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Electrochromic devices (ECDs) have exhibited promising applications in the fields of energy-saving intel-
ligent buildings and next-generation displays because of their simple structure, low power consumption,
and multicolor displays. W1gO49/polyaniline (PANI) hybrid films are prepared and assembled to ECDs.
Compared with pure PANI and W1gOy49 films, the hybrid film exhibits superior electrochemical and elec-
trochromic performance, including high optical modulation (70.2%), large areal capacity (79.6 mF/cm?),
and good capacitance retention. The excellent electrochemical and electrochromic performance is ascribed
to the formation of the donor (PANI)-acceptor (W;g049) pair, the porous structure in the nanowires, and
the large surface area, which enhance electron delocalization of the W;3049/PANI, improve the ion dif-
fusion rate, and increase the charge storage sites. Furthermore, benefitting from the outstanding optical,
electrical, and multifunctional properties, the W1g049/PANI hybrid film-based ECD platform is expected

to play an important role in electrochromism and energy storage.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the increasing energy demand and environmental pollu-
tion, more and more attention has been paid to the green econ-
omy, so the issue of efficient energy storage and energy conser-
vation has gradually become the primary concern [1-3]. In recent
years, ECD with bifunctional properties of electrochromism and
energy storage has been developed as an excellent technology to
meet the above requirements for a green world [4,5]. ECDs can
achieve reversible color changes and dynamic regulation of light
transmission, absorption, and reflectivity through low voltage con-
trol (usually <4V) [6-9], which have broad application prospects
in smart windows, static displays, automotive anti-glare rearview
mirrors, electronic paper, and energy storage fields [10,11].

Moreover, the development of electrochromic materials in en-
ergy storage devices has attracted widespread attention [12-14].
The most studied electrochromic materials mainly include tran-
sition metal oxides (e.g., WO3, NiO, V,05, and Nb,Os), Prussian
blue [15-19], and organic materials such as viologen compounds,
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PANI, polypyrrole [20,21]. For example, Prussian blue film incor-
porated with an aluminum (Al) electrode integrated bi-functional
electrochromic and energy storage ability into one device [22].
Nevertheless, monotonous color change, slow switching speed,
and low capacity greatly limit the application of devices con-
structed from one electrochromic material. The ECDs with inor-
ganic/organic hybrid films that combine the advantages of con-
ducting conjugated polymers and transition oxides have gained
much recent research interest. For instance, Cai and co-workers re-
ported TiO,/PANI nanocomposites displayed remarkable improve-
ment in transmittance modulation and cycling stability compared
with PANI film [23]. Similarly, Shi et al. developed WOs/poly(3,4-
ethylenedioxythiophene) (PEDOT) core@shell hybrid nanorod ar-
rays, which exhibited promising electrochromic performance of
much shorter switching time and enhanced optical contrast be-
cause of a synergistic effect between the W03 nanocore and the
PEDOT nanoshell [24]. However, the wide application of these de-
vices is limited by their inadequate energy storage capacity. Hence,
developing a novel hybrid film-based ECD with excellent elec-
trochromic properties and high capacitance is of great significance,
which provides a valuable technical application direction for the
next generation of smart windows and power supply.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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It is well known that WO5_ as a typical cathodic material has
excellent properties of high cycle stability [25,26], and good opti-
cal contrast, but it has the disadvantages of monotonous color and
long switching time. As an anodic electrochromic material, PANI
has the advantages of adjustable electrical conductivity and mul-
ticolor switching but always possesses poor durability [27,28]. The
hybrid material of WO5_, and PANI is expected to give full play to
the advantages of the two materials, which would work as elec-
trochromic devices with higher stability and a multicolor display
[29]. More importantly, both WO3_, and PANI are suitable elec-
trode materials to construct electrochromic energy storage devices
[15,30], because of their pseudocapacitive properties [16,20,31,32].

Herein, W;gO49/PANI hybrid film is constructed through the
electropolymerization of the PANI layer on solvothermal synthe-
sized WqgOy4g film. Compared with the pure PANI film, the hybrid
film exhibits richer color, a wide optical modulation range, im-
prove switching speed, and excellent durability. Moreover, the in-
corporation of the W1gQy9 for hybrid film leads to remarkable im-
provements in energy storage capacity, which is mainly attributed
to the synergistic effect between Wi3049 and PANI, the porous
space of the W;g049/PANI boosting the fast ion diffusion and pro-
viding the charge-transfer reactions with large surface area. The
as-synthesized W1g049/PANI hybrid film shows great potential in
electrochromic and energy storage applications.

