JOURNAL OF APPLIED ELECTROCHEMISTRY 23 (1993) 1187-11935

Thin metal oxide films on transparent substrates for
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Lithium insertion in metal oxides is a process of interest in many electrochemical applications, includ-
ing rechargeable batteries and electrochromic displays. In this work we have examined the character-
istics of this process in a series of oxides prepared in the thin-film configuration. The lithium insertion
process has been examined in WO;, NiO,, V,05, Nb,O5 and tin-doped indium oxide (ITO) thin film
electrodes deposited on transparent substrates. We have considered various aspects of the insertion
process in these oxides with particular attention to charge capacity, reversibility, kinetics, structural
and optical changes. The results suggest that the process may induce irreversible modifications in
some of the host structures. However, under certain well defined conditions, the process occurs rever-
sibly and thus some of the studied oxides may find successful application in electrochemical devices of

prime technological interest.

1. Introduction

Lithium insertion compounds are a class of electrodes
which have been extensively studied for a variety of
electrochemical applications. The main driving force
behind this interest has been the application of these
compounds as convenient cathodes in rechargeable
lithium batteries. Since these batteries are usually
designed for high capacity and high energy output,
most commonly the insertion electrodes have been
prepared and characterized in bulk, pellet-like con-
figurations. Accordingly, the characteristics and
properties of the electrochemical lithium insertion
processes in bulk metal oxides have been reviewed
and discussed in many past [1-4] and recent [5,6]
publications.

Less attention has been devoted to the lithium
insertion process in thin-film oxide electrodes [7-9],
in spite of the fact that the thin film configuration
has the advantage of offering a large geometrical
and real active area combined with a small amount
of active material. Thus, lithium-inserted metal oxide
films may find unique applications, such as flexible
electrodes for flat batteries for memory back-up in
credit cards and portable computers. Furthermore,
oxide films with thickness of the order of 0.3 um or
less are often transparent or at least capable of trans-
mitting part of the visible radiation, and this offers the
possibility of exploiting the lithium-inserted, thin-film
oxide electrodes for various applications related to
solar energy conversion, glazing and optical dis-
plays. In such a thin film the inserted lithium ions dif-
fuse across a short distance and quasi-equilibrium
discharge curves are obtained in less time than with
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pellets of the bulk oxides. It therefore seemed
important to examine in some detail the electro-
chemical and the optical characteristics of the lithium
insertion process in a series of metal oxide electrodes,
namely WO;, NiO,, V,05 and Nb,Os, all prepared in
the thin film form (less than 1 ym thickness). Also the
plain indium-tin oxide (ITO) film has been added to
the family, since there are some indications in the
literature that ITO itself is a good host for lithium
insertion [10,11]. These oxides are non-lithiated
when as-grown, and the electrochemical lithium
insertion process will be described. In this paper we
seck the relationship between charge capacity and
the electrochemical and optical properties, the dif-
fusion kinetics and the transmittance and mechanical
stress of the inserted oxide films.

2. Experimental details

The NiO,, V,0s, and NbO, thin film electrodes were
obtained following the procedures described in [9,12]
which basically involve reactive d.c. magnetron sput-
tering in an Ar—O, atmosphere onto transparent
and conductive indium tin oxide (ITO) cover glass
sheets. The oxide samples were deposited onto
unheated substrates and, as determined by X-ray dif-
fraction analyses, the majority of them are amorphous
or nanocrystalline. Only the V,05 samples could be
obtained in both the amorphous and crystalline
form, by heating the glass substrate to 300°C. The
WO; amorphous samples were obtained by evapora-
tion onto the same transparent and conductive ITO-
coated glass. Finally, the indium-tin oxide samples
were commercial products obtained by IST-Bekaert
(Zulte, Belgium). These samples, which consisted of
a film typically 0.1 um thick and with a sheet resist-
ance of 60 §2/square (corresponding to a resistivity of
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Fig. 1. (a) Potential against charge curve for a crystalline V,Os film (0.15 pm thick, electrode area 0.7 cm %) during galvanostatic 1nsert10n
Insertion current: 5 uA. Dashed line: 1st cycle; solid line: 2nd cycle. (b) Same as above, but for an amorphous V,0s film with area 0.8 cm?. All
other parameters unchanged. (c) Same as above, but for NbO, film thickness 0.15 uum, area 0.8 cm?). Insertion current: 5 uA. Solid line: as
grown. Dashed line: after heat treatment for 40 h at 380 °C in air. (d) Potential against charge curve for an evaporated WOj; thin film elec-
trode (thickness 0. 3 pm, geometric area 54 cm?) during galvanostat1c lithium insertion at 5 zA. (¢) Same as Fig. 1(a), for a NiO,, film (0.06 um
thick, area 4.5 cm?). Insertion current: 5 zA. (f) Same as in Fig. 1(a), but for a commercial (see text) ITO film (thickness 0.1 ym, area 1 cm?).

