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Preparation and Multicolor Electrochromic Performance of a WO;/Tris-

(2,2'-bipyridine)ruthenium(r)/Polymer Hybrid Film

Masayuki Yagi,* Koji Sone, Miki Yamada, and Saori Umemiya'®

Abstract: A tungsten trioxide (WOj3)/
tris(2,2’-bipyridine)ruthenium(1r)

([Ru(bpy);]**;  bpy=2.2-bipyridine)/
poly(sodium 4-styrenesulfonate) (PSS)
hybrid film was prepared by electrode-
position from a colloidal triad solution
containing peroxotungstic acid (PTA),
[Ru(bpy);]**, and PSS. A binary so-
lution of [Ru(bpy);]** and PTA
(30 vol% ethanol in water) gradually
gave an orange precipitate, possibly
caused by the electrostatic interaction
between the cationic [Ru(bpy);]** and
the anionic PTA. The addition of PSS
to the binary PTA/[Ru(bpy);]** so-
lution remarkably suppressed this pre-
cipitation and caused a stable, colloidal
triad solution to form. The spectropho-
tometric measurements and lifetime
analyses of the photoluminescence
from the excited [Ru(bpy);]** ion in
the colloidal triad solution suggested
that the [Ru(bpy);]** ion is partially
shielded from electrostatic interaction
with anionic PTA by the anionic PSS
polymer chain. The formation of the
colloidal triad made the ternary

[Ru(bpy);]**/PTA/PSS solution much
more redox active. Consequently, the
rate of electrodeposition of WO; from
PTA increased appreciably by the for-
mation of the colloidal triad, and fast
electrodeposition is required for the
unique preparation of this hybrid film.
The absorption spectrum of the
[Ru(bpy);]** ion in the film was close
to its spectrum in water, but the photo-
excited state of the [Ru(bpy);]** ion
was found to be quenched completely
by the presence of WO; in the hybrid
film. The cyclic voltammogram (CV) of
the hybrid film suggested that the
[Ru(bpy);]** ion performs as it is ad-
sorbed onto WO; during the electro-
chemical oxidation. An ohmic contact
between the [Ru(bpy);]*" ion and the
WO; surface could allow the electro-
chemical reaction of adsorbed
[Ru(bpy);]**. The composition of the
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hybrid film, analyzed by electron probe
microanalysis (EPMA), suggested that
the positive charge of the [Ru(bpy)s]**
ion could be neutralized by partially re-
duced WO;™ ions, in addition to CI™
and PSS units, based on the charge bal-
ance in the film. The electrostatic inter-
action between the WO;™ ion and the
[Ru(bpy);]*" ion might be responsible
for forming the electron transfer chan-
nel that causes the complete quenching
of the photoexcited [Ru(bpy);]** ion,
as well as the formation of the ohmic
contact between the [Ru(bpy)s;]** ion
and WO;. A multicolor electrochromic
performance of the WO,/[Ru(bpy);]**/
PSS hybrid film was observed, in which
transmittances at 459 and 800 nm could
be changed, either individually or at
once, by the selection of a potential
switch. Fast responses, of within a few
seconds, to these potential switches
were exhibited by the electrochromic
hybrid film.

Introduction

There has been much interest in developing low-cost materi-
als with multiple reflective or transmissive colors suitable

for electronic devices, such as displays,? smart windows,*l
and electronic paper.”® Electrochromic materials may be
ideally suited to meet the needs of these emerging applica-
tions: they are cheap and simple to produce, and they can

provide reasonable contrast in multiple colors.**! Tungsten
trioxide (WO,) is a promising electrochromic material can-
didate for these devices, available at low-cost, with a simple

procedure for film preparation.”"! Although WO, films can
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be prepared by several techniques, for example, vacuum
evaporation,'! chemical vapor deposition," sol-gel precipi-
tation,” spin-coating,'"! sputtering,”! and electrodeposi-
tion,"™” simple and low-cost procedures should be selected
for emerging applications.

Electrochemical reduction of a WO; film in an acidic so-
lution yields a blue film of H,WO;, according to Equa-
tion (1).