The fabrication of W;g049/PANI film involves a two-step process
(Fig. 1a). First, WgO49 nanowires were synthesized on fluorine-
doped SnO, (FTO) glass substrate by solvothermal method. Sec-
ondly, the W;g049 was coated by the PANI through an electro-
chemical deposition of aniline. Field emission scanning electron
microscope (FE-SEM) image reveals that the W;3O49 nanowires
(Fig. S1 in Supporting information) are of an average length of sev-
eral micrometers and a width of 10-20nm in Fig. 1b, which pro-
vides a porous spatial structure for ion transport. The inset shows
the microscopy picture of the synthesized W1gOy49 film (Fig. S1),
which is nearly transparent. After the electrochemical polymeriza-
tion of PANI on the surface of the W;g0y49 film, a green PANI layer
[31] made of short rod cross-linked curd was deposited (Fig. 1c),
indicating the successful fabrication of W;gO49/PANI film. Fig. S2
(Supporting information) shows the FE-SEM images of the FTO
substrates before and after electrochemically polymerization of
short rod-shaped PANI.

The element distribution images in Fig. S3 (Supporting in-
formation) show that W, N, and C are uniformly distributed
throughout the film. X-ray diffraction (XRD) patterns in Fig. 1d
show the sharp diffraction peaks of Wig049 at 23.50° 26.23°,
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Fig. 1. (a) Schematic illustration of the fabrication of the WigQ49/PANI film. (b, c)
SEM image of W;g049 and Wig049/PANI film (the inset is the photograph of the
corresponding film). (d) The XRD pattern of W;gO49 on the FTO glass. (e) The N1s
XPS of WigQ49, PANI, and W1gO49/PANI.
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35.34°, and 48.00°, confirming the successful preparation of mon-
oclinic W;3049 (JCPDS No. 84-1516) [31]. X-ray photoelectron
spectroscopy (XPS) is used to study the surface state of film. The
peaks at 35.42/37.55 and 33.97/35.95eV are ascribed to the bind-
ing energies of W6+ and W°* in W;3Q49 (Fig. S4 in Supporting
information), respectively, indicating the mixed valence of W [26].
Moreover, N, O, W, and C can be found in the XPS spectrum of
the as-prepared W;g049/PANI hybrid film (Fig. S5 in Supporting
information), indicating the coexistence of WygO49 and PANIL In
contrast, no characteristic N 1s peak is observed in the WigQOy4g
film (Fig. S6 in Supporting information). As shown in Fig. 1e,
the N1s broad band at 399.57eV of Wjg049/PANI film can be
deconvoluted into three N species at 398.88, 399.5, and 401.04eV,
[33,34] which are assigned to quinoline phenyl structure (-N=),
benzene structure (-NH-), and quaternary ammonium structure
(N+) [27,33,35], respectively, and these peaks can also be found in
the N 1s XPS spectrum of the PANI film. The similar phenomenon
can be observed in the W4f spectrum of the W;gO49/PANI film
(Fig. S7 in Supporting information). All these results demonstrate
the successful synthesis of W;3049/PANI hybrid film.

Fig. S8 (Supporting information) shows the current density pro-
files of the electrodepositing PANI film onto FTO and W;g0O49 sub-
strates. A larger current density on FTO was observed due to the
better conductivity of the FTO substrate than W;gOy4g. As the thick-
ness of PANI increases, the color change of the W;g049/PANI hybrid
film is more obvious. As shown in Fig. S10 (Supporting informa-
tion), when the deposition time was increased to 400s, no signif-
icant improvement in the color change of the hybrid film can be
seen. Therefore, a deposition time of 300s is selected for further
study and discussion.

The CV curves of the PANI and the W1g049/PANI hybrid films in
1mol/L AlICl3 aqueous solution between —0.6V and 1.0V are pre-
sented in Fig. 2a. The hybrid film exhibits good pseudocapacitive
behavior [36-38] with two pairs of redox peaks of PANI marked
with blue triangles. The two peaks marked with red triangles
in Fig. 2a represent the characteristic redox reaction [15,39] of
Wig049 from —0.1V to —0.6V (Fig. S11 in Supporting information),
which is only found in the W;gO49/PANI hybrid film. The redox
reaction of W;g049/PANI film involves the intercalation and ex-
traction processes of chlorine anion (Cl~) and aluminum ion (AI3t)
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Fig. 2. Energy storage performances and cycle stability are characterized by electro-
chemical measurements. (a) Cyclic voltammetry curves for PANI and W;g049/PANI
hybrid thin film between —0.6V and 1.0V at 40mV/s in 1 mol/L AICl3 aqueous so-
lution. (b) The areal capacitance of the three films at different current densities
of 1.0, 0.8, 0.5, 0.2, and 0.1 mA/cm?. (c) The chronoamperometry (CA) curves of
Wg049/PANI hybrid film at the alternant potential of —0.6 V and 1.0V (vs. Ag/AgCl,
each for 10s) in 1 mol/L AICl; aqueous solution. (d) The energy storage cycle stabil-
ity of the WgQy49/PANI film at a current density of 1.0 mA/cm?2.
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[21,35,40-42], which is fully explained in Fig. S12a (Supporting
information). It means that both W;3049 and PANI components in
the hybrid film exhibit individual electrochemical activities, and
they can simultaneously switch to colored/bleached states under
positive/negative voltage applications.

