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We have illustrated the important role played by the nanoscale materials in three-up-to-date
energy topics.

1/The solar-to-electrical energy conversion in photoelectrochemical cells: we have shown
two favorable situations for which photoelectrochemical cells using porous nanocrystalline
films have high efficiencies.

2/The electrical energy storage in rechargeable rocking-chair lithium batteries: these sys-
tems, which use nanocrystalline materials, might be the next generation of rechargeable bat-
teries showing higher capacity, cyclability, and safety than conventional lithium ion batteries.

3/The energy saving with efficient electrochromic windows using nanocrystalline materials.

I. INTRODUCTION

The recent surge of interest in nanoscale materials is engendered by vari-
ous reasons, one of them being the realization that the nanoscale materials
often exhibit physical and chemical properties that are different from their
bulk counterparts. For instance, when the nanoscale materials are in the
form of finely grained powders or of nanocrystalline films, they offer,
indeed, the obvious advantage to combine structural effect (inside grain
structure) with surface effect or grain-boundary effect. This combination
accounts for their original properties.
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The evolution of the electronic properties of metal oxides, when their
crystallite-size decreases down to nanometer size, has been widely investi-
gated 1]. Such an evolution study is not our purpose here.
One knows also that there are a large number of manufacturing proc-

esses leading to nanoscale materials [2]. Again, our purpose is not to
describe or to review them.
We simply intend, here, to investigate the important role played by the

nanoscale materials in the fields of electrochemistry and photoelectro-
chemistry. That will be illustrated using three up-to-date energy topics as a
support (fig. 1):

the solar-to-electrical energy conversion in photo-electrochemical cells
using nanocrystalline films
the electrical energy storage in rechargeable rocking-chair lithium bat-
teries using either nanocrystalline powders or nanocrystalline films
the energy saving with electrochochromic windows in which inorganic
"nano Crystalline Insertion Materials" intervene in film form

FIGURE The "energy triangle"
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II. THE SOLAR-TO-ELECTRICAL ENERGY CONVERSION
IN PHOTOELECTROCHEMICAL CELLS USING
NANOCRYSTALLINE FILMS

First of all and for sake of clarity, we have illustrated in fig. 2 the general
principle of a photoelectrochemical cell. Light illumination of the pho-
toanode surface generates electron-hole pairs that can be separated by the
electric field present in the band bending region (fig.). The conduc-
tion-band photoelectrons are directed through a charge collector into the
external circuit where electrical work is done. The carriers are then
returned back to the cell through the counter electrode. Between the coun-
ter electrode and the photoanode is an electrolyte containing a redox cou-
ple R / R-. This redox electrolyte allows for charge transport between the
two electrodes: the photoelectrons reduce R into R-, which diffuse from
the counter electrode the photoanode; at the photoanode the photoholes
oxydize R- into R. The whole system is then closed. The cell voltage AV,
observed under illumination, corresponds to the difference in the
quasi-Fermi Level of the photoanode under illumination and the Nernst
potential of the redox couple (R / R-) used to mediate charge transfer
between the electrodes [3].

Photoanode Electrolyte Conducting glass
counterelectrode

hv

(R R-) I
load

FIGURE 2 General principle of a photoelectrochemical cell

Semiconductor films with small crystal size normally have large recom-
bination losses in photovoltaic cells. That is indeed the case, for instance, for
nanocrystalline silicon when the dangling bonds are not restored by hydrogen.
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We will show, here, two favorable situations for which photoelectro-
chemical cells using porous nanocrystalline films have low recombination
losses. These situations are depicted below.

A. Feasibility of efficient photoelectrochemical cells with the EncSS
structure (where EncSS stands for electrolyte nanocrystallized
semiconductor semiconductor)