WO, +xe~ +xH* = H,WO, (1)

H,WO; has about 1/3 lower absorption in the range of
~400-500 nm relative to that at ~700-800 nm. Its hybridiza-
tion with another electrochromic material, showing absorp-
tion in the ~400-500 nm range, could produce a promising
electrochromic material with reasonable contrast in multiple
colors. Tris(2,2"-bipyridine)ruthenium(m) ([Ru(bpy);]**) is a
very stable compound with intense absorption in the metal-
to-ligand charge-transfer (MLCT) band at 453 nm in aque-
ous solution, which is reversibly removed by oxidation to
Ru™. A bilayer of WO; and the [Ru(bpy);]** ion dispersed
in a polymer film could be a possible design for multicolor
electrochromic devices. However, the charge transport rate
in [Ru(bpy);]**-dispersed polymer films is not very fast be-
cause the charge transport in the films is basically diffusion-
controlled (the apparent diffusion constant is ~107°-
1072 cm?s71).l1181 We prepared a WO,/[Ru(bpy);]**/PSS
(PSS =poly(sodium 4-styrenesulfonate)) hybrid film by
simple electrodeposition from a colloidal triad solution con-
taining peroxotungstic acid (PTA), the [Ru(bpy);]** ion,
and PSS."®! Herein, we report the formation of the colloidal
triad solution, a unique preparation of a WO5/[Ru(bpy);]**/
PSS hybrid film, and its multicolor electrochromic perform-
ance with quick response times and high contrast.

Results and Discussion

Investigation of a colloidal triad solution of [Ru(bpy);]*~,
PTA, and PSS: A binary solution of [Ru(bpy);** (1 mm)
and PTA (25mwm) in a water/ethanol mix (30 vol % ethanol)
gradually gave an orange precipitate, which is possibly
formed by electrostatic interaction between the cationic
[Ru(bpy);]*" and the anionic PTA. The addition of PSS to
the binary PTA/[Ru(bpy);]** solution suppressed this pre-
cipitation and resulted in a stable, colloidal triad solution.
This is illustrated by the absorption spectral changes shown
in Figure 1A and B. In the absence of PSS, the absorption
spectrum of the binary solution just after preparation (ab-
sorption spectrum (a) at O min in Figure 1A) exhibited a
maximum at A, =459 nm, compared with 4, =453 nm for
an aqueous [Ru(bpy);]** solution. The absorbance at A
increased with time due to clouding of the solution, up to
20 min, and thereafter decreased due to the formation of
the precipitate, giving an almost colorless solution at
300 min (Figure 1A, spectrumd). The MLCT-excited
[Ru(bpy);]*" ion is known to emit intense phosphorescence
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Figure 1. Absorption spectral change and emission spectral change (I.,:
relative emission intensity) of a solution (30 vol % ethanol in water) con-
taining 1 mm [Ru(bpy);]’* and 25mm PTA: A) in the absence of PSS, and
B) in the presence of 30mm PSS. The solution was diluted by 30 times
just before the measurements. The spectra were taken at a)0, b) 20,
¢) 210, and d) 300 min aging time of the solution.

at 590 nm in water at room temperature. In parallel with the
absorption spectral measurement of the binary solution, a
photoluminescence spectral change was also measured, but
emission was not observed at all, as shown by the emission
spectrum in Figure 1A. The solution did not emit even
before the formation of the precipitate (at 20 min), showing
that the photoexcited [Ru(bpy);]*" ion is completely
quenched by the presence of PTA in the binary solution.
This could be ascribed to the strong interaction between
[Ru(bpy);]** and PTA, most possibly by an electrostatic
force. On the other hand, in the presence of PSS, the ab-
sorption spectra of the ternary solution ([Ru(bpy);]**, PTA,
and PSS) gave absorption maxima at A, =454 nm (Fig-
ure 1B). With increased aging time, the maximum absorb-
ance slightly increased and shifted to 459 nm, at which it re-
mained even after 300 min. Correspondingly, the photolumi-
nescence spectra gave intense emission at A, =595 nm,
which slightly decreased in intensity at 210 min and then re-
mained stable after 300 min (Figure 1B). This is in contrast
to the complete quenching observed in the binary solutions.

