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Abstract 

Using electrochemical techniques and x-ray diffraction methods, 

lithium and hydrogen intercalations into tungsten trioxide and cesium 

tungsten oxides were studied. Tungsten trioxide (W03) has been used as 

electrochromic (EC) material for about 20 years, but two new cesium 

tungsten oxides were first studied as the EC material in this work. 

Three kinds of W03 materials were studied: 1. W03 films prepared by 

thermal vacuum evaporation and recrystallization treatment; 2. 

Commercially purchased W03 powder; 3. W03 powders prepared by heating 

tungstate H2W04 at various temperatures. Basic electrochromic properties 

of W03 films were investigated, including optical absorption changes after 

hydrogen and lithium intercalations; relations between the hydrogen and 

lithium content and the optical densities in W03 films; and the hydrogen 

and lithium diffusion coefficients inside the W03 film. Specific attention 

was given to the crystal structures of formed hydrogen tungsten bronze 

H,W03 and lithium tungsten bronze LiXWO3 films. A computer program 

(Rietveld profile refinement program) was used to analyze the x-ray 

diffraction patterns obtained from lithium or hydrogen intercalated W03 

films. The structures of electrochemically formed HxW03 and Li,W03 films 

were determined for the first time. The initial monoclinic W 0 3  host 

changes to a tetragonal structure at x = 0.4 in the H,W03 film and x - 
0.08 in the Li,W03 film. The structures of tetragonal HxW03 and LiXWO3 are 

quite similar and belong to the same space group P4/nmm. The structure of 
- ii - 



LixW03 changes f u r t h e r  t o  a  cubic phase a t  about .u = 0 . 2 8  i n  Li ,WOj f i lm 

I t  was found t h a t  the  l i t h ium can no t  i n t e r c a l a t e  i n t o  commercially 

purchased W 0 3  powder a s  r e a d i l y  a s  i n  W 0 3  f i l m s .  A techz~ique was developed 

t o  prepare W03 powders i n  which t h e  same phase t r a n s i t i o n  takes  p lace  as  

i n  W03 f i l m s .  Using i n  situ x- r ay  experiments,  s t r u c t u r e  changes caused by 

l i th ium i n t e r c a l a t i o n  i n  t he  prepared W03 powder h o s t  were s t ud i ed .  A s  

l i t h ium slowly i n t e r c a l a t e d  i n t o  t h e  W03 powder, a  sequence of x - r a y  

d i f f r a c t i o n  p a t t e r n s  were c o l l e c t e d .  With t he  analyzed d a t a ,  a  phase 

diagram f o r  e lec t rochemica l ly  formed Li,W03 was c r e a t e d .  

Hydrogen and l i t h i u m  i n t e r c a l a t i o n s  i n  two cesium tungsten oxide f i lms 

were a l s o  i nves t i ga t ed .  Hexagonal cesium tungsten bronze Cs0~30W03 powder 

was prepared by thermal s o l i d  s t a t e  r eac t i on  and pyrochlore  cesium 

tungsten oxide ( C s Z  O),, - 4 3  WZ O6 powder was prepared by wet chemical 

r eac t i on .  The f i lms  were prepared by evsporat ing t h e  corresponding powder 

i n  a  vacuum system. The hydrogen and l i t h ium i n t e r c a l a t i o n s  i n  prepared 

cesium tungsten oxide f i lms  were s t ud i ed .  The hydrogen and l i t h ium 

d i f f u s i o n  c o e f f i c i e n t s  were found t o  be dependent on t h e  h o s t  c r y s t a l  

s t r u c t u r e s  . 
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Chapter 1 

Introduction 

1.1 Introduction 

Electrochromism is a phenomenon in which materials change their optical 

absorption or transmission in response to an applied electrical field. 

The electrochromic (EC) phenomenon has been known since the early time of 

this century, but attracted a great deal of attention of scientists in 

only the recent two decades. This is due to the fact that the EC materials 

recently developed (typically W 0 3  and its compounds) showed promise for 

their potential application in non-emissive alpha-numeric display devices 

and adjustable energy efficient windows. Low voltage operation, wide 

viewing angle, and the passive nature (i.e., the induced color remains 

even after switching off the applied voltage, also called memory effect) 

of these EC materials made them interesting candidates for use in flat 

panel display technology and large area optical transmittance control such 

as energy efficient windows. The significance in studying elecerochrornism 

is not only because of its potential application but also because of its 

interesting physical mechanism. The investigation on electrochromism is 

basically a combination of new material synthesis, electrochemical 

analysis, crystal structure determination and electro-optical 

characterization. 



As an introduction in this chapter, a historical development of EC 

materials is reviewed. Considerable attention is given to the transition- 

metal oxides, especially to the EC properties and EC mechanism of tungsten 

oside . 

1.2 Electrochromic materials, a general review 

A number of materials, both organic and inorganic, exhibit EC properties, 

although the physical mechanisms by which these materials change color can 

be different. We can categorize these materials into several different 

branches as shown in figure 1.1: 

Organic - Viologen, pyrazoline, phthalocyanine, 
and some conductive oiganic polymers 

EC materials 

Inorganic - Alkali halide 
- Electroplating metal 
- Transition-metal oxide - Cathodic 

- Anodic 

Fig.l.1 General categories of EC materials. 

1.2.1 Organic EC materials 

The coloration in organic materials is usually observed in an oxidation- 

reduction reaction. Michaelis and Hill (1933) reported first the 

coloration process in 4,4'-dipyridinium compounds and named them 

viologens. The viologens could change color under certain electrical 

potentials. In general viologens can be represented as 

2 



where R  can be a methyl, alkyl or cyclo-alkyl group and X is a halogen 

- 
atom. It is more common to describe the viologens with a formula: A ' + X ~  

where A ~ +  represents R-+N ~ N + - R  and X- the halogen ion. Elofson and 

Edsberg (1957) studied methyl-viologen extensively and reported that A ~ +  

underwent a two step reduction process as follows 

The product from first reduction was dark blue. The use of viologens for 

EC display devices was suggested by Schoot et a1 in 1973. 

Diheptylviologen-dibromide (R - C7Ht5, X - Br) was used for this device 
application. The device was composed of Au(anode)/ lM diheptylviologen- 

dibromide aqueous solution/Sn02(cathode) with saturated calomel electrode 

(SEC) as a reference electrode. When an applied potential on the cathode 

was more negtive than -0.66V vs. SCE, the A ~ +  ion may absorb an electron 

and be reduced to A'. An insoluble purple solid A + B ~ -  was then 

precipitated on the cathode electrode as a film. The colored film could be 

kept unchanged for as long as several days to several months until it was 

completely removed by a reverse current (oxidation process) thus this 

process was reversible. A+ might further absorb a second electron to form 

A and to produce a yellow color at a potential about -1.06V vs SCE. The 

second reduction process was reported as electrochemically irreversible. 

The EC properties of some other viologens for display were reported later 

(Van Dom, H.T. and Ponjee, J.J. 1974; Tsutomu, K. et a1 1975). Various 
3 



s u b s t i t u t e s  f o r  R and X i n  viologen compounds were s t u d i e d .  Most viologen 

EC systems repor ted  were aqueous systems which always faced the  problem of 

water e l e c t r o l y s i s .  Tb2  o the r  organic EC systems s tud i ed  were r a r e - e a r t h  

diphthalscyanine compounds, such a s  lutetium-diphthalocyanine, (Moskalev 

and K i r i n  1972; Corker e t  a 1  1979; Nicholson and P i z z a r e l l o  1979, 1450) ,  

pyr id ine  ( P l a t t  1961) ,  pyrazol ine  (Pole e t  a1  1976) ,  and polymer systems 

(Kaufman 1980).  Most organic EC systems su f f e r ed  from two major problems. 

F i r s t  of a l l ,  the  use of aqueous s o l u t i o n  and hence water  e l e c t r o l y s i s ,  

and secondly so lub l e  colored products , which causes c o l o r  d i f f u s i o n  and 

image fuzz ines s .  

1 . 2 . 2  A lka l i -ha l i de  EC mate r ia l s  

The EC phenomena i n  inorganic  ma te r i a l s  can be t r aced  back t o  as e a r l y  a s  

1932 (Pohl 1932) when an a l k a l i - h a l i d e  s i n g l e  c r y s t a l  of  K C 1  o r  NaCl was 

heated t o  about 700 " C ,  the  anion vacancy concen t ra t ion  and hence t he  

i o n i c  conduc t iv i ty  increased.  When a  high e l e c t r i c  f i e l d  (-500 V/cm) was 

app l ied  t o  this c r y s t a l  by a  p o i n t  cathode,  t he  c r y s t a l  turned dark b lue .  

The c o l o r a t i o n  o r ig ina t ed  from i n j e c t e d  e l e c t r o n s ,  t rapped a t  anion 

vacancy s i t e s ,  causing the  formation of co lo r  c e n t e r s  l i k e  F ,  F+ e t c .  The 

c o l o r  c e n t e r  formation i s  a  well-known phenomenon and has  been a sub j ec t  

i n  s e v e r a l  textbooks,  e . g  (Schulman 1 9 6 2 ) .  The concen t r a t i on  of co lo r  

c e n t e r s  is governed by thermodynamic equi l ibr ium condi t ions  and is  very 

low a t  room temperature.  Thus i t  i s  imprac t ica l  t o  be used f o r  d i sp l ay  

dev ices .  



i.2.3 Electro-plating systems 

An electro-redox reaction wherein a metal layer is deposited on the 

electrode, forming a solid metallic layer, is generally referred to as 

electroplating. The concept of reversible efectroplating was first 

extended by Smith (1929) to fabricate light modulating devices. Based on 

this concept, Zaromb (1962) analyzed the design principle of a reversible 

electro-plating light valve and suggested using AgI solution in electro- 

plating system which could give silver plating on the cathode and Iz on 

the anode, A silver bromide solurion was employed in the device later by 

Zaromb (19661 to provide an easy-erasing plating system. Some ot\er 

solution systems were also studied such as CU' i.n 10% H C 1 0 4  (Flaniigan et 

a1 1964) and silver nitrate solution (de Koster 1971). The main problem in 

electro-plating system seems to be non-uniformity in the plating process 

and the slow response time to change in optical properties. 

1.2.4 Transition metal oxides 

Several transition mecal oxides show EC properties. The most popular 

systems are from the VI-B oxides. In this group, W 0 3  and Moo3 are the most 

thoroughly studied cathodic EC materials which can be electrochemically 

colored and bleached when used as the cathode in electrochemical cells. 

Cathodic EC materials include also V203 , Ti02 and Nb205 . Another 

distinguishable group is anodic EC material including group VIII oxides 

like IrO; HzO, RhzO,-nHzO, NiO-nH20 and Coz03-nH20 which can be anodically 

colored in the electrochemical process when used as an anode. In this 



s e c t i o n ,  a ba s i c  EC process involved i n  b o t h  ca thodic  and anodic mate r ia l s  

w i l l  be in t roduced.  

Cathodic osides 

I t  has  been known s ince  1914 (Torossian 1914)  t h a t  t he  tungsten oxides can 

be chemically reduced to  form a b lue  compound. Talmey (1942, 1943) seems 

t o  be t he  f i r s t  t o  propose t h a t  t h e  tungsten and molybdenum oxides could 

be used a s  e l e c t r o l y t i c  recording paper.  L a t e r  Br imrn  e t  a l .  (1951) a l s o  

repor ted  t h a t  e l e c t r o l y t i c  reduc t ion  of tungsten oxide produced a blue  

co lo ra t i on .  However, i t  was no t  u n t i l  1969 (Deb 1969) t h a t  tungsten oxide 

f i l m  was used i n  an a c t u a l  e lect rochromic d i sp l ay  device .  A t h i n  amorphous 

W 0 3  f i l m  was used a s  the  EC ma te r i a l  and a c o l o r  change was observed when 

t h e  e l e c t r i c a l  p o t e n t i a l  ac ross  t h e  f i l m  was a t  about l o 4  V/cm. Since then 

the  s t u d i e s  of electrochrornism has  been pursued by many i n v e s t i g a t o r s .  

Later  Deb (1973) repor ted  t h a t  amorphous tungsten oxide f i l m  could a l s o  be 

colored when exposed t o  UV r a d i a t i o n .  An increase  i n  conduc t iv i ty  was 

observed when t h e  W 0 3  films tu rned  from t ransparen t  t o  b lue  colored.  Deb 

explained these  co lo ra t i on  processes  by F-type co lo r  c e n t e r s .  However, 

Green and Richman (1974) soon proposed t h a t  c o l o r a t i o n  of W 0 3  f i l m  could 

be more e f f i c i e n t l y  achieved i n  an e lect rochemical  c e l l .  Faughnan, 

Crandall  and Heyman (1975) f u r t h e r  demonstrated t h a t  t he  co lo ra t i on  w a s  

due t o  electxochemical  formation of a tungsten bronze based on a t y p i c a l  

e lect rochemical  c e l l  a s  shown i n  f i g u r e  1 . 2  



Counter  
e l e c t r o d e  

E l e c t r o l y t e  

EC l a y e r  

T r a n s p a r e n t  
e l e c t r o d e  

Glass s u b s t r  a t e  

Fig. 1.2 Schematic illustration of an electrochemical cell 

The cell can work in either a reflection made or a transmission mode. A 

doped In203 or SnOZ film was used as transparent layer which is 

electrically conductive. Amorphous or polycrystalline W03 films were used 

as the EC layer which was initially transparent. The electrolyte might be 

aqueous (e.g. 10% H2S0, in H20), non-aqueous ( e . g .  LiC1O4 in propylene 

carbonate), or solid (e.g.  Nafion* and poly-AMPS**). The cations contained 

in electrolytes were usually H' , ~i' and ~a'. The counter electrode 

was a material which should be reversible to the same ion as that involved 

in the EC reaceion in the cell, The counter electrode might be the same 

* Nafion is a Dupont trademark for polyperfluosulfonic acid. 

** Polymerized 2-acrylamido-2-methylpropanesulfonic acid. 
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m a t e r i a l  as t h e  EC l a y e r  ( X o r i t a  and Vashida 1 9 8 0 ) .  iJhen an e l e c t r i c  

p o t e n t i a l  w a s  a p p l i e d  a c r o s s  the  c e l l  t o  reduce  t h e  e l e c t r i c a l  p o t e n t i a l  

on t h e  KO3 f i l m s ,  t h e  \do3 f i l m  t t l rned b l u e .  The b l u e  c o l o r  i n  TJ03 f i l m  

remained unchanged a f t e r  t h e  power supp ly  w a s  d i sconnec ted  and could  be  

e r a s e d  by r e v e r s i n g  the  p o l a r i t y  o f  the  a p p l i e d  p o t e n t i a l .  Faughnan, 

C r a n d a l l  and Heyman (1975) sugges ted  a  t u n g s t e n  bronze  fo rmat ion  p rocess  

by t h e  fo l lowing  formula:  

W 0 3  + :L!+ + xe- -> Hx \do3 

( t r a n s p a r e n t )  ( b l u e  c o l o r e d )  

\<here M+ could  be  ti' , ~i' , ~ a +  o r  iJg+ . I n  c o n t r a s t  t o  t h e  t u n g s t e n  bronze 

model,  Chang e t  a l  (1975) i n v e s t i g a t e d  coloration of  W 0 3  f i l m s  i n  t h e  

above e l ec t rochemica l  c e l l  as shown i n  f i g u r e  1 . 2  and i n t e r p r e t e d  the 

c o l o r a t i o n  mechanism a s  e l e c t r o c h e m i c a l  e x t r a c t i o n  o f  oxygen from t h e  WO, 

f i l m  w i t h  subs to ich io rne t r i c  WOjy a s  t h e  c o l o r e d  p r o d u c t ,  b u t  they  could  

n o t  e x p l a i n  t h e  c o l o r a t i o n  p rocess  when t h e  WOj f i l m  was c o l o r e d  i n  a 

a p r o t i c  e l e c t r o l y t e  system (non-aqueous sys t em) ,  such as a L i  based 

e l e c t r o l y t e  system. Hurdich (1975) s t u d i e d  t h e  w a t e r  e f f e c t  i n  W 0 3  f i l m s  

d u r i n g  t h e  EC p r o c e s s  and suggesred  t h e  fo rma t ion  o f  a  h y d r a t e d  hydrogen 

t u n g s t e n  bronze  (W03,.,(0H),o a q ) .  However, t h i s  e x p l a n a t i o n  appears  t o  be 

i n  c o n f l i c t  w i t h  e a r l i e r  work (Glase r  e t  al, 1951,  1964)  which showed t h a t  

hydra ted  hydrogen tungs ten  bronze was the r e d u c t i o n  p roduc t  of hydra ted  

t u g s  t e n  o s i d e  (WO3* nHZO) and had the  same s t r u c t u r e  as H, W 0 3  . Meanwhile 

the t u n g s t e n  bronze model was a l s o  sugges ted  by many o t h e r  i n v e s t i g a t o r s  

( e , g .  Weibel ,  1975 ;  Hobbs and Tseung 1972,  1973,  1975) .  S t u d i e s  u s i n g  

a p r o t i c  l i q u i d  e l ec t ro iy tes  w i t h  ~ i '  o r  ~ a +  a s  the mobile  c a t i o n  (Weibel,  
8 



1 9 7 5 ;  Hersh, 1 9 7 5 ;  Green, 1976) showed more evidences o f  ilhp t i ? C Z s t r I l  

bronze format ion.  However, i t  should be noted t h a t  mosr o f  the a ~ t h o r s  

mentioned above pa id  a t t e n t i o n  t o  the  o p t i c a l  p r o p e r t i e s  of the  !i03 f i lms .  

They u sua l l y  used the  tungsten bronze model t o  explain zhe I-V b e h a ~ ~ i o r s  

of t h e i r  EC c e l l s  and :he o p t i c a l  dens i t y  i n  t he  co lored  !do3 f i l m s .  So 

d i r e c t  experimental  da t a  were reporred f o r  t h e  c r y s t a l  s t r u c t u r e s  o f  the 

tungsten bronzes .  So s eve ra l  years  l a t e r  t he  tungsten bronze model was 

s t i l l  d i spu ted  by some i r v e s t i g a t o r s .  Using resonant  nuclear  r e z c t i o n  with 

boron, Denevi l l e ,  Gerad ar.d co-workers (Deneuvi l le ,  1980 ;  Gerad, 1980)  

measured the  hydrogen content  i n  e lect rochemical ly  co lored  and bleached 

amorphous W 0 3  f i lms  and found a high H content  i n  bo th  cases wi th in  

experimental  e r r o r  (quoted as 3 % ) .  Thus they proposed ano ther  model i n  

which c o l o r a t i o n  was broughc about n o t  by the  i n s e r t i o n  of  H ,  bu t  by the 

r e d i s t r i b u t i o n  of a l r s ady  incorporated H atoms i n  tlhe 55'03 f i lms  from 

o p t i c a l l y  i n a c t i v e  s i t e s  t o  o p t i c a l l y  a c t i v e  s i t e s .  They suggested that 

t h e  o p t i c a l  a c t i v e  sites have a  d i f f e r e n t  energy,  so  t h a t  t h e  hydrogen 

rearrangement gave r i s e  t o  a change i n  t he  chemical p o t e n t i a l  of H .  Most 

of t h e i r  da t a  was obtainad from WOj f i lms  colored by non-elect rochemical  

techniques ,  such a s  u l t r a - v i o l e t  i l l - m i n a t i o n ,  anneal ing i n  vacuum and 

exposing t o  H2 atmosphere. There were some obvious shortcomings i n  t h i s  

model, n o t  the l e a s t  of which w a s  an  explanat ion f o r  t h e  q ~ a n t i t y  of  

charges passed through tha  c e l l  needed on c o l o r a t i o n  and bleaching. This  

charge was several t e n s  of  m c / c m 2  f o r  decg c o l o r a t i o n ,  whereas i n  the  

r e d i s t r i b u t i o n  model the only charge needed would be eha t  t o  charge t he  

double - layer  capac i tance  on t h e  electrolyte-W03 i n t e r f a c e ,  t y p i c a l l y ,  <20 

pc/crnZ. Although the  r e d i s t r i b u t i o n  model was n o t  accepted by most 

i n v e s t i g a t o r s ,  t h e  high content  of  H atoms i n  bleached W 0 3  f i lms  was no t  
9 



explained and remained a s  an unsolved problem. A more d e t a i l e d  d i scuss ion  

about t h e  c o l o r a t i o n  mechanism i n  W03 w i l l  be given i n  Chapter 2 .  Apart 

from the  s t u d i e s  i n  EC mechanism of W03 f i l m s ,  t h e r e  were many 

i n v e s t i g a t i o n s  i n  t he  f i e l d s  r e l a t e d  t o  the  a p p l i c a t i o n  of IJ03 EC c e l l s ,  

such as  t h e  methods of f i lm prepara t ion  (Miyake e t  a 1  1983; Kaneko e t  a1  

1986; Z e l l e r  and Paola e t  a1  1987; and Hiroshi  and Yoshihiro 1990) ,  

u t i l i z a t i o n  of d i f f e r e n t  e l e c t s o l y t e s  (Miyamura e t  a 1  1981; Randin 1982; 

Lagzddons e t  a 1  1984 and Calver t  e t  a 1  1986) and t he  des ign  of  an 

e f f i c i e n t  EC c e l l  structure (Hiroshi  e t  a1  1984; Kazusuke 1986; and 

S c h l o t t e r  1987). 

Another we l l  developed cathodic  electrochromic m a t e r i a l  is Moo3 (Deb 1966; 

Rabala is  1974 and Arnoldussen 1976) which shows a very  s i m i l a r  

e fect rochromic behavior t o  t h a t  of W 0 3 .  The c h a r a c t e r i s t i c  c o l o r  of 

activated Mooj i s  b lue  o r  purp l i sh  b lue .  A d e t a i l e d  s t udy  of  Moo3 f i lms  i n  

l i q u i d  e l e c t r o l y t e s  conraining H' ions  was repor ted  by Deb and Witzke 

(1977). Due t o  i t s  h igh  s o l u b i l i t y  i n  aqueous s o l u t i o n ,  Moo3 received much 

l e s s  a t t e n t i o n  than  W03 f i lms  al though the r e  were s t i l l  some 

i n v e s t i g a t i o n s  r epo r t ed ,  such a s  t h e  EC p rope r t i e s  of Moo3 f i lms  prepared 

by e l e c t r o n  beam depos i t ion  (Nobuyoshi e t  a l ,  1984) and by Chemical Vapor 

Deposi t ion (CVD) (Tracy and Eenson, 1986) .  

The group V - B  ox ides ,  such as V 2 0 5  and 1Hb~0~ a l s o  e x h i b i t  electrochromism. 

Cavrilyuk and Chudnovskii (1977) and Colton e t  a 1  (1978) r epo r t ed  t he  

electrochromism i n  evaporated V205 f i lms  and Witzke and Deb (1977) 

repor ted  t h e  electrochromism i n  spu t t e r ed  V 2 0 5  f i lms .  The bleached s t a t e  

of t h e  V 2 0 5  f i lms  was yellow and e lec t rochemica l ly  induced c o l o r  was 
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greenish-blue a t  low ion inse r t ion  l eve l s .  A t  a high ion i n s e r t i o n  l e v e l ,  

the V 2 0 5  f i lms txrned dark-blue or  gray. Due t o  the high s o l u b i l i t y  of 

V205 i n  ac id ,  the e l ec t ro ly te s  used with V205 f i lms were usual ly metal- 

s a l t  aqueous so lu t ions  l i k e  LiC1, K C 1  and R b C l  i n  d i s t i l l e d  water (Dickens 

e t  a l ,  1989) o r  LiC104 i n  non-aqueous so lu t ions  (S tuar t  e t  a l ,  1 9 8 9 ) .  

Nb205 was s t a b l e  i n  both aqueous ac id ic  e l ec t ro ly te s  and i n  non-aqueous 

e l ec t ro ly te s  (Dyer and Leach, 1978, Reichman and Bard, 1980). The Nb205 

could turn  blue when the content of the inser ted  H and L i  atom i n  the 

f i lms was high, Dyer (1978) reported electrochromism i n  amorphous T i 0 2  

f i lms which showed a blue color  when reacted wich H'. Later Ottaviani  

(1986) analyzed the  EC process of py ro ly t i ca l ly  prepared Ti02 fi lms i n  the 

LiC104/PC e l e c t r o l y t e  and a t t r i b u t e d  the f i n a l  colored product t o  Li,Ti02. 

The main drawback i n  the EC property of V205 , Nb205 and Ti02 i s  t h e i r  low 

o p t i c a l  e f f i c i ency  which means t h a t  a large amount of ca t ions  a r e  needed 

t o  i n s e r t  i n to  these oxides f o r  a required o p t i c a l  dens i ty .  

