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The complementary electrochromic devices based on W03 and Prussian blue electrodes (PB) have shown a
limited chemical stability and durability because WO5 is degraded in electrochromic performance and PB is
gradually dissolved in the Li*-based electrolyte under neutral pH conditions. Herein, the utilization of acetic
acid as super-additive solution was proposed to improve WOs5 cathodes and stabilize PB anodes, in which
the highly nanoporous nanocrystal-in-glass WO3 and hierarchical PB was made by electron beam eva-
poration and electrochemical deposition method, respectively. Our findings suggest that synergistic effects
of Li* and H" on WOs and Prussian blue electrodes contribute to the improvement on electrochemical,
electrochromic, and cycling stability performance of the whole device. Impressively, the WO3-PB com-
plementary electrochromic device could experience a superior long-term cycling stability of over 10,000
cycles, with a high coloration efficiency of 137.80 cm? C™! and a maximum transmittance modulation of
66.22%@ 633 nm. All these results open a new way to the construction of high-performance electrochromic
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devices.
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1. Introduction

The certain electroactive materials, which reversibly change their
colors or optical properties (absorbance/transmittance/reflectance)
via redox reactions under an external voltage or current, are called
electrochromic materials [1,2]. Electrochromic devices (ECDs) com-
posed of these materials have received considerable attention in
recent years because of their potential applications such as smart
windows [3], displays [4,5] and rear-view mirrors [6]. A com-
plementary electrochromic device is made of both anodic and
cathodic electrochromic materials that can be darkened or bleached
in phase, yielding desirable electrochromic performance such as fast
coloration, high optical modulation, high coloration efficiency, good
cyclic stability and low energy consumption due to charge matching,
redox balance, and so on [7-12]. The inorganic electrochromic ma-
terials can be categorized into two major classes, namely, transition
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metal oxides (TMOs) and Prussian blue (PB)-based systems [13].
Tungsten oxide (WO3), as one of the most attractive cathodic elec-
trochromic materials in TMOs, has fascinating EC properties such as
high cyclic stability and coloration efficiency [ 14,15]. It is well known
that H* or Li*-based electrolyte is anticipated to be a high perfor-
mance electrolyte material in the WOs-based electrochromic devices
due to the small ion radius [16]. So far, the WOs-based electro-
chromic devices are still far from the desired cycle life for practical
applications [17-19]. One of the reasons is the limited reversibility of
Li* in the amorphous W03 [20-22]. Even WOs is still slightly soluble
in sulfuric acid electrolytes at room temperature [23]. In addition,
another critical factor in limiting the cycle life of WO5 electrodes is
the formation of an unstable counter electrodes at the active inter-
face between counter electrodes and electrolytes, which becomes
especially crucial in double injection/extraction of ions/electrons in
response to the applying voltages. Prussian blue (PB),
[Fe>*Fe?*(CN)g]", and its nanocomposites have been proven to be one
of the most promising candidates as the electrochromic anode in
K*-based electrolyte [24]. For instance, the electrochemically de-
posited PB thin films in K*-based electrolyte have demonstrated a
good performance with a high electrochromic contrast of 55.36% at
555 nm and sound stability [25]. However, K* usually shows rela-
tively slow diffusion kinetics due to its large radii [26]. Very recently,
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Fig. 1. Schematic illustration of the process of preparing the WO3-PB complementary ECD.

the electrochromic device based on hexagonal W03 and NiO/PB
composite nanosheet electrodes shows the ability to insert / extract
the lithium ions reversibly and good cyclic stability about 4000 cy-
cles [27]. Impressively, the introduction of acetic acid to the PC-
LiClO4 electrolyte can improve the stability of the PB thin films [28].
The application of W03 and PB electrodes in the field of electro-
chromism and electrochemistry has proliferated in recent years,
however, the long-term-stable complementary electrochromic de-
vice based on the two excellent materials, especially in lithium ion
electrolyte with proton, is lacking.

Herein, the effect of acetic acid on electrochemical and electro-
chromic performance of the electron beam evaporated WO; thin
films and electrochemically deposited PB films in PC-LiClO4 elec-
trolyte is investigated. The fabrication process of the complementary
electrochromic devices based on WOs5 and PB electrodes is depicted
in Fig. 1. The WOs-PB complementary electrochromic devices man-
ifest a high performance with a superior cyclic stability over 10,000
switching cycles.