To investigate the microscopic environment around the
[Ru(bpy);]** ions in the colloidal triad solution, the emis-
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sion decay was measured to determine the lifetime (7) of
the photoexcited [Ru(bpy);]** ions. The lifetime measure-
ments are summarized in Table 1, which also includes the
absorption and emission spectrophotometric data. A single-
exponential fit of the emission decay of the excited
[Ru(bpy);]*T ion in a water/ethanol (30 vol%) mix gave a
lifetime of 560 ns at room temperature. The emission decay
of a binary [Ru(bpy);]**/PSS solution was analyzed by
means of a double-exponential fit, yielding a major long-life-
time component (7; =770 ns, 87.3 %) and a minor short-life-
time component (7,=119 ns, 12.7%). The major long-life-
time component was 1.4 times longer than that of the
[Ru(bpy);]*T ion in water/ethanol. This could be the result
of a decrease in the nonradiative decay process by n—m in-
teractions between the bpy ligands of [Ru(bpy);]** and the
4-styrenesulfonate units of PSS.”") The minor short-lifetime
component could be generated by a concentration-quench-
ing that occurs when complexes are concentrated in an
anionic domain formed by PSS. The emission decay of the
ternary [Ru(bpy),;]**/PTA/PSS solution at an aging time of
20 min was also analyzed by a double-exponential fit, yield-
ing a major long-lifetime component (786 ns, 85.3%) and a
minor short-lifetime component (136 ns, 14.7%). The life-
times and fractions of both the long- and short-lifetime com-
ponents are close to those of the binary [Ru(bpy);]*"/PSS
solution. They did not change when the ternary solution
turned into the colloidal triad solution after aging for
300 min. These results could suggest that the emitting
[Ru(bpy);]*T ions are interacting with PSS by n—m and elec-
trostatic interactions in the colloidal triad solution.

The relative emission yield (@,,) of the [Ru(bpy);]** ion
in the colloidal triad solution at 300 min was 0.56 versus a
value of 1.00 for the [Ru(bpy);]** ion in the water/ethanol
mixture. The former value was 42% of @, (1.32) for the
binary [Ru(bpy),;]**/PSS solution, implying that 42% of the
[Ru(bpy);]*T complex content in the colloidal solution is
emitting in the PSS domain. It can be concluded that
[Ru(bpy);]** ions are partially shielded from electrostatic
interaction with PTA molecules by the anionic PSS polymer
chain, suppressing precipitation in the ternary solution.

The formation of the colloidal triad can also be monitored
by using a simple electrochemical technique. Figure 2 shows
the cyclic voltammogram (CV) of the ternary [Ru(bpy);]**/
PTA/PSS solution at different aging times. The CV taken at
zero aging (Figure 2a) showed poor electrochemical reactivi-
ty in a reductive scan. As the aging time increased, the
redox response at —(0.5 V became clearly concomitant with

FULL PAPER

05

05}

-2

j/ mAcm

250l L 1 1
-1.2 -0.8 0.4 0.0

E/V versus Ag/AgCI

0.4

Figure 2. Change in the cyclic voltammogram of a ternary solution (1 mm
[Ru(bpy)s]**, 25mm PTA, and 30mm PSS) with aging time (a) 0, b) 175,
and c) 330 min), measured at 100 mVs™'. A four-day-old PTA solution
was used.

the growth of the cathodic current below —0.8 V; the cause
of this behavior can be assigned to reduction of PTA and/or
protons.”!! The growth of the cathodic current was synchro-
nous with the spectrophotometrically observable formation
of the colloidal triad. The formation of the colloidal triad
made the ternary [Ru(bpy);]*"/PTA/PSS solution much
more redox active. Possibly the [Ru(bpy);]** ion prompts
the aggregation of PTA, resulting in an increase of the
redox potential of PTA to WO;.

The current densities at —1.0V in the CVs of
[Ru(bpy);]**/PTA/PSS solutions, prepared by using PTA
solutions of different freshness, are plotted versus aging
time in Figure 3, which includes the corresponding data for
a PTA/PSS solution. The current density for the PTA/PSS
solution did not change with aging time up until about
500 min, whereas the current density decreased for the
[Ru(bpy);]**/PTA/PSS solutions, and reached around —2.0
to —2.5mAcm? when the colloid was matured under the
conditions employed. The decrease was observed over a
shorter aging time when older PTA stock solutions were
used (about 420, 300, and 120 min for one-, four-, and
seven-day-old PTA, respectively). Thus, the formation of the
[Ru(bpy);]*t/PTA/PSS colloidal triad depended on the
freshness of the PTA used.

Electrodeposition and characterization of a WO,/
[Ru(bpy);]**/PSS hybrid film: A WO,/[Ru(bpy),]**/PSS
hybrid film was successfully produced by a potentiostatic

Table 1. Summary of absorption and emission data of [Ru(bpy);]** in various solutions at 25°C.

