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A B S T R A C T   

While the dry prelithiation method has been extensively applied in WO3-based electrochromic devices, the 
insight of prelithiated WO3 films is still ambiguous. Herein, the electrochromic and electrochemical performance 
of the WO3 films prepared by an in situ dry prelithiation method is investigated. The deposited lithium is 
calculated to be separated into 47.8% ‘active lithium’ and 52.2% ‘dead lithium’. On one hand, the enhancement 
of the electrochemical cycling stability and charge density can be ascribed to the preactivation of ‘active lithium’, 
which enlarges the surface area for ion transporting. On the other, the irreversible formation of ‘dead lithium 
zone’ in the prelithiated WO3 films originates from ‘dead lithium seed’, leading to the detriment of optical 
properties. This work further provides a profound insight into the implication of prelithiated lithium on the 
electrochemical and electrochromic properties of the WO3 films.   

1. Introduction 

Prelithiation as an effective strategy of compensating for extra 
lithium has been receiving widespread attention in the application of 
electrochromic devices (ECDs) [1–3], lithium-ion battery [4–6] and 
lithium-ion capacitor [7,8]. In terms of electrochromic devices, the 
prelithiation can be subdivided into wet lithiation and dry lithiation 
based on the different preparation strategies. The intercalation of 
lithium induced by wet lithiation is realized by the electrochemical 
cycling of the material in Li+-based solution [9,10]. Dry lithiation is 
carried out by exposing the material to lithium atoms vapor in a dry 
vacuum environment [11–13]. Tungsten oxide (WO3) has been 
demonstrated to be a promising inorganic material as the electro
chromic cathode due to its large optical transmittance and high color
ation efficiency [14,15]. Recently, the dry lithiation technique, known 
as its advantage of facile preparation and no cleaning the samples, has 
been widely used to investigate the electrochromic characteristic of the 
WO3 films in all-solid-state electrochromic devices. As reported in pre
vious literature, dry lithiation has been introduced to intercalate various 

thickness of lithium into the nanostructured WO3 films, demonstrating 
that the amount of predeposited lithium plays a vital role in coloration 
efficiency [16]. Very recently, a novel type of all-solid-state electro
chromic device glass/ITO/NiO/ZrO2/prelithiated-WO3/ITO by multi- 
target electron beam evaporation has reported to enjoy a large trans
mittance modulation of 52.5% and a high coloration efficiency of 106.6 
cm2 C-1 at 550 nm [17]. Another all-solid-state ECD glass/ITO/WO3/ 
Ta2O5/Ni-V-O/ITO fabricated using in-vacuo dry lithiation method at 
magnetron sputtering system has demonstrated excellent properties 
with a coloration efficiency of 63.0 cm2 C− 1 and a transmittance mod
ulation of about 40% [18]. Despite the progress, the effect of pre
lithiation on the electrochromic and electrochemical properties of the 
WO3 films still remains to be further explained, which restricts the 
advancement of ECDs. 

Herein, mechanistic insights into the dry prelithiated WO3 thin films 
deposited by the one step electron beam evaporation in electrochromic 
devices is investigated. This investigation aims to obtain a scientific 
understanding of the electrochromic behavior caused by preintroducing 
extra lithium. 
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2. Preparation of the individual films and assembly of 
electrochromic device 

These individual films were prepared in a vacuum background 
pressure of less than 2.0 × 10− 3 Pa via an electron beam evaporation 
method (MUE-ECO made ULVAC, Japan). The WO3 films with a thick
ness of 350 nm were deposited on indium tin oxide (ITO) covered glass 
at a substrate temperature of 200 ◦C. The growth rate and deposition 
power were 1–2 Å and about 5 W, respectively. Subsequently, the extra 
lithium was in situ grown on the deposited WO3 films by exposing the 
WO3 films in vacuum containing lithium vapor atoms. The thickness and 
deposition rate of the prelithiated lithium was 10 nm (observed by a 
quartz crystal thickness monitor) and 0.3–0.6 Å, respectively. Analo
gously, the NiO thin films as an ion-storage layer were deposited onto 
the ITO-coated glass at room temperature using the same technique. 
Then, the as-deposited NiO thin films were annealed at 300 ◦C for 1 h in 
air. The electrochromic devices with the configuration of ITO/ the 
unlithiated WO3/Li+-based electrolyte/NiO/ITO and ITO/the pre
lithiated WO3/Li+-based electrolyte/NiO/ITO were assembled by 
pouring 0.1 M PC-LiClO4 electrolytes between these two individual films 
during the process of vacuum packaging. 

