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A large-area, flexible, high contrast and long-life
stable solid-state electrochromic device driven
by an anion-assisted method†
Lebin Wang,a Xiang Zhang,*a Xi Chen,a Xiaobai Li,a Yingming Zhao,a Wenjie Li,b
Jiupeng Zhao, b Zhiyong Chenc and Yao Li *a
Electrochromic (EC) smart windows regulate the indoor solar radiation by adjusting the optical
transmittance, oﬀering an eﬃcient solution toward energy-saving buildings. Tungsten oxide/nickel oxide
(WO3/NiO) solid-state devices are most likely to be industrialized among all the electrochromic devices
(ECDs). However, there are still some problems in WO3/NiO-based solid-state electrochromic devices
(ECDs), such as inflexibility, low visible light contrast, slow response speed, and poor stability in the
switching process due to the charge capacity mismatch of WO3 and NiO layers. Moreover, the whole
charge capacity of the ECDs depends on the charge capacity of NiO layers, which is extremely less than
that of WO3 layers. Therefore, high charge capacity NiO films are in urgent demand for the fabrication
of high-performance WO3/NiO solid-state ECDs with long-life stability. In order to improve these
properties and overcome the mismatch problem with WO3, 2–8 wt% of H2O is added to the lithium
electrolyte, which can provide hydroxide ions to participate in the electrochromic reaction of NiO films.
Thus, high charge capacity (7 times enhanced than that in the anhydrous electrolyte) and high optical
modulation (59.5% at 511 nm) of NiO films can be obtained. More importantly, due to the low content,
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OH can be fixed on the NiO films as NiOOH, which will not erode WO3 films in devices. Hence, solid-
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exhibiting excellent optical modulation of 62% and long-life stability up to 10 000 cycles without

state electrochromic devices with the structure of ITO/WO3/electrolyte/NiO/ITO were assembled,
attenuation. Furthermore, flexible and large-area devices can also be obtained, which is important for a
wide range of scientific and industrial processes.