Insertion current: 5 pA.

6 x 107* Q2cm), sputtered on a 175mm thick Mylar
substrate, were used as received.

The in situ electrochemical and optical measure-
ments were performed using a three-electrode cell,
having a lithium foil for both the reference and the
counter electrode. The cell reservoir consisted of a
Teflon hollow cylinder with four optical windows at
right angles. The cell was filled with a non-aqueous
electrolyte consisting of a 1w lithium perchlorate
solution in propylene carbonate (here abbreviated as
LiCl0,~PC) and sealed in a controlled atmosphere
dry box (humidity content less than 10p.p.m.)
immediately before all the experiments. To drive the

electrochemical tests, an Amel 551-galvanostat and
an Amel 567 ramp generator were used. The ana-
logue instruments were controlled by means of a
Mac II Cl personal computer, which recorded and
processed the optical and electrochemical data. The
ac impedance measurements were obtained by a
Solartron 1250 frequency response analyser coupled
with a Solartron 1286 electrochemical interface,
both controlled by an HP Vectra computer. The
impedance data were fitted using a modified version
of the Boukamp fitting program [13]. The measure-
ments of the optical transmittance and of the mechan-
ical stress were obtained by cutting the electrodes,
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typically 30 mm long and 3mm wide and clamping
them by the upper end above the electrolyte level. A
green argon laser beam (A = 514.5nm) was directed
to the lower end of such electrodes, this allowing the
simultaneous determination of transmittance and
stress by means of an optical set-up described in
detail elsewhere [14,15]. All the values of transmit-
tance quoted in this work refer to the system formed
by cell + electrolyte + electrode, taking 100% as
the transmittance of the system cell + electrolyte.

3. Results and discussion
3.1. Voltage-charge curves

The lithium insertion process in the various M,0,
metal oxide electrodes:

xLi" +M,0, + xe~ = Li,M,0, )
was examined in cells of the type:

Li|LiCIO,—PC|M,0O,, ITO-glass )

using a lithium counter electrode, a Li* ion conduct-
ing liquid electrolyte, i.e. a solution of LiClQy, in pro-
pylene carbonate, and a lithium reference electrode.
The lithium insertion was promoted in two different
ways, namely: (i) by fixed cathodic current (galvano-
static discharge); and (ii) by fixed potential (potentio-
static discharge).

Most of the oxide electrodes showed an open circuit
voltage (0.c.v.) value between 3.0V and 3.5V against
lithium in their pristine state. As expected, the voltage
decreased upon lithium ion insertion. However the ex-
tent of the voltage decay upon Li insertion varied
greatly from oxide to oxide. Figure 1(a) to (f) refer
to the voltage-charge curves of the various oxide
films during a ‘slow’ galvanostatic discharge which
takes typically several hours. Figure 1(a) shows
voltage-composition curves related to the lithium in-
sertion process in the vanadium oxide polycrystalline
films, run at a fixed cathodic current of 7mA cm™2.