Photoelectrochemical cells based on narrow band gap and high carrier

mobility n-type semiconducting electrodes (such as Si, GaAs, CdSel_xTex,
CulnSe2), are very attractive in the conversion of solar energy into electri-
cal and/or chemical energy. They permit the use of economical polycrys-
talline or amorphous semiconductors and can give conversion efficiencies
as high as those of the corresponding solid junction photovoltaic solar
cells.
The main obstacle for producing such efficient photoelectrochemical

systems is the photocorrosion of the n-type semiconducting photoelec-
trodes in contact with most aqueous electrolytes.
For instance, fig. 3 depicts the photocorrosion reaction occuring in a

photoelectrochemical cell using 103-/1- aqueous electrolyte and having
n-GaAs photoelectrode. This photocorrosion is unfortunate since a

solar-to-electrical conversion efficiency over than 10 % can be obtained

[4]. We see in the figure that the holes, photogenerated at the GaAs sur-
face, cause the photoelectrode decomposition according to reaction (i),
instead of oxidizing the reduced species in the electrolyte according to

reaction (ii).

hv

h*

//GaAs + 14OH" + 8h*-----> GaOl , AsO + 7H20 (i)

6OH + 6h I0 + 3HO (ii)

FIGURE 3 Photocorrosion reaction occuring in a photoelectrochemical cell having n-GaAs
photoelectrode (electrolyte: 0.1M I-/103 + 0.1M KOH)
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Different approaches have been explored to solve the photocorrosion
problem occurring in photoelectrochemical cells based on narrow bandgap
semiconductors:

1. Stabilization of the photoelectrode against photocorrosion in aqueous
solutions by surface coating with thin metal films, oxide films, con-

ducting polymers, and covalently attached electroactive species [5].

2. Use of fast redox couples and treatment of the electrode surface with
noble metal cations.

3. Use of non-aqueous solvents, molten salts, or solid polymer electro-

lytes [6].

Among these approaches, the most attractive one would concem photo-
electrochemical systems based on n-type photoelectrodes coated with

highly conducting oxide films since high photoconversion efficiencies are

obtained. For instance, a 10% photoconversion efficiency is observed for
n-Si photoelectrodes coated with n+SnO2, with the corresponding hybrid
electrode immersed in an 12/1- aqueous electrolyte. However, these photo-
electrochemical systems can, in fact, be likened to solid state photovoltaic
systems since the photoactive junction, responsible for the high efficiency,
is the photoelectrode/oxide coating junction.

We will see, here, that high photoconversion efficiencies can be obtained
without noticeable photocorrosion for photoelectrochemical cells, using
103-/1- aqueous electrolyte, and having n-GaAs photoelectrode coated
with porous nanocrystalline n-type semiconducting SrTiO3 film (fig. 4).

Semiconductor
nanocrystals

(n-sr Ti Oz)

Electrolyte

FIGURE 4 Picturial illustration of the n-GaAs photoanode coated with porous nanocrystal-
lite n-type SrTiO film
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Figure 5 shows, indeed, the variation of the short-circuit photocurrent, Isc,
as a function of irradiation time and for comparison, the behavior of
uncoated n-GaAs in the same electrolyte is also shown: the
n-GaAs/SrTiO3 electrode shows, indeed, good stability during 100 h,
while the uncoated n-GaAs electrode undergoes photocorrosion. The
charge passed in the SrTiO3 coated n-GaAs electrode during its stable
period is about 1080 C.cm-2. It corresponds to a 14% photoconversion
efficiency for an open circuit voltage Voc _= 1V (fig. 6).

Isc mNcm)

4

3

2

1

(a)

(b)

//I

1’0 2’0 30 4’0 50"00
T (Hour)

FIGURE5 Photocurrent stability for (a) an uncoated n-GaAs electrode and (b)
n-GaAs/SrTiO (600 nm) hybrid electrode (electrolyte: 0.1M 1-/103" + 0.1M KOH; solar
light irradiation 15 mW/cm2)

(mA cm=)

2 3 4 5 6 7 8 9 10

FIGURE 6 Output-power characteristics: variation of the photocurrent vs. cellpotential; the
photoanode is the SrTiO coated n-GaAs electrode solar light irradiation 15 mW/cm2)

How does the cell work ?

