
SCIENCE CHINA 
Chemistry 

© Science China Press and Springer-Verlag Berlin Heidelberg 2016  chem.scichina.com   link.springer.com 

                           
*Corresponding author (email: tujp@zju.edu.cn or tujplab@zju.edu.cn) 

• MINI REVIEWS • January 2017  Vol.60  No.1: 3–12 

· SPECIAL TOPIC · Electrochromics doi: 10.1007/s11426-016-0279-3 

All-solid-state electrochromic devices based on WO3ǁNiO films: 
material developments and future applications 

Ding Zhou1, Dong Xie1, Xinhui Xia1,2, Xiuli Wang1,2, Changdong Gu1,2 & Jiangping Tu1,2* 

1State Key Laboratory of Silicon Materials, Key Laboratory of Advanced Materials and Applications for Batteries of Zhejiang Province and 
School of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, China 

2Cyrus Tang Center for Sensor Materials and Applications, Zhejiang University, Hangzhou 310027, China 

Received July 1, 2016; accepted August 28, 2016; published online November 2, 2016 

 

Electrochromism refers to the persistent and reversible change of optical properties by an applied voltage pulse. Electro-
chromic (EC) devices have been extensively studied because of their commercial applications in smart windows of green 
buildings, display devices and thermal control of equipments. In this review, a basic EC device design is presented based on 
useful oxides and solid-state electrolytes. We focus on the state-of-the-art research activities related to the structures of tung-
sten oxide (WO3) and nickel oxide (NiO), summarizing the strategies to improve their EC performances and further applica-
tions of devices. 
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1  Introduction 

Electrochromic (EC) devices are able to control the 
throughput of visible light and solar radiation into buildings 
and control energy efficiency by modulating optical trans-
mittance. EC devices are widely studied because of their 
applications in smart windows of green buildings, full-angle 
information displays, controlled reflectance mirrors and 
thermal control of satellites [1–5]. Electrochromism refers 
to the phenomenon that the optical properties can be 
switched reversibly and persistently in materials induced 
upon a small external voltage [6,7]. Two examples of multi-  
pane installations in which some panes are in their fully 
colored states and others are bleached are shown in    
Figure 1.  

The study of electrochromism has a long history since 

the researchers discovered optical changes induced by elec-
tricity. Electrically induced color changes in thin films of 
tungsten oxide immersed in sulfuric acid were given a vivid 
description in an internal document at Balzers AG in Liech-
tenstein in 1953 [6,8]. Theoretical considerations suggested 
that the absorption and emission spectra of certain dyes 
might shift for hundreds of angstroms upon application of a 
strong electric field, which was first called “electrochrom-
isim” in 1961 by Platt [9]. Later work by Deb at the Ameri-
can Cyanamide Corporation during the 1960s led to analo-
gous results for WO3 films, which were first published in 
seminal papers on electrophotography in 1969 [10] and on 
basic properties of such films in 1973 [11]. This early his-
tory has been authoritatively discussed much later [12]. The 
principle of a new EC display based on oxidation-reduction 
reaction of an organic compound of the viologen family was 
described by Schoot et al. [13] in 1973, making the electro-
chromism into a new developing area. Two monographs 
[6,14] in 1995 focused largely on solid-state devices. More  



4 Zhou et al.   Sci China Chem   January (2017) Vol.60 No.1 

 

Figure 1  Two examples of multi-panes of EC smart windows [8]. (a) An 
application of EC smart windows produced by Sage Electrochromics in an 
office at the Lawrence Berkelecy National Laboratory, USA; (b) an appli-
cation of EC smart windows produced by ChromoGenics AB in the com-
pany’s premises in Uppsala, Sweden (color online).  

recent reviews introduced more [15–17] or less [18] details. 
In 2000, Granqvist [17] listed a total review of tungsten 
oxide films from 1993 to 1998. It seems possible that  
large-scale printable EC materials could make device  
cheap and flexible in the future. But this still remains to be 
studied.  

Though the electrochromism technology has been de-
veloped for more than half a century, some problems, such 
as limited color change, slow switching speed, poor cycling 
stability and lack of device assembly technology, still limit 
its commercialization and need to be solved by minor phys-
ical or chemical modification. 

