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A micro-Raman spectroscopic study has been carried out to
investigate the electrochromic process in a porous and nanocrys-
talline tungsten oxide film. The film was prepared by dipping the
tin-doped indium oxide glass into an aqueous mixture solution of
PAA (polyacrylic acid) and WO,~NH,OH. After heating at low
temperature, around 100°C, the film was treated in 1 N HCl in
order to achieve polycondensation, where the ammonium ion was
replaced with a proton. In the micro-Raman spectra for the
bleached and colored PAA-WO; films, it was evident that the
coloration accompanies a peak reduction at ~960 cm ™' and
a peak enhancement at ~810 cm™'. Based upon the present
Raman observation, we can confirm that the electrochromism of
the nanocrystalline tungsten oxide is dominated by the grafting
process, i.e., the surface modification of ~-WY'=O bonds into
-WY=QU=9*__p+ (M =H, Li) ones.

© 1999 Academic Press

INTRODUCTION

Electrochromism refers to the reversible color change of
electrochromic materials, which is triggered by the applied
electric current or potential. With a view to the application
to information display, light shutter, smart window, vari-
able reflectance mirror, etc., various electrochromic mater-
ials have been explored (1,2). Tungsten oxide has been the
most extensively studied because of its deep and stable color
change during the reversible “redox” reaction of cation
(H*,Li*, Na*, or K") insertion/deinsertion. It is generally
understood that the electrochromic function of WO; film
(response time, durability, coloration efficiency, etc.) de-
pends on its microstructure (2), and that the porous and
amorphous films can exhibit a better electrochromic prop-
erty of fast and strong coloration (2). We have recently
developed a new solution route to prepare uniform and
hybrid tungsten oxide film by successive coatings of polyac-
rylic acid (PAA) and WOj; solutions (3—6). From transmis-
sion electron microscopy, the resulting PAA-WO;

! To whom correspondence should be addressed. Fax: +82-2-872-9864.
E-mail: jhchoy@plaza.snu.ac.kr.

368

0022-4596/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.

composite films were found to be nanocrystalline, with grain
size ~ 4 nm (5), so that they can exhibit an efficient colora-
tion property by H*/Li* injection.

As the mechanism for the cation intercalation into such
nanocrystalline oxides, some of us proposed the electro-
chemical grafting of the ionic H*/Li* species onto the
crystallite surfaces (7, 8). This mechanism has not yet been
clearly verified, and the grafting process should be investi-
gated using a molecular spectroscopy such as micro-Raman
which can provide detailed information on the structural
changes (9, 10) from the viewpoint of chemical bonding. In
this work, a more simplified method is presented to make
the porous and nanocrystalline PAA-WO; composite film,
and micro-Raman spectroscopy is utilized to probe the
cation insertion/deinsertion reaction, via the narrow and
intense vibrational lines of the W—O frame with a precise
spatial resolution (1 um?3).

EXPERIMENTAL

For sample preparation and analyses, chemical reagents
of WOj3 (Aldrich, 99 + %), PAA (Aldrich, Mv ~450,000),
H,WO, (Aldrich, 99%), and (NH,), WO, (Aldrich, 99.99%)
were used without any further purification.

In order to obtain a homogeneous PAA solution, 12.5 g
of PAA was dissolved in 100 ml of deionized water by
stirring for 24 h at room temperature. Tungsten oxide basic
solution was prepared as follows. First, 7g of WO; was
added to 40 ml of 15% NH,OH solution. After stirring for
4 h at 100°C, 60 ml of deionized water was added, stirred for
24 h at room temperature and filtered. The dip-coating
solution was prepared by mixing tungsten oxide basic solu-
tion (50 ml) and PAA solution (12.5 g).

The tin-doped indium oxide (ITO) glass (Samsung Corn-
ing, 15 Q/[]) substrate was dipped into the mixed aqueous
solution and withdrawn vertically at a speed of 12 cm/min.
After heating at 100°C for 10 min, the film was treated in
1 N HCI solution for 3 min to achieve polycondensation by

replacing the ammonium ion with a proton.
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In order to investigate the tungstate structure of the
PAA-WO; nanocrystalline film, larger crystallites of
tungstate were prepared separately, in a manner similar to
that used for making the composite film. The above
WO;-NH,OH solution was dried in an ambient atmo-
sphere, and the resulting powder (denoted hereafter as WD)
was treated in 1 N HCI for one day, washed with deionized
water, and dried (denoted hereafter as WDH). For the
Raman study on the WDH grain, before and after the
electrochemical H* insertion, WD powder was dispersed on
the as-dipped PAA-WO; layer (on ITO glass) and trans-
formed to WDH by the chemical treatment in 1 N HCI.

