated via the delicate inte-
gration of NIR-selective and VIS-active components.[83] Realiza-
tion of the selective modulation of VIS and NIR light on single 
component active materials would thus greatly simplify the 
manufacturing process and the structure of the EC devices. 
WO3-x NCs have been reported to deliver the selective modu-
lation of NIR light[84] due to voltage-tunable LSPR absorption 
in NIR regions induced by oxygen vacancies within the lattice 
and variable concentration of free electrons.[23] In combination 
with the intrinsic VIS-regulating capacity of traditional WO3 
materials induced by the diffusion-controlled ionic insertion/
deinsertion at high potentials, similar to that of Nd-TiO2,[85] it is 
feasible to fabricate a WO3-based single-component dual-band 
EC device.

As early as 2015, Manca  et  al. proposed a single-compo-
nent dual-band EC device based on near-stoichiometric WO3 
nanorods (NRs) with high aspect-ratios, synthesized from 
thermal annealing of W18O49 NRs in air at 400 °C, accompanied 
by the structure transformation from monoclinic to triclinic 

phase. The WO3 NRs-based EC cells exhibited a modest NIR 
modulation with an overall contrast of 28%, but no detectable 
VIS modulation capacity using 1 M LiClO4 as the electrolyte 
(Figure 8a). Interestingly, using a mixture of 0.7 M LiClO4 and 
0.3 M LiI as the electrolyte, resulted in significantly improved 
performance of enhanced modulation contrast in NIR regions 
from 46.8% to 99.8%, extended modulation range driven 
by a narrower potential range (Figure  8b), and dramatically 
increased optical switching speed. Such enhanced dual-band EC 
performance was ascribed to the following Pt-catalyzed redox 
reaction: 3I−↔I3

−  + 2e−, as large faradaic currents during the 
redox reactions can trigger electron injection into the WO3 lat-
tice and capacitive surface charging.[86–87] Figure 8c–e shows the 
principle of WO3 NR-based EC devices in three different states. 
At open circuit potential (OCP), WO3 is almost transparent, 
allowing for most VIS and NIR components to pass through 
the device, leading to a bright state (Figure  8c). At moderate 
potentials, massive electrons generated from the redox reaction 
are rapidly injected into WO3, leading to a higher accumulation 
of Li+ ions around the surface of the WO3 NRs instead of deeply 
intercalating into the lattice. The resulting surface capacitance 
causes a dramatic increase in NIR absorption but a negligible 
change in VIS contrast, causing a cool state (Figure  8d). At 
higher potentials, Li+ intercalation into WO3 lattice induces an 
intense absorption in the VIS region in addition to the signifi-
cant NIR absorption, resulting in a dark state (Figure 8e). This 
study demonstrated the possibility that the selective and inde-
pendent modulation over NIR and VIS regions could take place 
within a single component EC device.[25] Studies aim at substi-
tuting I−/I3

− couples are also in progress to solve the drawbacks 
of iodine-based redox electrolyte.[88]

The EC response of WO3-based films is highly dependent on 
the structure and geometry of the WO3 NCs because they directly 
influence the surface-to-volume ratio, ion-diffusion distances, 

Figure 8.  Structure profile, EC behavior, and proposed mechanism of WO3-based EC films. The transmittance spectra of WO3 NR film filled with a) 1 M 
LiClO4 and b) 0.7 M LiClO4 + 0.3 M LiI at indicated voltages. c–e) Sketch of a WO3-NR-based EC device in three different operative conditions (at OCP, 
−1.4, and −1.8 V, versus AgCl/Ag). Reproduced with permission.[25] Copyright 2016, Royal Society of Chemistry. f) Schematic structures of WO3 SNR and 
CNR with triclinic phase. Optical transmittance spectra of g) WO3 CNR-film and h) WO3 SNR-film of 1.2 µm thickness, the voltages from top to bottom: 
1.0, 0.8, 0.6, 0.4, 0.3, 0.2, 0.1, 0, −0.1, −0.2, −0.3, −0.4, and −0.5 V (versus AgCl/Ag). i) In situ transmittance profiles of two films at 600 and 1200 nm 
under a successive voltage of 1.0 and −0.5 V (versus AgCl/Ag) for 180 s, respectively. Reproduced with permission.[29] Copyright 2017, Elsevier Ltd.
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Table 1.  Comparison of the important parameters of recent dual-band EC films/devices.

EC materials Size [nm, component] Electrolytes E [V, vs Li+/Li] tc/tb [s] at λ [nm] Contrast at λ [nm] Cycles (optical loss) Ref.

ITO NC//WO3-x NW device 8.6 ± 0.9 (ITO) Al(ClO4)3/PC −2.8 ≈ 1.2a) 30/17 (633) 71.1% (633)
58.1% (1200)

500 (9.5%)d) [26]

W18O49 NW-P8W48 film 10–20 nm × several µm 
(W18O49)

LiClO4 −1.0 ≈ 0.4b) 52/ (1060)
26/86 (500)

60% (1060)j)

40% (500)j)

500 (3.2% at 1060 nm, 
2.4% at 500 nm)

[23]

Nb-TiO2 NC film 11 Li-TFSI/TG 1.5 ≈ 4 − − − [85]

ITO NC-in-NbOx film 4.8 ± 0.8 (ITO) LiClO4/PC 1.5 ≈ 4 − − 2000 (4%)d) [65]

WO3-x NC−NbOx film 4.3 ± 1.3 (WO3-x) Li-TFSI 1.5 ≈ 4 − 71% (VIS)
84% (NIR)

2000 (5.7%)d) [64]

WO3-x NR film 60 × 3 LiClO4 −2.2 ≈ 0b) 220/260 (1500) 44.3% (1500) − [25]

LiClO4 + LiI −1.8 ≈ 0b) 8/105 (1500) 80.1% (800) 500 (5% at 1500 nm)

m-WO3-x NW film 30 × 2.5 0.5 M Li-TFSI/TG 2 ≈ 4 21/85 (633)
22/75 (1200)

