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Smart windows, which control the amount of light entering buildings, houses, and automobiles, are
promising in terms of energy conservation and their low environmental impact. Particularly, a next-
generation smart window for automobiles will require high optical modulation, along with flexibility to
adapt to various intelligent designs. We have previously fabricated electrochromic devices (ECDs) by wet
coating glass substrates with nanoparticles (NPs), such as water-dispersive ink containing tungsten oxide
(WOs), and Prussian blue (PB), and have evaluated and confirmed the various electrochromic (EC)
properties, such as optical modulation, cyclic durability, and colouration efficiency, of the ECDs.
However, glass substrates are heavy and difficult to adapt by deformation to meet the demand of next-
generation automobiles. In this study, we aim to prepare complementary ECDs by wet coating WOz and
PB thin films on indium tin oxide (ITO)-coated flexible polyethylene terephthalate (PET) substrates.

Chromaticity and haze of ECDs were investigated in detail as evaluation indexes to verify specifications
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Accepted 18th August 2021 for practical use in automotive applications. Repeated switching, bending, and twisting did not degrade
the ECD properties, thereby demonstrating its durability and mechanical robustness. These excellent

DOI: 10.1039/d1ra05280b electrochromic properties of the flexible ECDs suggest that they are promising materials for application
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Introduction

A “smart” automobile window is one that has flexibility to auton-
omously change its optical properties to admit or block solar
energy in response to seasonal changes.'® Recently, suspended
particle devices (SPDs) have been developed for commercial
automobile window applications.*> However, due to the disad-
vantages of SPDs, such as poor thermal and electrical stabilities
and poor memoty effect, they cannot meet the demands of future
automobile development. In contrast, electrochromic (EC) mate-
rials have high thermal and electrochemical stabilities as well as
good memory properties, and are thus considered suitable
candidates for automobile window applications. Upon application
of a certain voltage, EC materials can switch their optical proper-
ties persistently and reversibly by balancing charges via simulta-
neous intercalation/deintercalation of cations (e.g,, H', Li', etc.)
and electrons.®® EC materials have been extensively investigated
due to their potential for widespread application in information
displays, automotive rear-view mirrors, and smart windows.>™**
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in next-generation smart windows for automobiles.

A typical EC device comprises five superimposed layers:
a transparent conductive electrode, an ion storage layer, an elec-
trolyte layer, a EC layer, and a transparent conductive electrode.**
The ion storage layer prevents ion accumulation on the electrode
to maintain the neutrality of the electrolyte layer. The electrolyte
layer is ion-conductive and provides a transport channel for the
shuttling of ions between the EC and ion storage layers.

EC materials are mainly categorized as inorganic and organic
materials. Inorganic materials include transition metal oxides (e.g.,
tungsten oxide (WO;)") and inorganic complexes (e.g., Prussian blue
(PB)*™), while organic materials include m-conjugated organic
molecules (e.g., viologen'®) and conductive polymers (e.g., poly-
imide’). In particular, WO; and PB are representative EC materials
that exhibit large optical modulation and high colouration efficiency
in the visible and near-infrared regions. Interestingly, Wang et al.*
reported not only a bi-functional device, but also a self-rechargeable
transparent battery, using PB having EC characteristics.

EC layers for application in commercial smart windows can
be prepared by thermal evaporation,* electrodeposition,* and
sputtering.” In recent years, hydrothermal methods,*** sol-gel
methods,”” along with electrodeposition,”® printing,* and
coating® techniques, have been investigated to reduce process
cost for high productivity. These coating and printing tech-
niques can be used to rapidly fabricate high-quality EC thin
films on large substrates. Thus, these techniques show promise
for the development of next-generation flexible ECDs.***

© 2021 The Author(s). Published by the Royal Society of Chemistry
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However, this development relies on extensive basic research,
because several issues must be resolved to enable mass produc-
tion, ensure process safety (e.g., minimise the use of substances
that can harm the environment), and allow for easier handling.

We have previously developed a complementary coated ECD
using WO; and PB nanoparticles (NPs)."**> The WO; and PB thin
films were coated with an ink containing each of these NPs dispersed
in water, thus ensuring processing safety. Slit coating was also eval-
uated for the fabrication of large-area thin films on a G2 (370 mm X
470 mm)-sized indium tin oxide (ITO)-coated glass substrate.** High-
quality EC thin films can be fabricated in a short period at a low cost
using wet coating techniques, such as slit-coating® and roll-to-roll*
methods. However, suitability of the application of these WO; and PB
inks on flexible substrates has not yet been evaluated.