Aging Absorption Emission
System!®! time s e Dy T (%) 7 (%) Aspect

[min] [nm] [nm] [ns] [ns]
[Ru(bpy)s]**/PTA/PSS 20 454 595 0.64 786 (85.3) 136 (14.7) solution

300 459 595 0.56 764 (84.6) 160 (15.4) colloidal solution
[Ru(bpy)s]**/PTA 20 459 n.el’ 0 n.e. solution
[Ru(bpy)s]**/PSS 20 453 595 132 770 (87.3) 119 (12.7) solution
[Ru(bpy)s]** 20 453 590 1.00 560 (100) solution
[

a] 30 vol % ethanol in water. The concentrations of [Ru(bpy);]**, PTA, and PSS are 0.033, 0.83, and 1.0mw, respectively. [b] n.e. represents no emission.
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Figure 3. Plots of the current density (j) at —1.0 V for cyclic voltammo-
grams of ternary [Ru(bpy);]**/PTA/PSS solutions, measured under the
same conditions as shown in Figure 2. The solutions used are indicated in
the legend.

electrodeposition (—0.45 V versus Ag/AgCl) from the colloi-
dal triad solution of [Ru(bpy);]**/PTA/PSS. However, elec-
trodeposition from the ternary solution, before the forma-
tion of the colloidal triad, did not yield a homogeneous
hybrid film of sufficient thickness, showing that the forma-
tion of the colloidal triad is important for preparation of a
homogeneous hybrid film. This can be explained by the ki-
netics of the electrodeposition. The current-time curves
during the potentiostatic electrodeposition (up to
1.0 Ccm™?) from the ternary solution at different aging
times are shown in Figure 4. The cathodic current densities
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Figure 4. Current density—time curves during the electrodeposition of
films from ternary solutions (1 mm [Ru(bpy);]**, 25mm PTA, and 30 mm
PSS) having different aging times of a) 0, b) 3, ¢) 8.5, and d) 10 h. The po-
tentiostatic conditions were —0.45 V versus Ag/AgCl up to 1.0 Ccm™2.

for solutions aged for short times (0 and 3 h) are low
(~—0.059 to —0.20 mAcm? after aging for 3 h) relative to
those for long-aged solutions (~—0.61 to —0.73 mAcm? for
10 h-aging), in which the colloidal triad has formed. The fast
electrochemical reduction of PTA to WO; could be required
to incorporate the complex into the hybrid film.

The film thickness was measured by using scanning elec-
tron microscopic and interference spectroscopic techni-
ques.”” The plot of the film thickness versus the charge per
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unit area (Q in Ccm™?) applied during the electrodeposition
is shown in Figure 5; it is a straight line with a slope of
0.56+0.024 um C™' cm?, indicating that the film thickness is
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Figure 5. A plot of the film thickness (d) of WO,/[Ru(bpy);]**/PSS
hybrid films versus the amount of charge per unit area (Q) passed during
electrodeposition under the conditions given for Figure 4.

easily controlled by Q. To check the uniformity of the film
thickness, it was measured at different points in the film by
means of a small monitoring spotlight (circle with roughly a
2mm diameter). The thickness of the film (prepared by
1.0 Cem™  electrodeposition) was constant at 0.624+
0.026 um at the different positions.

The visible absorption spectrum of the hybrid film exhib-
ited a maximum at 1,,, =459 nm, based on the MLCT tran-
sition of [Ru(bpy);]*" (Figure 6a). This maximum is very
close to that (4,,, =453 nm) observed in water (Figure 6b).
A plot of the absorbance at 459 nm versus Q gave a linear
relationship (inset of Figure 6), showing no gradation of the
confinement of [Ru(bpy);]** ions in the film from the
indium tin oxide (ITO)/film interface to the film surface.
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Figure 6. Absorption spectra of a) the WO,/[Ru(bpy);]**/PSS hybrid film
and b) [Ru(bpy);]** in water. The inset shows the plot of absorbance at
459 nm versus Q, under the conditions given for Figure 4.
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The coverage, Iy, (in molem™), of [Ru(bpy);]** ions on the
electrode is related to the absorbance by the Lambert-Beer
law: Absorbance =elg,x 10°, where ¢ (in Mm'cm™) is the
molecular absorption coefficient of [Ru(bpy);]** in the
hybrid film at 459 nm. The slope (0.5040.04 C~'cm?) of the
line provides I},/OQ=3.4x10"molC™!, assuming ¢ of
[Ru(bpy);]*T in water is 14600 m'cm ™" at A,,,, =453 nm.

The photoluminescence spectrum of the hybrid film was
measured at the 459 nm excitation, but emission was not de-
tected at all in the range of ~500-800 nm, in contrast to the
intense photoluminescence at 590 nm observed in water.
The photoanodic current generated at the rest potential
(0.4 V versus the saturated calomel reference electrode,
SCE) by visible light irradiation indicated that the quench-
ing of photoexcited [Ru(bpy);]** ions occurs by means of an
oxidative mechanism by a WO, matrix."” Such efficient
quenching was not caused by a simple physical adsorption
of the [Ru(bpy);]** ion onto WOj; particles."! This result
implies that there is some interaction between [Ru(bpy),]**
and WO; causing an electron transfer channel to form from
the excited state, possibly to a conduction band of WO;.