In this review, we discuss the basic EC device designs, 
useful oxide materials (tungsten oxide/nickel oxide), solid-  
state electrolyte and their further applications. In addition, 
we also focus on the state-of-the-art researches of tungsten 
oxide (WO3) and nickel oxide (NiO), including their struc-
ture and the strategies to improve their EC performances. 

2  A typical EC device design 

Figure 2 sketches a standard EC device, which is also called 
five-layer “battery-type” design [3,6]. It has five superim-
posed thin layers placed between two transparent substrates. 
The optical function usually originates in the EC films, 
which change their optical transmittance (reflectance or 
absorption) when ions are inserted or extracted. The ion 

storage films may be a non-coloring redox material, which 
is referred to as the “counter electrode”. The ion storage 
films can also be EC films, which are called “complemen-
tary-type” device. The electrolyte in this diagram may be 
metallic oxide or a polymer gel in which the salt “MX” is 
dissolved. MX can be LiClO4 or H2SO4 or other salts. These 
five films are described below.  

2.1  Electrochromic mechanism 

As shown in the schematic illustration of a transmission 
type EC device (Figure 2), a typical EC device has an EC 
layer, an ion-storage layer, an electrolyte layer and two 
transparent conductive layers. An EC device enables redox 
electrochemical reactions in it. Taken the typical anodic 
coloration material WO3 as a sample, when an anodic pulse 
of current is applied on the EC layer, cations (H+, Li+) in-
serted into WO3, which changes the valence state of W at-
oms and therefore shows blue color. Meanwhile, cations are 
supplied by the ion storage layer and pass through the elec-
trolyte layer. For electric equilibrium, electrons are inserted 
into WO3 from the transparent conductive layer through out  
circuit. 

2.2  Electrochromic films 

EC films are grown uniformly on the transparent conducting 
substrate in order to achieve an even current distribution 
and thereby reasonably fast and uniform coloring/bleaching 
[8]. EC films are the key to exhibit color change by an elec-
trochemical reaction. They should have large optical modu-
lation, high coloration efficiency (CE) and cyclic durability. 
Additionally, EC films also have high electronic conductiv-
ity and ionic conductivity to ensure a relatively shorter 
switching time. In this review, we choose WO3 as EC mate-
rials (Section 3.1). 

2.3  Ion storage films 

Ion storage films are mainly used for storing ions and  

 

Figure 2  A typical EC device design. Arrows indicate the movement of 
ions in an applied electric field (color online).  
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keeping electric charge balanced. These films can also be 
EC films, which have the color overlay or complementary 
effect. Ion storage films possess high electronic conductivi-
ty and ionic conductivity to ensure a relatively shorter 
switching time. In this review, we choose NiO as ion stor-
age films (Section 3.2). 

2.4  Electrolytes 

The electrolyte in the center of the EC device must have 
high ion conductivity, very low electrical conductivity and 
high durability under solar irradiation. Liquid electrolytes 
are easy to use widely available and the most durable so far. 
However, liquid electrolytes could be messy during han-
dling device fabrication and leakage. Though the sealant in 
the highly successful Gentex car mirror system has an ex-
cellent non-leakage record [19]. Solid electrolytes should 
become the future trend of EC device’ development. Solid 
electrolytes are usually a solid inorganic salt or polymers 
containing occluded salt. The polymers act as solvent and 
are often in gel form. In the five-layer “battery-type” de-
sign, the electrolyte must be transparent with no color 
change when EC device works. 

2.5  Transparent conductors and substrates 

The transparent conductors are pure electron conductors, 
which are usually tin-doped indium oxide (ITO) or fluorine 
doped tin oxide (FTO). The transparent conductors have 
significant effect on EC devices. These materials usually are 
grown uniformly on the substrates as thin films and have 
high transmittance, electronic conductivity and good acid 
and alkali resistance. The transparent substrates for EC de-
vices are often glass, but polymers such as polyethylene 
terephthalate (PET) or polycarbonate (PC) can also be used.  

2.6  Synthesis of the all-solid-state electrochromic de-
vices 

The fabrication of an all-solid-state EC device can be di-
vided into typical routs depending on the type of electrolyte 
used in the device: for the gel polymer electrolyte (GPE, 
noted as quasi solid state electrolyte), an EC device can be 
fabricated by sealing GPE between EC layer and ion-storage 
layer; for fast ionic conductor (ceramic solid electrolyte), an 
EC device should be fabricated layer-by-layer using vacu-
um deposition technique. 