The W;3049/PANI hybrid film shows much enhanced exchange
current density at around —0.5 and —0.2V (peak C, C’ in Fig. 2a)
than that of PANI film, because of the redox behavior of W;g04g.
Moreover, the relative current density of the hybrid film at —0.3
and 0.3V (peak A, A’ in Fig. 2a and Fig. S12a) are much higher
than that of PANI film (peak A and A’ in Fig. S13a in Support-
ing information), which further demonstrates the formation of the
donor (PANI)-acceptor (W;gO49) pair. The fine structure can be
well maintained in its CV curve even at a scan rate as high as
100mV/s, demonstrating that a large number of active sites in
the hybrid film can be efficiently oxidized/reduced due to the fast
charge transfer of W;3049 nanowires and the synergistic effect be-
tween Wi3049 nanowires and PANI. The surface of the W;gOyq
nanowires is relatively rough, which provides a large active spe-
cific surface area for the electrochemical reaction process. Fig. S12b
(Supporting information) shows the relationship between the an-
odic and cathodic peak current densities of W;gO49/PANI versus
the square root of the scanning rate. An approximately linear re-
lationship can be found, indicating that the entire reaction process
is diffusion-controlled.

The capacitive performance is investigated with the galvanos-
tatic charge/discharge (GCD) test. W1g0O49, PANI, and W1g0,49/PANI
hybrid electrodes are charged and discharged at different current
densities respectively (Fig. S12c in Supporting information). The
discharge time of the W;gO49/PANI film is much longer than that
of the individual W1gO49 and PANI films, indicating the superior
capacitance properties of WigO49/PANI film, which may be at-
tributed to the synergistic effect between W;30O49 and PANI. Firstly,
the porous structure in the hybrid film provides excess active area,
allowing more doped electrons ions to enter the W;gO49/PANI thus
enhancing the charge storage capacity. Secondly, due to the forma-
tion of donor-acceptor pair between PANI and W1gOg4q, PANI chains
could locally donate more electrons to WygOy49 [24], which further
accelerates the electron migration and improve the ion diffusion
efficiency.

The areal-specific capacitance (C) of a single electrode is calcu-
lated according to the following Eq. 1 [43,44]:

Q
C:m (1)

where Q is the average charge, A is the effective area referring to
the geometric area of the electrochromic electrode, and AU is the
voltage window (excluding the IR drop) [45]. Based on the GCD
test, the value of Q can be obtained by the following Eq. 2:

Q:/Oridtzifotdt (2)

The areal capacitance values of the W;gO49/PANI film are 79.56,
79.09, 75.23, 72.66, and 71.02 mF/cm? at different current densi-
ties of 0.1, 0.2, 0.5, 0.8, 1 mA/cm?, respectively (Fig. 2b), which is
much larger than those of the other two films. The capacitance
value of the W;gO49/PANI film is much higher than the sum of
individual W1gO49 and PANI films (Fig. 2b), which can be mostly
ascribed to the synergistic effect between PANI and W;g0Q49, fur-
ther strengthening the energy storage ability. The increase in areal
capacitance may be due to the increase in surface roughness of
the electrode, which could boost ion diffusion and charge transfer.
By using the well-characterized mediator (potassium ferricyanide),
the surface roughness factors (the ratio of an electrochemical ac-
tive area over the geometric area) of pure WygQ4g, pure PANI and
W;g049/PANI were calculated to be 0.52, 1.27, 1.22, respectively.
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The actual surface area of WygQ049/PANI film is calculated according
to the Randles-Sevcik equation [46,47]. The surface roughness fac-
tor of the W;g049/PANI film (1.22) is less than that of PANI (1.27),
as well as the sum of individual WygO49 and PANI, while the ca-
pacitance value of the W;gO49/PANI film is much higher than the
sum of individual W;gO49 and PANI films (Fig. 2b). Therefore, the
remarkable areal capacitance improvement of the W;g049 for the
hybrid film is mainly attributed to the synergistic effect between
Wig049 and PANI, in other words, the formation of the donor
(PANI)-acceptor (W1gOy4g) pair.

