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Abstract

Flexible electrochromic devices (ECDs) based on Li-doped ion gels and tungsten trioxide
(WQO3) are demonstrated. Colored ECDs cannot be produced using conventional ion gels
comprised of copolymers and room temperature ionic liquids (RTILs) due to a lack of cations
that can be inserted into WOj3. Based on considerations of the coloration mechanism, we
developed Li-doped ion gels and applied these to devices. The effects of Li salt concentration
are systematically examined, with respect to device dynamics, coloration efficiency, and
transmittance contrast. In addition, the coloration/bleaching switching stability of the ECD
produced using optimal Li salt content is investigated. The ECD exhibits distinct colored and
bleached states even after 24 h operation in air. Using the described Li-doped ion gel
electrolytes, flexible WO3; ECDs were successfully demonstrated with good bending stability

and no electrolyte leakage.
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1. Introduction

Electrochemical devices have been utilized in diverse applications including batteries [1-5],
supercapacitors [6-11], sensors [11-13], and actuators [14-16]. In particular, the development
of electrochemical displays such as electrochemiluminescence devices has attracted great
attention due to their simplicity [17-21]. Electrochromic devices (ECDs) capable of changing
optical properties (e.g. absorbance and transmittance) according to an applied voltage are
representative of electrochemical displays [22-47]. Traditional ECD uses include anti-glare
mirrors, smart glasses, and displays. However, new applications have been identified recently,
for example, electronic skins (e-skins) [42-44], and electrochromic supercapacitors (ECSs)
[45-47]. Also, the realization of flexible/stretchable devices is viewed as a challenge for future
wearable electronics.

Inorganic electrochromic materials are preferred to organic materials, because of their
better photochemical stabilities and outdoor applications [34,35]. The most widely studied
inorganic EC material is tungsten trioxide (WO3). Conventional WO3-based ECDs are
composed of two electrodes, a WO;3; film (cathodic species), a secondary EC film (anodic
species), and an electrolyte. Notably, the secondary EC film (or so-called ion storage layer) is
essential for low-voltage devices [31-33,40,47]. Soluble anodic species such as ferrocene (Fc)
or Fc derivatives has been added directly to the electrolyte to eliminate the need for a
secondary film on anode [34,35]. However, most reported WO3; ECDs have been based on
liquid-type electrolytes [28, 29, 34, 35,45-47], which represents a hurdle to the fabrication of
flexible/stretchable devices because these electrolytes can leak when films are exposed to
mechanical strain.

A few solid electrolytes such as composites of poly(methyl methacrylate) (PMMA,
polymer host) and organic solvents (e.g. propylene carbonate (PC) or acetonitrile (ACN))
[31,32,37], and Nafion films containing aqueous sulfuric acid (H.SO,) [38] have been

developed for WO3-based ECDs. However, gradual evaporation of high boiling point organic

3



solvents in gel can occur even at room temperature, which may degrade device performance.
In addition, electrochemical windows of aqueous electrolytes are too narrow for WO3; ECDs
because of the electrolysis of water. Thus, ion gels consisting of copolymers and room
temperature non-volatile ionic liquids, that exhibit rapid ion conduction and high
electrochemical stability are considered as promising electrolyte candidates for realizing
flexible ECDs based on WO3; films [48-49].

In this work, we introduced ion gels into WOg3-based ECDs to produce flexible devices. We
found that conventional ion gels consisting of poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDF-co-HFP)) and 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMI][TFSI]) were not suitable for WO3; ECDs, because
[EMI]" cations were too large to be inserted into the WO lattice. Therefore, we designed ion
gels containing Li* ions, for which [LiJ[TFSI] was employed as a lithium source. The
performances of ECDs based on Li-doped ion gels were evaluated in terms of dynamics,
coloration efficiency, and optical contrast at various [Li][TFSI] concentrations. The long-term
stability of the device with optimized ion gel was also examined. The use of Li-doped gels
offers the opportunity to fabricate flexible WO3; ECDs on plastic. The resulting flexible
devices showed good bending stability under various strain ranges. The results imply Li-
doped ion gels provide a promising electrolyte platform for flexible, especially WO3-based,

ECDs.