2. Experimental
2.1. Materials

All chemicals were of analytical grade. Potassium ferricyanide
(K3Fe(CN)e, 299.5%), potassium chloride (KCl, 299.5%) and hydro-
chloric acid (HCl, 36%-38%) were obtained from Sinopharm
Chemical Reagent Co.Ltd. Iron chloride hexahydrate (FeCl;.6 H,0, AR,
99%) and acetic acid (C;H40,, 299.8%) were purchased from Aladdin.
Both the electrochemically deposited PB films and the e beam eva-
porated WO5 thin films were deposited on the conducting trans-
parent indium tin oxide (ITO)-coated glass substrates with the sheet
resistance of 10 Ohm/sq.

2.2. Preparation of the WOz thin films

The WOs; thin films were deposited on the ITO-coated glass at the
substrate temperatures of 200 °C by an electron beam evaporation
technique (MUE-ECO made in ULVAC, Japan). The background
pressure was reduced to less than 2x 1073 Pa. Several pure W05
particles with the diameter of ~3 mm in a tungsten crucible were
bombarded by an electron beam of 10 kV. The deposition rate and
the thickness of thin films were 0.10-0.20 nm/s and approximately
300 nm, respectively.

2.3. Preparation of the PB films

Electrochemical deposition was conducted in a conventional
three electrode cell including glass/ITO, SCE, and Pt plate as working,
reference and counter electrodes. The PB films were electro-
chemically deposited from a solution containing 10 mM FeCl3.6 H,0,
10 mM K5Fe(CN)g, 0.10 M KCI and 0.10 M HCl. A constant cathodic

current density of 20 mA cm™2 was applied to the ITO substrates in
the electrochemical workstation for 5mins. The as-deposited PB
films were washed with ethanol and deionized water to remove the
excess of solution. Finally, all the PB films were dried at 60 °C in air
for 6 h and stored in air for the further experiments.

2.4. Assembly of the devices

The typical devices were constructed by sandwiching a Li* elec-
trolyte with acetic acid between the electron beam evaporated WO3
thin film on the ITO-coated glass and a counter electrode which was
also ITO glass coated by electrochemically deposited PB film. The
complementary ECDs with ITO/WOs/electrolyte/PB/ITO configuration
were assembled by injecting 0.10 M PC-LiClO4 electrolytes with 0.01 M
acetic acid as the electrolyte into the spacing between two electrodes
in the vacuum filling process, similar to the previous report [29].

2.5. Measurements

The structure and morphology of the WOs thin films and PB films
were analyzed by X-ray diffraction (XRD, Bruker D8 Advance using Cu-
Ko (A=0.154178 nm) radiation and a 0-20 configuration) and thermal
field-emission scanning electron microscopy (TFESEM; Verios G4 UC,
Thermo Scientific, USA). The spectroscopic test apparatus in conjunction
with a UV-VIS-IR spectroscopy (PerkinElmer Lambda 950) and an
electrochemical workstation (CHI660D, Chen hua Shanghai) was em-
ployed to measure optical transmittance spectra of the films in the
three-electrode system and the electrochromic devices in the two-
electrode system. The time-dependent optical transmittance spectra of
the films were acquired, under applied voltage by an electrochemical
workstation, by placing the film as working electrode in a liquid spec-
troelectrochemical cell. Electrochemical measurements of films were
carried out in a three-electrode cell. A platinum sheet and KCl saturated
Hg/HgCl, were used as counter electrode and reference electrode, re-
spectively. 0.10 M LiClO4-PC electrolytes without and with 0.01 M acetic
acid were used as the electrolyte. Electrochemical measurements of the
complementary ECDs with 0.01 M acetic acid as the electrolyte were
carried out in the two-electrode system. The chronoamperometry,
chronocoulometry and cyclic voltammetry measurements were con-
ducted by applying voltage between -1.00V and + 1.00V for the WO;
thin films, between -0.80V and +1.00V for the PB films, between
-150V and + 1.60V for ECDs respectively. The electrochemical im-
pedance spectra were measured on an electrochemical workstation
(Zennium, IM6) in the frequency range from 100 mHz to 100 kHz.