3  Overview of inorganic EC materials and 
electrolytes 

Generally, there are two types of EC metal oxides, which 
are called “cathode” (coloring under ion insertion) and 
“anode” (coloring under ion extraction). Metals that are  

capable of forming oxide of these two types are shown in 
Figure 3. In recent studies, metal oxides based on vanadium 
are regarded as “hybrid” [6]. In this review, the standard EC 
device is consist of two EC films, which is obviously ad-
vantageous to combine one “cathodic” oxide (such as WO3 

[20–22], MoO3 [23,24] or TiO2 [25–27]) and one “anodic” 
oxide (such as NiO [28–30] or Co3O4 [31,32]). The electro-
lytes are between “cathode” and “anode”, which are of pri-
mary importance for EC devices. Shuttling ions between 
these two thin films make them both colored and bleached, 
which is sometimes called a “battery-type” design [33]. 
However, electrolytes are generally proprietary for EC de-
vices, and very little is known about those used in commer-
cial applications. 

3.1  Tungsten oxide 

To date, WO3 has been considered as one of the most 
promising “cathodic” oxide due to its tender color change 
and large color contrast as well as facile synthesis 
[20,34,35]. The general approaches of fabricating WO3 
films are shown in Table 1. Albeit these advantages, the EC 
performance of dense WO3 film is still not satisfactory be-
cause of its low diffusion coefficient and long diffusion 
length for ion insertion [36,37].  

The EC performance of WO3 strongly depends on its 
crystal structure and architecture [38]. Hence, metal doping, 
nanostructure and composite design have been proven as 
effective strategies for improving the EC performance of 
WO3 film.  

3.1.1  Nanostructures 

Nanostructures, including nanowires, nanorods and nano- 
sheets, have been proven to be effective for fabricating 
high-performance EC films since this architecture can pro-
vide fast ion/electron transfer path and large active surface, 
leading to enhanced optical modulation and fast response 
time. Typically, one-dimensional (1D) nanowire is desired 
for EC materials because of its higher specific surface area 
and porosity. 

 

Figure 3  Periodic table of the elements (the shaded boxes refer to the 
transition metals whose oxides have well-documented cathodic and anodic 
electrochromism) [8].  
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Table 1  General approaches of fabricating WO3 films 

Number Morphology Method Reference 

1 thin film magnetron sputtering [39] 

2 thin film pulsed laser deposition [40] 

3 dense film electrodeposition [41] 

4 macroporous film anodic oxidation [42] 

5 thin film sol-gel [43] 

6 thin film thermal evaporation [44] 

7 thin film chemical vapor deposition (CVD) [45] 

8 nanorods electrophoretic deposition (EPD) [46] 

9 nanowires hydrothermal [21] 

10 nanostructured film inkjet printing [47] 

11 nanoparticle film spray coating [48] 

 
 
Electrophoretic deposition was applied in coating hydro-

thermally synthesized crystalline WO3 nanorods for EC 
application by Lee et al. [46]. The WO3 nanorods exhibited 
a fast switching time of 28.8/4.5 s for coloring/bleaching 
due to the porous nature of the oxide layer (Figure 4(b)). 
The porous oxide layer allows the electrolyte to penetrate 
and hence shortens the ionic diffusion length. Furthermore, 
the high surface area has provided large amount of reaction 
sites for the Li+ to improve across the oxide-electrolyte in-
terface. In order to improve the EC performance of WO3, 
the researchers have further increased its specific surface 
area. WO3 nanowires and nanotrees have been reported in 
recent years. Hexagonal structured WO3 films with tree-like 
morphology were synthesized on tungsten foils by Zhang et 
al. [49]. Each nanotree was composed of several (six) 
nanosheet-shaped “branches”. Due to the large tunnels of 
hexagonal structure and highly porous surface morphology, 
a switching time of 12.8/8 s for coloring/bleaching (Figure 
4(d)) and a CE value of 43.6 cm2/C were achieved thermal 
treated (400 °C/2 h) WO3 nanotree. Zhang et al. [20] further 
investigated the WO3 nanowire array film. A hexagonal 
WO3 nanowire array was obtained using a template-free 
hydrothermal method by adding ammonium sulfate as a 
capping agent. The WO3 nanowires were woven together at 
the surface of the film, forming well-aligned arrays at the 
bottom part and a porous surface morphology. A switching 
speed of 7.6/4.2 s for coloring/bleaching (Figure 4(f)) and a 
CE value of 102.8 cm2/C were achieved for the WO3 nan-
owire array film, which showed better EC performance than 
nanosheets [50], nanorods [46] and nanotrees [49]. The re-
sults above suggest that the enhanced EC performance of 
WO3 nanostructure film is due to the large active surface of 
a highly porous structure, good contact between the film 
and the substrate, and large tunnels in the hexagonal WO3. 

