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Finding a new, effective anodic species is a challenge for achieving simpler low-voltage tungsten trioxide (WO3)-
based electrochromic devices (ECDs). In this work, we utilize tetrathiafulvalene (TTF) and demonstrate its
reversible redox behaviors as an electrolyte-soluble anodic species. The concentration of TTF in the electrolyte
is varied to optimize device performance. When the TTF concentration is low (0.01 M), a smaller maximum

transmittance difference (ATmax ~ 34.2%) and coloration efficiency (n ~ 59.6 cm?® C™Y) are measured.
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Although a better performance of AT ~ 93.7% and n ~ 745 cm? Ct is achieved at 0.05 M TTF, the

colored state could no longer return to its original form. We conclude that 0.03 M of TTF is the appropriate
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1. Introduction

Electrochromic (EC) materials have attracted considerable atten-
tion due to their electric responsive behaviors that change optical
absorbance or transmittance.”* EC devices (ECDs) have found
relatively new applications such as functional energy storage
devices (referred to as EC capacitors; ECSs),** and electronic skins
(e-skins).”® Nonetheless, most applications are in smart windows®**
for buildings, cars, sunglasses, and reflective displays.">>®

Among the several categories of EC materials, inorganic
films are preferred to organic small molecules**" or conduct-
ing polymers*?® because of their higher photochemical
stability.?”° Tungsten trioxide (WO3) is one example of a metal
oxide exhibiting reversible EC behaviors.**** Typical WO;-based
ECDs are comprised of two transparent electrodes, a cathodic
WO; film, an electrolyte, and a secondary anodic EC film. In
particular, the secondary anodic films are essential for
achieving low-voltage devices. Without them, reductive colora-
tion of WO; occurs only when the electrolyte near the anode is
decomposed, which greatly degrades device performance.**

Recently, several efforts have been made to simplify the
device structure by directly incorporating the anodic species
into the electrolyte.***** In this process, the additional
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concentration for high-performance WOz ECDs with high optical contrast and reversible EC behaviors. The
irreversible EC transition at high concentrations of TTF is attributed to the agglomeration of TTF molecules.

deposition of secondary film is unnecessary, and WO; ECDs are
fabricated straightforwardly. However, possible candidates
available for electrolyte-soluble anodic species with high elec-
trochemical stability are limited to hydroquinone (HQ),* ferro-
cene (Fc),* and ferrocene derivatives such as dimethyl Fc
(dmFc).** Therefore, the discovery of new anodic candidates and
their successful applications are a challenge for high-
performance, simple WO; ECDs.

Herein, tetrathiafulvalene (TTF)-containing electrolytes were
prepared and used in ECDs based on WO;. As an electrolyte-
soluble anodic material, we selected and evaluated TTF that is
an electron-donor with outstanding redox properties.***° The redox
potential of TTF is more negative than that of representative
anodic species, Fc. This implies that WO; ECDs will be able to
operate at very low voltages when combined with TTF. We varied
the concentration of TTF in the electrolyte to investigate the
correlation between TTF concentration and device performance.
Irrespective of TTF content, noticeable changes in the absorption
spectra were observed at —0.3 V. However, other characteristics
including maximum transmittance contrast (ATy.y), response
time (Af), and coloration efficiency depended on TTF concentra-
tion. For example, ATy, and coloration efficiency were small and
kinetic response was relatively slow at low TTF concentration (e.g
0.01 M), due to the concentration imbalance between anodic (TTF)
and cathodic (WOj;) materials. These properties were improved as
the TTF concentration increased. However, TTF agglomerates were
formed when the TTF concentration reached 0.05 M, which pre-
vented the colored WO; film from returning to its original trans-
parent state. Our results demonstrate that TTF can successfully
serve as an electrolyte-soluble anodic species, although the
appropriate concentration of TTF is important for achieving
a balanced, high-performance WO; ECDs.