rsc.li/materials-c

1. Introduction
With the progress of society and the continuous development
of science and technology, about 40% of the world’s total
energy consumption is in commercial and civil buildings.1–3
Hence, there is an urgent need to establish an effective energysaving system for buildings. Few researches have indicated that
electrochromic (EC) smart windows possess the ability to adjust
indoor light and temperature,4,5 which is a great potential
solution for energy-efficient buildings. Electrochromism is a
phenomenon by which the photoelectric properties of materials
can be reversibly regulated by an external electric field.6 In virtue
of this active and persistent regulation, electrochromic materials
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can be used in various applications, including EC smart
windows,7 auto-dimming rearview mirrors,8 and energy storage
devices.9 Among multiple EC materials and devices, solid-state
devices have received significant attention because of their
unique properties, such as high contrast, high color efficiency
(CE), and excellent cycling stability. A standard inorganic solidstate electrochromic device (ECD) commonly has five layers:
two transparent conductive layers on both sides, two electrochromic layers on these conductors, and one ion-conducting
layer (i.e., electrolyte) between them.10–12 Among these five
layers, electrochromic layers have the key function; tungsten
oxide (WO3) and nickel oxide (NiO) are commonly used because
of their excellent performance and potential value of
industrialization.13 However, there are still some problems in
WO3/NiO-based solid-state ECDs, such as unpleasant coloration even in the bleached state, low visible light contrast,
and poor coulomb efficiency in the process of charging and
discharging of the ECDs. Moreover, NiO films show poor
performance when cycled in lithium electrolytes, especially
poor stability and low charge capacity mismatching with WO3,
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thus limiting its applications.14,15 Since the charge capacity of NiO
films is less than that of WO3 films, the whole charge capacity of
the ECDs depends on the NiO layer.16 Therefore, it is extremely
important to improve the charge capacity of NiO films and further
to match the charge capacity of the two functional layers because
electrochromic performance can be greatly influenced by the
charge capacity and electrochemical reaction of the ion storage
layers.17
According to previous studies, most research on improving
the charge capacity of NiO films has been carried out using
three main methods. The first method is to change the composition and structure of the NiO film by element doping,
compositing with other EC materials,15,18–20 nanostructure
construction, or the gradient crystallinity of the films to provide
additional reaction sites and ion channels, leading to fast
response speed and high charge capacity.21,22 However, the
complex preparation process and difficulty in the fabrication of
nanocrystallization of NiO films with a large area inhibit the
practical applications.18–22 The second way is to use redox
electrolytes, such as iodide/triiodide (I /I3 ) or tetramethylthiourea/tetramethylformaminium disulfide dication (TMTU/
TMFDS2+) redox couples, instead of ion storage layers in the
devices.23–26 These redox couples could provide additional
charge to a working electrode in order to achieve a charge
capacity matching the ECDs. However, some attenuation to
other photoelectric performance of the ECDs will also be
caused by this method, such as high loss current, short
memory time at open circuit, and instability due to the lack
of a counter electrode. The third solution is to use electrolytes
having components that can react with NiO, such as an alkali
solution.27–29 An activation stage and increasing EC activity
of NiO films can be obtained by using an alkali solution
electrolyte due to the formation and reaction of Ni(OH)2 and
NiOOH.29 For example, Jiao and coworkers suggest that a high
current density of 30 mA cm 2, remarkable charge capacity,
and 12 000 cycle long-life stability of NiO films can be obtained
by using KOH solution as the electrolyte.27 However, as a kind
of anhydride, WO3 cannot exist in an alkaline solution stably
for a long time, limiting its use in the EC devices. Moreover, an
alkali solution cannot be added to a lithium electrolyte directly
because of the poor solubility of LiOH in organic solvents.
Therefore, it is necessary to figure out a kind of electrolyte that
can both provide the OH ions for NiO films in the lithium
electrolyte and keep the solution pH neutral at the same time.
This can be achieved by adding a trace of water to the lithium
electrolyte, which has several specific objectives. Firstly, H2O
can provide OH for the electrolyte, improving the charge
capacity and optical modulation of NiO films,27–29 which is
helpful to solve the mismatch of charge capacity between WO3
and NiO layers in devices. Secondly, due to the low content,
OH can react with NiO and be fixed on the films, which will
not erode WO3 films and destroy the stability of devices. Lastly,
multiple kinds of ions (Li+, H+, and OH ) in the electrolyte can
participate in the electrochromic reaction with WO3 or NiO
films, and the addition of anions can accelerate the switching
speed of ECDs.
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The purpose of this study is to explore anion-assisted
electrochromism in order to increase the stability, charge
capacity, and optical modulation of NiO films and ECDs at
the same time. High charge capacity (7 times enhanced than
that in the LiClO4/PC electrolyte) and high optical modulation
(59.5% at 511 nm) of NiO films can be obtained by this method
due to the formation of NiOOH on the surface of NiO films.
For ECDs, the mismatch problem of charge capacity between
two EC layers (WO3/NiO) can be solved by this method. The solidstate electrochromic devices with the structure of ITO/WO3/
electrolyte/NiO/ITO were assembled, exhibiting excellent optical
modulation of 62% and long-life stability up to 10 000 cycles
without any attenuation. Furthermore, solid-state, flexible, and
large area ECDs were assembled in this study, which will have
a significant impact on the next generation of electrochromic
devices.

2. Experimental section
2.1

Deposition of NiO and WO3 films

NiO and WO3 thin films were deposited on a 1  4 cm2 indium
tin oxide (ITO) coated glass (Kaivo Technology with a sheet
resistance of 8 O & 1 and a transmittance in the visible region
of 85%) by e-beam evaporation. ITO-coated substrates were
cleaned in an ultrasonic bath for 25 min by deionized water.
Both NiO and WO3 films were deposited using their commercial
pellets (random pieces 3–6 mm, 99.99% purity from SCM–Super
Conductor Materials), without intentional substrate heating. The
initial chamber pressure was 9  10 4 Pa, and the growth rate
was around 0.5 nm s 1 for all the deposited films. The thicknesses of the NiO and WO3 films were fixed at 400 nm and
350 nm, respectively. The reagents and materials required for
this study and their origins are listed in Table S1 (ESI†).
2.2