In this study, we aimed to fabricate a flexible ECD by coating
WO; and PB on ITO-coated polyethylene terephthalate (PET) as
a substrate material. The ECD performance was evaluated in
terms of EC properties, including optical density change, col-
ouration efficiency, and response time, of the assembled device.
Particularly, it is preferable to use glazing in automobile
windows because it affords high transmittance in a transparent
state with no excessive light scattering;***” therefore, we inves-
tigated the haze and chromaticity of the coloured and trans-
parent states of the ECD fabricated on a PET substrate in detail.
ECDs fabricated on conventional glass and flexible substrates
were also compared. The primary aim of the research described
herein and future research is the development of a coated film
for application in automobile smart windows.

Experimental
Water-dispersed WO; and PB NP inks

Water-dispersed PB and WO; NP inks were prepared by following
methods reported in our previous papers.*'**> Water-dispersed PB
NP ink was prepared by mixing Fe(NOj3);-9H,O with Na,[Fe(CN)g]-
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Fig. 1 Schematic of ECD preparation.
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10H,0, followed by washing via decantation. The dispersibility of the
precipitate in water was improved by adding Na,[Fe(CN)e]- 10H,O,
and the suspension was stirred at room temperature for 1 week.
Polyvinyl alcohol (PVA; 10 wt%) was added for increased viscosity and
adhesion of the ink to ensure that a uniform PB film was formed.
WO; NPs (diameter = 10 nm; Toshiba Materials Co.) were
dispersed in purified water to a solid content of 25 wt%, followed by
stirring at 1000 rpm for 48 h at 20 °C. PVA (1 wt%) was added for
increased viscosity and adhesion of the ink to ensure that a uniform
WO; film was formed. The water-dispersed WO; and PB NP inks
were both filtered through a 7 pm syringe filter (Kiriyama Glass Co.)
before use. The properties of the inks are listed in Table S1.}

Surface treatment of substrates

ITO-coated glass and PET were both used as substrate materials
(area = 25 cm?). Both substrates received surface treatments to
improve ink coating efficiency and thin film adhesion. After
setting the moving distance of the conveyor to 50 mm, the surfaces
were repeatedly irradiated with ultraviolet (UV) light (A = 365 nm)
for 25 min at a conveyor speed of 10 mm min ", with the distance
between the substrate and UV light emitting ceramic lamp being
10 mm (HLDL-375X10U6-SP, CCS Inc.; Fig. 1). The UV dose was
adjusted between 0 and 2805 mW s cm ™. The temperature was
controlled using a cooling fan (<80 °C), and temperature labels
were used to avoid heating of the flexible substrate surface during
UV treatment. The contact angles for water and the PB and WO;
NP inks dropped onto the ITO-coated glass and flexible substrate
surfaces were measured after 60 s using a contact angle meter
(DMs-400, Kyowa Interface Science Co., Ltd).

Electrochromic thin films prepared using water-dispersible
NP inks

WO; and PB thin films were deposited on surface-treated ITO-
coated glass and flexible PET substrates by spin-coating
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(POLOS Spin150i, SPS Europe, Inc.). The spin parameters are
listed in Table S2.1 The speed (rpm) of the spin-coating process
was controlled to yield a film thickness of ~1 pm. The film
thickness (d) was determined as follows:*®

d=ml(A x p), &Y

where m is the weight of the coated WO; or PB NP-water-
dispersible ink, A is the area of the substrate, and p is the
density of the ink. The weights of the ITO-coated substrates and
WO; and PB inks are listed in Table S3.}

Fabrication of electrochromic devices (ECDs)

The gel electrolyte was prepared by mixing potassium bis(tri-
fluoromethanesulfonyl)imide (KTFSI, 1.5 mol kg™ '; FUJIFILM
Wako Pure Chemicals Co.) and polycarbonate (PC, 99%; Kanto
Chemicals Co., Inc.). The electrolyte viscosity was adjusted by
adding 30 wt% polymethyl methacrylate (PMMA; FUJIFILM
Wako Pure Chemicals Co.). The electrolyte was applied to the PB
thin film, and a UV sealing material was applied to the four
edges of the PB thin film to prevent electrolyte leakage. Next,
WO, thin film was bonded to the PB thin film with the elec-
trolyte and UV seal material applied under vacuum. The effec-
tive area of the devices was 16 cm?. The ECDs produced in this
study are referred to as either a glass-based ECD or a PET-based
ECD.

