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This work investigated the effect of inserting and extracting lithium from metal oxides 
used in an electrochromic device. Both the electrochromic (tungsten oxide) electrode 
and the vanadium-titanium oxide electrode were studied separately. The 
electrochemical behaviour of these electrodes was studied using slow scan cyclic 
voltammetry and AC-impedance spectroscopy. Scanning electron microscopy was 
used to study the surface of the electrode before and after cycling. Vanadium-titanium 
oxide samples were also studied using an electrochemical quartz crystal 
microbalance. 

Two forms of tungsten oxide were studied: amorphous and crystalline tungsten oxide 
samples. Normal conditions for the electrochemical study of tungsten oxide electrodes 
were defined by a potential range of 2 V vs. Li/Li^ to 4.5 V vs. lAfLi. The samples 
were then cycled to potentials as low as 1.6 V Li/Li" .̂ The amorphous samples 
showed a very poor stability at these potentials where crystalline samples showed a 
good stability. A model was proposed where the adhesion between the oxide layer and 
the underlying conductive layer is a key factor. Inserting lithium at very low potential 
causes an expansion of the film. When the strain forces exceed the adhesion forces, 
the expansion of the film causes film detachment. By heating the samples to get the 
crystalline form of tungsten oxide, the adhesion properties of the film and thus its 
stability upon lithium insertion-extraction are improved. 

The electrochemical behaviour of vanadium-titanium oxide was studied using slow 
scan cyclic voltammetry, which showed a parasitic reaction superimposed on the 
insertion/extraction current. The quartz crystal microbalance in-situ measurements 
showed that hydrated lithium is inserted under mild conditions (above 3.2 V w. 
Li/Li^). At potential below 3.2 V, lithium ions are the only species inserted. During a 
slow extraction, an increase of the slope showed an additional loss of mass, which 
probably corresponds to the extraction of the hydrated lithium ions. 
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Chapter 1. Introduction. 

1.1. Electrochromism and its applications. 

Electrochromism is a word used to describe the ability of some materials to change 

their optical properties upon the application of an electric current or an applied field. 

Electrochromism has attracted a lot of interest in the last 30 years and many papers 

have been published on the subject including two books (1, 2). Ideally, the change of 

optical properties should be reversible in the visible (400 nm < X< 800 nm) and the 

near infrared region (800 nm <X< 2500 nm). 

The word electrochromism was introduced by Piatt (3) in 1961 in analogy to 

thermochromism and photochromism. He was studying the effect of an electric field 

on the optical absorption spectrum of an organic dye. His idea came from the fact that 

the absorption peaks of some molecules can be changed by dissolving the dye in 

solvents of various polarisability and he looked at the effect of an electric field instead 

of a change of solvent and came to the conclusion that it has the same effect. 

But it was Deb in 1969 who described the electrochromism of tungsten oxide and its 

possible applications (4, 5). Deb knew that tungsten oxide could be coloured by the 

application of an electric field and he applied this property to an 

"electrophotographic" system in which he sandwiched a film of WO3 between two 

electrodes and changed the colour by applying a voltage of 1 V. The more conductive 

the tungsten oxide was, the darker it became. He built a device where tungsten oxide 

is sandwiched between a gold plate on one side and a CdS plate on the other side. 

This sandwich is deposited on SnOz coated glass. CdS is a semiconductor that 

becomes more conductive with light. Thus, if the image is projected and a DC field is 

applied across the device, an image is formed as the circuit is completed and the 

tungsten oxide is coloured. This device showed a good switching time, a memory 

effect at power off, a good reversibility and a good contrast. He did not give an 

explanation to the coloration of tungsten oxide but this first application attracted 

interest to this phenomenon. 



In his second paper on the subject (5), he noticed that amorphous tungsten oxide 

showed a better coloration than the crystalline form. The coloration occurred when 

the light corresponded to excitation energies across the bandgap with a maximum at 

3.6 eV. He found that the coloration efficiency was temperature and moisture 

dependent and increased by doping the film with electron donors. He then concluded 

that the coloration was due to the injection of electrons associated with a positive 

defect in WO3 structure. The effect of the moisture was then explained by the 

dissociation of water giving protons that could act as charge compensating ions in the 

layer. It is interesting to note that in this device, there is no electrolyte. That means 

that the tungsten oxide layer used must have had a lot of defects in the structure. 

Since this work, a lot of interest was shown in the electrochromic phenomenon and 

many electrochromic materials have been discovered. Two types of electrochromic 

materials can be distinguished: organic and inorganic. In this work we will only refer 

to inorganic electrochromic materials. 

Electrochromism can be used in four major applications: information displays, 

variable reflectance mirror, smart window and variable emittance surface. These 

applications are described in figure 1-1. 

Figure 1-la shows the principle of an information display where the electrochromic 

film is located in front of a diffusely scattering pigmented surface. This gives good 

viewing properties and better contrast than liquid crystal devices. These systems were 

studied for the same applications (i.e. wrist-watch displays) as liquid crystals in the 

1970s but a better durability and a faster response for the liquid crystals led to the 

development of liquid crystals for these applications. 

Figure 1-lb shows the principle of a variable reflectance mirror where the 

electrochromic layer sits in front of a mirror. This is the more mature application of 

electrochromism as it has been available since 1994. Work on variable reflectance 

mirrors was started by Schott in Germany (6) and subsequently work was done at 

Donnelly Corporation in the U.S in collaboration with Optical Coatings Labs. Inc., to 

produce an all solid state mirror that was supplied to Land Rover in 1991. The most 



successful electrochromic mirror was the anti-glare mirror, the Gentex Night Vision 

Safety (NVS ®) Mirror from Gentex Corporation. 

Finally, figure 1-lc shows the principle of an electrochromic window designed as 

"smart window" by Svensson and Granqvist in 1985 (7). The idea is to modulate the 

incoming/ outcoming light through a window, the main purposes being the energy 

saving and comfortable indoor temperature especially in warm regions where air 

conditioning is very expensive. For the moment, an electrochromic window remains 

expensive but with the development of the technique and many new materials, the 

price should decrease. 

The variable emittance shown in figure 1-ld can have applications in space 

technology where energy exchange is mainly due to radiation. The principle of this 

device is based on the outer layer of crystalline tungsten oxide. Insertion/ extraction of 

cations in this layer makes the surface infrared reflecting/ absorbing. This application 

is described more precisely by Braig and Meisel (8). 
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Figure 1-1: Four different applications of electrochromic devices. 

1.2. Background and aims of the project 

Electrochromism has attracted a lot of interest in the last 30 years. The energy savings 

and the comfort are two reasons for this interest. In this context, the laboratory was 

involved in the Joule "Smart Window" projects funded by the European community 

and this work was part of the Joule III project. This project was following two other 

projects (9) in which various electrochromic materials were studied and at the end of 

the second project, it was decided to use tungsten oxide as the electrochromic material 

and vanadium-titanium oxide as the counter electrode material. The aim of this 

project was to produce an electrochromic window and our role was to study the 

electrochemical behaviour of the electrodes. We were particularly interested by the 

stability of these electrodes. 

The electrochromic electrode in this project was tungsten oxide deposited by 

sputtering and we tested samples made at Pilkington Technology Centre and Oxford 

Brookes University as well as our own samples. We used slow scan cyclic 

voltammetry and AC-impedance spectroscopy to study these materials. We also used 

UV-visible spectroscopy in situ to look at the optical properties of the samples and 

scanning electron microscopy to investigate the effect of cycling on the surface of the 



electrode. Our main objective was the determination of a safe cycling potential range 

for the electrode and the determination of the failure mechanism. 

The second type of electrode studied was the counter electrode. In our case, it was a 

mixed vanadium-titanium (50/50) oxide electrode prepared by sputtering. All the 

electrodes studied were prepared at Southampton. We used slow scan cyclic 

voltammetry and electrochemical quartz crystal microbalance to study these 

electrodes. 

1.3. Principles of electrochromic devices. 

An electrochromic device is usually constituted of superimposed layers as shown on 

figure 1-2. Usually, the different layers are sandwiched between two glass substrates. 

The glass substrates are coated with an electrically conducting transparent layer which 

provides the electron necessary for the charge balance in the electrochromic and ion 

storage layer during the insertion and/or extraction of the cation. One of the coated 

glass slides is then covered with a layer of storage material: electrochromic material 

and the other one with the ion storage material. These materials should be electronic 

and ionic conductors. An ion-conducting electrolyte is put between the two electrodes 

to complete the device. Usually, ITO (indium tin oxide) or FTO (fluorine doped tin 

oxide) are used as transparent conducting layer. The electrochromic layer is usually a 

transition metal oxide. The counter electrode can be either a complementary colouring 

electrochromic electrode or a neutral ion storage material. The ion-conducting layer is 

often a polymer or a hydrous metal oxide. A more detail description of the constituent 

of the electrochromic device is given below: transparent electronic conductor, 

electrochromic electrode, electrolyte and counter electrode (ion storage electrode). 

The electrochromic efficiency also called coloration efficiency (CE) is defined as the 

change in optical density per unit of charge: 

CE = A(OD)/AQ 

High coloration efficiency corresponds to a large change of optical properties for a 

small charge inserted. This means that, for the electrochromic window to be effective. 



the working electrode and the counter electrode needs to be complementary (one 

anodic electrochromic material and one cathodic electrochromic material) or they 

need to have coloration efficiency very different if both electrode are cathodic or 

anodic electrochromic materials. For an electrochromic device, the coloration 

efficiency should be about 20 cm^.mC"'. Usually, thin films are used for the 

electrodes: less than 1 jj,m. The switching time is also an important characteristic for a 

commercially viable device. It should be of the order of 2 to 3 minutes for a window 

for this project. 

A, 

Figure 1-2: Layered design for an electrochromic design. 

The half reactions of this cell are: 

EC + xM^ + X e'<-> MxEC for the electrochromic electrode 

MvCE «->CE + xM^ + X e" for the counter electrode. 

The complete reaction is: 

EC + MxCE <4. MxEC + CE 



The reaction is fully reversible for a perfect device with no side reactions: solvent 

degradation or electrode degradation. These side reactions can occur in a real device 

and need to be avoided to have a device with a long lifetime. 

1.4. Transparent electrical conductor. 

Transparent electrical conductor needs to have a low "resistance per square", defined 

as Rsquare=p-d With p the resistivity of the film and d its thickness. Usually, the 

"resistance per square" has a value between 1 and 100 Q.cm'^. Heavily doped 

semiconductors are often used as transparent electrical conductor. They are strongly 

adherent to the glass and their resistivity depends on the thickness of the film. The 

most commonly used semiconductors are Sn doped InzOs (ITO) and fluorine doped 

tin oxide (FTO referred to as K-glass™). The optical properties can be modified 

without compromising the good conductivity by changing the dopant concentration 

and the thickness of the film. 

1.5. Inorganic electrochromic materials. 

1.5.1. Metal oxides. 

Most well known inorganic electrochromic materials are transition metal oxides. In all 

these materials, the change of optical properties is induced by the reversible insertion/ 

extraction of small ions, typically Li^, Na^ or K^: 

MO^ +yP +ye' 

Coloured unco loured for anodic electrochromism 

Uncoloured coloured for cathodic electrochromism. 

Where M is a transition metal and I=H, Li, Na or K. 

Because of the charge neutrality, the insertion of a cation is accompanied by the 

insertion of electron. 

Well known examples of electrochromic metal oxides are WO3, M0O3, NiOx. These 

materials and their properties are described later. 



Electrochromic reaction has been showed and studied in many transition metal oxides. 

Table 1-1 gives, after Granqvist (1), a list of electrochromic oxides and their 

characteristics: anodic or cathodic coloration, fiill transparency and type of structure 

(layered or framework). Granqvist gives a full review of the deposition, electrical 

properties and optical properties of these oxides. 

Electrochromism has also been reported in mixed oxides such as M0O3-WO3 (10), 

Ti02-W03(ll, 12,13), V2O5-M0O2 (14) and Ti02-V205(15,16), V2O5-WO3 (17, 

18^ 

Oxide Coloration Full transparency Structure type 

TiOz Cathodic Yes Framework 

V2O5 Cathodic /anodic No Layered 

CrzOg Anodic No Framework 

MnOi Anodic No Framework 

FeCb Anodic No Framework 

C0O2 Anodic No Layered? 

Ni02 Anodic Yes Layered 

Nb205 Cathodic Yes Framework 

M0O3 Cathodic Yes Framework / 

layered 

RhOz Anodic ? Framework 

TazO; Cathodic Yes Framework 

WO3 Cathodic Yes Framework 

IrOz Anodic Yes Framework 

Table 1-1: Summary of the principal electrochromic oxides and their properties. 

10 



All the oxides listed above have structures based on MeOe octahedra linked together 

by comer sharing, edge sharing or a mixture of both giving framework or layered 

structure with channels big enough to for insertion cations to move. They exist in 

various phases and they all have a crystalline, polycrystalline and amorphous 

structure. 

Tungsten oxide is used as the active material on the working electrode in most cases. 

The first reason for that is the amount of work done on this oxide that makes it very 

easy to find information to compare with your sample. The second reason is the 

attractive colour of tungsten oxide in the inserted state; very nice blue colour. Also, 

the change in transmittance occurs at wavelengths where the IR radiation can be 

controlled and thus the thermal exchange can be controlled reducing air conditioning 

bills. The very good coloration efficiency and the good ion insertion reversibility also 

explain the interest showed for this oxide. 

The other transition metals oxides give different colours as shown in table 1-2. All 

these oxides have been proposed for use as electrochromic electrode in a working 

device, many of them due to the desire of an electrochromic device that is not blue. 

The mixed oxide also have attracted interest and some of them are very promising, for 

example WO3-M0O3. 

Nickel oxide is the anodic electrochromic oxide studied the most both in acidic 

aqueous media and with lithium ion non aqueous media (19, 20, 21). 

11 



Material Cathodic colour Anodic colour Electrolyte Comments 

WO3 Blue 

Up to x=0.5 

Transparent Aqueous 

non aqueous 

Most viable 

M0O3 Blue, purple, 

dark grey 

Yellow (as 

deposited) 

transparent 

Aqueous 

non aqueous 

Less stable than 

WO3 

WO3/M0O3 Grey Transparent Aqueous 

non aqueous 

Neutral colour 

NbzO; Dark blue Pale blue Aqueous 

Li"̂  in non-aq. 

Hz evolution 

V205 Brown, green, 

grey 

Beige, yellow Aqueous 

Li"̂  in non-aq. 

High charge 

capacity, many 

valence states 

TiOz Blue Transparent HT aqueous 

Non aqueous 

H2 evolution 

IrOz Transparent Blue H2SO4 

Lr ,OHr 

Expensive and 

rare 

RhOz Pale yellow Dark green 5 M K 0 H Risk for O2 

evolution 

rwoz Transparent Dark grey Weak alkaline Neutral colour 

C0O2 Red, purple Grey, black Weak alkaline Limited open 

circuit memory 

Table 1-2: Main electrochromic oxides and their characteristics. 

12 



1.5.2. Inorganic non-oxide electrochromic materials. 

Transition metal hexacyanometallates form an important class of insoluble mixed 

valence compounds. They have the general formula: Mk[M'(CN)6]i where M and M' 

are transition metal ions with different valences. Iron hexacyanoferrate known as 

Prussian blue is the most widely studied (22, 23). 

Prussian blue (a hexacyanoferrate) can be reversibly changed from transparent to dark 

blue upon ion insertion and extraction: 

Blue colourless 

Partial oxidation leads to a green product known as Berlin Green or Prussian Green 

and complete oxidation gives a yellowish product called Prussian yellow where both 

iron ions have a +3 valence state. 

A new type of electrochromic material was recently discovered: lanthanide hydrides, 

which can switch from metallic to transparent by intercalation of protons (24). 