The figure clearly shows that in the first cycle
(dashed line) the voltage trend develops upon dis-
charge with a series of plateaux separated by regions
where the voltage drops abruptly. This can be attrib-
uted to the formation of well defined crystalline single
phases (at the steps) separated by mixed structures (at
the plateaux) where two different phases co-exist.
However, in the second cycle (solid line in Fig. 1(a))
the process is represented by a continuous decay indi-
cating that the large lithium uptake completely de-
stroys the initial crystal structure. Subsequent
steady-state cycles are those associated with an amor-
phous electrode. Indeed, if amorphous V,05 samples
are used initially, the first lithium insertion cycle de-
velops with a step-free, continuous voltage decrease
as the lithium content increases (Fig. 1(b)). This beha-
vior during insertion is very similar to that shown by
bulk vanadium pentoxide crystalline [16] and amor-
phous [17] electrodes. Due to this similarity it is poss-
ible to deduce the real composition of the

polycrystalline film at the foot of the first large poten-
tial step. This is LiV,Os for a charge of 22mCcm™,
which is in agreement with a simple calculation based
on Faraday’s law taking the film density to be the
same as for the bulk oxide. Care should be taken in
analogous assignments of the Li/M,0, value for all
the amorphous oxide films because it is known that
their density may be much less than that of the parent
oxide crystals, depending on their preparation.

It is interesting that the lithium insertion in V,05
electrodes proceeds up to charges of the order of
57mCecm™ (corresponding to 380 mCcm ™2 ,um“‘,
considering the film thickness), which corresponds
to about 2.6 Li atoms per mole of V,0s, for a voltage
range of 1.5-2V, namely from 3.5 to 2V for the crys-
talline and from 3.5 to 1.5V for the amorphous sam-
ple. Furthermore, we [18] and others [17,19] have
observed that amorphous V,0s appears to have a
higher reversible lithium capacity than crystalline
V,0;s.

Another voltage-charge trend, typical of an amor-
phous electrode sample, is that shown by niobium
oxide (Fig. 1(c), solid line). However, thermal treat-
ment following film deposition introduces some struc-
ture to this oxide, probably duc to a partial re-
crystallization or to a phase change during the anneal-
ing procedure. In fact, the voltage-charge curve of the
annealed (Fig. 2, dashed line) shows a certain step-like
behaviour. However, while the Li-uptake charge for
the amorphous sample extends to about 50 mC cm™2
(i.e., a value comparable with that of the V,05 elec-
trode) the Li-uptake of the annealed sample is limited
to about 25mCcm™2.

The voltage-charge behaviour of tungsten oxide is
again that typical of a single-phase, amorphous elec-
trode (Fig. 1(d)). In this case the galvanostatically-
run curve extends to a charge of about 20mC cm™>
in a voltage range of 1 V (2.9-1.9 V). This amorphous
material has previously been studied by several
authors in the past [20-24]. In particular the vol-
tage-charge curves have been studied with a specific
model involving the variation of the electron energy
with concentration in the case of sodium guest ions
[25].

More complicated is the voltage-charge curve
shown by the nickel oxide sample (Fig. 1(e)) where a
dip can be observed at rather high lithium concentra-
tion (at about 10mCem™2). This behaviour, which
was observed in previous work [26], may be explained
by assuming that high lithium content induces in the
oxide a new highly disordered phase [26,27]. The over-
all lithium insertion in nickel oxide proceeds up to a
very large amount, namely to about 100 mC cm 2.

A similar order-disorder transition, associated to a
dip in the voltage-charge of Fig. 1(f), probably occurs
during lithium insertion in the indium tin oxide sam-
ple. This dip is seen, however, at a charge of only
1.5mCem™2. Considering that this film is about three
times thicker than the nickel oxide film, its lithium
charge capacity is at least one order of magnitude
smaller than that of NiO,. The general trend of the
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Fig. 2. First voltammogram, and cyclic voltammogram afier stabi-
lization for a WO, film electrode (0.3 yum thick, area 1cm?).

curve in Fig. 1(f) is very complicated and its interpre-
tation is not easy. However, it is relevant to point out
that the insertion of lithium in indium tin oxide bulk
or thin electrodes has been studied in various labora-
tories [11,28,29] with contrasting results. This suggests
that the characteristics of the process are not typical of
the compound but rather depend on sample composi-
tion and morphology.