A light-ageing treatment was performed to improve the
performance of the ECDs, by irradiating the ECDs with a xenon
lamp (Q-SUN XE-1 Xenon Test Chamber, Q-Lab Co.) operated at
a power density of 80 mW cm 2 for 60 min, placed 50 mm from
the ECDs (Fig. 1). The electrodes at both ends of the prepared
ECDs were short-circuited before light-ageing. Upon light-
ageing, the appearance of the ECDs was switched from blue
to transparent.

ECD characterisation

The ECDs were evaluated in accordance with protocols used in
our previous studies.'**> The chromaticity was measured using
a UV-visible (UV-vis) spectrophotometer (SD 3000, Nippon
Denshoku Industries Co. Ltd), while the haze was determined
using a haze meter (NDH 7000, Nippon Denshoku Industries
Co. Ltd). The chromaticity coordinates (a* and b*) and lumi-
nance (L*) data were calculated from the transmittance spectra
of PET-based and glass-based ECDs in their coloured and
bleached states. The luminance (L*) value characterizes the
brightness of the films and varies between 0 (black) and 100
(white). The colour of the films is defined by their a* and
b* coordinates: positive and negative a* values indicate that the
colour tends toward red and green, respectively, while positive
and negative b* values indicate that the colour tends toward
yellow and blue, respectively. The electrochemical properties
were evaluated using an electrochemical analyser (6115D, ALS/
HCH), in combination with a UV-visible-near-infrared (UV-vis-
NIR) light source (DH-2000, Ocean Optics Inc.). Cyclic voltam-
metry (CV) was performed to estimate the peak potentials and
peak currents of the reversible redox reactions at the anode and
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cathode. Multiple potential step (MPS) measurements, trans-
mission spectra, and time strip charts were obtained based on
estimated response times. Chronocoulometry (CC) was con-
ducted to estimate the transferred charge density (Q), with
respect to the transformation of ECDs from the transparent to
the coloured states.

Results and discussion
Surface treatment of ITO substrates

The hydrophilization of a substrate surface is commonly ach-
ieved using the vacuum plasma method.** However, this
approach can lead to plasma damage in organic substrates.
Therefore, in this study, the surfaces were treated with UV light.
UV-based hydrophilic treatments help remove contaminants
from the ITO surface by breaking the organic molecular bonds
and adding polar oxygen atoms. These modifications increase
the surface energy of ITO.*** The contact angles for water and
the PB and WO; inks dropped on the surface-treated substrates
were evaluated after treatment at various UV irradiation inten-
sities (Fig. 2). The contact angles of water, WO;, and PB were
found to decrease from ~90° to 32°, 48°, and 47°, respectively,
with increasing UV dose; the optimal effect without any damage
to the flexible substrate was achieved at a UV dose of 2805 mW s
cm > The UV surface treatment reduced the content of non-
polar groups, while increasing the content of polar compo-
nents, and the formation of various photo oxides on the ITO
surface led to increased hydrophilicity.***>

Effect of light-ageing on ECD properties

Light-ageing of the ECDs with short-circuited electrodes affor-
ded a transparent appearance due to presence of oxidised WO;
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Fig.2 Contact angles for water and the PB and WOs3 inks dropped on
the ITO/PET substrate after UV treatment at various UV irradiation
intensities. The photos show the contact angle of (a) water, (b) WOs3,
and (c) PB on the surface of ITO-coated PET substrate treated with
a UV dose of 2805 mW s cm™2.
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and reduced PB. UV irradiation facilitated the injection of K"
into the electronic states of PB for the reduction of Fe™-N to
Fe'-N as follows:*>%

Fef'[Fe'(CN)g] (blue) + 4K~ + 4e~
= K4Fe[Fe''(CN)¢] (colorless)  (2)

The PB thin film in the sealed ECD was protected from
oxidative degradation, thereby minimising its participation in
the oxidation of PB.*»*

