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Abstract. All solid state electrochromic devices have potential applications in architectural and automotive fields
to regulate the transmission and reflection of radiant energy. We present the optical and electrochemical character-
istics of two solid state windows having the configuration glass/ITO/TiO2~CeO2/TiO2/TiO2—CeO2/ITO/glass and
glass/ITO/WO3/TiO2/TiO2—CeO2/ITO/glass where the three internal layers have been prepared by sol gel methods.
The preparation of the individual sols and some physical properties of the different sol gel coatings are reported.
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1. Introduction

The development of all solid state electrochromic de-
vices such as smart windows, displays, automotive
rearview mirrors, etc, presents a considerable techno-
logical and commercial interest [ 1]. These devices con-
sist of multiple layers usually sandwiched between two
glass layers. A typical device working in transmis-
sion has the configuration glass/transparent electron
conductor/anode/ionic conductor/cathode/transparent
electron conductor/glass. The outermostlayers on each
side are transparent electron conductors (TC) and are
required to set up a distributed electric field. The ad-
Jacent layers are the electrochromic layer (EC) and the
counter electrode which plays the role of the ion storage
layer (IS) for HT or Li* ions. The central layer is an
ion conductor (IC). The three inside layers essentially
comprise an electro-optically active battery and there-
fore the (EC) and (IS) layers are mixed electron-ion
conductor. When a small current is passed through the
cell the ions stored in the (IS) layer diffuse toward the
electrochromic layer which has the property to change
its spectral transmittance continuously (usually over a
wide spectral range) altering the overall optical trans-
mission of the device. The original optical bleached
state is obtained by reversing the applied voltage. Such
devices have a time response which varies from sec-
onds to minutes and can usually maintain their optical

properties (bleached or colored state) when the power
is turned off (memory effect).

Various inorganic materials and processes have been
proposed for each specific layer (see [1, 2] for recent
reviews). Nowadays indium tin oxide (ITO) is the pre-
ferred TC material. WOg3, MoOg, NbyOy are typi-
cal cathodic EC materials while IrO,, NiQ, Ni(OH),
are anodic EC materials and RhoO3 and V205 were
found to color in both states. V505, IraO3, CeO5 and
TiO2—CeO- have been proposed for counter electrode,
the last material showing better Li* insertion kinet-
ics. Materials such as hydrated Ta;Os, ZrOy, SiOq,
TiO, can be used as H* conductor while LizN, LiAlF,,
LiNbOg, LiTiO3 and LiAlSiO4 have been proposed for
Lit. However none of them exhibits the high ionic
conductivity as obtained with polymeric or liquid elec-
trolytes which are still the preferred materials used in
commercial or prototype devices.

Most of these materials have been already processed
by sol-gel methods and a recent review can be found
in [2]. Their specific functions to be used as EC or
IS layers in electrochromic devices has been demon-
strated for WQO3, WO3-TiO3, WO3-MoO3, Nb,Os,
Ti05-Ce0s2, V505, NbVOs5, TaVO5, MoOg3, oxides of
Ir, Ni, Cr, Y, Cu, Co, Fe, Mn, Ni-Co, TiO2 and CeOs.
Very few works have been reported for transparent IC
layers where we can mention TiO5, Ormosils and for
transparent TC layers ITO.

In this paper we present the preparation of the sols
used to obtain EC (WO3), IC (TiO2) and IS (TiOs~
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CeOy) layers as well as optical and electrochemi-
cal solid properties of two all solid state smart win-
dows built with these layers having the configura-
tion glass/ITO/TiOs—CeQ2/Ti03—~Ce04/ITO/glass and
glass/TTO/WO3/TiO/TiO2-CeOo/ITO/glass.

2. Experimental and Procedure

The different layers of the sol-gel electrochromic cells

have been obtained or prepared as following:

a) The transparent electric conductors (TC) were all
ITO layers supplied by Donnely (FW 5005, p =
2.6 - 107 © cm) or Asahi Glass (plasma assisted
evaporation p = 3.5 - 1074 Q cm) noted D and Ag
respectively. Sol-gel processing of these coatings is
feasible [3] [4] [5] but the electron conductivity is
typically one order of magnitude smaller.

b) The ion storage coating (IS) or counter electrode
consists of a TiO;—CeO layer deposited by dip-
coating technique using a sol prepared from a
mixture of Ce(NH,4)2(NOj3)g dissolved in ethanol,
isopropanol or glycol ether to which was added
tetraisopropyl orthotitanate with atomic ratio Ce:Ti
up to 1:1 according to a method already described
[6] [7]1 [8] [9]. These sols are stable up to 3 months
when kept at 5°C [10]. The layers deposited on
the ITO coated glass at a 20 cm/min withdrawal
speed have a thickness of about 70 nm. After dry-
ing at room temperature for 15 minutes they have
been partially densified by a heat treatment in air at
500°C. The amount of charge which can be inserted
in such layers depends on the time and temperature
of the heat treatment and the thickness of the layer.
As shown below the highest charge density has been
obtained with ~250 nm thick layer obtained by re-
peating the deposition process 3 to 4 times. After
each deposition the layers have been fired at 500°C
during 5 mintues. After the last coating the whole
stack has been heat treated at the same temperature
during 120 minutes. ‘