One has to quote, first, that the oxide coating must be permeable with
regard to the electrolyte. Therefore the effective photoreactive junction,
responsible for the 14 % photoconversion efficiency, is the GaAs / electro-
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lyte junction and not the SrTiO3 / electrolyte junction: the later junction
gives in rise to low photoconversion efficiencies due to high recombina-
tion rates of the photogenerated carriers [7].
One must also point out that deep subbandgap energy states exist in the

n-SrTiO3 film: they arise from its nanoscale structure (their nature will be
discussed further on in this paper). These deep subbandgap energy states

play a predominant role in the photoelectrochemical process: the holes that
are photogenerated at the GaAs surface are pushed away from it (fig. 4),
and directed into the deep subbandgap states present in the SrTiO3 film
they can react afterwards with the electrolyte. The GaAs surface is not,
thereby, photocorroded.
That occurs owing to

i. the chemical bond attachment between GaAs and SrTiO3,

ii. the probable downwards band-bending that exist at the SrTiO3 surface
in contact with GaAs (fig. 7).

elect’olyt n Sr Ti 0a n OaA

FIGURE 7 Simplified band-energy scheme showing the photohole transfer from the GaAs
valence band (VB) to the SrTiO deep subbangap energy states (dsb)

In contrast to conventional photoelectrochemical cells, the present sys-
tem separates the functions of (i) photogenerated electron-hole pair sepa-
ration, taking place at the GaAs surface, and (ii) photohole reaction with
the electrolyte occurring at the SrTiO3 film surface in contact with the
electrolyte.
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The photoholes originating from GaAs, which cross the SrTiO3 nanoc-
rystallites via the subbangap energy states, are the unique photogenerated
carriers present in the film. Consequently, they will not recombine with the
photoelectrons and, thereby, can react with the electrolyte as mentioned
above. Correspondingly, the photoelectrons "ignore" the SrTiO3 film and
therefore "ignore" the photoholes, so that they can easily cross the GaAs
semiconductor and reach the external circuit where electrical work is done.
The operation can be then closed according to fig. 2.
We believe that the deep subbandgap levels in the film are of Ti:3d(t2g)

and O:2p character: they originate from dangling bonds or oxygen chemi-

sorption or oxygen at lower coordination sites than in the bulk [7,8]. The
corresponding illustrative energy diagram, shown in fig. 8, serves to show
that ions at defect sites on oxide surfaces see a very different environment
from those on nearly perfect surfaces; one result may be to stabilize charge
configurations that are normally found in the bulk: for example O- may be
the usual form of oxygen at some low coordination sites [9].

E8

r]%-o (C.B.)

[Ti:3d(t2g) ]bt [Ti:3d(t2g) ]bt

[0:2p] bt

][*’r=..o (C.B.)

[Ti:3d(t2g) and [0:2p] ,

[0:2p] bt

FIGURE 8 Simplified band-energy scheme of nanocrystalline n-SrTiO films.
(a) nearly perfect crystallite surface, (b) actual crystallite surface. The titanium and oxygen
bt (band-tailing) ([Ti:3d(t2g)]l and (0:2p]lt) energy states originate from Ti-O bond
weakening, or decrease ofthe Madelung potential, at surface sites. The [Ti:3d(t2g)]dst and
[0:2P]dsl energy states represent the deep subbandgap energy states (dsb), which origi-
natefrom dangling bonds or oxygen chemisorption, or oxygen at lower coordination sites
than in the bulk [7,81
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B. Feasibility of efficient photoelectrochemical cells with the EDncS
structure (where EDncS stands for Electrolyte Dye nanocrystallized
Semiconductor)

These new type of cells proposed for the first time by M. Gritzel and
co-workers is even more attractive than the previous one, due to their:

i. easy and cheap manufacturing process

ii. semi-transparency and smartness, so they can be advantageously used
as windows, in buildings for instance

iii. overall light-to-electrical energy conversion close to that of conven-
tional photovoltaic silicon cells (fig. 9)

iv. long term photoelectrochemical stability [3]

photocourant mA/cm2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
tension V

FIGURE 9 I-V Characteristic of M. Gritzel and coworkers cell. Isole light 96.4 mW/cm2.
FF 0.69" rl 8.8%, [3]
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LIGHT

GLASS

GLASS

FIGURE 10 Pictorial illustration of M. Gritzel and coworkers cell module [3]. and 7:
glass sheets: 2 and 6: transparent-metallic layers; 3:1/13- electrolyte; 5" colloidal TiO2
membrane; 4: dye stuff

The pictorial illustration of the cell module is shown in fig. 10.
A transparent TiO2 film has been sol-gel coated on a conducting glass sup-
port: the film is composed of nanometer sized particles as shown in fig. 11.