91.7% (633)
92.7% (800)
94.6% (1200)
87.3% (1600)

1000 (8.3% at 633 nm)
1000 (20%)d)

[89]

1 M Al(ClO4)3/PC −0.9 ≈ 0.7a) 16/13 (633)
8/5 (1200)

93.2% (633)
91.7% (800)

88.5% (1200)
86.8% (1600)

2000 (5.5%)d) [27]

86.1% (633)e)

93.1% (800)e)

88.6% (1200)e)

81.3% (1600)e)

WO3 CNR film (8.5−2.5)l) × 80 LiClO4/PC −0.5 ≈ 1b) 12/12 (600)
3/360 (1200)

54% (600)
79% (1200)

81% (700-1600)

500 (10%)d),j) [29]

WO3 SNR film 3 × 80 LiClO4/PC −0.5 ≈ 1b) 98/>1200 (600)
8/>3600 (1200)

80% (600)
89% (1200)

93% (700-1600)

500 (17%)d),j)

W18O49/PB film − LiClO4/PC −1.5 ≈ 1b) 2.2/4.2 (633) 71.2% (633)
64.8% (1600)

100 (30% at 633 nm, 
42% at 1600 nm)

[46]

Nb-TiO2 NC film ≈10 LiClO4/PC −4 ≈ 0b) 105/<8f) (500)
10/<8f) (2000)

64% (800-2000)
67% (2000)

− [92]

Ta-TiO2 NC film 11.6 ± 1.4 Li-TFSI/TG 1.5 ≈ 4 66.8/6.9 (550)
18.4/1.1 (1600)

86.3% (550)
81.4% (1600)

2000 (14.8%)d) [101]

85.4% (550)e)

76% (1600)e)

Ta-TiO2 NC film 11.2 ± 1.1 LiClO4/PC 1.5 ≈ 3.5 52.6/9.5 (550)
11.4/3.6 (1600)

89.1 (550)
81.4 (1600)

2000 (4.1%)d) [28]

Ta-TiO2 NC device −3.5 ≈ 1 − 72.7 (550)
62.2 (1600)

−

TiO2-x NC film 7.82 ± 1.5 LiClO4/PC 1.5 ≈ 3.5 35.1/9.6 (633)
15.5/3.4 (1600)

95.5 (633)
98.8 (800)
90.5 (1200)
77.5 (1600)

2000 (4.4%)d,k) [24]

TiO2-x NC device −3.2 ≈ 1 − 74.5 (633)
73.2 (800)
69.2 (1200)
75 (1600)

500 (10.2%)d)

WO3 NC//VTiO2 NC film 5 (VTiO2) LiClO4+LiI in DMSO −2.2 ≈ 2.7b) − − − [93]

WO3 //VO2 NC film − LiTaO3 −4 ≈ 4 15/5 (580) − − [42]

ITO/PTs composites film ≈5 (ITO) LiClO4/PC −1.25 ∼ 1.25c) 68/19 (700)g)

33/71 (1350)g)

22% (700)h)

39% (1250)i)

200 (18% at 700 nm, 
15% at 1350 nm)

[121]
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and charge-storage mechanism.[29] Two sets of triclinic WO3 NRs 
with solid and carved structures (SNRs and CNRs, Figure  8f) 
featuring identical crystal structure and lattice orientation were 
synthesized to investigate the influence of architecture on the EC 
performance. As shown in Figure  8g,h, compared to the WO3 
CNR-film, the WO3 SNR-film exhibited improved modulation 
contrast and a wider optical-responsive range at identical poten-
tials (Table 1). Such a difference in optical responses was ascribed 
to the higher overall charge density on the WO3 SNR-film, which 
could accommodate a larger amount of charge. On the other 
hand, the switching rates of the WO3 CNR-film during the col-
oring and bleaching processes at 600 and 1200 nm were much 
faster than those of WO3 SNR ones (Figure 8i) due to the domi-
nant pseudocapacitive behavior of CNR-film, which was highly 
related to the peculiar nanostructure.

To further improve the EC performance of the WO3-based 
device, Lee  et  al. reported a single-component material, mono-
clinic WO3-x (m-WO3-x) NW-based dual-band EC device and 

systematically investigated its EC mechanism. As shown in 
Figure 9a, the m-WO3-x film was highly transparent for both NIR 
and VIS at 4 V (versus Li+/Li, bright mode). When the voltage was 
decreased from 4 to 2.8 V, the NIR absorption was enhanced by the 
LSPR effect from capacitive charging induced by Li+ adsorption. 
In the range from 2.8 to 2.6 V, the film blocked most NIR while 
keeping a high VIS transmittance of 64.6%, which was attributed 
to the Li+ intercalation into m-WO3-x lattice, evidenced by the 
phase transition from m-WO3-x to tetragonal LiWO3-x (t-LiWO3-x) 
(Figure  9c), resulting in a cool mode (Figure  9d) with 95.8% of 
NIR blocked (Figure 9a). At 2 V, 88.5% of VIS and almost all the 
NIR can be blocked (dark mode) (Figure 9a,d). The VIS modula-
tion was attributed to the bandgap transitions between t-LiWO3-x 
and cubic LiWO3-x (c-LiWO3-x) (Figure 9c). Therefore, the m-WO3-x  
NW films can work in three distinct modes with an overall 20% 
of capacity loss after 1000 cycles. Nevertheless, the long switching 
time (>20 s for coloration and >75  s for bleaching, Figure  9b) 
and inferior cycle stability still hinder the development of the 

EC materials Size [nm, component] Electrolytes E [V, vs Li+/Li] tc/tb [s] at λ [nm] Contrast at λ [nm] Cycles (optical loss) Ref.

