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beam and resistive evaporation
method.
The all-solid-state ECDs can control
the content of electrolyte ion independently.
The all-solid-state ECDs exhibit excellent electrichromic properties.
The eﬀect of Li content on electrochromic performance is investigated.
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All-solid-state electrochromic devices (ECDs) with new structure glass/ITO/NiO/Ta2O5/Li/WO3/ITO, which can
independently control the content of electrolyte ion by using lithium (Li) metal as the electrolyte, are fabricated
by e-beam and resistive evaporation method. In this ECD, tungsten oxide (WO3) and nickel oxide (NiO) are used
as the electrochromic and complementary layer, respectively, and tantalum oxide between WO3 and NiO acts as
the ion conductor layer. ECDs with diﬀerent thickness of Li, measured by quartz crystal deposition monitor, are
prepared to investigate the eﬀect of Li content on the electrochromic performance. The electrochemical and
optical performance are characterized and the results demonstrate that the thickness of Li electrolyte has a great
inﬂuence on the transmittance modulation, response time and cycle stability of the device. The ECD with 40 nm
Li shows the best electrochromic performance includes the high optical modulation, superior cycle stability
(optical modulation reaches 52.6% after 500 cycles) and large coloration eﬃciency (97.9 cm2·C−1) at wavelength of 550 nm. The ECDs displays remarkable potential for application in the ﬁeld of smart windows.

1. Introduction
Electrochromic devices (ECDs), which can change their optical
properties such as transmittance and reﬂectance reversibly according to
the external electric ﬁeld [1–3], have drawn tremendous attention for
⁎

their potential application in rearview mirror [4,5], display devices
[6,7], thermal control devices [8–10] and smart windows [11–14].
Tungsten oxide (WO3) and nickel oxide (NiO) are the most common
electrochromic materials used in ECDs because of the low cost and large
optical modulation capability. As for the electrolyte, there are three
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types commonly used: liquid electrolytes [15], gel electrolytes or
pseudo-solid electrolytes [16] and inorganic solid electrolyte [17].
ECDs using inorganic solid electrolyte have numerous advantages
compared to those based on liquid and gel electrolyte [18]. Firstly,
ECDs with solid electrolyte have no need to be sealed, which can avoid
potential problems of bubbles formation and liquid electrolyte leakage.
Besides, inorganic solid electrolyte possesses better cycle stability and
durability, especially when exposed to ultraviolet radiation. In addition,
they can be prepared layer by layer on one substrate, which can feasibly
achieve continuous, large-scale and ﬂow production.
Therefore, many studies have been focused on all-solid-state inorganic ECDs using solid electrolyte, because of their excellent performance, superior durability and simple production. The inorganic lithium salts are the most widely used solid electrolyte [19–22]. For
example, Huang et al. employed LiNbO3 as the electrolyte to prepare
ECDs represented as glass/ITO/NiOx/Si3N4/LiTaO3/Si3N4/WO3/ITO,
which had an optical modulation value of 43% at wavelength of
550 nm [23]. Except for lithium salts, some metal oxides such as ZrO2
and Ta2O5, can also play the role of conducting ions and blocking the
electrons. But they do not contain electrolyte ions, in that case, electrolyte ions need to be introduced separately. Atak et al. reported an
ECD using ZrO2 ﬁlm as the ion conductor layer. The structure was
glass/ITO/WO3/LiNbO3/ZrO2/NiO/ITO and Li+ ions were injected by
wet lithiation method. The glass/ITO/WO3/LiNbO3/ZrO2 structure was
immersed into a LiClO4 and propylene carbonate (PC) solution under a
voltage to introduce Li ions [24]. The optical modulation of the ECD
was 53% at 550 nm at the potentials of ± 3 V. However, using inorganic lithium salt as electrolyte was high cost and had a low preparation eﬃciency, and it could only adjust the Li+ content by changing the thickness of electrolyte layer. Taking LiTaO3 as an example,
the only approach to adjusting the content of Li+ is to increase or decrease the thickness of LiTaO3 layer. Thus, the thickness of the whole
electrolyte layer will be changed, which will have a great impact on the
performance of the device. While ECDs injected Li+ by wet lithiation
method need to clean the ﬁlm carefully and are hard to manufacture
continuously.
In this study, all-solid-state ECD with a novel structure of glass/ITO/
NiO/Ta2O5/Li/WO3/ITO has been prepared. The ECD consists of ﬁve
layers: electrochromic layer WO3, ion conductor layer Ta2O5, complementary layer NiO and two transparent conductive layers ITO.
Lithium metal is used as the electrolyte ions and introduced by resistive
evaporation, and it is noteworthy that the lithium is inserted into the
NiO and Ta2O5 layers and ﬁnally diﬀuses into the WO3 layer after the
deposition of WO3, therefore lithium is non-existed separately. In such
ECD, the content of Li+ can be changed without changing the thickness
of the Ta2O5 layer, which achieve independently control and make it
possible to study the eﬀect of Li+ content on electrochromic performance of ECDs. ECDs with diﬀerent thickness of Li, which is measured
by quartz crystal thickness monitor to quantify Li content, are prepared
and the results indicate that the ECD exhibits superior performance
when the thickness of Li is 40 nm. The transmittance modulation is
41.0% at 550 nm and increases to 52.6% after 500 cycles and reaches
63.3% at 677 nm. The coloration eﬃciency (CE) is as high as
97.9 cm2·C−1 which means great energy-saving eﬀect.