Anodic oxides 

Anodic oxides can be colored when used as an anode i n  the EC c e l l .  I n  the 

co lora t ion  the anion may be incorporated in to  the coloringfileaching 

processes although the EC mechanism involved i s  f a r  l e s s  c l e a r .  EC 

proper t ies  were found i n  group V I I I  oxides including iridium oxide (Beni 

and Shay, 1978 and Rice,  1979),  rhodium oxide (Gottesfeld,  1980) and 

n icke l  oxide (Micheal, 1987). I t  was found t h a t  only hydrated V I I I  oxides 

showed electrochromism (Lampert, 1984).  Among anodic oxides,  ir idium was 

one of t h e  most s tudied  mater ia l s .  I n  a  symmetric c e l l  with iridium oxide 

f i lms  a s  both cathode and anode with 0.5M - 2.OM H2S04 aqueous 
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electrolyte, a color change could be observed on the anode Iridium film 

when the voltage across the cell was approximately 1.5 - 2.0 V 

(Dautremont-Smith, 1979). The characteristic color on the activated 

iridium anode was dark-blue. The coloration was proposed based on one of 

the following two mechanisms (Dautrernont-Smith, 1982): 

IrZ03 + nH20 - 2 ~ +  - 2e- -> Ir2 O3 (OH) a (n-2)H2 0 (1.4) 

During the coloration process, electrons were extracted from the film by 

the external circuit and the current was passed ionically across the 

film/electrolyte interface. Two opposing models were suggested by the 

different ion processes at the film/electrolyte interface. However, it 

should be noted that, starting from the same hydrated iridium oxide, the 

chemical compositions of the two colored states proposed by these models 

are identical except for the degree of hydration. Discussions of 

electrochromism in other anodic VIII oxides can be found in review papers 

by Lampert (1984) and Dautremont-Smith (1982). 

As shown above, several materials exhibit EC behavior, However, very few 

materials possess EC properties that are required to make EC display 

devices. The coloration mechanisms in various EC materials might be 

different, and each material has its own advantages and disadvantages. As 

far as the transition-metal oxide system is concerned, materials like 

tungsten oxides and iridium oxides seem to be good candidates for 

applications. The iridium oxide is relatively new in the literature. On 
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the o t h e r  hand, the  EC proper ty  o f  W 0 3  has been ex t ens ive ly  s t ud i ed  over 

the  l a s t  t w o  decades and w i l l  be f u r t h e r  s t u d i e d  i n  t h i s  t h e s i s .  The 

d e t a i l  d i s cus s ion  f o r  W 0 3  i s  carried ou t  i n  t h e  next  c h a p t e r .  



Chapter 2 

Electrochromism i n  W 0 3  

The inves t i ga t i ons  of e lect rochromic phenomenon i n  tungsten oxides have 

been extended t o  a  wide research  a r e a  during the  l a s t  twenty yea r s .  The 

a t t e n t i o n  a rose  because of i t s  promising p o t e n t i a l  f o r  app l i ca t i on  i n  

d i sp l ay  devices and i t s  f l e x i b l e  ox ida t ion  s t a t e s  and var ious  c r y s t a l  

s t r u c t u r e s .  I n  t h i s  chap t e r ,  the  b a s i c  proper ty  of bulk  W 0 3  w i l l  be f i r s t  

descr ibed .  Af te r  t h a t  t he  p roper ty  of W 0 3  f i lms  prepared by var ious  

methods w i l l  be d i scussed .  Most a t t e n t i o n  w i l l  be given t o  t h e  

understanding of t h e  EC processes  i n  W 0 3  f i l m s ,  i nc lud ing  t h e  tungsten 

bronze formation p roces s ,  c o l o r a t i o n  mechanism and t he  problems 

encountered i n  s t u d i e s .  A t  t h e  end of t h i s  chap t e r ,  t h e  main ob jec t ives  of 

t h i s  t h e s i s  w i l l  be presented.  

2 . 1  The basic knowledge of bulk W 0 3  

The understanding of  c r y s t a l  s t r u c t u r e s  of bu lk  tungsten oxides i s  an 

e s s e n t i a l  i n  s tudying the  EC p r o p e r t i e s  of tungsten oxide f i lms  i n  the  EC 

c e l l .  Tungsten t r i o x i d e  ( W 0 3 )  i s  t h e  h ighes t  ox ida t ion  s t a t e  compound i n  

t h e  tungsten-oxygen system. A t  room temperature,  tungsten t r i o x i d e  shows a  

monoclinic c r y s t a l  s t r u c t u r e  (Loopstra 1 9 6 9 ;  Tanisaki  1 9 6 0 ) .  W 0 3  shows 

a l s o  a t  l e a s t  f i v e  phase t r a n s i t i o n s  i n  the  temperature range from 900•‹C 
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to -180•‹C (Salje, 1977 and Tanisaki, 1960) changing from tetragona1(90Oo- 

-40•‹C) - monoclinic(<-40•‹C). The crystal structure of W03 can be described 

as consisting of corner-shared W 0 6  octahedra extended in three dimensions. 

this structure is basically a distorted Re03 structure. Fig. 2 . 1  shows 

the WOj structure. There are other stable tungsten oxide compounds 

existing in the tungstzen-osygen system in which the oxidation state of 

tungsten atoms can be varied from 2 to 6 (see table 2.1). Loopstra (1969) 

determined the lattice parameters of W03 powder at room temperature. The 

structure was monoclinic with a - 7.306(1)A, b = 7.540(1)A, c = 7.692(1)A, 

znd ,!3 - 90.881(5)". The atom positions of W and 0 in this monoclinic unit 

cell are depicted in Fig. 2.2. The numbers on the circles indicate the 

atom positions in c - direction (perpendicular to the paper). The symmetry 

of W 0 3  at room temperature belongs to space group P2,/n. At room 

temperature W 0 3  is an n-type semiconductor with a specific resistivity of 

0.3 - 10 Q cm (Crowder and Sienko 1963). The optical band gap of a single 

crystal W 0 3  was found to be 2.7 ev (Sawada 1956). 



Table 2.1 Crystallographic data for various tungsten oxides 

Formula Range 

wo-wo, - 9  

wo1 .99 
W02.02 

W02.66 
- 

"2.77 

w02.88 
- 

"2.92 

"2.95 
- 

wo3 

Crystal structure Cell dimensions A 

cubic Pm3n a = 5.036 

monoclinic a - 5.650; b - 4.892 
P 2 ~  c - 5.550; P = 140.42" 

monoclinic a - 18.32; b - 3.97 
P2/m c - 14.04; /I - 115.2" 

monoclinic a - 12.05; b = 3.767 
P2/m c = 23.59; - 85.28" 

720" -900" 
tetrag. a = 5.250; b = 3.915 
P 4 / m  

320" -720" 
orthorhomb. a = 7.35; b = 7.56 

c = 3.865 

17" -320" 
monoclinic a - 7.306; b - 7.540 
P2, /n c = 7.692; B = 90.881" 

-40" -17" a - 7.30; b - 7.52 
triclinic c = 7.69; a = 88.50" - 90.55"; I' - 90.56" 

< -40" a - 5.27; b - 5.16 
monoclirlic c - 7.67; p - 91.43" 

Color 

Gray 

brown 

reddish 

blue 

yellow 

Ref 

Rieck 
(1967) 
Rieck 
(1967) 

Rieck 
(1967) 

Rieck 
(1967) 

Kehl 
(1952) 

Salj e 
( 19 7 7 ) 

Loops - 
tra 
(1969) 

same as 
~bove 



F i g .  2 . 1  W 0 3  structure 



Fig. 2.2 Atomic positions in the monoclinic W03 unit cell 

It was very difficulty to obtain pure W03 single crystals, due to its non- 

stoichiometric characteristic in the range of W03 to WOZeq5. Some edge- 

sharing W06 octahedra were suggested to exist in the main corner-sharing 

octahedra frame network (Salje et a1 1979; Tilly 1982). The W03 melts at 

1470•‹C (Kubaschewski et a1 1958) and sublimes at about 1100 " C  (Berkowitz 

et a1 1957). According to Sienko and co-workers (1970) , W03 possesses a 

normally empty conduction band to which the electrons can be exited from 

shallow (0.03-0.05 eV) donor levels, such as oxygen vacancies or W-W 

interaction pairs that result from the collapse of the shared octahedron 
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corner;. The carrier concentration, n - 1017 - 10j8 at room temperature 

(Crowder and Sienko 1 9 6 3 ) ,  increased as the oxygen vacancies increase, 

which leads to a blue color in the NO3 powder. 

Apart from the tungsten cxides listed in table 2.1, there are several 

hydrated tungsten oxides. Due to the similar chemical compositions with 

tungstic acids, hydratee tungsten oxide was not systematically identified 

and studied until the work by Freedman (Freedman 1959). Freedman found 

that if sodium tungstate in aqueous solution was precipitated by 

hydrochloric acid with various concentration and temperature, at least 

five different phases occurred, three of these were: 

(i) tungsten oxide hydrate W 0 3 e  H2 0, an orange-yellow product obtained 

with 2-9 N HCL at 100•‹C. 

(ii) tungsten oxide dihydrate W03*2H20, a yellow gel produced with 0 . 5 -  

9.0 N HC1 at 25•‹C. 

(iii) white WO3- 0.5H20 or H2W207, which often contained some alkali and 

might be written: Na20t(W03* 0. 5H20)8 -, , prepared with diluted 
sodium tungstate solution with 2-6 N HC1 at 25•‹C. 

Later Freedman and Leber (1964) further confirmed these phases by chemical 

analysis and X-ray powder diffraction. 

Two new phases of tungsten trioxide at roam temperature were recently 

developed. They were synthesized from tungstate (e.g, sodium tungstate 

Na2W04) and hydrated tungsten oxides: 

(i) hexagonal (h) tungsten oxide hydrate, h-IJ03@ l/3H20, (Gerand et a1 

1981). After a yellowish gel resulted from mixing tha solutions of 

sodium tungstate and 10 N HC1 in an autoclave at 120•‹C for 20 
19 



hours ,  a  hexagonal WO33 1/3HZ0 was ob ta ined .  The s t r u c t u r e  

parameters f o r  t h i s  product were a  - 7 .359 (3 )A ,  c = 7 . 7 0 4 ( 5 ) A ,  Z, = 

1 2 .  The s t r u c t u r e  of h-W03*1/3H20 could be descr ibed  a s  an 

i n f i n i t e  plane of W 0 6  octahedra shar ing  t h e i r  corners  and 

forming sis-member r ings  i n  the  (001) p lane .  The probable space 

group was Fmm2. 

( i i )  pyrochlore (p) tungsten oxide hydrate, p-W03* 0. 5 H 2 0 ,  (Giinter e t  a1 

1989; Coucou and F ig la rz  1988).  Gtinter obta ined p-W03'0.5H20 5y 

mixing 20 m l  of 1 M Na2W04 so lu t i on  wi th  28 m l  of 1 . 2  M H C 1  a t  

room temperature i n  a  s ea l ed  tube heated a t  155OC f o r  3 days.  

Coucou prepared p-W03a 0 .  5H2 0 i n  two s t e p s  : f  i r s c  pyrochlore- type 

ammonium tungs t a t e  [ (NH4 )20],W206, x-0.5, was prepared by 

heat-treatment of ammonium tungs ta te  (NH4 ) ,,W1 O4 i n  an a c i d i c  

s o l u t i o n ,  then t h e  pyrochlore- type ammonium t u n g s t a t e  was t r e a t e d  

by 6 N  HN03 t o  produce p-W03' 0.5H20. The c r y s t a l  s t r u c t u r e  of p- 

W03* 0.5H20 was cubic belonging t o  t he  Fd3m space group. The 

l a t t i c e  parameters determined by two au thors  were very  c l o s e :  a = 

10.270(3)A (Coucou 1988) and a  - 10.305(3)A (Gunter 1989). The 

s t r u c t u r e  o f  p-W03* 0 .  5H2 0 was a c t u a l l y  a s t a c k  of hexagonal h-W03 

l a y e r s  i n  t he  (111) d i r e c t i o n  (F ig la rz  1989).  

These two tungs ten  oxide hydrates  can both be dehydrated a t  a  temperature 

range from 200•‹C t o  250•‹C, r e s u l t i n g  i n  a  pure h-W03 o r  p-WOj. The h-W03 

and p-W03 a r e  n o t  s t a b l e  when they a r e  heated a t  a  temperature g r e a t e r  

than 350•‹C above which these  phases change t o  monoclinic.  



2 . 2  P repara t ion  and general  physical  p rope r t i e s  of WOj f i l m s  

In t he  p a s t  va r ious  methods have been used f o r  p r epa ra t i on  of  tungsten 

oxide f i l m s .  Vacuum evaporation was one of the  widely used techniques i n  

W03 f i l m  prepara t ion  (Deb 1969, 1973; Hersh and Kramer 1975;  Faughnan e t  

a1 1975; Schirmer e t  a 1  1977; Benjamin and Allen 1979).  W03 powders were 

u sua l l y  evaporated from a Mo (Miyake e t  a1  1983) o r  W (Morita and Washida 

1984) boa t  a t  a vacuum of t o r r  onto a  s u b s t r a t e  such a s  soda lime 

g l a s s ,  indium-t in  coated g l a s s ,  antimony o r  f luor ine-doped  t i n  oxide 

coated g l a s s  o r  /3-A1203. The as-prepared WOj f i l m  was amorphous and 

t r anspa ren t  wi th  a  l i g h t  b lue  co lo r  i f  ?he s u b s t r a t e  was kep t  a t  room 

temperature .  Hiyake e t  a 1  (1983) s tud ied  the  c r y s t a l  s t r u c t u r e  of W 0 3  

f i lms  evaporated a t  d i f f e r e n t  s u b s t r a t e  temperature,  and r epo r t ed  t h a t  W03 

f i lms  became p o l y c r y s t a l l i n e  when t he  s u b s t r a t e  temperature  was above 

400 "C. Miyake (1983) ass igned bulk W03 s t r u c t u r e  (monoclinic)  t o  the x- 

ray  d i f f r a c t i o n  p a t t e r n s  of c r y s t a l l i z e d  \do3 f i lms .  I n  most cases  a s -  

prepared f i lms  were substoichiometr ic  with 0:W r a t i o  from 2.7 t o  2 .9  

(Deneuvil le e t  a 1  1978, 1980; Gerad e t  a1 1980). Marry au thors  annealed 

amorphous W03 f i lms  i n  N2 o r  vacuum t o  r e c r y s t a l l i z e  t h e  f i lms  ( a t  T > 350 

O C )  o r  i n  a i r  and O2 t o  g e t  s to ich iomet r ic  f i lms .  React ive  s p u t t e r i n g  was 

another  method commonly used i n  t h e  W03 f i lm p repa ra t i on  (Green e t  a 1  

1976; Barna 1979; Crandall  and Faughnan 1976; Goldner e t  a1  1983; Kaneko 

e t  a 1  1988).  The s p u t t e r i n g  atmosphere was u sua l l y  A r - O 2  and t h e  argon- 

oxygen p re s su re  dur ing  s p u t t e r i n g  w a s  genera l ly  v a r i e d  from 5x10q2 t o  

5 ~ 1 0 ' ~  t o r r  wi th  oxygen concen t ra t ion  from 5% t o  50%. The prepared f i lms  

could be e i t h e r  amorphous o r  p o l y c r y s t a l l i n e  depending on t h e  subs t r ace  

temperature dur ing  t h e  s p u t t e r i n g .  Hurdri tch (1975) prepared W03 f i l m s  by 
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spraying meta tur~gs t ic  a c id  (H6W1 2 0 3 9  15. 5H20) onto No, A l ,  o r  Au coated 

qua r t z  s u b s t r a t e  a t  t h e  temperature range from 130 t o  350 " C .  The 

composition of the  s?rayed f i lms  was determined t o  be W 0 3  s(HZO) where x 

decreased w i t h  increase  i n  s u b s t r a t e  temperature from 0.2350.03 a t  140 " C  

t o  0 . 0 2 ~ 0 . 0 3  a t  320 " C .  Ze l l e r  and Beyeler (1977) a l s o  used a s o l u t i o n  

spray technique t o  prepare WOj f i lms  and t h e i r  r e s u l t s  were s i m i l a r  t o  

t h a t  o f  Hurditch.  There were some o the r  techniques f o r  W 0 3  f i lm  

p repa ra t i on  l i k e  Anodic ox ida t ion  of W (Benjamin and Al len  1 9 7 9 ,  Paola e t  

a1  1978) and chemical vapor depos i t ion  (CVD) (Davazoglou and Donnadieu 

I t  seems d i f f i c u l t  t o  compare var ious  methods of W 0 3  f i l m  p repa ra t i on .  The 

repor ted  EC p r o p e r t i e s  of W 0 3  f i lms  va r i ed  from one t o  t he  o the r  al though 

t h e  same technique was being used.  I t  was understood t h a t  t h e  EC 

p r o p e r t i e s  of W 0 3  f i lms  were very s e n s i t i v e  t o  the  p r epa ra t i on  condi t ions  

l i k e  s u b s t r a t e  temperature,  depos i t ion  r a t e ,  deposition atmosphere, 

chemical p u r i t y  i n  source m a t e r i a l s ,  and pos t -depos i t i on  t reatment .  From 

high r e s o l u t i o n  e l e c t r o n  microscope s t u d i e s ,  S h i o j i r i  e t  a 1  (1978) 

repor ted  t h a t  i n  the  case  of evaporated f i lms  (100-150 A t h i c k ) ,  t he  

c r y s t a l l i t e  s i z e  v a r i e d  between 10-20 A and c r y s t a l l i t e s  had t he  

monoclinic s t r u c t u r e .  Green (1978) mentioned t h a t  t h e  c r y s t a l l i t e  s i z e  

v a r i e d  from 20-500 A i n  spu t t e r ed  WOg f i lms  depending upon t h e  p repara t ion  

cond i t i ons .  He repor ted  t h a t  i n  s p u t t e r e d  f i l m s ,  c r y s t a l l i t e s  g r e a t e r  than 

250 A exh ib i t ed  a t e t r agona l  s t r u c t u r e .  However, he has  no t  mentioned any 

c r y s t a l  s t r u c t u r e  f o r  the  f i lms  wi th  c r y s t a l l i t e s  smaller than  250 A. 



2 - 3  Electrochromisrn in W 0 3  films 

2.3.1 The electrochemical process 

As mentioned in section 1.2.4, in an attempt to understand the physical 

mechanism of coloration in WOj films, several models ha\-e been developed. 

Following the literature, we can divide the coloration process of KO3 

films into two categories: one is ?he electrochemical coloration process 

ss it occurs in the EC cell shown in figure 1.2 and the others are non- 

electrochemical coloring processes such as were brought about by W 

illumination and vacuum annealing. Our main concern is with thz 

electrochromism based on an electron-ion intercalation process which leads 

to the formation of tungsten bronze. Figure 2.3 depicts the 

electrochemical coloring process in a ~i (metal)/~i+ in 

electrolyte/WO3(film) cell in which the ~ i +  ion is the active species. The 

coloration process in the cell in\-olves ionization of lithium atoms at the 

interface of the counter electrode (lithium metal)/electrolyte, migration 

of lithium ions across the electrolyte, the transfer of lithium ions 

through the interface of the electro1yte/fJOj film, neutralization of the 

lithium ions at the surface of the W 0 3  film with injected electrons and 

the chemical diffusion of these accumulated lithium atoms within the W 0 3  

film. The final coloration in the WOj film is due to the formation of the 

lithium tungsten bronze. In the bleaching process, the lithium moves in 

the reverse direction. This coloring/bleaching process in the IJ03 film has 

been expressed by equation (1.3): 



,.+here Xi can be H+, ~ i + ,  o r  ~ a ' .  Although tungsten bronzes were bel ieved 

t o  be formed dur ing the co lo ra t i on  process ,  t he r e  was a l a ck  of d i r e c t  

e x p e r i ~ e n t a l  d a t a  t o  show che ex i s tence  of tungsten bronzes ,  a t  l e a s t  no 

analyzed d a t a  on the  c r y s t a l  s t r u c t u r e s  of the  tungsten bronzes were 

r epo r t ed .  

F i g .  2 . 3  I l l u s t r a t i o n  of  e l e c t r o n - i o n  i n j e c t i o n  process  

2 . 3 . 2  The c o l o r a t i o n  mechanism 

t o  V5 intervalence transfer model  

To exp l a in  the b lue  c o l o r  induced i n  sW03 f i l m s ,  a  b a s i c  i n j e c t i o n  

exp lana t ion  seems no t  enough. Faughnan e t  a 1  (1975a, 1975b) assumed t h a t  

a f t e r  t h e  M* and e- have come i n t o  t he  f i lm ,  t h e  i n j e c t e d  e- is t rapped by 
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w6+ forming IJ5+ ( i . e .  l oca l i z ed  on a W atom), and M+ remains i n  an 

i n t e r s t i t i a l  s i t e .  Using an e x i s t i n g  theory of i n t e rva l ence  t r a n s f e r  

absorp t ion  ( e . g .  i n  "Pruss ian Blue" [KFe(II)Fe(III)(CN)6 H20] ,  where the  

o p t i c a l  absorp t ion  can be w r i t t e n  a s  ~ e ( a ) ' +  + ~ e ( b ) ~ *  + hv -> ~ e ( a ) ~ +  + 

~ e ( b ) * +  where a  and b  r e f e r  t o  two d i f f e r e n t  s i t e s ) ,  they  suggested an 

i n t e rva l ence  t r a n s f e r  of t o  w5 + f o r  the  amorphous W 0 3  f i l m  dur ing 

c o l o r a t i o n ,  i .  e .  t h e  i n j e c t e d  e l ec t rons  were t rapped by w6* forming w5 + , 

and H+ remained ion ized  i n  i n t e r s t i t i a l  s i t e s .  Energy was requ i red  t o  

r a i s e  t h e  e l e c t r o n  from one tungsten s i t e  over a b a r r i e r  t o  another W 

s i t e .  The t r a n s i t i o n  i n  t h e  W03 f i l m  could be s i m i l a r l y  represen ted  as  

w5' (a)  + w6+ (b)  + hv -> w6+ ( a )  + w5+ (b)  , where hv was t h e  photon energy 

absorbed by an e l e c t r o n  a t  a  s i t e .  Figure 2 . 4  shows t h i s  theory 

schemat ica l ly .  

Fig .  2 . 4  I n t e rva l ence  t r a n s f e r  of t he  e l e c t r o n  from LJ6+ t o  w 5 +  



E o p  = energy a t  the  peak of the o p t i c a l  absorp t ion  hand.  

E,,, = energy f o r  thermal a c t i v a t i o n  (hopping) of  an e l e c t r o n  f r o m  s i t e  a 

t o  s i t e  b .  

E, - d i f f e r ence  i n  ground s t a t e  energy between s i t e  a and b .  

Q, , Qb = coordinates  f o r  t he  e l e c t r o n  on s i t e  a and b . 

The t rapped e l e c t r o n  a t  s i t e  a(w5+) can be exc i t ed  i n t o  a n e a r e s t  s i t e  

b(w6') by absorbing a photon with energy r E O p  and then  undergoing a 

r a d i a t i o n l e s s  t r a n s i t i o n  (phonon emission) t o  l o c a l i z e  on Q b .  By comparing 

wi th  the  experimental d a t a ,  t he  width of absorp t ion  band, o s c i l l a t o r  

s t r e n g t h ,  and t he  energies  l i s t e d  above can be q u a l i t a t i v e l y  expressed i n  

terms of t h i s  model. However, t h i s  model could n o t  exp l a in  t h e  h igh ,  

almost  m e t a l l i c  va lues  of e l e c t r o n i c  conduc t iv i ty  i n  t h e  colored A,W03 

f i lms  a t  high x ( > 0 . 3 2 )  value a s  observed by Crandal l  and Faughnan (1977). 

Also t h e  theory s u f f e r s  from the  f a c t  t h a t  P f i t e r  and S i che l  (1980) could 

no t  f i n d  any presence of w5+ i n  an e lec t rochemica l ly  co lored  amorphous 

H,W03 f i l m  using ESR,  causing them t o  r e j e c t  t h e  i n t e rva l ence  t r a n s f e r  

model. A modified in te rva lence  t r a n s f e r  model was developed by Schirmer e t  

a 1  (1977). This model was b a s i c a l l y  t h e  same a s  t h a t  suggested by Faughnan 

e t  a 1  (1975a, 1975b) with t he  add i t i on  of a l o c a l  s t r u c t u r e  d i s t o r t i o n  

be ing  brought about by the  e l e c t r o n  t rapping and w 5 +  formation lowering 

t h e  energy of t he  occupied s t a t e  r e l a t i v e  t o  t h e  unoccupied s t a t e  of the  

surrounding w6+. Schirmer e t  a 1  (1977) a l s o  r epo r t ed  t h a t  t h e  amorphous 

s t a t e  was necessary f o r  e l ec t ron  l o c a l i z a t i o n  and w5+ formation t o  occur.  