Fabrication of ECDs

The ECDs with the structure of substrate/ITO/WO3/electrolyte/
NiO/ITO/substrate were prepared by the following process. I.
WO3 and NiO films were deposited on ITO coated substrates,
respectively. II. Preparation of lithium-based electrolyte. The
lithium-based electrolyte was a kind of composite polymer gel in
the initial state, which was made of LiClO4, propylene carbonate
(PC), and UV-light adhesives. Uniform and stable initial electrolyte
was obtained after suﬃcient magnetic stirring. III. Assembling
process of ECDs. The initial electrolyte was applied on the WO3
layer. The NiO layer was laminated on it and pressurized to evenly
distribute the electrolyte between the WO3 and NiO layers. Finally,
the ECDs were irradiated under an ultraviolet lamp at 120 W for
1 min to solidify the electrolyte. The substrate of the flexible devices
is 4  4 cm2 PET-ITO (Kaivo Technology with a sheet resistance of
10–15 O & 1), and the substrate of the large area device is 100 cm2
ITO glass (Kaivo Technology with a sheet resistance of 10 O & 1).
2.3

Characterization

The morphology of NiO films was characterized by Scanning
Electron Microscopy (SEM) using a Zeiss supra 55 at an accelerating
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voltage of 20 kV. The phase and structure of the NiO films were
investigated by a Japan Rigaku DMax-rb rotation anode X-ray
diﬀractometer equipped with graphite monochromatized Cu Ka
radiation (0.15418 nm). The composition of the films and the
valence state of nickel were measured by X-ray photoelectron
spectroscopy (XPS) using a PHI 5700 ESCA System (Physic Electronics, USA) with Al-Ka as the X-ray source. In order to obtain the
contribution of diﬀerent valence states of Ni atoms influenced by
the electrolyte, XPS spectra of Ni 2p3/2 was fitted with deconvolution
and Gaussian curves. A standard Shirley background was used for
the sample spectra. Before the XPS test, a pretreatment was
conducted with 10 cycles of chronoamperometry test at 1.4 V
for 15 s in 1 M LiClO4/PC electrolyte with diﬀerent amounts of H2O
ranging from 0% to 8 wt%. At the last cycle of the pretreatment, a
continuous positive voltage of 1.4 V was applied to the NiO films in
order to make the films in a totally colored state.
Electrochemical properties of both NiO films and ECDs were
investigated by an electrochemical analyzer (CHI-660E; CH
Instruments, Shanghai, China). Cyclic voltammetry (CV) and
chronoamperometry (CA) measurements were carried out in
the 1 M LiClO4–PC electrolyte by adding different contents of
deionized water (0, 2, 4, 6, and 8 wt%) in a standard threeelectrode cell at room temperature for electrochemical tests.
Ag/AgCl was used as the reference electrode, and platinum (Pt)
wire was used as the counter electrode. The purpose of adding
H2O was to provide trace amounts of hydroxide ions while
maintaining the electrolyte solution neutral.
The optical transmittance from 400 nm to 760 nm was
measured using a Vis-NIR fiber optic spectrometer (MAYA
2000-Pro, Ocean Optics). The measurements were calibrated
using the glass electrolytic cell and the electrolyte (1 M LiClO4–
PC with different content of H2O) as 100%. The in situ transmittance changes and the durability of the NiO films were
measured with the same spectrometer at a wavelength of
550 nm, applying a voltage of 1.4 V and 1.4 V. The voltage
of ECD measurement was between 1.4 V and 1.4 V. The
working electrode and the counter electrode for ECD measurements were WO3 and NiO, respectively.