Table 1
Detailed parameters of all-solid-state ECDs.
Layer

Power source

Pressure (Pa)

Deposition rate
(nm·min−1)

Thickness (nm)

NiO
Ta2O5
Li

e-beam
e-beam
resistance

2 × 10−3
6 × 10−3
8 × 10−4

5
3
3

WO3
ITO

e-beam
e-beam

8 × 10−4
2 × 10−3

12
4

150
200
30/35/40/45/
60
450
100

ﬁlms. All thin ﬁlms were prepared at room temperature and annealed at
200 °C in air after preparation.
2.2. Fabrication of all-solid-state ECD
The all-solid-state ECDs, consisted of top transparent conductor ITO,
electrochromic layer WO3, electrolyte ion Li, ion conductor layer
Ta2O5, complementary NiO and bottom transparent conductor ITO
glass, were prepared by e-beam or resistive evaporation. Each layer of
the ECDs was deposited continuously in a multi-target e-beam and resistive evaporation system at room temperature without breaking the
vacuum. Both the e-beam and resistive evaporation source have a cover
to avoid cross contamination. The base pressure of the system was
evacuated below 6 × 10−4 Pa and the distance between the targets and
substrate was 30 cm. The substrate holder was rotated at a certain
speed to obtain homogeneous ﬁlms. The thickness of each layer was
measured by quartz crystal thickness monitor. The ECDs with diﬀerent
thickness of Li were labeled as ECD-30, ECD-35, ECD-40, ECD-45 and
ECD-60, respectively, and all of them were annealed at 200 °C in air
after fabrication. The details of ECDs parameters were showed in
Table 1.
2.3. Characterization

2. Experimental section

The structures of the ﬁlms were determined by X-ray diﬀraction
(XRD, PANalytical B. V. Model X′pert Pro) with a Cu-Kɑ radiation. The
grazing angle was 1.0°. Scanning electron microscopy (SEM, Zeiss supra
55) at an acceleration voltage of 20 kV was used to collect the crosssectional images of the ﬁlms and ECDs. The electrochemical properties
of the ﬁlms and ECDs were investigated on CHI 660E electrochemical
workstation by cyclic voltammetry (CV), chronoamperometry (CA) and
electrochemical impedance spectroscopy (EIS). The electrochemical
tests of ECDs were performed with a two electrode system, where the
top ITO layer near WO3 was used as the working electrode and the
bottom ITO layer closed to NiO acted as the counter and reference
electrodes. The potential window of ECDs was −2.5 V for coloration
and +2.5 V for bleaching and the duration for each step was 30 s. To
make sure that the ECDs were colored and bleached completely, CA
measurements with a switching time of 120 s were also performed. The
scan rate of CV of the ECDs was 0.1 V·s−1. The EIS measurements were
carried out in the frequency range of 1 to 105 Hz with 5 mV amplitude.
The optical transmittance spectra in the spectral range 300–1050 nm
were recorded in situ by Vis–NIR ﬁber optic spectrometer (MAYA 2000Pro, Ocean Optics).