LnH2 + H + s —> LnH-^ 

Metallic transparent 

This reaction gives an electrochromic switchable mirror. Even better performance can 

be obtain with magnesium lanthanide alloys (25-26) which are colour neutral and 

show virtually no absorption in the visible. 

1.6. Electrolytes. 

The electrolyte assures the ionic conductivity between the electrochromic electrode 

and the ion storage electrode. Thus its electronic conductivity must be very small and 

its ionic conductivity must be high enough to allow good performances of the device. 

The total ionic conductivity cji is the sum of the cationic conductivity a+ and the 

anionic conductivity cr.. In the case of an electrochromic device working by 

insertion/extraction of cation, we are interested in the ratio of the ionic conductivity 

13 



due to the cation. This ratio is called the cationic transport number: t. = — . In the 

C7_ 
same way, the anionic transport number is defined by t_ = — . The conductivity 

necessary for good performances of the device depends on the switching time 

required. The IR drop in the electrolyte should not exceed 5 to 10 % of the applied 

voltage i.e. for an applied voltage of 1 to 2 V, the IR drop should be of the order of 

100 mV. Assuming an average current density of 1 mA/cm'^, we can calculate the 

conductivity required of 10^ S.cm"' at room temperature as shown on equation below 

for a switching time of about 15 s (assuming a charge needed of about 15 mC/cm^ as 

seen for tungsten oxide samples for example). 

At/ = i?/ = — = AU : RI drop 

R: electrolyte resistance 

O.IF e: electrolyte thickness 

S: surface area of electrodes 
(7 = 10 S.cm 

a: electrolyte conductivity 

For large samples, one minute is often an acceptable switching time and a 

conductivity of about 2.5x10"^ S.cm"' is then enough. 

For electrochromic devices, there are three choices for the electrolyte (ion conductor): 

liquid electrolytes, solid inorganic conductors and solid polymer electrolytes as shown 

in table 1-3. 

The second important parameter for the electrolyte is the stability at the potential 

range used to colour and bleach the electrochromic device. The stability of the 

electrolyte depends on the stability of each constituent of the electrolyte. Each 

constituent of the electrolyte must have a potential window as big as the potential 

range used to run the device. For example, the stability of a polymer electrolyte 

depends on the stability of the polymer itself but also on the stability of the salt and 

eventually on the stability of the additives (plasticiser, etc). The potential window of 

the electrolytes containing protons is limited on the cathodic side by the reduction of 

protons. 

14 



Type of electrolyte Conductivity References 

(S.cm') at 25''C 

Polymer electrolytes 

PEO-LiTFSI' 2x10'^ 27 

PEO-KTFSI" -5x10"^ 28 

Poly-AMPS" 10'̂  29 

BPEI, I.5H3PO4'' 10'̂  30 

Nation in water 6.8x10'^ 31 

Na6onLi \ inPC = 10"̂  32 

Inorganic solid electrolytes 

LiNbOs 10'̂  29 

LizO-BzOs 10'' 29 

LiAlSi04 4.7x10"^ 29 

HUO2PO4, 4H2O 4x10'^ 29 

TazOs, 3.92 H2O 10'̂  29,33 

SbaOs, 4H2O 10'̂  29 

Liquid electrolytes or aels 

H2SO4 1 M + water 3x10'^ 29 

LiC104 1 M + water 7.4x10'^ 29 

LiC104 1 M + PC 4.7x10'^ 34 

LiC104 1 M + y-butyro lactone 6x10'^ 29 

NaGonLi^ 0.3 M + PC 4.5x10"^ 32 

LiC104 1 M +PC + PMMA^(20% weight) 2.3x10'^ to 6x10^ 34 

Table 1-3: Electrolytes used in electrochromic systems and their conductivity at 
25°C. 

a Polyethylene oxide + lithium trifluorosulfonimine 

b ibid, with potassium salt 

c. poly-2-acrylamido-2-methylpropanesulfonic acid 

d polyethylene imide 

e propylene carbonate 

f polymethylmethacrylate 

15 



Liquid electrolytes have been used a lot to make devices and many different 

electrolytes have suitable conductivities, potential windows, resistance to degradation 

under UV light, etc. But, they have been rejected for various reasons. First, the 

electrolytes would fall under gravity to the bottom of the device causing failure. The 

second reason is the risk of leakage and if the windows were broken, the electrolyte 

that could be toxic or corrosive would spill causing a hazard. The third reason is the 

lack of adhesion. For a commercial use of a smart window, the device should not 

break in many sharp pieces and a product based on liquid electrolyte between two 

glass plates would probably shatter. 

The second type of electrolyte is inorganic solid ion conductor. Many devices have 

been made using such electrolytes and are still made by some producers but they also 

have some problems such as the lack of adhesion of the device, the reduced 

transmission due to the extra inorganic layer. 

The last type of electrolyte is polymer electrolytes. Many researchers are now 

working with polymer electrolytes and have found suitable electrolytes (cf Table 1-

3). The positive point of polymer electrolytes is the good adhesion to the oxides. They 

also avoid the risk of leakage. The negative point of polymers is lower ion 

conductivities than other electrolytes. They also degrade upon ultraviolet irradiation 

or heating. Many combinations of salt and polymer can be found. For proton 

conduction, polysulfonic acids and polyvinyl alcohols are commonly used. For 

lithium and sodium conduction, polyethylene oxide, propylene glycol and poly-

methyl methacrylate are very popular. Propylene carbonate is often used as plasticiser 

to improve the mechanical properties and the ionic conductivity. 

The choice of the ion used is also very important. As said previously, H^, Li"̂ , Na^ or 

can in theory be used but in practice, protons and lithium ions have been preferred 

because of their fastest kinetics. has the greatest diffusion coefficient and therefore 

gives a faster switching time for the device. It is also more convenient because using 

protons, the device can be assembled in ambient conditions. However, protons present 

a major inconvenience as tungsten oxide (electrochromic material used in most 

devices) dissolves in acidic medium. The other problems are the possibility of gas 

evolution in a water containing system. These problems would cause a device failure 

over the long term and therefore protons have become less popular. The use o f L ^ 

16 



implies that the device is constructed in non-aqueous conditions but this is not a 

problem with modem manufacturing techniques. Thus lithium is the ion chosen by 

most researchers now. 

f. 7. Counter electrodes. 

All the materials listed in the tables 1-1 and 1-2 have also been proposed as counter 

electrode. The choice of the counter electrode is very important for the 

electrochemical and optical properties of the complete device. It can either be a 

material with a very low electrochromic efficiency that would stay almost transparent 

during the whole insertion/extraction process or it can be a material that colours and 

bleaches simultaneously with the electrochromic electrode. 

Anodic electrochromic materials are favoured due to the large change in transmission 

obtained but it can be difficult to obtain a completely bleached state using this type of 

counter electrode. For example, the system WO3 coupled with NiO* has been used by 

Passerini et al. (35) and elsewhere. 

Thus, cathodic electrochromic materials with very low electrochromic efficiency have 

been used as counter electrode in the electrochromic devices i.e. TiOz (36, 37, 38), 

V2O5 (39,40, 41), SnOz (42, 43). Combination of these oxides and doped oxides are 

also used: CeO; (44), TiOz-ViO; (15,16,45), CeOz-TiOz (46), CeOz-SnO; (47), 

MnOz-VzOg (48), Sb-SnOz (42), ZrOz-CeO; (49), titanium oxyfluoride (37). 

Among these mixed oxides, vanadium titanium oxide and cerium titanium oxide are 

the most studied. The electrochemical and optical properties of these oxides depends 

on the stoichiometry of the mixture. Azens et al. (50) showed for mixed cerium 

titanium oxide that a Ce/Ti ratio above 0.3 gives films optically passive upon lithium 

insertion which makes them suitable as counter electrode for an electrochromic 

device. The kinetics of lithium insertion is also strongly dependent on the Ce/Ti ratio 

as shown by Keomany et al. (51). They described the TiOz-CeOz films as a matrix of 

TiOz with some crystallites of CeOz where TiOi improves the diffusion of lithium 

ions and CeOz improves the insertion capacity of the film. 
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The effect of the stoichiometry on vanadium titanium films was studied by Burdis 

(16). He showed that films containing higher vanadium concentration had higher 

charge capacity but the stability of the film ingeased with the titanium concentration. 

In this work, the attention was focused on vanadium titanium mixed oxide with a V/Ti 

ratio of 1. 

Finally, transparent electrical conductors are also used as counter electrode for the 

electrochromic devices (52). 

1.8. Theory of insertion materials. 

1.8.1. Principle of insertion electrodes. 

An insertion material is a solid composed of atoms or molecules called host molecules 

capable of intercalating atoms or molecules called guest molecules. The interesting 

properties of this material are the possibility for the guest atoms to enter or leave the 

host molecule and to move in the framework of the host molecule. The concentration 

of the guest atoms in the framework can vary and the variation of this concentration is 

accompanied by a variation of the electrochemical potential of the host. This property 

of the insertion material is used in electrochemical devices such as Li'^-ion battery, 

solid state sensors and electrochromic devices. The insertion of the guest in the host 

structure can create a distortion of the structure. In the case of crystalline materials, 

the intercalation of the guest can create new phases. If the modifications are too 

important, the insertion can become irreversible, which would cause a device failure. 

The insertion can induce a modification of the host structure. The dimension of the 

host structure, that is, the dimension ion that the guest can move, is a very important 

characteristic of the material. Schollhorn (53) distinguishes between three categories 

represented on figure 1-3. 
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Figure 1-3: Schematic view of the three different type of host structure. 

Figure 1-3-a shows the schematic view of three-dimensional compounds where the 

guest can be inserted and move in the three dimensions. This is the structure of 

transition metal oxide. 

The structure of bidimensional or lamellar structure is shown in figure 1-3-b. The 

most well known compounds with this structure are graphite, dichalcogenides (i.e. 

TiSz) and dihydroxides of transition metal. The planes, in between which the insertion 

occurs, are linked together by Van der Waals forces. These can intercalate molecules 

bigger than the distance between the planes such as macromolecules. They make very 

good material for lithium ion battery (54). 

Monodimensional structure is shown in figure 1-3-c. It consists of polyhedral chains 

orientated in one crystallographic direction. An example of compounds with this 

structure is M0S3 (55).The link between the chains is very weak and the insertion 

stoichiometry can be very high (i.e. 4 Li^ per M0S3) but quickly leads to an 

amorphous structure. 

Guests can be monovalent cations or divalent cations or even organic molecules but 

the most studied cases are insertion/extraction of protons and lithium ions. This is due 

to their size and their ability to insert and diffuse in the host structure in large 

quantities. 
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1.8.2. Atomic and electronic structure of the electrodes studied. 

In this work, the materials studied are transition metal oxides. These materials are 

WO3 used as electrochromic electrode and vanadium-titanium oxide as the counter 

electrode. Granqvist (56) has presented a unified view of the electrochromic 

properties of transition metal oxides using band diagrams based on the fact that most 

crystalline metal oxides showing electrochromism are based on MeOe octahedra 

connected by comer sharing, edge sharing or a mixture of both. 

Electrochromism is associated with a cation insertion represented by the equation: 

MOn + xT*" 4- X e"-» IxMOn 

Where M is a transition metal, is a singly charged small cation such as or Li"̂ , e" 

is an electron and n depends on the oxide. For example, n is 3 for defect perovskite, 2 

for rutile, 1.5 for carborundums and 1 for rock salts. 

WO3 is of perovskite type and tetragonal, orthorhombic, monoclinic(figure 1-4) and 

cubic symmetry can be found depending on the temperature. 

Figure 1-4: Octahedral structure of WO3 monoclinic. 
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WO; has also the tendency to form sub-stoichiometric phases with edge sharing 

octahedra and extended tunnels with large pentagonal or hexagonal cross sections. It 

is possible to form tungsten oxide with pyrochlore (figure 1-5) and hexagonal (figure 

1-6) structures. The diffusion of lithium will be favoured by the presence of the 

channels. 

Figure 1-5: Pyrochlore WO3. 

Figure 1-6: Hexagonal WO3. 
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For TiOi, the basic building block is TiOe octahedron whatever the structure. TiOi can 

have the anatase structure (thermodynamically more stable), or the rutile structure. 

The anatase phase is the most attractive for electrochromism as it shows pronounced 

cathodic electrochromism. It consists of infinite planar double chains of TiOs 

distorted octahedra. The rutile phase can be described as a hexagonal close pack 

oxygen lattice with octahedrally coordinated metal ions forming edge share infinite 

chains. 

T i t an ium O x y g e n 

Figure 1-7: Rutile TiOz 

V2O5 can be described as irregular YOe octahedra: the V-0 distances are 0.159 and 

0.202 nm for five of the bonds and 0.279 for the sixth bond. The structure is 

orthorhombic with the large separation along the crystallographic c direction. The 

octahedra are linked together by one face as shown on figure 1-8. They can also be 

described as square pyramidal VO5 units organised in layers about 0.44 nm apart. 

Lithium ions are inserted between the layers and are co-ordinated by oxygen between 

the layers of VO5 pyramids. 
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Figure 1-8: Lamellar structure of V2O5 distorted octahedra. 

The electrical and optical properties of the oxides described above are affected by the 

simultaneous insertion of electrons and ions. The insertion of electrons changes the 

band diagram of the host material. Thus the main concern in electrochromic material 

is the insertion of electrons that modify the electronic structure of the host material 

and the ion is used for the charge balance although the insertion of the ion determine 

the switching time of the electrode. Thus it is interesting to look at the band structure 

of the oxide studied. Granqvist's paper on the subject gives details of the band 

structure of most well known electrochromic oxides (56). 

In the metal oxide lattice, p orbitals from the oxygen overlap with s, p and d orbitals 

of the metal to form bonding and anti-bonding levels. The overlapping depends on the 

effective nuclear charge and on the orientation of the orbitals determined by the 

crystal structure. In the structure, each metal ion is octahedrally surrounded by 6 

oxygen ions and each oxygen is linearly surrounded by two metals ions. As a 

consequence, the d level splits into Cg and tzg levels. The splitting arises because the eg 

orbitals point directly at the electronegative O whereas the tzg point away from the 

nearest neighbours into empty space. Similarly the 2p orbital of the oxygen split into 

2pc orbitals pointing at the nearest electropositive Me ions and 2p, orbitals pointing at 

empty space. Figure 1-9 shows the band diagrams of WO3, TiOi and V2O5. 
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Figure 1-9: Band diagrams of WO3, TiOz and V2O5. 

In the case of tungsten oxide, the t̂ g orbitals of the tungsten overlap with the 2px and 

2py orbitals to form a band that can contain 6 electrons. In WO3 (W^, d°) this band is 

empty and the Fermi level lies between the n and k* bands. The band gap is wide 

enough for the material to be transparent. When ions and electrons are inserted, the 

excess of electrons must occupy the k* band. The material can transform from 

transparent to absorbing or reflecting depending on whether the electrons occupy 

localised or extended states. When the electrons and ions are extracted, the material 

returns to its original state. The Fermi level is assumed to be pushed up. 

The case ofTiO; is very similar to the case of WO3. The d%y orbital points along the 

metal-metal axis but the band formed by the overlap of this orbital is empty as Ti is in 

a +4 state. The band gap is between the O 2p and the Ti t2g bands. Ti02 is a white 
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insulator in thin film form. On insertion, the electron must enter the Ti tzg band and an 

absorbing state is obtained. 

The electronic structures are more complicated for V2O5 because of its layer structure. 

However, it can be described as a filled O 2p band separated from the V 3d band with 

a split-off lower portion. This band splitting is characteristic of layered structures. 

Thus it is reasonable to expect very complicated electrochromic behaviour for V2O5. 