Drude m o d e l  

The o p t i c a l  ab so rp t i on  i n  colored W 0 3  f i lms  can a l s o  be more genera l ly  

i n t e r p r e t e d  as being predominantly due t o  f r e e  e l e c t r o n s .  The dependence 

of f r e e  e l e c t r o n  absorp t ion  on t he  f r e e  c a r r i e r  dens i t y  can be descr ibed 

by t he  c l a s s i c a l  Drude model ( e . g  s ee  Goldner e t  a 1  1983) :  

where E~ and e 2  a r e  r e spec t i ve ly  t he  r e a l  and imaginary p a r t s  of the  

d i e l e c t r i c  cons tan t  E ,  n  i s  r e f r a c t i o n  index and K t he  e x t i n c t i o n  

c o e f f i c i e n t .  E ,  and c 2  can be f u r t h e r  expressed a s  

where w i s  t h e  plasma resonance frequency and determined by t he  f r e e  
P 

e l e c t r o n  d e n s i t y  n, : 

where m* i s  t h e  e l e c t r o n  e f f e c t i v e  mass. The absorp t ion  c o e f f i c i e n t  i s  

r e l a t e d  t o  K by 



where /\ is the free space value of the light wavelength and c the speed of 

light in free space. Combining equations 2.1 to 2.6, we obtain 

which 

2 2 2 2 2 a = w 'r/nc(l+w r ) = nee r/corn*nc(l+w i ) 
P 

we can use measured values of the host matrix refracti ve index n to 

obtain absorption coefficient. The classical Drude model does not consider 

the detail electronic structure at the atomic level, but suggests a free 

electron behavior, into which the effects of phonon or ionized defect 

scattering and interaction of free carriers are incorporated by a 

frequency-dependent relaxation time, T - ~(w). Using this model, Schirmer 
et a1 (1977) were able to obtain a good fit to the experimental absorption 

data of polycrystalline W 0 3  films. Goldner et a1 (1983, 1985) further 

reported that the Drude model could be used to fit both absorptivity and 

reflectivity of rf sputtered polycrystalline W 0 3  films. They measured the 

absorption and reflection of the W 0 3  films colored by ~ i +  cation (1M 

LiC1Q4 in propylene carbonate as electrolyte), and confirmed that the free 

electrons dominate the behavior of electrochromic polycrystalline W 0 3  

films. Meanwhile, Svensson and Granqvist (1985) studied the application of 

amorphous W 0 3  film in "smart windows" and found that the Drude-model gave 

a good explanation for the experimental data. But the micro-mechanism of 

the electrochromic process in W 0 3  films was still left as an open 

question. 



2.4 Electrochemical studies in EC devices 

As discussed above, the blue coloration in a tungsten oxide film is 

produced by ion-electron double insertion in an eZectrochromic device. An 

EC device is basically a battery, except for the visible coloration. As 

depicted by figure 2.3, many physical or electrochemical processes may be 

responsible for governing the kinetics of coloration and bleaching 

behavior in an EC cell. The cell's parameters: optical contrast, response 

time, chemical reversibility, and life time, are closely related to these 

physical and electrochemical processes as well as to the physical and 

chemical properties of the EC material. In this section, requirements of 

an EC layer (W03 films) in a practical display EC cell are discussed, and 

special consideration is given to the cell's response time and life time. 

The response time is one of the most important parameters in an EC cell. 

As discussed before, the coloration and bleaching processes include the 

transport of electrons at the counter (Li metal) and the working (W03 EC 

layer) electrodes, the migration of cations in the electrolyte, and the 

diffusion of the neutral atoms in the working electrode. The response time 

will be determined by the total time spent in these steps. However, among 

these processes, those with a fast speed can be ruled out as rate 

controlling. In an EC cell both counter electrode and the working 

electrode are electric conductors (the W03 film is a mixture of electron 

and ion conductor), the transport speed of electrr,~ns st the counter 

electrode and the working electrode should be very fast compared with the 

other processes (Yamada et a1 1983). The ion Siffusion in the electrolyte 

can be made East by using fast ion conductors and thin layers. It is also 
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known t h a t  t he  d i f f u s i o n  speed of ~ i +  i n  the e l e c t r o l y t e  is s e v e r a l  o rders  

of magnitude h igher  than t h a t  i n  t he  WOj f i lms  (Mohapatra 1978). Ho e t  a l  

(1980)  showed t h a t  i n  the  case  of H+ , L i C  o r  ~ a +  based EC c e l l s ,  t h e  

d i f f u s i o n  of H ,  L i  o r  N a  atoms i n s i d e  the  WOj h o s t  matr ix  c o n t r o l l e d  the  

co lo ra t ion /b leach ing  speed except  a t  the  very beginning of t he  p rocess .  A t  

s h o r t  t imes ,  the  co lo r a t i on /b l each ing  process was mainly c o n t r o l l e d  by the  

t r a n s p o r t  of a c t i v e  spec ies  (H' ,  Li+ o r  ~ a + )  a c ro s s  the  l.JOj/el.ectrolyte 

i n t e r f a c e  b a r r i e r  (Faughnan e t  a 1  1975b; Crandall  e t  a 1  1976) .  Typical  

d i f f u s i o n  c o e f f i c i e n t s  of H ,  Li  and Na i n  the  W 0 3  f i lms  a r e  l i s t e d  i n  

t a b l e  2 . 2 .  

Table 2 . 2  Di f fus ion  c o e f f i c i e n t s  of va r ious  ions  i n  W 0 3  f i lms  

sys  tem chemical Ref 
d i f f u s i o n  
c o e f f i c i e n t  

H, W 0 3  10- cm2 /see (Morita 1982) 

Li, W 0 3  (Mahapatra 1978  ) 

Na,  W 0 3  10-  cm2/sec (Dautremont-Smith 
e t  a 1  1977) 

Faughnan and Crandal l  (1980) r epo r t ed  t h a t  t he  response  t ime ( f o r  o p t i c a l  

c o n t r a s t  change o f  1 :4  o r  1 ~ 1 2 )  of  an EC c e l l  wi th  hydrogen i n s e r t i o n  was 

about 1 t o  4 seconds and Mahapatra (1978) es t imated  t h e  response time wi th  

l i t h ium i n s e r t i o n  was about 10 seconds.  I t  was understood t h a t  t h e  

response time of an  EC c e l l  i s  dependent on the  s i z e s  of  i n j e c t e d  atoms 

and the  s t r u c t u r e  of t he  W 0 3  h o s t .  To improve t he  response time f o r  EC 

c e l l s ,  Matsuhiro and Masuda (1980) repor ted  a  new evapora t ion  procedure i n  
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which the W03 films were evaporated at a relatively high background 

pressure (>6 x torr) of dry nitrogen. The films so deposited were of 

low density (<0.55 bulk density) and high porosity, thus explaining the 

improved rate of atom insertion and extraction. In a symmetric sandwich 

configuration: ITO(indium doped tin oxide)/WO3/LiClO4 in propylene 

carbonate (PC)/Li,W03/IT0 cell, the coloration/bleaching time was about 

0.5 second for an optical density change of 0.9 at 633 nrn. However, the 

stability of such deposited films needed improvement. Searching for either 

a new phase of tungsten oxide or tungsten compounds with different 

structures could be rewarding. 

Long term stability of the EC cell over many cycles (coloration/bleaching 

cicles) is crucial for a commercial cell in the real market. Usually a EC 

cell can be run as many as lo4 cycles (Scholotter 1987) to lo7 cycles 

(Kazusuke 1986). Randin (1978) has investigated the chemical and 

electrochemical stability of evaporated W03 films in various aqueous and 

non-aqueous electrolytes. His evaporated films showed a dissolution rate 

of 25 A per day when immersed in an electrolyte of 10:l glycerin:HZS04 

within a sealed ampule at 50 OC. In aqueous 1N HZS04 the dissolution was 

appreciably faster because of W03 dissolution in water (Arnoldussen 1981): 

The dissolution problem can be greatly reduced by using ~ i +  or ~ a +  based 

non-aqueous or even solid electrolytes (e.g. LiC104 in propylene 

carbonate, Li3 N and ~ a +  - B - A ~ ~  o3 ) . The 1303 film was found much more stable 

in aprotic electrolytes (Randin 1978). The only problem encountered with 
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us ing  ~ i +  and ~ a +  based e l e c t r o l y t e s  was the  slow response t ime. The 

moisture incorporated i n  t he  \do3 f i lms  during the  p r epa ra t i on  a l s o  aroused 

a t t e n t i o n .  Knowles (1978) repor ted  t h a t  i n  an evaporated W03/LiC104 i n  

propylene carbonate EC c e l l ,  the  o p t i c a l  c o n t r a s t  g radua l ly  decreased 

dur ing a  f i xed  time p o t e n t i o s t a t i c  co lo ra t i on  p u l s e ,  and t h i s  so  c a l l e d  

aging e f f e c t  could be res to red  t o  c l o s e  t o  i t s  i n i t i a l  performance by W 

i l lumina t ion  of t he  W03 f i l m  while he ld  i n  t h e  bleached s t a t e .  I t  has been 

suggested t h a t  the  presence of water i n  the  W 0 3  f i lm  was respons ib le  f o r  

the  o b s e r v ~ f i  degradat ion i n  t he  performance. S c h l o t t e r  and Pickelmann 

(1979, 1980) s t ud i ed  the  behavior of evaporated WOj f i lms  i n  ~ i +  and ~ a +  

non-aqueous e l e c t r o l y t e s  and found t h a t  some L i  o r  N a  con ten t  not  making a  

con t r ibu t ion  t o  t he  co lo ra t i on  was p resen t  i n  t h e  bleached s t a t e .  This 

r e s i d u a l  Li o r  Na content  inc reased  wi th  both t h e  number of t he  

co lora t ion /b leach ing  cycles  and t h e  depth of t h e  c o l o r a t i o n .  They 

explained t h i s  phenomena as r e s u l t s  of the  r e a c t i o n  between i n s e r t e d  Li  o r  

N e  and absorbed water i n  t he  f i lm .  

2 . 5  Statement of ob j ec t i ve s  

The EC p roper ty  of  W O j  f i lms  has been s tud ied  for about twenty years .  

However, a s  d i scussed  i n  Chapter 1 and t h i s  chap t e r ,  s e v e r a l  important 

aspec t s  of fundamental understanding i n  t h e  EC p roper ty  of  W 0 3  f i lms  were 

s t i l l  incomplete and unc lear .  In t h e  p a s t  most s t u d i e s  used amorphous W 0 3  

f i lms  and concentra ted on t he  o p t i c a l  absorp t ion  changes; t he r e  was a  l ack  

of d i r e c t  s t u d i e s  on c r y s t a l  s t r u c t u r e s  o f  e i t h e r  hydrogen o r  l i th ium 

tungs ten  bronze. The tungsten bronze model was gene ra l l y  accepted,  b u t  

l i t t l e  was known about these  formed tungsten bronzes .  I t  i s  genera l ly  
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understood that the optical absorption, electrical conductivity and many 

other physical properties of a material are strongly dependent on its 

crystal structure. To explain the tungsten bronze formation process, 

knowledge of the crystal structures of tungsten bronzes is essential. In 

this thesis, based on the studies with polycrystalline W 0 3  films and W 0 3  

powder, the formation processes of hydrogen and lithium tungsten bronzes 

were intensively investigated. This thesis will discuss the crystal 

structures of hydrogen and lithium tungsten bronzes formed in the 

coloration process, the dependence of these crystal structures on hydrogen 

and lithium concentration, and the conditions under which the 

coloration/bleaching process is reversible. In order to improve the 

response time of the EC cell, it seems necessary to develop some new 

tungsten compounds suitable for fast ion insertion. Two new EC materials: 

hexagonal cesium tungsten oxides and pyrochlore cesium tungstate will be 

discussed in this thesis. 



Chapter 3 

Theoretical background for electrochemical analysis of EC cells 

Electrochromism in W 0 3  mater ia ls  is basically an electrochemical reaction 

of electroactive species with the host lattice matrix. During coloration, 

the main happening is the active species intercalation into the b?03 EC 

electrode. In this chapter, the general thermodynamic property of an EC 

cell and the ion transportation behavior inside the EC electrode will be 

discussed. 

3.1 Gibbs free energy and EMF of an EC cell 

Consider the general EC cell shown in figure 2.3, in which the active 

species L i  can be ioniied at the Li anode and migrate across the 

electrolyte and then be inserted into the W 0 3  Payer to form Li,W03. The 

thermodynamic state of the EC cell is usually a function of temperature, 

T; pressure, P ;  and the molar number of active species i, ni. The change 

in internp.1 energy of the system can be described by: 

work done by the system; p i  - ( 6 U / 6 n i ) s 1 v l ,  the chemical potential of I 
species i, thus the 6 U  can be rewritten as: 
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where V i s  t h e  volume. I n  an EC c e l l ,  the  changes i n  h e a t  and i n  volune 

a r e  commonly neg lec ted ,  so  i t  i s  convenient t o  descr ibe  t he  sys tem with 

Gibbs f r e e  energy G :  

by t h e  Gibbs-Duhem equat ion:  

SST - VSP + Cini Spi = 0 

t h e  change i n  G can be obta ined a s :  

A t  cons tan t  temperature (6T - 0)  and pressure  (SP  = 0 ) ,  S G  is given by 

6G = Xi pi  Sni ( 3  5 )  

A s  is d i scussed  i n  t he  previous chap t e r s ,  an EC c e l l  i s  no t  more than a 

b a t t e r y  except f o r  t he  v i s i b l e  c o l o r  change. In  a Li  besed EC c e l l  the  

i n i t i a l  open c i r c u i t  vo l t age  between the  W03 working e l ec t rode  and t h e  Li  

metal  counter  e l ec t rode  i s  about 3,OV. This v o l t a g e ,  a l s o  c a l l e d  EMF ( t h e  

e lect romotive  f o r c e ) ,  can be measured by a compensation method, i . e .  by 
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balancing it  a g a i n s t  a  vol tage of equal  magnitude and oppos i te  s i g n .  The 

EMF of an EC c e l l  can a l s o  be measured simply us ing a  vol tmeter  with a  

high inpu t  impedance. During t he  co lo ra t i on ,  correspondiag t o  a b a t t e r y  

d i scharge ,  the  a c t i v e  spec ies  (eg .  ~ i ' )  t r a n s f e r  from anode t o  cathode 

wi th in  an EC c e l l  and t he  e l ec t rons  pass through t h e  e s t e r n a l  c i r c u i t  

under t h e  c e l l ' s  e lect romotive  f o r c e .  The work done by t he  EC c e l l  on a  

e x t e r n a l  c i r c u i t  i n  t h i s  case  i s  E6q i f  E i s  t h e  c e l l ' s  vo l tage  (EMF), and 

6q the  t o t a l  charge of e l ec t rons  passed through t he  e x t e r n a l  c i r c u i t .  The 

quan t i t y  6q can be  expressed a s  6q - ez6n, where e  i s  t h e  b a s i c  e l e c t r o n i c  

charge,  z the  valence of the  a c t i v e  spec i e s ,  and Sn t he  t o t a l  number o f  

the  ac t ive  spec ies  t r a n s f e r r e d  from cathode t o  anode. If t he  co lo ra t i on  i s  

a r e v e r s i b l e  p rocess ,  the  work done t o  t h e  environment must accompany the  

decrease o f  Gibbs f r e e  energy i n  t he  c e l l :  

Refe r r ing  t o  equat ion (3 .5 )  and cons ider ing  only  one kind of a c t i v e  

spec i e s ,  t he  Gibbs f r e e  energy of an EC c e l l  system is  a l s o  given by 

where p c a t h o d e  and p a n o d e  are the  chemical p o t e n t i a l  of the a c t i v e  spec ies  

a t  t he  cathode and anode, r e s p e c t i v e l y .  Equation ( 3 . 7 )  g ives  the  Gibbs 

f r e e  energy change upon one a c t i v e  spec i e s  moving from t h e  anode t o  the 

cathode ( i f  6n - 1 ) .  Hence the  EMF of an EC c e l l  i s  r e l a t e d  t o  the  

chemical p o t e n t i a l  by 



I n  s tudying l i t h ium i n t e r c a l a t i o n  the  anode i s  u sua l l y  l i t h ium metal and 

so  t h e  chemical p o t e n t i a l  of l i t h ium a t  the  anode i s  a c o n s t a n t .  E q u a t i o n  

of  ( 3 . 8 )  can be w r i t t e n  a s  

E = - ( l / z e )  (peat bode - cons tan t )  

Equation ( 3 . 8 )  shows t h a t  the  ENF o f  an EC c e l l  r e s u l t s  from the  d i f f e r e n t  

chemical p o t e n t i a l  of t he  a c t i v e  spec ies  of valence z a t  t h e  cathode and 

a t  the  anode. The EMF of an EC c e l l  may t he r e fo re  be regarded a s  a  

q u a l i t a t i v e  measure of a  tendency towards r e a c t i o n ,  a s  may a l s o  be the  

change i n  t he  Gibbs f r e e  energy 6 G .  

3 . 2  Nernst equation and e lect rochemical  determinat ion of thermodynamic 

p r o p e r t i e s  

The purpose o f  t h i s  t h e s i s  i s  t o  s tudy  t he  Cherrnodynarnic behavior  of i on  

i n s e r t i o n  i n t o  t h e  cathode h o s t ,  and thus  i t  is  u s e f u l  t o  b r i n g  a  b a s i c  

e lec t rochemica l  equat ion,  t h e  so  c a l l e d  Nerns t  Equation a s  we l l  as some 

o t h e r  thermodynamic r e l a t i o n s  i n t o  t h i s  d i scuss ion  

3 . 2 . 1  Nernst  equat ion 

The chemical p o t e n t i a l  of an a c t i v e  spec ies  can be f u r t h e r  expressed a s  



where K i s  the  Boltzmznn cons t an t ,  and ai the  a c t i v i t y  of spec ies  i. i s  

t h e  chemical p o t e n t i a l  of the  spec i e s  a t  a  s tandard  s t a t e  (a i  = 1 ) .  

S u b s t i t u t i n g  equat ion ( 3 . 9 )  i n t o  ( 3 . 8 b ) ,  one ob t a in s  

L-hich i s  a form of the  Nernst equat ion where EO i nc ludes  every constant  

and can be t r e a t e d  as the  i n i t i a l  p o t e n t i a l  of t he  cathode wi th  respec t  t o  

a def ined s tandard  p o t e n t i a l  ( i n i t i a l  c e l l ' s  EMF). 

3 . 2 . 2  Thermodynamic r e l a t i o n s  

I n  a p r a c t i c a l  EC c e l l ,  t h e  EMF of  t h e  c e l l  and t he  c u r r e n t  pass ing 

through t h e  c e l l  a r e  t he  only e l e c t r i c a l  parameters t h a t  can be measured. 

I t  w i l l  be shown t h a t  most thermodynamic p r o p e r t i e s  of an  EC c e l l  can be 

obta ined from b a s i c  r e l a t i o n s  of EMF t o  t h e  Gibbs f r e e  energy and o the r  

thermodynamic parameters.  F i r s t  of  a l l  it is u s e f u l  t o  in t roduce a 

semiempirical  express icn  f o r  t he  EMF-x (x  is t h e  s t o i ch iome t r i ca l  

parameter of t h e  a c t i v e  spec ies  i n  t h e  cathode h o s t  such a s  Li,W03). The x 

i n  experiments i s  r e l a t e d  t o  t he  t o t a l  c u r r e n t  and che time dur ing which 

t h e  c u r r e n t  passes  through t h e  c e l l :  

x = Mc 1 I d t  

where M, i s  t h e  molecular weight of t h e  cathode h o s t  and m, i s  t h e  mass of 

t h e  cathode and t h e  F is the Faraday 's  cons t an t .  Consider n atoms en t e r i ng  
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i n to  a  system with N s i t e s ,  a  simple r e l a t i o n  f o r  EMF-x can be obtained 

from the following assumptions: 

( i )  there  i s  no in terac t ions  between the i n t e r c a l a t e d  atoms; 

( i i )  no more than one atom can occupy a  given s i t e ;  

( i i i )  the energy fo r  a l l  s i t e s  i s  the same. 

In t h i s  case ,  the entropy of the system i s  j u s t  K ( the  Boltzmann constant)  

times the number of ways t o  put n  dis t inguishable  atoms i n t o  N s i t e s :  

where S t i r l i n g ' s  approximation ( f o r  la rge  N) 

is  used t o  s implify the  expression f o r  the entropy S .  Suppose t h a t  no 

in t e rca la t ed  atoms make the s toichiometr ic  parameter x equal t o  1, then we 

have x = n/q, and x,,, = N / Q ,  and the entropy S can be f u r t h e r  wr i t t en  as 

Because the  energy f o r  every s i t e  i s  the same, the  t o t a l  i n t e r n a l  energy 

is  then 

U = nu, 



where uo is the energy of one atom in the site. With the Helmholtz free 

- energy F - U - TS and the chemical potential p = (SF/Sn)T,V - 

(SF/noSx)T,v, we have 

p - u,, + KT1n[s/(xmax - x> 1 

From (3.8b) and (3,16), the relation for EMF-x is then 

Equation (3.16) shows an important relation between the chemical potential 

and the concentration of an active species in the cathode. The chemical 

potential of the active species will increase when the concentration 

increases. This means that the electrical potential of the cathode will 

decrease with respect to a standard reference electrode. If the 

interaction between the inserted atoms is considered, one more term should 

be added in the EMF-x expression (Armand 1978, Mckinnon 1980): 

0 E = E - r(x/xmaX) - (KT/ze)ln[x/(x,,, - x)] (3.18) 

where r(x/xma,) is the interaction term between the inserted atoms, and r 

is positive for repulsive interaction. For the repulsive interaction (r > 
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O), the e l e c t r i c a l  po ten t i a l  of cathode drops milch f a s t e r  than non- 

i n t e rac t ion  ( r  = 0 ) .  Further discussions f o r  EMF-x r e l a t i o n s  has been 

made by Mckinnon (1980). 

3 . 2 . 3  Phase ana lys is  

Equations (3.17) and (3.18) show t h a t  the EMF (or the Gibbs f r e e  energy) 

of a c e l l  i s  a function of the contents of the ac t ive  species  i n  the 

cathode. For  a system of k canonical components and m phases,  the Gibbs 

phase ru le  predicted t h a t  the number of independent in tens ive  var iab les  i s  

determined by ( e . g .  see Hutchinson 1962): 

where f i s  a l s o  c a l l e d  the freedom of the system. I n  a binary system, k - 
2, and i f  only one phase e x i s t s ,  m = 1 ,  then the system has three 

independent in tens ive  var iab les :  temperature T ,  pressure P and the f r e e  

energy G .  I n  a r e a l  experiment, the  temperature T and the pressure P i s  

f ixed ,  so G as  well  a s  the EMF of the c e l l  is  the only va r i ab le  which can 

be var ied  with che inse r t ion  or  ex t rac t ion  of the ac t ive  spec ies .  I n  t h i s  

case the system is s a i d  t o  have one degree o f  freedom. I n  our case,  the 

.cathode Li,W03 can be t r ea t ed  a s  binary system, the L i  forms one p a r t  and 

the W 0 3  forms another p a r t  i n  t h i s  system. In the experiments, a constant 

current  i s  forced t o  pass through the c e l l ,  i f  only one phase e x i s t s  i n  

the cathode, the  EMF of the c e l l  can vary with the time caused by the 

content changes of the ac t ive  species  L i  i n  the Li,W03 system. When two 

phases e x i s t  i n  the cathode ( i n  t h i s  case k = 2 and m = 2 ) ,  according t o  
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equation (3.13), the independent intensive variable f reduces to two. 

Obviously the free energy G of the system will be invariant if the 

temperature T and the pressure P on the system is fised, thus the EMF of 

the cell has to be a constant even though the content of the active 

species Li in Li,W03 varies with time. If the EMF of the cell is recorded 

as the function of the time, a plateau should be observed when more than 

one phase appears in the cathode. 

3.3 Coulometric titration analysis 

The qualitative knowledge of the transport kinetics of the considered 

species in solids is of importance for understanding the transport 

mechanism and the behavior of inserted species in the cathode. A 

coulometric titration technique offers was used to analyze the transport 

property of active species in the cathode: the hydrogen and lithium 

diffusion coefficients in the EC materials. In this sectio~i, a basic 

principle of coulometric titration technique is described. 

According to equation (3.8a) and (3.18) the cell voltage EMF at 

equilibrium is a measure of the chemical potential difference between the 

cathode and the anode. If one considers a constant electric current pulse 

driven through the cell by an external source: the cations inside the 

electrolyte will move across the electrolyte/cathode boundary and become 

neutralized by injected electrons. In a short period, these neutralized 

active species will accumulate at the boundary and cause a concentration 

gradient inside the cathode. This concentration variation then leads to a 

cell voltage change 6 E  (see the expression (3.8a) or ( 3 . 8 b ) ) .  The 
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concentration gradient will eventually disappear by chemical diffusion of 

t h e  active species after the current pulse and the cell voltage will reach 

a new equilibrium v a l u e  as is d e p i c t e d  by figure 3 . 1 .  

F i g .  3.1 The p r o f i l e  of inserted atom concentration in the 

cathode.  