Conductive transparent film

Ti 0
nancrystals

GLASS

FIGURE 11 Pictorial illustration of the nanocrystalline TiO2 film, sol-gel coated on a con-
ducting glass support
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The particles are sintered together to allow for efficient electronic con-
duction through the crystallites. M. Griitzel and co-workers showed,
thereby, that a nanoporous structure with a high effective surface area was
formed: a 10 tm thick film of such a colloidal structure offers an effective
surface area 1000 times greater than that of a smooth membrane [3]. Once
coated on the conducting glass support, the nanosized particles are covered
by a monolayer of sensitizer (fig. 10). The electronic working principle of
the module is depicted on fig. 12. The originality of this new nanostruc-

rt-TiO2 particle Dye redox
electrode

Quasi-El

D+/D*

D0/D+

FIGURE 12 Electronic working principle of M. Griitzel cell module [3]

tured device lies in the fact that it separates the function of light absorption
and carder transport, in contrast to conventional photovoltaic cells: the
sensitizer absorbs, indeed, the solar light, thereby generating photoelec-
tron-hole pairs; before recombination takes place, the photoelectrons are

pushed away from the sensitizer into the conduction band of the nanocrys-
talline TiO2 film. As it occurred for the nanocrystalline SrTiO3 film in the
previous cell, the carriers injected here in the TiO2 film will not recombine
because (i) percolation occurs between the nanocrystallites and (ii) the car-
tiers originate from an external source, i.e., the sensitizer. Consequently
electrical work can be done (fig. 10 and 12). M. Griitzel et al. showed that
the huge internal surface area of the TiO2 film allowed to solve the prob-
lem of insufficient light absorption by the monomolecular layer of the sen-
sitizer. Therefore, as pointed out above, the energy conversion efficiency
is close to that of a silicon cell (fig. 9).



134 G. CAMPET et aL

We have reported on two significant examples showing how porous
nanocrystalline semiconductorfilms can be efficiently used in photoelec-
trochemical cells. We will see now how nanocrystalline powders orfilms
can be used in rechargeable lithium batteries.

III. USE OF THE NANOCRISTALLINE MATERIALS
FOR THE ELECTRICAL ENERGY STORAGE
IN RECHARGEABLE LITHIUM BATTERIES

The technologies of primary (non-rechargeable) and secondary (recharge-
able) lithium batteries have been developed in parallel to the developments
in the microelectronic industry for about 20 years [10]. The lithium batter-
ies can be the lightest and most compact power sources when they are
intended for portable equipments such as watches, calculators, cameras,
cordless telephones, computers, and so on.

During the past 10 years, the worldwide "green revolution" has
requested a new, clear, and noiseless system of energy storage for replac-
ing petroleum-based energy sources. Rechargeable lithium batteries as
high-power and high-energy/density devices can also meet the require-
ments of a clear and noiseless energy source, especially in the develop-
ment of electric vehicles. Consequently, rechargeable lithium batteries
with high power and long-life cycles have been very attractive to research
groups all over the world [10]. For sake of clarity, we have shown in
fig. 13 the pictorial illustration of the working principle of a secondary
lithium battery. The battery voltage arises from the work function differ-
ence between the lithium anode and the cathode Liy_xMO2, whose struc-
ture (lamelar or tunnel) is adapted to reversible Li/(de)intercalation (fig.).
The discharging process of the battery corresponds to the Li/ ion insertion
in the cathode material (x decreases). It generally decreases the cathode
work function; therefore the voltage battery decreases. A reverse event
occurs during the charging process (fig.).

The highest voltages can be achieved with lithium batteries using lith-
ium metal as anode due to its lowest work function. However, the use of
lithium metal as the negative electrode in rechargeable cells introduces
some problems. First, the dendritic deposition of lithium metal upon
recharging causes intemal short-circuits and occasionally may cause
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explosion of these cells. Second, the freshly deposited lithium dendrites
react with the electrolyte and become isolated from the bulk lithium metal
resulting in lower coulombic efficiencies of lithium electrodes and poor
cycling life. These problems can be circumvented if another lithium inter-
calation compound is used as the negative electrode instead of the limited

rechargeability and the safety hazards of lithium metal.