1.8.3. Chromic mechanism in amorphous tungsten oxide. 

The previous models are good for a crystalline material as they are based on the 

presence of MeOe octahedra. The mechanism of electrochromism in tungsten oxide is 

still subject to discussion usually dependent on the structure, amorphous or 

crystalline, of a thin layer of tungsten oxide. The limit between crystalline state and 

the amorphous state is also subject to discussion. But, amorphous tungsten oxide is 

usually described as a material in which the order does not exceed 50 A . Such a 

material gives no define X-ray dif&action spectrum or electron diffraction spectrum. 

The short order structure of tungsten oxide seems to be dependent on the deposition 

structure. Amoldussen (57) described WO3 prepared by evaporation as a molecular 

solid constituted by W3O9 linked together by water molecules. Another structure 

made of WOg octahedra linked together by a comer was also proposed for tungsten 

oxide prepared by the same technique and by cathodic pulverisation (58) and also by 

thermal decomposition of tungsten alkoxides (59).Finally, on samples deposited by 

evaporation. Green (60) showed the existence of grains of 50 A diameter constituted 

of tetragonal WO3. 

The first explanation of electrochromic effect in tungsten oxide was given by Deb (5) 

who attributed the coloration to the formation of F centres due to the sub-

stoechiometry in oxygen of the oxide obtained by evaporation. But this explanation 

can not explain the high optical densities observed on some tungsten bronzes. Two 

explanations are now proposed, both based on the fact that the electron is localised 

near a tungsten atom. 

- Intervalence transfer model: 
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Faughnan et al. (61) attributed the coloration to an electronic transfer between two 

neighbour sites and as shown below; 

This transfer is possible because of the overlapping of the tungsten 5d orbitals to 

which the electrons belong. 

- Small polaron model: 

For Schirmer et al. (62), the optical absorption may be due to the formation of a small 

polaron, result of the electron-phonon interaction between the electron inserted and 

the surrounding network. Because of the amorphous structure of the host material, the 

local changes of potential of the 5d electrons can trap the electron on a tungsten site. 

The localised electron then interacts with a phonon from the lattice to form a small 

polaron. 

Both models imply the formation of absorbing centres and are in good agreement with 

the optical properties of amorphous tungsten bronzes MxWOs that were shown to be 

absorbing and non-reflecting in the near infra red region. The variation of their optical 

density vs. the insertion ratio can be written as Beer Lambert law: 

I ) ( ) (A.) = G ( 1 ) I c 

Where E(l) is the molar absorption coefficient of the bronze at the wavelength X, 

1 is the thickness of the tungsten oxide layer, 

s is the average molar concentration of absorbing centres (proportional to the 

insertion ratio). 

In a more recent paper, Bechinger et al. (63)came back to this model and found that 

they can not explain all the experimental results. The double charge insertion model 

can not account for the photochromic coloration seen for tungsten oxide. The 

properties of colour centres in tungsten oxide are very similar whether they are 

formed by photochromic or electrochromic coloration although in the case of 

photochromic coloration, an external injection of charges can be ruled out. This 

observation raises the question as to whether it is possible to find a mechanism that 

works for both coloration processes. Both the electrochromic and the photochromic 

efficiencies decrease with decreasing oxygen deficiency. This phenomenon can not be 

explained by the model described before. The authors found that the virgin tungsten 
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oxide may be considered mainly as a mixture of and and states increase 

with increasing oxygen deficiency. When injecting charge, the number of states 

increases. So the authors proposed a mechanism where the intervalence transfer 

occur between and states. This model also explains the importance of 

oxygen deficiency for photochromic efficiency. 

1.8.4. Thermodynamics of insertion. 

For an electrochemical reaction, the electromotive force of the cell is directly 

proportional to the Gibbs free energy, G, of the reaction: 

AG = -nFE 

In the case of insertion electrodes, G changes with the number of inserted ions, n. 

These changes are described by the chemical potential jj.. In the case ofLi^ insertion 

that we are studying, the chemical potential of the lithium ion can be written: 

Thus at the equilibrium i.e. no current is flowing, and 0, i fE is measured with 

respect to the Li/Li^ reference electrode and n=l (as we only have one electron 

transfer for each Li"̂  inserted) we have: 

All -
Li- F 

where ^Li is the chemical potential of the inserted lithium. This is equal to the sum of 

the chemical potentials of the inserted ions and the associated electrons. 

where fj. _ = constant + Fermi level. 
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In the case of a single non-stoichiometric insertion phase in which the insertion sites 

are of equal energy there are two limiting cases depending whether the chemical 

potential is only dependent on the electronic term or on the ionic term. The insertion 

can be limited by the total number of sites available for the ion or the number of 

electron that can be injected. If the insertion is limited by the number of electron 

injected, the Fermi level is dependent on the degree of insertion and if we assume that 

there is an empty electronic band of a constant width, we can define a dimensionless 

quantity as: 

y 

y max 

If the insertion is limited by the number of sites available for the lithium ions and the 

density of states is high near the Fermi level then we can define the quantity; 

y max 

For both cases, the chemical potential will have the same expression: 

/ 

where x= Xei or x^n and ^ when x=0.5. 

^ —1 
Vl —A:/ 

We can then find the expression of the potential as a function of the insertion ratio: 

X /'Lms, JiT ^ ^ 

^ F F 

A typical value of f^u,host /F = 3.0 V Li/Li^ at x=0.5 can be measured for 

transition metal oxide at room temperature. We can then plot a theoretical curve for a 

single non-stoichiometric phase (figure 1-10). 
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Figure 1-10: Theoretical E vs. x curve corresponding to the equation above. 

The above equation shows a simplified view where the dominant term is either 

electronic or ionic. In reality, both terms contribute and they are affected by a third 

term taking into account the ion-ion interaction in the host. Armand (64) proposed a 

model taking into account this ion-ion interaction: 

E = 
f^Li,host Li-Li 

F F 

r 
In 

V 1 — J 

where z is the lithium coordination number, ELi-Li is the ionic repulsion energy and n 

is equal to 1 or 2 depending whether the limitation depends on one of the factors 

(ionic or electronic) or on both factors. The interaction between the ion is assumed to 

have a linear dependence on Xmn-

The previous equation is often written as: 

nF \l-xJ 

where £'® is the potential at half charge and - kx represents the ion-ion repulsion. 
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As seen earlier for tungsten oxide, many insertion materials have more than one 

phase. Phases can exist over a narrow composition range and the pure phase regions 

are separated by mixture of two phases. This existence of the mixture of two phases, 

the chemical potential of lithium must be the same in both phases. This implies that 

the potential will stay constant over the position range where both phases exist 

simultaneously. This phenomenon has an importance for the battery electrodes. A 

theoretical curve for a three-phase system is shown on figure 1-11. 
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Figure 1-11: Theoretical E vf. x curve for a three-phase system. 

A very common feature of the potential vs. insertion ratio curve is the hysteresis. 

Hysteresis is the difference between the insertion and the extraction curve. The 

potential measured for a given value of x is higher in the extraction curve than in the 

insertion curve (cf Figure 1-12). Normally, the energy dissipated in a cell is 

proportional to the square of the current but the overpotential is proportional to the 

current. In insertion materials, the moving of domain boundaries can produce 

hysteresis where the overpotential is independent of the current. 
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Figure 1-12: Theoretical potential vs. insertion ratio curve showing hysteresis. 

1.8.5 Kinetics of insertion. 

All the equations given above are only correct for the interface between the material 

and the ion conductor at equilibrium. To have equations correct for the bulk 

conditions of the electrode we must take into account the mass transport of the ion in 

the host material. The mass transport of the ion in the host structure will depend on a 

few parameters. The ion insertion is accompanied by an electron injection in the 

material as described before. The electron is also moving in the host structure and the 

diffusion of the electron can interfere with the diffusion of the ion. Crandall and 

Faughnan (65) first gave a model on the kinetics of insertion of protons in tungsten 

oxide. They performed measurements of the diffusion coefficient of the electrons and 

obtained a value of about 10"̂  cm^.s"'. This value is to compare with the value of the 

diffusion of lithium in tungsten oxide, which is typically of the order of 10"" cm^.s"'. 

This shows that we can assume that the electron transport is much faster than the ion 

transport in the oxide. Therefore, we can consider the transport of lithium as the rate-

limiting step. We also consider a on dimension diffusion, perpendicular to the surface 

of the electrode. This direction is called x. 
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Picks first law gives the relationship between the surface concentration and bulk 

concentration: 

with J is the flux and I - zFJ. This equation is replaced by the Nemst-Planck equation 

when the system studied is concerned with solid state diffusion: 

T _ A ^ 

" & 

where f^u = + z F ^ 

jJ-ii is the electrochemical potential of the ion, 

bti is the mobility of the ion, 

CLi is the concentration of Li^ ion 

is the chemical potential o f L f ions. 

and 0 is the electric field gradient. 

However, the earlier assumption means that the electric field gradient is zero. Thus: 

J Li - ClPu ^ 

The chemical potential can be expressed as: 

A i , = lAi 

where <3 .̂ is the activity of the lithium ion. 

By differenciation: 

KL 1 = KL -

Substituting into Picks equation we have: 
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This is the expression of the diffusion coefficient obtained when we consider that the 

diffusion of the ion is the rate-determining step. 

The expression ^ is known as the thermodynamic enhancement factor. In the 

case of an ideal solution, the concentration of the ion is equal to its activity and this 

factor becomes 1 giving a dif&sion coefficient of: 

D=RTbLi 

This is called Nemst-Einstein relationship. 

For all the equations given above, we assume that the diffusion of the ion is the rate-

limiting step. Some authors give other models. For example, Crandall et al. (65) or 

Mohapatra (66) assumed that the kinetics are limited by the charge transfer reaction at 

the interface insertion material / electrolyte. Other models assume that the charge 

transfer reaction is the limiting factor at short time and the diffusion of the ion 

becomes the limiting step at longer time (67). We will not detail all these models. 

1.8.6. Summary. 

In section 1.8, we have seen that the properties of the materials depend on their 

electronic and molecular structure. 

Solid state electrochemistry is different from solution electrochemistry and the main 

difference is the very slow diffusion rate observed in solid state chemistry. This 

means that the techniques used must take into account this slow rate i.e. slow scan 

cyclic voltammetry. 
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1.9. Stability of metal oxides. 

Generally, metal oxides are stable to reversible insertion of lithium. But there are 

some circumstances where reversibility of lithium insertion is poor: 

- when the insertion of lithium induces changes in the lattice structure, 

if soluble products are formed. 

For example, it was shown that indium tin oxide (ITO) and fluorine doped tin oxide 

(FTO) irreversibly insert lithium in small quantities below 2.5 V vs. Li/Lt (9) and in 

large quantities below 2 V. This property can be important in our study as ITO and 

FTO are used as electronic conductive layer for the electrochromic devices. 

Metal oxides are used as electrode materials in both electrochromic devices and 

batteries. In both applications, the stability of this oxide is a very important factor for 

the lifetime of the device. But, it is perhaps a more important factor for 

electrochromic applications. Secondary batteries are required 1000 cycles in their 

lifetime. In contrast, electrochromic devices are required to switch a few times a day 

for 15 or 20 years lifetime corresponding to 10̂  cycles. 

Every transition metal oxide can be reduced under some conditions dependent on the 

voltage range. The electrochemical work is to define the potential range suitable for 

the oxide. For the electrochromic electrode, the voltage range is determined by the 

colouring requirements e.g. a fast colouring will require a large overpotential. For the 

counter electrode, the potential range is extended to achieve high capacities. A 

compromise between high capacity and high stability needs to be reached. 

Authors working on lithium ion batteries have been studying the capacity fading of 

their cell and have tried to explain that phenomenon. 

Amatucci et al. (68) have studied a LiCoOz/ LiPFg, 2EC:DMC/ Li cell using a 

configuration which minimised the electrolyte volume (69). After cycling 25 times 

from 3 V to 4.5 V vs. Li/Li\ the cell was disassembled and the lithium anode surface 

was analysed both qualitatively by Energy Dispersive Spectroscopy (EDS) and 

quantitatively by Atomic Absorption Spectroscopy (AAS). The authors showed that. 

34 



above 4.2 V vs. Li/Lf, the cobalt was dissolved and deposited on the lithium surface. 

Quantitative analysis revealed a linear relationship between the capacity loss and the 

cobalt dissolution from the cathode. 

Using a Li/LiC104, PC:DME/ LixMn204 cell, Jang et al. (70) found a similar result. 

The charge/ discharge cycling was performed galvano statically at 1 mA.cm"^. To 

avoid Mn deposition on the lithium anode and reference electrode, these electrodes 

were isolated from the cathode. The electrolyte was analysed by differential pulse 

polarography to determine the concentration. Their results demonstrated the 

dissolution of manganese and showed that the manganese ion concentration increased 

with repeating cycling. 

These results led us to suspect that metal dissolution may occur with the metal oxides 

used in the electrochromic cells. 

f. 10. Electrochemical quartz crystal microbalance study of insertion 
materials. 

Electrochemical quartz crystal microbalance (EQCM) is a very powerful technique to 

monitor the change of mass of the electrode during an electrochemical experiment. 

Buttiy and Ward (71) published a review of the applications of quartz crystal 

microbalance to electrochemistry. Various insertion materials have been studied using 

EQCM. The first study of tungsten oxide WO3 using EQCM was carried out by 

Cordoba de Torresi et al (72). They showed that, in acidic solutions, a dissolution 

process occurs in parallel with the intercalation of protons. Bohnke et al. (73-74) 

studied the insertion of lithium into tungsten oxide films and showed that at short 

times, a loss of mass is observed. They explained this loss of mass by the existence of 

a non-faradaic process involving the expulsion of anions from the electrode surface. 

After this loss of mass, they observed a gain of mass attributed to the insertion of non-

solvated lithium ions in the tungsten oxide layer. Other insertion materials such as 

manganese dioxide and lithium cobalt oxide were also studied using the EQCM (75-

76). All these studies showed that non-solvated lithium ions are the only species 

inserted and extracted from the insertion material. 
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1.11. Scope of this work. 

In this work, we study both the electrochromic electrode (WO3) and the counter 

electrode (VTiOx) using electrochemical and physical techniques. 

For the electrochromic and the counter electrodes, the chemical composition is not the 

only factor influencing the properties of the electrode. The behaviour of the electrode 

will be affected by: 

- the porosity of the structure. 

the adhesion of the thin film to the substrate. 

- the crystallinity of the oxide. 

the electrolyte used and the traces of impurities, e.g. acids and bases can be 

very destructive to thin layers. 

Amorphous and crystalline samples of tungsten oxide were studied using slow scan 

cyclic voltammetry and impedance spectroscopy. The electrode surface before and 

after cycling was studied using scanning electron microscopy and tungsten trace in the 

electrolyte is analysed with a spectrophotometric titration technique. UV-visible 

spectroscopy in situ with the electrochemistry is also used to study the optical changes 

of the film upon cycling. 

Vanadium titanium oxide films were studied using slow scan cyclic voltammetry and 

electrochemical quartz crystal microbalance. 
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Chapter 2. Theory of the experimental techniques. 

2.12. Cyclic voltammetry. 

Cyclic voltammetry consists in sweeping the potential of the working electrode back 

and forth between two potentials Ei and Ei at a constant sweep rate and measuring the 

current. In our case, the start and end potential are different from E, and E2. The open 

circuit potential was used as a starting potential. The open circuit potential was around 

3.3 V vs. Li/Li"̂  for the tungsten oxide samples and around 3.5 V Li/Li^ for the 

vanadium titanium oxide samples. The samples were then cycled down to a potential 

lower than the open circuit potential to insert lithium, typically 2 V L\ILi and 

lower. The lithium was extracted by cycling the sample up to 4.5 V Li/Li^. Figure 

2-1 shows the variation of the potential with the time during the cyclic voltammetry at 

0.1 mV/s (sweep rate used in all the experiments). 

Start 

0 10000 20000 30000 40000 

Time / s 

50000 

Figure 2-1: Potential vs. time during cyclic voltammetry between 2 V and 4.5 V at 

0.1 mV/s. 