PANI-ITO  
NC composites film

10 (ITO NCs) LiClO4/PC −1.0 ≈ 1.2b) 19/6 (500)
4/14 (600)

7/28 (1000)

≈80% (1600) − [127]

NbOx-ITO film ≈5 Li-TFSI/TG 1.5 ≈ 4.0 − − 1000 (5%)d) [107]

TPPT film − Li-TFSI −1.0 ≈ 0c) 13.4/21.5 (887)
19.1/13.8 (600)

66.63% (887)
50.71% (600)

− [43]

TPBT film − Li-TFSI −1.0 ≈ 0c) 27.4/24.3 (900)
22.0/20.8 (600)

59.79% (900)
66.90% (600)

−

a)versus Ag+/Ag; b)versus AgCl/Ag; c)versus Fc+/Fc; d)Charge capacity loss; e)After 2000 cycles; f)Measured at +1  V, estimated from the Figure  11c; g)Half switching time; 
h)Between “bright” and “dark” modes; i)Between “bright” and “cool” modes; j)Estimated based on the original publications; k)Measured in TBA-TFSI/PC electrolyte; 
l)Outer diameter–inner concavity width (see Figure  8f).tc: the duration of coloring process; tb: the duration of the bleaching process; PTP: polythiophene; Li-TFSI/TG:  
bis(trifluoromethane)sulfonimide lithium in tetraglyme; SNR: solid nanorod; CNR: carved nanorod; TPPT: 2,4,6-tri(pyridyl-4-propyl)-1,3,5-triazine bromide; TPBT:  
2,4,6-tri(pyridyl-4-benzyl)-1,3,5-triazine bromide.

Figure 9.  EC performance and structural evolution of WO3-based EC films. a) Optical transmittance spectra of the m-WO3-x NW film. b) Optical 
transmittance of m-WO3-x NW films at 633 nm in the potential of between 4 and 2 V (versus Li+/Li). Crystal structures evolution c) and digital photos 
d) of m-WO3-x NW films at 4, 2.8, 2.6, and 2 V, respectively. The Li+-containing electrolyte was used in Figure 9a–d. Reproduced with permission.[89] 
Copyright 2018, Royal Society of Chemistry. Real-time transmittance spectra of m-WO3-x NW films e) at 1200 nm between −0.5 and 0.7 V (versus Ag+/
Ag) and f) at 633 nm between −0.9 and 0.7 V, using an Al3+-containing electrolyte (Figure 9e–f). Reproduced with permission.[27] Copyright 2018, Royal 
Society of Chemistry.

Table 1.  Continued.
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dual-band EC device.[89] However, the same group soon reported 
a similar dual-band EC system with much-improved switching 
speed and stability by using earth-abundant trivalent ions Al3+ 
as insertion ions instead of Li+.[27] In spite of the low diffusion 
coefficient of Al3+ (7.6 × 10−11 cm2 s−1) in m-WO3-x NWs compared 
with that of Li+ (6 × 10−10 cm2 s−1), Al3+ has a smaller ionic radius 
(0.53 Å) than that of Li+ (0.76 Å), which is highly advantageous for 
Al3+ diffusion into the lattice of host materials. Furthermore, tri-
valent Al3+ ions are able to transfer up to three electrons, resulting 
in one-third of the amount Li+ required to be intercalated to bal-
ance the charge from the same amount of the electrons. This sub-
stantially reduced amount of intercalated Al3+ plays a significant 
role in improving the switching speed (Figure  9e,f), coloration 
efficiency, and, especially, the cycle stability (94.5% of capacity 
remained after 2000 cycles) of m-WO3-x NWs.[27]

2.2. TiO2-Based Dual-Band EC Materials

TiO2 NCs are a well-known Li+ host material[90–92] that have been 
reported as another promising candidate as active EC mate-
rial[93] because of their large ion-bearing capacity, high abun-
dance, and excellent chemical and thermal stability.[94] Pristine 
anatase TiO2 (a-TiO2) NCs show no absorption in VIS and NIR 
range due to their large bandgap. But upon Li+ intercalation, 
a-TiO2 exhibits VIS extinction due to the localization of injected 
electrons on Ti cations[94] by creating a polaronic lattice distor-
tion.[95–96] Encouragingly, similar to WO3, the LSPR frequency of 
TiO2 can also be broadly tuned by alivalent doping.[75] In 2013, 

Milliron  et  al. reported that Niobium-doped TiO2 (Nb-TiO2) 
synthesized through a hot injection method improved carrier 
density in the conduction band due to the substitution of Nb5+ 
on Ti4+ sites, resulting in a broad LSPR absorption.[97] Recently, 
Cao et  al. reported that the LSPR absorption peaks of Mo-, W-, 
and Nb-doped TiO2 (Mo-TiO2, W-TiO2, and Nb-TiO2) appear at 
650 nm (VIS), 1190 nm (NIR), and ≈3300 nm (mid-IR), respec-
tively (Figure 10a,b), in accordance with their free electron con-
centrations of approximately 1.61 × 1022, 4.81 × 1021, and 6.26 × 
1020 cm−3 for Mo-TiO2, W-TiO2, and Nb-TiO2, respectively. W-TiO2 
exhibited the most tunable LSPR absorption peaks, shifting from 
1700 to 980 nm by reducing the particle size, which was ascribed 
to the increased energy of intraband transitions (Figure 10c). The 
LSPR absorption intensities are also associated with the doping 
concentrations of W (Figure 10d), which changes the number of 
electrons near the Fermi level.[98] Therefore, tunable extinction of 
TiO2 NCs can be easily achieved by changing both the dopant 
types and concentrations as well as the particle size of TiO2, 
leading to their increased exploration as active materials or key 
components in dual-band EC devices.

2.2.1. Single-Component EC Materials

Similar to the earlier discussed WO3, metal-doped TiO2 has 
been regarded as another promising active material for dual-
band EC devices due to the combined effects of capacitive 
LSPR caused by synthetic doping/electrochemical reduction 
and ion-intercalation induced VIS absorption.[99–100] VB and 

Figure 10.  Photographs and absorption spectra of the metal-doped TiO2. a) Digital photos and b) UV-vis-IR absorption spectra of pristine TiO2, 
Mo-TiO2, W-TiO2, and Nb-TiO2 NCs. c) Normalized absorption spectra of W-TiO2 NCs synthesized of different sizes. d) Intensity (at 350 nm)-based 
normalized absorption spectra of W-TiO2 NCs with various W dopant concentrations. Reproduced with permission.[98] Copyright 2018, American 
Chemical Society.