3. Characterization 

The electrochromic performances of the WO3 films and the pre
lithiated WO3 films were measured by an electrochemical workstation 
(CHI660D, Chenhua, Shanghai). The electrochemical measurements 
were conducted in 0.1 M LiClO4-propylene carbonate (PC) electrolyte 
solution using a three-electrode system composed of the films (working 
electrode), a platinum sheet (counter electrode) and Hg/HgCl2 (refer
ence electrode). UV-vis-IR spectroscopy combined with an electro
chemical workstation was applied to obtain the ex situ and in situ 
transmittance spectra of the WO3 films and prelithiated WO3 films. The 
electrochemical impedance spectra were characterized by an electro
chemical workstation (Zennium, IM6) in the frequency range from 100 
mHz to 100 kHz. 

4. Results and discussion 

Lithium with a thickness of about 10 nm was deposited on the WO3 
films by in situ dry lithiation method to investigate the effect of pre
deposited lithium on the optical performance of the WO3 films. After 
deduction of an air background, the measured ex situ optical trans
mittance spectra of the prelithiated and unlithiated WO3 films is shown 
in Fig. 1 (a) and (b), respectively. The prelithiated WO3 films (as shown 
in the insets of Fig. 1 (a)) show a visual appearance of light blue 
accompanying transmittance variation from 77.8% to 27.6% at 633 nm, 
implying that the insertion of lithium can result in the detriment of 
transmittance. It is noted that a distinct optical transmittance difference 
between initial state and bleached state is observed, which can be 
attributed to incomplete restoration of the initial interface of the WO3 
films and Li+-based electrolyte, originating partly from an irreversible 
insertion of lithium-ion. The deposited lithium can be separated into 
‘dead lithium’ (irreversibly bound in the framework of WO3 films) and 
‘active lithium’ (freely extracted from the substrate). To quantitatively 
analyze the composition of deposited lithium, chronoamperometry 
measurement was carried out in 0.1 M LiClO4-PC electrolyte to extract 
‘active lithium’. Fig. 1 (c) shows that the current density of prelithiated 
WO3 films is dropped from 3.42 mA cm− 2 to almost zero, indicating the 
extraction of ‘active lithium’ [17]. The theoretical value of ‘active 
lithium’ is determined to be 3.55 mC cm− 2 by integrating the CA curve. 
Based on the equivalence relationship between extracted charge and 
deintercalated ‘active lithium’, the extracted thickness of ‘active 
lithium’ can be calculated by [17]: 

h =
V
S
=

m
ρ × S

=
n × M
ρ × S

(1)  

n =
Q × 6.24146 × 1018

NA
(2)  

where h, S, V, m, ρ and n presents thickness, area, volume, mass, density 
and amount of substance, respectively. Q, NA and 6.24146×1018 refers 
to the amount of charge, Avogadro constant and the number of electrons 
per coulomb, respectively. The thickness of ‘active lithium’ is calculated 
to be 4.78 nm, implying that 47.8% of ‘active lithium’ and 52.2% of 

Fig. 1. The optical transmittance spectra of the (a) prelithiated and (b) unlithiated WO3 films in the wavelength range from 300 to 900 nm. (c) The current density 
curve of the prelithiated WO3 films during the deintercalation of Li. (d)-(e) The in situ transmittance spectra monitored at λ633nm (− 1.0 V/+1.0 V, per cycle) for the 
prelithiated and unlithiated WO3 films in 0.1 M Li+-based electrolyte. (f) The curves of in situ optical density change as a function of charge density per unit area at 
λ633nm for the prelithiated and unlithiated WO3 films. 
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‘dead lithium’ are codistributed in the framework of the prelithiated 
WO3 films. Fig. 1 (d) displays the sets of in situ time-dependent trans
mittance spectra (measured by subtracting the total background of the 
reaction tank and the LiClO4-PC solution) of the prelithiated and unli
thiated WO3 films at 633 nm, alternately measured at +1.0 V/− 1.0 V for 
45 s. The maximum transmittance modulation (∆T, colored-state/ 
bleached-state) of the prelithiated and unlithiated WO3 films is deter
mined to be 90.49% and 95.70%, respectively. The difference in two 
methods for deducting background leads to obvious discrepancy of 
transmittance modulation between in situ spectra and ex situ spectra. It 
can be seen that the maximum colored-state transmittance of the pre- 
lithiated WO3 films is about 0.79% (less than the value of 1.17% for 
the unlithiated WO3 films), which can be attributed to the larger inserted 
charge capacity and the presence of ‘dead lithium’. In addition, the 
optical transmittance modulation of the prelithiated WO3 films shows a 
31.63% decline, higher than that of the unlithiated WO3 films (26.56%). 
The possible explanation for the dramatical decrease in the optical 
modulation of the prelithiated WO3 films is that ‘dead lithium’ as ‘crystal 
seed’ can lead to the accelerated accumulation of ‘irreversible lithium’, 
which causes an irreversible damage to optical cycling stability. The 
coloring/bleaching response time can be described as the time acquired 
to attain 90% of the maximum transmittance variation [19]. As shown in 
Fig. 1 (e), the colored time and bleached time is calculated to be 24 s/25 
s and 30 s/34 s for the WO3 films with and without lithiation, respec
tively. Fig. 1 (f) presents the curves of optical density change (∆OD) as a 
function of charge per unit area of the prelithiated and unlithiated WO3 
films. Coloration efficiency (η) as an important electrochromic perfor
mance, described as the ratio of optical density variation (∆OD) and 
inserted charge density (Q), can be calculated according to the following 
equation [20]: 