The main difference between solution electrochemistry and solid state 

electrochemistry is that the interfacial process studied is ion transfer rather than 

electron transfer. The rate of ion insertion is limited by the diffusion of the ion in the 
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solid rather than the kinetics of the charge transfer since the diffusion coefficients are 

generally very small in solids. This means that the scan rate used in solid state 

electrochemistry should be smaller than the scan rate used in solution 

electrochemistry. A very slow scan rate helps to distinguished between the different 

insertion steps (i.e. phase transitions). It also helps to distinguish the currents from the 

insertion reactions, from the currents from the parasitic reactions. 

In this work, slow scan cyclic voltammetry (0.1 mV/s) was performed using a home-

built potentiostat piloted by a program written in house in Turbo Pascal. 

2.13. AC- impedance spectroscopy. 

AC impedance spectroscopy consists in superimposing a small amplitude AC signal 

on a DC potential. The DC signal is used to set up the surface concentrations and 

insertion ratio and the AC signal to perturb these conditions. The impedance is the 

ratio between the applied sinusoidal voltage and the resulting current. The impedance 

is a complex number that can be written as: 

Z(a)) = Z^(a;) + y . Z j a ) ) 

The processes that occur in the electrochemical ceil can be modelled using a 

combination of resistors and capacitors. The equivalent circuit used for thin films is 

the Randies circuit shown on figure 2-2 where 

- Rei is the resistance of the electrolyte. 

- Ret is the charge transfer resistance. 

- Zw is the Warburg impedance corresponding to the diffusion of the 

electroactive species. 

Cdi is the double layer capacitance. 
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Figure 2-2: Equivalent circuit corresponding to an electrochemical cell. 

The impedance is often represented in a Nyquist plot i.e. -Zim Zrs as shown on 

figure 2-3. The low frequency part of the plot can vary depending on the nature of the 

diffusion process. 
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Figure 2-3: Nyquist plot corresponding to the Randies circuit shown in figure 2-2. 

The impedance spectroscopy experiments were performed with a Solartron 1250 

frequency analyser on a three-electrode cell. The cell was held at a bias potential of 

1.6 V and the impedance spectra were recorded as a function of time. Changes in 

values of Randies parameters are used to monitor any degradation due to applied dc 

potential. 
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2.14. Ex-situ physical characterisation. 

2.3.1. Scanning electron microscopy. 

Scanning electron microscopy (SEM) is widely used to study the surface of 

conducting or semi-conducting materials. In our study, SEM was used before and 

after electrochemical conditioning to look at the effect of the insertion-extraction on 

the surface of the electrodes: change in the surface topography and composition. This 

technique can only be used ex-situ as the sample has to be studied under vacuum to 

allow the electron beam to reach the sample. The set-up of the scanning electron 

microscope is shown on figure 2-4. 

An accelerated electron beam (up to 40 kV) is condensed into a spot of a few 

nanometers diameter, i.e. the probe. The probe is scanned across the specimen while 

the detector monitors a particular emission, secondary electrons or backscattered 

electrons. 

Low energy, secondary electrons (50 eV) are ejected from the specimen (valence 

electrons) as a result of inelastic scattering of primary electrons (electrons from the 

beam). As a result of their low energy, only electrons generated within 5 to 50 nm of 

the surface will be detected, depending on the material. Since the secondary electrons 

originate from a region that is only a little larger than the diameter of the probe, they 

give the signal with the best resolution. 

Backscattered electrons are primary electrons that have undergone elastic collisions 

with the nuclei of the sample atoms. Being more energetic, they will leave the 

specimen even if they are generated at depth from 100 to 500 nm but the resolution is 

significantly less than the resolution obtained for a secondary electron image. The 

energy of backscattered electron varies with the size of the atoms and so they will 

give some information about the composition. 
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Figure 2-4: Scanning electron microscopy set-up. 

2.3.2. Tungsten spectrophotometric titration. 

Xu and Parker (77) described a spectrophotometric technique to determine the 

concentration of tungsten (VI) in solution. The first step of this technique is the 

reaction of tungsten (VI) with rutin in the presence of cetyltrimethylammonium 

bromide (CTMAB) in a pH=5 acetate buffer to form a soluble yellow complex. This 

complex has a maximum absorption at 416 nm. In this work, this technique had two 

applications. 

First, the technique was used to determine the amount of tungsten deposited by 

sputtering for the amorphous and crystalline tungsten oxide samples studied. First, the 

tungsten oxide was dissolved off the conducting glass substrate. Amorphous tungsten 

oxide dissolves very easily in an alkaline solution i.e. sodium hydroxide NaOH (IM). 

To dissolve crystalline tungsten oxide, sodium hydroxide was used and the solution 

was heated to 80°C. The solution was then neutralised with concentrated acid. The 
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solution was then analysed with the technique described above to determine the 

amount of tungsten present in solution and thus, the amount of tungsten oxide 

deposited by sputtering. 

The second application of this technique was the analysis of the electrolyte and the 

lithium foil to determine the eventual amount of tungsten dissolved off the electrode. 

For this, the lithium foil was dissolved in water and the solution neutralized with HCl. 

The propylene carbonate/ lithium triflate solution was evaporated and the residue 

dissolved in water. Both solutions were then tested using the CTMAB-rutin reagent. 

2.15. In-situ characterisation. 

2.4.1. UV-visible spectroscopy. 

UV-visible spectrophotometry was performed on a Phillips UV-visible 

spectrophotometer model PU 8730 to record, in situ, the optical absorbancy (or 

optical density) of the tungsten oxide electrode during the cyclic voltammetry 

experiment. The optical density is measured at a constant wavelength (622 nm) 

corresponding to the maximum change in the tungsten oxide absorption spectrum 

during the cyclic voltammetry. 

2.4.2. Quartz crystal microbalance. 

To understand the operation of the quartz crystal microbalance, it is important to 

understand the piezoelectric effect. The piezoelectric effect is observed on materials 

that crystallise into non-centrosymmetric space group, for example quartz, rochelle 

salt (NaK.C4H4O6.4H2O) and tourmaline. Mechanical stress applied to the surface of 

these materials results in an electrical potential proportional to the applied stress 

across the crystal. The quartz crystal microbalance consists in a thin AT-cut quartz 

with thin metal pads on each side of the crystal. The pads overlap in the centre of the 

crystal with tabs expanding from each to the edge of the crystal where electrical 

contact is made. The terminology "AT" refers to the orientation of the crystal with 
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respect to its large face. The quartz is made by slicing a quartz rod at an angle of 

about 35° against the crystallographic x axis. 

In an in situ electrochemical quartz crystal microbalance experiment, the gold-coated 

quartz is used to provide the alternating electric field that drives the oscillation of the 

crystal. It is also used as the working electrode in the electrochemical cell. To supply 

the alternating electric field, both sides of the crystal are coated with gold layers. The 

crystal is 1.6 cm in diameter and 0.28 mm thick with a concentric disk gold electrode 

of 0.2 cm^ area. The equivalent circuit of the quartz is shown in Figure 2-5. The 

resonance frequency of the quartz is determined by measuring the admittance of the 

quartz and fitting the real and imaginary part with the following equations: 

r = ^ 

+ Lo) — ̂  

imag ^0"-^ / 1 ^ " 
+ l o ) - — 

Where co = 27if with f the frequency 

R: resistance of the equivalent circuit corresponding to the dissipation of the 

oscillation energy from mounting structures and from the medium surrounding 

the crystal (e.g. losses induced by the presence of a viscous solution). 

L: inductance corresponding to the inertial component of the oscillation. 

C: capacitance corresponding to the stored energy of the oscillation and 

related to the elasticity of the crystal. 
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Figure 2-5: Equivalent circuit for the quartz crystal oscillator. 

The observed change in the resonance frequency of the quartz Af is proportional to the 

mass change of the quartz per unit area Am according to Sauerbrey equation (): 

A/ = -Am 

i 
Where ft is the resonance frequency of the fundamental mode of the quartz. 

pq is the density of the quartz. 

is the shear modulus of the quartz. 

The principle of the electrochemical quartz crystal micro balance is that a film on the 

electrode behaves as an added mass of the quartz under some conditions. 

The Sauerbrey equation is generally considered accurate so long as the thickness of 

the film added or taken from the surface is less than 2 % of the quartz crystal 

thickness i.e. less than 60 jim. The Sauerbrey equation assumes that the material 

added is perfectly bound to the electrode, that it does not undergo viscoelastic 

deformation and that the material thickness is uniform over the quartz active area. 
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Chapter 3. Experimental details. 

3.1. Samples preparation. 

Various techniques can be used to deposit thin layers of metal oxides (78). Physical 

deposition techniques can be evaporation and sputtering. Chemical techniques such as 

the chemical vapour deposition (CVD) and sol-gel-based techniques can also be used. 

Thin metal oxide films can be deposited electrochemically by electrodeposition and 

anodisation. In our study, samples were deposited by sputtering. Sputter deposition is 

a well-established technique used in industry for thin film preparation and can be used 

for laboratory work as well. Its applicability for coating large areas has made it one of 

the most widely used vacuum deposition techniques. 

Figure 3-1 shows a simplified sputtering set-up. The sputtering technique consists in 

evaporating atoms 6om the target to deposit them on the substrate situated just above 

the target. For this, the chamber is evacuated to a low vacuum of about 10"̂  Torr (1 

Torr corresponds to approximately 130 Pa) before letting a sputter gas into eliminate 

the impurities. Typically, the sputter gas is a noble gas in particular argon. In this 

study, metal oxides were deposited fi-om the corresponding metal target so reactive 

sputtering was used and oxygen was introduced with the argon to form the oxide. The 

base pressure is then about 10 mTorr in the chamber. Inside the chamber, the target is 

put to a negative potential opposite to the substrate. Due to the negative potential, 

electrons are emitted from the target and ionise sputter gas atoms creating a plasma. 

These ions are then accelerated to the target and eject mostly neutral atoms from the 

target. The atoms travel to the surface of the substrate where they condense to form 

the film. The rate of deposition depends on a few parameters: pressure in the chamber, 

potential applied, argon to oxygen ratio, target to substrate distance, substrate 

temperature. Simultaneously with the sputtering of atoms from the target, the incident 

electrons also cause a small amount of secondary electrons to be emitted (79). Those 

electrons are then accelerated towards the anode and maintain the glow discharge 

process by ionising sputter gas atoms. About 95% of the energy of the impinging ions 

is dissipated as heat into the target. Therefore, the target requires a cooling system. 
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Two types of sputtering can be used. If the cathode is maintain to a constant voltage, 

the technique is called direct current (DC) sputtering and gives high deposition rates 

from metal targets. When sputtering from non-conducting targets, the potential of the 

electrodes is alternated to prevent charging up of the targets. This is called radio 

frequency (RF) sputtering. RF sputtering is also used during reactive sputtering when 

the reaction between the gas present and the target is faster than the sputtering 

reaction. 

The partial pressure of oxygen is a very important issue when reactive sputtering is 

used. If the partial pressure is too low, the oxidation of the metal atoms will be 

uncompleted. If the partial pressure of oxygen is too high, the metal target will be 

oxidised and the sputtering power will decrease. 

Gas inlet 

vacuum chamber 

Substrate-anode 

t 
M 

1 A 
Ar/Oz 
plasma 

X z 
Target- cathode 

pump 

I 

Figure 3-1: Simplified sputtering set-up. 

In this study, we used tungsten oxide and mixed vanadium-titanium oxide films. 

All the vanadium-titanium oxide films were prepared at Southampton by DC 

sputtering from a 50/50 vanadium-titanium target in a mixed argon oxygen 

atmosphere. The argon flow was 40 and the oxygen flow was 40 giving an argon to 

oxygen ratio of 3 (the mass flow controllers are not the same for the argon and the 

46 



oxygen). The voltage applied was 400 V and the current was 1 A for a target area of 

200 cm^. 

The tungsten oxide films can be divided into two types: amorphous and crystalline 

films. 

Between the amorphous films we can distinguished three different kind of films: 

- The "standard" amorphous samples supplied by Pilkington; DC sputtered from a 

tungsten oxide target. 

- The amorphous tungsten oxide samples from Pilkington sputtered at higher 

power. 

The amorphous tungsten oxide samples prepared at Southampton: DC sputtered 

from a tungsten metal target in a mixed argon oxygen atmosphere with various 

argon to oxygen ratios. The voltage applied was 600 V and the current was 0.5 A 

for a target area of 200 cm^.. 

The crystalline samples were of two types: 

Samples supplied to us by Oxford Brookes University: RF-sputtered from a metal 

target in a mixed argon-oxygen atmosphere with various argon to oxygen ratios. 

- Crystalline samples prepared in Southampton by annealing as-deposited 

amorphous samples at 400°C for an hour under an oxygen flow. 

3.2. Preparation of materials. 

3.2.1. Electrode for cyclic voltammetry and UV-visible in situ. 

The samples were deposited on various substrates: K-glass (fluorine doped tin oxide 

coated glass), stainless steel, glassy carbon. It is always very important to avoid the 

contact between the electrolyte and the substrate; thus polyimide tape was used as a 

mask to cover the substrate in contact with the electrolyte. This mask had two 

advantages. First, it avoided the reaction between the electrolyte and the substrate and 

secondly, it defined the active surface area studied. Usually, the surface studied was 
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about 0.5 cm^. At the top of the electrode, a band of substrate was left non-coated to 

provide a good conduction and covered with silver paint to make a good contact with 

the crocodile clip as shown on figure 3-2. 

Silver paint 

Polyimide tape 

Sample studied 

Figure 3-2: schematic view of an electrode used for the cyclic voltammetry and the in 

situ UV-visible experiments. 

For the UV-visible experiment in situ, the only substrate used was K-glass and the 

active area was increased to make sure that the polyimide tape was not in the path of 

the beam. 

3.2.2. Electrode for the electrochemical quartz crystal microbalance. 

Electrochemical quartz crystal microbalance was used to study vanadium titanium 

oxide (VTiOx). A thin layer of the oxide was sputtered on the circular gold pad of the 

quartz shown on figure 3-3. The sputtering conditions were the same as the conditions 

used for the vanadium titanium oxide deposited on K-glass as described earlier. A 

mask was used to limit the deposition to the gold ring. The quartz was mounted after 

sputtering and silver paint was used to assure a good contact between the gold tab on 

the side and the stainless steel. 
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Figure 3-3: Top view of a quartz crystal. 

3.2.3. Electrolyte preparation. 

The electrolyte used in all the experiments described in this work was a solution of 

lithium triflate (LiCFsSOs) (from Fluka) in propylene carbonate (PC) (from Aldrich, 

99% purity). The lithium salt was dried under vacuum at 90^3 for 24 hours and 140°C 

for 24 hours. The propylene carbonate was stored over oven-dried molecular sieves 

and then fractionally distilled. The middle fraction boiling off circa 43°C at 0.13 Ton-

was collected and transfered in the glove box. The salt and the solvent were 

transferred into the glove box for storage and preparation of the 0.5 M solution to use 

as the electrolyte. 

3.3. Cell construction. 

The samples studied were tungsten oxide or vanadium titanium oxide. The working 

electrodes were prepared as described earlier. All the experiments were done with 

lithium counter and reference electrodes. The presence of lithium imposes the use of 

an air and water free cell. In this work, glass cells were used and assembled in a dry 

box under argon. High vacuum grease was used to provide a good seal. 
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For the cyclic voltammetry experiment, a three-electrode cell and a two-electrode cell 

were used. As very slow scan cyclic voltammetry was performed (0.1 mV/s), there is 

no real need for a three electrode cell: at the slow scan rate used, the current measured 

is very small and the IR drop is very low and the current can be measured between the 

reference and the working electrode. 

vacuum 
grease 

Li 
ref/counter 
electrode 

sample 
studied 

Figure 3-4: Cell design for the cyclic voltammetry experiment. 