0000
0000
0000
0000

o 0"’o
oooo

Discharge

.__... Li/

Electrolyte

Charge

Anode

Li

Liy.x M02

Battery
voltage

X>0

Charge

Discharge

X in Liy.x MO2

X>0

FIGURE 13 Illustration of the working principle of a secondary lithium using Liy.xMO2as
a cathode (M= Ni, Co, Mn [10])
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Consequently lithium ion batteries, such as LixC/Lil_xCoO2,
LixC/Lil_xNiO2, LixC/Lil_xMn204, so called "rocking-chair" batteries
because two intercalating materials are faced, present a challenging
concept they remove, indeed, the problem of dendrite regrowth at the Li
electrode, which may cause the explosion of the battery, by using coke or

graphite as the anode instead of lithium metal 11]. Moreover, the battery
potential remains high as shown in fig. 14, the cathodes provide, indeed a

working voltage of about 3.5V vs carbonaceous anodes. Such a high work-
ing voltage mainly arises from the highest electron affinity of the Co3+ /4+
(for Lil_xCoO2), Ni3+/4+ (for Lil_xNiO2), Mn3+/4+(for Li1_ xMn204).

Potential (VILi)

X>O
X>O

Li.CoO
Li.NiOa

{’Lam,elar struettre]

ILi,C
x>0

X>O

Lit.xMnzO

13D-tunnei structure.

-5

4

3

"2

1

FIGURE 14 Comparison between the open circuit potentials of the electrode materials gen-
erally used in "rocking-chair" systems.
Lil.xCo02, Lil_xNiO2 and LixC on the one hand, and Lil.xMn204 on the other hand, pos-
sess a layered host or a 3D tunnel host structure adapted to reversible Li (de)intercalation

Moreover, the specific capacity and energy density of the batteries are
much higher than that of Ni-Cd system, lead-acid system, and other
rechargeable batteries 12].

Now, a question arises: can the performances of these above mentioned
rocking-chair batteries be enhanced ?

Eight years ago 13], when we started our research on the nanosized par-
ticle electrodes, the sizes of crystallites were generall in the micro-scale
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region. The achievement of well crystallized electrodes having thereby a
lamelar or 3D tunnel host structure (fig. 14) was indeed a key factor
determining the specific capacity.

The general assumption was indeed the following:

i. the formation of structural defects or distortions at the surface layer of
crystallites is more obvious in the nanoscale region than in the micros-
cale region;

ii. these defects and distortions would inhibit the intercalation or deinter-
calation processes for lithium ions.

Contrary to general expectation, we established, using many examples
(fig. 15), that the insertion or deinsertion ratio is much higher in nanosized

particle materials than in microsized ones. In this event, the surface defects
such as anions adjacent to cation vacancies play an unnegligible role: these
defects can act as reversible insertion / deinsertion sites for lithium ions.
This can also favor power density and cycle life of the electrode materials

[13,14].

4-

3-

2-

1-

Potential (V/Li)
-5

"4

"3

"7.

Li=C
"00

FIGURE 15 Comparison between the open circuit potentials of different nanosized-particle
electrode materials, prepared and studied at the ICMCB (0 < x < 0.8 for most of materials)

As a non-limiting but illustrative example, fig. 16 shows the better
reversibility and storage capacity of Li/LiPF6, EC: DMC / TiO: (anatase)
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FIGURE 16 Cyclability and storage capacity of the Li/Li PF6, EC: DMC/TiO2 cells with
nanoscale and microscale powder. (J= 1.30 mA/cm2 for 25 mg TiO2; EC= ethylene carbon-
ate C3H403; DMC= demethyl carbonate (CH30)2 CO)

cells with nanosized powder and microsized powder: the nanosized mate-
rials exhibit a rather good electrochemical cyclability. In contrast, the ini-
tial capacity of microsized electrodes cannot be repeated at all.

We have demonstrated the feasibility of this concept by manufacturing
rechargeable Li-ion polymeric batteries using Lil+xMn204 and LixC with
nanosized particles (fig. 17). They have, indeed, enhanced specific capac-
ity [15].

