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Energy-saving smart windows, which control the light coming
into buildings, houses, and automobiles, are promising in
terms of energy conservation and low environmental impact.*™
Smart windows utilize various technologies, including electro-
chromic (EC),”* thermochromic,""*> gasochromic,'*** photo-
chromic,'>'® and thermotropic'”*® principles. Among them, the
use of EC devices (ECDs) is considered as the most promising
technology, because their colour can be switched electrically as
needed. Some ECDs have a memory effect, retaining their
colour without using electricity, thereby saving energy. There
are various EC materials: transition metal oxides'*' such as
WO;,>?* metal hexacyanoferrate (MHCF) complexes,*” metal
hydrides,*'* and organic polymers.***

Among the EC materials, tungsten oxide, WO;, is a key
material. The WO;-based ECD shows blue-bleached switching.
For energy saving purposes, its memory effect, which refers to
the long-term maintenance of the ECD's colour without electric
supply, is essential. In general, conventional WO;-based ECD
are manufactured by using physical processes such as sputter-
ing and vapor deposition. Although physical processes have
advantages such as precise control of thin film properties, there
are problems with regard to production speed and cost.

The United States government mentioned that the cost reduc-
tion based on research for novel materials and low-cost
manufacturing processes may also have the potential to signifi-
cantly reduce costs,” and wet-process was suggested as an
example. Various wet-processes has been examined for the fabri-
cation of EC thin films in ECDs, e.g sol-gel synthesis,
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electrodeposition, coating, and printing. Among these processes,
the coating and printing techniques are expected to make
a significant cost reduction. In this study, we aim to fabricate
ECDs by using the coating technique for EC thin film preparation.

Fig. 1 shows the schematic structure of a complementary ECD.
To obtain stable reactions over many cycles, ECD has two elec-
trochemically active electrodes. In this device, the active elec-
trodes are WO; and PB. The term ‘complementary’ means the use
of a pair of EC materials for the electrodes, where one is coloured
by oxidation, and the other is coloured by reduction. Based on the
choice, the electrodes are concurrently coloured and bleached,
resulting in higher colouration efficiency, which is the colour-
changing ratio in terms of absorbance per unit charge.

The complementary pair of WO; and Prussian blue (PB) is
often chosen. In this case, the redox reactions in each electrode
are as follows:"**

K,Fe} [Fe”(CN)J (colourless) — Fe}" [FeH(CN)G] (blue) + 4K*
+4e”
ey

WO; (colourless) + xK™ + e~ — xK,WO; (blue) (2)

Glass substrate

-

WOs3
Electrolyte
PB

Sealing

Fig. 1 Schematic view of a complementary ECD with the electrodes
coated by a water-based ink.
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The most important contribution of this paper is the fabri-
cation of the WO; thin film by applying a coating of water-based
ink of WO; nanoparticles (WO;3-NPs). For the PB electrode also,
we prepare a similar coating with water-based PB nanoparticles
(PB-NPs). The use of water-based nanoparticles for both the
electrodes results in a significant reduction of the fabrication
cost and the environmental load. In our previous study, we
fabricated an ECD with electrodes of PB-NP and zinc hex-
acyanoferrate (ZnHCF) nanoparticles prepared using a coating
of water-based inks. ZnHCF is also electroactive. However,
ZnHCF is colourless in both its redox states, resulting in less
colouration efficiency because the colour changes only on one
side. With WO; electrode, the colouration efficiency was
improved and a clear change between blue and colourless states
was achieved.

As the water-based WO; ink, we used a slurry containing
WO; nanoparticles with a concentration of 30 wt%. The ink was
prepared with the slurry made by Toshiba Materials Co., Ltd.
The concentration of WO; nanoparticles was about 9%. To
achieve the appropriate viscosity for the coating, and to avoid
cracking after coating, we optimized the WOj; ink increasing the
concentration up to 30 wt% by using evaporators and adding
5 wt% of polyvinyl alcohol (PVA). The water-based ink of PB-NP
was obtained in accordance with a previous study,* i.e. mixing
Fe(NO3);-9H,0 with Nay[Fe(CN)s]- 10H,O0, followed by washing
through decantation. The dispersibility of the PB-NPs in water
was improved by adding Na,[Fe(CN),]- 10H,O to the precipitate.
The materials were then stirred at room temperature (20 °C) for
1 week.

Glass coated with an indium tin oxide (ITO) thin film with
a sheet resistance of approximately 10 Q per square was used as
the substrate. Spin coating for the preparation of the WO;-NP
thin film electrode was done at 100 rpm for 300 s and then at
1000 rpm for 10 s, followed by heat treatment at 500 °C for 1 h to
stabilize the electrode. Our preliminary research showed that
the EC properties of WO; films were significantly influenced by
the fabrication conditions (Fig. S1-S67), and therefore the above
conditions were used to fabricate WO; films suitable for ECDs.
The PB-NP electrode was prepared by spin coating at 400 rpm
for 10 s and then at 900 rpm for 10 s.