A WO; film on an ITO electrode gave a typical n-type
semiconductor CV, in which any redox wave was not ob-
served above 0.26 V of its flat band (FB) potential (Fig-
ure 7a). The redox below 0.26 V is based on HWO3;/WO;
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Figure 7. Cyclic voltammograms of a)a WO; film and b)a WO,/

[Ru(bpy);]**/PSS hybrid film, both dipped in a 0.1 KNO; aqueous so-
lution (pH 1.2) and measured at 100 mVs™',

with an electrochromic performance of blue/colorless. A CV
of the WO,/[Ru(bpy);]**/PSS film on an ITO electrode ex-
hibited a reversible redox wave at 1.03V on a Ru"/Ru™
redox, which is nearly equal to its redox potential (1.06 V)
measured in aqueous solution, in addition to the redox wave
of HWO4/WO; (Figure 7b). The potential at the initial rise
of cathodic current on the reduction of WO; to HWO;,
shifted from 0.26 to 0.09V by hybridization with the
[Ru(bpy);]*" ion. As for the potential shift, a possible ex-
planation could be that the over-potential for the reduction
of WO; increases by some kinetic factor. However, the

Chem. Eur. J. 2005, 11, 767-775 www.chemeurj.org
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cathodic current at —0.5V was larger (faster reduction)
than that for the WO; film, which does not suggest an over-
potential increase by some kinetic factor. Another explana-
tion is the shift of the FB potential of WO; by interaction
with [Ru(bpy);]**. To evaluate this FB potential shift, the
redox response (redox potential=0.16 V) between Prussian
Blue (PB: ferric ferrocyanide, Fe"-Fe™) and Prussian White
(PW: Fe"-Fe"") was investigated on the WO, film or the
WO,/[Ru(bpy);]**/PSS hybrid film. The CV of the WO,/PB
bilayer film-coated electrode exhibited a clear redox wave
between PB and PW at 0.16 V, but the CV of the (WO,/
[Ru(bpy);]**/PSS)/PB bilayer-coated electrode did not ex-
hibit this at all.”® This result demonstrated that the redox
between PB and PW is disturbed by the WO5/[Ru(bpy);]**/
PSS, but not by the WO; base layer. The hybridization of
WO, with [Ru(bpy);]** is considered to shift down the FB
potential of WO; (0.26 to 0.09 V), preventing the electro-
chemical reduction of PB.

The anodic peak current at 1.03 V, due to Ru"/Ru™ in the
hybrid film, increased linearly with the scan rate, v (in
Vs™), not with v'? in the range of ~5-100 mVs™'. This
shows that the [Ru(bpy),;]*" ion performs as it is adsorbed
on the WO; surface during the electrochemical reaction in
the film. An ohmic contact between [Ru(bpy);]** ions and
the WO; surface could allow the electrochemical reaction of
adsorbed [Ru(bpy);]** ions. The slope of the straight line
gave a coverage on the electrode of I{,=1.3x
10 ®molem %, based on the equation, i,=n’F°AvI:/ART,
where i, n, F, A, R, and T are the peak current (in A),
number of electrons, Faraday constant, electrode area
(1 cm?), gas constant, and temperature (298 K), respectively.
This value of I'z, was identical to that calculated from ab-
sorbance data, showing that the fraction of the electroactive
complex is nearly 100 % in the CV measurements.

The X-ray diffraction (XRD) spectra of the WO,/
[Ru(bpy);]**/PSS hybrid film and the WO, film were mea-
sured. In neither of these XRD patterns was a peak for any
crystalline WO, observed, aside from a very weak peak for
the ITO substrate. This shows that amorphous WO; exists in
the hybrid and WO; films. However, when these films were
sintered at 550°C, X-ray peaks due to crystalline phases
were detected at 20(°)=11.0, 22.0, 23.3, 23.7, 24.5 and 33.1
(see Figure S1 in the Supporting Information).