A! collector

UMnt04- nanoparticle

PAN + EC + PC + LIP
+ additives

C-nanoparticle

Ni collector

The polymeric battery

FIGURE 17 The Li-ion polymeric battery
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For instance, by using disordered graphite with nanosized particles, the
anode capacity can be enhanced from 340 Ah/kg to 600 Ah/kg [16]. That
is an important finding: a recent overheat incident of LixC/Lil_x CoO: bat-
tery in the Apple Power Book 5300 portable computer warns, indeed, that
safety is still not satisfactory [17]. When microsized graphites are fully
intercalated with lithium, leading to the composition LiC6, they reach volt-
ages within a few millivolts of metallic Li. This means that LiC6is as reac-
tive as metallic Li. Like metallic Li, reactions between LiC6 and organic
electrolytes begin at much lower temperature than its melting point,
although the melting point of LiC6 (700C) is much higher than that of
metallic Li (180C). These reactions may cause overheating or damage of
the electrode as well as the battery. On the other hand, by using disordered
graphite with nanosized particles, it has been quoted above that the anode
capacity can be enhanced dramatically. In this case, half of the intercala-
tion process will supply sufficient anodic capacity to the battery, while the
anodic potential remains high enough to ensure electrode safety.
However, all the above assertions are mainly valid for nanocrystalline

electrode materials, such as those quoted in fig. 15, for which the grafting
process of Li/ ions on crystallite surface defects (such as dangling bonds)
takes place prior to any other Li/ (de)insertion process. Consequently, the
surface defects are annihilated and, thereby, do not inhibit the Li+ interca-
lation within the crystallites. In the following deinsertion step, the deinter-
calation of the Li+ ions from the bulk of the crystallites occurs first,
followed by the degrafting process of the Li/ ions from the surface. The
reversible electrochemical cycling can then be repeated, advantageously
combining surface effects and bulk effects.
Such a favorable situation does not exist for electrode materials, such as

Li1_xMn:zO4, Ii_xNiO;z, or Li_xCoO:z (fig. 14), for which the electrochem-
ical cycling begins with the deinsertion of the Li/ ions. This deinsertion
process can then be inhibited by the surface defects [15]. Their density
must, thereby, be minimized either by increasing the size of crystallites or
by having nearly perfect crystallite surfaces. At the present time, we are

precisely focusing our efforts on the synthesis of nanocrystalline materials
having nearly perfect crystallite surfaces.
We believe that rocking-chair lithium ion batteries based on nanocrys-

talline materials might be the next generation of rechargeable batteries

showing higher capacity, cyclability, and safety than conventional lithium
ion batteries.
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IV. USE OF NANOCRYSTALLINE FILMS FOR THE CONTROL
OF LIGHT TRANSMISSION IN ELECTROCHROMIC WINDOWS
(ECW).

Electrochimichromism (so called electrochromism, here, for sake of sim-

plicity) is the phenomenon related to changes in color occurring in thin
film materials, so called ECM (for electrochromic materials). This change
in color is induced by a reversible electrochemical process such as the Li/

electrochemical insertion in the films (situation considered here).

Although the ECMs include not only inorganic but also organic com-

pounds, we will focus uniquely on inorganic compounds, more particu-
larly on oxides. They can be divided into two classes:

a. The oxides with "cathodic coloration", such as WO3, MoO3, TiO:z
[18]. In the following, they will be symbolized as ECM1. Their con-

ductivity tends to increase upon Li+ insertion. For instance, one has

WO3 + x Li+ + x e- : LixWO3
colorless blue

low conductivity high conductivity

The oxides with "anodic coloration", such as Li:NiO:z, LiCrO: [18,19],
symbolized as ECM:z below. Their conductivity tends to decrease upon Li/

insertion.