For the UV-visible spectroscopy experiments, the cell had two quartz windows and 

the lithium foil situated in a side arm. A two-electrode cell was used. 

electrolyte 

sample 
studied 

Li ref/counter 
electrode 

quartz 
window 

Figure 3-5: cell design for the in situ UV-visible spectroscopy experiments. 
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For the electrochemical quartz crystal microbalance, the working electrode was the 

coated quartz described earlier. In the design used, the quartz is sitting at the bottom 

of the cell as shown on figure 3-5. A glass cell sealed with high vacuum grease was 

used. The quartz crystal microbalance is very sensitive to temperature variations so 

the cell was thermostated at 30°C by a water circulation system. A viton "o" ring seal 

was put between the glass and the quartz to avoid leaking. The cell holder was 

designed so that the cell would go down perpendicularly to the quartz surface to avoid 

breaking. The coated side of the quartz is used as working electrode and is connected 

to the potentiostat for the cyclic voltammetry. It is also connected to the impedance 

analyser to measure the admittance of the quartz and obtain the resonance frequency 

as shown on figure 3-6. 
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Figure 3-5: EQCM cell design. 
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Figure 3-6: Connection of the quartz to the potentiostat and to the impedance 

analyser. 
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Chapter 4. Results on tungsten oxide 

This aim of this work was to study the stability of these samples and investigate the 

mechanism of degradation. The stability of an electrochromic device is an important 

issue. That makes it essential to investigate the stability of all the elements 

constituting the device. The first element of an electrochromic device is of course, the 

electrochromic electrode itself In this study, the electrochromic electrode was a thin 

layer of tungsten oxide deposited on a conductive glass (glass covered with indium tin 

oxide (ITO) or fluorine doped tin oxide (FTO)). 

Two different types of tungsten oxides were studied in this work: amorphous and 

crystalline tungsten oxide. Between the amorphous samples, we distinguished three 

different types of samples: 

The "standard" amorphous WO3 from Pilkington. 

The samples sputtered at higher power from Pilkington. 

- The samples sputtered at Southampton. 

The crystalline samples are divided into two types: 

- Samples supplied by Oxford Brookes University: sputtered on a heated 

substrate. 

- Prepared at Southampton by annealing amorphous samples after the 

sputtering. 

4.1. Amorphous tungsten oxide. 

The samples from Pilkington were deposited by DC-magnetron sputtering from a 

tungsten oxide target. The exact sputtering conditions for these samples are not 

known (base pressure, voltage, current, argon flow). The samples prepared at 

Southampton were deposited by DC magnetron sputtering from a tungsten metal 

target in a mixed argon-oxygen atmosphere. Details of the sputtering conditions are 

given later. 
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The electrochemical stability of the samples was investigated using slow scan cycling 

voltammetry (0.1 mV/s) to distinguish the side reaction from the insertion reaction 

(80). The open circuit potential of the cells was about 3.3 V vf. Li/Li^ at the 

construction. All the samples were studied in the same way. The samples were first 

cycled between 2 V and 4.5 V vs. Li/Li" .̂ Then they were cycled between 1.6 and 4.5 

V vs. \aI\a for another 5 cycles. 

4.1.1. "Standard" amorphous tungsten oxide from Pilkington. 

4.1.1.1. Cyclic voltammetry 

Figure 4-1 shows five cycles between 2 and 4.5 V vs. for a "standard" 

amorphous tungsten oxide sample from Pilkington. The first cycle shows an extra 

peak around 2.8 V w. Li/Li^ in the first insertion half cycle as shown by Burdis et al. 

(81). This peak corresponds to an irreversible charge in the first cycle as shown in the 

potential vs. charge curve on Figure 4-2. As there is no equivalent peak on the anodic 

scan, the peak is probably due to an irreversible lithiation process. It could be due to 

oxygen trapped in the oxide layer or to peroxo-bonds: 

Although the cyclic voltammograms are superimposable after the first cycle, the 

potential V5. charge curve is shifted towards the cathodic region showing that a 

parasitic reaction is occurring. This reaction can be: 

Damage of the oxide layer by corrosion. 

- Formation of a passivating layer of reaction products. 

Gas evolution that can be limited by minimising the water content of the 

electrolyte. 

In a real device, these parasitic reactions could occur: 

- If the device was left in the colouring mode for too long in the case of a 

galvanostatic switching. 

- In the case of a fast switching of the device using a large overpotential. 

They could cause the complete and irreversible damage of the device. 
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Figure 4-1: Cyclic voltammograms of a standard amorphous tungsten oxide from 

Pilkington at 0.1 mV/s between 2 V and 4.5 V v .̂ Li/Li .̂ 
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Figure 4-2: Potential V5. charge curves corresponding to the cyclic voltammograms 

on Figure 4-1. 
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To investigate the efifect of a large overpotential, which can occur during fast device 

switching, the sample was then cycled down to 1.6 V vs. Li/Li" .̂ Again, the scan rate 

was very slow to allow the side reactions to occur. 

Figure 4-3 shows the cyclic voltammogram of the same sample between 1.6 V and 4.5 

V Li/Li'̂  at 0.1 mV/s. The first cycle down to 1.6 V is remarkably superimposable 

with the 5"̂  cycle of the previous experiment down to 2 V. The current carries on 

increasing when the sample is cycled down to 1.6 V. A second peak is almost forming 

at about 1.6 V vf. Li/Li^. Additional charge due to this second peak can also be seen 

in the extraction half cycle. Even though the 30 mC.cm"^ extracted in the cycle 

down to 1.6 V Li/Li^ is larger than the charge extracted previously, the charge loss 

is considerable (about 35 mC.cm"^), a lot higher than the charge imbalance observed 

between 2 V and 4.5 V vs. IaJIa (about 5mC.cm"^) as shown on Figure 4-4. This 

charge imbalance can be due to an irreversible insertion of lithium. During the 

subsequent cycles, current and charge decrease dramatically. After 5 cycles, the 

charge inserted and extracted is only about 5 mC.cm'^ corresponding to 10% of the 

charge exchanged during the first cycle. 

This irreversible loss of capacity is consistent with an irreversible damage of the 

tungsten oxide electrode and would cause the failure in a complete device. In situ UV-

visible spectroscopy and scanning electron microscopy are used to examine the 

damage at the electrode. Results will be reported later. To investigate the possible 

dissolution of the tungsten oxide layer, a spectrophotometric analysis of the 

electrolyte was carried out. 
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Figure 4-3: Cyclic voltammograms at 0.1 mV/s between 1.6 V and 4.5 V vs. Li/Li^ 

for a standard amorphous WO3 jfrom Pilkington (same sample as on Figure 4-1). 
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Figure 4-4: Potential vs. charge curves corresponding to the cyclic voltammograms 

on Figure 4-3. 
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4.1.1.2. In situ UV-visible spectroscopy. 
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Figure 4-5: Cyclic voltammogram of a "standard" amorphous tungsten oxide from 

Pilkington between 1.6 V and 4.5 V vs'. Li/Li* 
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Figure 4-6: Optical density v .̂ potential curve corresponding to the cyclic 

voltammogram on the previous figure. 
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Figure 4-5 shows the cycling voltammogram of a "standard" amorphous tungsten 

oxide from Pilkington similar to the previous sample. In this experiment, an as-

deposited sample was cycled directly between 1.6 V and 4.5 V vs. The 

experiment was done in a cell designed to investigate the optical changes in situ with 

the electrochemistry. This experiment had two aims: 

- First, to determine whether the first peak is associated with a change in the 

optical properties of the film. This may indicate whether the reduction 

occurs on tungsten or elsewhere e.g. peroxyde. 

- Secondly, to look at the effect of cycling the sample down to low 

potentials, typically below 2 V Li/Li". 

Figure 4-6 shows the changes in optical density vs. the applied potential 

corresponding to this experiment. The cyclic voltammogram shows a very large peak 

centred around 2.8 V V5. Li/Li^. Figure 4-6 shows that the charge passed at 2.8 V vs. 

Li/Li^ has no effect on the optical density of the film at 622 nm. This confirms that 

the peak does not correspond to a coloration process and could be due to some 

irreversible transformation of the as-deposited film as suggested earlier. 

The second interesting observation in this experiment is the decrease of the optical 

density of the film below 2 V. When lithium is inserted in the tungsten oxide film, the 

optical density increases until the film is cycled below 2 V Li/Li"^ when the optical 

density starts to decrease. The decrease in the optical density can be described as 

continuous with time of exposure below 2 V vs. Li/Li\ Between 2 V and 1.6 V vf. 

Li/Li\ the optical density shows a decrease of 28% of its maximum value. This result 

shows a damage of the electrochromic electrode confirmed by the small change in the 

optical density during the following cycles. At the end of the experiment, the 

electrode is brown showing the formation of a tungsten bronze or a damage of the 

underlying FTO layer. The electrolyte was analysed to determine if the tungsten oxide 

layer was dissolved. 

59 



4.1.1.3. Spectrophotometric titration of the electrolyte. 

Xu and Parker (77) presented a method to determine the concentration in a liquid. 

Tungsten (VI) forms a yellow complex at pH - 5 with rutin in the presence of 

cetyltrimethylammoniumbromide. This complex is detected using UV-visible 

spectroscopy with an absorption maximum at 416 nm. With this technique, 

concentrations of tungsten (VI) as low as 10"̂  M can de detected as shown on the 

calibration graphs (figure 4-7 and 4-8). 

Calibration curve for W - Rutin complex 
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Figure 4-7: Calibration curve for the W^'-Rutin complex. 
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Figure 4-8: Calibration curve on figure 4-7 expanded in the low concentrations 
region. 
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It is very difficult to know the amount of tungsten oxide deposited during the 

sputtering. To have a correct value, the thickness of the sample and the density must 

be known. The other possibility is to dissolve the tungsten oxide and determine the 

concentration of the solution obtained. The spectrophotometric titration of tungsten 

(VI) technique is an accurate measure of the concentration of tungsten as shown on 

the calibration curves. Tungsten oxide is very soluble in alkaline media. We used 1 M 

sodium hydroxide solutions to dissolve the tungsten oxide from the conductive glass 

on a given surface and neutralised the solution before using the spectrophotometric 

technique to determine the concentration of tungsten. Knowing the amount of 

tungsten oxide on the sample and the charge passed during the cyclic voltammetry we 

could determine the Li/W ratio at various points of the cyclic voltammetry as shown 

on figure 4-9. For example, the Li/W ratio at 2 V Li/Li^ is 0.5. This result is 

consistent with the results obtained in the literature (82, 83, 84). 
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Figure 4-9: Potential vs. Li/W ratio curve corresponding to the second cycle of the 

cyclic voltammetry on figure 4-1. 

No evidence of the dissolution of our samples was shown by analysing the 

electrolytes before and after cycling to low potentials with this technique which 

showed that less that 1% of the tungsten oxide layer was dissolved. Scanning electron 

microscopy studies of this sample should give us more details about the damage. 
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4.1.1.4. Scanning electron microscopy. 

Figure 4-10 shows the surface of the sample before cycling. It is similar to the surface 

after 5 cycles down to 2 V vs. Li(Li^ (figure 4-11). Another sample cycled in the 

normal conditions shows a few scattered anomalous structures resembling flint 

arrowheads as shown figure 4-12. After cycling the sample five times between 1.6 V 

and 4.5V hllLi, the sample is covered with dark patches of 1-10 microns in size. 

These patches are covered by crystals as seen on figure 4-13. This result suggests that 

the tungsten could be dissolved off the sample and reprecipitated at the surface. 

Figure 4-10: before cycling. 
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Figure 4-11: after 5 cycles down to 2 V. 

A W 0 3 - e 2 0KL f 0 0 * 0 3 5 m m . -* ' / * 
Figure 4-12: after 5 cycles down to 2 V (other sample). 
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Figure 4-13: after 5 cycles down to 1.6V vs. LMLi. 

4.1.1.5. Suggested corrosion model. 

The cyclic voltammetry experiment showed an irreversible damage of the 

electrochromic electrode when it was cycled down to 1.6 V vj'. Li/Li^. Although no 

evidence of tungsten oxide dissolution was shown with the spectrophotometric 

technique, the scanning electron microscopy clearly showed some areas where the 

tungsten oxide was dissolved and reprecipitated forming crystals at the surface of the 

sample. It is suspected that a localised cathodic parasitic reaction creates highly 

alkaline conditions near the electrode surface, causing a pit-like corrosion of the thin 

film. Away from the surface, conditions are less alkaline and precipitation occurs as 

shown on figure 4-14. 

The reaction of dissolution of the oxide can be written as follows: 

wo, + lOH^ - > WO^- +H^0 
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Figure 4-14: Suggested corrosion model for a "standard" amorphous tungsten oxide 

sample. 

65 



4.1.2. Amorphous tungsten oxide sputtered at higher power. 

4.1.2.1. Cyclic voltammetry. 
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Figure 4-15: Cyclic voltammogram between 2 V and 4.5 V vs. Li/Li^ of an 

amorphous tungsten oxide sample sputtered at higher power. 

Figure 4-15 shows the cyclic voltammograms for a second type of sample supplied by 

Pilkington technology centre; amorphous tungsten oxide sputtered at higher power. 

This voltammogram is very similar to the voltammogram of the "standard" 

amorphous sample studied before. A few differences are noticeable. First, no cathodic 

peak is shown in the first cycle. This is probably due to the increase of sputtering 

temperature due to the higher power. The high temperature will prevent the formation 

of the peroxide bonds in the film. Secondly, with the "standard" amorphous sample, 

the current falls to zero above 3.5 V Li/Li" .̂ In this case, a slower decrease of the 

current is observed during the first three cycles. This is probably due to a slower 

diffusion in the film. A similarity between the two types of samples is the good 
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stability of the sample upon cycling between 2 V and 4.5 V V5. Li/Li^. This good 

stability was observed for a large number of cycles. 

The stability upon cycling to lower potential (down to 1.6 V vx Li/Li" )̂ was then 

investigated. Figure 4-16 shows the last cycle of the previous experiment (cycle 5 

between 2 V and 4.5 V) and five cycles between 1.6 V and 4.5 V vf. Lî Li"*". In the 

sixth cycle, the voltammogram is superimposable to the voltammogram of the fifth 

cycle down to 2 V. The current increases again down to 1.6 V. In the extraction half 

cycle, the current is higher than the current observed in the fifth cycle but only two 

third of the charge inserted was extracted (figure 4-17). In the cycle, only about 

half the charge inserted was extracted: 56 mC.cm"^ inserted and only 29 mC.cm"^ 

extracted. In the subsequent cycles, current and charge decrease with the number of 

cycles showing irreversible damage of the tungsten oxide electrode. The behaviour of 

the tungsten oxide sputtered at high power is overall very similar to the behaviour of 

the "standard" amorphous tungsten oxide as far as the electrochemistry is concerned. 

The other similarity between the two samples is the brown colour that appears after 5 

cycles down to 1.6V vs. Li/Li\ Scanning electron microscopy was used to investigate 

the damage at the surface of the electrodes. 
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Figure 4-16: Cyclic voltammogram (same sample as figure 4-12); 1 cycle between 2 

and 4.5 V and 5 cycles between 1.6 V and 4.5 V Li/Li" .̂ 
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Figure 4-17: Potential charge curves corresponding to the cyclic voltammograms 

on figure 4-16. 
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4.1.2.2. Scanning electron microscopy. 

Before cycling (figure 4-18) and after cycling down to 2 V Li/Li"̂  (figure 4-19), 

the tungsten oxide sputtered at high power is very similar to the "standard" 

amorphous tungsten oxide. The surface of the sample is completely different after 5 

cycle down to 1.6 V w. Li/Li"*": there is no flint arrowhead crystal as seen for the 

previous sample but some cracks appear at the surface of the electrode. These cracks 

are probably due to an excessive expansion of the lattice during the insertion of the 

lithium (figure 4-20) and a compressive stress that induces a loss of adhesion. 