Scanning electron microscopy (SEM) was used to see the
morphological features of the hybrid film. The x500 image
at the bulk surface of the hybrid film displays a homogene-
ous morph (Figure 8a), and the magnified image of this
shows the WOj; particles with ~150-500 nm diameter (Fig-
ure 8b). A significant clue to reveal the mode of electro-
deposition of the hybrid film was found when the surface
near the film-edge was observed. The SEM image of this
edge surface displayed the film growing along the film sur-
face (Figure 8c). This mode of growth can lead to a lamina-
tion layer structure of the film (Figure 8d). This lamination
layer structure can be observed in WO; films prepared from
either a 25mm PTA solution or a 25mm PTA/30mMm PSS so-
lution (see Figures S2 and S3 in the Supporting Informa-
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Figure 8. SEM images of a WO,/[Ru(bpy);]**/PSS hybrid film. a) Bulk
surface (x 500, scale bar 10 pm), b) magnified bulk surface (x20000, scale
bar 1 pm), c) surface near edge (x 500, scale bar 10 um), and d) surface at
edge (x500, scale bar 10 um).

tion), showing that the electrodeposition of WO; from the
PTA solution yields the structure regardless of the presence
of PSS under the conditions employed.

The local element analysis on the film surface was con-
ducted by an EPMA technique. A wavelength-dispersive
characteristic X-ray (WDX) spectrum of the WO,/
[Ru(bpy),]>*/PSS hybrid film revealed peaks due to ele-
ments W, Ru, and CI?! from their 1, values, in addition to
peaks due to In and Sn (originating from the ITO sub-
strate), as shown in Figure 9A. The assignment of the peak
at 5.37 A is somewhat unclear, and it could possibly be due
to either a Ka band for S or to some minor band for W.
This assignment is crucial, because the presence of an S ele-
ment signal is evidence of the presence of PSS in the film
and possibly a measure of the local content of PSS. To iden-
tify the peak at 5.37 A, the WDX spectrum of the hybrid
film was measured carefully from 5.2 to 5.6 A with a higher
resolution. It exhibited two distinguishable peaks at 5.35
and 5.37 A (Figure 9B), and was reasonably deconvoluted to
two Gaussian bands that are shown by dotted lines in spec-
trum a; one is a broad band with A,,,=5.347 A and a half
bandwidth 1,,=0.042 A, and the other is a sharp band with
A =5.368 A and 1,,=0.009 A. These broad and sharp
bands were assigned to the elements W and S by comparison
with 4, and 4,, for W and S standards, as shown in spec-
tra b and c of Figure 9B, respectively. For the W and S stand-
ards, A,,,=5.349 A, 1,,=0.041 A, and A, =5371 A, A,,=
0.010 A, respectively. The mapping measurement of S on
the film surface, based on the Ka band for S at 5.368 A, re-
vealed that S was homogeneously distributed in the film.
These results corroborate the fact that PSS is homogeneous-
ly incorporated in the hybrid film.

The deconvolution of a Ko band for S from the WDX
spectrum allowed elemental analysis to be carried out. The
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Figure 9. A) A wavelength dispersive characteristic X-ray (WDX) spec-
trum (I: Intensity) of the WO,/[Ru(bpy);]**/PSS hybrid film. The spec-
trum between 4.0 and 6.0 A was scaled up five times in intensity. B) A
highly resolved WDX spectrum in the range of ~52-5.6 A of a)the
WO,/[Ru(bpy)s]**/PSS hybrid film, b)a tungsten standard, and c)a
sulfur standard. In a), the dotted curves are deconvoluted Gaussian
bands, and the dashed line is a simulation spectrum. The Gaussian bands
were deconvoluted by using the converted energy dispersive spectrum.

molar ratio of W:Ru:CI:S was 130:6.2:0.31:1. This was given
from the intensity ratio of La bands of W and Ru, at 1.48
and 4.85 A, respectively, a Ko band of Cl at 4.73 A, and a
deconvoluted Ka band of S at 5.368 A. The elemental analy-
sis indicated that there was a higher content of cationic
[Ru(bpy);]** than the sum of the contents of anionic CI
and PSS units, even when the peak intensity error is consid-
ered. The positive charge of the [Ru(bpy);]** ions must be
compensated by some sort of anionic species, to account for
charge balance in the hybrid film. The positive charge of the
[Ru(bpy);]** ion could be neutralized by a partially reduced
WO;™ ion that could be stabilized by electrostatic interac-
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tion with the [Ru(bpy);]** ions in the film. This electrostatic
interaction might be responsible for the electron transfer
channel that causes the complete quenching of the photoex-
cited [Ru(bpy);]*t ion, as well as the formation of the
ohmic contact between the [Ru(bpy);]** ion and WO,.