The concentration gradient profile of the active species inside the 

cathode can be obtained through Fick's second law: 

where D is the chemical diffusion coefficient of the active species inside 

the cathode and y is the direction normal to the surface of the cathode 

with y = 0 at the electrolyte/cathode boundary. The initial and boundary 

conditions are: 

I - -  
y=O DSze 

for t = 0 

for t r: 0 

for t L 0 

where I is the constant current, s the surface area of the cathode 

attached to the electrolyte, and L the thickness of the cathode film. At t 

= 0, the concentration of active species is a constant inside the cathode 

as it is indicated by (3.21). During the current pulse, the concentration 

gradient is proportional to the current I, but inversely proportional to 

the diffusion coefficient D and the surface area S in equation (3.22). A 

semi-infinite boundary condition is represented by equation (3.23) which 

suggestes that no active species go through the film. Using the relation: 
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equation (3.20) can be solved. The solution with these conditions is 

(Weppner and Huggins 1977): 

for t << L ~ / D  

where I represents the imposed current, V, the molar volume of the cathode 

material, F the Faraday's constant, x the stoichiometric perameter, S 

positive cathode surface, NA Avogadro's constant, D the chemical diffusion 

coefficient, [6Et/6Jt] the local slope of the coulometric titration curve 

upon the current pulse and [6EX/6x] the derivative value of EMF-x curve. 

As we can see in this equation that, if the slope of Et vs Jt is constant 

during the current pulse, the chemical diffusicn coefficient of the 

considered species is then able to be calculated from measured slope of 

6~~/6,/t and derivative value of 6EX/6x. An example of coulometric 

titration curve is illustrated in figure 3.2. It should be point out that 

the current step mothed discussed does not consider any phase change in 

the host. The diffusion coefficient measured with this method has the 

meaning only when the host is in a single phase region during the 

intercalation. 



Fig. 3.2 The coulometric titration curve, where 6Et is the transient 

potential change due to the current pulse and the 

accumulation of active species at the cathode surface; 6E, is 

the EMF change of the cell for two different equilibrium 

states. 
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Chapter 4 

Experimental techniques 

In this thesis, we investigated the EC properties of tungsten trioxides, 

iJ03 and two cesium tungsten compounds: hexagonal C S ~ . ~ ~ W ~ ~  and pyrochlore 

( C S ~ O ) ~ . ~ W ~ O ~ .  The studies included electrochemical cell design, source 

material and EC layer preparation, electrochemical analysis, and crystal 

structure determination. Since the electrochemical cells are the basic 

tools used in this study, the structures of various electrochemical cells 

will be first described in derail. Then the system used to obtain reliable 

EMF-x data, the basic techniques used in the powder X-ray diffraction 

experiments and the principle of X-ray profile refinement will be 

discussed. Some other techniques used to characterize the EC materials 

will also be briefly described. 

4.1 The construction of electrochemical cells 

Three types of EC cells were used in this work. The first type was a 

traditional three electrode electrochemical cell which was mainly used to 

study hydrogen intercalation, Figure 4.1 shows the structure of this cell. 

Thin layers of tungsten trioxides or tungsten compounds were used as the 
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working e l e c t r o d e  ( a l s o  the  cathode in the  c e l l ) ,  P t  f o i l  w a s  used as  t he  

counte r  e l e c t rode  and SCE ( s a tu r a t ed  calomel e l e c t r o d e )  a s  t he  re fe rence  

e l e c t r o d e .  

Reference 
electrode 

1 

Fig .  4 . 1  The t r a d i t i o n a l  e lec t rochemical  c e l l  used i n  s tudy ing  t h e  

hydrogen i n t e r c a l a t i o n  i n t o  EC l a y e r s  wi th  SCE as the  re fe rence  

e l e c t r o d e ,  EC l aye r  a s  working e l ec t rode  and P t  f o i l  a s  counter  

e l e c t rode .  



The e l e c t r o l y t e  conraining H+ w a s  usua l ly  a  s o l u t i o n  of 10% H 2 S 0 4  i n  

wate r .  I n  t h e  experiments,  the  cu r r en t  source was connected t o  t he  c e l l  

through the  working and the  counter e l ec t rodes .  The vo l t age  between t h e  

working e l ec t rode  and t he  re fe rence  e lec t rode  was measured a s  t h e  

e lect rochemical  p o t e n t i a l  of tha  working e l ec t rode .  This vo l t age  is  a l s o  

known a s  the  e l e c t r o m o ~ i v e  fo r ce  (EMF) of the  c e l l .  

The second type of EC c e l l  w a s  used t o  study l i t h ium i n t e r c a l a t i o n  i n t o  EG 

l a y e r s .  I n  t h i s  c e l l ,  t he  EC l aye r s  ( tungsten oxides o r  compounds) were 

a l s o  t h e  working e l e c t r o d e s ,  bu t  t h e  l i th ium f o i l  worked a s  both  counter 

and re fe rence  e l ec t rode .  Figure 4 . 2  shows the  s t r u c t u r e  of t he  c e l l .  

Spr lng  
Metal  
p l a t e  - 
Li . 

P o l y m e r  s e p a r a t o r  
Rubber 

1 

1 s u b s t r a t e  
t 

Sta in less  
1 .  

EC layer  s r e e  I 

F i g .  4 .2 S t ruc tu r e  of the  b a t t e r y  c e l l  used i n  l i t h ium i n t e r c a l a t i o n .  
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A porous polymer shee t  (polypropylene,  Celgard 2502 from Celanese Corp.)  

which could absorb 50% e l e c ~ r o l y t e  i n  volume was i n s e r t e d  between the 

working and counter  e l ec t rode  a s  a  s epa ra to r .  The e l e c t r o l y t e  wi th  ~ i +  w a s  

made of 1 M  LiC104 i n  propylene carbonate (PC) o r  i n  5 0 : 5 0  volume mixture 

of propylene carbonate  (PC) and e thy lene  carbonate ( E C ) .  As i s  shown i n  

f i g u r e  4 . 2 ,  the  c e l l  were f i n a l l y  sea led  i n  a  bottom b a t t e r y  s h e l l  so  t h i s  

k ind of c e l l  w i l l  be c a l l e d  a  b a t t e r y  c e l l  i n  l a t e r  chap t e r s .  To prevent 

the  l i t h ium spec i e s  from r eac t i ng  wi th  oxygen and moisture i n  a i r ,  the  

c e l l  was cons t ruc ted  i n  an argon f i l l e d  glove box (VAC Model HE-493,  U . S  

A . ) .  I n  t h e  experiments,  the  c u r r e n t  source was connected t o  the  c e l l  

through t h e  s t e e l  e l ec t rodes  and t h e  vo l tage  measured between t he  two 

e l ec t rodes  w a s  recorded a s  t he  EMF of the  c e l l .  The e lect rochemical  

p o t e n t i a l  of l i t h ium i n  the  o r i g i n a l  EC l aye r s  i s  u s u a l l y  much lower than 

t h a t  i n  L i  f o i l ,  thus  the  spontaneous process i n  t he  b a t t e r y  c e l l  is  t h a t  

t he  Li  atoms i on i ze  (oxidize)  a t  t h e  i n t e r f a c e  of Li  ( f o i l ) / e l e c t r o l y t e  

and t h e  ~ i +  ions  n e u t r a l i z e  (reduce) a t  the  i n t e r f a c e  of e lect rolyte /EC 

l a y e r .  Therefore ,  t h e  Li  f o i l  i n  t h e  b a t t e r y  i s  a l s o  c a l l e d  t h e  anode and 

the  EC l a y e r  t h e  cathode i n  t h i s  t h e s i s .  

The t h i r d  type of EC c e l l  used i n  t he  X-ray d i f f r a c t i o n  s t u d i e s  i s  shown 

i n  f i g u r e  4 . 3 .  The s t r u c t u r e  of t h i s  c e l l  was b a s i c a l l y  t he  same a s  t he  

b a t t e r y  c e l l :  t h e  EC l aye r  was t h e  working e l ec t rode  ( c a ~ h o d e j  and t he  

l i t h ium f o i l  was t he  re fe rence  and t he  counter e l ec t rode  (anode).  The 

d i s t i ngu i shab l e  d i f f e r ence  of t h i s  c e l l  was t h a t  t he  c r y s t a l  s t r u c t u r e  

changes i n  t h e  EC l a y e r s  could be r e a d i l y  de tec ted  by t h e  X-ray experiment 

throughout t he  beryl l ium windows i n  t he  c e l l .  A s  shown i n  f i g u r e  4 . 3 ,  the  

c e l l  was s e a l e d  i n  between the  Be s h e e t  and t he  s t a i n l e s s  s t e e l  ho lde r .  
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The X-ray beam cou ld  pass  through t h e  Be window x i t h o u t  s i ~ n i f i c a n t  energy 

l o s s  i n  t h e  exper imen t s .  This  c e l l  is f r e q u e n t l y  used  i n  t h i s  t h e s i s  and 

w i l l  be c a l l e d  t h e  X-ray  c e l l  i n  l a t e r  p a r t s  o f  t h i s  t h e s i s .  By means of 

t h e  X-ray  c e l l ,  t h e  c r y s t a l  s t r u c t u r e s  o f  t u n g s t e n  ox ides  and compounds 

could be  d e t e c t e d  a t  any moment d u r i n g  t h e  l i t h i u m  i n t e r c a l a t i o n  

Be 
s h e e t  

EC l ay  

r e w  Cell P o l v m e r  
h o l d e r  s e p a r a t o r  Spacer  

Fig. 4 . 3  The X-ray cell used i n  the s t r u c t u r e  a n a l y s i s  of  the  EC f i l m s  

upon lithium i n t e r c a l a t i o n .  



4 . 2  EC l aye r  and e l e c t r o l y t e  p repara t ions  

Films prepared by evaporation 

Two kinds  of EC l a y e r  were used i n  our EC c e l l s ,  t h e  f i r s t  one was a 

&.  ansp spa rent - t h i n  f i l m  prepared by evaporat ion and t h e  o t h e r  a powder f i lm  

prepared by a spread method with some s p e c i a l  t o o l s .  The t r anspa ren t  f i lms  

were evaporated i n  a vacuum system a t  about 1 - 5x10-' t o r r .  The 

s u b s t r a t e s  used were SnOZ coated g l a s s ,  A 1  f o i l ,  and t h e  Be metal s h e e t .  

I n  evaporat ing W 0 3  f i l m s ,  the  s u b s t r a t e s  were u sua l l y  kep t  a t  room 

temperature.  When evaporat ing Cs,W03, t h e  s u b s t r a t e s  have t o  be heated t o  

about 300•‹C t o  prevent  t he  f i lms  from pee l ing  o f f .  The f i l m  thicknesses  

w e r e  i n  t he  range from 300 nm t o  2000 n m .  Most evaporated f i lms  were 

amorphous and became p o l y c r y s t a l l i n e  a f t e r  annealed a t  400•‹C t o  600•‹C i n  

a i r .  A s  t h i s  t h e s i s  is mainly concerned with t he  EC p roper ty  of W03 and 

tungsten compounds i n  r e l a t i o n  t o  t h e i r  c r y s t a l  s t r u c t u r e s ,  only 

p o l y c r y s t a l l i n e  f i lms  were used.  

Powder film prepara t ions  

The l i t h ium i n t e r c a l a t i o n  i n  Wg3 powders was a l s o  i n v e s t i g a t e d .  For t h i s  

purpose,  powder f i lms  were prepared f o r  i n s e r t i o n  i n t o  an e lect rochemical  

c e l l .  The source macer ia l  was made o f  5 g W 0 3  powder, 0 . 5  g carbon b lack  

which ensures  good e l e c t r i c a l  con t ac t  between t h e  powder p a r t i c l e s ,  0 . 1  g 

EPDX (Ethyl  Propylene Dyne Molemer) b inde r ,  and a c e r t a i n  amount of 

cyclohexane. A f t e r  thoroughly mixing these  components, t h i s  ma te r i a l  was 

spread onto  a s u b s t r a t e  such as A 1  f o i l  o r  s t a i n l e s s  s t e e l  shee t s  wi th  a 
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s p e c i a l  spreader  which i s  shown i n  f i g u r e  4 . 4 .  The powder f i l m  prepared i n  

t h i s  way was of good adhesion t o  t he  s u b s t r a t e .  Usually a 1 . 2  cm x 1 . 2  cm 

powder f i lm with  A 1  o r  s t a i n l e s s  s t e e l  f o i l  w a s  c u t  and i n s e r t e d  i n t o  the  

b a t t e r y  c e l l  o r  t h e  powder f i lms  of  t he  same s i z e  were peeled o f f  the  

s u b s t r a t e  and i n s e r t e d  i n t o  t he  x - r a y  c e l l .  The powder f i lms  made by t h i s  

method had d e n s i t i e s  around 15 t o  25mg/crn2 . 

Fig .  4 .4  The spreader  used t o  prepare  powder f i lms  



Electrolyte p r e p a r a t i o n s  

The hydrogen based e l e c t r o l y t e  cons i s ted  of 10% H2SO4 i n  deionized water .  

Other e l e c t r o l y t e s  conta ining H' were a l s o  used,  such a s  poly-AMPS (2- 

acrylaino-2rnetheyl-1-propane-sulfonic a c i d ) .  The e l e c t r o l y t e  conta ining 

Li+ ions  i s  cons i s ted  of 1 M  LiC104 i n  propylene carbonate  (PC) o r  a 50:50 

volume mixture of propylene carbonate (PC) and e thy lene  carbonate  (EC). 

The LiC104 was f i r s t  d r i ed  a t  120 "C i n  a vacuum of about 1 x 1 0 - ~  t o r r  f o r  

24 hours before  Seing d i sso lved  i n  t he  PC o r  PC/EC. The PC and EC were 

vacuum d i s t i l l e d  a t  l e a s t  twice t o  e l imina te  t h e  water concamination. The 

l i th ium hased e l e c t r o l y t e  was prepared and kept  i n  an  argon f i l l e d  glove 

box {YAC Model HE-493 U.S.A.) .  

The EC l aye r  p r e  - t r ea tmen t s  

The EC l aye r s  ( t h e  powder f i lms  o r  evaporated f i l m s )  used i n  the  EC c e l l s  

u sua l l y  have rough sur faces  which could prevent  t h e  e l e c t r o l y t e s  from 

uniformly a t t a ch ing  t o  t he  EC l a y e r .  On t h e  o t h e r  hand, t h e r e  mighc be 

some porous s t r u c t u r e  i n  t h e  l a y e r ;  a i r  o r  argon s t o r e d  i n  t h e  porous 

s t r u c t u r e  could reduce t he  r e a l  su r f ace  a r e a  between t h e  EC l aye r  and t he  

e l e c t r o l y t e .  I n  o rder  t o  ensure  good phys ica l  and e l e c t r i c a l  con t ac t  

beeween t h e  e l e c t r o l y t e  and t he  EC l a y e r ,  t he  EC l a y e r s  used i n  EC c e l l s  

were a l l  p r e - t r e a t e d .  The EC l aye r s  were f i r s t  immersed i n  e l e c t r o l y t e s  

( say  t h e  1 M  LiC104 i n  PC/EC) i n  a con ta iner  and then t h e  argon i n  t h e  

con ta iner  was evacuated t o  about 2 x t o r r  f o r  about  10 minutes t o  

ensure t h a t  t h e  gasses  ( a i r  o r  argon) i n  t he  EC l a y e r  were mostly removed. 

Af t e r  evacuat ion,  t h e  con ta iner  w a s  r e f i l l e d  wi th  argon a t  a pressure  of 8 
54 



kg/cm2 f o r  another 10 minutes to  eliminate any a i r  gap between the 

e l e c t r o l y t e  and the EC layer .  I n  the ba t te ry  and X-ray c e l l ,  a porous 

polymer sheet  was used a s  separator  to  absorb the e l e c t r o l y t e .  The 

procedures used to  have the polymer separator absorb the e l e c t r o l y t e  was 

the  same as t h a t  used fo r  the EC l aye r s .  

4 . 3  Electrochemical techniques f o r  thermodynamic property determination 

I t  has been known t h a t  thermodynamic proper t ies  of the  EC c e l l  can be 

obtained from the EMF-x curve a t  constant temperature and pressure.  The 

EMF of an o r i g i n a l  EC c e l l  depends on the property of the EC l a y e r ,  the 

ac t ive  spec ie s ,  e l e c t r o l y t e  and the reference e l ec t rode .  The EMF-x curves 

were obtained by applying a small constant cur rent  t o  the c e l l ,  and 

recording the vol tage across the c e l l  a t  the same time. The current  was 

usual ly  very small so  t h a t  a t  each moment, the c e l l  i s  considered t o  be i n  

the quasi-equi l ibr ium s t a t e  and the voltage across  the  c e l l  was considered 

a s  the  equilibrium EMF. The x could be ca lcula ted  by t h e  constant cur rent ,  

the  mass of the  cathode and the time of cur rent  flow (see equation 3.11). 

For example, for l i thium in te rca la t ion  in to  a 20 rng W 0 3  powder f i lm,  i f  

the  cur rent  se l ec t ed  was 2 3  PA, then the x change i n  Li,WOj is Sx - 1 i n  

100 hours ,  which we ca l l ed  charge/discharge r a t e .  For an evaporated f i lm 

1 . 5  pm t h i c k ,  t h e  mass of the f i lm with 1 . 2  cm x 1 . 2  cm was about 1 . 3  mg, 

thus the cur rent  f o r  a 100 hour r a t e  was 1 . 5  pA or  f o r  50 hour r a t e  was 

3.0 p A .  I n  t h i s  t h e s i s ,  the EMF-x data  were co l l ec t ed  by a computer system 

which i s  shown i n  f igure  4 .5 .  



E C  cell  
/ 

D a t a  s t o r e d  
in t he  m e m o r y  

c o n t r o l  p r o g r a m  

Fig. 4.5 The computer system for EMF-x data collection 

The cell was kept at constant temperature (usually 30•‹C + 0.l0C) in a 
thermostat, a program in the computer would record the EMF values whenever 

the EMF changed by a certain value ( e . g  2 mV). The EMF-x data could also 

be obtained by applying an electric potential across the cell until the 

current passing through the cell was very small and recording the total 

charge passing through the cell. A potentiostat/galvanostat (PAR 173 with 

PAR 179 coulometer) was used in this case. 

Another electrochemical analysis was to determine the chemical diffusion 
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coefficients of the hydrogen and lithium atoms in the EC layer. The 

chemical diffusion coefficients were measured with PAR 173 

potentiostat/galvanostat at control I mode. A constant current (I,) step 

of width T was applied across the cell, a transient voltage response 6Et  

across the cell arose from the accumula~ion of active species on the 

surface of the cathode. After the current pulse, the voltage of the cell 

would reach a new equilibrium value due to the concentration change of the 

active species in the cathode. The voltage difference at two equilibrium 

states before and after the current pulse was recorded as SEX. In the 

experiments, the SEt  was recorded as a function of time and SE, as 

function of Sx. The width of current step T of 0.5 to 2.0 seconds was used 

in most cases. The chemical diffusion coefficient D was then calculated 

from the slope of 6Et - 6Jt curve and/or from the ratio of 6Et/6E,  as 

expressed by equation 3.30. 

4.4 X-ray structure analysis 

General descr ip t ion  

The X-ray diffraction experiments were carried out on an X-ray 

diffractrometer (Philips PW-1730) using CuKa radiation. For most powder 

and film samples, the X-ray data were collected using steps of 28 = 0 . 0 5 " .  

The counting time at each step was varied from 2 to 40 seconds depending 

on the intensity requirements. The powder samples were usually finely 
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grounded and s i f t e d  by 44 ,urn o r  100 pm s ieves  previous t o  t he  X-ray 

d i f f r a c t i o n  a n a l y s i s  i n  order  t o  reduce any pos s ib l e  p r e f e r r e d  c r y s t a l  

g r a in  o r i e n t a t i o n .  To study the  c r y s t a l  s t r u c t u r e  of W 0 3  powder and f i lm  

a f t e r  l i t h ium i n t e r c a l a t i o n ,  the  X-ray c e l l  was used.  Since l i th ium i s  a  

very a c t i v e  s p e c i e s ,  a W 0 3  powder o r  f i l m  with i n s e r t e d  l i t h ium can no t  be 

opened t o  the  a i r  otherwise t he  i n s e r t e d  l i t h ium w i l l  qu ick ly  r e a c t  wi th  

t he  oxygen and moisture i n  t he  a i r .  For the  s t r u c t u r e  ana ly s i s  of the  W 0 3  

f i lm  a f t e r  hydrogen i n t e r c a l a t i o n ,  the  f i lms  wi th  i n t e r c a l a t e d  hydrogen 

were taken from the  EC c e l l  and loaded i n t o  t he  x - r a y  machine wi th  t he  

samples exposed t o  a i r .  The e f f e c t s  of the  a i r  on these  samples w i l l  be 

discussed l a t e r  wi th  the  experimental  d a t a .  

Crystal s t r u c t u r e  determinations 

The c r y s t a l  s t r u c t u r e  ana ly s i s  includes  the  determinat ion of  t he  u n i t  c e l l  

of t he  Bravais l a t t i c e ,  t he  space group, and t h e  atom p o s i t i o n s  i n  t he  

u n i t  c e l l .  For t h e  Bravais l a t t i c e ,  w e  need t o  know t h e  c e l l ' s  symmetry 

and dimensions which a r e  r e l a t e d  t o  t he  peak p o s i t i o n s  and ind ices  i n  t h e  

X-ray d i f f r a c t i o n  p a t t e r n .  The method t o  determine t h e  dimensions of t h e  

u n i t  c e l l  can be found i n  textbooks ( e . g .  s ee  Lipson and Steep 1 9 7 0 ) .  To 

determine t he  space group and t he  atom pos i t i ons  i n  t h e  u n i t  c e l l ,  we need 

t o  analyze t he  i n t e n s i t i e s  o f  the  X-ray d i f f r a c t i o n  p a t t e r n s .  The 

i n t e n s i t y  of peak (h ,  k ,  1 )  i n  the  X-ray d i f f r a c t i o n  p a t t e r n s  can be 

expressed a s :  



where S is the scale factor, M h  a k , ,  the multiplicity, k Z k , (  the Loren tz -  

polarization factor and the F h , k , L  the structure factor: 

where the g j  is the product of the atomic scattering factor f j  and the 

isotropic thermal vibration factor T j  for the atom j in the unit cell. The 

sum C in equation 4 . 4  should go over the total atoms (from j = 1 to N) in 

the unit cell. The atomic scattering factor can be expressed as 

where aj,, to a j t 4 ,  b j , ,  to b j J 4  and c are constants and related to the 

characteristic sf the atom j. These constants can be foclnd from the X-ray 

diffraction handbook: "International Tables for X-ray Crystallography" 

Edited by Henry, N. F. M. and Lonsdale, K .  1965 .  The thermal vibration 

factor Tj is 

where Bj  is the temperature factor of atom j, given by 

where c2 is the mean square amplitude of vibration of the jth atom from 
its equilibrium position in a direction normal to the reflecting plane. 

The intensity I, of (h,k,l) peak was calculated by equations ( 4 . 3 ) ,  ( 4 . 4 )  
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and (4.5) and then compared to the observed intensity I,(h,k,l). 111 the 

calc~~lations, the scale factor S, temperature factor B j  and the atomic 

positions (sj , y j  , z - )  could be refined until a smallest discrepancy 
J 

factor R was obtained: 

where the sum should go over whole (h,k,l) peaks observed. The process 

used to minimize the R factor is called structure refinement. In practical 

powder X-ray diffraction patterns, the observed peaks are not geometric 

lines but broadened. Rietveld (1967, 1969) proposed an equation which 

could be used to fit the practical X-ray diffraction peak profile: 

where r i a ,  is the intensity calculated at point i (at a certain angle 

position), r i , b  ts the background intensity, G i l h l k l l  is a normalized peak 

prcfile fcnction, and Ih,k,L is the intensity of peak (h, k, 1). The total 

X-ray intensity at point i should consider all (h,k,l) reflections. Based 

on Rietveld concept, the whole profile of X-ray diffraction pattern could 

be calculated point by point. Many computing programs have been develo~ed 

(e.g. by Wiles and Young (1981); Howard and Hill 1986). In this thesis, a 

computer program named Rietveled profile refinement program, developed by 

Howard and Hill (1986), was used to analyze X-ray diffraction patterns and 

to determine the crystal structure. In this computing program three peak 

profile functions are available: Pseudo-Voigt, Pearson VZI and Voigt 

function which can be used to fit the observed peak shapes (Howard and 
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H i l l  1986) .  The value  of I h , k , l  ca l cu l a t ed  by the  program depends on the  

symmetry of the  u n i t  c e l l ,  t he  atom pos i t i ons  i n  t h e  u n i t  c e l l ,  

temperature f a c t o r s  of  a to~ns and t he  t o t a l  s c a l e  f a c t o r .  A l l  those 

parameters a r e  ad ju s t ab l e  i n  the  program. I n  produci-ng t he  ref inements ,  

t h e  program reads  a  c o n t r o l  da t a  f i l e  wi th  suggested s c a l e  f a c t o r ,  space 

group, atom p o s i t i o n s  and peak shape,  and c a l c u l a t e s  t he  d i f f r a c t i o n  

p a t t e r n .  Af te r  comparing t h e  ca l cu l a t ed  da t a  and t h e  observed d a t a ,  some 

parameters a r e  then ad jus ted  by t he  program i n  o rde r  t o  reduce t he  R 

f a c t o r .  The process  was repeated u n t i l  t he  refinement was f i n i s h e d .  I n  

t h i s  way the  c r y s t a l  s t r u c t u r e  of t he  s t l ld ied m a t e r i a l  was determined. 