3.1.2  Metal doping 

Doping metal ions with lower oxidizing capacity than host 
materials are expected to improve the coloration efficiency, 
reaction kinetics as well as optical modulation. Tungsten 
oxide with metal doping can have properties that are  

 

Figure 4  (a) Scanning electron microscope (SEM) image of nanorods; (b) 
in situ transmittance curves at 632.8 nm of nanorods [46]; (c) SEM image 
of nanotrees; (d) in situ reflectance curves at 500 nm of nanotrees [49]; (e) 
SEM image of nanowires; (f) in situ transmittance curves at 633 nm of 
nanowires [20] (color online). 

superior, in one way or another, to those of the pure oxide. 
Usually, researches on metal doping have been performed 
with Li, Ti, Mo, Ni, Ru, V, Sn and Ta [8].  

There has been great interest in Ti-doped WO3 thin films 
because Ti addition stabilizes a highly disordered structure, 
which leads to enhanced durability under electrochemical 
cycling [8]. Granqvist et al. [51] recently discussed the 
beneficial effects of Ti addition. They prepared W-Ti oxide 
films with various compositions by reactive dc magnetron 
sputtering. Figure 5(a, b) shows cyclic voltammograms for 
W oxide films in two ranges: 2.04.0 and 1.74.0 V vs.  



 Zhou et al.   Sci China Chem   January (2017) Vol.60 No.1 7 

 

Figure 5  (a, b) Cyclic voltammograms for pure W films. Data were taken 
after the indicated numbers of cycles and for voltage sweep ranges being 
2.04.0 V vs. Li (a) and 1.74.0 V vs. Li (b). (c, d) Cyclic voltammograms 
for W-Ti oxide films of the shown compositions. Data were taken after the 
indicated numbers of cycles and for the sweep range 1.74.0 V vs. Li. (e) 
Evolution of maximum and minimum transmittance at 550 nm for W oxide 
and W-Ti oxide films of the shown compositions. Data were taken after the 
indicated numbers of cycles and for the sweep range 1.74.0 V vs. Li. The 
electrolyte was 1 M Li-PC [51] (color online). 

Li+/Li. A gradual decline takes place during 80 CV cycles 
for the larger voltage interval whereas relative stability is 
found for the smaller range. As shown in Figure 5(c, d), this 
degradation is much less significant in thin films of 
W0.88Ti0.12O3 and is even smaller for W0.8Ti0.2O3. Figure 
5(e) shows maximum and minimum monochromatic trans-
mittance at λ=550 nm, denoted by Tb and Tc, respectively. 
Corresponding to the CV data, it is apparent that the addi-
tion of Ti significantly promotes the cycling performance. 
Mo oxide is similar in many ways to W oxide, such as crys-
talline phase. Hence, there are many studies about Mo-W 
oxide films. Mo-doped WO3 nanowire arrays were ration-
ally fabricated by a sulfate-assisted hydrothermal method by 
Zhou et al. [52]. Compared to pure WO3, the optimized 
Mo-doped WO3 nanowire arrays exhibited improved EC 
properties with fast switching speed (3.2/2.6 s for coloring/  
bleaching), significant optical modulation (56.7% at 750 
nm, 83.0% at 1600 nm and 48.5% at 10 μm), high colora-
tion efficiency (123.5 cm2/C) and excellent cycling stability. 
Faughan et al. [53] reported that the high coloration effi-
ciencies were expected as a result of enhanced electron in-
tervalent transfer between Mo5+ and W6+, besides Mo5+ to 
Mo6+ and W5+ to W6+. The enhanced EC behavior was at-
tributed to an increase in diffusion coefficient of H+ or Li+ 
ion in the films.  

3.1.3  Nanostructure composites 

Single EC materials still have disadvantages, such as lim-
ited colors, slow switching speed, poor cycle stability, due 
to the low conductivity and large fluctuations in volume 
during cycling. To alleviate the mechanical strain/stress and 
improve the electrical conductivity of these materials, an 
approach of creating a nanocomposite, such as core/shell 
nanowires has been proven as an effective way.  