Multicolor electrochromic performance of the WO,/
[Ru(bpy);]**/PSS hybrid film: The multicolor electrochro-
mic performance of the WO,/[Ru(bpy);]**/PSS hybrid film
is shown by the transmittance spectra in Figure 10. Under

100 -

80

TI%

600 700 800

Alnm

400 500

Figure 10. Transmittance spectra of the WO,/[Ru(bpy);]**/PSS hybrid
film on applying potentials of a) —0.5V, b) 0.4 V, or ¢) 1.5 V, versus SCE.

an applied potential of —0.5V, the color of the film was
green with low transmittance (7)) values of 30 and 33% at
459 and 800 nm, responsible for absorptions by [Ru(bpy),]**
and H ,WOs;, respectively. On applying 0.4V, T at wave-
lengths greater than 550 nm increased to more than 86 %
due to oxidation of HWO; to WO;, giving a yellow film. In
a successive potential switch to 1.5V, T at 459 nm increased
to 78 %, resulting in a colorless film. Figure 11 shows the T
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04V — 05V —04V—15V—04V— 05V —15V— 05V —
100[ T T F T T
Q0 oooo% woo@mm@oo@m@oo o gmmoo@
8o S .
o] . ... A
o o) L]
70+ ° / E 2 . &
s [
60| ° R : . [ $ °
o . . <
P4 L)
50 o . . ce 9
o . . 5}
Vfeeee k ced \oo 3 :. %%
\Oog coood \OO
30} LY Toooo. L4
20 L L L L
0 5 10 15 20 250 5 10
t/s t/s

Figure 11. The transmittance change of the WO,/[Ru(bpy);]**/PSS hybrid
film by potential switches of 0.4 V——-0.5V—-04V—-15V—-=04V (a),
and —0.5 V—1.5V—-0.5V (b). Full and open circles are transmittance
changes at 459 and 800 nm, respectively.
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changes caused by switching the applied potential in a dual-
wavelength mode of 459 and 800 nm. The transmittance at
800 nm decreased from 89 to 34% with a potential switch
from 0.4 to —0.5V, and reversed back to the original T
value by switching the potential back to 0.4 V (Figure 11a).
Although T at 459 nm underwent an 8 % change during this
potential switch due to an absorption tail of HWO;, this
change was very low relative to that at 800 nm (55 % ). Con-
versely, T at 459 nm increased from 39 to 77% by a poten-
tial switch from 0.4 to 1.5V, and was returned to the original
T value by switching back to 0.4V, while there was no
change in the T value at 800 nm during these switches (Fig-
ure 11a). Thus, the transmittance values at 459 and 800 nm
can be individually changed by potential switches. Simulta-
neous and reversible changes in T at 459 and 800 nm can be
caused by a potential switch between —0.5 V and 1.5V (Fig-
ure 11b). The quick response (less than a few seconds) of
each change in transmittance was demonstrated. These fast-
response changes in transmittance in the dual-wavelength
mode are the special features of this WO5/[Ru(bpy);]**/PSS
hybrid film. Such performance characteristics can not be ob-
tained by using an additive combination of a WO; film and
[Ru(bpy);]**-dispersed solid films.

Preliminary, potential-step chronoamperometric measure-
ments for the hybrid film revealed very fast charge transport
by oxidation of Ru" to Ru™, with an apparent diffusion con-
stant (D,,,) of ~1.5-3.2x107" cm’s ™', depending on the ter-
minal potential, in the potential step from 0.4 V (initial po-
tential) to ~1.3-1.8 V (terminal potential). The D,,, values
are two to five orders of magnitude higher than those in
[Ru(bpy);]**/polymer films (~107°-107*2 cm?s~1),1] which
are well studied as electrochromic films under the compara-
tive conditions of 1 um film thickness and 2.3x10°® mol of
[Ru(bpy);]** ion coverage. In [Ru(bpy),]**/polymer films,
charge transport is basically diffusion-controlled, and D, is,
in principle, independent of the terminal potential if it is suf-
ficiently higher than the redox potential of Ru"/Ru™. This
result implies a specific mechanism of charge transport in
the hybrid film, detailed studies on which will be reported
elsewhere.”