The s t ruc ture  ref inements  in t w o  s p e c i a l  cases 

A s  descr ibed i n  s e c t i o n  4 . 1 ,  t o  s tudy  t h e  l i t h ium i n t e r c a l a t i o n  i n t o  W 0 3 ,  

t h e  X-ray experiment was c a r r i e d  ou t  on the  bery l l ium X-ray c e l l .  The x- 

ray  d a t a  obta ined i n  t h i s  case  were a s soc i a t ed  wi th  the beryl l ium shee t  

absorp t ion .  Refe r r ing  t o  f i g u r e  4 . 3 ,  t h e  i n t e n s i t y  change caused by 

bery l l ium s h e e t  absorp t ion  can be expressed a s :  

I, - I, exp ( - 2pl /s inQ) ( 4 . 9 )  

where I, is  t h e  d i f f r a c t i o n  i n t e n s i t y  without t h e  bery l l ium absorpt ion,  I, 

t he  recorded i n t e n s i t y  a s soc i a t ed  wi th  t he  beryl l ium absorp t ion ,  p the  

absorp t ion  c o e f f i c i e n t  of t h e  bery l l ium t o  t he  X-ray r a d i a t i o n  used,  1 the  

th ickness  of t h e  beryl l ium s h e e t  and t he  8 t h e  d i f f r a c t i o n  ang le .  I n  o rder  

t o  use  equat ions  (4 .3) - (4 .8)  t o  r e f i n e  t he  c r y s t a l  s t r u c t u r e ,  t he  recorded 

X-ray d a t a  I, should be converted t o  I, according C o  equa t ion  ( 4 . 9 ) .  
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The second case considered here is the preferred orientation of crystal 

grains in the sample, especially in the film samples. When we analyze the 

X-ray data from the polycrystalline films, some peaks may have 

extraordinary intensities due to the presence of preferred oriented 

crystallites in the film. To include preferred orientation into the 

intensity calculation, the intensity can be expressed as (Rietveled 1969) 

where I, is the normal intensity, Ip is the intecsity associated with the 

preferred orientation in the sample and the a the acute angle between the 

scattering vector and the normal to the surface of the preferred oriented 

crystallites. The intensity Ip has maximum value when the scattering 

vector and the normal of the oriented crystallites are in parallel. In the 

computer program the Ip is expressed as 

where P 1  and P2 are refinable parameters. It is obvious that Ip - I, when 
P2 = 1 or P1 = 0. 



4 . 5  Other physical and chemical too ls  

Some o ther  physical and chemical means were a l s o  used t o  charac ter ize  the 

general proper t ies  of tungsten oxides and compounds including the 

measurements i n  o p t i c a l  absorption, X-ray enerr  ~ i s p e r s i o n ,  thermal 

gravimetric ana lys is  (TGA) and surface area determination. 

Optical absorption 

The o p t i c a l  absorption measurements were c a r r i e d  out  i n  the region of 

v i s i b l e  and near inf rared  spec t ra  with the double beam o p t i c a l  

Spectrometer (Model Cary 17) .  The o p t i c a l  absorption measurements were 

recorded as  o p t i c a l  densi ty  ( O D ) :  

where Ii i s  the in t ens i ty  of incident  l i g h t  onto the  sample and It  the 

i n t e n s i t y  of t ransmit ted l i g h t  out  of the sample. The o p t i c a l  density 

measurements were mainly c a r r i e d  out  f o r  the evaporated W03 fi lms a t  t h e i r  

i n i t i a l ,  colored and bleached s t a t e s .  I n  the measurements, the W03 fi lms 

on the t ransparent  subs t ra tes  were placed i n t o  the sample chamber and a  

t ransparent  subs t r a t e  i n  the reference chamber. The i n t e n s i t y  of the l i g h t  

passing through the sample (W03 on subs t ra te )  was I t  and l i g h t  in t ens i ty  

through the reference subs t ra te  was I i  . The o p t i c a l  d e n s i t i e s  of i n i t i a l ,  

colored and bleached W03 fi lms were reported by the spectrometer.  



Energy-dispersive X-ray spectroscopy 

The energy dispersive X-ray spectrometer (EG&G ORTEC) was used to analyze 

the chemical compositions of cesium tungsten compounds. The samples were 

excited with an electron beam accelerated by a voltage of 15 kv in the 

vacuum. The characteristic X-ray energies emitted from the samples were 

analyzed by a Si(Li) diode. 

Thermal gravimetic analysis (TGA) and surface area determinations 

The thermal gravimetric analysis (TGA) is a powerful tool to analyze 

thermal decomposition of solid materials, such as H 2 W 0 4 .  The experiment 

was carried out on a Thermal Gravimetric Analyzer (Du Pont Instruments 

951) under a helium gas flow of 50 ml/min. About 50 mg to 70 mg powder 

sample was used in each measurement. The sample was loaded in the TGA at 

room temperature and kept in helium gas flow for at least 20 minutes 

before running the TGA. In the experiments, temperature linearly increased 

from room temperature to 1000•‹C at a rate of 10" - 20•‹C/min. 

To understand differences of 1ithium;intercalation in different WO, 

powders, the surface areas of various W03 powders were measured. The 

measurements were carried out on a Quantaorb Sorption System and based on 

the theory that the physical adsorption of inert gas on a solid powder is 

proportional to its total surface area. About 0.5 g W03 powder was used in 

each experiment. The sample was loaded in a U type glass tube and heated 

at 200•‹C under a gas flow of the mixture of 70% helium and 30% nitrogen 

for 30 minutes to eliminate any moisture and gas absorbed on ~ h e  powder 
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s u r f a c e ;  t h e n  t h e  U tube  w a s  immersed i n t o  l i q u i d  n i t r o g e n  whi le  keeping 

he l ium and n i t r o g e n  gas f l o w  went through t h e  U t u b e .  T 5 e  q u a n t i t y  of 

n i t r o g e n  gas adsorbed by t h e  sample i n s i d e  the U tube  a t  low t empera tu re  

i s  compared t o  a  known q u a n t i t y  of  n i t r o g e n  and t h e n  t h e  s u r f a c e  a r e a  o f  

t h e  sample was c a l c u l a t e d .  



Chapter 5 

Hydrogen and lithium intercalation in W03 films 

As discussed in the previous chapters that the EC process in an 

electrochemical cell is an active species intercalation together with a 

visible color change. The hydrogen and lithium intercalation into 

evaporated WOj films will be discussed in this chapter. 

5.1 The crystal structure of W 0 3  source material 

To study the electrochrornic mechanism in W 0 3  films, a clear understanding 

of the basic crystal structure of  sour:.^ tungsten trioxides is of 

importance. Most W03 powders used in this thesis were purchased from the 

coinmercial sources, Aldrich Chemical Company, U . S . A  (99% tungsten(V1) 

oxide, 1314-35-8). The crystal structure of the WC, powuer was analyzed by 

X-ray powder diffraction. The results are shown in table 5.1 and figure 

5.1. It was found that the original W 0 3  powder has a monoclinic structure. 

The lattice parameters were calculated from 31 peaks of the X-ray 

diffraction patterns, they are a = 7.3100(8), b = 7.5402(7), c = 7.6948(5) 

and ,B = 90.90(1)O. This data are quite close to a published data (Loopstra 

1969): a = 7.306, b = 7.540, c = 7.692A and ,f? = 90.881". 



Table  5 . 1  (a)  Observed and calculated peak p o s i t i o n s  of X-ray diffraction 
patterns f o r  the GO3 powder.  

h k l  



Scattering angle 2 0  

Fig. 5.1 The X-ray diffraction pattern of the W 0 3  powder 

It will be seen later that it is more difficult to index the X-ray 

diffrac+-ion peaks fron the evaporated W 0 3  films, so the indices of these 

powder diffraction peaks are very useful as  reference. 

5.2 Characteristics of evaporated W 0 3  films 

iJ03 films were evaporated on three k i n d s  of substrates: a l u m i n u m  foil, 
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SnOz coated glass and the beryllium sheet. All freshly evaporated W 0 3  

films were amorphous as was identified by the X-ray diffraction patterns. 

The as-prepared films were of light blue color which might be due to the 

lack of oxygen in the films. To obtain a polycrystalline film, the as- 

prepared W03 film was annealed in air at the temperature from 350•‹C to 

600•‹C. The W 0 3  film turned transparent after the annealing. It was found 

that the adhesion of the W 0 3  film to the substrate was very sensitive to 

che surface condition of the substrate and the evaporation rate. The 

substrate was carefully cleaned and the evaporation rate was controlled at 

a range from 50A - 100A/min, otherwise the NO3 films could easily peel off 

the substrate no matter what the substrate temperature was. Figure 5.2 

shows X-ray diffraction patterns of an annealed W 0 3  film at 400•‹C on A1 

foil. It has a monoclinic structure. The calculated lattice constants for 

this annealed W 0 3  film are shown in table 5.1 ( b ) .  As a comparison, the 

lattice constants for source W 0 3  powder and the data in the literature 

(Loopstra 1969) are also listed. The agreement is quite good. 

Table 5.1 (b)  The lattice constants of evaporated W 0 3  film and 

source WOj powder. Numbers in parentheses are standard 

deviations of the last significant digits. 

a (A> b (A) c (A) B ( " 1  

Evaporated W 0 3  film 7.319(5) 7.521(3) 7.707(4) 90.59(3)" 

Source W 0 3  powder 7.310(1) 7.540(2) 7.695(2) 90.90(2)" 

(Loopstra 1969) data 7.306 7.540 7.692 90.881' 

It was found that the calculated lattice constants for various W 0 3  films 
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(on var ious s u b s t r a t e  or  annealed a t  var ious  temperature) var ied  within a 

small  range.  Usually the X-ray d i f f r a c t i o n  peaks from the  evaporated fi lms 

were much broader (some peaks a r e  broadened to  about lo) than t h a t  from 

the powders, and fewer peaks were observable i n  the  f i l m  X-ray p a t t e r n  

Thus the  l a t t i c e  constants  ca lcu la ted  from the f i lm  X-ray pa t t e rns  may not 

be a s  accura te  a s  t h a t  from the powder X-ray p a t t e r n .  

20 30 40 50 60  

Scattering angle (0) 

F i g .  5 . 2  The X-ray d i f f r a c t i c ?  p a t t e r n  o f  evaporated and annealed 

(400•‹C) W 0 3  f i l m s  on A i  subs t r a t e .  

5.3 Hydrogen intercalation in evaporated YO3 films 

The electrochemical  ce l l  used f o r  hydrogen i n t e r c a l a t i o n  was shown i n  

f i g u r e  4.1. 10% H2S04 w a s  used as the e l e c t r o l y t e  and SCE was used as 
70 



reference electrode. The polycrystalline W 0 3  films were obtained by 

annealing as prepared W 0 3  films in air at 4 0 0 • ‹ C  for ? to 3 hours. The 

thickness of the WOj films was about 600 - 2000 nm. We determtned the 

crystal structure of the hydrogen tungsten bronze, hydrogen diffusion 

coefficients in W 0 3 ,  and the optical density change in the W 0 3  film. 

The cell's initial EMF was usually 400 mv ( W O j  vs. S C E ) ,  which could be 

varied to -200 mv by connecting the cell to an external power source in 

the coloration process. The coloratic.: process will also be called the 

discharge or intercalation process in this thesis. By reversing the 

polarity of the external source, the W 0 3  film could be bleached. The 

bleaching process will also be called the charge or deintercalation 

process. The cells were usually discharged to -200 mv for coloration and 

charged back to +500 rnv for bleaching. 

5.3.1 The crystal structure of the H,W03 bronze 

Figure 5.3 shows the X-ray diffraction patterns of initially prepared W03 

film, colored H,W03 film with hydrogen concentration of x - 0.1 and x - 
0.4 and bleached W03 film, As can be seen, at low hydrogen concentration 

(x - 0.1, in figure 5.3), the crystal structure of H,W03 is almost the 

same as the original W 0 3  film (monoclinic). A crystal structure change was 

observed at higher hydrogen concentration (x = 0.4). In the bleached 

state, the X-ray diffraction pattern changes back to the initial state. 



2 0  2 5  30 3 5  4 0  4 5  5 0  5 5  6 0  

Scattering Angle (20) 

Fig. 5.3 The X-ray diffraction patterns of W 0 3  films at initial, colored 

and the bltached states. 

: Using the Rietveld profile refinement program, the structure of the 

colored H,W03 film (x = 0.4) was analyzed. The blue colored hydrogen 

tungsten bronze (x = 0.4) has a tetragonal symmetry. The space group is 

P 4 / m  - D ~ ~ ~ .  The systematic absences in the X-ray diffraction pattern 
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were hkO with h + K = odd. From the p r o f i l e  refinement,  the s t r u c t u r a l  

parameters of H,WO3 i n  an u n i t  c e l l  were found and the r e s u l t s  a re  shown 

i n  table 5 . 2 :  

Table 5.2 The s t r u c t u r a l  parameters of te t ragonal  H,W03 i n  an u n i t  c e l l .  

Space group P4/nmm, a = 5.221(3)A, b = 3.862(5)A 

Refinement R f a c t o r :  0.068 

Origin a t  2/m x Y z B 

257 in 2(c) 4mm 0.25, 0.25, z ,  l . 0 ;  

0.75, 0.75, - 2 ,  1.0; 

20 i n  2(c) 4mrn 0.25, 0.25, 0.50 + z ,  1 . 2 ;  

0.75, 0.75,-0.50 - Z ,  1 . 2 ;  

40 i n  4(e)  2mm 0.00, 0.00, 0.50, 1.2; 

0.50, 0.50, 0.50, 1 . 2 ;  

0.50, 0.00, 0.50, 1 . 2 ;  

0.00, 0.50, 0.50, 1 . 2 .  

where z i s  a  r e f inab le  parameter and B is an i s o t r o p i c  temperature f ac to r .  

The f i n a l  ref ined z is 0.428. Due t o  weak in t e rac t ion  between hydrogen 

atoms and X-rays, w e  were not  be ab le  t o  determine the hydrogen pos i t ions  

i n  the  u n i t  cell. Table 5 .3  l i s t s  the re f ined  r e s u l t s  f o r  peak i n t e n s i t i e s  

and f igu re  5 .4  depic ts  the p r o f i l e s  of raw (M) and ca lcula ted  (---) x- 

ray patterns f o r  t h i s  te t ragonal  hydrogen tungsten bronze. The f i n a l  

refinement R f a c t o r  (as  expressed by equation 4 . 7 )  is 0.068 or 6 . 8 % .  



Table 5.3 A list of observed and calculated peak positions and 

intensities for the tetragonal hydrogen tungsten bronze. 

From the refinement results, it can be seen that most calculated peak 

intensities agree with the experiment data. The main discrepancy between 

the calculated and the observed data (expressed by the R factor) comes 

from peak ( 2 0 0 ; .  In the calculation the tetragonal H,W03 film was found 

ha~~ing a preferred orientation ir, the (110) direction which was caused by 

preferred orientation in the (200) direction in the original monoclinic 

GO, film. 



20  3 0 40  5 0  6 0 7 0  

Scattering angle (28) 

Fig. 5 .4  I l l u s t r a t i o n  of raw (++-I-) and ca lcu la t ed  (-) X-ray 

sca t t e r ing  pa t t e rn  f o r  te t ragonal  H,W03 f i lm.  

5.3.2 Optical properties of the H,W03 film 

Th= op t i ca l  absorption spec t ra  of i n i t i a l  and colored W 0 3  f i lms w e r e  

measured i n  the v i s i b l e  and in f ra red  spec t r a l  regions.  The o p t i c a l  

dens i t i e s  i n  colored \do3 f i lms were a l so  measured a s  a funct ion of charge 

densi ty  passing through the  c e l l .  Figure 5.5 shows the absorption spec t ra  

f o r  W 0 3  f i lms a t  i n i t i a l ,  colored and bleached s t a t e s .  The blue color  was 

due t o  the hydrogen i n t e r c a l a t i o n  and the formation o f  hydrogen tungsten 

bronze. The hydrogen content i n  t h i s  colored sample was x - 0.15 i n  H,W03. 

I t  can be seen t h a t  the  main absorption region i s  i n  the near i n f ~ a r e d .  

The maximum absorption peak appears a t  980 n m  (1.38 ev) .  The colored 

sample can be bleached by taking the hydrogen out  of the FT03 f i lms .  
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l l l l l T l i ~ T l i i ~ l ! l l ~ ~ ~ ~ ~ ~ ( ~ ~ ~ -  

Thickness ~0.9 pm 
polycryslalline VQ f i l m  - - 3 - 

- . . . . . . . - - 
2 

. . . . Colored (Q=1.2x10' C13.2 cm )I 
-.. - -.. 

- . . - 
. . 

- . I . .  

- 
- 

- 

- - - - 

Bleached 

Wavelength (nm) 

Fig. 5.5 The optical absorption of initial, colored and bleached 

H,W03 films. 

The relation between relative optical densities of the colored W 0 3  film 

and the inserted charge densities was analyzed. The optical density was 

measured at a fixed wavelength of 623.8 nm (He-Ne laser). Figure 5.6 shows 

the results in which the optical density of original W03 films were set to 

be zero. A linear relation between the optical density and the charge 

density appears in the range from 0 to 30 mc/cm2. The W03 film used i n  

this experiment had the thickness of 0.6 pm and density of about 6g/cm3. 

The molecular weight of W03 is 231.85g/mol. Thus the hydrogen content in 

the linear region varied from x = 0 to 0.2 in H,W03. As seen in figure 
7 6 



5 . 6 ,  a t  a charge densi ty  of 30 mc/crn2 (x = 0 . 2 )  the  o p t i c a l  dens i ty  i n  t h e  

WOj f i lm  i s  approximately 1 . 0 ,  l a r g e  enough f o r  d i sp lay  systems. From the 

c r y s t a l  s t r u c t u r e  ana lys i s ,  i t  has been known t h a t  a phase change i n  the 

H,W03 f i lm  appears a t  about x = 0 .4  which means t h a t  t he  H,W03 f i lms  may 

work a s  an EC l aye r  i n  a s ing le  phase region i n  a d i sp l ay  systems. 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 

Char~e  density i r n ~ i c r n ~ )  

Fig.  5 . 6  The r e l a t i o n  of o p t i c a l  dens i ty  i n  H,W03 f i l m s  t o  the  

i n j  ec ted  charge dens i ty .  



5 . 3 . 3  Hydrogen d i f f u s i o n  i n t o  t he  W03 f i l m s  

A s  w a s  d iscussed i n  Zhapter 4 ,  che hydrogen atoms i n t e r c a l a t e  i n t o  the  WQ3 

hosc i f  the  e l e c t r i c a l  p o t e n t i a l  of t h e  WOj h o s t  f i l m  is  lowered by 

applying an  e x t e r n a l  e l e c t r i c a l  pe r tu rba t i on .  The hydrogen ions from the  

e l e c t r o l y t e  e n t e r  i n t o  the  sur face  of t h e  W03 f i l m  and meet the  e l ec t rons  

i n j e c t e d  from the  o the r  s i d e  of t h e  f i l m .  Tke n e u t r a l i z e d  hydrogen atoms 

w i l l  accvrnulate st t he  sur face  of the  W 0 3  f i l m  a ~ a  e s t a b l i s h  a  hydrogen 

concen t ra t ion  g r ad i en t  due t o  which t h e  hydrogen atoms w i l l  d i f f u s e  i n t o  

t h e  bulk  of t he  f i l m .  The d i f f u s i o n  speed of t h e  hydrogen atoms i n  the  W03 

f i l m  i s  an important parameter f o r  t h e  response time of an EC c e l l .  We 

determine t he  d i f f u s i o n  c o e f f i c i e n t  of hydrogen i n  t h e  !JOj f i lms  us ing t he  

c u r r e n t  s t e p  method (Weppner and Huggins 1 9 7 7 ) .  From equa t ion  (3 .30)  

This equat ion may be transformed t o  a  simpler a l g e b r a i c  form i f  E vs. ,/t 

shows a  l i n e a r  r e l a t i o n  over t he  e n t i r e  t i m e  p e r iod  of  t h e  c u r r e n t  s t e p .  

Consider a c u r r e n t  impulse a t  0 < t < 7 ,  t he  6Jt = (J7  - JtO) = ( J 7 )  and 

t h e  express ion on t he  l e f t  s i d e  of  equat ion 5 . 2  become ~ E ~ / J T .  A f t e r  t he  

c u r r e n t  p u l s e ,  an amount of Sx of i n t e r c a l a t e d  hydrogen i s  r e d i s t r i b u t e d  

j.nside t h e  f i l m  and t h i s  a d d i t i o n a l  hydrogen w i l l  cause an EMF change SEX. 

Using 

where I is  the  cons tan t  c u r r e n t ,  M, t h e  riiolecular weight of  cathode 
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material (here WOg), mc the mass of cathode in the cell, ZA the valence 

number of intercalated active species (for hydrogen, Z = l), and F 

Faraday's constant. With thz linear condition and equation (5.2) the 

diffusion coefficient D can then be expressed as: 

The hydrogen diffusion coefficients in V03 films were obtained directly 

from the determination of 6Et  and SEX. Figure 5.7 shows the experimental 

data of Et vs. Jt for HxW03 cathode at x -- 0.16 and x = 0.23. Linear 

relationships were found between the Et and Jt, and thus the chemical 

diffusion coefficient of hydrogen in the WOg film can be determined with 

equation (5.3). 

The calculated hydrogen diffusion coefficients in HXWO3 are shown in table 

5.4. 

Table 5.4 The diffusion coefficients >f hydrogen in HxW03 films 



F i g .  5 . 7  The p l o t  of E t  vs  . Jt durlng the  current  pulse.  

5 . 3 . 4  Discussion of hydrogen tungsten bronze 

Since Deb (1969) f i r s t  reported the electrochromic phenomena i n  the W 0 3  

f i lms ,  hundreds of papers have been published i n  order  t o  understand the 

EC mechanism. A s  was discussed i n  Chapter 1 and 2 ,  the tungsten bronze 

formation (o r  ion - e lec t ron  double in jec t ion)  model has been widely 

accepted, however, most previous work was based on amorphous W 0 3  f i lms .  

There was a lack  of s tudies  f o r  the c r y s t a l  s t r u c t u r e  o f  electrochemically 

formed H,W03. I n  t h i s  chapter it has been shown t h a t  the  hydrogen tungsten 
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bronze can be electrochemically formed and has the te t ragonal  symmetry a t  

s = 0 . 4  i n  HXWO3 . I t  w a s  a l so  sho~m t h a t  te t ragonal  H,W03 would change 

back t o  the i n i t i a l  monoclinic W03 a f t e r  the sample was bleached. 

There were s tudies  i n  the l i t e r a t u r e  of the c r y s t a l  s t ruc tu res  of HXVO3 

powders and s ing le  c r y s t a l s  formed with chemical reac t ions  or  other 

methods. A t  l e a s t  four phases were reported i n  the range of x = 0 . 1  t o  x = 

0 . 5  (Glemser and Naumann 1951; Dickens and Hurditch 1967). They were 

H O . ,  W03 ( te t ragonal )  , H O .  23W03 ( te t ragonal )  , H O .  33W03 (orthorhombic) and 

H0.5W03 (cubic) .  I n  t h i s  t h e s i s ,  one phase change was observed f o r  the 

HXWO3 f i lm.  The c r y s t a l  s t ruc tu re  da ta  of the H,W03 f i lms determined here 

is  s imi lar  to  the da ta  obtained by Dickens (1967) f o r  H0.23W03. AS w i l l  be 

seen l a t e r  i n  the s tudies  f o r  LiXWO3 s t r u c t u r e ,  the  phase change i n  WO, 

hos t  i s  not  only dependent on the x i n  LixW03, but  a l s o  dependent on the 

preparat ion conditions of the W03 h o s t .  The same may be t r u e  f o r  Hx303, i n  

t h a t  the x value i n  te t ragonal  HxW03 f i lm i s  d i f f e r e n t  from t h a t  i n  the 

HXWO3 powder. I t  should be mentioned t h a t  the c r y s t a l  s t ruc tu re  of H,W03 

f i lm was measured when the H,W03 f i lm  was exposed t o  the  a i r .  I t  was not 

c l e a r  how f a s t  the hydrogen ins ide  the H,W03 f i lms would r e a c t  t o  the 

oxygen i n  the a i r .  The hydrogen content i n  te t ragonal  HxW03 might be of a 

value lower than 0 . 4  a f t e r  the  colored f i lm was exposed t o  the a i r .  

I t  i s  worth t o  point  out t h a t  the measurements f o r  hydrogen d i f fus ion  

coe f f i c i en t  was based on severa l  assumptions: the r e a l  surface a rea  S was 

known; the d i f fus ion  was semi - in f in i ty ;  6Et  v s .  Jt was l i n e a r ;  and t << 

L*/D. Some of these assumptions were hard t o  v e r i f y ,  thus the diffusion 

coe f f i c i en t s  measured i n  t h i s  t h e s i s  have only r e l a t i v e  meaning. We w i l l  
81 



compare the diffusion coefficients for different atoms in the same host or 

we will compare the diffusion coefficients for one type of atoms in 

different h o s t s .  