Before the fabrication of the ECDs, WO;-NP electrode was
reduced to obtain a complementary relation between the elec-
trodes: a pair of reduced WO; and oxidized PB. The reduction
was performed by using a three electrode system, where the
counter electrode and reference electrode were respectively a Pt
wire and a saturated calomel electrode (SCE). For the electrolyte,
a 0.1 mol L' solution of potassium  bis(tri-
fluoromethanesulfonyl)imide (KTFSI) in propylene carbonate
(PC) was used. The WO; was charged at about 200 mC cm 2.

The ECD shown in Fig. 1 was prepared by sandwiching the
electrolyte layer between the WO; and PB electrodes. As the
electrolyte, we used a mixture of KTFSI, PC, and polymethyl
methacrylate (PMMA). The electrolyte was coated on the surface
of the WO;-NP film using an air pulse dispenser (Shot Master
200DS, Musashi Engineering, Inc.). Both the electrodes were
bonded together with UV-cured resin in vacuum. The EC
properties of the ECD were compared with PB-ZnHCF ECD,
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which were fabricated in accordance with our previous
studies.*

The WO; films were characterized by X-ray diffraction (XRD,
D2 PHASER, Bruker), Fourier transform infrared spectrometry
(FT-IR, Nicolet iS5, Thermo Fisher Scientific), and field emis-
sion scanning electron microscopy (FE-SEM, S-4800, Hitachi
High-Tech. Co.). For the XRD measurement, the silicon powder
standard (SRM 640e, NIST Co.) was added for angle calibration.

The EC properties of the ECD were evaluated using an elec-
trochemical analyser (6115D, ALS/HCH) combined with a UV-
vis-NIR light source (DH-2000, Ocean Optics). Cyclic voltam-
metry was performed to estimate the peak potentials and peak
currents of the anodic and cathodic reversible redox reactions.
The evaluation conditions used for CV were as follows: 5 mV s™*
sweep rate, 1.0 V initial potential, +1.0 V maximum potential,
and —1.2 V minimum potential. Multiple potential step
measurements, transmission spectra, and their variance over
time were obtained for response time calculations and cycle
durability test. The cycle durability test was performed under
the measurement conditions described in Table S1.f The
transmittance spectra for long wavelengths of the ECD were
measured with a UV-vis-NIR spectrophotometer (SolidSpec-
3700DUV, Shimadzu Co.).

Fig. 2(a) shows the XRD patterns of WO;. All the major
diffraction peaks related to (002), (020), (200), (120), (—211),
(202), (222), and (303) crystal planes were oriented in a P2,/n14
monoclinic structure. The crystallinity and grain size of WO;
was essentially maintained by thermal treatment.

Fig. 2(b) shows the FT-IR spectra for WO; films on the ITO/
glass substrate. The low intensity 946 cm ™" band is attributed
to W=0 or terminal W-O in amorphous compounds. The
bands at around 820 cm ™" and 710 cm ™' for WO; films fabri-
cated using the nanoparticles are attributed to the W-O

After thermal treatment (500C°-1h), [—— WO, (500C°-1h)
After thermal treatment (300C°-1h) ————— WO, (300C°-1h) L
(a) As-prepared (b) |——wo, (as-prepared)
El [—— WO, thin film by vacuum deposition
z |——1T0 thin film

g
g
o

Arb. Unit
Arb. Unit

1600 1400 1200 1000 800 600 400
20 Wavenumber (cm™)

Fig. 2 (a) XRD patterns of WOz nanoparticles, whose peaks were
indexed to the P21/n14 monoclinic structure. The unlabelled peaks are
from the standard silicon powder. (b) FT-IR spectra for WOs films
deposited on ITO/glass substrates. (c) and (d) cross-sectional FE-SEM
images of WOs films on ITO/glass substrates (c) before and (d) after
thermal treatment.
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stretching mode, and the broad peak at 636 cm ™' is related to
the O-W-0 bending mode.*® Essentially, no spectral difference
was observed before and after the thermal treatment of WO,
films, which was consistent with the XRD results. Consequently,
the WO; nanoparticles had very little influence on crystallinity
under this thermal treatment condition.

Fig. 2(c) and (d) show the cross-sectional FE-SEM images of
the WO; films. The surface images are shown in Fig. S7. The
surface shapes of the WO; films before and after thermal
treatment were similar; however, a rougher structure was
observed on the surface of the thermally treated WO; film. A
slightly shrunk thickness and porous structure was seen in the
cross-sectional image. Such a rough porous film structure is
considered to contribute to cation conductivity. We confirmed
the disappearance of PVA after thermal treatment by TG-DTA
(Fig. S8t), implying an increase in the porous network so that
K' penetrates into the film.