A low temperature sample will be highly amorphous. Its amorphous structure will 

increase its solubility but it will have a more compliant structure that could absorb 

stress. The higher power used to sputter the second sample produced a higher 

temperature that increased the short-range order eliminating the OH group which 

would contribute to increase the solubility. 

Figure 4-18: before cycling. 
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Figure 4-19: after 5 cycles down to 2 V. 

Figure 4-20: after 5 cycles down to 1.6V Li/Li 
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4.1.3. Amorphous WO3 sputtered at Southampton. 

4.1.3.1. Effect of the sputtering conditions. 

The sputtering conditions used at Pilkington technology centre were unknown. The 

only information was that a tungsten oxide target and DC magnetron sputtering were 

used. Thus, the first objective was to find some conditions to get samples similar to 

the samples obtained at Pilkington. A tungsten metal target 99.9% was used and 

mixed argon-oxygen atmospheres with various argon to oxygen ratios were tried. DC-

magnetron sputtering was used with a constant power: 1 A and 600 V. 

The argon and oxygen flows were controlled by two mass flow controllers but in view 

of the complexity of the system, it was difficult to evaluate the effective pressure of 

these two gases during the sputtering. However, it was recognised that changing the 

relative flows was effective in varying the stoechiometry of the oxide and the 

deposition rate. The argon to oxygen ratio is very important because it fixes the 

stoichiometry of the oxide and it influences the deposition rate as shown by Akram et 

al (85) and Kaneko et al. (86). In the following description, the flow settings are 

reported simply as the Iront panel dial position and variations in flow and pressure are 

assumed to be roughly proportional to dial settings. The tungsten oxide obtained can 

probably be written as WO3-X but no determination of the stoichiometry was carried 

out. 

The optimum argon to oxygen ratio was determined, all the other parameters 

remaining constant. The argon flow was maintained constant and equal to 40. The 

oxygen flow was varied 60m 40 to 130. The samples sputtered with oxygen flow 

below 80 were blue, colour characteristic of a suboxide. Samples sputtered with an 

oxygen flow between 80 and 100 were transparent before lithium insertion but did not 

bleach during lithium extraction. Samples sputtered with an oxygen flow between 105 

and 130 showed good reversibility during insertion-extraction and good bleaching. 

Then, the argon flow was changed to 80 and samples were prepared with oxygen flow 

from 105 to 130. 
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The thickness of the sample was measured using a pro filo meter. The thickness (i.e. 

deposition rate) varies with the oxygen content and with the argon content in the 

atmosphere. Thus, the charge inserted in the samples varies with the oxygen content 

(Table 4-1). The thickness of the films varied from 3000 A to 12000 A. 

The results in table 4-1 showed that the charge inserted in the tungsten oxide 

increased with the amount of oxygen in the sputtering atmosphere until it reached a 

maximum and then decreased. This effect was observed with two different argon 

flows but the maximum was reached for a lower oxygen flow with an argon flow of 

80. 

Argon flow 
settings 

Oxygen flow 
settings 

Charge inserted 
(mC.cm"^) 

Approximate 
thickness ( A ) 

80 

105 -169.6 9000 

80 

110 -151.48 8500 

80 
115 -201.74 10000 

80 120 ^%L36 12000 80 
125 -222.77 12000 

80 

130 -160.33 9000 

40 

105 -20L4 8000 

40 

110 -170.29 6500 

40 
115 -213.08 10000 

40 120 -139.11 4500 40 

125 -130.46 4000 
40 

130 -119.72 3000 

Table 4-1; Charge inserted during the first cycle at 2V vf. Li/Li'*" for each sample. 

The conditions chosen for the experiments described after were: 

- Ar flow: 40 

- Oxygen flow: 120 

Current 1 A 

- Voltage: 600V 

- Sputtering time: 10 minutes 
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4.1.3.2. Cyclic voltammetry. 

Figure 4-21 shows representative cyclic voltammetry at 0.1 mV/s for an amorphous 

tungsten oxide sample sputtered at Southampton between 2 V and 4.5 V vf. Li/Li^. 

The first cycle shows a cathodic peak, which was ascribed to trapped oxygen or 

peroxo-bonds in the film. After this Grst cycle, the cyclic voltammograms are 

perfectly superimposed. Although the voltammograms show a good reproducibility 

after the first cycle, the potential charge curve showed in figure 4-22 is slightly 

shifted towards the cathodic region for each cycle, showing a small parasitic reaction. 

A similarity with the sample sputtered at high power supplied by Pilkington is the 

slow decrease of the current above 3 V vs. Li/Li" .̂ This phenomenon can probably be 

explained to slow kinetics due to the thickness of the sample. 

To investigate this parasitic reaction, the cell was cycled at lower potential: down to 

1.6 V vs. IjMIa. The cyclic voltammograms are shown figure 4-23. The first cycle at 

1.6 V V5. Li/Li^ (cycle 6) is similar to the previous cycle down to 2 V. Cycling down 

to 1.6 V, the current carries on increasing. In the extraction half cycle, only two thirds 

of the charge is extracted from the fihn as shown in the potential vs. charge curve 

(Figure 4-24). After this first cycle down to 1.6 V vs. \ A I 1 a , the voltammograms 

show an irreversible loss of current at each cycle. After 5 cycles, the charge inserted 

in the tungsten oxide electrode is only 20 % of the charge inserted in the first cycle as 

shown on figure 4-24. These results show an irreversible damage of the electrode as 

observed previously with the amorphous tungsten oxide sample fi-om Pilkington 

Technology centre. 
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Figure 4-21: Cyclic voltammogram at 0.1 mV/s between 2 V and 4.5 V vs. lAfLt of 

an amorphous tungsten oxide sample sputtered at Southampton. 
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Figure 4-22: Potential vs. charge curves corresponding to the cyclic voltammogram 

shown figure 4-21. 
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4.1.3.3. Scanning electron microscopy. 

Scanning electron microscopy was used to study the damage at the surface of the 

electrodes as shown earlier with the other types of amorphous samples. The general 

surface of the as-deposited samples was very similar to the surface of the previous 

samples shown in figure 4-7 of the section 4.1.3.5. No evidence of a surface damage 

(cracks, pinholes, etc.) was shown using the scanning electron microscopy technique 

after cycling down to 1.6 V Li/Li" .̂ The loss of current and charge might then be 

due to a loss of adhesion between the tungsten oxide layer and the underlying layer. 

Impedance spectroscopy was then use to try to get more information on this sample 

and the degradation mechanism and the effect of changing the substrate was also 

studied. 
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4.1.3,4. Effect of the substrate. 

4.1.3.4.1. Cyclic voltammetry of the substrate. 

Three different substrates were used for the samples sputtered at Southampton: K-

glass (fluorine doped tin oxide coated glass), glassy carbon and stainless steel. The 

cyclic voltammograms of the substrates in the propylene carbonate/ LiCFsSOs (0.5M) 

electrolyte are presented here. 

Figure 4-25 shows the cyclic voltammogram of K-glass in the electrolyte in the same 

potential range as the previous experiment. The voltammogram shows that k-glass 

reacts with the electrolyte but this reaction is not very important between 2 V and 4.5 

V vs. Li/Li" :̂ the charge passed is only 1 to 2 mC.cm"^ at each cycle. It becomes more 

significant when the electrode is cycled between 1.6 V and 4.5 V IaTL'i with a 

charge of about 5 mC.cm'^ inserted at each cycle. This charge is irreversibly inserted 

and could cause a failure of the device if the lithium was inserted in the FTO 

underneath the WO3 layer. 

Figure 4-26 shows the cyclic voltammogram of stainless steel in the same conditions. 

It shows that stainless steel is very reactive towards the electrolyte both at high and 

low potentials. Between 1.6 V and 4.5 V vs. Li/Li" ,̂ the cathodic charge passed is 

about 20 mC.cm'^ at each cycle probably corresponding to lithium inserted in the 

oxide layer at the surface of the stainless steel or to the formation of a passivating 

layer. At high potential, the charge passed is about 20 mC.cm"^ as well. When WO3 is 

deposited on stainless steel, the steel must be masked to avoid the reaction between 

the substrate and the electrolyte. 
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Figure 4-25: Cyclic voltammogram ofK-glass at 0.1 mV/s: 5 cycles between 2 V and 

4.5 V vf. LiTLi followed by 5 cycles between 1.6 V and 4.5 V lAfLi. 
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Figure 4-26: Cyclic voltammograms of stainless steel at 0.1 mV/s: 5 cycles between 

2 V and 4.5 V Li/Li^ followed by 5 cycles between 1.6 V and 4.5 V lATLi. 

Finally, figure 4-27 shows the cyclic voltammograms of glassy carbon in PC/ 

LiCFsSOs (0.5M). It shows that glassy carbon is not very reactive towards the 

electrolyte in the potential range studied. The current is less than 0.4 )j.A.cm"̂  at 1.6 V 

LifLi' and the charge passed is only 1 to 2 mC.cm'^. 
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Figure 4-27: Cyclic voltammogram of glassy carbon in the electrolyte between 1.6 V 

and 4.5 V w. Li/Lf. 

4.1.3.4.2. Cyclic voltammetry of tungsten oxide on the different substrates. 
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Figure 4-28: Cyclic voltammograms at 0.1 mV/s of an amorphous tungsten oxide 

sputtered on glassy carbon: five cycles between 2 V and 4.5 V V5. LifL'i followed by 

5 cycles between 1.6 V and 4.5 V Li/Li"^ at 0.1 mV/s. 
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Figure 4-29: Cyclic voltammetry showed on figure 4-28, expanded in the region 

1.55V to 1.75V. 

The effect of changing the substrate is shown by the results displayed on figure 4-28, 

4-29 and 4-30. Figure 4-28 shows the cyclic voltammetry of amorphous tungsten 

oxide on glassy carbon in the conditions used to study the previous samples: 5 cycles 

between 2 V and 4.5 V followed by 5 cycles between 1.6 V and 4.5 V vf. Li/Li^. 

IDiiriagttwsjiist circles bK:bAreeii:2 aDwi'4.5 thecrpclic volbimrcKigTzuii 

was similar to the results obtained with the sample deposited on K-glass (fluorine 

doped tin oxide coated glass). Also, the downward spot to 1.6 V showed no 

anomalous behaviour until the event at 1.69 V, when the current increased slightly 

before decreasing to almost zero. The following cathodic sweeps also showed no 

current. 

Figure 4-30 shows the cyclic voltammetry of amorphous tungsten oxide on stainless 

steel under the same conditions. The curves look very similar to the cyclic 

voltammogram obtained with on k-glass for both potential ranges, showing a gradual 

degradation of the amorphous tungsten oxide with repeated cycling to 1.6 V as well as 

a large discrepancy between the inserted and extracted charge. 
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Figure 4-30: Cyclic voltammograms at 0.1 mV/s of an amorphous tungsten oxide 

deposited on stainless steel, in the same conditions as figure 4-28. 

4.1.3.5. Impedance spectroscopy. 

AC impedance spectroscopy of thin film insertion materials has been described by a 

few authors (87, 88, 89, 90). Figure 4-31 shows the impedance spectrum of an a-WOg 

electrode after 1 hour at 1.6 V vs. Li/Li" .̂ The charge transfer semi-circle is well 

separated Irom the difflisional part of the graph. The equivalent circuit corresponding 

to the system is shown on Figure 4-32. The interfacial resistance is calculated using 

the difference between R2 and R, and the diffusional impedance using the difference 

between R3 and R2 where R| corresponds to the resistance at the first intersection 

between the semi-circle and the x axis, R2 to the second intersection between the 

semi-circle and the axis and finally R3 corresponds to the intersection between the 

dashed line and the x axis on figure 4-31. 
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Figure 4-31: Impedance spectrum of a-WOs electrode left at 1.6 V vs. Li/Li"^ for 1 
hour. 
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Figure 4-32: Equivalent circuit corresponding to the insertion electrode system. 

The aim of this experiment was to study the effect of holding the sample at low 

potential: 1.6 V vs. Li/Li^. Figure 4-33 shows the variation of the potential as a 

function of the time during the impedance analysis. Figure 4-34 shows the plot of the 

inter facial resistance and the diffusional impedance as a function of the time at 1.6 V 

vs. hVL'i. The sample was first held at 1.6 V for up to 72 hours and no real changes 
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were shown on the resistance values. The sample was then taken back to 2 V vs. 

Li/Li^ to extract the lithium. After extracting the lithium, the sample was taken back 

to 1.6 V. After 24 hours back at 1.6V vs. Li/Li\ the interfaciai resistance increases by 

a factor of 3 whereas the difiusional impedance stays roughly the same,. This increase 

is confirmed after extracting the lithium a second time and inserting again at 1.6 V 

Lî Li"*" for 24 hours: the interfaciai resistance is now five times higher than the 

resistance at the begining of the experiment showing a loss of adhesion. These results 

show that the cell is damaged by successively inserting and extracting lithium when 

the insertion takes place at a low potential. A possible explanation for this 

phenomenon is that the film expands when lithium is inserted at very low potential. 

The loss of adhesion only occurs when the lithium is extracted and the film contracts 

again. 
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Figure 4-33: Variation of the DC potential as a fiinction of time during the impedance 

analysis. 
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Figure 4-34: Interfacial resistance and diffusional impedance as a function of the time 

at 1.6 V vf. Li/Li" .̂ 

4.1.3.6. Proposed model for the degradation. 
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b) 

Figure 4-35: Applied strain at the interface between the electrochemical WO3 and the 

underlying substrate when insertion is completed (a) and the resulting damage (b), 

from (91). 

Our model is based on the fact that the tungsten oxide lattice expands on insertion of 

lithium, and that the amount of expansion increases severely at potentials below 2V 

w. Li/Li^. Figure 4-35 shows a textbook model of how film expansion relative to the 

substrate causes film detachment when the strain forces exceed the adhesion forces. 

The strain, compressive towards the substrate, leads to the formation of voids at the 

interface substrate/coating (Figure 4-35 b). In the case of Glassy Carbon, the interface 
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is abrupt and the substrate will behave quite rigidly, leading to a sudden delamination 

of the electrochromic material from the substrate at the film expansion potential. In 

the case of oxide (F-SnOz) or oxide covered (passive film on stainless steel) materials, 

the interface is more progressive. Here we have an interphase and the strain is then 

better spread over, especially if the lithium can be inserted in this layer. However, this 

may not be sufficient to completely eliminate the creation of some voids as shown in 

Figure 4-35-b. 
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4.2. Crystalline tungsten oxide. 

Crystalline tungsten oxide has a better reflectivity than amorphous tungsten oxide in 

the near IR region. That makes it a very interesting electrochromic material for 

"smart" windows. The electrochemical properties of C-WO3 are also quite different 

from those of a-WOg. 

Two different types of crystalline tungsten oxide samples were studied. All the 

samples were sputtered from a tungsten target in a mixed argon-oxygen atmosphere, 

but the sputtering conditions were different: 

- The samples prepared at Oxford were RF-sputtered and the crystalline 

state of tungsten oxide was obtained by heating the substrate during the 

sputtering. 

- The samples prepared at Southampton were DC-sputtered and the 

crystalline state of the tungsten oxide layer was obtained by annealing the 

as-deposited samples at 400°C after the sputtering. 

For both types of sample, various oxygen/argon ratios were used. 

Crystalline tungsten oxide samples have been cycled successively five times at 

O.lmV/s between 2 V and 4.5 V vs. Li/Li"̂  and five times between 1.6 V and 4.5 V V5. 

Li/Li"̂  to compare with the results obtained with amorphous tungsten oxide. 