Recently, graphene has been widely used in lithium-ion 
batteries, so as electrochromism. WO3 and reduced gra-
phene oxide (WO3/rGO) nanocomposites were prepared by 
a one-step facile electrochemical deposition in an aqueous 
electrolyte containing tungsten species and graphene oxide 
by Lee et al. [54]. The WO3/rGO film shows significant 
improved EC properties, such as shorter switching time 
(6.8/9.1 s for coloring/bleaching), longer cycle life (85% 
after 1000 cycles) and larger coloration efficiency (96.1 
cm2/C at 632.8 nm), due to the synergistic incorporation of 
rGO into WO3. Synthesis of TiO2 nanotube, nanorod or 
nanowire structures has also received extensive attention 
because these structures offer direct electrical pathways for 
electrons and can increase the electron transport rate. Wang 
et al. [37] fabricated WO3 nanoparticles loaded in TiO2 
nanotube arrays by a chemical bath deposition (CBD) 
method in combination with a pyrolysis process. The for-
mation of WO3/TiO2 junction achieved the enhanced EC 
properties of longer lifetime, higher contrast ratio (bleach-
ing time/coloration time) and improved tailored EC behav-
ior. The TiO2/WO3 core/shell nanorod arrays were prepared 
by the combination of hydrothermal and electro-deposition 
method by Cai et al. [55]. In particular, a significant optical 
modulation (57.2% at 750 nm, 70.3% at 1800 nm and 
38.4% at 10 μm), fast switching speed (2.4/1.6 s), high col-
oration efficiency (67.5 cm2/C at 750 nm) and excellent 
cycling performance (65.1% after 10000 cycles) are mainly 
attributed to the core/shell structure and the porous space 
among the nanorod array. 

3.2  Nickel oxide 

The most commonly used anodic oxide-based EC materials 
are Ni and Ir oxide. They can both change from a transpar-
ent state to a neutral colored one upon extraction of protons 
or insertion of OH– ions [38]. Ir is limited to use due to its 
high cost and limited supply. Hence, Ni oxide has been 
studied extensively because of its high optical modulation, 
fast switching speed, good cyclic stability, memory effect 
and low cost. Furthermore, NiO can also be ion storage 
films in the standard EC device, which have the color over-
lay or complementary effect. The common approaches of 
fabricating NiO films are listed in Table 2.  

It is widely accepted that the EC performance of NiO is 
attributed to the injection/extraction of electrons and cations 
[49], which strongly depend on the diffusion length of ions 
and the appropriate surface area. However, there are still  



8 Zhou et al.   Sci China Chem   January (2017) Vol.60 No.1 

Table 2  General approaches of fabricating NiO films 

Number Morphology Method Reference 

1 thin film sputtering [56] 

2 octahedral-like grains chemical vapor deposition (CVD) [57] 

3 thin film spray pyrolysis [58] 

4 thin film pulsed laser deposition (PLD) [59] 

5 porous thin film chemical bath deposition (CBD) [60] 

6 thin film sol-gel [61] 

7 nanostructure thin film electro-deposition [29] 

8 micro/nanoflowers hydrothermal [62] 

 
 
difficulties in commercial applications of NiO as promising 
EC materials due to its slow switching speed, low color 
contrast and poor cycling durability. Hence, it is important 
to design a material with nanostructure to obtain fast inser-
tion kinetics and enhanced durability. Below we summarize 
some strategies to improve the EC performance of NiO. 

3.2.1  Nanostructures  

To date, a variety of NiO nanostructures including nano-
rods, nanosheets, and nanospheres have been fabricated 
(Figure 6). A structure with large surface area could both 
increase the contact area between the electrode and the 
electrolyte and reduce the diffusion path of ions, which will  

 

Figure 6  (a) SEM images and (b) transmittance spectra of the NiO na-
noparticles film with seed layer on the ITO glass [63]; (c) SEM images and 
(d) transmittance spectra of 1D NiO nanorods [64]; (e) SEM images and (f) 
transmittance spectra of NiO nanoflakes [60] (color online). 

maintain better structure stability that may lead to superior 
EC performances, such as fast switching time and excellent 
cyclic stability. 