Moreover, the similar pattern of the charging and discharging
curves, combined with the areal charging and discharging capac-
ities of 80.1 and 79.6 mF/cm? (Fig. S12c) reveal the good capaci-
tive property [31] of W;g049/PANI. Afterward, we tested if a thicker
PANI in W1g049/PANI brings a better capacitive behavior. When the
deposition time continues to increase to 400s, the areal capaci-
tance is slightly lower, as shown in Fig. S12d (Supporting infor-
mation), which may be due to the larger electrode impedance of
W;5049/PANI (4005s) and is not conducive to improving the capac-
itive performance [21]. To further evaluate the electrochemical per-
formance of the hybrid film, its stability is one of the most critical
parameters. The CA measurements are carried out to study the sta-
bility of the films [9]. As shown in Fig. 2¢, the hybrid film exhibits
a slightly low current density than that of PANI film (Fig. S13b in
Supporting information) at the beginning of the test, which is as-
cribed to the higher surface conductivity of the PANI film. On the
other hand, the hybrid film affords much-enhanced stability than
the PANI film after 3200 cycling time, which could be ascribed to
the strong contact between W;gO49 and the FTO substrate. More-
over, the electrochemical stability is greatly enhanced after PANI is
coated on the rough surface of W;gO4g. In contrast, as the PANI
layer degrades in an acidic environment and loses most of its per-
formance, the current density of PANI gradually decreases. Simi-
larly, the original capacity of the hybrid film still maintains 80%
after 100 cycles (Fig. 2d), which is superior to the performance of
PANI films (Fig. S13c in Supporting information). This demonstrates
the great capacitance reproducibility of the W;g049/PANI hybrid
film, showing excellent application potential in electrochromic ca-
pacitors.

The W;gO49/PANI film turns from dark blue to green, yellow,
and light blue, during the potential range from 1.0V to —0.6V
(Fig. 3a), indicating the large optical modulation range of the hy-
brid film. Compared with the PANI film (Fig. S14), the W;30,49/PANI
film displays richer colors, which is ascribed to the diverse ab-
sorption characteristics of the Wyg049 and PANI at different volt-
ages. The transmittance of W;gO4g/PANI film at 300~1400 nm
gradually increases when the applied voltage is from 1.0V to
—0.6V (Fig. 3b), involving the process of Cl- extraction and AP+
intercalation [20,31]. The transmittance modulation (AT) of the
Wig049/PANI film is calculated to be 70.2% (652nm), compara-
ble to the PANI film (63.3%, Fig. S15a in Supporting informa-
tion). Moreover, the W13049/PANI film has a wider optical mod-
ulation range from 800~1050 nm, which has excellently higher AT
(~44.2%) in comparison to the PANI film. The bleached/colored
switching process of the W;gQO49/PANI film is determined by al-
ternately applying a voltage at 1.0V for 25s followed by —0.6V
for 25s on the film, whereas in situ monitoring is conducted of its
transmittances at 652 nm. The dynamic switching of W1g049/PANI
(Fig. 3c) for 400s, in which the W;gO4/PANI film exhibits AT
of 64.2% at 652nm is higher than that of the PANI film mea-
sured (53.0%, Fig. S15b in Supporting information), indicates that
W;5049/PANI electrochromic film has good reversibility and cycling
stability. Fig. 3d and Fig. S15c (Supporting information) show the
reversible electrochromic switching behaviors of the W;g049/PANI
and PANI films. Faster switching time in the bleached process
(6.3 ) is achieved from the hybrid film, compared to the PANI film
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Fig. 3. (a) The photographs of the W;g049/PANI film (1 x 4.5 cm?) at different voltages, scale bar: 1cm. (b) The transmittance spectra of the Wg049/PANI film under different
voltages. (c) The dynamic test of the W;g049/PANI film at 652 nm in the potential window between —0.6 and 1.0V for 400s. (d) Transmittance at 652 nm versus time for

electrochromic switching of W;g0O49/PANI film.
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Fig. 4. (a) Schematic structure of the W;3049/PANI ECD. (b) The photographs of the
W;3049/PANI ECD in different states under indicated potentials, scale bar: 1cm. (c)
The CV curves of the W;gO49/PANI ECD between 0.2V and 2.2 V.