The lithium insertion voltage-charge curves dis-
cussed so far were all obtained galvanostatically.
The potentiostatic mode was also used in those cases
when it was considered of fundamental importance
to establish a fixed voltage difference with respect to
the lithium reference (for example to prevent deposi-
tion of metallic lithium on the electrode and/or to pre-
vent the formation of unwanted phases). These
considerations typically apply to the case of nickel
oxide, where indeed potentiostatic insertion was
often preferred [26].

3.2. Cyclic voltammetry

The characteristics of the lithium insertion process in
the thin-film oxide electrodes can be conveniently
monitored by cyclic voltammetry. As typical exam-
ples, Figures 2 and 3 illustrate the repetitive cyclic vol-
tammetry of the WO; and ITO electrode, respectively.
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Fig. 3. First voltammogram and subsequent cycles for an ITO thin
film electrode (dimensions as in Fig. 2).

In both cases the initial cycles differ, although to a dif-
ferent extent. This suggests that the film ¢lectrodes re-
quire an activation process to allow a continuous and
reversible lithium insertion, and that the type of such
activation varies from case to case. For instance, for
the oxides investigated here, the activation is a small
effect in tungsten oxide (Fig. 2) while it is substantial
in indium tin oxide (Fig. 3) and it is crucial in nickel
oxide [8]. In the case of the thin film oxides with a
polycrystalline structure like V,05, where different
phases are formed during lithium insertion, the cyclic
voltammetry shows two cathodic and two anodic
peaks [30]. Because the cathodic peaks are at the
same potentials as the first two plateaux in Fig. 1(a),
they appear in the voltammetry of such film when
the mixed-phase structures coexist.

It may be assumed that the activation process
favours the widening of the structural slabs within
which the lithium ions can diffuse. Thus materials
with an open crystal structure and well defined chan-
nels, such as WO; and V,0s, are those which require
little activation. In fact from the cyclic voltammetry of
WO, (Fig. 2) the difference between the first cycle and
the following stabilized cycle lies essentially in the cur-
rent tail after the anodic peak, which indicates a faster
lithium diffusion in the activated samples than in the
as-grown one. At the same time, the charge asso-
ciated with the peak in the first and in the following
cycles remains almost the same. Substantially differ-
ent is the case of the ITO electrode where the initial
voltammetric cycles change dramatically, suggesting
that the charge increases consistently as the cycling
proceeds to reach steady-state behaviour (Fig. 3).
The voltammetric behaviour of nickel oxide [8] is
more similar to that of ITO than that of WO;, indicat-
ing the need of substantial activation. Indeed the high-
er peak current in NiO, demonstrates a higher charge
capacity than ITO.

3.3. Diffusion kinetics

The determination of the diffusion of the lithium ions
within the solid framework of the oxide host structure
is a crucial test for evaluating the applicability of a
given insertion electrode. However, measurements of
the chemical diffusion coefficient in insertion elec-
trodes are generally difficult to achieve since they are
based on the same experimental techniques, and the
same interpreting equations which have traditionally
been developed for diffusion processes in liquid ionic
media. This may lead to inaccurate resulits. Therefore
the diffusion data obtained for the insertion processes
in solid oxides have to be interpreted with some
care, especially when the electrode consists of a thin
film. With this in mind various experimental methods
can be considered for the evaluation of the lithium
diffusion coefficient in the host oxide electrodes. A
common method consists in applying a short galvano-
static pulse to promote excess concentration of the
diffusing Li* species at the insertion electrode surface
and then monitoring the overvoltage-time transient



THIN METAL OXIDE FILMS ON TRANSPARENT SUBSTRATES

1191

10 o e e S D Y O L Y L ]
] Nb,Os 7]
8 E
- B T
i - _
n
~ 6— ]
§ T ]
&) i |
L o ]
a [ i
2_ —
B B
0 IR PR AT AT B
0.00 0.04 0.08 0.12 0.16 0.20
Charge/mC

Fig. 4. Lit diffusion coefficient versus inserted charge, from the
current-step technique.

following the pulse. The data are analysed using a so-
lution of Fick’s second law for an instantaneous pla-
nar source of diffusing species in a semi- infinite
geometry [31] and the chemical diffusion coefficient,
D, can be obtained by the equation:

o= (D) P(&) /(i) oo

where y is the thickness of the electrode, I the pulse
current, dE/dq the open circuit voltage-charge vari-
ation, d¥/d(¢/?) the voltage-square root of pulse
time variation, and ¢ the pulse time. Other symbols
have their usual meaning.