Recently, Lee et al. [63] reported that uniform NiO na-
noparticle were successfully synthesized, which showed a 
large optical modulation (63.6% at 550 nm), high coloration 
efficiency (42.8 cm2/C at 550 nm) and good cycling stabil-
ity, which is attributed to the uniform nanoparticles mor-
phology and stable chemical bonding between the NiO na-
noparticle and substrates. There are a few reports on the EC 
properties of one-dimensional (1D) nanorods. Patil et al. 
[64] synthesized 1D NiO nanorods via the hot-filament 
metal-oxide vapor deposition technique. In comparison with 
the surface area of the film, the array increased the effective 
area by 21 times. 1D NiO nanorods showed large diffusion 
coefficient (~6.33×108 cm2/s), as well as good coloration 
efficiency (43.3 cm2/C), large optical transmittance differ-
ence (60%), high optical density (1.06) and very fast colora-
tion/bleaching times (1.55/1.22 s) at 630 nm. NiO 
nanosheets fabricated by CBD have also been studied by 
researchers. Xia et al. [60] reported that highly porous NiO 
nanoflake film annealed at 300 °C showed a good memory 
effect and a noticeable EC performance with optical modu-
lation up to 82% and high CE of 42 cm2/C at 550 nm. The 
annealed NiO film also showed good reaction kinetics with 
fast switching speed (8/10 s for coloration/bleaching) due to 
its highly porous structure. Nanostructures are proven to be 
a path way to improve the EC performance of materials. 

3.2.2  Metal doping 

Pure NiO films show poor performance when cycled in 
electrolytes, especially poor stability and low charge capac-
ity mismatching with WO3. It is found that doping of other 
elements (such as Li, Mg, Al, Ti, Co) to NiO films could 
enhance their optical properties and cycle stability. 

To our knowledge, NiO and CoO have a similar cubic 
structure and low lattice mismatch (2.1%), which is suitable 
to substitutional doping. Moreover, doping Co without 
causing much lattice strain is possible due to the similar ion 
radius of Ni and Co. Co-doped NiO thin films by CBD were 
fabricated by Zhang et al. [65]. Co doping significantly af-
fects the growth of NiO film during the CBD process (Figure 
7(a–e)). The 1% Co-doped NiO nanoflake array exhibited  
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Figure 7  (a–e) SEM images of the films. (a) Pure NiO; (b) NiO-Co0.3;  
(c) NiO-Co0.5; (d) NiO-Co1; (e) NiO-Co3 (cross-sectional view is pre-
sented in the inset). (f) Durability tests of NiO and NiO-Co1 nanoflake 
array films for 3000 cycles at 550 nm [65] (color online). 

outstanding EC performance, including large transmittance 
modulation (88.3%), high coloration efficiency (47.7 
cm2/C), fast switching speed (3.4/5.4 s for coloration/ 
bleaching) and excellent cycling durability (54.0% after 
3000 cycles) at 550 nm (Figure 7(f)). The enhanced EC 
performance can be attributed to the synergetic effect con-
tribution from low crystallization, oblique nanoflake array 
configuration and improved p-type conductivity by appro-
priate Co doping. Li addition to NiO films displays en-
hanced EC properties and stability due to the increase of Li+ 
ion paths when cycled in Li+-based electrolyte. Lately, 
co-doped NiO films, such as Li-Al-NiO, Li-Zr-NiO and 
Li-W-NiO, have been studied by researchers, which showed 
superior EC performance to the traditional mono-doped 
NiO films [61]. Li-Ti co-doped NiO films prepared by Zhou 
et al. [61], which possessed excellent optical properties and 
cycle stability (Figure 8(b)). This is due to the combination 
effect of Li and Ti ions on NiO crystal structure, in which 
Li+ and Ti4+ ions substitute the Ni2+ sites, increases the lattice 
defect and reduce the number of (111) plane. In addition, Li 
and Ti dopants will modulate the radio of Ni2+/Ni3+ and the 
compositions of the films, resulting in larger transmittance 
variation in the Li-Ti co-doped NiO films. EC devices as-
sembled with poly(3,4-(2,2-dimethylpropylenedioxy) thio-
phene) and Li-Ti-NiO films exhibited rapid color change 

within 1 s, excellent optical variation for about 56% at 580 
nm and high stability up to 1000000 cycles (Figure 8(c–e)). 