η =
∆OD

Q
=

log(Tb/Tc)

Q
(3)  

where Tb and Tc is the optical transmittance of the films in colored state 
and in bleached state, respectively. The coloration efficiency of the 
prelithiated WO3 films is determined to be 36.34 cm2 C− 1, smaller than 
that (44.81 cm2 C− 1) of the unlithiated WO3 films. These results 
demonstrate that the preintercalation of lithium can cause the unob
vious transmittance variation under the injection/extraction of the same 

amount of charge. 
To investigate the influence of inserted lithium on the electro

chemical performances of the WO3 films, electrochemical measurements 
including cyclic voltammetry (CV) and chronocoulometry were per
formed in the three-electrode system. Fig. 2 (a) and (b) shows CV curves 
of the prelithiated and unlithiated WO3 films at various scan rates, 
respectively. As the scan rate increases, the peak value of current density 
raises accordingly. Moreover, the peak current density of the pre
lithiated WO3 films is larger than that of the unlithiated WO3 films at the 
same scan rate, indicating that the conductivity of the films can be 
enhanced by the preactivation of the intercalated ‘active lithium’. Fig. 2 
(c) illustrates the curves of the peak current (Ip) as a function of the 
arithmetic root of the scan rate (v1/2) of the prelithiated and unlithiated 
WO3 films. The ion diffusion coefficient (D) can be derived from the 
following Randles-Sevcik law [21]: 

Ip
/

A = 2.72× 105 × n3/2 ×D1/2 ×C0 × v1/2 (4) 

where n, A and C0 is the number of electrons (n = 1 in Li+), the area 
of the working electrode and concentration of active ions in the elec
trolyte, respectively. The calculated D of the prelithiated and unlithiated 
WO3 films is 4.1 × 10− 8 and 1.26 × 10− 8, respectively. The intercalated/ 
extracted charge density of the prelithiated and unlithiated WO3 films 
can be measured by chronocoulometry measurement, which is carried 
out at constant penitential of +1.0 V and − 1.0 V with the same duration 
of 45 s. As illustrated in Fig. 2(d), the intercalated/extracted charge 
density of the WO3 films is increased from 37.0/32.4 mC cm− 2 to 46.3/ 
41.4 mC m− 2 after lithium-ion intercalation, respectively. The percent
age ratio of Qin (intercalated charge) and Qex (extracted charge) is 
usually used to evaluate the reversibility of films. It can be seen that the 
ratio is expanded from 87.6% to 89.4%, demonstrating an enhanced 
reversibility of the WO3 films after lithiating. Fig. 2(e) and (f) shows the 
initial 100 CV curves of the prelithiated and unlithiated WO3 films in the 
potential range of − 1.0 V to +1.0 V at a scan rate of 100 mV/s, 
respectively. The nearly coincident CV curves of the prelithiated WO3 
films imply an enhanced electrochemical cycling stability, originating 
from a synergistic effect of the activation of ‘active lithium’ and the 
suppression of ‘dead lithium’. 

