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WO3 ﬁlms with crystalline-amorphous double-layer structure were prepared via one-pot electrochemical synthesis for the ﬁrst time. According to scanning electron microscopy images combined with X-Ray
diffraction patterns, the crystalline layer and the amorphous layer can be distinguished. Results of
electrochromic measurements show that the as-synthesized ﬁlms have shorter response time than
crystalline ﬁlms and better durability than amorphous ﬁlms. The ﬁlms were then modiﬁed by
electrochemical lithiation/delithiation to produce a porous surface and electrochromic behaviors
(response time, coloration efﬁciency, etc.) were studied by controlling the current and cycle times during
electrochemical lithiation/delithiation. Response time is shortened and coloration efﬁciency is improved
after electrochemical lithiation/delithiation. The formation of color centers was also analyzed. Increasing
the concentration of H+ ions is beneﬁcial to the formation of surface color centers, while increasing the
applied current beneﬁts the formation of body color centers.
ã 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Electrochromic (EC) materials, whose optical properties
(transmittance, reﬂectance, absorptance) can be changed reversibly and persistently when applied a low-voltage signal, have been
extensively studied due to their wide applications, such as
information display [1,2], antidazzling rear-view mirrors [3],
smart windows [4,5] and so on. As an EC material, tungsten
trioxide (WO3) has been identiﬁed as one of the most promising
inorganic materials due to its outstanding physical and chemical
properties, such as long term cyclic stability, short response time,
high coloration efﬁciency (CE), large optical modulation and high
initial transparency and has been extensively studied.
To select EC materials, there are two important criteria [6]: one
is the response time, which is limited by the diffusion coefﬁcient
and the length of the diffusion path, the other is CE, which
determines the optical modulation with charge insertion or
extraction. It is well known from the literature that EC performance of the WO3 ﬁlm is closely related to the level of
crystallization [7–10]. Fully crystalline WO3 ﬁlms are of dense
and well-ordered structure, exhibiting slow dissolution rate in
acidic electrolytes. However, they respond to applied voltages
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slowly due to the presence of higher energy barrier for Li+ ions to
insert, resulting in long response time and poor CE, which has
remained the major unsolved problems. Amorphous WO3 ﬁlms
have been demonstrated to exhibit short response time and the
highest CE in the visible region [11,12], but due to structural
modiﬁcations of the ﬂexible amorphous matrix and high dissolution rate in the electrolytes, long term EC stability and repeatability
are greatly affected and they are of little commercial value [6,9].
However, most of the reported WO3 ﬁlms are of single-crystallinity
[13–17] (for example, W.L. Kwong et al. has prepared monoclinic
WO3 ﬁlms using aqueous solutions of peroxotungstic acid in one
electrochemical step), and ways to induce crystallization are either
by annealing at a high temperature or by treating ﬁlms at a
moderately elevated temperature [2]. These ﬁlms do not satisfy the
requirements of long term cyclic stability, short response time and
high CE, thus it is an interesting way to overcome these deﬁciencies
by developing crystalline-amorphous double-layer structured
WO3 based EC ﬁlms with short response time and high CE, and
may potentially have long term cyclic stability in the electrolytes
without any signiﬁcant degradation of performance under applied
voltages that satisfy industrial needs. To date, no reports on the
crystalline-amorphous double-layer structured WO3 ﬁlms could
be found yet to the best of our knowledge.
Except for the crystallinity, EC properties are also affected by
the porous structure. Since the degree and speed of coloration/
bleaching can be accurately measured and both of them are
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directly related to the corresponding EC process, WO3 is an ideal
model material to study the inﬂuence of porosity on EC properties
of nanoscale metal oxides. Most synthesis strategies of nanoporous
materials are based on template assisted methods, which are
conﬁned by a complex synthesis process and high cost[18,19]. New
approaches, based on the intercalation/extraction of Li+ ions,
produce nanopores as a result of the stresses caused by lattice