3.2.3  Nanostructure composites 

Aligned TiO2 nanorods have high chemical stability in 
KOH electrolyte and can be easily synthesized by hydro-
thermal, which can be used as core for core/shell structure. 
Cai et al. [66] reported that a TiO2/NiO core/shell nanorod 
array was prepared by a combination of hydrothermal and 
CBD. This TiO2/NiO core/shell nanorod arrays exhibited 
larger optical modulation (83%), higher coloration effi-
ciency (60.6 cm2/C) and better cycling performance (Figure 
9(a, b)). The enhanced EC performance is attributed to syn-
ergetic contribution from the single crystalline TiO2 nano-
rod core and the ultrathin NiO nanflake. The TiO2 nanorods 
can also reduce the refractive index and improve optical 
transparency, which will be useful to electrochromism. Ad-
ditionally, the n-type TiO2 core/p-type NiO shell hetero-
structure can show its advantages, such as improving the 
separation of electron and proton by the electric junction 
field, favoring the interfacial charge and enhancing the re-
action reversibility and electrochemical activity. Graphene, 
a two dimensional (2D) crystal that is stable under ambient 
conditions, is now well used in many research areas due to  

 

Figure 8  (a) Field emission scanning electron microscope (FESEM) 
image of Li-Ti-NiO films (high magnification images presented in right top 
corner inset); (b) charge density variation curves vs. cycle number of 
NiO-based films tested by chronocoulommetry cycles (±1.5 V, 30 s), EC 
properties of the PProDOT-Me2/1 M LiClO4 in PC/Li-Ti-NiO device; (c) 
cyclic light transmittance data for the device measured at 580 nm (±1.5 V, 
6 s); (d) optical spectra for device in bleached and colored state (±1.5 V, 2 
s); (e) transmittance in bleached and colored state measured at 580 nm as a 
function of cycle numbers [61] (color online). 
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Figure 9  (a) SEM images of TiO2/NiO core/shell nanorod array; (b) 
durability tests of NiO and TiO2/NiO core/shell nanorod array for 2400 
cycles at 550 nm [66]; (c) SEM images of NiO/RGO hybrid film; (d) peak 
current evolution of porous NiO/RGO hybrid and NiO film during the step 
chronoamperometric cycles [67] (color online).  

its high carrier mobility, great mechanical strength, and 
large specific surface area. A porous NiO/rGO hybrid film 
was fabricated by Cai et al. [67] in 2012. The porous hybrid 
film showed high coloration efficiency (76 cm2/C), fast 
switching speed (7.2/6.7 s) and better cycling performance 
compared with the porous NiO thin film (Figure 9(c, d)).  

In addition, many composite structures by combining 
organic-inorganic hybrid materials have been studied, 
which can combine the advantages of both the components 
and offer special properties through modification of each 
other. A NiO/PPy film was assembled by Patil et al. [68]. 
The NiO/PPy hybrid film showed rich colors (brown to 
yellow), high coloration efficiency (358 cm2/C), fast 
switching time (0.601/0.395 s for coloration/bleaching) and 
excellent cycle stability (10000 cycles) (Figure 10).  

3.3  Electrolytes 

Solid electrolytes will become the future trend of EC de-
vice’ development. There are two types of solid eletrolytes, 
a solid inorganic salt or polymers containing occluded salt. 
In the five-layer “battery-type” design, as discussed in Sec-
tion 2, the electrolyte must be transparent and with no color 
change when EC device works.  

A solid electrolyte is usually a porous oxide, which can 
conduct H+ or Li+ by co-deposition, chemical or electro-
chemical post treatment, or by exposure to humidity. Ta 
oxide has been extensively studied due to its high transpar-
ency in the visible and UV range, low leakage current, high 
dielectric constant, good ionic conductivity, and good 
chemical and thermal stability [69]. In particular, the solid 
electrolyte consisting of the Ta2O5 thin film was fabricated 
as H+ or Li+-containing film [56,70]. In addition, more other 
film electrolytes have also been investigated, such as  

 
Figure 10  (a) SEM image of NiO/PPy sample; (b) variation of transmit-
tance for NiO, PPy and NiO/PPy as a function of time for the first ten 
switching cycles between –1.2 and 2.2 V for NiO and –1.5 and 1.5 V vs. 
SCE for PPy and NiO/PPy; (c) overplay of CVs for NiO/PPy sample after 
5 and 10000 cycles. The electrolyte was 1 M LiClO4/PC (color online). 