The PAA-WOj; film thickness of ~0.65um could be
measured by scanning electron microscopy (JEOL, JSM
840-A), and the area density of W was determined to be
0.13, mg/cm? (corresponding to ~0.73 umol/cm?), using
the inductively coupled plasma spectrometry. The XRD
(X-ray diffraction) patterns were obtained by Philips FR590
X-ray diffractometer (CuKa, 20 kV/30 mA) for the powder
samples, and by MAC Science MXP-3VA diffractometer
(CuKua, 40 kV/40 mA, with the grazing angle of 0.5°) for the
films.

In situ opto-electrochemical measurements were carried
out using a potentiostat/galvanostat (Radiometer Copen-
hagen, PGP 201) and a specially designed visible apparatus.
Transmittance (T %) of the film was monitored at the fixed
wavelength of 550 nm, during the cyclic voltammetric or
chronopotentiometric operations, where the standard three-
electrode cell was used. The electrolyte was 10 wt%
Li(CF3S0,),N in 1,3-EtMeIm(CF;S0O,),N, and the
Ag/AgCl and Pt wire were used as reference and counter
electrodes, respectively.

The micro-Raman measurements with a spatial resolu-
tion (11-13) of 1 um® were performed with a LABRAM
spectrometer (Jobin Yvon-Spex-Dilor) using an Ar ion laser
(Spectra Physics) emitting at 514.5nm. The optimum
spectra could be obtained by adjusting the laser power (0.5
to 5mW) and the data acquisition time (10 to 1500 s).

RESULTS AND DISCUSSION
Film Characterizations

Figure 1 shows the XRD patterns of the WDH, H,WO,
powders, and the PAA-WOQOj; composite films as prepared
and chemically treated in 1 N HCI. In case of the as-pre-
pared film, a broad peak appeared at 20 = 10°, which disap-
pears after the treatment in HCI. Although the film samples,
in both states, are X-ray amorphous, this is surely due to the
limited thickness and the crystallite size of the film. There-
fore, we have also investigated the XRD pattern of WDH,
which was prepared by the procedure analogous to that for
the PAA-WO; film, in comparison with those of several
reference compounds. As can be seen in Fig. 1, the WDH
powder exhibits an XRD pattern quite similar to that of
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FIG. 1. XRD patterns for (a) H,WO,, (b) WDH powder, (c) as-pre-
pared PAA-WOj; film, and (d) chemically treated PAA-WO3; film.

H,WO,, except for the relative peak intensities between two
peaks at 20 = 16.7° ([020]) and 25.8° ([111]), which can be
explained simply by the orientation effect (14). Based on
these findings, we could expect that the chemically treated
PAA-WOj; film has a crystal structure similar to that of the
WDH powder and also to that of the H,WO,.

The electrochromic property of the PAA-WO; com-
posite film is represented in Figs. 2 and 3. During the cyclic
voltammetry at the potential range of —0.8—+0.5V (vs
Ag/AgCl), the film exhibits a well-known redox behavior of
WYV which accompanies a reversible color change between
the transparent colorless and the dark blue (AT % = 80).
Also by the galvanostatic reduction (j = 50 pA/cm?), the
transmittance of the film could be controlled (Fig. 3). By the
Li* insertion with 12.5 mC/cm?, a remarkable blue color
was attained with the optical density (AOD) of 0.55, which
corresponds to the coloration efficiency (i7) of ~44 cm?/C.
As can be seen in the potentiometric profile, the electrode
potential (E) is maintained within the stable range of

—0.5V-+23V vs Ag/AgCL

Raman Analysis on the PAA-WO3 Film

Several research groups have already reported the Raman
and infrared (IR) spectroscopic studies (9, 15-17) on the
electrochromic process of tungsten oxide film. By reviewing
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FIG.2. (top) Cyclic voltammetry and (bottom) in situ optical measure-
ment at 4 = 550 nm for the chemically treated PAA-WO; composite film.

those previous works, one can easily find out that their
main interests were focused on the evolution of spectral
features at ~950 and ~800 cm ™!, which correspond to the
v(W=0) and v(O-W-0) vibrational motions, respectively.
Delicheére et al. (9) and Paul et al. (15) observed, upon
H*/Li" injection (colorlation), an increase of the peak
at ~950cm~! and a simultaneous depression at
~ 800 cm~'. Based on those results, they assumed that the
inserted ions are bound to the oxygen in W—O-W chain, so
that a W—O bond is broken and a W=O bond is formed
instead. On the contrary. Otsuka et al. (16) and Habib et al.
(17) showed that the coloration occurs with the enhance-
ment of the Raman or IR signals at ~950cm ™!, and
thereby demonstrated that the inserted cation incorporates
at the —W=0O site, transforming the terminal -W=O bond
into the W—O-H(Li) one.