This journal is © The Royal Society of Chemistry 2019
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2. Experimental

All chemicals used in this work were purchased from Sigma-
Aldrich. ITO-coated glasses (sheet resistance: 10 Q sq ™', Asahi
Glass Co.) were sequentially cleaned with acetone (20 min) and
DI-water (20 min) under sonication followed by UV/ozone
treatment for 10 min before use. EC WO; film was prepared
on an indium tin oxide (ITO)-coated glass by a low-temperature
sol-gel process. The detailed synthetic process is described
elsewhere.** A propylene carbonate (PC) solution containing
0.5 M LiClO, (supporting electrolyte) and TTF (anodic material)
was employed for an electrolyte layer, in which the concentra-
tion of TTF was varied (i.e. 0.01, 0.03, and 0.05 M).

EC devices (ECDs) based on WO; and TTF-containing elec-
trolytes were fabricated straightforwardly. First, a gasket (thick-
ness of 60 pm) serving as a spacer was placed on the WO;-coated
ITO electrode, and the electrolyte solution filled around the
gasket. The dimension of active area was 25 mm x 25 mm (width
x length). Next, the counter ITO electrode was assembled on the
gasket, followed by complete sealing using silicon resin.

Cyclic voltammograms of TTF were obtained using a poten-
tiostat (Weis 500, WonA Tech.) to investigate its redox behav-
iors. Changes in optical characteristics at different voltages
were recorded on a UV-vis spectrometer (GENESYS 10S, Thermo
Scientific™), where DC voltage input was suppled from a source
meter (Keithley 2400, Tektronix). Time-dependent trans-
mittance profiles during coloration and bleaching were ob-
tained using the same instrumentations. All photographs for
analyzing agglomeration behaviors of TTF after ECD operation
were taken using an optical microscopy (OM, Nikon Eclipse
LV100ND). Ionic conductivity of the TTF containing electrolyte
was determined by electrochemical impedance spectrometry
(EIS) (IM6, ZAHNER) at a frequency range of 10" to 10° Hz with
AC amplitude of 10 mV. Noted that electrolyte layers containing
TTF were highly conductive. For example, the ionic conductivity
of ~5.4 mS em ' at 25 °C was measured for 0.03 M TTF-
containing electrolyte (see Fig. S1 in the ESI{).

3. Results and discussion

Fig. 1 displays the structure of the WO; ECDs with electrolytes
that contain the TTF anodic species as well as the overall elec-
trochemical coloration reactions. Similar to previously reported
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Fig. 2 Cyclic voltammograms (CV) of tetrathiafulvalene (TTF) at various
scan rates. 10 mM TTF was dissolved in a propylene carbonate (PC)
solution containing 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPFg), where a platinum disk, Ag wire, and ITO-coated glass were
employed as the working, reference and counter electrode, respec-
tively. Ferrocene (Fc) was used as an internal standard.

anodic materials,****" the use of TTF further simplifies the
device with the absence of anodic films on the counter elec-
trode; the fabrication is more convenient and straightforward.
When a negative bias is applied to the WO;-coated electrode
(cathode, working electrode), the WO; layer is reduced to
colored Li,W;_,*"W,”"0O; with incorporating Li* ions.*® Simul-
taneously, the TTF dissolved in the electrolyte is oxidized to
TTF"" near the counter ITO electrode (anode, counter electrode).
It should be noted that this work first employed the redox pair
of TTF (anodic species) and WO; (cathodic EC material).
Although there is a paper in which TTF was utilized as an anodic
material, a different EC chromophore (ethyl viologen, EV) was
introduced.** The WO;/TTF system in this work showed lower
coloration voltage and larger maximum transmittance contrast
compared to the ECDs with EV/TTF. These features will be
analyzed shortly.

Before characterizing the ECD performance, we evaluated
the feasibility of TTF as an electrolyte-soluble anodic species for
WO; ECDs. The requirements for counter anodic materials
should include stable redox behaviors and appropriate redox
potential. Fig. 2 shows cyclic voltammograms of TTF in a PC

Fig. 1 Schematic illustration and reaction diagram of the coloration process for ECDs in this work.