Adv. Funct. Mater. 2022, 2109848



www.afm-journal.dewww.advancedsciencenews.com

2109848  (11 of 21) © 2022 Wiley-VCH GmbH

VIB metals, such as Nb and Ta, have been used as dopants to 
regulate the LSPR of TiO2 to develop TiO2-based dual-band EC 
devices.[28,92,101] For the first time in 2015, Dahlman et  al. pro-
posed a model of Nb-doped TiO2 (Nb-TiO2)-based dual-band EC 
film that supported LSPR-modulation in NIR regions through 
capacitive charging and structural phase transition-caused 
VIS modulation between tetragonal and orthorhombic lattice 
phases upon intercalation and extraction of Li+. As shown in 
Figure 11a, the Nb-TiO2 NC film could afford four distinct EC 
modes including bright (3.5 V, versus Li+/Li), cool (1.8 V), dark 
(1.5 V), and warm (1.8 V).[85] However, in this work, the cool and 
warm modes of Nb-TiO2 associated with the distinct structural 
phases under identical potential can only be accessed via reduc-
tion from the bright mode and oxidation from the dark mode, 
respectively (Figure  11a), which makes it highly inconvenient 
to switch between those modes. Later on, an Nb-TiO2-based 
dual-band EC device filled with a redox electrolyte with a direct 
optical modulation was fabricated by Barawi et al.[92] Investiga-
tion of the EC features of Nb-TiO2 NCs with various Nb doping 
levels found that optical modulation of the TiO2 film in the 
NIR region increases with increasing Nb doping concentration 
from 0 to 10% under a potential range between 0 and −1.6  V 
(versus AgCl/Ag). However, 15% Nb doping leads to an inferior 
optical contrast in the NIR region, indicating that Nb doping 
from 10% to 15% did not increase the overall density of free car-
riers, which could be ascribed to the Burstein-Moss effect.[102] 

The EC device fabricated using 10% Nb-doped TiO2 had large 
optical modulation in the NIR region in the potential range 
from 0 to −3  V (versus AgCl/Ag), which was ascribed to the 
formation of oxidized iodide species. In addition, in this poten-
tial range, Li+ accumulated around the surface of TiO2 NCs to 
balance the injected electrons instead of deeply intercalating 
into the TiO2 lattice, which generates LSPR absorption in the 
NIR region. At a potential range from −3 to −4 V, the intense 
polaron absorption in the VIS region was driven by massive Li+ 
insertion (Figure  11b). Moreover, the as-fabricated EC device 
showed relatively high switching speeds and coloring times of 
10 s at 2000 nm and 105 s at 500 nm (Figure 11c).[92] It has been 
reported that the doping efficiency of metal in the TiO2 host has 
a great influence on its LSPR performance, especially when the 
ionic radius between doped ions and Ti4+ is very different.[98] 
Ta-doped TiO2 has been theoretically predicted to have a high 
density of free electrons, which could greatly improve the LSPR 
property. However, the ionic diameter mismatch between Ta5+ 
(1.28 Å) and Ti4+ (1.20 Å) is significant, which makes synthesis 
of Ta-doped TiO2 difficult.[100] To improve the doping efficiency 
and uniformity of Ta into a TiO2 host, Cao et al. developed an 
F-assisted synthesis of Ta-doped TiO2 (Ta-TiO2) NCs for dual-
band EC modulation. In the presence of in situ generated 
HF derived from NH4F, TiO2 NCs will preferentially expose 
anatase facets, leading to a strong absorption interaction with 
Ta. This results in improved doping efficiency and distribution 

Figure 11.  Optical performance and working principle of the TiO2-based EC film and device. a) In situ absorption spectra normalized by film thickness 
and the schematic diagram of 5% Nb-doped TiO2 NC films of four distinct EC modes under indicated voltages. Yellow and red arrows are for visible 
and NIR light, respectively. Reproduced with permission.[85] Copyright 2015, American Chemical Society. b) Transmittance spectra and mechanism of 
Nb-TiO2-based EC device at indicated potentials. c) Time variation of the optical transmittance at 500, 750, and 2000 nm. Reproduced with permis-
sion.[92] Copyright 2017, American Chemical Society.
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uniformity of Ta in the TiO2 host, which can be confirmed by 
the much lower content of Ta in Ta-TiO2 NCs prepared without 
NH4F and the consistent Ta contents on the surface and in the 
bulk of Ta-TiO2, respectively. Consequently, the substitution 
of Ti4+ by Ta5+ contributed to increased concentrations of free 
electrons that can activate LSPR absorption of TiO2 in the NIR 
region. The as-fabricated Ta-TiO2 films exhibited large optical 
contrasts for the VIS (86.3% at 550 nm) and NIR light (81.4% 
at 1600 nm) (Figure 12a), with coloring and bleaching times of 
66.8 and 6.9 s at 550 nm and 18.1 and 1.1 s at 1600 nm, respec-
tively, suggesting that F-assisted synthesis of Ta-TiO2 NCs are a 
promising dual-band EC material.[101]