Seemingly, these results are contradictory, but it should
be noted that the film used in each study was different, in the
deposition method and condition. By using the lower energy
and power for film fabrication, a less crystalline and defec-
tive tungsten oxide phase can be obtained, which abounds
in the W=0O bonds. The cation insertion into such an
amorphous film would occur at the W=O terminal, since it

Q (mC/cmZ)

FIG. 3. (a) Chronopotentiometry (j= 50 pA/cm?, maximum Q =
12.5 mC/cm?) and (b) in situ optical density measurement at / = 550 nm,
for the chemically treated PAA-WO; composite film. The AOD is ~ 0.55
at Q@ = 12.5mC/cm?.

is favored from the steric and electronic aspects. In the
opposite case of crystalline WO3;, there are fewer W=0
bonds, and it is expected that the W—O-W site should be
significantly affected by cation insertion. Namely, the elec-
trochromic reaction of the tungsten oxide film can occur
with a different mechanism, depending upon its preparation
condition and crystallinity.

In case of present PAA-WO; film, the electrochromic
WO; grains are formed with crystallite size ~4 nm, as
mentioned above. Therefore, we believe that it should be the
most suitable system for the Raman study of electrochromic
process in the nanocrystalline film with many W=O ter-
minal bonds.

As shown in Fig. 4, where the micro-Raman spectra for
WOs;, (NH,),WO,, H, WO, chemicals, and WDH powder
are presented, the overall spectral feature of WOj is similar
to that of the monoclinic WOj; (18). The strong peaks at 805
and 715cm ™! are assigned as stretching vibrations of oc-
tahedral tungsten with neighboring oxygens [v(O-W-0)],
and those at 274 and 330 cm ™! are due to the bending
vibration [6(O-W-0)]. Other small peaks below 200 cm ~*
result from the lattice modes of W-O-W network. The
peaks observed for (NH,),WO,, around 1675 and
1418 cm ™! can be attributed to the vibrations of NH; .
However, the stretching vibrations of NH; appeared at
a lower energy side than those of free NH, (19) due to the
interaction between NH; and WO?2 ™. The characteristic
frequencies of WO3 ~ in (NH,),WO,, occurring at 952, 875,
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FIG. 4. Micro-Raman spectra for (a) WO;, (b) (NH4), WOy, (c)
H,WO,, and (d) WDH powder.

1500

822, and 346 cm 1!, are shifted and split compared to those
of tetrahedral WO3~ (18, 19), because the WO3™ in
(NH,4), WOy, is rather distorted.

In the case of H,WQ,, a sharp peak at 945cm~! and
a broad one at 633 cm ! are observed, due to the stretching
vibrations of terminal W=0O (20) and the bulk O-W-O
network, respectively. As shown in Fig. 4, the Raman spec-
trum of WDH represents overall similarities to that of
H,WO,, revealing that the nonstoichiometric species of
ammonium tungstate hydrates (WD) is turned into H,WO,
(at least partially) according to the following substitution
reaction:

(NH4)2WO4 'szo + 2H+ - H2WO4 + ZNHI + szo
WD WDH

The effect of chemical treatment on the PAA-WO5; com-
posite film has also been examined by comparing micro-
Raman spectra of the as-prepared (Fig. 5a) and chemically
treated (Fig. 5b) films. The spectral feature of the as-pre-
pared film is rather similar to that of (NH,), WO, except for
the peaks originating from ITO and PAA. After the chem-
ical treatment, the characteristic peak of ammonium tung-
state (at 875 cm ~!) disappears while an intense Raman peak
appears at 672 cm ™!, which is attributed to a stretching
mode of O-W-O lattice. This indicates that the ammonium
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FIG. 5. Micro-Raman spectra of PAA-WO; composite films (a) as
prepared, (b) after chemical treatment in HCI, (c) H* colored, and (d)
bleached.

ions in the film are surely replaced with protons and the
—O-W-0O- network is newly formed upon chemical treat-
ment. In fact, the frequencies and relative intensities of main
peaks of the chemically treated film (Fig. 5b) are consistent
with those of tungstic acid (Fig. 4c), which clarifies that the
nonstoichiometric ammonium tungstate hydrates in the as-
prepared film are transformed to tungstic acid by the H*
treatment.