This journal is © The Royal Society of Chemistry 2019
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solution. The redox reaction of the TTF"*/TTF pair was quite
reversible regardless of scan rate. Comparable cathodic (i,.) and
anodic peak currents (i,,) indicate high reversibility of redox
couple TTF"/TTF. For example, Ipelipa ~ 0.99 was extracted at
25 mV s~ '. Another notable feature of TTF is more negative
redox potential compared to previously reported anodic mate-
rials such as Fc or dmFc. In general, the coloration voltage is
determined by the redox potential difference between the
cathodic and anodic species. Because WO; is a cathodic EC
material, a lower voltage operation is expected when using TTF
oxidized at —0.075 V vs. Fc'/Fc (see Fig. 2). We extracted

View Article Online
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diffusion coefficients (D) of TTF and TTF" using Randles-Sevcik
equation (see Fig. S2 in the ESIT). As a result, the Dyrp and Dypgt
were determined to be ~6.28 x 10”7 and ~4.69 x 10”7 ecm? s~ %,
respectively.

It is noted that the shape of active areas can be conveniently
adjusted if we utilize gel electrolytes containing TTF, although
in this work we focus on the effect of TTF in the liquid elec-
trolyte on device performance. For example, when the high
toughness gel based on poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVDF-co-HFP) was employed, the ECDs were
demonstrated through ‘cut-and-stick’ strategy (see Fig. S3 in the
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Fig. 3 Voltage dependence of UV-vis absorbance spectra at various TTF concentrations: (a) 0.01 M (b) 0.03 M (c) 0.05 M. Photographs display
corresponding bleached (no bias) and colored states (—0.9 V). The scale bar represents 10 mm.
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Fig. 4 Transient transmittance profiles at 700 nm for ECDs at various
TTF concentrations upon application of —0.9 V (coloration) followed
by bleaching under short-circuit condition.

ESIT).'>*** We also expect that the fabrication of large area
devices is available by taking advantage of solution process-
ability (e.g. spin coating) of gel electrolytes.

The dependence of optical characteristics on applied volt-
ages was investigated at three TTF concentrations (Fig. 3). When
0.01 M TTF was included in the electrolyte, a noticeable change
in absorption spectra was observed at —0.3 V (Fig. 3a). This
coloration voltage is obviously lower than those of previous WO;
ECDs including electrolyte-soluble anodic species,***** which is
attributed to the lower redox potential of TTF. As the applied
voltage increased, stronger absorption appeared over the entire
experimental wavelength. Photographs also indicate remark-
able differences in color between bleached and colored states
(Fig. 3a). Similar EC behaviors were observed at 0.03 and 0.05 M
TTF (see Fig. 3b and c, respectively). However, device response
at a higher TTF content was more sensitive to external voltage
changes. In addition, we investigated thermal stability of the
WO; ECD including TTF, for which the device was exposed to
80 °C for 1 h. There was no noticeable change in both bleached
and colored states. This result indicates the high thermal
stability of TTF-containing WO5; ECDs (Fig. S4 in the ESIY).

Device dynamics under consecutive coloration and bleach-
ing are recorded in Fig. 4. EC behaviors of the device with
0.01 M TTF were reversible, but a maximum transmittance
contrast (ATp.x) was only ~34.2%. The coloration (At.) and
bleaching time (At,) were ~24 s and ~10 s, respectively. It is
noted that the response time (A¢) was determined as the time at
which 90% of AT, was achieved. A significant enhancement
in AT,,ax Was observed as the TTF concentration increased. For
example, ATy.x of ~93.0% was achieved at 0.03 M TTF
concentration. This improvement originates from the balanced
oxidation and reduction reactions near the anode and WO;-
deposited cathode, respectively. In addition, Af. (~12 s) at
0.03 M TTF was much faster than at 0.01 M, although bleaching
required a longer time to recover. A large ATy, and fast
coloration were also detected at a TTF concentration of 0.05 M,
but bleaching was delayed considerably, and the device could
not return to the initial state once colored.