2.1. Preparation of the WO3, NiO and Ta2O5 ﬁlms

3. Results and discussion

The WO3, NiO and Ta2O5 ﬁlms were deposited by e-beam evaporation used WO3 particles (99.99%), NiO particles (99.99%) and
Ta2O5 particles (99.99%) with diameter of 1–3 mm, respectively.
Commercial ITO glass (1 × 4 cm2, 8 Ω/square), washed with deionized
water, acetone and ethanol was used as substrate. The chamber was
evacuated below 6 × 10−4 Pa before the evaporation and the substrate
kept rotating during deposition process to ensure the uniformity of the

3.1. Characterization of the WO3, NiO and Ta2O5 thin ﬁlms
Fig. 1 shows the SEM images of the WO3, NiO and Ta2O5 thin ﬁlms
in top and cross-sectional (the inset) view. It can be seen that the ﬁlms
are smooth and intense with no cracks, particles or pinholes and the
thicknesses of the ﬁlms are consistent with that measured by quartz
crystal thickness monitor. Many grains appear on the surface of the NiO
2
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Fig. 2. XRD patterns of the WO3, NiO and Ta2O5 and ITO ﬁlms annealed at
200 °C.

ions [26,27]. Three main diﬀraction peaks indexed as (1 1 1), (2 0 0)
and (2 2 0) of crystalline NiO (JCPDS card No. 73–1519) are observed
with (2 0 0) preferred orientation [28].
3.2. Characterization of all-solid-state ECDs
The structural schematic diagram corresponding to preparation sequence is illustrated as Fig. 3a. Lithium, evaporated after the deposition
of Ta2O5 layer, is not detected because it has diﬀused into other layers
during the evaporation process [29]. And cross-sectional SEM image of
the ECD shown in Fig. 3b clearly exhibits a ﬁve-layer conﬁguration
ITO/NiO/Ta2O5/Li/WO3/ITO (Li is diﬀused into other layers). The interfaces between layers can be distinctly identiﬁed which suggests that
the ﬁlms are of great physical and chemical stability. The ﬁrm combination of the layers indicates an excellent mechanical property, which
is of great signiﬁcance to the lifetime of ECDs. The thickness of each
layer from bottom to top is approximately 180 nm, 150 nm, 200 nm,
450 nm and 100 nm, respectively, which is consistent with the predicted value.
Fig. 4a–e displays the cyclic voltammetric (CV) curves of the ECDs
with diﬀerent Li content before and after 500 cycles at a scan rate of
0.1 V·s−1. It is found that the content of Li is signiﬁcant inﬂuenced the
shape of CV curves. The CV curves of ECD-30, ECD-35 and ECD-40 have
similar features and all of them resemble to the behavior of single WO3
ﬁlm. The diﬀerence is that there is an oxidation peak at around 2 V,
which is associated with the insertion of Li ions into NiO layer. The area
of CV curves decrease after 500 cycles when the Li content of the ECDs
are 30 and 35 nm, implying that charges participated in the electrochemical reaction decrease, which may lead to the decay of electrochromic performance of the ECDs. It may be related to the electrochromic mechanism of NiO in Li containing electrolyte [30–32], and
the reaction equations are described as follows:

Fig. 1. Surface and cross section SEM images of the WO3 (a), NiO (b) and Ta2O5
(c) ﬁlms.