Fig. 3 shows the optical switching properties of the WO;-PB
ECD. The application of +1.0 V resulted in a transparent state, as
shown in Fig. 3(a), whereas the application of —1.2 V resulted in
a blue coloured state, as shown in Fig. 3(b). This colour change
is considered to be due to the redox reaction. The cyclic vol-
tammetry (CV) curves are shown in Fig. 3(c). The redox reaction
causing the colour switching is described in eqn (1) and (2).
Fig. 3(d) shows the value of current measured while applying
a constant voltage. We found little difference between the
amounts of charge for the oxidation and reduction reactions,
which is a measure of the performance of the ECD, indicating
that the performance is adequate. This result indicates that
almost no counter reactions occurred, which implies good cycle
durability. In fact, the current profile was almost maintained
even after 100 cycles.

Since the oxidation-reduction reactions associated with the
cation (K') are opposite for WO; and PB, the ECD became
darker in the coloured state. In comparison, the colour state of
the ECD using ZnHCF and PB became paler as shown in Fig. 4.
The differences between the ECDs appeared quantitatively in
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Fig. 3 Photographs and cyclic voltammogram curves of the electro-
chromic device. (a) Transparent state, (b) coloured state, and (c) cyclic
voltammogram curves. (d) Multiple potential steps of the electro-
chromic device before cycles (blue) and after 100 cycles (red).
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the visible transmittance and colouration efficiency. At 670 nm,
the values of transmittance in the coloured state and trans-
parent state were obtained as 0.1% and 63.8% for the WO;-PB
ECD and 15.4% and 82.2% for the ZnHCF-PB ECD, respectively.
Thus, the visible transmittance in the coloured state can be
reduced considerably by using WO; instead of ZnHCF. The
colouration efficiency of the WO;-PB ECD at a wavelength of
670 nm was 40.5 cm” C~ ', which is about two-times larger than
that of ZnHCF-PB ECD (20.8 cm? C '), implying the effect of
complementary electrochromism of WO,;-PB ECD.

As shown in Fig. 5(a) and (b), we also evaluated the response
speed and its variance upon cycles. The optical switching speed
between the coloured state and the transparent state was eval-
uated according to the time for 80% change in transmittance,
tso. It was found that the optical switching speed of tg, after 100
cycles became faster: 3o = 2.3 s and 2.1 s before and after 100
cycles, respectively. It is suggested that in the cycle test, the thin
film undergoes aging effect and the movement of the cations
becomes smooth. On the other hand, the optical switching
speed was comparable to t5, = 7.3 s for ZnHCF-PB ECD. Thus,
the response speed was also improved by using the combina-
tion of WO;-PB.

The high durability would be originated with the addition of
PVA in the inks. The PVA-addition improved the adhesion
between the substrate and the thin film. The effect of the PVA-
addition expects to decrease the surface tension of the inks.
Therefore, it contributes to the improvement of the wettability
on the substrate (Fig. S10f). When PVA is not added in the inks,
the thin films would have non-uniformity structures.

Although there have been some reports on electrochromic
devices with WO; and PB analogue, WO; films were fabricated
by techniques such as CVD (thermal evaporation), sol-gel, sol-
vothermal, electrodeposition, and so on.*’”** Comparing with
our result, the ECDs in the previous studies showed lower
change in the visible transmittance or/and slow optical
switching speed (Table S3t). Moreover, the fabrication of films
by directly applying water-soluble WO; nanoparticle ink (as in
this research) has not been reported so far. Therefore, our
results can be applied to various coating methods that use
nanoparticle dispersed ink, and it is thought that this will
contribute greatly to the widespread use of Smart windows.

In summary, we developed a novel ECD by coating a water-
based ink containing nanoparticles of WO; and PB. Our ECD
surprisingly had sufficiently high light permeability despite the

—— Transparent state|
Coloured state 0 (b)

|~ Transparent state
Coloured state

Transmittance (%)
\\
Transmittance (%)

300 400 00 600 700 800 900 00 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 4 Change in transmittance between the transparent and col-
oured states of the electrochromic device. (a) WOs—PB ECD, and (b)
ZnHCF-PB ECD.
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Fig.5 Optical switching speed between the transparent and coloured
states of the WO3z—PB ECD. (a) Initial condition and condition after 100
cycles, and (b) comparison with our previous ECD fabricated using PB
and ZnHCF.

thick WO; film, suggesting that the coating process used allows
facile dynamic control of the film thickness. Our ECD surpris-
ingly had sufficiently high light permeability despite the thick
WO; film, suggesting that the coating process used allows facile
dynamic control of the film thickness. In addition, the ECD
showed high contrast between transparent and coloured states
and fast optical switching speed around 3 s.
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