3. Results and discussion
3.1. Electrochromic performance of the WOs-PB complementary devices

The wavelength-dependent optical transmittance spectra and
digital photos (inset) of the complementary ECDs based on WO3 and
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Fig. 2. (a) The wavelength-dependent optical transmittance spectra, photographs (inset), (b) the time-dependent optical transmittance spectra at Ag33 nm (1.5 V/+1.6 V, 200 s per
cycle), (c) plots of the time-dependent optical density variation as a function of charge density at Ag33nm, (d) cyclic voltammograms (CVs) at the scan rate of 50 mV/s, (e) GCD
curves at various current densities, and (f) cyclic performance at a current density of 0.12 mA cm™ for the complementary WOs-PB ECD.

Prussian blue electrodes in the bleached state of +1.60 V and colored
state of -1.50 V are shown in Fig. 2(a). The transmittance modulation
(AT), described as the transmittance difference between the
bleached and colored states at a certain wavelength, is calculated to
be 66.22% (633 nm), comparable to the previous report (67.6%, in the
WO3-NiO/PB ECD) [27]. The WOs-PB complementary ECD is dark
blue in the colored state and becomes transparent in its bleached
one, as manifested in the inset of Fig. 2(a). Figs. 2(b) and S7d re-
spectively displays the time-dependent transmittance spectra and
the charge density response for the complementary ECDs at 633 nm
obtained by alternately applying a -1.50V and + 1.60V voltage both
for 100 s. The coloring and bleaching response time, which is defined
as the time required to reach 90% of the transmittance change be-
tween bleached and colored state, is calculated to be 18 s and 30s,
respectively. It benefits from the configuration of the com-
plementary ECDs [30,31]. The injection/extraction of ions (Li* and
H*) and electrons into/from the WOs; electrode is accompanied by
the extraction/injection of ions and electrons from/into the PB
counter electrode. Coloration efficiency, another key criteria for the
EC devices, is calculated to be 137.80 cm? C™! (Fig. 2(c)), larger than
the reported value of 25.90 cm? C! [32] and 60.20 cm? C! [33] in
WOs3-based ECDs. A high coloration efficiency indicates that the
device is capable of possessing large optical modulation with a small
charge variation [34], in favor of long-term cyclic stability because of
released charge accumulation and extraction stress [35]. The elec-
troactivity reflected by the encapsulated area of the CV curve in the
potential region from -1.50-1.60V with a scan rate of 50 mV/s is
even improved after 100 cycles (Fig. 2(d)), suggesting a good elec-
trochemical stability of the device, as reported previously [36]. A
series of relatively symmetrical galvanostatic charge/discharge
curves at various current densities from 0.04 mAcm™ to 0.14 mA
cm™2 are shown in Fig. 2(e), indicating a reversible redox reaction
[37]. It is generally believed that the cyclic retention is a major
concern in the practical application of ECDs. Our device has an
outstanding long-term cycle stability with a capacitance retention of
102.62% after 10,000 continuous cycles (for 10 days) under the
current density of 0.12mAcm™2 as displayed in Fig. 2(f). In

particular, the capacitance retention was increased slightly after
dozens of initial cycles, owing to the fact that the WOs and PB
electrodes were modified by the Li*-based electrolyte with acetic
acid involved on one hand, and the specific capacitance was mag-
nified as increasing the effective specific surface area on the other
[38]. To analyze the origin of long-term cyclic stability of WOs-PB
complementary ECDs, the electrochemical and electrochromic per-
formance of active interfaces of WOs/electrolyte and PB/electrolyte
will be discussed as follows.

3.2. Electrochemical properties

In order to inhibit the decomposition of the PB films and improve
the electrochromic performance of the WOj3 thin films in PC-LiCIO4
electrolyte, 0.01 M acetic acid is added to the electrolyte (pH=2.06),
in hope of improving the stability of the films during double injec-
tion / extraction of electrons and ions [28].