NiO + yLi+ + ye− → Liy NiO

(1)

Liy NiO ↔ Liy−z NiO + zLi+ + ze−

(2)

The ﬁrst step is irreversible therefore some Li ions would be captured by NiO layer. Consequently, the amounts of Li ions transferred in
the ECDs decreases as the Li thickness is not enough. The irreversible
reaction also exists in ECD-40, but the device is activated after cycling
and the actual amount of Li involved in electrochromic process increases. While when Li content is excessive, the current density of ECD45 and ECD-60 increases sharply as the voltage increases after 500
cycles, which is caused by electronic breakdown and leakage current.
The chronoamperometric curves shown in Fig. 4f and g reveals that
there is signiﬁcant leakage current in ECD-45 and ECD-60. The current
should have tended to be stable and close to zero when the reaction is

ﬁlm which is diﬀerent from WO3 and Ta2O5 thin ﬁlms. XRD is employed to analyze the structure of the monolayer. XRD patterns of the
ﬁlms are presented as Fig. 2, the diﬀraction peaks of In2O3 (JCPDS card
No. 65-3170) [25] can be observed in all ﬁlms. There is no obvious peak
corresponding to WO3 or Ta2O5, indicating that both the WO3 and
Ta2O5 ﬁlms annealed at 200 °C are amorphous. The amorphous structure of WO3 ﬁlm has a positive eﬀect on electrochromic performances
because amorphous WO3 with a random ordered atomic structure packs
more loosely, providing more channels and intercalation sites for Li
3
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Fig. 3. Structural schematic diagram (a) and cross-sectional SEM image (b) of all-solid-state ECD.

ECDs is nearly 75% in the region of 400–1050 nm, while that of colored
state (Tc-ave) increased slightly with Li content increasing. As a result,
the average transmittance modulation (ΔTave = Tb-ave − Tc-ave) in the
initial cycle dwindles as Li content increases. The ECD-30 and ECD-40
show an ΔTave of 44.8% and 39.1% respectively. But it seems that ECDs
with lower Li content suﬀer from poor cycle stability. After 500 cycles,
the ΔTave of ECD-30 reduces to 37.1% while ECD-40 exhibits a maximum ΔTave which reaches 53.7% (the digital photos and video are
shown in Fig. S1 and Video S1). In combination with Fig. 5 and Fig. 6, it
is the decrease of transferred Li ions that leads to the rise of the

completed, but the current of ECD-45 and ECD-60, especially in
bleaching process, is still very large.
The charge density of coloring and bleaching before and after 500
cycles is calculated according to CV, as illustrated in Fig. 5a–e. It is
observed that the charge density of coloring process is generally higher
than that of bleaching process, and this is coincident with the above
analysis that some Li ions would be captured by NiO. ECD-45 and ECD60 are abnormal because of the large leakage current after cycling.
Fig. 6 exhibits the optical transmittance spectra of the ECDs with
diﬀerent content of Li. The transmittance of bleached state (Tb-ave) of all

Fig. 4. Cyclic voltammograms (CV) of ECDs with diﬀerent thickness of Li, (a) ECD-30, (b) ECD-35, (c) ECD-40, (d) ECD-45, (e) ECD-60, (f) chronoamperometric
curves in initial, (g) chronoamperometric curves after 500 cycles.
4
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Fig. 5. Charge density for coloring and bleaching process derived from CV data.