5.4 Lithium intercalation in evaporated W 0 3  films 

Studies for the intercalation of lithium into WOj films are the another 

important part in this chapter. It will be shown that the coloration 

in W 0 3  films in a lithium based EC cell is based o n  the f o r m a t i o n  o f  

lithium tungsten bronzes. The EC cell used for L i  intercalation has been 

shown previously in figure. 4.2. The initial EMF ( W 0 3  vs. L i )  of the cell 

varied from 3,GOV to 3.1%. The W 0 3  film turned blue color when the 

lithium intercalated into the film and turned bleached when the lithium 

deintercalsted. 

5.4.1 Electrochemical analysis for LI,W03 films 

As is discussed in chapter 3, the chemical potential of lithium in the W 0 3  

cathode is related to the cell's EMF by equation (3.8): 

= -(l/ze> (PC, - constant) 

thus the cell's EMF gives a direct measurement of the chemical potential 

for the lithium in the W03 film. Figure 5.8 shows EMF data for two cells. 

In one cell (400 in figure 5.8), the W03 film (cathode) was annealed at 
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400•‹C i n  a i r  f o r  2 hours and i n  t he  o the r  c e l l  (600 i n  f i g u r e  5 . 8 ) ,  t he  

WOj f i l m  was annealed a t  6 0 0 • ‹ C .  Two p la teaus  a r e  observed on the  EMF-x 

curve when t he  c e l l s  discharge from 3 . 2 V  t o  2.OV. The f i r s t  one appears 

when t h e  EMF goes down t o  2 .75V and t he  second one appears  when t he  EMF 

was reduced t o  2.55V. This  means t h a t  the  W 0 3  cathode i n  t h e  c e l l  may 

undergo two phase changes during t he  L i  i n t e r c a l a t i o n .  The p l a t eaus  i n  t he  

charge process  a r e  n o t  so obvious a s  those i n  t h e  d i scharge  b u t  they do 

e x i s t  a s  can be i d e n t i f i e d  l a t e r  i n  t he  de r iva t i ve  p l o t s .  

l I l l l 1 1 l 1 l ~ ~ ~ 1  , 1 1 1  1 1 1 1 -  - - - - - - - - - -  600 film 
Cell in , 

First plateau Second plateau Cell in 
in discharge in discharge discharge 

" 

F i g .  5 . 8  The discharge/charge curves f o r  the  Li/LiC104 i n  PC/EC/W03 i n  

b a t t e r y  c e l l s ,  one c e l l  (--) with t h e  W 0 3  f i l m  annealed a.t 

400•‹C and the  o the r  ( - - - )  w i t h  the  W 0 3  f i l m  annealed a t  600•‹C. 



The phase change can be more c l e a r l y  seen from t h e  d e r i v a t i v e  p l o t  o f  

f i g u r e  5 . 8  ( s e e  f i g u r e  5 . 9 ) .  The peaks i n  the  d e r i v a t i v e  curves  correspond 

t o  the  p l a t eaus  i n  t he  EMF-x curve a s  wel l  a s  t he  phase changes i n  t he  

cathode.  A s  i nd i ca t ed  i n  f i g u r e  5 . 9  (a), two phase changes a r e  observed i n  

W03 f i lms  i n  d i scharge .  I t  w i l l  be seen  i n  t he  nex t  s e c t i o n  t h a t  t he  first 

phase change i n  discharge corresponds t o  a phase change of monoclinic GO3 

t o  t e t r agona l  Li,fJ03 and t he  second phase change i n  d i scharge  corresponds 

t o  t h a t  of t e t r agona l  Li,W03 t o  cubic  Li,W03. 

l l l l l l l & l l l , l , l l l l l l , ~ , , l l , l l  

Second phase change - - - - - - e m  400 film 
" - in charge 

I 600 film 
(Tetragonal to cubic) - 

First phase change 
- in discharge. - (Monoclinic to tetragonal) : 
- - 

- - 
._.._*I. -. 
- 
F 

- 
3 

L - Cubic \ / Tetragonal Monoclinic 4 
phase phase phase 

1 ,  1 , 1 1 1 , l  1 , 1 , , , , , , , ~ , ( 1 , , , , , 1 -  - 

Voltage (V)  

Fig. 5 . 9  (a) The d e r i v a t i v e  p l o t s  o f  d i scharge  EMF curves i n  

f i g u r e  5 .8  



The phase changes a l s o  appear i n  the charge. A s  ind ica ted  i n  f i gu re  5 . 9  

( b ) ,  two peaks occur i n  the charge process:  one a t  2 . 7 8 V  should correspond 

t o  the  phase change of the  cubic LiXWO3 t o  te t ragonal  LiXWO3 and another 

a t  2.85V should correspond t o  te t ragonal  Li,WOj t o  monoclinic W03 phase 

changes. This means t h a t  the Li,W03 f i lm  shows a  r e v e r s i b l e  phace 

t r a n s i t i o n  during the  discharge/charge i n  the vo l tage  range of 2.OV t o  

3.2V. The q u a n t i t i e s  of l i th ium ions incoming t o  and outgoing from the  W 0 3  

f i lm  a r e  found t o  be equal .  I n  the  next s ec t ion ,  t he  c r y s t a l  s t r u c t u r e  of 

t e t ragonal  and cubic Li,1JO3 w i l l  be analyzed. 

--..--*- 400 film 
600 film , 

Tetragonal to monoclinic 
phase change in charge 

L 

t Cubic to tetragonal 
phase change in 

- - - - 
- - 

phase phase phase 

2.0 2.5 3.0 3.5 

Voltage (V) 

Fig.  5.9 (b) The de r iva t ive  p l o t s  o f  charge curves i n  the  

f i g u r e  5.8 



5.4.2 The crystal structures of electrochemically fom,ed Li,WOj films 

5.4.2.1 Tetragonal and cubic phase in Li,W03 films in the discharge process 

from 3.2V to 2.OV 

The structure data were obtained from X-ray diffraction experiment using 

X-ray cells with beryllium windows (see Fig. 4.3). The W03 film was 

deposited on a piece of beryllium sheet (thickness of 0.25 mm) and then 

annealed at 400•‹C for 2 hours in air to obtsin the polycrystalline film. 

The Li,W03 in the X-ray cell was expected to undergo the same phase 

changes as that in a battery cell. Figure 5.10 shows the EMF-x curve of 

the X-ray cell in the discharge/charge processes. It is found that the EMF 

curves from the X-ray cell show the same phase changes as-from the battery 

cell. The derivative curves for the X-ray cell shown in figure 5.11 lead 

to the same conclusion. 

The X-ray diffraction data from the discharge process were analyzed. From 

the above EMF-x curves, it is known that the crystal srructure of the 

Li,W03 film depends on the lithium concentration x or the EMF of the cell. 

To measure the structure changes in the Li,W03 film, a number of constant 

voltages were applied to the X-ray cell in discharge. The X-ray cell was 

kept at each selected voltage for at least 20 hours before the X-ray 

experiment was performed. Seven different voltages w e r e  selected from 3 .2V 

to 2. OV. From the X-ray data, two new crystal structures of Li,W03 were 

determined. 



F i g .  5 .  
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10 The discharge/charge curves of Li,W03 f i l m  i n  the 
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Fig. 5.11 The derivative plots of EMF-x curves of Li,W03 films in 

the x-ray cell. 



Tetragonal phase 

I t  was found t h a t  the o r i g i n a l  monoclinic s t r u c t u r e  i n  W03 f i lms changes 

t o  a te t ragonal  phase a t  V = 2.7V and x = 0.05 i n  Li,W03. Figure 5.12 

shows the X-ray d i f f r a c t i o n  pa t t e rns  f o r  the o r i g i n a l  W 0 3  ( a )  and l i th ium 

i n t e r c a l a t e d  Li,W03 (b) f i lm a t  2.7V. The i n i t i a l  W03 f i lm  ( a t  i n i t i a l  

c e l l ' s  vol tage of 3.15V) has the monoclinic s t r u c t u r e  (o r  pseudo- 

orthorhcmbic) a s  can be i d e n t i f i e d  by the  presence of (002) ,  (020) and 

(002) peaks. I t  w i l l  be seen l a t e r  t h a t  these t h ree  peaks a r e  reduced t o  

two peaks when LiXWO3 becomes te t ragonal  ( a  = b) and f u r t h e r  reduced to  

one peak when LiXWO3 becomes cubic (a  - b - c )  . A t  2 . 7 V ,  the  X-ray 

d i f f r a c t i o n  p a t t e r n  is  changed. To analyze the  c r y s t a l  s t r u c t u r e  of Li,W03 

i n  the  X-ray c e l l ,  the  recorded i n t e n s i t y  I, should be cor rec ted  t o  I, by 

(see equation 4 . 9 )  

I, - I, esp (2pl /s  in@) ( 5 . 4 )  

The Rei tve ld  p r o f i l e  refinement method was used t o  analyze the  s t r u c t u r e  

In  c a l c u l a t i o n  those angle regions where the main beryl l ium r e f l e c t i o n  

peaks appear were excluded. The r e f ined  c r y s t a l  s t r u c t u r e  parameters a r e  

l i s t e d  i n  t a b l e  5 . 5 .  I t  was found t h a t  the  t e t r agona l  Li,W03 has the same 

c r y s t a l  s t r u c t u r e  as  t h a t  of t e t ragonal  HXWO3. The d i f f e r ence  i s  t h a t  the  

x (0 .05  i n  te t ragonal  Li,W03 i s  much l e s s  than x ( 0 . 4 )  i n  te t ragonal  

HxW03 . Due t o  t he  weak r eac t ion  between the L i  atom and the  X-rays ,  we 

were not  ab l e  t o  determine the l i th ium pos i t i ons  i n  t he  u n i t  c e l l .  



a monoclinic 

b Tetragonal t 

Scattering angle (28) 

Fig .  5 . 1 2  The X-ray d i f f r a c t i o n  pa t te rns  of monoclinic W03 f i l m  (a)  

and te t ragor ,a l  Li,W03 film i n  the  X-ray c e l l  a t  2 . 7 V  (b)  . 



Table 5 .5  The s t r u c t u r a l  parameters of  t e t r agona l  Li,W03 f L l m  i n  

u n i t  c e l l  

Ce l l  dimensions: a  = 5 . 2 0 5 ( 3 ) A ,  c = 3 . 8 3 6 ( 2 ) A .  

Fina l  R f a c t o r :  R = 0 . 0 2 3  

Space group: P 4 / m  

Orig in  a t  2/m s Y z B 

2W in  2 ( c )  4rnm 0 . 2 5 ,  0 . 2 5 ,  0 . 4 3 4 ,  3 . 6  

0 . 7 5 ,  0 . 7 5 ,  0 . 5 6 6 ,  3 . 6  

20 i n  2 ( c )  4mm 0 .25 ,  0 .25 ,  0 . 9 2 6 ,  1 . 0  

Table 5 . 6  shows t h e  raw and calculated peak p o s i t i o n s  and intensities of 

t h e  X-ray p a t t e r n s  f o r  t he  t e t r agona l  Li,W03 f i l m .  Figure 5 . 1 3  shows t h e  

r e s u l t s  of p r o f i l e  ref inement ,  



Table  5 . 6  R a w  and C a l c u l a t e d  peak p o s i t i o n s  and i n t e n s i t i e s  o f  

t h e  X-ray p a t t e r n s  f o r  the  t e t r a g o n a l  Li,lJ03 f i l m  

h k l  

Scatiering angle (28) 

F i g .  5.13 The raw X-ray da t a  (u+) and c a l c u l a t e d  p r o f i l e  

( )  o f  t e t r agona l  Li,W03 f i l m  a t  2 . 7 V .  



cubic phase  

With t h e  s a m e  method, t he  s t r u c t u r e s  of  the  Li,W03 f i l m  i n  the  X-ray c e l l  

a t  t h e  vo l t age  range from 2.4V t o  2.OV i n  d i scharge  were determined.  A 

cubic  phase was observed i n  t he  vo l tage  range from 2 . 4  t o  2.OV i n  

d i scharge .  The l i t h i u m  concen t ra t ion  i s  about x = 0 .28  t o  x = 0 . 5  i n  t he  

cub ic  Li,W03 phase.  The s t r u c t u r e  refinement r e v e a l s  t h a t  t h e  cubic  Li,W03 

belongs t o  the Pm3m space group. There a r e  four  atoms i n  a u n i t  c e l l :  t h e  

tungsten atom is  a t  0 , 0 , 0 ;  t h r e e  oxygen atoms a r e  a t  0 . 5 , 0 , 0 ;  0 , 0 . 5 , 0 ;  and 

0 , 0 , 0 . 5 ,  r e s p e c t i v e l y .  For an X-ray  p a t t e r n  ob t a ined  a t  2.OV, t a b l e  5 .7  

l i s t s  t he  f i n a l  r e f i n e d  r e s u l r s  of  raw and c a l c u l a t e d  peak p o s i t i o n s  and 

i n t e n s i t i e s  f o r  t h e  cubic  l i t h ium tungsten bronze.  The refLne f a c t o r  R 

ob ta ined  is 0.036.  

Table 5 . 7  Raw and ca l cu l a t ed  peak p o s i t i o n s  and i n t e n s i t i e s  f o r  t he  

X-ray p a t t e r n  of c u b i c  Li,W03 f i l m  a t  2.OV. 

h k l  

Figure  5.14 shows t h e  raw (tt+) and t h e  c a l c u l a t e d  (----' cubic  Li,WOj x- 

ray p a t t e r n  p r o f i l e .  The angle  regions  where t he  main bery l l ium r e f l e c t i o n  

peaks appear were excluded from the  c a l c u l a t i o n .  



Scattering angle (28)  

Fig. 5.14 The X-ray d i f f r a c t i o n  pa t te rns  of LixU03 f i lm  a t  2.OV 

i n  the X-ray c e l l  and the  ca lcu la ted  p r o f i l e .  

Sienko and Troung (1961) reported the c r y s t a l  s t r u c t u r e  of 

t 'nemod~namical ly formed LiO - 394W03 , L i O .  374 W03 and L i O .  3 6 5  W03 powders and 

claimed t h a t  the l i thium tungsten bronzes have the cubic symmetry ( l a t t i c e  

constants  a  = 3.715A t o  3 .723A) .  Our f i lm data  a r e  qu i t e  c lose  t o  t h e i r  

r e s u l t s  except t h a t  the cubic phase of LiXWO3 f i lm e x i s t s  i n  a  r e l a t i v e l y  

wide x range. However the te t ragonal  LiXWO3 phase i s  f i r s t  reported i n  

t h i s  t h e s i s .  From the  above da ta  ana lys i s ,  the phase regions i n  LiXWO3 

f i l m s  a t  che discharge process can be approximately determined. The 

r e s u l t s  a re  summarized i n  t ab le  5 .8 :  
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Table 5 . 8  Summary of phase va r i a t ions  i n  the Li,W03 f i lm 

Monoclinic Tetragonal Cubic 
Phases Li,  WO, Li, WOj Li, WO, 

Voltage range* 
( v . s  Li+/Li) 3.15V-2.85V 2.7,5V-2.6 5V 2.4VT2.0V** 

x range 0 . 0  t o  0 .01  0 . 0 3  to  0.08 0.28 t o  0.5%-2 

* The voltage ranges of 2.85V-2.75V and 2.65V-2.40V a r e  the phase 

t r a n s i t i o n  regions i n  which more than one phase may e x i s t .  

** The voltage range f o r  the cubic phase can be lower than 2 , O V  and the 

the x i n  cubic LixW03 can be higher than 0 . 5  a s  w i l l  become c l e a r  

l a t e r .  

5 . 4 . 2 . 2  The c r y s t a l  s t ruc tu re  of LiXWO3 f i l m  dur ing the  charge process 

Fig.  5 .11 (der iva t ive  p l o t  of EMF da ta)  show t h a t  the  L i x W O j  cathode 

undergoes two phase t r a n s i t i o n  t o  t u r n  back t o  the  monoclinic s t ruc tu re  i n  

the  charge process.  The -dV/dx peak appearing i n  the  vol tage range from 

2.70V t o  2.80V corresponds t o  the cubic -> t e t ragonal  phase t r a n s i t i o n  and 

the  -dV/dx peak i n  the  vol tage range from 2.83V t o  2.88V corresponds t o  

the te t ragonal  -> monoclinic phase t r a n s i t i o n .  Since the  te t ragonal  phase 

e x i s t s  i n  a very narrow vol tage region: 2.81V - 2.82V i n  the charge 

process,  pure te t ragonal  phase i n  the charge was not c l e a r l y  observed i n  

t h i s  experiment. This problem i s  discussed i n  the next chapter .  The 

monoclinic s t r u c t u r e  i n  the Li,W03 was observed a f t e r  the c e l l  was charged 

back t o  3 . 4 V .  Figure 5 .15  shows the  X-ray d i f f r a c t i o n  pa t t e rns  of the W03 
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film in t h e  X-ray cell a t  3 . 4 V  ( a f t e r  c h a r g e ) .  The IJOj film shows the 

monoclinic s t r u c t u r e  a f t e r  the cha rge  (bleach)  process. 

Scattering angle (20) 

Fig .  5 .15  The X-ray d i f f r a c t i o n  p a t t e r n  o f  t he  W 0 3  f i l m  i n  the  

X-ray c e l l  after charged back t o  3 . 4 V .  



5.4.2.3 The phase change of Li,W03 below 2.OV 

From all data discussed above it can be concluded that the W 0 3  films 

undergo a reversible discharge/charge (coloration/bleaching) process in 

the electrical potential range of 3 . 4 V  and 2.OV. It will be of interest to 

ask what is the lowest voltage limit above which the discharge/charge 

process is reversible. The discharge/charge curves shovm in figure 5.16 

(a) and (b) can answer this question, The figure 5.16 (a) shows that the 

discharge/charge process can stay reversible as l o ~ g  as the lower voltage 

was above 1.OV (at x - 1.0) because the same shape of discharge curves 
appeared in the subsequent discharge/charge cycles. 

Time ( h o u r )  

Fig. 5.16 (a) The discharge/charge process of Li,W03 film in the battery 

cell between 3.2V and 1.2V. The cell was charging and 

discharging at 25 hour rate. 



Figure  5 . 1 6  (b )  shows t h a t  t h e  d i scha rge /cha rge  p rocess  became 

i r r e v e r s i b l e  when t h e  c e l l  d i scha rged  t o  a  v o l t a g e  lower t h a n  1.OV. A ve ry  

long p l a t e a u  occur red  a t  about  1.OV i n  t h e  d i s c h a r g e  p r o c e s s .  A f t e r  t h e  

long  p l a t e a u  a t o t a l l y  new curve  appeared  and never  t u r n e d  back t o  t h e  

i n i t i a l  s t a t e  a g a i n .  The i r r e v e r s i b l e  p rocess  can a l s o  be  i d e n t i f i e d  from 

t h e  f a c t  t h a t  t h e  t o t a l  q u a n t i t y  o f  i n s e r t e d  l i t h i u m  i n  t h e  f i r s t  

d i s c h a r g e  p rocess  is much g r e a t e r  than  t h a t  o f  e x t r a c t e d  l i t h i u m  i n  t h e  

cha rge  p r o c e s s .  

Charge / 

Time (hours) 

F i g .  5.16 (b )  The discharge/charge  p rocess  o f  a Li/LiCIOq PC/W03 c e l l  

between 3.2V and 0.5V. 

F igure  5 . 1 7  shows t h e  x - r a y  d i f f r a c t i o n  p a t t e r n s  o f  t h e  Li,W03 a t  1.2V, 

@ . 8 V ,  0 . 5 V  and back t o  3 . 2 V .  The Li,W03 f i l m  shows t h e  c u b i c  s t r u c t u r e  a t  

1.2V f x  - 0 . 9 ) .  Some unknown new p h a s e ( s )  appeared  a t  0 . W .  The c u b i c  
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phase completely disappeared a t  0 . 5 V .  The s t r u c t u r e  of the  Li,W03 f i l m  a t  

0.5V was c lose  t o  amorphous because no not iceable  d i f f r a c t i o n  peak were 

observed i n  the  X-ray d i f f r a c t i o n  p a t t e r n .  I t  i s  noted t h a t  the  c r y s t a l  

s t r u c t u r e  of the  Li ,WOj f i lm  a f t e r  the c e l l  charges back from 0 . 5 V  t o  3 . 2 V  

i s  a t o t a l l y  new s t r u c t u r e .  O n  the o ther  hand, the  Li,W03 f i lm  could not  

be bleached i f  the  c e l l ' s  vol tage went below l.OV, s ince  the l i th ium 

content  i n  the Li,W03 f i l m  could no t  be zero again.  

2 0  30 40  5 0  6 0  7 0  

Scattering angle (20) 

F i g .  5 . 1 7  The X-ray d i f f r a c t i o n  pa t t e rns  cf Li,W03 fiim a t  L.2V, 

0.8V, 0.5V and charged back t o  3.2V i n  the  X-ray c e l l .  



5 . 4 . 3  Opt ica l  and e lect rochemical  p rope r t i e s  of Li,W03 f i lms  

The i n t e r c a l a t i o n  of l i th ium i n t o  W 0 3  f i lms causes no t  only the  c r y s t a l  

s t r u c t u r e  change b u t  a l s o  t h e  e l e c t r i c a l  and t he  o p t i c a l  p roper ty  changes 

i n  W 0 3  f i l m s .  The o r i g i n a l l y  t r anspa ren t  W 0 3  f i lms  turned b lue  a f t e r  the  

i n t e r c a l a t i o n  of t he  l i th ium a s  w a s  observed a f t e r  t h e  hydrogen 

i n t e r c a l a t i o n .  Figure  5 .18 shows t h e  o p t i c a l  absorp t ion  spec t r a  of W 0 3  

f i lms  ( 0 . 9  pm) a t  o r i g i n a l ,  colored ( l i t h ium i n t e r c a l a t e d )  and t he  

bleached s t a t e .  

300 800  1300 1800 

Wavelength (nm) 

Fig.  5 .18 Opt ica l  absorp t ion  o f  W 0 3  f i l m s  upon l i t h ium i n t e r c a l a t i o n  
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The absorp t ion  spectrum of t he  colored Li,W03 f i l m  i s  q u i t e  s i i n i l a r  t o  

t h a t  of t h e  H , W 0 3  f i l m s .  The main absorpt ion occurs a t  near  i n f r a r e d  

spectrum reg ion  of  900 nrn. The l i t h ium concen t ra t ion  ix "he co lored  sample 

was about x = 0.16 .  The measurements were conducted us ing  t h e  same 

procedure as f o r  H,W03 f i lms .  Figure 5.19 shows the  re lz i t ion of o p t i c a l  

dens i t y  and t h e  charge d e n s i t i e s  (p ropor t iona l  t o  t he  l i t h i u m  

concen t r a t i on ) .  A r e l a t i v e  o p t i c a l  dens i ty  was used i n  F ig .  5.19 i n  which 

t h e  o p t i c a l  d e n s i t y  of  t ransparen t  W O j  f i lm  was s e t  t o  be ze ro .  

Charge d e n s i t y  (rnc/cm2) 

Fig.  5 .19 The r e l a t i o n  between t h e  o p t i c a l  dens i t y  o f  L i , W 0 3  f i l m  and t he  

i n s e r t e d  charge dens i t y .  

The o p t i c a l  d e n s i t y  i n  the Li,W03 f i l m  shows an approximately l i n e a r  

r e l a t i o n  t o  t h e  charge dens i t y  i n  the range from 0 t o  50 m ~ / c r n '  , i .  e i n  
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t he  range of l i t h ium concentra t ion •’ram x - 0 t:a x - 0 . 2 2  above which the  

s lope  of the  curve decreases .  

The chemical d i f f u s i o n  c o e f f i c i e n t  of the  l i t h ium i n  t h e  W03 f i lms  were 

a l s o  measured. Since we have the  d a t a  of 6 E X / 6 x  from the  b a t t e r y  c e l l ,  the  

l i t h ium d i f f u s i o n  c o e f f i c i e n t s  DLi were ca l cu l a t ed  c s i n g  t h e  s l ope  of 

G E J S J ~  obtained by t he  cu r r en t  s t e p  technique.  Table 5 . 9  l i s t s  t h e  

r e s u l t s .  The Lithium d i f f u s i o n  c o e f f i c i e n t  DLi was measured i n  the 

discharge .  As was ind ica ted  by F ig .  5 .11 ,  Li,W03 underwent two phase 

t r a n s i t i o n s  i n  t h e  discharge when x v a r i e d  from 0  t o  0 .5 .  The d i f f u s i o n  

c o e f f i c i e n t  measurement was based on a theory s u i t a b l e  only  f o r  a  s i n g l e  

phase h o s t .  The da t a  i n  t a b l e  5 . 9  correspond t o  t h e  DLi i n  t h r e e  s i n g l e  

phases (monoclinic x - 0 .0 ;  t e t r agona l  x - 0.05; and cubic  x - 0 . 3 ,  x = 

0 . 4 8 ) .  I t  i s  found t h a t  the  DLi i n  t h e  t e t r agona l  phase i s  almost t h e  same 

as t h a t  i n  t he  cubic  phase. 