3. Results and discussion
3.1

Investigation of NiO films

SEM micrographs of the NiO films are presented in Fig. 1,
which reveals that the NiO grains with similar sizes are closely
packed. A granular morphology with needle-shaped grains is

Fig. 1 SEM images of the deposited NiO films: surface (a) and crosssection (b).
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observed in the profile, which has also been reported by other
authors.30–32 The SEM images of the NiO film surface after
cycling in lithium electrolyte with different content of H2O is
shown in Fig. S1 (ESI†).
In order to investigate the influence of H2O content on the
phase composition and structure of NiO films, XPS and XRD
analyses were conducted. As indicated in Fig. 2(a)–(e), XPS
spectra of Ni 2p3/2 (850–890 eV) for NiO films in the electrolytes
with different content of H2O after 10 cycles of chronoamperometry (CA) test include the core level photoelectron peaks (850–
858 eV) and satellite peaks caused by the shake-up processes
(858–870 eV).33 The peaks at the binding energy of 855.6 eV and
856.7 eV can be assigned to Ni2+ of NiO and Ni3+ of NiOOH and
Ni2O3, respectively.15,33 The satellite peaks do not contain any
other additional information on surface chemistry. The atomic
ratio of Ni2+/Ni3+ is calculated by deconvolution peak area ratio,
which decreases with the increasing content of H2O, and the
detailed data can be observed in Table S2 (ESI†). Especially,
there is no Ni2+ on the surface of NiO films after cycling in the
electrolyte with 8 wt% content of H2O. Furthermore, in contrast
to the NiO sample cycling in the pure lithium electrolyte, the
extra Ni3+ is contributed by NiOOH, which is the product of
the reaction of NiO with added H2O. As a consequence, the
existence of H2O leads to the regulation of Ni2+/Ni3+. More
coloration is caused by the extra Ni3+, and hence larger optical
modulation is obtained. The XRD patterns of NiO films after
10 cycles of the CA test in the electrolyte with different contents
of H2O is shown in Fig. 2(f). All samples have diffractive peaks
corresponding to Bunsenite cubic NiO structure according to
JCPDS-47-1049, revealing good crystallinity of the films. The
reflections peaks at 2y = 21.491, 30.581, 35.461, 51.031, and
60.671 are indexed to (211), (222), (400), (440), and (622) of ITO
according to JCPDS-06-0416. Peaks at 2y = 37.241, 43.271, and
75.411 are indexed to (111), (200), and (311) of NiO, respectively.
Moreover, when the H2O content reaches 8 wt%, the reflection
peaks at 2y = 28.11, 43.421, and 57.241 indexed to (110), (210),
and (121) corresponding to NiOOH (JCPDS-27-0956) are
obtained.32,34–36 Thus, the results reveal that not only Li+ but
also OH (from H2O) participates in the electrochromic
reaction with NiO.
The electrochemical behavior of NiO films cycled in diﬀerent
electrolytes has been investigated. Fig. 3(a) presents CV curves of
the NiO films measured in electrolytes with diﬀerent content of
H2O. The cathodic reduction peak around +0.5 V is associated
with the reduction of Ni3+ to Ni2+, accompanied by the bleaching
process. The reverse oxidative peak around +0.9 V is identified as
the oxidation of Ni2+ to Ni3+ by the coloring process. The oxidation
peak at +1.2 V represents the reaction between NiO and H2O.37,38
With the increase in the H2O content, the peak at +1.2 V becomes
more obvious and the CV coated area becomes larger, indicating
that added H2O in the lithium electrolyte can make a significant
contribution to the increase of charge capacity of NiO films. Thus,
the nature of electrochromism of NiO in this study can be
described as follows:39–41
NiO + yLi+ + ye - LiyNiO

(1)
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Fig. 2 Deconvolution of Ni 2p3/2 XPS spectra of NiO films after cycling in electrolyte solutions containing diﬀerent contents of H2O: (a) 0 wt%, (b) 2 wt%,
(c) 4 wt%, (d) 6 wt%, and (e) 8 wt%; XRD patterns of the NiO films after cycling in electrolytes with diﬀerent contents of H2O (f).