Electrochemical and EC properties

The CV curve recorded at an applied potential ranging from
—1.2 to +1.0 V at a sweep rate of 5 mV s~ ' is shown in Fig. 3(a).
The PET-based ECD exhibited a significantly smaller CV area
than the glass-based ECDs, probably because the sheet resis-
tance of the ITO/PET substrate (~50 Q sq~ ') was about four
times higher than that of the ITO/glass substrate (~12 Q sq ™).
The charges of the glass and PET-based ECDs were 0.44 and 0.23
C, respectively, when a potential of —1.2 and +1.0 V was applied
for 60 s (Fig. 3(b)). Thus, the glass-based ECD with a low elec-
trical resistance had double the charge for oxidation and
reduction reactions compared to the PET-based ECD. However,
the PET-based ECD had an estimated charge balance
(Ceransparent/ Ceolourea) OF over 98%, indicating that reversible K*
charge/discharge processes occurred smoothly in both ECDs, as
described in eqn (3) and (4):***
Anodic reaction:

K4Fell[Fe'(CN)g] (colorless) < Fel'[Fe(CN)g] (blue)
+ 4K +4de” (3)

Cathodic reaction:
WO; (colorless) + xK* + e~ = K, WOj; (blue) (4)

The changes in optical transmittance of the coloured and
transparent ECDs were examined using UV-vis spectroscopy
during CC analysis, and the corresponding spectra are shown in
Fig. 4(a) and (b). The glass and PET-based ECDs exhibited
optical modulations of 80% and 79%, respectively, at a wave-
length of 633 nm. Both the ECDs exhibited excellent optical
properties. MPS measurement were conducted to determine the
switching responses of the films. The changes in optical
transmittance with time at a wavelength of 700 nm upon
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Fig. 3 (a) CV and (b) CC profiles of the glass-based (red) and PET-
based (blue) ECDs acquired at a potential scan rate of 5 mV s %,
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applying constant voltages of +1.0, —1.2 and +1.0 V, as Vinitjal,
Vstep1, and Veep, for 30, 30, and 60 s, respectively, are shown in
Fig. 4(c) and (d). The switching times of the ECDs between the
coloured (tcoloured) and transparent (fyansparent) States was eval-
uated using the time in which 90% change in transmittance was
achieved. The PET-based ECD exhibited Z.o1ourea aNd firansparent
values of 16.79 and 19.03 s, respectively, which were higher than
those of the glass-based ECD. However, there was no significant
difference in the response time between the two types of ECDs,
as obtained in the CV and CC analyses (Fig. 3), despite the lower
current values. This result shows promise for lower current
drive in future applications, which could reduce the power
consumption of a device. A shorter switching time is also ex-
pected if a substrate with a lower sheet resistance than ITO-
coated substrates is used.

Fig. 5 shows the chromaticity and haze of the ECDs, aspects
that are important for meeting the regulations governing
window materials for automobiles (the details of the haze and
chromaticity values are described in Table S47). In the CIELAB
colour space designed to approximate the human vision, the
colour coordinate values (L*, a*, and b*) of the ITO-coated PET-
and glass-based ECDs were determined in transparent and
coloured states (Fig. 5(a) and (b)). When —1.2 V was applied, the
a* and b* values of both types of ECDs suddenly dropped below
—15, corresponding to blue colour. Conversely, upon the
application of +1.0 V, both types of ECDs changed from blue
colour to transparent (L* > 85). In addition, the haze values are
low (<5%) in the transparent states of PET-based and glass-
based ECDs. For application in windows, visual transmittance
must be high, desirably >70%, and haze must be low, desirably
<2%.*® The PET-based ECD appears remarkably clean with haze
<3% in the transparent state, which is adequate for use as ECDs.
Moreover, the ECDs maintained their coloured and transparent
states even when disconnected from the power source,
demonstrating it as a promising energy-efficient device.

The current and transmittance at 633 nm were evaluated as
a function of the number of continuous colouration/
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Fig. 4 Transmittance spectra of the transparent (blue lines) and col-
oured (red lines) states of (a) PET-based and (b) glass-based ECDs.
Optical switching speed between the transparent (blue lines) and
coloured (red lines) states of (c) PET-based and (d) glass-based ECDs.
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Fig. 5 Variation in CIELAB colour coordinates (L* a* b*) and
photographs of the (a) PET-based and (b) glass-based ECDs in the
colored and transparent states.

discolouration cycles up to 100 (Fig. 6). Both ECDs exhibited no
change in the initial and subsequent electrochemical proper-
ties, and no notable degradation was observed in EC perfor-
mance. Thus, the ECDs were electrochemically very stable. In
addition, the PET-based ECD was mechanically robust during
both bending and twisting (Movie S1t).