distortion, and provide new ideas for synthesizing nanoporous
materials in the study of transition metal oxide ﬁlms [20,21]. The
mechanism of Li reactivity involves the formation and decomposition of Li2O, accompanying the reduction and oxidation of metal
nanoparticles, respectively. It has been shown that this method can
enhance surface electrochemical reactivity and lead to further
improvements in the performance of lithium-ion batteries [22].
Besides, Pt and RuO with large surface area and pronounced
nanoporosity were successfully synthesized by this method,
exhibiting better performance when used as electrocatalyst and
supercapacitor electrode material, respectively [23]. Synthesis of
nanoporous MnOx thin-ﬁlm electrodes by electrochemical lithiation/delithiation were also reported, and their capacitive
performance were signiﬁcantly improved [24]. Here, we use this
method to modify the crystalline-amorphous double-layer structured WO3 ﬁlms, expecting that the presence of nanopores would
improve the surface area, thus a large interface between WO3 and
the electrolyte can improve the diffusion coefﬁcient of Li+ ions.
Furthermore, the porous structure in turn partitions WO3 into
small particles, decreasing the diffusion length inside the solid [8]
in order to improve the EC performance.
In this work, crystalline-amorphous double-layer structured
WO3 ﬁlms have been prepared via one-pot electrochemical
synthesis for the ﬁrst time. An electrochemical lithiation/
delithiation process is then applied to the crystalline-amorphous
double-layer structured WO3 ﬁlms, which leads to a porous
structure and greatly increases the surface area of the ﬁlms.
Response time and CE of the ﬁlms are studied. The double-layered
WO3 ﬁlms with porous structure exhibit signiﬁcantly improved EC
performance.
2. Experimental section
2.1. Preparation of the crystalline-amorphous double-layer structured
WO3 ﬁlms
H2O2, ethanol, propylene carbonate (PC), sulfuric acid,
Na2WO42H2O, LiClO4 and acetone (various chemical suppliers)
used in this study were reagent grade and used in the as-received
condition. Indium tin oxide (ITO) substrates (1 cm  4 cm) were
ultrasonically cleaned in acetone, ethanol and deionized water for
20 min, separately.
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For the electrolyte, one drop of H2O2 was ﬁrstly added to 8 mL of
0.125 mol/L Na2WO4, to which then 1 mol/L H2SO4 was added to
obtain a total volume of 10 mL. The electrochemical synthesis of
the crystalline-amorphous double-layer structured WO3 ﬁlm was
carried out by using a two-electrode system with CT-3008 W as the
power source. It was performed at a constant current of 2 mA for
15 min on to the ITO substrate with Pt sheet as the counter
electrode. The ﬁrst ﬁve-minute process is cathodic electrodeposition while the subsequent ten-minute process is electrostatic
attraction. This transformation of synthesis process is mainly due
to the transformation of conditions from an equilibrium state to a
sol-producing state, which will be explained below. Finally, a
blue-colored ﬁlm was obtained. Fig. 1 is the schematic diagram of
the reaction process.
2.2. Electrochemical lithiation/delithiation of the ﬁlms
The electrochemical lithiation/delithiation process was carried
out by using a three-electrode CHI 660D electrochemical
workstation (Shanghai Chenhua Instrument Co. Ltd.). The
as-deposited WO3 ﬁlm was used as the working electrode, Pt
sheet as the counter electrode and saturated calomel electrode as
the reference electrode. 1 mol/L LiClO4/PC solution was used as the
electrolyte to repeat the charge and discharge cycles under
conditions of 0.3 mA and 0.8 mA.
2.3. Characterization
Scanning electron microscopy (SEM) images were obtained
using a Hitachi S-4800 microscope. X-Ray diffraction (XRD)
measurement was performed using a Rigaku D/mol/Lax-3C
equipment with a sweep rate of 5 /min through a diffraction
angle range of 10 –90 . EC measurements were performed
using Ocean Maya 2000-Pro in combination with the CHI 660D
electrochemical workstation. The system was equipped with a
double-layer structured WO3 ﬁlm specimen as the working
electrode, Pt sheet as the counter electrode and saturated
calomel electrode as the reference electrode. Throughout this
paper, electrode potentials refer to the reversible hydrogen
electrode (RHE) potential scale. The transmittance of the ITO
substrate in the electrolyte was used as a reference for 100%
transmittance.
3. Results and discussion
The double-layer structured ﬁlms before and after the
electrochemical lithiation/delithiation treatment are referred to
as WO3-F and WO3-LDF, respectively.