The integration of dual-band EC features and energy storage 
functions into a single device is a promising approach to con-
structing energy-efficient buildings. The same group further 
developed their Ta-TiO2 NCs EC material into a dual-band EC 
device with internal energy storage.[28] In addition to the inde-
pendent control over VIS and NIR regions with high contrast, 
a fast switching speed, and excellent bistability (Figure  12b), 
the Ta-TiO2-based EC device could afford high charge-storage 
capacities of 127.8, 237.3, and 466.5 mAh m−2 at current densi-
ties of 600, 300, and 150 Ma m−2 (Figure 12c), respectively, and 
easily light up an LED (Figure 12d). The Ta-TiO2 NCs-based EC 
device showed great potential in the next generation dual-band 
EC windows with energy storage function. It has also been 
reported that metal doping can impact the structural stability 
of the host materials and increase the ion diffusion barrier 

in the host lattice due to lattice strain and distortion.[92,100] In 
addition to aliovalent substitutional doping, the introduc-
tion of O-vacancy can also improve the EC behavior of TiO2 
by increasing the density of free carriers[103] and ion diffusion 
kinetics.[104] Recently, Lee  et  al. presented an F-assisted syn-
thesis of O-deficient TiO2-x NCs, which were then employed 
for dual-band EC devices.[24] The concentration of F in the 
precursor mixture had a significant impact on the crystalline 
structure and content of O-vacancies. As shown in Figure 12e, 
the NIR absorption intensity of TiO2-x increased when the ratio 
of F/Ti increased from 0 to 0.6. The O-vacancies were further 
demonstrated to improve the Li+ diffusion kinetics in TiO2-x, 
which can increase the switching speed. Consequently, opti-
mized TiO2-x NC-based film afforded an excellent dual-band EC 
performance with high optical modulation (95.5% at 633  nm 
and 90.5% at 1200  nm), high bistability, and long lifecycle. 
Impressively, these as-synthesized TiO2-x NCs have shown great 
potential in all-solid-state dual-band EC devices (Figure 12f).[24]

2.2.2. Multi-Component EC Materials

Metal-doped TiO2 and TiO2-x with O-vacancies as single com-
ponent active dual-band EC materials have been extensively 
reported. However, although most TiO2-based single component 
EC electrodes/devices are able to switch among bright, cool, and 
dark modes, they are not capable of effectively modulating the 

Figure 12.  EC performance and energy storage profiles of TiO2-based EC film and device. a) Transmittance spectra and corresponding photographs 
of Ta-TiO2 film on different modes. Inset: the picture of Ta-TiO2 solution. Reproduced with permission.[101] Copyright 2018, American Chemical Society. 
b) Transmittance spectra of a Ta-TiO2 film before and after 2000 cycles. Insets: the pictures of EC film in different modes. c) Galvanostatic charging 
curves of the EC device at different current densities. d) A photograph of the device powering a red LED. Reproduced with permission.[28] Copyright 
2019, Elsevier Ltd. e) Absorption spectra and photograph (inset) of colloidal TiO2-x NCs solutions synthesized in the presence of different concentra-
tions of F− (F0, F2, F4, F6, and F8: the ratios of F to Ti in precursor mixtures are 0, 0.2, 0.4, 0.6, and 0.8, respectively). f) Transmittance spectra and 
corresponding photographs (insets) of the all-solid-state dual-band EC device fabricated from TiO2-x NCs on different modes. Reproduced with permis-
sion.[24] Copyright 2020, Wiley-VCH.
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intensity of VIS while keeping a high transmittance of NIR radia-
tion (warm mode), which is favorable to maintaining a comfort-
able temperature environment while protecting privacy. To help 
solve this problem, a sandwich EC cell composed of two optically 
active materials, V-modified TiO2 (TiO2 core surrounded by a 
V-rich TiO2 shell, VTiO2) and WO3 have been proposed.[93] Com-
pared with bare TiO2, VTiO2 film exhibited a broad VIS absorp-
tion peak between 400 and 800  nm but no absorption in the 
NIR region at −0.8 V, which offers an opportunity to modulate 
VIS light without affecting the transmission of solar heat. On 
the other hand, under a separate potential range, WO3 film can 
selectively block NIR light while maintaining a reasonably high 
VIS light. Thus, by integrating VTiO2 and WO3 into a sandwich 
EC cell, a dual-band EC cell with four distinct optical modes was 
fabricated. As shown in Figure  13a, at OCP the cell allows the 
full penetration of VIS and NIR light (bright mode, Figure 13b). 
Between 0 and −1.6 V (versus AgCl/Ag), the WO3 electrode can 
selectively block NIR radiation (cool mode, Figure  13c). When 
the potential range was further increased from −1.6 to −2.2  V, 
the transmittance of VIS light was also greatly blocked, reaching 
a dark mode (Figure 13d). Importantly, the cell was also able to 
absorb VIS light while maintaining a high NIR transmittance 
upon a positive potential (warm mode, Figure  13e). Using this 
system a dual-band EC cell switchable across four distinct optical 
modes could be realized.[93]

2.3. Other Inorganic Metal Oxides

In addition to WO3- and TiO2-based dual-band EC materials, 
other metal oxide-based dual-band devices have also been devel-
oped. Owing to their higher coloration efficiency, lower growth 
temperature, and large ion diffusion channels, amorphous 
metal oxides may be preferred over crystalline ones to fabricate 
EC films.[105] Moreover, enhanced physical and optical proper-
ties could be obtained when NCs are formed within an amor-
phous matrix,[106] because it not only combines the functions 
of two components but also manipulates the crystal structure 
to change its properties. As early as 2013, Milliron et al. devel-
oped precursory dual-band EC films by integrating the VIS- and 

the NIR-modulation functions of NbOx and ITO, which were 
composed of ITO NCs embedded in amorphous NbOx (ITO-in-
NbOx, Figure 14a), through a solution deposition method, fol-
lowed by a thermal annealing treatment at 400 °C. The optical 
contrast of NbOx in the VIS region was enhanced up to five 
times when the embedded ITO was increased to 43%, which 
was attributed to the rearranged nanocrystal-linked structure 
of NbOx. For ITO-in-NbOx, 96% of charge capacity remained 
after 2000 cycles, compared to the 80% and 15% observed for 
pure NbOx and ITO, respectively, indicating the superior sta-
bility of the ITO-in-NbOx composites upon repeated ion inser-
tion and extraction.[65] However, the fabrication of amorphous 
metal oxide-based EC films through solution deposition always 
requires a high-temperature annealing process, precluding the 
use of flexible polymeric substrates. To this end, Milliron et al. 
developed a solution process to fabricate a flexible ITO-in-
NbOx EC film via an acid-catalyzed condensation of polynio-
bate clusters at room temperature. The terminal NbO bonds 
in the NbOx cluster were protonated to form Nb–OH, which 
then underwent a condensation reaction to generate Nb–O–Nb 
bonds between NbOx clusters, resulting in a one-dimensional 
NbOx chain (Figure  14b) with greatly improved EC perfor-
mance. This room-temperature processing method enables the 
fabrication of ITO-in-NbOx-based flexible dual-band EC films 
(Figure  14c) and full solid-state EC devices (Figure  14d) with 
only 5% optical loss after 1000 cycles.[107]