3.2.1. Electrochemical properties of the WOj3 thin films

The cyclic voltammetry curves determined by the electrochemical
measurements at different scan rate from 10 mV/s to 100 mV/s be-
tween -1.00V and + 1.00 V in the three-electrode system are shown in
Figs. 3a and S3. It can be seen that the peak values of the current
density of the WO;3 thin films in PC-LiClO, electrolyte without and
with acetic acid are increased accordingly with the scan rate. There is
no obvious difference for the peak current density between at 90 mV/s
and 100 mV/s, probably due to the saturation of the ion diffusion. In
addition, the cyclic voltammetry curves are similar for the WOs5 thin
films in PC-LiClO, electrolyte with or without acetic acid at the same
scan rate. The charge density variations to reveal the color change
process are obtained via the chronocoulometry method by supplying a
square-wave voltage of -1.00V and + 1.00 V with a pulse width of 45 s
(Fig. 3b). The maximum charge density is determined to be about
-48.18 and -37.70 mC cm? for the WOj5 thin films in the Li*-based
electrolyte with and without acetic acid, respectively, suggesting the
charge capacity improvement with the addition of acetic acid. To
further investigate the ion diffusion mechanism, the relationship
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Fig. 3. (a) Cyclic voltammograms (CVs) of the WOs film in PC-LiClO,4 electrolyte with acetic acid at the scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV/s, respectively. (b)
Charge density, (c) dependence of the peak current densities (I,) versus the square root of scan rate (v'?) and (d) power law dependence of the peak current versus the scan rate

for the WOj thin films in PC-LiClO,4 electrolyte with and without acetic acid.

between the peak current (i) and scan rate (v) is obtained. As illu-
strated in Fig. 3(c), the diffusion coefficient (D) for the WOs thin films
in the Li*-based electrolyte without and with acetic acid is 9.26 x 10~°
and 1.34x107® cm? s7!, respectively, both larger than the value
(129x% 107'° cm? s™') in the previous report [39]. Large diffusion
coefficient is in favor of fast switching response, as stated previously
[40]. On the one hand, the larger diffusion coefficient could be due to
nanocrystal-in-glass and highly nanoporous structures of the WO;
thin films (Fig. S2 in the Supporting Information), which facilitate ion
conduction. On the other hand, generally speaking, the diffusion
coefficient is closely related to: (1) the radii of solvated species, and (2)
the feature of the ionic charge [41]. It is conceivable that the
synergistic diffusion of Li* and H" accounts for the large diffusion
coefficient. Moreover, the total stored charge can be separated into
two components: the faradaic contribution and the non-faradaic one.
These capacitive effects are characterized by analyzing the ‘b’ value
that is calculated by the following equation|42]:
i=avb, (1)
where the peak current (i) obeys a law power in response to the scan
rate (v). Both ‘a’ and ‘b’ are the adjustable parameters and the ‘b’ value
is determined from the slope of log(i) versus log(v). It is noteworthy
that the slope of ~0.5 and ~1.0 represents the dominance of semi-in-
finite linear diffusion and the surface-controlled (capacitive) electro-
chemical reaction, respectively [43]. As revealed in Fig. 3(d), the
‘b’ value of the WO thin films in the Li*-based electrolyte without and
with acetic acid is calculated respectively to be 0.73 and 0.76 (in be-
tween 0.5 and 1), suggesting that the charge storage is a combination
of semi-infinite diffusion and capacitive reactions.

3.2.2. Electrochemical properties of the PB films

In order to understand the electrochemical behavior of the PB films
in the Li*-based electrolyte with acetic acid, the CV curves were
measured at different scan rates ranging from 10 mV/s to 100 mV/s
between —0.80V and +1.00V in the traditional three-electrode system
(Fig. 4a). It can be seen that there is a pair of distinct redox peaks

whose value is increased with scan rate. Further, the relationship be-
tween the peak current (i) and scan rate (v) is plotted in Fig. 4b to
investigate the ion diffusion behaviors. It is apparent that there is a
favorable linear relationship between peak current and the square root
of scan rate. The diffusion coefficient derived from the corresponding
slope is 2.06 x 1078 cm? 57!, larger than the corresponding values (10~°
-107"° cm? s7!) in the K*-based electrolyte [44]. Actually, the hier-
archical structure of the PB film could account for the large diffusion
coefficient (Fig. S2 in the Supporting Information). Similarly, the ‘b’
value of the PB films is estimated to be 0.77 (Fig. 4c), also revealing
that the current is limited by both semi-infinite linear diffusion and
capacitive-controlled one. The capacitive contributed charge Q., which
helps to deeply analyze the charge storage kinetics of the PB films, is
derived from the following equation|45]:

Q) =Qc+kxv2 (2)

where k is a constant and k x v=1/2 represents the diffusion-controlled
charge. The Q. can be obtained from the total charge (Q, mC cm™)
versus v-1/2 (scan rate, mV s !) plots. According to Fig. S4, Q. is calcu-
lated to be approximately 12.03 mC cm™ when the scan rate reaches
infinite. On the basis of the calculated Q. the ratios of capacitive-con-
trolled and the diffusion-controlled contribution to the total charge at
different scan rates are depicted in Fig. 4(d). It is well known that both
the capacitive-controlled and diffusion-controlled contribution are a
qualitative analysis. By means of the integration of the current density
over a CV curve, a relatively high capacitive charge ratio of ~ 92% at the
scan rate of 90 mV/s was yielded. Also, the capacitive-controlled charge
contribution is gradually increased with the scan rate. By parallel com-
parison, the dominance of the capacitive-controlled charge contribution
is in a good agreement with the ‘b’ values calculated previously.

3.3. The transmittance spectra and electrochromic properties of
the films

To characterize the EC performance of the WOs thin films and PB
films, the wavelength-dependent optical transmittance spectra in
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the wavelength range of 300-900 nm (Fig. S6a) and the time-de-
pendent optical transmittance spectra at 633 nm were recorded.
Fig. 5(a) illustrates the time-dependent optical transmittance
spectra of the WOs5 thin films by alternately applying a
-1.00 V/+1.00V voltage for 90s/45s. The maximum transmittance
modulation (AT) for the WO5 thin films in the Li*-based electrolyte
with acetic acid is about 85.02%, higher than the value (82.48%)
without acetic acid. Moreover, the optical transmittance modulation
is attenuated by 14.40% after 20 cycles without using acetic acid,
while it is only reduced by 3.69% with the addition of acetic acid.
According to the mechanism proposed by Bohnke [46], the de-
gradation of the WOs thin films can be due to the formation of
Li,WOy,, which is produced by the following reactions:

W-OH + Li*->W-OLi + H*

The formation of Li,WO, will be prevented by adding an acid to
the electrolyte, as reported previously [47]. Thus, it is believed that
the addition of acetic acid could inhibit the degradation of the WO;
films and increase the electrochemical reversibility in terms of the
ease of injection | extraction of ions (Li* and H") | electrons,
resulting in the long-term-stable electrochromic cycles. The colored
| bleached response time (Fig. S6b), which is defined as the time
required to reach 90% of the transmittance change between bleached
and colored state[48], is estimated to be about 25s [ 30s and
335/ 19 s for the WOs thin films in the Li*-based electrolyte without
and with acetic acid, respectively. The faster bleached response time
is impressive when using acetic acid. Basically, the intercalation is
mostly governed by the charge transfer resistance between the
electrode and electrolyte, whereas the extraction is mainly influ-
enced by ionic transport at electrode/electrolyte active interface
[49]. Thus, the shorter bleached response time may stem from the
faster ionic transport (synergistic ionic transport effect of Li* and H")
through active interface. What is noteworthy is that the electro-
chromic performance of the PB films without using acetic acid failed
only after 10 cycles (Fig. S5). However, the PB film in the Li*-based

electrolyte with acetic acid presents an outstanding long-term-
stable optical switching, as proved by the time-dependent optical
transmittance spectra in Fig. 5(b). The critical reason is that protons
at the active interface of the PB films can inhibit the formation of Fe
(OH),/Fe(OH); compound, causing the [Fe3*Fe?"(CN)g]” complex to
be maintained. Therefore, the synergistic effect of Li* and H" on PB
electrode contributes to the stable optical modulation. In addition,
both the coloration and bleaching time are equal to 7.0 s, which is
regard as the dominant of pseudocapacitive behavior [49].

The coloration efficiency (CE), defined as the change of optical
density (OD) per unit of charge density [50], can be calculated from
the slope of the linear regime of the plot. Figs. 5¢ and Fig. S8 show
the plots of optical density variation (AOD) at 633 nm as a function
of charge density (Q) of the WO5 thin films in the Li*-based elec-
trolyte with or without acetic acid, yielding the coloration efficiency
(n) of 50.87 cm? C! and 47.48 cm? C7!, respectively. The result de-
monstrates that the same amount of injected charge would gain
more remarkable color change with the addition of acetic acid. As
displayed in Fig. 5(d), the coloration efficiency (n) of the PB films in
the Li*-based electrolyte with acetic acid is calculated to be
223.186 cm? C, larger than that (99.00 cm? C!) of the PB thin films
in the K*-based electrolyte [51]. A possible reason lies in the smaller
radius of H and Li* as compared to that of K*, then H" and Li* can be
intercalated and deintercalated more easily and reversibly.