The chemically treated glass which contains both WDH
grain and PAA-WO; composite film showed good elec-
trochromic property by H* insertion, not only in the film
part but also in the grain. Because the finely grained WDH
has been prepared under the samely mild condition (100°C)
as the film, the grain surface of WDH can possess a large
concentration of reaction sites for H* ion, as is for the film.
Micro-Raman spectra of WDH grain, colored (Fig. 6b) and
bleached (Fig. 6¢) by electrochemical H™ insertion/deinser-
tion, are represented, together with the spectrum of H
colored PAA-WO; film (Fig. 6a). The two spectra of Fig. 6a
and 6b are nearly the same, which implies that the H™
inserted amorphous tungstate in PAA-WO; medium has
a structure similar to that of H* inserted WDH grain.
A sharp and intense peak observed at 969 cm ™! accounts
for the terminal ~-W=O bonds.
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FIG. 6. (top) Micro-Raman spectra for the PAA-WOj; film containing
dispersed WDH grain, (a) H* colored film medium, (b) H* colored WDH
grain, and (c) bleached WDH grain. (bottom) Micro—-Raman spectra of
PAA-WO; composite film, (d) bleached and (¢) Li* colored with
Q = 15mC/cm?.

As already shown in Fig. 5, the micro-Raman spectrum of
the H* colored film is somewhat different from that of the
bleached one. A remarkable change due to H" insertion is
the enhancement of the peak at 811 cm ! (O-W-0O) and the
decrease of peak intensity at 969 and 672 cm ™! which are
attributed to the vibrations of W=0) and v(O-W-0),
respectively. We believe that such a change in the Raman
spectra results from the above-mentioned electrochemical
grafting process of the H™ species onto the crystallite sur-
face of the nanocrystalline WDH, in which the terminal
~W=0 bonds transform into ~-WY = O ~9*_H°* ones.
Therefore the spectral change at 811 cm ™! accounts for the
reduced double bond character of the WY=0""9* 1In
addition, the suppressed Raman feature at 672-680 cm ~*
implies that the grafting process gives rise to a considerable
perturbation on the internal O-W-O lattice of the nano-
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crystalline tungstate. The small changes below 400 cm ™!,

which indicate the change of O—W-0O bending vibration, are
also due to the modification of internal lattice by proton
insertion.

Similar changes in micro-Raman spectra were observed
also for Li* insertion/disinsertion, as displayed in Figs. 6d
and 6e. After Li™ insertion, the Raman intensity decreases at
680 cm ™! and increases at 800 cm ™!, which can be ex-
plained in the same manner as in H" insertion/deinsertion.
In this case, the terminal bond should be transformed to
~WVY=01"9*_Li%* by the grafting process. It can be noted
that the structural changes induced by H* (Li") inser-
tion/deinsertion are reversible and reproducible.

A possible mechanism for the reversible electrochromic
effect of the PAA—WO; films can be proposed as follows.
The porous and nanocrystalline structure of the film favors
the formation of W=O terminal bonds at the crystallite
surface. These “structural defects” which create deep sub-
band gap energy state inside the band energy gap, act as
reversible grafting sites for M * ions (M = H or Li). The blue
coloration observed for the H*/Li* grafted films must be
associated with an absorption of visible light and the con-
current electron excitation from WV (5d4') subband gap
energy states to the conduction band. The absorption pro-
cess can be depicted as follows:

hv (visible)

WY (5dY) WYI(5d%)  + e

in the conduction band
of WYT (5d°) parentage

“ionized”
donor center

deep electron
donor center

conduction band

| WY(5d)
' WY (5d") ‘

F 3

€
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+x(M +e) e
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=

empty WY' (54"
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WY (54" state from
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\M\iﬂoil—é]—_"Mﬁl

0¥ (2p%
valence band

0> (2p%
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FIG. 7. Simplified band energy scheme illustrating the visible light
absorption process in the grafted film.



ELECTROCHROMIC PAA-WO,; COMPOSITE FILM

The WV (5d') state, which is just below the conduction
band of WY' (5d°:1,,) parentage, arises from the
~-WY=01"9*_M?°* bond. This is illustrated in Fig. 7,
using a simplified band energy diagram (with the approxi-
mation of the “ionic model”).

CONCLUSION

Tungsten oxide-based films have been prepared by
dip coating, using an aqueous solution of PAA and
WO;-NH,OH mixed solution. The ammonium ions in the
as-prepared film could be replaced by protons through
chemical treatment in 1 N HCI solution, and the resulting
PAA-WO; film exhibited good electrochromic properties
by reversible cation (M* = H™, Li™) insertion. From the
XRD and micro-Raman spectroscopy studies, the tungsten
species in the PAA-WO; film turned out to have almost the
same crystal structure as H,WO,. The Raman observation
indicated that the inserted M * ion combines with terminal
~W=0 to make a new -WV=0"1"9*_M?’" bond, through
the grafting process. This allowed us to propose a mecha-
nism explaining the reversible electrochromic effect ob-
served for the films. It can be inferred that a rather similar
grafting mechanism occurs for all nanocrystalline materials
having high electrochemically active surface area.
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