¢) The WOj; electrochromic coating was deposited by
dip-coating on ITO coated glass from a colloidal
solution obtained by dissolving tungsten tetrachlo-
ride oxide (WOCly) in isopropanol (0.1 M) and pro-
cessed as previously described by Judeinstein et al
[11] [12]. Each layer was 50 nm thick and the dip-
coating process, done in 30% RH at a rate of 20
cm/min, was repeated 5 times in order to obtain

a final layer 200 nm thick. The densification was
performed at 120°C during 24 h. The layers are
amorphous.

d) The TiO, sol gel protonic electrolyte was prepared
according to a method proposed by Judeinstein et al
[11] [12]. Ti(OBu™)4 was however substituted by
Ti(IV) ¢-propoxide. The alkoxide was first mixed
with glacial acetic acid in a molar ratio 1:2 and then
glycerol (G) or ethylene glycol (EG) was added
in a molar ratio G or EG/Ti = 20. According to
the literature the reacted mixture gives glycolate
derivatives where the organic groups may behave as
bridging ligands between Ti metal atoms. No wa-
ter was added. The resulting material is a viscous
organic-inorganic liquid. For these concentrations
gels are obtained after 15 and 10 days respectively.
The same procedure used with a mixture of acety-
lacetone and Ti alkoxide (ratio 2:1) leads also to
a slightly viscous organic-inorganic liquid whose
stability is improved as no gelification has been ob-
served even in presence of water after more than 1
month.

The final assembly of the cell was done by de-
positing a thin layer of the viscous electrolyte on the
IS/ITO/glass stack. The other side of the window was
then firmly pressed against it and the whole cell was
finally sealed with Torr Seal glue.

3. Characterization of the Coatings, Windows
and Discussion

The TiO2—CeO; coating used as ion storage is trans-
parent, slightly yellow and consists of small CeO,
crystallites embedded in an amorphous TiOy matrix
[6-10] [13]. Optically a broad unstructured absorp-
tion band (OD = 0.25) is observed below A = 400
nm peaking at 240 nm; the coating remains totally
transparent in the visible-near infrared region dur-
ing the cycling process. It allows a fully reversible
H* or Li™ insertion or extraction controlled by solid
state diffusion. The amount of charge which can
be inserted into the layer measured by integrating
voltammetry curves increases almost linearly with the
thickness of the layer up to ~250 nm (correspond-
ing to 3 to 4 layers) and then slightly diminishes.
For Lit for example using a cell glass/ITO/TiOy—
CeOsq/propylene carbonate (PC)-0.1 M LiClO,/Pt
with reference Ag/Ag*t/PC—0.2 M(EtsN)CIO4 and
voltammetry parameters 50 mV/s, +1, 6 V to —1,
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Fig. 1. Total HY and LiT charge inserted or extracted in a 210 nm
thick sol gel TiO2—CeO2 layer as a function of the number of cycles
showing a stable long term behavior. The plain curves refer to coating
prepared with glycol ether (A), or isopropanol (o) and tested with
LiT. The dashed curve is obtained with isopropancl () and tested
with Ht. Voltammetry parameters for H*: cell glass/ITO/TiOz~
CeO3/TiO2/gel/Pt with reference SCE; rate 50 m V/s; potentials:
+3.4 V to —2.0 V. Voltammetry parameters for Li%: see text.

6 V, the increase is typically 50 uC/cm? up to ~11
mC/cm?. The new heat treatment protocol has defini-
tively improved the charge values, reflecting a corre-
sponding increase of the number of sites for Lit in-
sertion. The slight decrease observed for thicker layer
is not completely understood; analysis of voltammetry
curves shows a continuous shift of the insertion and
extraction peak toward higher or lower potential re-
spectively suggesting a gradual increase of the electric
resistance of the coating causing a drop of the effec-
tive potential at the electrolyte/electrode interface. Fig-
ure 1 shows typical long term behavior of the total H+
and LiT charge inserted (or extracted) in a TiOo—CeOx
three layers coating. After an initial rise followed by
a slight decrease, the values of the charge stabilizes
typically between 8.5 and 12 mC/cm?.

The long term response of the IC/IS/ITO glass stack
has been tested for protonic conduction by submitting
all solid state symmetric cells having the configuration
glass/ITO/Ti03—CeO5/TiO2/TiO2—Ce02/ITO/glass to
extended potentiostatic and/or voltammetry cycles.
The protonic electolyte has been prepared with a ra-

Sol-Gel Electrochromic Device 669

e
(9]
T

)

© 0.0

L

< 4
= -0.5r .