Fig. 6. Optical transmittance spectra of ECDs with diﬀerent thickness of Li in colored and bleached state. The switching time is 120 s. (a) ECD-30, (b) ECD-35, (c)
ECD-40, (d) ECD-45 and (e) ECD-60.
5
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Fig. 7. Coloration eﬃciency (CE) of ECDs with diﬀerent thickness of Li, (a) ECD-30, (b) ECD-35, (c) ECD-40, (d) ECD-45 and (e) ECD-60.

transmittance of colored state and the diminution of transmittance
modulation. However, when Li content is higher than 40 nm, the ECDs
have a low transmittance modulation whether in the initial or after the
cycles, which indicates that excessive Li has an adverse eﬀect on electrochromic performance.
The CE, determined by the optical density (OD) and charge density
(Q), is one of the most important criteria to evaluate the ECDs. It represents the change of optical density per unit charge, so high CE means
low energy consumption. It can be calculated by the following equations:

process of insertion of Li+ into NiO should be responsible. In other
words, the contribution of the irreversible reaction between Li+ and
NiO to electrochromism is negligible in the initial cycles, while after
activation it is showed out and the transfer of ions needs to pass
through two interfaces. The corresponding equivalent circuit is given in
Fig. 9 as an insert and the detailed ﬁtting results are shown in Table S1.
A larger slope of the Nyquist plots implies a higher diﬀusion rate and it
is observed that the slope increases after cycling, indicating a fast response speed.

ΔOD = log (Tb/Tc )

(3)

4. Conclusions

CE = ΔOD /ΔQ

(4)

The inorganic all-solid-state ECDs with independently controlled Li
content glass/ITO/ NiO/Ta2O5/Li/WO3/ITO are designed and fabricated by e-beam and resistive evaporation method. The ECDs can
control the content of lithium electrolyte independently without
changing the thickness of ion conductor layer and realize continuous
production at the same time. SEM images show a ﬁve-layer conﬁguration with no Li layer, indicating that the lithium has diﬀused into
other layers. The eﬀects of Li content on electrochromic performance of
the ECDs are investigated and the results show that the charge density
and transmittance modulation of ECDs would decay after cycling when
the thickness of Li is less than 40 nm, which may be associated with the
electrochromic mechanism of NiO layer. And it also has a negative effect on electrochromic performance when the lithium content is excessive, such as large leakage current, low optical modulation and CE.
In summary, ECD-40 exhibits the best overall performance. The transmittance modulation of ECD-40 is 41.0% at 550 nm and increases to
52.6% after 500 cycles. The CE is up to 97.9 cm2·C−1 implying great
energy-saving eﬀect. The novel approach and conﬁguration of ECDs has
great potential for commercial production.

Fig. 7 presents the CE of the ECDs in initial and after cycling. One
can observe that the CE of ECD-35 and ECD-40 are up to 106.9 cm2·C−1
and 97.9 cm2·C−1, respectively, which are comparable to the values
reported in the literature [33–35], and even exceed most of them. In
addition, the CE decreases greatly with Li content increasing, conﬁrming that high Li content is unfavorable to energy-saving. Besides,
the CE also decreases after cycling except ECD-40, which is related to
the decreases of optical density and the existence of leakage current.
Response time is related to the ion transport in the ECDs and is
deﬁned as the time it takes to reach 90% of total transmittance modulation [36,37]. As shown in Fig. 8, the response rates of the ECDs are
relatively slow, especially the coloring speed, which is mainly caused
by the lower ionic conductivity and higher interfacial resistance of the
solid state ion conductor layer. ECD-40 displays superior performance,
with a large transmittance modulation, relatively fast response rates
and excellent cycle stability. It can be noted that the response rates of
coloring and bleaching process of ECD-40 become faster after 500 cycles, which are 62.5 s and 33.4 s respectively.
The electrochemical impedance spectroscopy (EIS) of ECD-40 in
initial and after 500 cycles is further studied to understand the mechanism. The Nyquist plots in initial exhibited in Fig. 9a present a
semicircle in high frequency region which represents charge transfer
impedance, and an oblique line in low frequency region which is attributed to the diﬀusion of ions [38,39]. It is noteworthy that two
semicircles are observed in the Nyquist plots after cycling, for which the
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Fig. 8. Response times of ECDs with diﬀerent thickness of Li, (a) ECD-30, (b) ECD-35, (c) ECD-40, (d) ECD-45 and (e) ECD-60.
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