Conclusion

The preparation of a WO,/[Ru(bpy);]**/PSS hybrid film was
reported. It was formed by simple electrodeposition on an
ITO electrode from a colloidal triad solution containing per-
oxotungstic acid, [Ru(bpy);]**, and PSS. The formation of
the colloidal triad solution was investigated in detail by
using UV/Vis absorption, emission spectroscopic, and elec-
trochemical techniques. PSS suppressed the precipitation
that is possibly caused by the cationic [Ru(bpy);]** and
anionic PTA, to give a stable, colloidal triad solution. The
hybrid film was characterized by using UV/Vis absorption,
spectroscopic, electrochemical, scanning electron microscop-
ic, and electron probe microanalysis techniques. The hybrid
film demonstrated a quick response in its multicolor electro-
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chromic performance. The hybrid film is expected, as a mul-
ticolor electrochromic material, to find application in elec-
tronic devices such as displays, smart windows, and electron-
ic papers. The preparation technique could initiate produc-
tion of a wide range of WO;-based films, hybridized with
functional molecules and polymers.

Experimental Section

Materials: [Ru(bpy);]CL-6 H,O and PSS (MW =70000) were purchased
from Aldrich Chemical Co., Inc. and used as-received. Tungsten powder
and hydrogen peroxide (30 %) were purchased from Kanto Kagaku Co.,
Ltd.

Preparations: Preparation of the colloidal triad solution of [Ru(bpy)s;/*™,
PTA, and PSS: In the preparation of a PTA solution, tungsten powder
(0.92 g, 5.0mmol) was dissolved in the hydrogen peroxide solution
(30%), and then excess hydrogen peroxide was decomposed by Pt black.
Ethanol was added to stabilize the PTA solution, finally giving a water/
ethanol mixture (30vol% ethanol) containing 50mm PTA.?! This so-
lution was used as a stock solution. [Ru(bpy);]** and PSS solutions were
added to this PTA stock solution to prepare a solution containing 1 mm
[Ru(bpy);]**, 25mm PTA, and 30mm PSS. After standing the solution at
room temperature, it turned into a colloidal triad solution of
[Ru(bpy);]**, PTA, and PSS. The standing time depended on the fresh-
ness of the PTA stock solution. More than 10 h were needed to give the
colloidal triad solution if very fresh PTA stock solution (several hours
old) was used, whereas 5 h were needed if four-day-old PTA solution was
used. However, two-week-old PTA solution no longer produced a colloi-
dal triad solution, but rather led immediately to precipitation.

Preparation of the WOy/[Ru(bpy);]**/PSS hybrid film: A conventional,
single-compartment electrochemical cell was equipped with an ITO
working electrode, an Ag/AgCl reference electrode, and a platinum wire
counter electrode for the electrodeposition. Typically, the WO,/
[Ru(bpy);]**/PSS hybrid film was electrodeposited from the colloidal
triad solution (1 mm [Ru(bpy);]**, 25mm PTA, and 30mm PSS), with stir-
ring, on an ITO electrode under the potentiostatic conditions: —0.45 V
versus Ag/AgCl, up to 1.0 Ccm 2 The hybrid film was cathodically polar-
ized at —0.5 V versus SCE in a 0.1 HNOj; aqueous solution, to complete
the electrodeposition of PTA. As a comparison, a WO; film was pre-
pared on an ITO electrode under the same conditions from a water/etha-
nol mix (30 vol % ethanol) containing 25mwm PTA and 30mm PSS.

Measurements: For spectrophotometrical measurements, the colloidal
triad solution was diluted by 30 times just before the measurement was
taken, to gain a spectroscopically analyzable spectrum. UV/Vis absorp-
tion and emission spectra were measured by a photodiode-array spectro-
photometer (Shimadzu, Multispec-1500) and a fluorescence spectrometer
(Hitachi F-4010), respectively. The lifetime of the photoexcited
[Ru(bpy);]** ion was analyzed from the phosphorescence decay at
590 nm, measured by a time-correlated, single-photon counting apparatus
(IBH, 5000F), equipped with a nanoflash lamp. To measure the film
thickness, a spectrophotometer with a charge-coupled device (CCD)
(Lambda vision, SA-100) and film thickness analysis software (Lambda
vision, TF-Lab) were used. X-ray diffraction (MAC Science, MX labo),
scanning electron microscopy (JEOL, JSM-6400), and electron probe mi-
croanalysis (Shimadzu, EPMA-8750) characterization techniques were
used. Cyclic voltammograms were measured by using a single-compart-
ment electrochemical cell equipped with an ITO, or the hybrid film-
coated ITO working electrode, an Ag/AgCl or SCE reference electrode,
and a platinum wire counter electrode. All the electrochemical experi-
ments were carried out under an argon atmosphere by using an electro-
chemical analyzer (Hokuto Denko, HZ-3000). Spectroelectrochemical
measurements were conducted by combining the photodiode array spec-
trophotometer with the electrochemical analyzer.
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