LiNbO3 [71], ZrO2:H [72], LiBO2-Li2SO4 (known as   
LiBSO) [73]. 

Polymer electrolytes, including solid polymer electro-
lytes, gel polymer electrolytes and hybrid polymers, have 
been used in EC devices. Polymer electrolytes for EC de-
vices should be characterized by an ionic conductivity of 
10–4 S/cm and cycle stability. Zhang et al. [74] reported an 
all-solid-state EC device based on NiO/WO3 complemen-
tary structure with solid polyelectrolyte (Figure 11). The 
device showed an optical modulation of 55% at 550 nm, a 
CE value of 87 cm2/C, fast switching time (10/20 s for col-
oration/bleaching) and cycling stability (1600 cycles). Poly-
vinyl alcohol (PVA)-based electrolytes have been exten-
sively used in energy storage, as well as EC devices. An EC 
device based on PVA and borax, in combination with a vi-
ologen and a redox pair has been developed by Alesanco et 
al. [75]. The electrolyte has excellent mechanical strength 
and transparency. A significant optical contrast (>65% at 
550 nm), switching time (<5 s) and cyclability (8000– 
10000) have been achieved. The viscoelastic fluid character 
of the electrolyte mixture is convenient to assemble the EC 
devices, which will be further used in future. In addition, 
researchers have also studied other polymer electrolytes, 
such as poly(methylmethacrylate)-based electrolytes [47], 
gelatin-and agar-based electrolytes [76,77], polymethacry-
late hydroxyethylene resins [78], plasma electrolytic oxida-
tion (PEO)- or poly(vinylidene fluoride) (PVDF)-based 
electrolytes [79]. 

4  Conclusions and outlook 

In summary, we review basic EC device designs, useful 
oxide materials (tungsten oxide/nickel oxide), solid-state  
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Figure 11  (a, b) Bleached and coloration state of ECD; (c) optical trans-
mittance spectra of ECD of 10th CA cycle and 1000th CA cycle; (d, e) step 
chronoamperometric (CA) curves of the device: current-time response 
curve of the device (d), and peak current during the step chronoam-
perometric cycles (e) [74] (color online). 

electrolytes. It is clear that optical modulation, CE value, 
switching speed, and sometimes stabilities can be signifi-
cantly improved by nanostructures, metal doping and 
nanostructure composites due to the enhanced electron and 
ion transport as well as donor-acceptor interactions. The 
extent of the donor-acceptor interactions at interface is 
highly dependent on interfacial area and the nature of the 
interactions at interface. To boost the performance of ECs, 
it is crucial to design proper electrode structure, which 
makes organic and inorganic active phases working together 
and simultaneously exhibits color change to improve optical 
modulation in the same voltage window. In addition, solid- 
state electrolyte is another most significant challenge in EC 
devices for their further commercial applications. The early 
studies of polymer electrolytes have provided copious 
amount of data, which will lead us to go on. Thermal and 
electrochemical stability of polymer electrolytes will be the 
major research for us since stability will reflect product 
safety, recyclability and self-life.  

It is necessary to further optimize the synthesis of metal 
oxide based EC films with controlled morphologies by us-
ing nanostructures, composites and doping. And systematic 
study on the effect of morphology on EC properties is 
needed. It is also urgent to investigate the formation process 
of microstructure of EC films and the cations intercalation/ 

deintercalation mechanisms during electrochemical reac-
tions. Furthermore, the electrolytes used in the devices 
should have different influence on the EC properties, and 
therefore should be investigated in detail. 

The metal-oxide/conducting polymer hybrids/composites 
based materials for EC devices are very promising because 
of the synergic advantages of them, and the drawbacks of 
single color, low switching speed, poor cyclic stability and 
low CE can be overcome. However, the microstructure de-
sign of the organic/inorganic hybrids/composites remains a 
challenge for future commercialization.  

Ultimately, it is essential to understand the compatibility 
and joint EC mechanism of EC layer, electrolyte layer, 
ion-storage layer of the all-solid-state devices with metal- 
oxide and conducting polymers. The development of state- 
of-the-art with energy-storage devices or dye-sensitized 
solar cell will improve the packaging technology of EC de-
vices. Multifunctional films in devices may enable multi-
functional EC devices accompanying with supercapacitors 
or solar cells.  
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