(13.3s), which is ascribed to the layer of W;3049 nanowires pro-
viding large porous space and thus making ion diffusion easier, as
well as the synergistic effect of the Wg049/PANI. While the col-
oration time of PANI and W;g0,49/PANI films are 3.7 and 6.9, re-
spectively. Because of the instability of PANI in the colored state,
its colored time is slightly shorter than that of the hybrid film.
Besides, the donor-acceptor pair between PANI and W;3049 can
further enhance the electron transfer rate and has a positive ef-
fect on the ion diffusion efficiency and color switching speed of
Wig049/PANL

The schematic diagram of a prototype device demonstrates the
potential of this novel W;3049/PANI ECD (Fig. 4a). Aluminum (Al)
is chosen as the anode to construct the W;gO49/PANI ECD, which
has a strong reducing ability and easily loses electrons [22]. Fig. 4b
shows the visually distinguished color change of the ECD, from
light blue to light green, green, blue, and dark blue at the volt-
ages from 0.2V to 2.2V, where a deeper color means a higher
charging extent [22], indicating a function of the capacitive level-
visualization of ECD-based energy storage device [21]. In addition,

the optical transmission spectrum of the W;gO49/PANI ECD un-
der different applied voltages was also tested (Fig. S16 in Sup-
porting information), which shows the good optical modulation
(AT=50.0% at 532nm) of the W;g049/PANI ECD. The CV curves
of the device from 2.2V to 0.2V at different scan rates are pre-
sented in Fig. 4c, as the scan speed increases, the response cur-
rent density of the W;3049/PANI ECD also increases, demonstrating
the excellent kinetics and reversibility of the interfacial Faradaic
redox reaction [21]. The CV curve potential window range of the
ECD is enlarged due to the two electrodes system and the internal
resistance of the device [6,22]. As depicted in Fig. S17a (Support-
ing information), the GCD curves of the device at different current
densities under the voltage window of 2.2~0.2V show nonlinear
characteristics, which may be due to the redox reaction [21] of
Wig049 or PANL According to the Eqgs. 1 and 2 described above,
the areal capacitances of W;g049/PANI ECD are 46.15, 45.16, 43.78,
43.20, 42.83, and 42.36 mF/cm?, respectively. The charge capacity
of the W;3049/PANI ECD is far superior to that of the pure W1gQOy4g
ECD and PANI ECD (Fig. S17b in Supporting information), which
shows that the hybrid film ECD has excellent application strength
in energy storage.

Previous reports have demonstrated that Al with strong reduc-
ing power exhibits large negative potentials and can be used to
establish a large potential gradient for the rapid discharge process
using electrochromic electrodes [22,48]. Electron transfer can oc-
cur when W;g049/PANI film is connected to a metallic Al elec-
trode due to the potential difference between Wig0O49/PANI with
Al, which could produce a current that exhibits battery-like charac-
teristics [15,42]. Meanwhile, the transferred electrons induce spon-
taneous discoloration of the W;g049/PANI, enabling the device to
function without an external power supply. The color of the device
changes from the initial dark green to light yellow and finally to
light blue as shown in Fig. S18 (Supporting information), which re-
flects the energy-saving property of W;gO49/PANI ECD. Afterward,
the as-prepared W;g049/PANI ECD can be charged by an external
bias, accompanied by the color recovery from light blue to dark
blue; a deeper color means a higher charging degree. In this sense,
the energy storage level of the W;3049/PANI ECD can be indicated
through the color state.

To further demonstrate the battery function of the W13049/PANI
electrochromic device, Mg is selected to construct the battery in-
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stead of Al to obtain a larger potential [49-52] output a red light-
emitting diode LED (~1.8V) can be lit up when the W;30,49/PANI
and Al electrodes are connected. The pictures of LED at different
time are presented in Fig. S19a (Supporting information). Com-
pared with the LED lightened by the PANI-Mg pair (Fig. S19b in
Supporting information), it can be found that the energy delivered
by the W;30,49/PANI-Mg battery can continuously light up a red
LED for more than 2h. In contrast, the PANI-Mg system can only
light up the LED for a short time, demonstrating excellent capaci-
tance characteristics of the W1g0,49/PANI hybrid device.

In conclusion, the W;gO49/PANI hybrid film-based multicolored
ECD is successfully proposed. Because of the individual elec-
trochromic characteristics of PANI and W;gQy4g, the color of the
hybrid film exhibits richer color than that of PANI Due to the
formation of the donor-acceptor system (PANI-W;g049) as well as
the synergistic effect, the W;gO49/PANI hybrid film exhibits excel-
lent electrochemical stability, good optical modulation, high areal
specific capacitance, and excellent capacitance retention, which
shows a profound impact on the development of multifunctional
ECDs and promises their potential applications in energy-efficient
technologies.
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