Fig. 1. Schematic diagram of the reaction process.
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Fig. 2. SEM images of (a, b) the dense ﬁlm, (c, d) the porous ﬁlm, and (e, f) WO3-F.

3.1. Morphology and phase composition of WO3-F
After H2O2 was added to the electrolyte, the solution could stay
stable for about 5 min. At this equilibrium state, the dense ﬁlm
developed under a constant current of 2 mA, as shown in Fig. 2(a)
and (b).

It is believed that the anions [W(O2)4]2 are formed in mildly
alkaline solution (pH 7–9) by the addition of excess H2O2 to
solutions of [WO42] [25] and only dimeric [W2(O)3(O2)4(H2O)2]2
species are formed in acid solutions (pH < 5) in a pH range where
tungstic acid would lead to the precipitation of WO32H2O [26],
thus [W(O2)4]2 could be formed by the addition of H2O2 into
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Na2WO4. After H2SO4 was added, [W2(O)3(O2)4(H2O)2]2 formed
according to the reaction:
2½WðO2 Þ4 2 þ 5H2 O þ 2Hþ $½W 2 ðOÞ3 ðO2 Þ4 ðH2 OÞ2 2 þ 4H2 O2

(1)

The growth of the dense ﬁlm proceeded via the reduction of a
peroxy-ditungstate ion ([W2(O)3(O2)4(H2O)2]2 or W2O112) as
follows:
W 2 O11 2 þ ð2x þ 6ÞHþ þ ð2x þ 4Þe ! 2Hx WO3 þ 3H2 OþO2
"

(2)

As the reaction proceeded, pH value increased due to the
decrease of H+ ions. It was observed that the electrolyte turned into
a gelled sol during this process. The formation of the gelled sol
could be explained as follows [26]: hydrous oxides were
precipitated upon the acidiﬁcation of tungstate [WO4]2, around
the pH where neutral precursors [H2WO4]0 were formed. As the
preferred coordination of WVI is known to be mono-oxo, the
neutral precursor should be [WO(OH)4(OH2)]0. One water
molecule was bonded along the z-axis opposite to the W&9552;
O bond while the four OH groups were in the equatorial xy plane.
Oxolation along equivalent x and y directions then leaded to the
formation of the amorphous WO3nH2O gels. When the ITO
substrate was processed in such electrolyte, WO3nH2O colloid
particles migrated toward and were adsorbed onto the surface of
the ITO substrate via electrostatic attraction. The accumulated
colloid particles formed the porous ﬁlm with pore sizes of about
500 nm, as shown in Fig. 2(c) and (d).
In this way, WO3-F can be prepared during the electrolyte
changing from an equilibrium state to a sol-producing state. The
resulting surface morphology is shown in Fig. 2(e). From Fig. 2(f), it
is clear to identify the double-layer structure: part A is the dense
layer electrodeposited in the equilibrium state and part B is the
porous layer formed via electrostatic attraction in the sol state.