The effect of prelithiation on the charge transfer and ion migration at 
the WO3 films/Li+-based electrolyte interface was examined by using 

Fig. 2. Cyclic voltammograms (CV) plots of the (a) prelithiated and (b) unlithiated WO3 films. (c) The plots of the peak current densities (Ip) as a function of the 
square root of scan rate (ν1/2) in the prelithiated and unlithiated WO3 films. (d) The charge density for the prelithiated and unlithiated WO3 films in 0.1 M PC-LiClO4 
electrolyte. Initial 100 CV curves of the (e) prelithiated and (f) unlithiated WO3 films at the scan rate of 100 mV/s. 
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the electrochemical impedance spectroscopy (EIS) measurements. Fig. 3 
(a-d) shows a series of electrochemical impedance spectra of the unli
thiated (Fig. 3 (a) and (b)) and prelithiated (Fig. 3(c) and (d)) WO3 films 
measured in the frequency range from 100 mHZ to100 KHZ, respec
tively. As described in Fig. 3 (a) and (c), the slope of these curves in the 
lower frequency region of both the unlithiated and prelithiated WO3 
films decrease as the applied positive potential increase, indicating that 
the intercalation of ions is hindered [22,23]. A simplified Randle's 
equivalent circuit model depicted in the inset of Fig. 3 (a) can be used to 
evaluate the EIS spectra [24]. The resistance of the Li+-based electrolyte 
(Rs), the interfacial charge-transfer resistance (Rct) and W is defined as 
the intercept between the plot and the real axis in the high frequency 
region, the diameter of the semicircle and the semi-infinite Warburg 
element, respectively [25,26]. These fitted resistance values (Rs and Rct) 

under various applied potential are given in Table 1. The resistance of 
electrolyte in the prelithiated WO3 films is slightly lower than that in the 
unlithiated WO3 films, indicating that the ionic conductivity of the Li+- 
based electrolyte is enhanced. This improvement may be associated with 
the increment of concentration of Li+ near the electrolyte/the WO3 films 
caused by the extraction of ‘active lithium’. Besides, the prelithiated 
WO3 films present a series of larger interfacial charge-transfer resistance 
at the same potential. The possible reason for larger Rct can be attributed 
to the enlarged surface area, induced by the preintercalation of lithium, 
which can hinder the process of ion migration due to the increment of 
active sites. 

The ex situ wavelength-dependent spectra of the WO3-based ECD 
with and without prelithiation are depicted in Fig. 4 (a). For the WO3- 
based ECD with prelithiation, the transmittance spectra of both colored 
state and bleached state seems to be obviously lower than that of the 
WO3-based ECD without prelithiation. The deeper colored state of the 
WO3-based ECD with prelithiation can be ascribed to the activation of 
‘active lithium’, which enhances the intercalation of lithium-ion. 
Moreover, the ‘dead lithium’ aggravates the accumulation of irrevers
ible lithium, which leads to a decrease in the transmittance of the WO3- 
based ECD with prelithiation in bleached state. The maximal trans
mittance modulation of ECD with and without prelithiation at λ633nm is 
estimated to be 44.25% and 36.36%, respectively. Fig. 4 (b) shows the in 
situ time-dependent transmittance spectra of the WO3-based ECD with 
and without prelithiation. The transmittance modulation of the ECD 
with prelithiation is dramatically decrease from 39.35% (1st cycle) to 
29.24% (50th), indicating the sacrifice of cycling stability, which can be 
attributed to the rapid accumulation of irreversible lithium induced by 
the ‘dead lithium seed’. Fig. 4(c) and (d) displays a series of CV curves of 
the ECD with and without prelithiation at a scan rate of 100 mV/s, 
respectively. The CV curves of the prelithiated WO3 films remain almost 
unchanged in shape, indicating an excellent electrochemical cycling 
stability. The enhancement of electrochemical stability further confirms 

Fig. 3. Nyquist plots for the unlithiated WO3 films measured at a series of (a) positive voltage and (b) negative voltage. Nyquist plots for the prelithiated WO3 films 
measured at a series of positive(c) voltage and (d) negative voltage. 

Table 1 
A summary of Nyquist measurement for the WO3 thin films with and without 
prelithiation in 0.1 M PC-LiClO4 electrolyte.  