Table 5 . 9  The l i t h ium d i f fu s ion  c o e f f i c i e n t s  i n  W03 and LiXWO3 f i lms .  

x i n  LiXWO3 Voltage of  t he  'L i 
c e l l  (v. s ~ i / ~ i + )  (cm2 s - ' )  

5 . 5  Discussions 

From above experiments it i s  c l e a r  t h a t  t he  hydrogen and l i t h ium tungsten 

bronzes a r e  formed i n  the  c o l o r a t i o n  process .  I n  t h i s  s e c t i o n  t he  o p t i c a l  
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p r o p e r t i e s  and t he  c r y s t a l  s t r u c t u r e s  of these  tungsten bronzes w i l l  be 

f u r t h e r  d i scussed .  

T h e  o p t i c a l  d e n s i t y  

The o r i g i n a l  W03 f i lms  were t ransparen t  i n  the v i s i b l e  and near  i n f r a r e d  

reg ions .  The o p t i c a l  absorpt ion of the  W03 f i l m  changed a f t e r  the  hydrogen 

o r  l i t h ium i n t e r c a l a t e d .  Comparing the  o p t i c a l  absorpt-ion s p e c t r a  o f  HxWO, 

( f i g u r e  5 . 5 )  and Li,W03 ( f i g u r e  5.18) f i l m s ,  bo.tlh tungsten bronzes have 

t h e i r  broadened absorp t ion  peaks i n  t he  near  i n f r a r e d  r eg ion  a t  about 900 

nm (1.38 eV). This phenomena is due t o  t h e  f r e e  e l e c t r o n  behaviour i n  t he  

co lored  HXWO3 and LiXWO3 f i lms  (Mendelsohn and Goldner 1984; Goldner e l  a t  

1985).  Af t e r  i n t e r c a l a t i o n ,  t h e  hydrogen o r  the l i t h i u m  atoms a r e  be l ieved  

t o  be ion ized  a t  i n t e r s t i t i a l  s i t e s  of t he  WOj h o s t  and t h e  e l e c t r o n s  a r e  

f r e e l y  moving i n  t h e  W 5d conduction band, Thus t h e  o p t i c a l  absorp t ion  of 

co lored  W03 f i lms  a r e  mainly dependent on the  concen t ra t ions  of 

i n t e r c a l a t e d  a c t i v e  spec i e s .  

I t  should be no t i ced  t h a t  t he r e  were some d i f f e r e n t  p r o p e r t i e s  between t h e  

HxW03 and t h e  LiXWO3 f i lms .  I t  w a s  found t h a t  t h e  b lue  c o l o r  i n  t h e  LiXWO3 

f i l m s  w a s  much more s t a b l e  than  that: i n  t he  HXWO3 f i l m s .  I n  an EC c e l l ,  

t h e  c o l o r  i n  H,W03 f i lms  u sua l l y  e x i s t e d  from s e v e r a l  hours t o  s e v e r a l  

days i n  an  open c i r c u i t  cond i t i on ,  however, t he  co lo r  i n  t h e  L i X W O 3  f i lms  

could e x i s t  from seve ra l  days t o  s eve ra l  weeks. The s t a b i l i t y  d i f f e r ences  

o f  t he  H,W03 and LiXWO3 were a l s o  found i n  the EMF of  t h e i r  c e l l s .  I n  a  

hydrogen based EC c e l l ,  the  vo l tage  measured between co lored  HXWO3 f i l m  

and t he  SCE was n o t  s t a b l e .  The vo l tage  ( t y p i c a l l y  -50 mV vs. SCE) of 
102 



H,GfQ3 irl the colored state could change back to the original EMF (-35OrnV) 

in several hours. However, in a lithium based battery or X-ray cell, the 

voltage ( 2 . O V )  between the colored LiXWO3 film and the Li anode remained 

for several weeks to several months. These differences may mainly be due 

to the small size of hydrogen, which makes it more active than lithium, 

the hydrogen atoms in the colored HXWO3 film may reacted more easily with 

the anion in the electrolyte than the lithium atoms in the Li,W03 film. 

T h e  c r y s t a l  s t r u c t u r e s  of colored HxW03 and LiXWO3 films 

It has been shown that the W03 host changes crystal structures from 

monoclinic(M) to tetragonal(T) and to cubic(C) after lithium or hydrogen 

intercalation. Figure 5.20 depicts unit cell relations among these phases. 

From the diagram, the relations of the unit cell dimensions can be 

obtained : 

a,, - 7.310A, b, - 7.540A, c, - 7.695A, - 90.89" 



Fig. 5.20 The relations of tetragonal and cubic unit cells to the 

monoclinic unit cell. 

Since the angle in W 0 3  is very close ro 90•‹, the structure of the W 0 3  

host is a pseudo-orthorhombic. In the original W 0 3  host, the W 0 6  octahedra 

are zigzaged in three dimensions, so one has to choose a big unit cell to 

show its symmetry. There are eight zigzaged W 0 6  octahedra sharing in 

corners in one unit cell. 

After the hydrogen or lithium intercalation, the structure of the W 0 3  host 

changes to tetragonal. The zigzags of the octahedra in the c direction 

disappear (cT - %cM) and W-O bonding lengths in the a and b directions 



become equal  ( aT  = b T ) .  There a r e  t w o  U06 octahedra i n  one t e t r agona l  u n i t  

c e l l .  

With more i n t e r c a l a t e d  l i t h ium,  t he  s t r u c t u r e  o f  t he  W 0 3  h o s t  f i n a l l y  

changes t o  cub ic .  The zigzags of W 0 6  octahedra f i n a l l y  d i sappear  i n  t h r ee  

dimensions (ac - % a M ,  %bM o r  %cM ) and the  W-0 bonding l eng th  becomes equa l  

i n  t h r ee  dimensions (aC = bc = c c ) ;  t h e r e  i s  t hen  only  one W 0 6  octahedron 

i n  the  u n i t  c e l l .  I n  f i g u r e  5 . 21 ,  comparable u n i t  c e l l  dimensions f o r  

t h r e e  phases a r e  p l o t t e d ,  they a r e  %aM,  %bM, SicM, aT/J2, cT and a c .  

F i g .  5 . 2 1  The comparison of u n i t  c e l l  dimensions among t h r e e  phases 

I t  w i l l  b e  i n t e r e s t i n g  t o  d i s cus s  the  volume change f o r  t he se  t h r e e  

phases.  There a r e  e i g h t  WOb octahedra  i n  the  monoclinic u n i t  c e l l ,  two i n  
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the tetragonal c e l l  and one in the cubic cell. It is easy to c a l c u l a t e  the 

unit cell volumes for monoclinic (VH), tetragonal (VT) and cubic ( V c )  

phases. keeping the unit cell relations in mind (see figure 5.201, we 

compared the values a f  V M / 8 ,  VT j 2  and V c .  The data are listed in table 

Table 5.10 The comparison cf ,-nit cell volumes of three phases 

Phase Uni t c e 11 vo lur,ie Comparison 

Monocl inic W03 V, = 424. 1A3 V,/8 = 53.01A3 

Tetragonal Li, W03 V, = 104. 3A3 vT/2 = 52. 15A3 

Hx W03 V, = 104.0A3 v T / 2  = 52.00A3 

Cubic LixW03 V, = 51.73A3 V, - 51.73A3 

It was found that the lattice dimensions of W 0 3  host shrink after lithium 

or hydrogen intercalation. As was mentioned before, the intercalated 

hydrogen and lithium atoms were suggested to be at interstitial sices as 

depicted in figure 5.22. The hydrogen and lithium atoms will be ionized at 

room temperature and the electrons will enter into the tungsten 5d 

uonduction band, or one m a y  say the electrons will enter into the tungsten 

5d orbital, localizing around the W atoms. The ionized H+ or ~ i +  ions at 

interstitial positions could attract the surrounding O= ions in the 

lattice. This attraction may cause the lattice to change to a smaller 

size. 



Interstitial 
s i t e  

Fig .  5 . 2 2  The i n t e r s t i t i a l  s i t e  i n  the  W 0 3  host. 



Chapter 6 

Lithium intercalation in W 0 3  powders 

In Chapter 5 we studied the intercalation of hydrogen and lithium atoms in 

the evaporated W 0 3  films. In this chapter the lithium intercalation in 

various W 0 3  powders will be investigated. The data obtained in this 

chapter may help us to further understand the lithium intercalation 

mechanism in the WOj materials. 

6.1 W 0 3  powders made from H2W04 

There were two kinds of W03 powders used in this study: the one was 

commercial W 0 3  powder as mentioned at 5.1 and the other was made from 

thermo-decomposition of H2W04 (tungstate) powder in air according to the 

following reaction: 

heated 

' 2  *O4 > WO, + H 2 0  

A TGA (thermal Gravimetric Analysis) data (figure 6.1) shows that the 

tungstate began its decomposition at about 200•‹C. A pure W 0 3  was obtained 

when temperature reached to 300•‹C. The weight loss (6.6%) at the 

temperature region from 200•‹C to 300•‹C could be attributed to the loss of 

water as described by the reaction of (6.1) and the loss of the moisture 

originally adsorbed in the H2W04 powders. When the temperature was raised 
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to 750•‹C some W03 may b e g i n  to evaporate. T ~ L - e e  W 0 3  powders w e r e  prepal red 

with this method, they were obtained by heating H2WC4 powder (99.5% 7783- 

03-1, Aldrich) at 40OoC, 700•‹C and 900•‹C in air for 10 to 15 hours. In rhe 

following discussion, we w i l l  c a l l  them 400, 700 and 900 NO3 powder, 

respectively. 

Temperature increases 

in 2 3 O ~ l r n i n  

Weight loss due to 
Y O 3  evaporation 

Temperature ("C) 

92  

Fig.  6 . 1  The TGA data for the thermal decomposition of H2W04  powder 

Weight lcss r i u ~  !O 

dehydration of H 2 W 4  

90 l , , , l . , , I , , , l , , , j  

0.0 200.0 400.0 600.0 800.0 1000.0 



6 . 2  P h y s i c a l  cha rac t e r s  of prepared W 0 3  powders 

6 . 2 . 1  C rys t a l  s t r u c t u r e s  

I t  has been known t h a t  the  c r y s t a l  s t r u c t u r e  of  the  commercial W 0 3  i s  

monoclinic.  A l l  W 0 3  powders obta ined by hea t ing  the  H2W03 a l s o  showed the 

monoclinic s t r u c t u r e .  Their  X-ray d i f f r a c t i o n  p a t t e r n s  a r e  sho'im i n  f i g u r e  

6 . 2  ( a ) ,  (b)  and ( c ) .  I t  was found t h a t  the  higher  t h e  p r epa ra t i on  

temperature was, t he  sharper  the  d i f f r a c t i o n  peaks were. From t h e  TGA 

a n a l y s i s ,  i t  was c l e a r  t h a t  the  H2W04 decomposed completely a t  300• ‹C,  

above which t h e  h igher  temperature would make the  c r y s t a l  g r a in s  grow 

l a r g e r .  

6 . 2 . 2  Surface  areas 

The sur face  a r e a  w a s  another i n d i c a t i o n  which showed t h a t  t h e  W 0 3  powders 

prepared a t  d i f f e r e n t  temperature had d i f f e r e n t  c r y s t a l  s i z e s .  The sur face  

a r e a  o f  t h e  commercial and t h e  prepared W 0 3  powder were neasured on a 

Quantaorp Sorpt ion System. The r e s u l t s  a r e  l i s t e d  i n  t a b l e  6 . 1 .  The da t a  

shows t h a t  t h e  W 0 3  powder prepared a t  400•‹C h;s t h e  l a r g e s t  su r f ace  a r e a  

which i s  about 15 times a s  large a s  t h a t  of t he  commercial W 0 3  powder and 

t h e  900 W03 powder. 



Fig. 6.2 

L10.  ~ o w d e r  obtained 
3 ' 

a by healing H2\10 ,  

- in air at 4 0 0 ' ~  

/-J KO3 powder obtained by E A -  

Scattering angle (28)  

(a) The X-ray diffraction pattern of the 400 W 0 3  powder. 

(b) The X-ray diffraction pattern 6f t h e  700 W 0 3  powder. 

(c) The X-ray diffraction pattern of the 900 W O j  powder. 
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Table 6 . 1  The sur face  a r e a  o f  t he  commercial and t h e  pxepared WOj 

powders 

kT03 powders Surface  area (m2 /gm) 

*400•‹ C 1 2 . 2  
*700•‹C 4 . 3  
*900•‹C 0.47 

commercial 0 . 8 5  

* This  i s  t he  temperature under which t h e  H2W03 was hea ted  t o  prepare  
t he  WOj powders. 

6 . 3  The l i t h ium i n t e r c a l a t i o n  i n  the  W 0 3  powders 

The powder f i lms  were prepared wi th  t h e  method descr ibed  i n  Chapter 3 and 

t h e  b a t t e r y  c e l l s  were used t o  s tudy  t h e  l i t h ium intercalation. Figure 6 . 3  

shows t h e  discharge/charge curves of var ious  W 0 3  powder c e l l s .  The EMF 

curves  are p l o t t e d  a s  a func t i on  of t h e  t ime. The c u r r e n t s  used f o r  a l l  

c e l l s  correspond t o  6x - 1 i n  Li,W03 i n  50 hours .  I t  is i n t e r e s t i n g  t o  

n o t i c e  t h e  phenomena t h a t  t h e  l i t h i u m  i n t e r c a l a t i o n  behavior is  t o t a l l y  

d i f f e r e n t  i n  those  W 0 3  powders made a t  d i f f e r e n t  temperature al though they 

seem t o  be chemically and s t r u c t u r a l l y  t he  same. 



0.0 40.0 88.0 120.0 160.0 200.0 
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Fig. 6.3 The discharge/charge curves of various W 0 3  powder cells 

The 400 W 0 3  powder shows similar discharge/charge behavior to the W 0 3  film 

as is depicted in figure 6.4 (a). The derivative plots show more clearly 

similarities between the 400 W 0 3  powders and the films (figure 6.4 b and 

c). Both 400 W 0 3  powder and the W 0 3  film undergo two phase changes during 

either discharge or charge process and both materials show almost the same 

capacities for the lithium intercalation. A structure analysis for the 400 

W 0 3  powder after Li intercalation will be discussed in next section. 



F i g .  6 . 4  (a) The discharge/charge curves o f  400 W 0 3  powder 

and W 0 3  film. 

Fig. 6.4 (b) The derivative plots for 400 W 0 3  films. 
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F i g .  6 . 4  ( c j  The d e r i v a t i v e  p l o t s  of charge curves f o r  400 W 0 3  powder 

and GO3 f i lm .  

For t h e  700 W O j J  t he  phase changes a r e  found t o  appear a t  d i f f e r e n t  

vo l t ages  from t h a t  i n  t he  W 0 3  f i lm  and t he  400 W 0 3  powder. The capac i ty  of 

700 W 0 3  powder f o r  t h e  l i th ium i n t e r c a l a t i o n  is  d i f f e r e n t  as w e l l .  A t  

2.OV, t h e  quan t i t y  o f  t h e  i n t e r c a l a t e d  l i t h ium i n  700 W 0 3  powder i s  only 

about h a l f  t h a t  i n  t he  400 W 0 3  powder. As t o  t he  900 W 0 3  powder and t he  

commercial powder, t he  discharge/charge curves a r e  t o t a l l y  d i f f e r e n t  from 

t h a t  of 400 K O 3  and 700 W 0 3  powders. The l i th ium can n o t  i n t e r c a l a t e  i n t o  

t he se  two powders u n t i l  t he  vo l tage  of the  c e l l  reaches  t o  1.OV. The da t a  

shown here  s t rong ly  i nd i ca t e  t h a t  some c r i t i c a l  change must occur i n  the  

W 0 3  powders when it was heated a t  h igh temperature.  The X-ray da t a  show 

that the  commercial W 0 3  powder keeps i t s  monoclinic s t r u c t u r e  u n t i l  1 . O V  
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i n  d i scharge .  The monoclinic phase i n  W 0 3  powder g radua l ly  disappears  when 

t h e  vo l tage  of the  c e l l  goes down t o  0.5V. Figure 6 . 5 ( a )  and (b )  show the  

X-ray d i f f r a c t i o n  p a t t e r n s  f o r  t he  commercial W 0 3  powder a t  0.8V and 0 . 5 V  

i n  a  X-ray c e l l .  The .nonoclinic phase almost t o t a l l y  d i sappears  a t  0.5V 

and t h e  s t r u c t u r e  t u rn s  almost amorphous which is  q u i t e  s i m i l a r  t o  the  

s t r u c t u r e  of t he  W 0 3  f i l rr--  a t  0.5V ( F i g .  5 . 17 ) .  From the  measured sur face  

a r e a ,  i t  seems t h a t  the smalle t h e  sur face  a r e a  ( o r  the l a r g e r  t he  

c r y s t a l  s i z e ) ,  t he  lower the  capac i ty .  To exp la in  t h e  main mechanism of 

t h e  d i f f e r e n t  behavior of t he  l i t h ium i n t e r c a l a t i o n  i n  those  400, 700 and 

900 W 0 3  powders may need f u r t h e r  extensive  s t u d i e s  on phys i ca l  and 

chemical p r o p e r t i e s  of these  ma te r i a l s .  I n  t h i s  t h e s i s ,  we were mainly 

concerned with  t h e  p r o p e r t i e s  of l i t h ium i n t e r c a l a t i o n  i n  t h e  400 W 0 3  

powder because t h i s  powder showed s i m i l a r  p r o p e r t i e s  t o  t h e  W 0 3  f i lms .  

Diffraction angle (28) 

Fig.  6 . 5  (a) The X-ray d i f f r a c t i o n  p a t t e r n  of commercial W 0 3  powder 



Commercial W3 powder 4 
250  f at 0.5V in x-ray cell 4 

Diffraction angle (28) 

Fig, 6.5 (b) The X-ray diffraction pattern of commercial W 0 3  powder 

at O.5V. 

6 . 4  Tetragonal and cubic phases in 400 W 0 3  powders 

As was discussed in chapter 5 and this chapter, there are two phase 

transitions in the polycrystalline W 0 3  films and the 400 W 0 3  powder during 

the lithium intercalation in between the voltage range from 3.2V to 2.OV. 

In the following subsections, the crystal structures of the tetragonal and 

the cubic L i , W 0 3  (in 400 W 0 3  powder) will be analyzed. 



6 . 4 . 1  The phase changes i n  the 400 W 0 3  powder 

I t  has been known t h a t  t h e  o r i g i n a l  400 W 0 3  powder i s  monoclinic.  

Considering t h e  s i m i l a r i t y  of discharge/charge between t h e  400 W 0 3  powder 

and t he  p o l y c r y s t a l l i n e  W 0 3  f i lm  ( f i g u r e  6 . 4  ( a )  t o  (c)), t h e  phase 

chaxiges: monoclinic -> t e t r agona l  -> cubic  a r e  expected i n  t h e  400 W03 

powder. From t h e  d e r i v a t i v e  p l o r s  i n  f i g u r e  6 . 4  ( c ) ,  t he  d i f f e r e n t  phase 

regions  may be determined. The r e s u l t s  a r e  l i s t e d  i n  t a b l e  6 . 2 :  

Table 6 .2  The phase regions  i n  400 W 0 3  powder with r e s p e c t  t o  t h e  

vo l t age  of t he  c e l l .  

i n  discharge monoclinic (3.20 - 2.83V) 
mono.-> t e t r .  (2 .83 - 2.75V) 
t e t r agona l  (2 .75 - 2.57V) 
tetr.--> cub. (2.57 - 2.38V) 

cubic (2.38 - 2.00V) 

i n  charge cubic (2.00 - 2.78V) 
cub.--> t e t r  (2.78 - 2.82V) 
t e t r agona l  (2.82 - 2.84V) 
tetr .--> mono. (2.84 - 2.88V) 
monoclinic (2 .88 - 3.20V) 

I t  should be no t i ced  t h a t  t h e  phase changes occur a t  d i f f e r e n t  vo l t ages  

dur ing  t h e  d i scharge  and t he  charge.  The peak f o r  monoclinic -> 

t e t r agona l .  phase change occurs a t  about 2.77V i n  d i scharge  b u t  t he  peak 

f o r  t h e  t e t r a g o n a l  -> monoclinic phase change occurs  a t  about 2.85V i n  t he  

charge process .  The peak f o r  t he  t e t r agona l  -> cubic  phase change l i e s  ac 

2.5V i n  d i scharge  b u t  t he  peak f o r  t h e  cubic  -> t e t r a g o n a l  phase change 

l i e s  a t  2.78V i n  charge.  W e  c a l l  t h i s  phenomena h y s t e r e s i s .  Vhen w e  

c a r e f u l l y  look a t  t he  de r iva t i ve  charge curves i n  f i g u r e  6 . 4  ( c ) ,  i t  is 

no t i ced  t h a t  t h e  -dx/dv shows a peak l i k e  shape i n  t h e  2.62V t o  2.73V 
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vol tage  region i n  the  charge p rocess .  I t  w i l l  be shown t h a t  t he  W 0 3  ho s t  

i n  t h a t  region s t i l l  has a cubic phase,  bu t  the  u n i t  c e l l  dimension of the  

cubic  WOj hos t  has t o  be changed due t o  more and more l i t h ium atoms 

ex t r ac t ed  from the  W03 hos t .  

6 . 4 . 2  The te t ragona l  phase i n  400 W03 powder 

The X-ray d i f f r a c t i o n  da ta  'rom t h e  W 0 3  powder i s  much more r e l i a b l e  and 

accura te  than t h a t  from the  WOj f i l m  because t h e  peaks appearing i n  t he  

powder p a t t e r n  a r e  sharper  and c l e a r e r .  With t h e  method descr ibed  i n  

Chapter 5 ,  the X-ray da t a  obta ined from the  bery l l ium X-ray c e l l  was 

converted t o  a  p a t t e r n  without t he  e f f e c t  of t ? e  bery l l ium absorp t ion  and 

then the  Rietveld  p r o f i l e  refinement method was used t o  determine the  

c r y s t a l  s t r u c t u r e .  A t e t r agona l  phase was found when t h e  X-ray c e l l  was a t  

2.65V with  x - 0.095 i n  Li,W03 i n  discharge process .  Table 6 . 3  l i s t s  t he  

r e f i ned  atomic parameters f o r  t h e  t e t r agona l  Li,W03 u n i t  c e l l .  Figure 6 . 6  

shows t h e  p r o f i l e  f i t t i n g  r e s u l t s .  The refinement R f a c t o r  i s  0.048 

( 4 . 8 % ) .  In  t h e  i n t e n s i t y  c a l c u l a t i o n s ,  t h e  r e f l e c t i o n s  from t h e  beryl l ium 

s h e e t  were excluded. From the  c a l c u l a t e d  r e s u l t s ,  i t  was found t h a t  t he  

t e t r agona l  phase i n  400 W03 powder i s  t he  same as t h a t  i n  t h e  W03 f i lm .  



Table 6.3 S t r u c t u r a l  parameters f o r  t h e  tetragonal Li,W03 2nd the 

i n t e n s i t y  r e f inemen t s .  

Space group: P 4 / m  

C e l l  d imens ions :  a - 5.203(3)A, c = 3 .844(2 )A 

Ref ined  R factor: R = 0.048 

Or ig in  a t  2/m 

x Y z B 

W 1  0 . 2 5 ,  0 . 2 5 ,  0 . 4 3 2 ,  1.0 

N 2 0 . 7 5 ,  0 . 7 5 ,  0 . 5 6 8 ,  1 . 0  

01 0 . 2 5 ,  0 . 2 5 ,  0 .932 ,  4 . 8  

02 0 . 7 5 ,  0 . 7 5 ,  0 .068 ,  4 . 8  

03 0 . 0 0 ,  0 . 0 0 ,  0 . 5 0 ,  4 . 8  

04  0 . 5 0 ,  0 . 5 0 ,  0 . 5 0 ,  4 . 8  

0 5 0 . 5 0 ,  0 . 0 0 ,  0 . 5 0 ,  4 . 8  

06 0 . 0 0 ,  0 . 5 0 ,  0 . 5 0 ,  4 . 8  

h k l  2% 2% 1, I, 

0 0 1  23.151" 23.075" 4 2 . 2  4 6 . 3  
1 1 0  24.203" 24.193" 1 0 0 . 0  9 7 . 8  
0 1 1  28.936" 28.890" 1 7 . 4  1 7 . 7  
1 1  1 33.710" 33.736" 45 .5  4 6 . 6  
0 2 0  34.458" 34.447" 28.8 27 .2  
0 2 1  41.955" 42.000" 1 7 . 8  1 7 . 9  
1 2 1  45.602' 45.590" 9 . 8  9 . 8  
0 0 2  47.301" 47.321" 4 . 1  4 . 3  
2 2 0 49.554" 49.570" 1 6 . 8  1 5 . 4  
1 1 2  53.848" 53.841" 8 . 4  8 . 2  
1 3 0  55.882 55.900" 1 8 . 5  1 6 . 8  
3 1 1  61.301" 61.308" 1 8 . 8  1 6 . 5  
1 2 2  62.655" 62.728" 1 2 . 1  1 1 . 7  



Scattering angle (20)  

F i g .  6 . 6  Raw X-ray data (+++) and c a l c u l a t e d  p r o f i l e  (-). f o r  t he  

t e t r a g o n a l  Li,  W 0 3  powder. 