Similar to EC materials, thermochromic (TC) materials can 
also control the transmittance of light by changing their colors 
in response to ambient temperature.[108–110] Thus, hybrid sys-
tems that integrate EC and TC components are an alternative 
way to achieve dual-band optical modulation. Kim  et  al. con-
structed a VO2/Ta2O5/WO3-based dual-band optical device 
(Figure  15a) through magnetron sputtering. In this system, 
VO2 modulated NIR light using the reversible phase change 
that occurs between monoclinic and rutile phases at a critical 
temperature of 67 °C, amorphous WO3 served as the EC com-
ponent to regulate VIS light in response to external voltage, and 
Ta2O5 acted as a solid electrolyte. By simultaneously adjusting 
the voltage and temperature, four different optical states were 
realized (Figure  15b,c).[111] Afterwards, Jia  et  al. also developed 

Figure 13.  EC performance and diagram of the VTiO2-WO3 EC film. a) Transmission spectra of the all-solid-state EC device at indicated potentials 
(versus AgCl/Ag). b–e) Schematic diagram of the dual-band EC cell combining a WO3 and a VTiO2 electrode, and representative pictures of the cor-
responding device in each of the four different optical states. Reproduced with permission.[93] Copyright 2018, Royal Society of Chemistry.
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a similar system by using LiTaO3 as an electrolyte instead of 
Ta2O5. Li+ insertion at a low voltage (3  V, cell potential) could 
induce partial phase change of VO2 from monoclinic to rutile 
and reduce its phase change temperature by more than 10 °C, 
indicating that the TC process can occur at lower tempera-
tures.[42] However, the performance of these hybrid windows 
with TC and EC properties is inferior in terms of both optical 
contrast and switching speed.

3. Organic EC Materials

Despite their inferior thermal resistance and chemical stability 
compared to inorganic ones, organic materials have been used 
as key components in EC devices because of their enhanced 
coloration efficiency,[112] high processability, high color versa-
tility, and fast switching speed.[40] Viologen is one of the most 
typical organic EC materials and can modulate the coloration 

Figure 14.  Synthesis, structure, and optical behavior of the ITO-in-NbOx film. a) The high-resolution cross-sectional scanning transmission electron 
microscopy image of ITO-in-NbOx. Reproduced with permission.[65] Copyright 2013, Nature Publishing Group. b) Chemical condensation of POM 
films, [NbO6] octahedral and oxygen atoms are shown in green and red, respectively. c) EC performance for a chemically condensed ITO-in-NbOx 
composite film under different applied voltages (half-cell measurements in the liquid electrolyte). The photographs show the visual color change for 
the composite film on ITO-coated glass when switched from a transparent mode (at 4.0 V, versus Li+/Li) to a dark mode (at 1.5 V). d) EC performance 
for a full solid-state EC device fabricated on PET flexible substrates. The inset photograph in (d) shows a flexible device when bent. Reproduced with 
permission.[107] Copyright 2016, Nature Publishing Group.

Figure 15.  Structure, working principle, and EC performance of VO2/Ta2O5/WO3-based device. a) Cross-sectional scanning electron microscopy (SEM) 
image of VO2/Ta2O5/WO3-based device. Schematic illustration b) and optical spectra c) of the device at four different optical modes. Reproduced with 
permission.[111] Copyright 2019, American Chemical Society.
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process through photoelectric charge transfers between N 
in different valence states on the pyridyl.[113–114] Based on 
this, Wu  et  al. developed novel dual-band EC devices using 
2,4,6-tri(4-pyridyl)-1,3,5-triazine derivatives (TPTD, including 
2,4,6-tri(pyridyl-4-propyl)-1,3,5-triazine bromide (TPPT) and 
2,4,6-tri(pyridyl-4-benzyl)-1,3,5-triazine bromide (TPBT)). 
Figure  16a illustrates the working principle of TPTD-based 
EC devices, which involves the electron transfer between the 
donator (TPTD species) and the accepter (ferrocene (Fc)). For 
example, in TPPT-based EC devices, TPPT switches among dif-
ferent states, including TPPT3+, TPPT2+, TPPT+ and TPPT0, 
at different potentials. The corresponding absorption peaks at  
406 and 453  nm (Figure  16b) are ascribed to the formation of  
TPPT+ and TPPT2+, respectively. In addition, the device exhibited  
bright, cool, and dark modes with high modulation contrasts  
of 50% at 600 nm and 66% at 887 nm (Figure 16c). Accordingly, 
the device exhibited multiple colors from colorless to yellow to 
deep olivine (upper panel Figure 16d) and different NIR absorp-
tion intensities (lower panel in Figure 16d) at various voltages, 
demonstrating the potential application of organic materials in 
dual-band EC devices.[43] Organic mixed valence compounds 
are another class of molecules with EC behavior induced by 
optically induced intervalence charge transfer transitions. 
Capodilupo  et  al. fabricated a series of EC devices based on 
dibenzofulvene derivatives. Their EC behavior can be tuned by 
various functionalization on the exocyclic fulvene bond of the 
dibenzofulvene moiety. One of the derivatives, N2,N2,N7,N7-
Tetrakis(4-methoxyphenyl)-9-(4-methylbenzylidene)-9H-flu-
orene-2,7-diamine-based device exhibited dual-band EC behavior 
with fast response time and excellent durability.[115] In addition, 
conducting polymers, such as poly(3,4-ethylenedioxythiophene) 