2. Experimental Section
2.1 Materials.
All chemicals except tungsten powder (1-5 microns, 99.9%, Alfa Aesar) were purchased
from Sigma-Aldrich and used without additional purification. Tungsten oxide (WO3) powder

was prepared as previously described [34]. WOg3-ink was prepared by mixing WO3 power, DI
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water, and isopropyl alcohol at a weight ratio of 0.3:0.35:0.35, and sonicating the resulting
mixture to obtain a homogeneous dispersion. lon gel solution was prepared by blending
dimethyl ferrocene(dmFc), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-
HFP), 1-ethy-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EMI][TFSI], and
acetone at a weight ratio of 0.44:1:9:20. We added lithium bis(trifluoromethylsulfonyl)imide
([Li][TFSI]) to the EC gel solution as a Li* source at [Li][TFSI] to [EMI][TFSI] weight ratios
of 0.05, 0.10, to 0.15. Herein, we denoted 0.05 [Li][TFSI] when [Li][TFSI] to [EMI][TFSI]
ratio was 0.05. ITO-coated glass (sheet resistance: 15 Q/sq) was sequentially cleaned with
acetone (15 min) and DI-water (15 min) under sonication. However, the ITO-coated PET
sheet (sheet resistance: 10 Q/sq) was used as received.
2.2 Device fabrication and characterization.
The WOj3 dispersion was spin-coated on indium tin oxide(ITO)-coated glass for 20 s at

5000 rpm, and annealed at 60°C for 6 h in vacuum, which is an optimal condition for the

preparation of high performance WOj3; EC layers [35]. The ion gel solution was simply drop-
cast on the WOs layer. After drying at 60 °C, a transparent ion gel was obtained. Another
ITO-coated glass was assembled using a double-sided tape to complete device fabrication, in
which active WO3 area was 10 mm x 10 mm. The voltage dependence of absorption spectra,
device kinetics, and coloration/bleaching cyclic stability was investigated using a UV-vis
spectrometer (UV-1280, Shimadzu), in which applied voltages were supplied by a
potentiostat (ZIVE SP1, WonA Tech.). All measurements were performed under ambient

conditions.

3. Result and Discussion
In contrast to conventional WO3-based ECDs, we excluded a secondary anodic film (ion

storage layer) by directly incorporating soluble anodic species in the gel (see Scheme 1). Thus,
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the common gel components were P(VDF-co-HFP), [EMI][TFSI], and dimethyl ferrocene
(dmFc), which functioned as copolymer, ionic liquid, and anodic species, respectively. After
sequential deposition of the WO3 and ion gel layers on ITO-coated glass, the ion gel layer was
covered with another sheet of ITO glass to complete the fabrication. According to the redox
reaction of WO; (see equation (1)), cations (namely, M" in the equation (1)) such as H", Li* or
Na" are essential for coloration [22].

W05 (bleached, pale yellow) + xM* + xe~ - M, WS W, 05 (colored, blue) (1)
Notably acid (e.g. H,SO,) is often used to provide H* under aqueous conditions [28,38,45,46].
However, aqueous solutions and hydrogels are not suitable for electronics because of the
narrow electrochemical window imposed by the presence of water. On the other hand, most
common Na* ion sources such as sodium chloride (NaCl) are not compatible and cannot be
used for ion gels based on [EMI][TFSI] (see Fig. S1 in Electronic Supplementary Information
(ESI)). In contrast, [Li][TFSI] is commercially available and fully soluble in [EMI][TFSI]-
based gels. Accordingly, the gels were designed to include [Li][TFSI] for successful operation

of WO; ECDs.

Scheme 1. Schematic illustration of electrochromic devices (ECDs) produced using a WO3
film and Li-doped ion gel, and molecular structures of components included in the gel.
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Fig. 1. Voltage dependence of transmittance of ECDs (a) without [Li][TFSI] and (b) with 0.05
[Li][TFSI] in the gel. (c) Plots of transmittance at 700 nm as a function of voltage. (d-f)
Schematic illustrations of the coloration mechanism in which large [EMI]" cations are blocked
but relatively small Li* ions penetrate the WO3 layer.
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The importance of Li" in the gel is demonstrated in Fig. 1. When the ion gel did not contain
Li* ions, only broad absorption arising from dissolved dmFc was observed (Fig. 1(a)).
Furthermore, transmittance spectra did not change even upon application of external voltages,