'
—
o

T T
L

| 1 1 | 1 1

0 10 20 30 40
t(s)

Fig. 2. Time response of a glass/ITO/TiO2-CeO2/TiO2—
CeO2/ITO/glass to square wave voltage of 0.8 V, period 40 s. The
protonic IC layer was prepared with a ratio acetic acid/Ti = 4. No
extra charge has been inserted.

-1.5

tio acetic acid/Ti varying between 4 and 16. Such cells
do not exhibit any coloration during the cycling. The
voltammetry curves were found practically symmetric
and no degradation has been observed electrochemi-
cally or by visual inspection of the cell up to 30000
cycles or when kept on the shelf in open circuit for
several weeks (test are still in progress). The time re-
sponse of the current density flowing through the cell
to square wave voltage of 0.8 V applied with a period
of 40 s is shown in Figure 2 for the 29340?*’ cycle. A
fast switching time (~2, 5 s) is observed for both the
insertion or extraction process showing that the sol gel
stack TiO9/TiO5—CeO2/ITO/glass performs perfectly
well for the proposed purpose. It is worth while to
note that the cell configuration employed in this test is
of no use for optical devices but other applications such
as all sol gel thin solid state battery can be foreseen.

Similar measurements (not reported here) are in
progress in order to test the symmetric configuration
glass/ITO/WO3/TiO2/WO3/ITO/glass.

Finally complete 10 cm? electrochromic windows
having the configuration glass/ITO/WQ3/TiOs/TiOg-
Ce0O4/ITO/glass have been built with the three inter-
nal active layers prepared by sol gel methods. Fig-
ure 3 shows typical optical transmission measured in
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Fig. 3. Visible-near infrared transmission of a cell glass/

ITO/WO3/TiO2-Ce05/ ITO/glass in the bleached and colored state;
—1%t cycle, - - - 3602 cycle.

the visible-near IR region in the bleached and col-
ored states. The results obtained with the 1% cy-
cle are totally comparable with those obtained with
windows built with layers prepared by other coating
methods [14] [15]. Figure 4 shows the time response
of the current density flowing through the device to
square wave voltage held at +1.5 V limits for 60 s.
The coloring and bleaching kinetics are fast (<10 s).
The bleaching response reflects a curvature change
around 20 s; such a behavior was already observed
in a window. . ./Li;WOs/polymer electrolyte/TiOo—
CeOs/...[13] and attributed to a decrease of the ion
diffusion coefficient during its insertion into the IS elec-
trode when its concentration reaches a certain value.
The main problem which remains to be solved is
the lifetime of the present device. Figures 3 and 4
show also the results obtained at the 360*? cycle. They
clearly indicate a degradation. Visual inspection of the
devices shows a lack of adherence between two layers
as seen by the presence of interference patterns. The
origin of the phenomenon is not known yet. As no
degradation has been reported in the first window (up
to 30000 cycles) it is highly probable that the prob-
lem lies at the WO3/TiO5 interface. Chemical reac-
tions between the materials may provoke stresses or
evolve gases at the interface forcing the layer to sep-
arate. Coating of the WOj3 layer by a thin layer of
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Fig. 4. Current variation to square wave voltage (4=1.5 V, period 60
s) of the cell of Figure 3; —15t cycle, - - 360t} cycle.
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TayO5 as proposed by Cogan et al [15] as an effec-
tive protection from the degradation against reaction
of this material with a poly AMPs electrolyte may be
useful. However as Judeinstein et al [11, 12] claimed
a lifetime longer than 40000 cycles for a symmetric al-
ways colored cell SnO9/WO3/TiO5/W0O3/SnO5 whose
active layers have been realized with the same sol gel
methods, we believed that the problem lies in the ade-
quate composition of the electrolyte. However failure
due to hydrogen embrittlement or generation is not dis-
carded [16].

4. Conclusion

We have presented two all solid electrochromic
windows whose three internal active layers have
been realized by sol gel methods and using pro-
tons as ionic carriers. The first one had the symmet-
ric configuration glass/ITO/TiO3—CeQ2/Ti05/TiO2—
CeO4/ITO/glass and does not show any visible colora-
tion during the cycling since TiOy—CeOy does not
color. This device can be useful for other application
such as solid state battery. This configuration was used
to test the lifetime of the TiO2/TiO9-CeQo/ITO/glass
side of the optical device. This part performed per-
fectly up to 30000 cycles with no apparent opti-



cal and electrochromic degradation (longer time test
still in progress). The non-symmetric optical window
having the configuration glass/ITO/WO3/TiO3/TiOo—
CeOQ4/ITO/glass shows optical transmission change be-
tween the colored and bleached state and kinetics to-
tally comparable to similar devices whose layers have
been processed by other techniques. The lifetime of
our sol-gel device is however shorter. This is due to
a lack of adherence betwen the EC and IC elecrodes.
It is suggested that this failure can be eliminated by
choosing an adequate composition in the preparation
of the TiO, electrolyte. Nevertheless, if we discard
this lifetime problem, we have shown that if is possi-
ble now to obtain complete sol-gel electrochromic de-
vices showing comparable optical properties as those
obtained using other methods of preparation.
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