Li2_xNiO2 + x Li+ + x e- :> Li2NiO
brown colorless

high conductivity low conductivity

or

Lil_xCrOe + Li+ + e- LiCrO
yellow-green colorless

high conductivity low conductivity

Figure 18 schematically illustrates the method of operation of a ECW: it

involves a ECMland a ECM:z (deposited on a ITO coated glass substrate),
which are separated by a Li/ ionic conductor IC (Li/). By applying a volt-
age between ECM and ECM2, the electrochromic process can be pro-
moted so as to introduce coloration by (i) cathodic polarization of ECM
(formation of colored "inserted" LixECM1) and, consequently, by anodic

polarization of ECM:z (formation of colored "deinserted" Liy_xECM2). A
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reverse polarization restores the bleached state of the ECW (formation of
transparent "deinserted" ECM1 and of transparent "inserted" Liy ECM2).
The ECW behaves, in fact, as a rocking chair lithium battery. The unique

differences with the rocking-chair systems reported above (III), is that
thin films are concerned here. Moreover, this thin film rocking chair bat-
tery changes from the colored to the transparent state depending upon
whether the battery is charged or discharged (fig 18).

Transitionrorn opaque to transparent state

Transition from transparQnt to opaquQ stat

FIGURE 18 Method of operation of an electrochromic window (ECW)

Consequently, the approach developed above for obtaining highly effi-
cient rocking chair batteries, and which consists of using nanocrystalline
electrode materials, obviously applies here. Therefore, the major require-
ment is that the thin-film electrode materials are polycrystalline with a

grain size as small as possible. Indeed, a large Li+ insertion rate in the
ECM will obviously induces deep coloration changes in the ECW.
Let us recall that the electrochemical (de)insertion of Li/, associated

with marked color changes, was demonstrated by numerous workers for
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some ECM such as LixWO3 or LixMoO3 [20], and some ECM2 such as

LixlrO2 [21]. However, we have clearly shown the importance of the
nanocrystalline texture for most of ECMs. Moreover, this concept allows
us to propose a simple model for describing the electrochimichromic prop-
erties of the nanocrystalline ECMs. The framework of this model is given
below using TiO2 as an illustrative (but not limiting) example.

First of all, when cathodic and anodic bias are applied to the nanocrys-
talline TiO2 films, coloration and bleaching phenomena are altematively
observed, according to:

anodic bias

TiO2 + x Li+ + x e- LixTiO2 (0 < x < 0.6 for TiO2 anatase).
cathodic bias

colorless green blue

The following two processes, depicted on fig. 19, account for the color-
less to green blue coloration change (cathodic bias).

process 2

TiO2 + xe" + xLi/

LixTiO2

[’ri:3d (t2g)]bt

process

[Ti:3d (tzg)] and [0:2P]dsb

[O:2Hbt

FIGURE 19 Visualization of the electrochemical process accounting for the electronic
(electrical and optical) properties of the nanocrystalline TiO2 films
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Process 1: light absorption process for low x values

The Fermi energy lies in the band of the [Ti:3d]dsb and [O:2P]dsb localized
states. The electrons, which are progressively injected in the electrode as x
increases, move between these localized states via a phonon assisted tun-

nelling process [22]. Consequently, they have a low mobility so that no

optical reflectivity can be observed: the observed coloration accounts
indeed for a light absorption process.

Process 2: light absorption + reflexion process for higher x values

It occurs when all the empty [Ti:3d]dsb and [O:2P]dsb states are filled with
electrons. It corresponds to

i. the progressive filling, as x increases, of the [Ti:3d (t:Zg)]bt states, lead-
ing (mainly) to a light absorption process followed by

ii. the injection of electrons into the conduction band occurring, thereby,
when all [Ti:3d (t2g)] states are occupied (highest x values). That corre-
sponds to more extended state conduction accounting for optical
reflectivity.

Let us recall that process 1 and mechanism (i) in process 2 are mainly
related to surface effects and grain boundary effects.
On the other hand, the electrochemical injection of carders in the con-

duction band, i.e. mechanism (ii) in process 2, corresponds to the Li/ inter-
calation within the nanocrystallites, allowed by the 3D tunnel anatase
structure of TiO2. One can easily guess that process 1 (or 2) predominates
over process 2 (or 1) if the average crystallite size of the ECM is low (or
high). We established, indeed, that if the crystallite size is lower
than-30/, uniquely process 1 takes place, leading to fast coloration

changes that are themselves related to light absorption processes [22].
Similar observations can be applied to others ECM provided one can

estimate their band structure and keeping in mind that ECM and ECM:
behave in a complementary way: ECM: films change indeed from a trans-

parent to colored state as x decreases, contrary to ECM films.
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