20 300
_ (a) N (b)
< 10 < 150
£ ETH I
é 0 @ 0
3-10 3-150
-20 -300 [
oi 20 40 60 aoimo o$ 20 40 60 80| 100
/ Cycle number Cycle number  \/
00— — Wr—————
< 10t t < 150
' I
£ ' N t £
= NN \ \ {\ Fk = L i
0t P 0k
¢ th ‘H [ H o | @ ”J
5 | | I I 1 | 3
O -10+ I O -150
_207 8 9 1087 88 89 90 _3007 8 9 1087 83 89 90
Cycle number Cycle number
100 100
g 50 (c) A=633nm £ g (d) A =633 nm
g 60 g 60
T 40 £ 40
2 2
& 20 s 20
=
oo 0

[=)

20 40 60 80 100
Cycle number

0 20 40 60 80 100
Cycle number

Fig. 6 Cycle stability up to 100 cycles of (a and c) PET-based and (b
and d) glass-based ECDs illustrated as (a and b) MPS measurements of
electrochemical stability at constant voltages of —1.2 and +1.0 V, and
(c and d) transmittance at a wavelength of 633 nm.
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Optical density (AOD) was used to calculate the EC colour-
ation efficiency (CE), which is an important parameter govern-
ing the electrochemical performance of ECDs. CE and AOD are
defined as follows:*

CE = AOD/Q = log(T/T)I0, (5)

where T, and T, are the transmittance ratios of the transparent
and coloured states, respectively, and Q is the amount of
injected charge (Table S57). Fig. S1T shows the plots of in situ
AOD at 633 nm versus colouration charge density at —1.2 V. The
CE is extracted as the slope of the line fitting the linear region of
the curve. The glass-based ECD exhibited a higher AOD of 2.40
than PET-based ECD due to its larger optical modulation.
However, the PET-based ECD exhibited a higher CE of 123.32
em” C™, indicating high efficiency, even with a small amount of
charge. The EC properties of PET-based ECDs deposited using
various techniques and cycled in different electrolytes have
been previously reported. Cai et al. reported that a WO; PET-
based ECD prepared by ink-jet printing had a CE of 68.8 cm?
C™' while Li et al. reported that a ECD of structure WO3/
PEDOT:PSS/ITO/PET, prepared by spray deposition, exhibited
a CE of 83.11 cm® C~ "% Further, Yun et al. reported that the CE
values of WO; PET-based ECDs prepared by spin-coating varied
between 50.1 and 57.4 cm?® C~ 1.5 On the other hand, the CE
value of the PET-based ECD prepared in this study (123.32 cm?®
C~ ') was higher than these previous reported values. Therefore,
we strongly believe that the results of our study provide a new
comprehensive foundation for the development of next-
generation flexible ECDs for application in automobiles.

Conclusions

A novel flexible ECD was prepared by coating water-based inks
containing WO; and PB NPs onto ITO-coated PET substrates.
UV-treatment of ITO-coated substrates enhanced the wettability
of the surface, which facilitated the adhesion of the WO; and PB
inks to the films. A complementary flexible ECD was produced
using K'-based gel electrolyte. Light-ageing was conducted to
improve the EC performance of the PET-based ECD. To illus-
trate the colour change, the chromaticity diagram is plotted in
terms of L* a* and b* and the PET-based ECD showed
a dramatic colour change from blue to transparent. Further-
more, the haze of the PET-based ECD in the transparent state
was less than 3%, indicating clear transparency; therefore,
transparent PET-based ECD is considered suitable for auto-
mobile applications. The ECDs exhibited excellent EC perfor-
mance, including a large optical modulation of 79% at 633 nm,
high CE (123.32 cm? C™%), and good cycling stability. These
excellent EC properties of the flexible WO;-based and PB-based
ECDs demonstrate their promise as candidate materials for
application in next-generation smart windows. However, when
considering the application of this device as a window material
for automobiles, several issues remain, including environ-
mental stability (e.g., resistance to temperature, humidity, UV)
and introduction methods. Future research and development in
collaboration with our partner companies is required to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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produce scaled-up samples for field testing, thus facilitating
rapid practical implementation.
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