3.4. Electrochemical impedance spectra

Electrochemical impedance spectroscopy tests were performed
to further understand the charge transfer and ion diffusion pro-
cesses. Fig. 6(a-d) display a family of Nyquist plots measured from
the WOs thin films applied by different potentials in the Li*-based
electrolyte with (a-b) and without (c-d) acetic acid in the frequency
region ranging from 100 mHz to 100 kHz. The slope in the lower
frequency region is decreased when the WOs thin films are applied a
higher positive voltage, indicating that the ion insertion rate is
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Fig. 5. (a) The time-dependent optical transmittance spectra at Ag33 nm (1.0 V/+1.0V, 135 s per cycle) for the WO5 thin films in PC-LiClO4 electrolyte with and without acetic acid.
(b) The time-dependent optical transmittance spectra at Ag33nm (-1.0V/+1.0V, 100s per cycles) for the PB films in PC-LiClO,4 electrolyte with acetic acid. Plots of the time-
dependent optical density variation as a function of charge density at Ag33nm for (c) the WOs3 thin films and (d) the PB films in PC-LiClO4 electrolyte with acetic acid.

reduced gradually [52]. In Fig. 6(b) and 6(d), the Nyquist plots of all
the samples show almost similar patterns. It's worth noting that the
slopes are near 45° in the low frequency region, matching with the
low diffusion resistance character of the WOz with highly porous
morphology [53]. A simple Randle's equivalent circuit model to
evaluate the EIS spectra is shown in the inset of Fig. 6(a) [54]. In the
high frequency region, the intercept of the real axis, the diameter of
the semicircle in the high-frequency region and W represents the
resistance (Rs) of the electrolyte, the interfacial charge-transfer re-
sistance (R;) and the semi-infinite Warburg element, respectively
[26,55]. The fitted results (Table S1) manifest that Rs of the WO5 thin
films is estimated to be about 9Qcm™ and 13Qcm™ in the Li'*-
based electrolyte with and without acetic acid, respectively, double
confirming that the Li*&H" electrolyte system shows a high ionic
conductivity. Moreover, the interfacial charge-transfer resistance in
the Li'&H" system is less than that in the Li* system at the same
applied voltage (Table 1). The R is increased obviously with the
increase of the negative bias voltage due to the conductor (MyWO3)-
to-semiconductor (WOs3) transition [14]. Besides, no significant in-
crease of R is observed with increasing the positive bias voltage,
suggesting that the kinetics to govern the coloring process is slow for
the WOs thin films. In the inset of Fig. 6(d), the slope of the Nyquist
plot is larger than 1, which indicates that the formation of an elec-
trical double layer at the WOs/electrolyte interface (@ an applied
potential of +1.0V) [56]. Electrochemical impedance spectra of the
colored and bleached PB films applied by different potentials in the
Li*-based electrolyte with acetic acid in the frequency region ranging
from 100 mHz to 100 kHz are shown in Fig. 6(e-f). The Nyquist plots
were modeled with a Randle's equivalent circuit, as shown in the
inset of Fig. 6(f). The impedance behaviors of pseudocapacitors are
observed from the Nyquist spectra [45,57]. The absolute value of the
imagine resistance at the low frequency, as a reciprocal function of
the intercalation |/ extraction capacity [58,59], is quite small at
+0.7~+1.0V as well as at —0.8V, indicating that the extraction and

intercalation of the ions is prominent in these cases. As revealed in
Table S2, significant decrease of R at +0.7~+1.0V and -0.8V is ob-
served, meaning that the PB films at these potentials have a higher
film conductivity [60]. The high conductivity is one of the significant
factors to give rise to faster reduction/oxidation behaviors and
shorter colored/bleached response time [61]. These results are
beneficial to the excellent electrochromic performance of the com-
plementary devices prepared.