LiyNiO 2 Liy zNiO + zLi+ + ze

(2)

NiO + OH - NiOOH + e

(3)

NiOOH + H+ + e 2 Ni(OH)2

(4)

and

As presented in Fig. 3(b), the charge capacity of NiO thin
films can remain stable for 50 cycles in the electrolyte with
diﬀerent content of H2O. The charge capacity of NiO films
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cycled in the electrolyte containing 8 wt% H2O is 24.4 mC cm 2,
which is nearly 7 times larger than that in the electrolyte
without H2O (3.6 mC cm 2). It reveals that adding H2O to the
electrolyte could increase the charge capacity of NiO thin films
remarkably and thus enhance the ion storage capability greatly
due to the reaction between NiO and OH (from H2O). The
optical transmittance spectra of NiO thin films in the bleached
state (dotted lines) and colored state (solid lines) are exhibited
in Fig. 3(c). The result shows that with the increase in the
content of H2O, the optical modulation of NiO thin films
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Fig. 3 Electrochromic performance of NiO films in the electrolytes with diﬀerent contents of H2O: (a) CV curves of NiO films from 1.4 V to +1.4 V with
a scan rate of 50 mV s 1, (b) charge capacity of NiO films at the 1st and 50th cycle, optical transmittance spectra of NiO films at (c) visible region and
(d) 550 nm.

becomes larger. The maximum optical modulation of NiO films
is 59.9% at 511 nm, using the electrolyte with 8 wt% of H2O.
The H2O added to the electrolyte can change the ratio of
Ni2+/Ni3+ on the surface of the films. More amount of Ni3+
causes lower transmittance of the colored state. In order to
investigate the response speed of NiO films, multi-potential
step measurement is carried out. Fig. 3(d) and Table 1 show the
transmittance data at the wavelength of 550 nm and the
response time. With increasing the content of H2O in the
electrolyte, the coloring speed becomes faster. When using
the electrolyte with 8 wt% of H2O, the fastest coloring speed
of NiO films can be obtained, with the bleaching and coloring
time of 1.3 s and 2.6 s, respectively. The reaction between NiO
and H2O/OH is faster than the ion insertion process, thereby
reducing the coloring time. The values of the bleaching time of
NiO films are increased in the presence of H2O, while it

Table 1

Transmittance modulation and switching time

H2O content

DT@550 nm

DTmax@511 nm

tb s

0
2
4
6
8

15.2%
35.2%
38.5%
49.2%
53.1%

18.5%
40.4%
44.6%
54.1%
59.5%

0.6
2.3
1.9
1.2
1.3

wt%
wt%
wt%
wt%
wt%
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1

tc s
7.7
7.1
5.4
5.0
2.6

1

becomes faster with increasing H2O content in the electrolyte.
The bleaching process in the presence of H2O is an H+ diﬀusioncontrolled process, according to eqn (4). The concentration and
driving force of H+ between the electrode and electrolyte interface are much lower than that of Li+ due to the negligible
content of H2O. Therefore, the bleaching speed becomes slower
in the presence of H2O. Furthermore, with the increasing H2O
content in the lithium electrolyte, the concentration of H+ on
the electrode/electrolyte interface will be increased. Thus, the
extra driving force for H+ transfer can be obtained, and the
bleaching time of NiO becomes shorter at higher content of H2O
in the electrolyte.
3.2

Electrochromic behavior of ECDs

In order to investigate the application performances of the NiO
films with an electrolyte containing H2O, we assembled solidstate ECDs using the as-prepared WO3 and NiO thin films
without any post-treatment. Classical five-layer construction
was applied, which contains two ITO layers as transparent
conductors, WO3 and NiO films as EC layers, and the electrolyte
layer comprising LiClO4/PC, diﬀerent content of H2O, and
UV light adhesives. The diagrammatic structure of ECDs is
indicated in Fig. 4. The reaction on the NiO films can provide a
large amount of charge capacity for the devices and hence a
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Fig. 4 Schematic of the coloring and bleaching process in the ECDs.