(PEDOT), polythiophenes (PTs), polyaniline (PANI) and its 
derivatives have also been explored as EC devices.[116] PEDOT 
has been well-known because of its EC behavior in the vis-
ible range, but its IR EC property has not been studied. Jon-
sson et al. presented a PEDOT-based metal-free flexible IR EC 
device for the first time. PEDOT film exhibits distinct absorp-
tion spectra between the reduced and oxidized states in both 
VIS and NIR regions. At a reduced voltage, PEDOT film turns 
into the reduced state with an increased absorption at around 
600  nm, with a reduced free charge carrier absorption in the 
IR region.[117] Polyaniline (PANI) is another most extensively-
studied EC polymers because of its advantages, such as excel-
lent stability and high conductivity.[118] Gimeno et al. found that 
the dual-band EC performance of PEDOT (coloration efficiency, 
cycle stability, and optical contrast) can be enhanced after being 
complementary with PANI, however, the detailed reason was 
not given.[119] These reports indicate the potential of organic 
materials in dual-band EC applications.

4. Hybrid Composite EC Materials

Organic EC materials exhibit high processability, rich color, and 
fast switching speed, however, they are generally inferior in heat 
resistance, chemical stability, device durability, and NIR regula-
tion capability. Complementary properties can be found in most 
inorganic materials, such as outstanding LSPR-caused NIR 
modulation, enhanced stability, and so on. Therefore, integra-
tion of organic and inorganic EC materials into one device can 
make full use of the advantages of both components to achieve 
a wide regulation region, rich color, and excellent stability.[15,120] 

Figure 16.  Working principle and EC performance of TPTD- and TPPT-based device. a) Diagram for working mechanism of TPTD-based EC device.  
b) In situ VIS-NIR absorbance response of TPPT-based device at different voltages (versus Fc+/Fc). c) Transmission spectra of TPPT-based EC device. 
d) Corresponding photographs of TPPT-based EC device with a normal camera (upper panel) and NIR camera at 850 nm (lower panel). Reproduced 
with permission.[43] Copyright 2019, Elsevier Ltd.
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To this respect, Barile et al. constructed a composite dual-band 
EC material by integrating PTs and ITO NPs together to regu-
late VIS and NIR light, respectively.[121] At −1.25 V (versus Fc+/
Fc) the PTs films were high transparency at wavelengths above 
600  nm in their reduced state and appear yellow in color. On 
the other hand, under 1.25  V, the film absorbed red and NIR 
light and turned deep blue (Figure 17a). Thus, the as-obtained 
porous ITO/PTs composite films (Figure  17b) possessed three 
EC modes including bright, cool, and dark at various voltages 
with maximum contrasts of 47% and 39% at 700 and 1250 nm, 
respectively (Figure 17c). Moreover, CV measurements of ITO/
PTs composite film and its components (Figure 17d) were per-
formed to understand its EC mechanism. No faradaic current 
was obtained on the ITO NC film, indicating that NIR modu-
lation of ITO NPs was a result of capacitive charging. In con-
trast, the redox of PTs film was observed, corresponding to the 
modes switching between dark and bright. In addition to the 
three-state conductivity and corresponding color of each state of 
PANI,[122] the pH of the medium can also trigger the doping of 
PANI by changing its protonation, resulting in changes in con-
ductivity and optical property.[123] This unique feature endows 
PANI great opportunity to construct hybrid composite EC mate-
rials with improved EC behavior than its components. WO3 and 
TiO2 have been employed to cooperate with PANI to fabricate 
organic-inorganic hybrid composite systems with enhanced 
EC properties such as faster switching speed and improved 

stability, which is attributed to the interfacial interaction 
between PANI and the inorganic components.[124–125] Moreover, 
some dual-band EC devices based on organic-inorganic hybrid 
composites exhibit a VIS and NIR-selective and independent 
modulation. Xu et al. constructed a high-performance EC device 
based on surface-confined WO3 and N-methyl-phenothiazine 
(NMP). WO3 is NIR-active with an optical contrast of 85% at 
1000 nm between 0 and −1.0 V (versus Ag wire in LiClO4/PC). 
While NMP delivered an optical contrast of 90% at 535 nm in 
the potential range of 0 to 0.9 V. The complementary EC prop-
erties and compatibility of the two components are respon-
sible for the excellent EC performance of the hybrid composite 
device.[126] More recently, Manca  et  al. presented an organic-
inorganic composite dual-band EC device to achieve four-state 
modulation by combining the broad NIR response of ITO NCs 
and high VIS contrast of PANI. Figure  17e,f shows the trans-
mission spectra of ITO NCs and PANI electrodeposited on 
ITO NCs (ITO/PANI). As shown in Figure  17e, porous ITO 
NC-electrode itself exhibited an increasing NIR absorption 
with decreasing potential till −0.6  V (versus AgCl/Ag) with a 
maximum contrast of 80% at 1600  nm. However, upon elec-
trodeposition of PANI, the ITO/PANI composite delivered a 
dual-band EC response with much-enhanced contrasts at dif-
ferent voltages due to the complementary regulation regions 
and distinct potential ranges of PANI and ITO NCs. At posi-
tive potentials, ITO NCs were nearly transparent over the VIS 

Figure 17.  Structure and EC performance of the composite EC device. a) Transmission spectra of a PTs film at indicated voltages (versus ferrocenium 
ion/ferrocene (Fc+/Fc)). b) SEM image of ITO/PTs composites. c) Transmission spectra of the ITO/PTs film at indicated voltages (versus Fc+/Fc). d) CV 
curves of ITO NPs, PTs, and ITO/PTs films in LiCLO4/PC. Reproduced with permission.[121] Copyright 2016, American Chemical Society. Transmission 
spectra of the nanoporous ITO NC-electrode e) before and f) after electrodeposition of PANI at indicated voltages (versus AgCl/Ag). The images in 
insets of (e) are the ITO and PANI/ITO electrodes at OCP. Reproduced with permission.[127] Copyright 2020, American Chemical Society.
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and NIR regions, with the redox state of PANI dominating the 
EC response in the VIS range. In contrast, at negative bias volt-
ages, most VIS light passed through the reduced PANI, and the 
transparency degree of NIR light was controlled by the LSPR 
scattering effect of ITO NCs (Figure 17f). The excellent optical 
behavior of the composite was ascribed to the high active sur-
face area and the efficient interfacial charge transfer between 
ITO and PANI.[127]