and no coloration was shown. In contrast, dramatic changes in EC behavior were induced by
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incorporating only 5 wt% [Li][TFSI] with respect to [EMI][TFSI] (Fig. 1(b)). Transmittance
in the bleached state was the same as that of the corresponding device without [Li][TFSI],
whereas transmittance in the visible range was significantly decreased as voltage was applied.
In other words, coloration occurred with the ion gel layer. We also examined the dependence
of transmittance at 700 nm on the concentration of [Li][TFSI] (Fig. 1c). Detailed full UV-vis
spectra at various voltages for ECDs with 10 and 15wt% [Li][TFSI] were provided in ESI
(see Fig. S2 and S3). A larger optical transmittance contrast was detected at a higher
[Li][TFSI] content. However, when the [Li]J[TFSI] content exceeded 10wt% relative to
[EMI][TFSI], EC performance approached saturation. Before coloration, [EMI]*and [Li]" are
present near the WOs film (Fig. 1(d)). When voltage is applied, only [Li]" ions are inserted
into the WO;3; film for charge neutrality and coloration occurs (Fig. 1(e) and 1(f)). These
results present the importance of Li-doped ion gels for WOs-based ECDs.

The effect Li* concentration on device dynamics was investigated by obtaining transient
transmittance profiles. Fig. 2(a) displays the time dependence of transmittance at 700 nm
during coloration at different [Li][TFSI] contents. The absence of [Li][TFSI] resulted in no
remarkable variation in transmittance (namely, no coloration) even upon application of -0.9 V,
which is consistent with Fig. 1(a). As [Li][TFSI] concentration in the gel was increased, the
transmittance of the colored state became lower. In other words, the largest transmittance
contrast increased from 67.5 % at 0.05 [Li][TFSI] to 84.8 % at 0.15 [Li][TFSI]. Further
addition of [Li]J[TFSI] was not possible due to its limited solubility in the gel. Higher
[Li][TFSI] concentrations increased Li* diffusion flux into WO3;, so bigger transmittance
contrasts and quicker coloration responses were observed (see Fig. 2(a) and Table 1).

On the other hand, more intercalation of Li* in the WOs layer means that a larger number of
Li* ions must be extracted to recover the original bleached state, which suggests slower
bleaching. Indeed, when we measured bleaching response times (ty), the longest response time

was observed for the device with 0.15 [Li][TFSI] under open- (Fig. 2(b)) and short-circuit
8



conditions (Fig. 2(c)). In particular, the bleaching under short-circuit (tpshort ~ 24 S) was
quicker than that under open-circuit condition (tpepen ~ 196 S), Which can be explained by
differences between bleaching pathways. When the circuit is cut (open-circuit), the chemical
reaction between colored WO3 and dmFc” diffusion from the counter electrode provides the
only means of bleaching. However, an additional bleaching route, direct oxidation of WO3;
near the electrode, becomes available when the circuit is shorted, so the bleahcing is
accelerated. This proposal is in good agreement with results obtained using solution
electrolyte-based ECDs [34].

We also examined the [Li][TFSI] concentration dependence of coloration efficiency (») as
defined by [22]:

n=A0D/AQ=log(T,/T.)/AQ )

where AOD is variation in optical density, T, and T, are transmittances in the bleached and
colored states, respectively, and AQ is the amount of injected charge required to induced AOD.
From the plots of AOD as a function of AQ (Fig. 3), # values were estimated by a fit on the
linear regime. The extracted # values were 50.1 cm?/C, 58.2 cm?/C, and 57.4 cm?/C for 0.05,
0.10, and 0.15 [Li][TFSI], respectively, which is comparable with the efficiency of optimized

solution-based WO3 ECDs (5 ~ 60 cm?/C) [35].

Table 1. Device characteristics of gel-based WO3-ECDs as a function of [Li][TFSI]
concentration.

[LI][TFSIVIEMI][TESI] AT (%) Ty (%) T (%) t.(S) thshort (S)  th,open (S)
0.05 67.5 89.3 21.8 12 12 122
0.10 76.1 88.7 12.6 12.5 20 152
0.15 84.8 89.9 5.1 14 24 196
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Fig. 3. Charge density dependence of changes in optical density (AOD) for ECDs including
different [Li][TFSI] concentration in the gel: (a) 0.05, (b) 0.10, and (c) 0.15 [Li][TFSI].
Coloration efficiencies were defined as the slopes of linear fits.

The stable device operation is necessary for practical purpose. Therefore, we tested device
stability during repeated coloration and bleaching at 0.10 [Li][TFSI]. As displayed in Fig. 2

and Table 1, coloration response was much faster than bleaching even under short-circuit

condition. Accordingly, to recover fully bleached states, we applied an asymmetric square
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voltage wave (0.9 V for 5 s (coloration) and 0.0 V for 15 s (bleaching)) during cycle tests.