3.5. Long-term operation mechanism of the WO3-PB complementary
devices

The long-term operation mechanism of the WOs-PB com-
plementary ECD is explained as follows. When an electric potential
is applied between the two ITO electrodes, mobile lithium ions (Li*)
and protons (H*) will move towards the oppositely charged elec-
trodes to form the WOs/electrolyte and electrolyte/PB active inter-
faces, as shown in Fig. 7. At the two active interfaces, the optical
modulation is believed to be associated with the double intercala-
tion / extraction of electrons and cations, as the following reversible
reactions:

WOs;(transparent) + xe~ + XM « MxWO;(blue),
MyFe(I1)4[Fe(I1)(CN)g]3 (transparent)

< Fe(Ill)4[Fe(I1)(CN)s]3 (blue) + 4e~ + 4M
(M = H*&Li+). 3)

During the reaction processes, the degradation of WO; films is in-
hibited by adding acetic acid in Li* electrolyte. On the other hand, the
protective effects of acetic acid against the formation of Fe(OH), | Fe
(OH)3 imply that H" may synergistically work with Li* on PB electrode.
In addition, the improved electrochromic cyclic stability of the WOs-PB
complementary ECD is mostly ascribed to several merits such as a larger
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Table 1

Comparison of electrochromic performance between this work and other reported works.

Electrochromic device Driving potential (V)

Cyclic stability

Optical Contrast retention Capacitance retention (after  Ref

(cycles) (after cycle) cycle)
ITO/PTMA-co-BP/electrolyte/ECP-magenta/ITO -1.35~+12 1800 88.8% - [65]
FTO/WO3/PVA/ PANI/FTO 0~+1 2500 74.6% 81.4% [66]
PE/Au/H,S0,4-doped PANI/ P(VDF-HFP)/ H,S04-  —0.05 ~+0.3 100 - - [67]
doped PANI/Au/PE
FTO/NiO/PB/ electrolyte/WO5/FTO -23-+13 4000 84.1% 91.4% [27]
FTO/MnOy/electrolyte/Mo-doped WO3/FTO -1~+1 2000 - 93.8% [68]
FTO/WOs/electrolyte/ rGo/ NiO/FTO -2.55~+2.55 2500 - 86.7% [69]
PET/ITO/P5HT/gel electrolyte/WOs/ITO/PET 0-+18 6000 - 95.6% [26]
ITO/PBV/solid electrolyte/wPB/ITO -1.0~+17 1000 94% - [70]
ITO/WOs/electrolyte/PB/ITO -1.5~+16 10,000 79.8% 102.62% This work

charge capacity, a high optical modulation, a shorter colored/bleached
response time by introducing acetic acid into the electrolyte. Besides,
there are probably two reasons why the cyclic retention is more than
100% during whole 10,000 continuous cycles. On one hand, a possible
explanation is a continuous activation in the active interface, as re-
ported previously [62]. On the other hand, nanocrystal-in-glass struc-
ture of the WOs films can restrain efficiently the volume change of films

during redox process [63], which is beneficial to enhance retention life
of devices [64]. To present aforementioned long-term-stable perfor-
mance of the proposed ECD, a comparison between the proposed ECD
in this report and some other reported ECDs was made and summar-
ized, as shown in Table 1, exhibiting that the long-term cyclicity and
electrochromic performance in this study are competitive among the
literatures.
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4. Conclusion

In summary, the electron beam evaporated nanocrystal-in-glass
WOs3 cathodes and the electrochemically deposited hierarchical PB
anodes in the Li*-based electrolyte with or without acetic acid are
used to investigate the electrochromic and electrochemical proper-
ties. Our findings confirm long-term stability of WO3; and PB elec-
trodes in the Li*-based electrolyte with acetic acid, in which both
WOs3 and PB also show many advantages such as well-performed
charge capacity, optical modulation, colored/bleached response
time. Revealing synergistic effects of Li* and H" at active interfaces of
WOs/electrolyte and electrolyte/PB allows us to fabricate high per-
formance WO3-PB complementary electrochromic devices with a
superior long-term cyclic stability (over 10,000 cycles), a high col-
oration efficiency (137.80cm? C!), and a maximum transmittance
modulation of 66.22%@633 nm. These results demonstrate that the
long-term-stable WOs-PB complementary ECDs are promising for
practical applications.
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