Fig. 3. XRD patterns of (a) the dense ﬁlm, and (b) the porous ﬁlm.
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Figs. 3(a) and 3(b) show the XRD patterns of WO3-F
corresponding to Figs. 2(a) and 2(c), respectively. Fig. 3(a) is the
XRD pattern of the dense ﬁlm electrodeposited and all peaks are
completely indexed as the monoclinic WO3, which matches JCPDS
card 72–1465. Data obtained show three major peaks at 23.1, 23.6
and 24.4 2u with intensity of 100.0%, 78.3% and 97.4%, which are
indexed to the (002), (020), and (200) planes, respectively. The
crystallographic parameters are a = 0.7322 nm, b = 0.7509 nm,
c = 0.7687 nm, a = 90.0 , b = 90.6 , g = 90.0 . From Fig. 3(b), the
ﬁlms only display a broadened peak around 2u 25 . It indicates an
amorphous WO3 in presence, which is in accordance with the
previous report [27] (for growth mechanism of WO3-F see Fig. S1 in
the Supplementary Materials, for the main elements see Fig. S2 and
for electrochromism phenomenon see Fig. S3).
3.2. Inﬂuence of electrochemical lithiation/delithiation treatment on
the electrochromic properties of the ﬁlms
For electrochemical lithiation/delithiation, both the applied
current and cycle times inﬂuence the intercalation/extraction of Li+
ions, which has an effect on the formation of the nanopores.
Thus EC performance of the ﬁlms treated under different currents
and cycle times were studied. Here, we modiﬁed WO3-F
with 300 lithiation/delithiation cycles at 0.3 mA and with
500 lithiation/delithiation cycles at 0.8 mA, represented by
WO3-LDF(1) and WO3-LDF(2) respectively.
The response time of WO3-F, WO3-LDF(1) and WO3-LDF(2) in
1 mol/L LiClO4/PC was investigated by chronoamperometry(CA)
measurements and the corresponding in situ coloration/bleaching
transmittance response was measured at a wavelength of 800 nm
with alternately applying potential of 1 V for 60 s, as shown in
Fig. 4. The measurements were performed at 25  C. Results show

Fig. 4. Transmittance variation and response time between the colored and
bleached states for (a) WO3-F, (b) WO3-LDF(1), and (c) WO3-LDF(2) measured at
1 V for 60 s with a wavelength of 800 nm in 1 mol/L LiClO4/PC.
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that three ﬁlms display wide transmittance modulation of 20%, 17%
and 15%, respectively. They retain the electrochromic properties
after 500 switching cycles with little changes of optical contrast
and response time (see Supplementary Materials, Fig. S4). Due to
good cycle performance and conductivity of the crystalline layer,
WO3-F displays long term cyclic stability with charge reversibility
of 96% (see Supplementary Materials, Fig. S5), which is higher than
that of the amorphous ﬁlms with charge reversibility of 93% [8].
WO3-LDF(2) shows the worst durability of the three due to the
highest internal stress in the process of lithiation/delithiation,
which makes the porous structure fragile. Response time (tc and tb
denote the coloration time and the bleaching time, respectively) is
deﬁned as the time required for 90% change in the full
transmittance modulation. The values of tc and tb for all the
ﬁlms are listed in Table 1. The recorded coloration time of WO3-F,
WO3-LDF(1) and WO3-LDF(2) is 14.5 s, 10.3 s, and 9.2 s, and each
bleaching time is 7.8 s, 6.9 s, and 6.1 s, respectively. These values are
signiﬁcantly shortened as compared to crystalline ﬁlms with
response time of almost 30 s [28], which is mainly because that
the amorphous layer has low energy barrier for Li+ ions to insert.
WO3-LDF(2) shows the shortest response time due to the most
porous surface with the largest surface area and the smallest WO3
particles. The nanopores act as the diffusion path for ions, which
can improve the diffusion coefﬁcient of Li+ ions. The nanoparticles
can signicantly decrease the diffusion length of Li+ ions, leading to
shorter response time.
Response time and CE of WO3-F, WO3-LDF(1), and WO3-LDF(2)
are listed in Table 1. CE was calculated using:
CE ¼ OD=Q in

(3)

OD ¼ lgðT b =T c Þ

(4)