Using this technique we have evaluated the dif-
fusion coefficient of lithium in Nb,Ojs thin film elec-
trodes at different charges. Figure 4 shows the
results: the Li* diffusion coefficient decreases as the
cation concentration increases and this behaviour,
combined with the average low value of D (i.e. of
the order of 10~ cm?s™), suggests that the kinetics
of the lithium insertion process in Nb,Ojs is diffu-
sion-controlled and thus that the applications of this
electrode are likely to be limited to low-rate regimes
and slow devices.

Another popular method to evaluate diffusion in
the solid state is impedance spectroscopy, a technique
which appears to be very convenient for ion transport
studies in those cases, often in thin-film electrodes,
where semi-infinite diffusion boundary conditions do
not hold. Basically the method consists of the analy-
sis of the impedance response of a given electrode to
a small, variable-frequency, a.c. potential pertur-
bation. In the low-frequency range, the response
becomes representative of mass transport and, using
appropriate circuit analysis [7], the diffusion coeffi-
cient, D, can be evaluated. For instance at very low
frequencies, namely under the conditions where
f<? /D, the impedance response plotted in terms
of the imaginary (-Z") part against the real (Z') part
of the total impedance, approaches a w/4 straight
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Fig. 5. Impedance plot for a NiO, film electrode, with 24.4mC of
inserted Li* charge (egluilibrium potential 1.81V vs. Li, film
0.06 um thick, area 1cm®).

line. Under such a limiting regime, the diffusion coef-
ficient may be evaluated by the following equation:

2
Y
b= 3R;Cy 4)
where y is the thickness of the electrode film and Ry
and Cp, are the limiting low frequency resistance and
capacitance.

As an example, Fig. 5 illustrates the impedance
response of a nickel oxide thin film electrode: Ry
and C} can be obtained by extrapolating the low fre-
quency, 7/2 line to the real axis, thus allowing evalu-
ation of the lithium diffusion coefficient as D =4 x
102 cem?s™"

This value is two orders of magnitude higher than
that for the Nb,O;s electrode but still lower than
that for WO;, often quoted of the order of
107 cm?s™! [7]. Therefore, one can conclude from
the diffusion data that ion transport in a solid frame-
work is generally a slow process and that compounds
with wide interconnected channels such as WO, are
capable of the most promising behaviour, not only
in terms of reversibility, but also in terms of Li inser-
tion-deinsertion rate. The adoption of the thin-film
configuration for the electrode means that the diffu-
sion process from the electrochemical interface to
the back contact, typically 107> cm away, takes only
one minute or less, even with the low diffusion coeffi-
cients as above. The time required to reach an equili-
brium condition is therefore considerably shorter than
with pellet electrodes, and even galvanostatic dis-
charge curves like those shown in Figs. 1(a)—(f) can
be considered, in most cases, to be the result of
quasi-equilibrium experiments.

3.4. Mechanical stress

It is well known [32] that electrochemical insertion
processes modify the bulk properties of the host
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Fig. 6. Mechanical stress variation against charge of the WO; film
electrode during lithium insertion, as described in Fig. 3.