4.2.1. Cyclic voltammetry. 

4.2.1.1. Samples prepared at Oxford. 

Figure 4-36 shows the cyclic voltammo grams obtained with the sample 1 (sputtered at 

400°C with 8% O2). The voltammograms show two insertion/extraction peaks: 

cathodic peaks at 2.4 V and 2.6 V Li/Li"̂  and anodic peaks at 2.7 and 2.9 V 

Li/Li^. Zhong and al. (92) attributed these peaks to phase transition: monoclinic to 

tetragonal for the peak at 2.6V vs. \aI\a and tetragonal to cubic for the peak at 2.4V 

vs. 'LifL'i. The voltammograms are not perfectly similar. Judenstein and Livage (93) 

reported that during the first hundred cycles the shape of the curve shows 
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transformations. They attribute these transformations to structural modifications. 

When the cell is cycled down to 1.6 V Li/Li% the peaks are sharper and shifted to 

higher potentials (2.5 V and 2.7 V V5. Li/Li^). The voltammograms do show a loss of 

capacity during cycling but not as much as a-WOg. The charge inserted below 2 V is 

extracted at higher potential: no anodic current passing through the cell below 2 V vs. 

Lî Li"̂ . It would seem that ion extraction is delayed by slow kinetics. Another 

difference with the amorphous tungsten oxide is the current passing through the cell at 

high potentials (above 3.5V Li^/Li^). The potential/charge curve for this sample is 

similar to the potential/charge curve of a-WOg: the curve is shifted towards the 

cathodic region indicating a significant parasitic current. Similar results were obtained 

with the sample 2 (sputtered at 400°C and 30% O2) and the sample 4 (sputtered at 

430°C and 30% O2). 
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Figure 4-36: Cyclic voltammograms of a crystalline WO3 sample sputtered at 400°C 

during sputtering and 8% O2; 5 cycles between 2 V and 4.5 V v5. LiPLi. 

Figure 4-37 shows the voltammograms obtained with the sample 3 (sputtered at 

400°C and 40% O2). The cathodic peaks tend to collapse into one peak. The 

potential/charge curve is also shifted towards the cathodic region. Cycling down to 
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1.6V vs. Li/Lf does not change the shape of the curve. The charge inserted below 2V 

is extracted at the same potential. In the high potential region (above 3.5 V vs. Li/Li*), 

the current falls to zero. These results may be consistent with faster kinetics. 

The most important property of these crystalline tungsten oxide samples is their good 

stability at potentials below 2 V Li/Li^ although slow scan rate cyclic voltammetry 

shows parasitic current. 
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Figure 4-37: Cyclic voltammograms of a crystalline WO3 sample sputtered at 400°C 

with 40% O2 in the sputtering atmosphere: 5 cycles between 2 V and 4.5 V and 5 

cycles between 1.6 V and 4.5 V vs. Li/Li" .̂ 
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4.2.1.2. Samples prepared at Southampton. 

The home made crystalline tungsten oxide samples were amorphous samples annealed 

at 400°C after the sputtering under an oxygen flow in a tube furnace. The amorphous 

tungsten oxide samples were DC- magnetron sputtered for 10 minutes (1 A, 600 V) 

from a tungsten metal target in a mixed argon-oxygen atmosphere (argon flow 40, 

oxygen flow 115). 

Figure 4-38 shows the cyclic voltammograms obtains for a crystalline tungsten oxide 

sample sputtered at Southampton and annealed at 400°C in oxygen after the 

sputtering. In the insertion half cycles, the voltammograms shows the cathodic peaks 

at 2.7 V and 2.4 V v .̂ Li/Li" .̂ In the extraction half cycles, the voltammogram shows a 

peak at 2.8 V and a shoulder at 2.6 V Li/Li" .̂ The shape of the curves is very 

similar to the shape of the voltammograms obtained with the samples crystallised 

during the sputtering supplied by Oxford Brookes University (sample 1, sputtered at 

400°(C and 8% O2). On the electrochemical point of view, the samples crystallised by 

annealing the samples are 400°C after deposition are remarkably similar to the 

crystalline samples obtained by heating the substrate during the sputtering. 
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4500 

Figure 4-38: Cyclic voltammogram of a crystalline tungsten oxide sample between 2 

V and 4.5 V vs. Li/Li" .̂ 

89 



4500 

4 0 0 0 

3500 
to 

E 3000 

c 
s o 
a. 

2500 

2000 

1500 

/ 

- 2 0 0 -150 -100 -50 

C h a r g e d e n s i t y / mC.cm" 

50 

Figure 4-39: Potential charge curves corresponding to the cyclic voltammetry on 

figure 4-38. 
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Figure 4-40: Cyclic voltammograms at 0.1 mV/s between 1.6 V and 4.5 V vs. Li/Li^ 

for the same sample as figure 3-38. 
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Figure 4-41: Potential vs. charge curves corresponding to the cyclic voltammetry on 

figure 4-40. 

Figure 4-40 shows the cyclic voltammogram obtained between 1.6 V and 4.5 V 

Li/Li^ for the sample sputtered at Southampton and annealed after the sputtering. The 

voltammogram shows a few modifications during the first, second and third cycles. 

The first cathodic peak (at 2.6 V) disappears, maybe showing that when the sample is 

cycled down to 1.6 V, the monoclinic form of the tungsten oxide can not be formed 

any more. After, the fourth and fifth cycles are almost superimposed and their 

potential vs. charge curve is almost superimposed as well. 

4 . 2 . 2 . In situ optical density measurements. 

The in situ optical density measurements were done on the samples sputtered at 

Oxford Brookes University. The optical density was measured at 622 nm and the 

cyclic voltammetry was performed at 0.1 mV/s. The aim of this study was to look at 

the effect of cycling the sample down to 1.6 V vs. UifL'i on its optical properties. 
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Provided that the extinction coefficient, or electrochromic efficiency, can be regarded 

as constant, application of the Beer-Lambert law results in an expression for the 

optical density which is a function of the average composition of the sample i.e. of the 

Li/W ratio. As the Li/W ratio is directly proportional to the charge, the optical density 

is also proportional to the charge providing that all the charge passed is used for the 

electrochromic reaction as shown on figure 4-43. Figure 4-43 shows that Beer-

Lambert is obeyed on the entire voltage range and for up to 35 mC. cm"̂  charge 

inserted. In contrast with the amorphous tungsten oxide sample, crystalline sample is 

getting darker all the way down to 1.6 V. The proportionality between the optical 

density and the charge also implies that the shape of the cyclic voltammetry should be 

similar to the shape of the -dOD/dt vf. potential curve as shown on figure 4-44. This 

figure shows a remarkably good similarity of the curves between the cyclic 

voltammogram and the dOD/dt w. potential curve. This similarity was not observed 

for the amorphous tungsten oxide sample. The only difference observed on this 

diagram is the absence of the peak at 2.4 V on the curve -dOD/dt vf. potential. Two 

possible explanations may be put forward: 

- The phenomenon responsible for this peak on the CV is not active at the 

wavelength studied (i.e. 633 nm) as far as the optic is concerned. 

The electrochromic reaction is slightly delayed compared to the 

electrochemistry. This could explain the small shoulder observed at 2.3 V 

Li/Li"^ on the -dOD/dt potential curve. 

The UV-visible spectroscopy in situ with the cyclic voltammetry for this sample 

shows a good optical stability as well as electrochemical stability of the sample at 

potential as low as 1.6 V w. LMLx. 
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Figure 4-42: Cyclic voltammogram and optical density in situ between 1.6 V and 4.5 

V vs. Li/Li^ at 0. ImV/s for the sample 3 (sputtered at 400°C with 40% O2) at Oxford 

Brookes University. 
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Figure 4-43: Optical density vs. charge density for a crystalline tungsten oxide 

sample. 
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Figure 4-44: comparison of the cyclic voltammogram with the dOD/dt curve. 

4.2.3. Effect of the substrate. 

In the same way as we studied the amorphous tungsten oxide samples, we 

investigated the effect of changing the substrate on the stability of crystalline tungsten 

oxide. Three substrates were used: K-glass, glassy carbon and stainless steel. The 

results obtained on K-glass are reported in the previous paragraphs. 

Figure 4-45 shows the cyclic voltammogram between 2 V and 4.5 V w. Li/Li^for a 

tungsten oxide sample deposited on glassy carbon and annealed at 400°C in oxygen 

after deposition. The shape of the curve is different from the curve obtained with the 

same sample deposited on K-glass. The samples were deposited and annealed at the 

same time but the cyclic voltammogram is different. In the insertion half cycle, two 

peaks can be observed at 2.7 V and 2.4 V Li/Li^: probably the phase 

transformation peaks observed with the sample on K-glass. But, in the extraction half 

cycle, no peak can really be distinguished. The second observation is that the charge 

extracted is very poor. Figure 4-44 shows the cyclic voltammogram between 1.6 V 

and 4.5 V v .̂ Li/Li"^ for the same sample: cycles 1, 3 and 5. Although the 
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voltammogram shows a loss of current between the cycle 1, the loss of current is very 

small between the cycle 3 and the cycle 5 showing a good stability of the sample at 

low potential. 

Figure 4-46 shows the cyclic voltammogram between 2 V and 4.5 V vs. Li/Li^ for a 

tungsten oxide sample deposited on stainless steel and annealed at 400°C in oxygen 

after deposition. The sample was deposited and annealed at the same time as the 

sample on K-glass and the sample on glassy carbon. Similarly to the sample deposited 

on glassy carbon, the sample deposited on stainless steel shows two peaks on the 

insertion half cycle but no peak on the extraction half cycle. The second similarity is 

the poor extracted charge. The interesting difference between this sample and an 

amorphous tungsten oxide sample is the good stability of the sample between 1.6 V 

and 4.5 V v5. Li/Li^ as shown on figure 4-46. Figure 4-46 shows the first cycle and the 

fifth cycle down to 1.6 V for this sample. They show a very good stability compared 

to the amorphous samples for which after 5 cycles down to 1.6 V, only 10% of the 

initial charge could be inserted and extracted. 

1500 2000 2500 3000 3500 4000 4500 

Potential / mV vs. Li/Li .+ 

Figure 4-45: Cyclic voltammogram between 2 V and 4.5 V V5. IaIL^ of a WO3 

sample deposited on glassy carbon annealed after the deposition. 
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Figure 4-46: Cyclic voltammogram between 1.6 v and 4.5 V vf. Li/Li"̂  for the same 

sample as figure 4-45. 

1500 2000 2500 3000 3500 4000 4500 

Potential / mV vs. Li/Li .+ 

Figure 4-47: Cyclic voltammogram between 2 V and 4.5 V Li/Li"̂  for a tungsten 

oxide deposited on stainless steel annealed at 400°C after deposition. 
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Figure 4-48: Cyclic voltammogram between 1.6 V and 4.5 V vs. Li^/Li^ (same 

sample as figure 4-47). 

In both cases, the charge extracted is very different from the charge inserted but there 

is a very good reproducibility between cycles. Therefore, this charge imbalance is not 

due to the degradation of the oxide layer. This is very different from the good charge 

reversibility observed with the crystalline samples deposited on K-glass. The main 

difference between the K-glass on one side and the glassy carbon on the other side is 

that K-glass is made of a thin layer of fluorine doped tin oxide deposited on glass 

whereas glassy carbon and stainless steel are bulk materials. These bulk materials can 

insert more lithium than a thin film. The cyclic voltammogram of glassy carbon and 

stainless steel was shown on figures 4-27 and 4-26 respectively. These 

voltammograms show that glassy carbon and stainless steel can irreversibly insert 

lithium at potentials below 2.5 V vs. Li/Li^ for glassy carbon and below 3 V vs. 

Li/Li*. The difference between the charge inserted and the charge extracted can be 

due to the insertion of the lithium in the bulk of the substrate. If the insertion occurs in 

the K-glass, it is limited by the fact that it is a thin layer of doped tin oxide on 

insulating glass. 
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4.3. Comparison of samples - Conclusions. 

Two types of tungsten oxide samples were studied here: amorphous and crystalline 

tungsten oxide. Table 4-2 summarises the results obtained with all the tungsten oxide 

samples. Between the amorphous tungsten oxide samples, three types can be 

distinguished: 

The "standard" amorphous tungsten oxide from PiUcington. 

- The amorphous tungsten oxide deposited at higher power from Pilkington. 

- The amorphous tungsten oxide deposited at Southampton. 

For the three types of sample, the cyclic voltammograms between 2 V and 4.5 V 

showed a good stability with a small parasitic reaction. Cycling down to 1.6 V w. 

Li/Li^ induced a dramatic and irreversible damage for the three types of sample. The 

difference between the samples was shown by the scanning electron microscopy; 

- The "standard" amorphous tungsten oxide had a dissolution patch with 

some crystals characteristic of a dissolution reprecipitation mechanism. 

The amorphous sample sputtered at higher power had some cracks on the 

surface of the sample after cycling down to 1.6 V vs. Li/Li" .̂ These cracks 

are characteristic of the expansion of the lattice until the film buckled up 

and cracked. 

- No evidence of a surface damage was shown by the SEM on the 

amorphous tungsten oxide sample sputtered at Southampton. But the AC-

impedance spectroscopy showed an increase of the interfacial resistance 

characteristic of a loss of contact between the tungsten oxide and the 

underlying conductive layer. 

The damage mechanism for the sample sputtered at Southampton can be related to the 

mechanism of damage of the sample sputtered at high power from Pilkington as the 

formation of cracks implies a loss of adhesion between the oxide layer and the 

conductive layer. 

As far as crystalline tungsten oxide is concerned, cyclic voltammetry showed a very 

good stability down to 1.6 V Li/Li" .̂ The high temperature processing heat can 

cause interdififusion between the substrate and the electrochromic material. The 

thickness of the interphase is then greatly increased, so that the strain is 

accommodated progressively, and no loss of adhesion is observed. 
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Amorphous tungsten oxide 

"Standard" amorphous tungsten 
oxide from Pilkington 

- Good stability between 2 V and 4.5 V vs. 
- Very poor stability below 2 V. 
- Very poor optical stability below 2 V. 
- SEM after cycles down to 1.6 V showed 
dissolution-reprecipitation patterns. 
- Model: dissolution due to localised alkaline 
conditions and reprecipitation away from the 
surface where conditions are less alkaline. 

High power sample from 
Pilkington. 

- Good stability between 2 V and 4.5 Y vs. Li/Li^. 
- Very poor stability below 2 V. 
- SEM after cycles down to 1.6 V showed cracks 
due to compressive stress. 

Samples prepared at 
Southampton 

- Good stability between 2 V and 4.5 V vj'. Li/Li^. 
- Very poor stability below 2 V. 
- SEM after cycles down to 2 V showed no 
evidence of damage i.e. no pinholes, cracks, etc. 
- Impedance spectroscopy showed and increase of 
the interfacial resistance when steps between 1.6 
V and 2 V. 
- Effect of the substrate: relative better stability of 
the sample if there is an oxide at the surface of the 
underlying layer. 
- Model: loss of adhesion due to the excessive 
stress on the lattice. 

Crystalline tungsten oxide 

Crystalline sample obtained by 
heating the substrate during the 
sputtering (Oxford Brookes 
University) 

- Good electrochemical and optical stability for 
both cathodic limits. 

Crystalline samples obtained by 
annealing the samples at 400''C 
after sputtering. 

- Good stability for both cathodic limits. 
- Experiments done with samples deposited on 
glassy carbon and stainless steel showed good 
stability for both cathodic limits on all the 
substrate but a charge imbalance probably due to 
the insertion of lithium in the bulk of the 
substrate. 

Table 4-2: Summary of the results obtained with the tungsten oxide samples. 
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5. Results on vanadium titanium oxide counter 
electrode. 

5.1. Effect of the sputtering conditions. 

The sputtering conditions have an influence on the electrochemical behaviour of the 

oxide as seen previously with tungsten oxide. In order to study the effect of the 

hydrogen pressure in the sputtering chamber, the oxygen flow was varied for a 

constant argon flow and the samples obtained were tested using cyclic voltammetry. 