and photochromism of WO3 are related phenomena, the color
center module can be applied to both.
Surface color centers, are attributable to the formation of W5+.
The injected electrons and W6+ come together to form W5+, and
bonding protons to oxygen atoms by hydrogen bonds, which shows
as W5+ = O:H+. Body color centers, emerge as protons migrating
from the surface to the interior, producing defects comprising W5+
ions and protons. Migrating protons must overcome the energy
barrier either by light excitation or tunneling (under certain
conditions) [2,20].
Surface color centers respond rapidly due to their coloration do
not require ions diffusion, as shown in Fig. 5(a) (Peak 1). As the
intercalation of H+ ions proceeds, the number of surface color
centers increases rapidly, producing signiﬁcant change in the
optical density (OD), particularly at high photon energies. The
formation of body color centers depends on the diffusion rate of H+
ions, hence, these color centers respond relatively slowly (Peak 2 in
Fig. 5(b)), as illustrated by a comparison between Fig. 5(a) and
Fig. 5(b).
The half width indicates the number of color centers, and
the peak height reﬂects the inﬂuence of color centers on OD [30].
The ﬁtting values of the Gaussian functions in Fig. 5(b) show
that the number of body color centers (Peak 2) is larger than that of
surface color centers (Peak 1), while the surface color centers have
a greater inﬂuence on OD than the body color centers do. This is
because that transfer of protons from the surface to the bulk phase
usually happens under excitation, so the body centers start to
respond after the surface color centers and thus the surface color
centers have a greater inﬂuence.

Z
Q in ¼

idt=S

(5)

Where Qin is the charge intercalated; Tb and Tc represent the
transmittance of the bleached and colored samples, respectively;
i is the current during charge intercalating; S is the effective area of
the ﬁlm.
The CEs of WO3, WO3-LDF(1) and WO3-LDF(2) are 9.5, 16.2, and
26.2 cm2C1, respectively. Due to the color centers existing on the
amorphous layer, these values are superior to the high-porosity
crystalline ﬁlms with CE [29] of 6 cm2C1. Larger current can help
Li+ ions intercalate deeper to create more binding sites, thus
WO3-LDF(2) possesses a signiﬁcantly higher CE than the other two
WO3 ﬁlms do, which means that WO3-LDF(2) can provide larger
transmittance modulation via a small amount of the intercalated/
extracted Li+ ions. In general, this kind of double-layered structure
can help improve EC performance of WO3 ﬁlms.
3.3. Analysis of the color center module of electrochromism
As is commonly accepted, there are absorption bands in the
photochromic process of transition metal oxides [22] that can be
modeled by nearly Gaussian proﬁles. Because electrochromism

Table 1
EC properties of WO3-F, WO3-LDF(1) and WO3-LDF(2).
Sample

tc/s

tb/s

CE/cm2C1

WO3-F
WO3-LDF(1)
WO3-LDF(2)

14.5
10.3
9.2

7.8
6.9
6.1

9.5
16.2
26.2

Fig. 5. Measured OD vs photon energy (“original line”) and Gaussians (“peak n”) of
WO3-F colored in 0.01 mol/L H2SO4 at a constant current of 2 mA for (a) 90 s, and (b)
8 min.
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Fig. 6 shows colored ﬁlms of the deconvolution of the OD
spectra into Gaussians. The results show that concentration of H+
and applied current level inﬂuence the formation of surface color
centers and body color centers. An increased concentration of H+
ions is beneﬁcial to the formation of surface color centers, as
shown in the comparison of Fig. 6(a) and Fig. 6(c), while increasing
current is beneﬁcial to the formation of body color centers, as
shown in the comparison of Fig. 6(b) and Fig. 6(c).
4. Conclusions
Results presented in this study demonstrate that the crystalline-amorphous double-layer structured WO3 ﬁlm was
successfully synthesized via one-pot electrochemical method,
which is of the advantages of low cost and simple technology.
Because the amorphous layer has low energy barrier for ions to
insert and the crystalline layer has good cycle performance and
conductivity, the double-layer structured ﬁlm has relatively short
response time, good durability and high CE. Moreover, nanopores
forming during the electrochemical lithiation/delithiation
treatment lead the ﬁlm with larger surface area, which can
further reduce the response time and increase the CE. The ﬁlms
obtained under larger current and with more cycles during the
lithiation/delithiation treatment exhibit shorter response time
and higher CE. It is also conﬁrmed that increasing the
concentration of H+ ions in the electrolyte is beneﬁcial to
the formation of surface color centers, while increasing current of
processing is beneﬁcial to the formation of body color centers.
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