The TTF concentration of coloration efficiency (n) was
examined. The n value, which is the ratio between variations in

This journal is © The Royal Society of Chemistry 2019
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optical density (AOD) and injected charge (AQ), was calculated
from the slope of the linear fits in Fig. 5. A higher n was
calculated from devices with a larger amount of TTF. For
example, while 1 ~ 74.5 cm? C~* was evaluated at 0.05 M TTF,
the ECD with 0.01 M TTF was only ~59.6 cm®> C ™. This obser-
vation can be explained by simultaneous electrochemical reac-
tions of a large number of redox species. In addition, the
coloration values are comparable (or higher) to those of ECDs
based on WOj; EC films with other anodic materials (e.g. HQ ~
61.9 cm® C™',* Fc ~ 34.3 cm? C',** and dmFc ~ 60.2 cm* C™*
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Fig. 5 Dependence of optical density (OD) on the injected charge
density at various TTF concentrations in electrolytes: (a) 0.01 M, (b)
0.03 M, and (c) 0.05 M.
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Tablel Summarized EC performance at the three TTF concentrations

TTF concentration

(M) ATpmax (%) At. (s) Aty (s) 7 (em®> C™Y)
0.01 34.2 ~24 ~10 59.6
0.03 93.0 ~12 ~28 68.8
0.05 93.7 ~10 ~68 74.5
(a) 1TF0.01m (D)
I
200 pm

e
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(ref. 31)). Accordingly, we conclude that TTF can successfully
serve as an efficient anodic material for WO; ECDs. The ECD
performance at various TTF concentrations is summarized in
Table 1.

A remarkable difference in optical characteristics, quicker
response, and higher efficiency were realized at 0.05 M TTF.
Nonetheless, this concentration cannot be considered optimal
for practical applications due to the lack of reversibility (see
Fig. 4). We revealed the origin of this performance deterioration

TTF 0.03M ’ ©" rtFoosm
o v . 2
| x o< . 4
N o N
200 pm R ; 200 m |-

Fig. 6 Optical microscopic photographs for electrolyte layers of ECDs after 100 consecutive coloration/bleaching cycles at various TTF
concentrations: (a) 0.01 M, (b) 0.03 M, and (c) 0.05 M.
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Fig. 7 Variation of transmittance at 700 nm for the WOz ECD containing 0.03 M TTF during coloration/bleaching cyclic test.
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at a large amount of TTF in the electrolyte. Fig. 6 displays optical
microscopic images of TTF-containing electrolyte layer after 100
consecutive coloration/bleaching transitions. A homogeneous
phase was maintained at TTF concentrations where reversible
transitions of ECDs were shown (see Fig. 6a, b and S5 in the
ESIf). On the other hand, a significant aggregation of TTF
molecules was detected when the TTF concentration was higher
(Fig. 6¢). Electrochemical reactions of solid-state redox species
occur only near the surface,*>*® which seriously retards colora-
tion and bleaching and induces irreversible behaviors of ECDs.
Therefore, the appropriate TTF concentration (in this case, 0.03
M) is very important for realizing high-performance WO; ECDs.

The characterization of coloration/bleaching cyclic stability
is essential for evaluating the practical feasibility of ECDs.
Accordingly, we assessed the cyclic stability of devices based on
WO; and TTF. An asymmetric square wave consisting of —0.9 V
for 5 s (coloration) and 0.0 V for 55 s (bleaching) was applied,
with the consideration of the longer bleaching response. The
transmittance was reversibly changed according to the applied
voltage over 200 cycles (Fig. 7), implying good cyclic stability of
WO; ECDs including TTF.

4. Conclusions

In this work, TTF was directly dissolved in the electrolyte and
served as the anodic species for WO;-based ECDs. Electro-
chemical characteristics of TTF were investigated through CV
experiments, which revealed good reversibility of redox reac-
tions of TTF. In addition, a redox potential of TTF lower than
those of other electrolyte-soluble anodic materials such as Fc
and dmFc was measured. As a result, low-voltage WO; ECDs
(e.g. coloration voltage ~ —0.3 V) were fabricated with TTF-
containing electrolytes. We examined effects of TTF concen-
trations on the device performance. When a low concentration
of TTF was employed, the coloration of WO; layer was insuffi-
cient. On the other hand, at a concentration of 0.05 M TTF, the
ECD exhibited a larger transmittance difference between
colored and bleached states, faster coloration, and higher
coloration efficiency. However, the device could not return to its
original state due to the TTF aggregates interfering with proper
electrochemical reactions. Overall, these results imply that TTF
can be a promising electrolyte-soluble anodic species for high-
performance WO; ECDs, when the appropriate concentration
of TTF is employed.
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