Initially, the transmittance of the device was modulated between ~89% (bleached) and ~35%

(colored), and corresponding AT was ~54% (see Fig. 4). Even after 24 h continuous operation

in air, reversible switching was clearly observed, although a decrease in AT was accompanied

(i.e. Ty~ 80%, T ~ 43%, and thus AT ~ 37%).

Transmittance@700nm (%)

100

Bleached State

Colored State

20} N X

Oh 1h 8h 16h 24h

°0 6 60 66 480 486 963 1440 144
Time (min)

Fig. 4. Operation stability of the ECD at 0.01 [Li][TFSI] during repeated coloration and
bleaching cycles. Coloration and bleaching were conducted at —0.9 V and 0.0 V for 5 s and 15

S, respectively.
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Fig. 5. (a) Photographs of flexible WO3; ECDs (left: bleached state, right: colored state) with
0.10 [Li][TFSI], in which the size of active area was 10 mm x 10 mm. Bending stability of
transmittance contrast (AT) and coloration efficiency () of the ECD under bending radii of (b)
1.25 cm and (¢) 0.7 cm.

The utilizing gel electrolyte layer precludes electrolyte leakage under strain, which offers
an opportunity to fabricate flexible devices. Therefore, we fabricated WO3; ECDs with ITO-
coated plastic substrates (e.g. ITO-coated polyethylene terephthalate (PET) (Fig. 5(a)), and
examined device performances with respect to the number of bending. Two bending radii (R)
of 1.25 cm (Fig. 5(b)) and 0.7 cm (Fig. 5(c)) were employed in the test. Corresponding

applied strains (¢) were calculated as ~0.5 % and ~0.9%, respectively, based on the equation &

= D/2R [50] (D is substrate thickness (~125 pum)). The ECDs well-maintained their initial
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coloration efficiency (7,) and transmittance contrast (AT,) even after 1000 bendings, although
slightly larger decreases in performance were observed under higher strain. One may raise a
question if the increase in resistance of ITO-coated plastics due to the damage of ITO layer is
the origin of bending instability. Thus, we investigated the resistance of employed ITO-coated
PET during bending test. However, a similar level of resistance was maintained (Fig. S4 in
the revised ESI), which means there was no issue on the flexible electrode in our experimental
conditions. Because the ion gel is elastic, we investigated the reason for the performance
degradation of WOj3; films by examining surface morphology after 1000 bendings. As
prepared film surfaces were smooth (Fig. S5a). In contrast, when the film was subjected to
bending strains, surface cracks were observed. Larger bending deformation can cause more
cracks (see Fig. S5b and S5c in ESI) and lead to more performance degradation. It is noted
that we did not observe any electrolyte leakage after testing. The EC performances of the
devices produced in this work were compared to other gel-based WO3; ECDs (see Table S1 in
ESI). The remarkable features of ECDs containing Li-doped ion gels included (1) good
bending stability (AT retention ~ 90% after 1000 bends), (2) low operating voltage (0.9 V),
and (3) large transmittance contrast (AT ~ 85%) between colored and bleached states. In a
previous report [27], we found a gel consisting of 10wt% PVDF-co-HFP and 90 wt%
[EMI][TFSI] gel simultaneously exhibited good mechanical robustness (storage modulus >
10* Pa) and high ionic conductivity (~6.7 mS/cm), which are one of the origins of features (1)
and (2), respectively. The dramatic increase in AT for ECDs in this work may be due to the

absence of a slightly turbid secondary anodic film.

4. Conclusions
In this work, we designed Li-doped ion gels based on consideration of the working
principles of WO3-based ECDs. The ratio between [Li][TFSI] and [EMI][TFSI] was carefully

adjusted to optimize device performance. The ECDs at 0.10 [Li][TFSI] exhibited large optical
14



contrast, high efficiency, and cyclic stability. In addition, we successfully demonstrated
flexible WO3-based ECDs that showed good bending stability. The Li-doped ion gels in this
work contribute to the fabrication of flexible ECDs based on metal oxides (particularly, WO3)

that do no leak even under bending deformation.
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Highlights

* Non-volatile, Li-doped ion gel electrolytes are designed for flexible WO3-based ECDs.

e ECDs based on Li-doped ion gels exhibit low voltage operation (-0.9 V) and large
transmittance contrast (~85%) between colored and bleached states.

« Electrolyte leakage is not observed from flexible ECDs containing Li-doped gel electrolyte
when bending deformation is applied.

e Flexible WOgs-based ECDs on plastic maintain ~90.3 and ~84.5% of initial optical
transmittance and coloration efficiency, respectively, after 1000 bending tests.
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