materials. Accordingly, upon insertion of lithium the
oxide film electrodes tend to change their volume to
accommodate the guest ions. However, because of
the rigid bonding to the substrate, the only direction
in which the film is free to expand or contract is
perpendicularly to the substrate plane. As a con-
sequence of this, internal stress is induced in the film
and the measurements of this phenomenon provides
important information for the clarification of the
insertion mechanism [15,27]. For instance, in the
simple model of a uniform, isotropic film, it is evident
that lithium insertion should promote a volume
expansion of the film and, therefore, an internal com-
pressive stress. Such a compressive stress should be a
linear function of the charge inserted, provided that
no phase transition occurs. This behaviour has in-
deed been observed for Li,WO; samples (Fig. 6), in
accordance with the voltage-charge curve (Fig. 1(d))
which effectively suggested a single-phase, Li-
insertion process. The same has been observed for Li
insertion in NiO, and ITO thin films [26]. This is also
analogous to what was observed when a palladium
film was charged with a few atomic percent of hydro-
gen [14], using the same technique for the measure-
ment of the stress changes as in the present work.
The situation for multiphase processes in poly-
crystalline films such as that of V,0s crystalline
samples is different. Figure 7 (dashed curve) shows
that the initial stress variation upon Li insertion is
not compressive but tensile. The explanation is com-
plicated by the fact (i) that the film was grown with
a preferential orientation (c-axis perpendicular to
the substrate), and (ii) that the oxide is not iso-
tropic, presenting layers along which the guest ions
spread. During lithium insertion the unit cell of the
oxide lattice may expand in one direction (along the
c-axis) whereas it may stay the same or even contract
in others. The net result we observed is the rapid
build-up (within the first 10mCcm™2) of a tensile
stress of the film in the plane of the substrate, which
induces the bending of the whole sample. The larger
the lithium charge, the more complicated and irrever-
sible are the structural changes in the oxide internal
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Fig. 7. (a) Mechanical stress versus charge of the V,0;5 film
electrode during Li* insertion, as described in Fig. 1. Dashed line:
Ist cycle. Solid line: 2nd cycle. (b) Same as above, but for an
amorphous film electrode.

structure. The minima at 6 mC and at 12mC and
the maximum at 28 mC in the curve of Fig. 7 can be
associated with phase transitions which are known
to occur in bulk Li,V,05 crystalline samples at
x=04, x=0.9 and x =2 [33,34]. A detailed dis-
cussion of the mechanical stress changes in vanadium
oxide films and of the structural changes during Li*
insertion, as deduced by X-ray diffraction, will be
reported elsewhere [18]. Curve b in Fig. 7 refers to
the stress variation during the second insertion cycle
in V,0s, which is typical of amorphous samples
where the process of inserting an ion corresponds to
a compressive stress increase of the whole sample
structure. This difference between first and second
cycle again confirms the conclusions drawn from the
corresponding voltage-charge curves (compare Fig.
1(a) and (b)). That is, the deep lithium discharge pro-
cess occurring in the first cycle changes the oxide ma-
terial structure from crystalline (ordered with respect
to the plane of the supporting glass substrate) into a
disordered, amorphous morphology where the
lithium insertion occurs without detectable phase
transitions.

3.5. Optical absorption

The as-grown, lithium-free, thin-film oxide electrodes
studied here, with the sole exception of nonstoichio-
metric nickel oxide in which both the transparent
NiO and the absorbing Ni;O, phases coexist [35],
are all transparent or semi-transparent to the visible
light (514.5 nm).

Lithium insertion is accompanied by electron
injection (see the process described in [1]) and, as a
consequence, the electronic distribution and the
optical absorption of the Li-inserted oxide films
change. The changes in colour of the host oxides can
thus be conveniently exploited for the realization of
electrochromic windows and mirrors designed for a
variety of applications in the field of light trans-
mission and control. Again important differences
exist between the optical absorption properties of
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Fig. 8. (a) Optical transmittance versus charge curve during galvanostatic Li* insertion for the crystalline V,O; film electrode described in
Fig. 1(a). (b) Same as above during galvanostatic Li* insertion for the Nb,Os film electrode described in Fig. 1{c). Solid line: as grown.
Dashed line: after heat treatment. (c) Same as above during galvanostatic Li" insertion for the WO, film electrode as described in
Fig. 1(d). (d) Same as above during galvanostatic Li* insertion for the NiO,, film electrode described in Fig. 1(¢). (e) Same as above during
galvanostatic Li* insertion for the ITO film electrode described in Fig. 1().