faster switching time and higher transmittance of bleached
state can be obtained. Furthermore, the solid electrolyte in the
ECDs can prevent the erosion and self-dissolution of WO3
films, and the H2O content in the electrolyte has no influence
on WO3 (as shown in Fig. S2, ESI†), resulting in a better stability
performance. Moreover, the SEM images and XPS spectra of
WO3 films in this study are indicated in Fig. S3 and S4 (ESI†).
Fig. 5(a) indicates the CV curves of ECDs with the scan rate
of 50 mV s 1 ranging from 1.4 V to +1.4 V. Dark blue colored
state is observed at 1.4 V, and the bleached state is obtained
at +1.4 V. According to this result, the charge capacity of the
device is represented by the coated area of CV curves. It is
obvious that with an increase in the H2O content in the LiClO4/
PC electrolyte, the capacity of ECDs is also significantly
increased. This is because the charge capacity of the device
strongly depends on the charge capacity of the ion storage
layer,16 namely the NiO film in this ECD. The charge capacity of

Journal of Materials Chemistry C
the ECDs in this study improved greatly. Fig. 5(b) depicts the
optical transmittance spectra of the ECDs in the visible and
near-infrared regions, at an electric potential of +1.4 V for 2 s
(bleaching process) and 1.4 V for 6 s (coloring process). The
potential range provides the driving force for ion transfer,
which is closely related to the ECD performance. The reason
for the selected voltage is exhibited in Fig. S5 (ESI†). The largest
optical modulation at 600 nm wavelength reaches 39%, 52%,
53%, 61%, and 62% by using the electrolyte containing 0 wt%,
2 wt%, 4 wt%, 6 wt%, and 8 wt% H2O, respectively. It is obvious
that the optical modulation of the ECDs increases gradually
with the increasing H2O content. Adding H2O could increase
the optical modulation of ECDs, and the most obvious contrast
is obtained at the H2O content of 8 wt% (maximum added
content in PC/LiClO4, Fig. S6, ESI†) because of the increased
charge capacity of the ECDs. It is worth noting that the addition
of H2O could increase the bleached state transmittance of
ECDs, as shown in Fig. 5(c). This is because the added H2O
in the electrolyte can promote the charge capacity of NiO by
introducing OH ions to participate in the electrochromic
reaction with NiO, which is beneficial for accommodating the
charge from WO3, pushing the WO3 layer into a complete
bleached state. Therefore, increasing the charge capacity of
the ion storage layer could solve the mismatch between the two
EC layers and significantly improve the transparency of the
ECDs in the bleached state. Fig. 5(d) illustrates the long-life
stability of ECDs using the electrolyte with diﬀerent content of
H2O. The ECDs exhibit excellent reversibility and stability
regardless of the electrolyte. This conclusion can also be proved

Fig. 5 Electrochromic performance of ECDs using the electrolytes with diﬀerent contents of H2O: CV curves of the ECDs (a), optical transmittance
spectra at visible region (b), digital photos of the colored state and bleached state (c), long-life stability of ECDs (d), and transmittance response of ECDs at
550 nm (e).
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Fig. 6 (a) Digital photos of flexible devices (16 cm2, ITO/PET substrate) using a non-aqueous electrolyte and the electrolyte with 8 wt% of H2O; (b) digital
photos of large-area devices (100 cm2, ITO/glass substrate) using the electrolyte with 8 wt% of H2O at a voltage of 1.4 V.

Table 2

Comparison of current electrochromic devices

Ref.