Dual-band modulation effects have also been reported from 
the hybrid system combining EC and TC properties of organic 
and inorganic components. Liang  et  al. presented a novel 
hybrid system composed of electro-responsive liquid crystals 
(LCs) micro-domains and thermo-responsive W-VO2 NCs, 
which offered four different optical modes under different tem-
peratures and various external voltages. The hybrid film deliv-
ered reversible transmittance of VIS light with a contrast from 
60.8% to 1.3% at 550 nm by controlling the orientation of the 
LCs under different voltages. The NIR passage of film can be 
modulated with contrast from 59.4% to 41.2% at 1150 nm, origi-
nating from the TC behavior of W-VO2 NCs.[41]

5. Conclusion, Outlook and Future Challenges

The composition of the EC materials (inorganic, organic mate-
rials, and composites) and the optical performance of cor-
responding dual-band EC films/devices are summarized in 
Table  1. It can be seen that: 1) inorganic materials constitute 
the majority of dual-band EC materials, especially WO3- and 
TiO2-based materials and composites that have been exten-
sively designed and explored, because of their better perfor-
mance such as higher contrast and much-enhanced stability 
compared with the organic material-containing ones. 2) WO3-
based single-component EC films possess a faster coloring 
than bleaching process, whereas TiO2-based ones are reversed, 
which could be attributed to the distinct crystalline structures 
of these two materials and their different electrostatic affinities 
with Li+. 3) Metal-doping or O-vacancy introduction is neces-
sary for realizing the dual-band EC behavior of the metal oxides 
by improving their charge carrier density and reducing the 
diffusion barrier of Li+.[24,128] 4) Small particle size and abun-
dant porous structure contribute to improving the EC perfor-
mance of the device by providing higher surface accessibility 
and shortening the diffusion paths of intercalation ions.[52–53,129] 
5) The composition of the electrolyte exerts an important influ-
ence on the EC behavior. On the one hand, the nature of inter-
calation ions, such as ionic radius, valence, and the electrostatic 
affinity between ions and hosts, plays a key role in improving 
the switching speed, optical contrast, and stability.[27,130] On the 
other hand, the faradaic current during the efficient redox of 
the electrolyte can trigger electron injection, thus improving 
the optical contrast and switching speed.[25]

Significant efforts have been devoted to exploring novel dual-
band EC materials/composites with excellent EC performance 
since the pioneering report in 2013. The most recent progress 
of dual-band EC materials, including inorganic, organic mate-
rials, and their composites have been discussed and summa-
rized in this review. Despite the remarkable progress that novel 
dual-band EC materials have been achieved by optimizing the 

structure of EC materials and the composition of electrolytes, 
there are some critical issues that need to be addressed to boost 
their future research and widespread implementation. Firstly, 
the EC performance of the dual-band devices are not satisfied 
since there is always a trade-off among the optical contrast, 
switching speed, and cycle stability of the devices. When it 
comes to the all-solid-state device, poor EC performance such 
as narrower regulation region, reduced optical contrast, and 
extended operation potential range are always observed com-
pared with those of the films, which can be attributed to the 
absorption of the organic electrolyte itself, enhanced electrical 
resistance, and increased viscosity and the resulting diffusion 
resistance. Secondly, completely independent control over the 
VIS and NIR light still remains an unmet key target, as EC 
devices with selective regulation of VIS light while maintaining 
high NIR transmittance have been rarely achieved. Moreover, a 
comprehensive EC test criterion should be proposed to improve 
the performance and facilitate the comparisons among the 
devices reported by different research groups, which could in 
turn shed light on the optimization of the EC materials. For 
example, in some reports, optical contrast and stability profiles 
are given in different conditions (usually media), which might 
be due to the inferior performance in an identical condition. In 
addition, optical contrast should also be provided in an integral 
manner[131] instead of just contrast values at a few wavelengths. 
Finally, development of large-area dual-band EC smart windows 
with excellent performance is highly desired but greatly limited 
by degraded optical contrast, declining switching speed, and 
a non-uniform EC process as the device is scaled up.[19] Most 
recently, Manca et al. fabricated a large-area (30 × 30 cm2) EC 
window prototype after balancing the trade-off between the 
ionic conductivity and the stability in a wide range of tem-
peratures by optimizing the composition of the polymeric gel 
electrolytes.[131]

The following strategies are helpful to improve the perfor-
mance of the dual-band EC device and to meet real applications 
(Figure 18). (1) Novel dual-band EC materials with multi-doping, 
diverse particle sizes,[53] low dimensional nanostructures,[132] 
porous property, various morphologies[29] and compositions, 
crystalline structures[133] are encouraged to be synthesized, sup-
plemented by different types of electrolytes[134] and elaborate 
in-situ characterizations[135–137] to demonstrate high-perfor-
mance dual-band EC devices with selective and independent 
optical modulation and improved ion transport rate, and fur-
ther help to fully understand the mechanism of dual-band  
EC progress as well. (2) The composition and pattern of the 
ion-storage layer should be optimized to ensure high optical 
contrast, accelerate the switching process, and fabricate large-
area devices. Meanwhile, the total amount of active ions in ion 
storage layer is encouraged to be optimized, as the leaching of 
excess ions could cause the formation of dendrites and bring 
about degradation of the EC performance. (3) Advanced film 
forming technologies should be developed to increase the inter-
facial area between the EC layer and the substrate to facilitate 
heterogeneous electron transfer and improve the durability 
of the EC devices. The above-mentioned strategies should be 
taken into consideration to develop dual-band EC devices with 
outstanding performance in order to promote their commer-
cialization and build an energy-saving society.
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