Applied 
Potentials 

Electrical Parameters 

Rs (Ω/cm2) Rct (Ω/cm2) 

(V) unlithiated 
WO3 films 

prelithiated 
WO3 films 

unlithiated 
WO3 films 

prelithiated 
WO3 films 

+1.0 7.34 7.17 5.28 7.00 
+0.8 7.87 7.38 5.13 5.31 
+0.6 7.83 7.46 9.29 8.64 
+0.4 9.35 7.55 24.95 7.93 
+0.2 9.55 7.56 10.92 6.05 
0.0 7.82 6.70 3.91 9.61 
− 0.2 7.88 7.28 4.11 4.61 
− 0.4 7.93 7.40 4.63 5.35 
− 0.6 7.97 7.46 5.57 6.26 
− 0.8 7.98 7.47 6.37 7.63 
− 1.0 9.06 6.70 8.70 9.66  
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the combined effect of ‘active lithium’ and ‘dead lithium’, similar to that 
in the aforementioned prelithiated WO3 films. The GCD curves of ECD 
with prelithiation measured at different current densities are shown in 
Fig. 4 (e). These curves show a relatively symmetrical characteristic, 
involving a reversible redox reaction [27]. Fig. 4 (f) illustrates the 
capacitance retention curves of ECD with and without prelithiation at 
0.14 mA cm− 2 for various cycle numbers. The result shows that the ECD 
with and without prelithiation holds a capacitance retention ratio of 
94.71% and 123.26% after 10,000 cycles. In initial 500 cycles, the 
capacitance retention of the prelithiated WO3-based ECD is dramatically 
increased to 114.71%, owing to the activation of ‘active lithium’. The 
continuous accumulation of ‘irreversible lithium’, resulting from the 

‘dead lithium seed’ introduced by the prelithiation process, can lead to a 
declining trend in the capacitance retention. Moreover, the exceptional 
capacitance retention ratio of the unlithiated WO3-based ECD can be 
related to a continuous activation occurred in the host material [28]. 

The schematic diagram of the effect of the predeposited lithium on 
the performances of the WO3 films can be depicted in Fig. 5. ‘Lithium 
vapor’ formed by bombarding lithium metal with high-energy electron 
beam (10 kV) is deposited on the WO3 films and lithium atoms are 
thermally diffused into the framework of the host materials at 200 ◦C. 
The appearance of the WO3 films is changed from transparent to light 
blue. Partial lithium irreversibly located in deep trap, known as ‘dead 
lithium’, plays a significant role of ‘crystal seed’. The ‘crystal seed’ can 

Fig. 4. The ex situ (a) wavelength-dependent and (b) in situ time-dependent transmittance spectra at λ633nm for the WO3-based complementary ECD with and 
without prelithiation. First 100 CV curves of the WO3-based complementary ECD (c) with and (d) without prelithiation. (e) The GCD curves for the WO3-based ECD 
with prelithiation at various current densities of 0.10 mA cm− 2, 0.12 mA cm− 2, 0.14 mA cm− 2, 0.16 mA cm− 2 and 0.18 mA cm− 2. (f) Cycling property of the WO3- 
based complementary ECD with and without prelithiation at a current density of 0.14 mA cm− 2. 

Fig. 5. A schematic illustration of the electrochromic behavior induced by the predeposited lithium of the WO3 films.  
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promote the accumulation of irreversible lithium, resulting in the for
mation of a ‘dead lithium zone’ in the WO3 films which leads to the 
degradation in the optical performance. In addition, the intercalation/ 
extraction of ‘active lithium’ in the WO3 films can expand the number of 
transporting channel and enlarge the surface area. These variations in 
the host materials can make a significant contribution to the improve
ment of electrochemical performances and the increment of Rct. 

5. Conclusions 

In summary, a novel dry prelithiation of the WO3 films was carried 
out by in situ continuous preparation process of electron beam evapo
ration technique to investigate the influence of the deposited lithium on 
the electrochromic and electrochemical performances. The inserted 
lithium is confirmed to be composed of 47.8% ‘active lithium’ and 
52.2% ‘dead lithium’. The dry prelithiation shows a positive effect on 
the improvement of the electrochemical stability of the WO3 films in 
lithium electrolytes, which sacrifices its electrochromic properties. The 
improved electrochemical properties of the prelithiated WO3 films can 
be attributed to the enlarged surface area originated from the activation 
of ‘active lithium’ after prelithiation. The ‘irreversible lithium’, induced 
by the ‘dead lithium seed’, tends to dramatically accumulate in the WO3 
films to form a ‘dead lithium zone’, which causes degradation in the 
optical performances. Scientific insight into the prelithiated films is 
helpful to introduce a new promising method for fabricating high- 
performance complementary electrochromic devices. 
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