the crystalline and the amorphous samples of the same
metal oxide, as can be clearly seen in Fig. 8. This is
because lithium insertion increases enormously the
density of conduction electrons and the optical
response approaches that of free carriers, but only in
the case of ideal crystals. In the real oxide samples,
the more disordered the structure of the thin film,
the more affected are the optical properties by grain
boundary scattering and impurity scattering, and the
farther is the optical absorption from that of com-
pletely free carriers in the semiconducting oxide
energy band structure. The exact physical mechanism
responsible for the light absorption in lithiated oxides
has been debated in many papers and various theories

involving free carrier absorption and small polarons
[36] have been invoked. The oxides described in the
present work are all cathodically colouring elec-
trodes, with the exception of the NiO,, which is
anodically colouring. To establish the effective visible
impact of a given oxide film, it is of relevant import-
ance to monitor its changes in optical transmittance
upon lithium insertion. Figure 8(a) illustrates the re-
sults for crystalline (curve I) and amorphous (curve
I) V,0s. Figure 8(b) shows the results for amor-
phous (curve I) and heat-treated (curve II) Nb,O5
and Fig. 8(c), (d) and (¢) refer to the transmittance
of amorphous WQ;, NiO, and ITO thin film elec-
trodes, respectively. Among these thin films, tungsten



1194

S. PASSERINI ET AL.

oxide is the one that in the visible light darkens more
per unit charge inserted (Fig. 8(c)) and, therefore, this
oxide is the ideal candidate as the optically active elec-
trode in electrochromic displays. The other oxides
which darken much less, at least during the initial
period of the lithium insertion process, can be
regarded as optically passive electrodes [37], also of
importance for the realization of complete light trans-
mission devices, such as electrochromic windows [38].
Typical examples are nickel oxide (Fig. 8(d)),
vanadium oxide (Fig. 8(a)) and indium tin oxide: the
latter remains almost transparent upon lithium
insertion up to about 15mC cm ™2, beyond which, an
irreversible reaction and rupture of the film occurs
(Fig. 8(¢)). In addition to tungsten oxide, amorphous
niobium oxide colours cathodically, but its transmit-
tance change is much less than that of WOj;. There-
fore, all these optically passive or weakly colouring
oxides can be considered quasi-transparent elec-
trodes and used as complementary systems to WO;
for the fabrication of electrochromic windows as
shown in the literature [39].

4, Conclusions

According to the type and the morphology of the
oxides in this study some appear more suitable than
others for use as thin-film electrodes in novel and
rechargeable lithium batteries. Typical is V,0s
which, in combination with lithium metal, gives cells
with o.c.v. values of the order of 3.5V and a
theoretical energy density as high as 1300 Whkg™".
This oxide exhibits facile lithium insertion and
behaves as a convenient optically passive, almost
fully transparent, film electrode. On the other hand,
the other oxides studied show very promising per-
formance as electrochromic materials, both as pri-
mary electrodes (e.g. WO3) and as optically passive
complementary electrodes (e.g. ITO and NiO,),
although they are not as promising as V,0Os as bat-
tery electrodes. ITO remains the oxide layer with the
highest sheet conductivity, and is therefore an
excellent electronic transparent coductor, but shows
relatively little lithium charge capacity; NiO, has a
much larger lithium charge capacity but slow dif-
fusion kinetics. Recent results by Campet et al. [40]
have shown that new compositions such as
Liar_éNi(I)IjOZ’ can be prepared electrochemically and
show improved kinetics and charge capacity with
respect to sputtered NiO,. Several companies now
use some variety of nickel oxide as electrode in their
commercially available electrochromic devices.
Nb,Os is a new Li" insertion material, which
deserves further investigation in the future. The
most relevant characteristics of WO, as a superior
electrochromic electrode is its high electrochromic ef-
ficiency. This parameter, defined as the ratio between
optical density and injected charge, can be
experimentally derived from the slope of the linear
part of the absorbance-charge curve (derived from
the transmittance-charge plot in Fig. 8(d)), and is

equal to 15cm?C~!. This value Jjustifies the role of
thin-film tungsten oxide as the most popular and
almost indispensable primary electrochromic elec-
trode in many optical devices.
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