Device
42

Dong et al.
Liu et al.43
Atak et al.44
Liu et al.45
Oukassi et al.46
Xiao et al.47
Rocha et al.16
This work

WO3/NiO
WO3/NiO
WO3/NiO
WO3/NiO
V2O5/LiWO3
WO3/NiO
WO3/NiO
WO3/NiO

Charge capacity (potential)
2

3.8 mC cm ( 1.6 V/+0.5 V)
6 mC cm 2 ( 1.5 V/+0.5 V)
6.94 mC cm 2 ( 2 V/+2 V)
6.5 mC cm 2 ( 1.5 V/+1.5 V)
12.5 mC cm 2 ( 1.5 V/+1.5 V)
4.7 mC cm 2 ( 1.5 V/+1 V)
6 mC cm 2 ( 1.5 V/+1.5 V)
24.4 mC cm 2 ( 1.4 V/+1.4 V)

by the charge capacity ratio shown in Fig. S7 (ESI†). Due to the
low content, OH can react with NiO and be fixed on the films,
which will not erode the WO3 films and destroy the stability of
the devices. Furthermore, the solid electrolyte can prevent EC
layers from self-dissolution during cycling. As to this research,
more than one kind of ion participates in the EC reactions
(H+, Li+, and OH ); thus, the switching times of the ECDs are
faster compared with previous research.16,42–47 The bleaching
time of ECDs reach 0.9 s, 0.9 s, 0.8 s, 0.9 s, and 0.9 s using the
electrolyte containing 0 wt%, 2 wt%, 4 wt%, 6 wt%, and 8 wt%
H2O, respectively. Correspondingly, the coloring times of ECDs
are 2.7 s, 2.5 s, 2.5 s, 2.5 s, and 2.9 s, respectively, as indicated
in Fig. 5(e). These ECDs exhibit uniform and vivid optical
modulation and stability, indicating promise for future
applications.
In order to explore the feasibility of this study for industrial
production, flexible EC devices and large-area EC devices were
assembled. As shown in Fig. 6(a), the ECD using the electrolyte
with 8 wt% of H2O exhibits an obvious contrast between the
colored and bleached states, compared with the ECD using the
non-aqueous electrolyte. The electrochromic process of these
devices is shown in Video 1 (ESI†) and Video 2 (ESI†). Poking
and bending do not aﬀect the ECD electrochromic process. As
indicated in Fig. 6(b), the ECD with a large area (10 cm  10 cm)
using the electrolyte with 8 wt% of H2O shows uniform colored
and bleached states at a voltage of 1.4 V and +1.4 V. Barile’s
group has developed hybrid dynamic windows using NiO as the
counter electrode in an aqueous electrolyte.26 NiO provides
enough charge capacity for the metal working electrode due
to the presence of water in the electrolyte. This study will

This journal is
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DT (%)

Number of cycles

Coloring time (s)

Substrate-area

45
55
35
25
40
40
28
62

2500
10 000
—
—
—
300
—
10 000

—
200
20
40
30
30
32
6

ITO/glass
ITO/glass-15 cm2
ITO/glass
ITO/glass-6 cm2
ITO/glass-16 cm2
ITO/glass-25 cm2
ITO/glass-20 cm2
ITO/glass-100cm2

provide another explanation for the large charge capacity and
optical modulation of their devices.
In order to demonstrate the advantages of the anion-assisted
method of this study, Table 2 summarizes and compares the
key electrochromic metrics. Clearly, the ECDs in this study
exhibit a high charge capacity, optical contrast, rapid switching
times, and long-life stability. Thus, it is the most competitive
one among all the previously reported electrochromic devices.

4. Conclusion
In this study, we report an anion-assisted method by adding H2O
in LiClO4/PC electrolyte, which could increase the charge capacity
of NiO films by 7 times and solve the charge capacity mismatch
with WO3 films in devices. The observed increase can be attributed to the reaction of OH ions with NiO thin films.
In addition, adding H2O to the electrolyte could change the ratio
of Ni2+/Ni3+ and the composition of NiO films, resulting in large
transmittance variations and fast switching times. Furthermore,
ECDs assembled with NiO and WO3 films exhibit excellent optical
modulation, all-black to transparent color switching (DT 4 60%),
fast response time, stability (more than 10 000 times without
attenuation), and flexibility. This method will have a significant
impact on electrochromic devices and provide new insights into
the next generation of electrochromic smart windows.
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