Table 5-1 presents the sputtering conditions for four samples. Figure 5-1 shows the 

first cyclic voltammograms obtained for these samples. The current was normalised at 

2 V vs. Li/Li^ to allow easy comparison of the first cathodic peak. The insertion half 

cycle presents a peak around 3.2 V vs. Lî /Li" .̂ The intensity of this peak increases 

with an increasing concentration of oxygen in the plasma. This peak corresponds to an 

irreversible inserted charge, as there is no equivalent in the extraction half cycle. The 

peak disappears during the second cycle as shown on figure 5-2. 

Sample number Oxygen flow Sputtering time / min 

1 15 5 

2 20 10 

3 30 10 

4 40 10 

Table 5-1: sputtering conditions for the VTiOx samples. 
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sample 1 

sample 2 

sample 3 sample 4 

2000 2500 3000 3500 

Potential / mV vs. Li/Lt 

4500 

Figure 5-1: Cyclic voltammograms (normalised to the value of the current at 2 V) 

(first cycle) of VTiOx samples sputtered at different oxygen flows during the 

sputtering and an argon flow of 40. See table 5-1 for details. 

-o -0.5 

4000 4500 

Potential / mV vs Li/Li 

Figure 5-2: Second cycles for the samples showed on figure 5-1. 
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5 . 2 Cyclic voltammetry. 

w -0.5 

1500 2000 2500 3000 3500 

Potential I mV vs Li/Lf 

4000 4500 

Figure 5-3; Cyclic voltammetry (5 cycles) of VTiOx on K-glass at O.lmV/s between 

2V and 4.5V vs. Li/Li^. 
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Figure 5-4: Potential vs. charge curves corresponding to the cyclic voltammetry of 

figure 5-3. 

Figure 5-3 shows the cyclic voltammogram obtained with a VTiOx electrode on K-

glass. After a first cycle showing a cathodic peak, the cyclic voltammograms are 

almost perfectly superposable. Although the cyclic voltammograms are 
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superimposable, potential vs. charge curve shifts progressively towards the cathodic 

region showing that another cathodic process is occurring (figure 5-4). 

The parasitic charge is defined as the difference between the inserted and the 

extracted charge. To investigate the effect of the potential range, the electrodes were 

cycled down to low cathodic potentials (1.2 V vf. Li/Li^. The same sample was 

cycled successively 10 times between 2V and 4.5 V vs. Li/Li" ,̂ 5 times between 1.6 V 

and 4.5 V, 5 times between 1.4 V and 4.5 V and finally 5 times down to 1.2 V 
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Potential I mV vs Li/Li* 
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Figure 5-5: Cyclic voltammetry of VTiOx at 0.1 mV/s for various cathodic limits (2 

V, 1.6 V, 1.4 V and 1.2 V vf. Li/Li+). 

Figure 5-5 shows the first cycle for each cathodic limit. Cycling down to 1.6 V, the 

current increases continuously and the shape of the curve is similar to the cyclic 

voMammogram between 2 V and 4.5 V vf. WL\. Cycling down to 1.4 V v^. Li/Li" ,̂ a 

new peak appears around 1.6V in the insertion half cycle and the extraction half cycle 

shows two separated peaks. The cyclic voltammograms down to 1.4 V vs. Li/Li show 

a very good stability and reversibility upon insertion-extraction of lithium. 

The cyclic voltammograms down to 1.2 V vs. Li/Li"̂  show a progressive loss of 

current in the insertion half cycles (figure 5-6) of about 5 to 8 % at each cycle in the 

lowest potential range of the cyclic voltammogram. As the cyclic voltammograms are 

perfectly superimposable in the 2 V to 4.5 V potential window, the loss of current 
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seen at very low potential is probably not due to the degradation of the oxide. Bearing 

in mind that the vanadium-titanium oxide is deposited onto K-glass and that it was 

shown that the fluorine doped tin oxide (FTO) layer can irreversibly insert lithium, 

particularly at low potential, we can assume that lithium is inserted in the FTO layer. 

In this experiment, the thin FTO layer is probably filling up with lithium. The FTO 

layer is very thin (-3000 A) and the insertion sites are limited and the current 

decreases with the number of cycles. 

w -0.5 

o -2.5 -

1000 2000 3000 

Potential I mV vs Li/Li* 

4000 

Figure 5-6: Cyclic voltammetry at 0.1 mV/s of VTiOx on K-glass down to 1.2 V vj. 

Li/Li+. 

Figure 5-7 shows a plot of the inserted charge, extracted charge and parasitic charge 

as a function of the cathodic limit. The offset current error is less than 2%. Although 

this plot shows that both the inserted and extracted charges are increasing with a 

decreasing cathodic limit which is consistent with what we would expect for a 

samples that shows no dergadation. The parasitic charge is also increasing when the 

sample is cycled down to a lower cathodic limit but if we consider the parasitic 

current corresponding to the parasitic charge, we obtain a constant parasitic current of 

about 1 |iA.cm"^ between 2 V and 1.6 V. The parasitic current is even decreasing if 

we consider the lower cathodic limit i.e. 1.2 V hVL'i. 
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Figure 5-7: Charge inserted (Qins), extracted (Qext) and the parasitic charge (Qirr) as 

a function of the cathodic limit for the cyclic voltammetry. 
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5.3. Electrochemical quartz crystal microbalance. 

Electrochemical quartz crystal microbalance is a very powerful technique to measure 

variation of mass at the electrode. For the insertion materials, this technique can be 

used to study the gain/loss of mass due to the insertion/extraction of lithium checking 

if the lithium is inserted as an ion or solvated by the solvent or traces of water. The 

second purpose of this experiment was to study the eventual degradation of the 

electrode and possible loss of mass. 

Figure 5-8 shows the first and second cycles obtained with vanadium-titanium oxide 

deposited on gold-coated quartz as described in chapter 3. The same sputtering 

conditions were used for the samples deposited on K-glass and on the quartz. The 

voltammogram was measured at 0.1 mV/s and the admittance of the quartz was 

measured every 24 mV (1 measure every 10 measures of the current). The cell was 

thermostated at 30°C by circulation of water. 

E 
u 
< 

(A 
C 
(U 
•O 
c 
2 
3 
o 

3 

2 
1 

0 

- 1 

- 2 

-3 

-4 

-5 

/ 
— 

h 

1st cycle 

— 

1 

2nd cycle 

1 

1500 2500 3500 

Potential I mV vs LlILl* 

4500 

Figure 5-8; Cyclic voltammetry at O.lmV/s of VTiOx on the quartz; first and second 

cycle. 
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The shape of the voltammogram is very similar to the shape of the cyclic 

voltammogram obtained with the sample deposited on K-glass shown on figure 5-3; 

no current is passing through the cell at potentials above 3.6 V lAfLi and we can 

notice a small peak around 3 V. The second cycle shows a lower current both in the 

insertion and in the extraction half cycle as observed before with the samples 

deposited on K-glass. The same experiment was done with three different samples to 

check the reproducibility of the measure and the same result was obtained each time. 

The variation of mass is directly proportional to the variation of the resonance 

frequency of the quartz providing that there is no viscoelastic effect. Figure 5-9, 5-10 

and 5-11 shows the typical response of the quartz to the ac signal. Figure 5-9 shows 

the variation of the real part of the admittance of the quartz with the fi-equency of the 

signal. The resonance frequency of the quartz corresponds to the maximum of the 

curve. Figure 5-10 shows the variation of the imaginary part of the admittance of the 

quartz as a function of the frequency. The resonance frequency of the quartz 

corresponds to the inflection point of the curve. On the imaginary part vj'. real part 

curve, the resonance frequency corresponds to the maximum value of the real part. 

The admittance of the quartz was fitted using the equations described in the theory of 

the technique (chapter 2) to obtain the value of the parameters of the equivalent 

circuit: R, L, C and Co and the resonance frequency of the quartz. The changes in the 

viscoelastic properties of the system are shown by the changes in the value of R. In 

this experiment, the value of R were constant at ± 2%. This shows that we can use the 

Sauerbrey equation to calculate the variation of mass from the resonance frequency: 

Isf = -Am 

Where 5) is the resonance frequency of the fundamental mode of the quartz. 

Pq is the density of the quartz. 

fj,q is the shear modulus of the quartz. 

107 



2.0E-03 

1.8E-03 

1.6E-03 

1.4E-03 

^ 1.2E-03 

£ 1.0E-03 

g 8.0E44 

6.0E-04 

4.0E-04 

2.0E-04 

O.OE+00 

9.88E+06 9.90E+06 9.92E+06 9.94E+06 

frequency I Hz 

9.96E+06 

Figure 5-9: Variation of the real part of the admittance of the quartz as a function of 

the frequency. 
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Figure 5-10: Variation of the imaginary part of the admittance of the quartz as a 

function of the frequency. 

25503 

2 .06 -03 

M 1.5&03 

a 1.0E-03 

5.0504 

O.OEfOO 

O.OBOO 5 . 0 5 0 4 1 . 0 5 0 3 1 . 5 5 0 3 2 . 0 5 0 3 2 . 5 5 0 3 

Im (Y) IS 

Figure 5-11: Imaginary part of the admittance vs. real part of the admittance. 
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The shape of the curves shown above are modified by the variation of mass. When the 

mass of the electrode increases, the curves shown on figure 5-9 and 5-10 are shifted 

towards higher frequencies. The maximum values of the real and imaginary parts are 

also increased giving a bigger circle on figure 5-12. 

Figure 5-13 shows the change of mass as a function of the charge density 

corresponding to the cyclic voltammograms shown on figure 5-8. At the beginning of 

the experiment, a loss of mass is observed. Bohnke et al. (94) reported the same 

observation on tungsten oxide and explained it by the expulsion of the specifically 

adsorbed anion (from the salt) from the electrode surface. But, if we consider a 

monolayer of anions at the surface of the electrode, the expulsion of the anions from 

the electrode surface would give a change of mass of about 100 ng.cm'^ only. 

Therefore, this loss of mass could be due to an artefact of the EQCM and not to an 

electrochemical process. During the insertion, the change of mass is linear with the 

charge density. By determining the slope of this curve, the mass of the species 

inserted can be calculated. The mass obtained is very close to 7 g.F"', which 

corresponds to the molecular weight of lithium. At the very begining of the 

experiment, the slope is higher than 7g.F'\ it is about 25 g.F'\ This result shows that 

at the beginning of the experiment, lithium is not the only species inserted. The mass 

of 25 could correspond to hydrated lithium ion, which could accommodate the surface 

of the nanocrystalline structure of vanadium titanium oxide. Once that surface sites 

are full, the only species inserted is lithium as shown by the slope of the curve. In the 

extraction half cycle, the curve follows the insertion curve until a charge of about -12 

mC.cm"^, showing a good reversibility of the insertion-extraction process. The slope 

of the Am vs. Q curve changes at about -12 mC.cm'^ (corresponding to a voltage of 

about 3.2 V vs. lAJhi as shown on figure 5-14). The slope of the curve gives now a 

mass of 26 g.F"' showing an additional loss of mass. During the second cycle, the 

change of mass vs. charge curve observed during the insertion is almost parallel to the 

curve obtained during the first cycle. During the extraction, the curve is not 

superimposable to the insertion curve as observed in the first cycle but the change of 

the slope at about 3.2 V vs. Li/Li^ is still observed. 

109 



Two explanations might be put forward to explain the extra loss of mass. First, it 

could be the corrosion of the layer. Burdis (16) reported that vanadium is very soluble 

in water and that the effect of the titanium is to increase the stability of the oxide. 

Although the cell was assembled in a dry box using a very dry electrolyte, traces of 

water are always present in the system. But the slope of the curve is 26 g.F"', which 

would give 3 F per vanadium atoms and it is very unlikely that the vanadium goes 

from a to a V̂ "̂ . The second possibility is that the hydrate lithium is extracted 

again at the same potential. This seems to be a more obvious explanation. 
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Figure 5-13: Change of mass vs. charge plot during cycle 1 and 2 of the cyclic 

voltammetry on figure 5-8. 
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Figure 5-14: Potential vs. charge curves corresponding to the cyclic voltammetry on 

figure 5-8. 

5.4. Conclusions. 

Cyclic voltammetry of vanadium titanium oxide shows a very good stability of the 

electrode upon insertion-extraction of lithium. Decreasing the cathodic limit, it has 

been shown that although the reversibility is very good down to a potential as low as 

1.2 V vf. LiTLi. It was shown that the parasitic current is constant between 2 V and 

1.4 V vs. Li/Li" .̂ The loss of current during the cycles down to 1.2 V is probably due 

to the lithium filling up the FTO layer and the decreasing number of vacant site for 

the lithium to enter the FTO layer. The electrochemical quartz crystal microbalance 

showed that after inserting hydrated lithium under very mild conditions (potentials 

above 3.2 V) lithium ions are the only species inserted. The second observation was 

an additional loss of mass is seen during the extraction half cycle above 3.2 V 

Li/Li^. The more obvious explanation is the extraction of the hydrated lithium. 

Further work should try to identify the mechanism responsible for the additional loss 

of charge. 

Ill 



Chapter 6. Conclusion 

The aim of this work was to study the stability of tungsten oxide and mixed vanadium 

titanium oxide samples to insertion/extraction of lithium. Three different types of 

amorphous tungsten oxide samples and two types of crystalline tungsten oxide 

samples were studied. The second objective was to identify the degradation 

mechanism responsible for the eventual low stability of the samples studied. Slow 

scan cyclic voltammetry was used to study the behaviour of the samples during 

insertion extraction of lithium. 

Cyclic voltammetry of amorphous tungsten oxide samples showed a good stability 

between 2 V and 4.5 V vs. Li/Li^ but the charge vs. potential curves corresponding to 

the cyclic voltammograms showed that a parasitic reaction occurred in that potential 

range usually considered as safe. To investigate the effect of a larger overpotential, 

the samples were then cycled down to 1.6 V vs. Li/Lt. All the samples showed a 

dramatic loss of current and charge with cycling down to this limit. The difference 

between the different samples was seen when we investigated the damage on the 

surface of the electrodes. The "standard" amorphous samples from Pilkington showed 

some areas where the tungsten oxide was dissolved and reprecipitated forming 

crystals on the surface (95). The samples sputtered at higher power from Pilkington 

showed some cracks on the surface. The samples prepared at Southampton presented 

no damage of the surface after cycling to low potential and no evidence of dissolution 

but the effect of the substrate showed that the adhesion of the tungsten oxide layer on 

the substrate was a key issue for these samples and that the presence of an oxide layer 

on the surface of the conducting layer improved slightly the cycling performances of 

the samples. Impedance spectroscopy showed that the interfacial resistance increased 

with the time at 1.6 V vs. Li/Li"^ (96). We proposed a model (97) where the tungsten 

oxide lattice expands on insertion of lithium. The expansion causes film detachment 

creating voids at the interface between the tungsten oxide layer and the substrate and 

failure of the device. To summarise the work done on tungsten oxide, we showed that 

tungsten oxide is stable between 2 V and 4.5 V Li/Li^ as previously reported in the 

literature cycling the sample at lower potential causes a device failure. 
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Cyclic voltammetry of vanadium-titanium samples showed a very good stability of 

the electrode upon lithium insertion-extraction down to potential as low as 1.2 V vf. 

Li/Li" ,̂ and it was shown that the parasitic charge was constant when the cathodic 

limit was decreased. At potential below 2 V, lithium is probably inserted into the FTO 

layer, filling up the layer and causing a decrease of the current when the layer is full. 

Electrochemical quartz crystal microbalance was used to investigate the mechanism 

of the damage. It was shown that lithium after inserting hydrated lithium ions on the 

surface, the only species inserted during the cycle. During the extraction, an 

additional loss of mass appeared above 3.2 V w. lAJL'i. This additional loss of mass 

was probably due to the extraction of the hydrated lithium ions. 

Some more work should be done to investigate the mechanism of degradation of 

vanadium-titanium oxide and the first results using electrochemical quartz crystal 

microbalance are very promising. It would probably be interesting to investigate the 

changes of mass at very low potential. 
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