6 . 4 . 3  The cubic phase in 400 W 0 3  powder 

The s t r u c t u r e  parameters of t he  cub ic  phase f o r  t he  400 W 0 3  powder were 

determined i n  t he  same way a s  w a s  done f o r  t he  t e t r a g o n a l  phase.  The X-ray 

p a t t e r n  ob ta ined  a t  2.OV (x = 0.44  i n  LixW03 powder) showed t h e  cubic  

phase .  The cubic  phase of Li,W03 powder belongs t o  t h e  space group Pm3m a s  

i s  the case f o r  t h e  cub ic  Li,W03 f i l m .  The W atom i s  a t  t he  ( 0 ,  0 ,  0) 

p o s i t i o n  and t h e  0 atoms a t  t he  ( 0 ,  0 ,  0 . 5 ) ,  ( 0 ,  0 . 5 ,  0 )  and ( 0 . 5 ,  0 ,  0 )  

~ o s i t i o n s ,  r e s p e c t i v e l y .  The l a t t i c e  cons tan t  ob ta ined  is a  = 3.729(1)A 

and t he  ref inement  R f a c t o r  i s  0.037.  Table 6 . 4  l i s t s  t he  r e f i n e d  r e s u l t s  

and f i g u r e  6 .7  shows t h e  raw and c a l c u l a t e d  X-ray p r o f i l e s .  I n  f i g u r e  6 . 7 ,  

the bery l l ium con t r i bu t i ons  were excluded from t h e  c a l c u l a t i o n .  
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Table 6 . 4  The raw and ca l cu l a t ed  peak pos i t i ons  and i n t e n s i t i e s  of x -  

r ay  p a t t e r n  f o r  t he  cubic  Li,W03 powder, a = 3 . 7 2 9 A .  

h k l  

u 
20.0 30.0 40.0 50.0 60.0 70.0 

Scattering angle (28) 

Fig .  6 . 7  The r a w  X-ray p a t t e r n  of the  cubic  phase (+++) and the  

c a l c u l a t e d  cubic  p r o f i l e  (-) . 

6.5 The phase a n a l y s i s  in phase change regions  



I n  t h i s  s e c t i o n  t he  s t r u c t u r e s  of 400 WOj powder i n  phase change regions  

will be s t u d i e d .  To s tudy the  phase changes i n  400 GO3 powders, two i n  

s i t u  X-ray experiment were c a r r i e d  o u t .  I n  the  i n  s i t u  X-ray esper iments ,  

a cons tan t  c u r r e n t  was app l i ed  t o  the  X-ray c e l l  while a sequence of X-ray 

p a r t e r n s  were c o l l e c t e d .  I n  the  f i r s t  i n  situ X-ray experiment,  the  

c u r r e n t  used corresponded t o  make a change of Sx = 1 i n  LiXWO3 i n  200 

hours .  The v o l t a g e  l i m i t s  f o r  charge and discharge were s e l e c t e d  a t  2.75V 

and 3 . 2 V .  26 X-ray d i f f r a c t i o n  p a t t e r n s  were c o l l e c t e d  i n  about two 

discharge/charge c y c l e s .  The X-ray p a t t e r n s  were c o l l e c t e d  i n  t he  2 8  

r eg ions :  from 22" t o  25"  and from 32" t o  3 6 " .  The changes i n  6x i n  one x-  

ray  p a t t e r n  was l e s s  than 0 . 0 2 .  I n  second i n  situ X-ray experiment,  t he  

c u r r e n t  s e l e c t e d  corresponded t o  a change of S - 1 i n  LiXWO3 i n  100 hours 

and t he  volcage l i m i t s  were a t  3 . 2 V  and 2.OV. 54 X-ray p a t t e r n s  were 

c o l l e c t e d  i n  about one and a h a l f  discharge/charge c y c l e s .  The X-ray 

p a t t e r n s  were c o l l e c t e d  from 28 - 20" t o  2 8  = 7 0 " .  The changes i n  Sx i n  

each X-ray p a t t e r n  was l e s s  than  0 .03  i n  t h i s  second i n  situ X-ray 

experiment.  

6.5.1 Monoclinic - t e t r a g o n a l  phase changes 

To r evea l  the  na tu r e  of  the  400 W03 powder i n  t h e  monoclinic-tetragonal  

phase change r eg ion ,  the  X-ray p a t t e r n s  obta ined from the  f i r s t  i n  s i t u  x-  

ray  experiment were analyzed.  Figure  6 . 8  ( a )  shows t h e  discharge/charge 

curves from t h i s  i n  s i t u  X-ray experiment.  The c i r c l e s  on t h e  curve show 

t h e  vo l t age  o f  t he  c e l l  and the  x i n  t h e  LixW03 powder a t  t h e  middle time 

of each X-ray p a t t e r n  scanning.  I n  t h i s  i n  s i t u  experiment t he  X-ray c e l l  
1 2  3 



only discharge/charged i n  between 3.2V and 2.75V t o  analyze the  

rnonoclinic-tetragonal phase change. 
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Fig.  6 . 8  The EMF da t a  of the  f i r s t  i n  situ X-ray c e l l .  

The X-ray da t a  obta ined a t  3.10V ( c i r c l e  a i n  f i g u r e  6 , s  and p a t t e r n  a i n  

f i g u r e  6 . 9 )  shows a monoclinic phase.  The da t a  obta ined a t  2 , 7 5 V  ( c i r c l e  

d i n  f i g u r e  6 . 8  and p a t t e r n  d i n  f i g u r e  6 . 9 )  shows a  t e t r agona l  phase. I t  

was found t h a t  a l l  X-ray p a t t e r n s  obta ined between 2 . 7 5 V  and 3.10V can be 

expressed by c e r t a i n  combinations of p a t t e r n  (a: and ( d ) .  Two sample 

c a l c u l a t i o n s  a r e  shown i n  f i g u r e  6 . 9 .  



Scattering angle (20) 

Fig ,  6 . 9  The X-ray pattzerns: ( a )  monoclinic, (d) t e t r a g o n a l ;  (b)  and 

(c )  expressed by the  combinations o f  p a t t e r n s  (a)  and ( d ) .  

I n  p a t t e r n  (b) and ( c ) ,  t he  s o l i d  l i n e s  a r e  the  r a w  d a t a ,  

t h e  dashed l i n e  is from the  combination of ( a )  and ( d ) .  

Figure 6 . 9  shows t h a t  the  X-ray p a t t e r n  (b )  obta ined a t  2.803V i n  

discharge con ta in ing  33% monoclinic phase and 67% t e t r agona l  phase;  
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pattern (c) contains 17% monoclinic phase and 83% tetragonal phase. The 

other X-ray patterns were also analyzed and the results are listed in 

table 6.5. 

Table 6.5 Phase analysis for the monoclinic-tetragonal phase change 

X-ray pattern 
discharge 2.821V 

2.803V(b) 
2.784V(c) 

charge 2.811V(e) 
2.833V(f) 
2.845V(g) 
2.867V(h) 

Two phase 
(0.8OMon0. 
(0.33Mono. 
(0.17Mono. 
(0.23Mono. 
(0.5014ono. 
(0.71Mono. 
(0.93Mono. 

Where R is a profile fitting parameter: 

' Yo, i 

combination 
+ 0.20Tetr.) 
+ 0.67Tetr.) 
+ 0.83Tetr.) 
+ 0.77Tetr.) 
+ 0.50Tetr.) 
+ 0.29Tetr.) 
+ 0.07Tetr. ) 

where Y o t i  is the observed intensity at step i in the X-ray eqeriment and 

Yeti is the calculated intensity at step i by combining the correspondent 

step i intensities in the monoclinic pattern (a) and the tetragonal 

pattern (d). In table 6.5 R was calculated through the experimental 

scattering angles from 28  = 22" to 25"  and 32" to 36". It can be seen that 

all R values calculated were smaller than Q.09. According to these data, 

we believe that the phase change of monoclinic <-> tetragonal in Li,W04 

powders is a discontinuous phase change. In discontinuous phase change 

more than one distinguishable phases may coexist. 



5 . 5 . 2  Tetragonal  - cubic phase changes 

The X- ray  p a t t e r n s  taken from the second i n  s i t u  X-ray esperirnenr were 

analyzed.  Figure 6 .10 shows the  EMF curves from the  second i n  s i t u  X-ray 

c e l l  i n  the  charge and discharge p rocesses .  The c i r c l e s  on t he  curves  a l s o  

i n d i c a t e  the  X-ray p a t t e r n s .  I n  t h i s  a n a l y s i s ,  the same procedures were 

used a s  t h a t  used i n  the l a s t  s e c t i o n .  According t o  t a b l e  6 . 2 ,  t h e  

t e t r agona l  t o  cubic  phase change occurs i n  the  vo l t age  reg ion  o f  2 . 5 7 V  t o  

2 .38V i n  the  d i scharge  and t he  Cubic t o  t e t r agona l  phase change occurs i n  

the  vo l t age  reg ion  of 2 . 7 8 V  t o  2 . 8 2 V  i n  the  charge. A11 X-ray d i f f r a c t i o n  

p a t t e r n s  inc lud ing  i n  these  two phase change reg ions  were analyzed by the 

Rie tve ld  p r o f i l e  refinement method. I t  was found t h a t  p a t t e r n  ( a )  ( i n  s i t u  

c e l l  a t  2 . 6 7 V )  i n  f i g u r e  6.10 showed a  t e t r agona l  phase and p a t t e r n  (d )  

( i n  situ c e l l  a t  2.OV) i n  f i g u r e  6 .10 showed a cub ic  phase .  

......----. 

o data indicator 

0 0.1 0.2 0.3 0.4 0.5 

F i g .  6 ,10  The EMF curves of the  second i n  s i t u  X-ray c e l l .  



These two patterns were used to analyze the X-ray patterns obtained 

betueen 2 . 6 0 V  and 2.40V in the discharge process. The X-ray patterns 

obtained at the voltage between 2 . 6 0 V  to 2 . 4 0 V  in discharge were expressed 

by the combinations of the pattern (a)(tetragonal) and (d)(cubic). Figure 

6.11 shows two samples where pattern (b) obtained at 2.51V can be 

attributed to the combination of 78% tetragonal phase and 22% cubic phase; 

pattern (c) obtained at 2.473V can be attributed to the combination of 44% 

tetragonal phase and 56% cubic phase.  

Tetragonal a4 
Scattering angle (20) 

Fig. 6.11 The X-ray patterns: (a) is tetragonal, (d) is cubic, 

(b) and (c) can be expressed by the combinations of patterns 

(a)(tetragonal) and (d)(cubic), In pattern (b) and (c), 

the solid lines are the raw data, the dashed line are from the 

combination of (a) and (d), 



As was discussed in section 6 . 4 . 1 ,  the cubic phase of L i , W O j  powder may 

have a cell dimension change in the charge process. To analyze the X-ray 

ratterns  fro^ 2.78V to 2.82V in the charge process, the X-ray diffraction 

pattern at 2.762V (indicated as (e) in figure 6.9) was used as the cubic 

phase to analyze the cubic-tetragonal phase change in the charge process. 

The analyzed results are listed in table 6.6. 

Table 6.6 The phase analysis for tetragonal-cubic phase changes 

X-ray pattern 
discharge process 2.51V (b) 

2.5OV 
2.487V 
2.473V(c) 
2.458V 
2.432V 
2.396V 

Phase combination R value 
(0.78Tetr.+ 0.22Cub.) 0.084 
(0.66Tetr.+ 0.34Cub.) 0.084 
(0.54Tetr.f 0.46Cub.) 0.083 
(0,44Tetr.+ 0.56Cub.) 0.078 
(0.33Tetr.+ 0.67Cub.) 0.075 
(0.26Tetr.+ 0.74Cub.) 0.072 
(3.18Tetr.+ 0.82Cub.) 0.066 

charge process 2.785V(f) (0.18Tetr.+ 0.72Cub.) 0.105 
2.790V (0,34Tetr.+ 0.66Cub.) 0.083 
2.795V (0.55Tetr.+ 0.45Cub.) 0.072 
2.812V(g) (0.77Tetr.+ 0.23Cub.) 0.070 

Where the R is defined by equation (6.2) and calculated from 28 - 20" to 
70" with each step of 0.05". It is seen from table 6.6 that the X-ray 

patterns obtained in the phase-change region can be accurately expressed 

by the combinations of tetragonal and cubic phases, therefore we believe 

that the tetragonal-cubic phase change in Li,W03 is a discontinuous phase 

change. 

6.5.3 The cubic phase in the charge process 

As was discussed previously, in the voltage region of 2.6 co 2.78V in the 

charge process, less and less lithium in the Li,W03 may cause some 

distortions to the cubic phase and thus a change in lattice constant. The 

profile refinement results showed that all X-ray patterns from (e') 
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( 2 . 2 8 6 V )  t o  ( e )  (2 .762V)  i n  f i g u r e  6 . 1 0  correspond t o  cubic phase except  

f o r  some changes i n  t he  u n i t  c e l l  dimensions. The analyzed r e s u l t s  a r e  

l i s t e d  i n  t a b l e  6 . 7  and p l o t t e d  i n  f i g u r e  6 . 1 2 .  The refinement R f a c t o r  i n  

t a b l e  6 . 7  has been def ined by equat ion ( 4 . 7 ) .  

T a b l e  6 . 7  The v a r i a t i o n  o f  the l a t ~ i c e  cons tan t  i n  t h e  cubic  phase,  

The da t a  i n  the parentheses  a r e  the s tandard  dev i a t i on  of  

the  l a s t  s i g n i f i c a n t  d i g i t s .  

X-ray p a t t e r n  La t t i c e  cons t an t  R 

I n  charge process  2.286V ( e ' )  
2.43lV 
2 .  S l O V  
2.567V 
2.609V 
2.638V 
2.663V 
2.685V 
2.7l5V 
2.739V 
2.762V (e) 

From t a b l e  6.7 and f i g u r e  6.12,  it i s  found t h a t  t h e  l a t t i c e  cons tan t  of 

t h e  cub ic  phase remained unchanged i n  the  charge from 2.286V ( p a t t e r n  e ' )  

t o  2.567V. From 2.609V t o  2.762V ( p a t t e r n  e ) ,  which corresponds t o  t he  

peak l i k e  curve i n  f i gu re  6 .2  (c), t he  l a t t i c e  c m s t a n t  changes from 

2.7276A t o  2.7396A. This ana ly s i s  confirms the  statements i n  s e c t i o n  6 . 4 . 1  

t h a t  t h e  peak - l i ke  -dx/dv curve i n  t h e  dischsrge process  i s  no t  a  phase 

change, b u t  a l a t t i c e  c o n s t a n t  v a r i a t i o n  i n  the  same cubic  phase. 



Fig. 6.12 The lattice constant changes with the variation of lithium 

concentration Sx in cubic Li,W03 powder. 

6.6 Discussion 

6.6.1 The phase diagram of Li,W03 powder 

The above study makes it ?ossible tc establish a phase diagram for Li,W03. 

Combining the data in table 6.2, the plats in figure 6.4 (c), and the in 

s i t u  data in figure 6-10, a phase diagram for the 400 Li,W03 powder was 

obtained. Figure 6.13 shows the diagram. The phase changes in the 

discharge and charge processes are plotted separately. The single phase 

and co-existing phase regions for both processes are clearly shown in the 
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diagram. The hysteresis phenomenon appears in the phase diagrsm: the 

phases occur at different x regions in the discharge and charge processes 

As is discussed in previous sections, the W03 host has a tendency to keep 

its old phases, therefore the corresponding phase changes occur at 

different x values in the discharge and charge processes. It may be 

worthwhile to mention that the phase diagram shown in figure 6.13 only 

works for 400 W 0 3  powder and maybe W 0 3  film. Recalling the diffe~ent 

voltage curves for 400 W 0 3  powder and 700 WOj powder, a different phase 

diagram for 700 W 0 3  powder should be expected. 

x i n  Li,W% in  c h a r g e  p r o c e s s  

t t t 0,5 

0,Ol 0.082 0.13 0.36 

x i n  Li,W% in d i s c h a r g e  p r o c e s s  

F ig .  6 .13  The phase diagram of  Li,W03 



6 . 6 . 2  Comparison between 400 W 0 3  powders and  W 0 3  f i lms  

The d a t a  analyzed i n  Chapter 5 and i n  t h i s  chap te r  show t h a t  both WO, 

f i lms  and 400  W03 powders undergo the  same phase changes a f t e r  l i th ium 

i n t e r c a l a t i o n .  They have s i m i l a r  EMF curves and d e r i v a t i v e  curves .  The 

measured t e t r agona l  and cubic  phases a r e  a l s o  s i m i l a r  i n  t he  400 W 0 3  

powders and the  f i l m s .  Table 6 . 8  l i s t s  these  r e s u l t s  

Table 6 . 8  Comparisons of t he  4 0 0  W03 powder and t h e  W03 f i l m .  

Li, lJ03 f i l m s  Li, W03 powders 

Tetragonal  phase a - 5 . 2 0 6 k  a = 5 . 2 0 3 k  
b - 3 . 8 3 6 A  b = 3 . 8 4 4 A  

Volume of Wo3 V, = 52.00  A3 V, = 5 2 . 0 3  A3 
occupancy 

cubic  phase a - 3 . 7 2 6 A  a = 3.729A 
Volume of Wo3 V, = 51.73 A3 V, = 51 .85  A3 

occupancy 

One can see  t h a t  t he  phase changes i n  W 0 3  f i lms  a r e  t he  same as i n  the  400  

W 0 3  powder. T h i s  s tudy  r e v e a l s  t h a t  the phase changes i n  t h e  W03 f i lms  and 

t he  400 W03 powders axe discont inuous  phase changes. This may be an 

important  r e s u l t  f o r  the  f u r t h e r  s t u d i e s  of t he  EC p r o p e r t i e s  i n  t he  W03 

f i l m s  and the powders. 



Chapter 7 

Hydrogen and l i t h i u m  i n t e r c a l a t i o n  i n  cesium tungsten oxides 

The a l k a l i  tungsten oxides a r e  a  p o t e n t i a l  e lect rochromic ma te r i a l  due t o  

t h e i r  i n e r t  chemical proper ty  and favorable  c r y s t a l  s t r u c t u r e s  (Hussain 

and Kihlborg 1 9 7 6 ;  Hussain 1 9 7 8 ;  Slade e t  a 1  1 9 8 9 ) .  The response time of 

an EC c e l l  mainly depends on t he  d i f f u s i o n  speed of a c t i v e  spec ies  i n s i d e  

the EC m a t e r i a l s .  A s  was discussed  i n  Chapter 2 ,  t he  diffusion speed 

depends on t h e  atomic s i z e  o f  i n t e r c a l a t e d  spec ies  and t h e  c r y s t a l  

s t r u c t u r e s  o f  EC m a t e r i a l s .  I n  sea rch ing  f o r  an EC m a t e r i a l  i n  which 

hydrogen o r  l i t h ium d i f f u s e  r e a d i l y ,  two cesium tungs ten  oxides  were 

s t ud i ed :  hexagonal cesium tungsten bronze and pyrochlore  cesium tungsten 

oxide.  This chapter discusses  t h e  compound s y n t h e s i s ,  s t r u c t u r e  ana ly s i s  

and t h e  hydroger. and l i t h ium d i f f u s i o n  c o e f f i c i e n t  measurementx f o r  these  

two compounds. 

7 , l  Hexagonal cesium tungsten bronze 

Original material and film preparations 

The hexagJnal cesium t u n p t e n  bronze was prepared according t o  the 

fol lowing s o l i d  s t a t e  reaction: 



The n ixcures  of (x/2)Cs2C03 + 203 powders with s = 

0 . 3  ar'd 0 . 4  were hezted i n  argon atmosphere a t  the  temperature of 700•‹C t o  

900•‹C fo r  2 t o  3 dsys .  After  r e ac t i ons  the  Cs,W03 powders were p u r i f i e d  by 

a l t e r r i a t i n g  b a t h i n g  i n  h o t  d i s t i l l e d  water and e thano l  t o  remove the  

r e s idues  of unreac ted  C s 2 C 0 3 .  The f i n a l  products were o f  the co lo r s  from 

l i g h t  gray-yel low to  l i g h t  g ray-b lue  depending on t h e  x i n  t h e  mixtures .  

The f i l m  $:ere prepared b ; ~  evaporat ing che produced CsXWO3 powders onto 

SnOZ coa ted  glass and A 1  f o i l  s u b s t r a t e  a t  a temperature  of  about 250•‹C t o  

300•‹C. The Cs,lJ03 f i l m s  used i n  t h i s  work were p o l y c r y s t a l l i n e  obta ined by 

annea l ing  the  as -p repared  Cs,W03 f i lms  i n  a i r  a t  350•‹C - 400•‹C f o r  2 - 3 

hours .  The annealed CsXWO3 f i lms  were t r an spa ren t .  

The crystal s t r u c t u r e s  of prepared  CsXWO3 powders and f i l m s  

The cesium composi t io ts  i n  prepared CsxVO3 powders and f i lms  were analyzed 

by energy-d i spers ive  X-ray spect roscopy.  I t  was found t h a t  t h e  x number i n  

the  produced Cs,W03 powders (x = 0 . 0 9 ,  0 . 1 2 ,  0.16, 0 . 2 2  and 0 .30)  were 

d i f f e r e n t  from t h a t  i n  the o r i g i n a l  mixtures (x  = 0 . 1 ,  0 .15 ,  0 . 2 ,  0 . 3  and 

0 . 4 ) .  The cesium con ten t  i n  t he  produced Cs,W03 powders was always lower 

than  t h a t  i n  t h e  o r i g i n a l  mixtures .  This might be due t o  the  l o s s  of  

C s 2 C 0 3  a t  the  cemperature (700•‹C - 900•‹C) h igher  t han  i t s  mel t ing  po in t  

( 6 1 0 • ‹ C ) .  However, t he  evaporated f i lms  have the  same composition a s  the  

powders. The hexagonal s t r u c t u r e  appears i n  the  produced C S ~ . ~ ~ W ~ ~  and 

Cso.  W03 powders as wel l  as  i n  the  CsO, W03 and CsO. W03 f i l m s .  In t h i s  

c h a p t e r ,  C S ~ . ~ ~ W ~ ~  f i l m s  are  d i scussed .  Using R ie tve ld  p r o f i l e  refinement 

program, t h e  s t r u c t u r e  of  Cso.30W03 was determined.  The r e su l t :  c a l cu l a t ed  
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from t h e  powder and t h e  f i l m  were i d e n t i c a l .  Table 7 . 1  l i s c s  the  s t r u c t u r e  

r e f inement  r e s u l t s  f o r  t h e  C S ~ . ~ ~ W ~ ~  f i l m ,  where B i s  t h e  i s o t r o p i c  

t empera tu re  f a c t o r  and the N t h e  occupa t ion  number  of  t h e  atom a t  t h e  

s i t e .  

Table  7 . 1  The symmetry and atomic parameters  of  CS~~,~WO,, c e l l  

dimensions:  a = 7.364(4)A, c  = 7.713(3)A.  T h i s  t a b l e  l i s t s  

h a i f  atoms i n  t h e  u n i t  c e l l .  

Space group:  Y6/mcm 
Refined R f a c t o r :  R = 0 .031  
O r i g i n  a t  3m x Y 

W1 . 5  10 .ooo 
W2 . 000 .510 
W3 - .510 - .510 
0 1  .500 . O O O  
02 . O O O  .500 
0 3  .500 .500 
04  .414 .220 
0 5 - .414 .220 
06 ,220 - .420 
07 .220 .4 20 
0 8 - ,414 - .220 
0 9 .220 - .220 
C s .ooo .ooo 

In t a b l e  7 . 2 ,  raw and c a l c u l a t e d  X-ray  d i f f r a c t i o n  d a t a  a r e  l i s t e d ,  t h e  

r e f i n e d  R f a c t o r  i s  0 .031.  The X-ray d i f f r a c t i o n  p a t t e r n  shows s y s t e m a t i c  

absence  f o r  1 - odd. From t a b l e  7 . 1 ,  t h e  c o n t e n t  o f  c e s i u m  i n  a  h a l f  u n i t  

c e l l  i s  0 . 9 1  which corresponds  t o  x - 0.89/3  - 0.296 i n  Cs,W03 f i l m .  The 

c a l c u l a t e d  cesium c o n t e n t  i s  q u i t e  c l o s e  t o  t h e  measured v a l u e  (x  = 0 .30)  

by e n e r g y - d i s p e r s i v e  X-ray spec t roscopy .  



Table 7 . 2  The r a w  and ca l cu l a t ed  data of X-ray d i f f r a c t i o n  p a t t e r n s  of 

hexagonal C s 0 . 3 0 W 0 3  f i l m .  d  i s  t he  spacing and I t he  

i n t e n s i t i e s  i n  r e l a t i o n  to hkl  r e f l e c t i o n s .  

h k l  

-- - - -- - 

Figure 7 . 1  shows t h e  X-ray p r o f i l e s  of raw (+++) and c a l c u l a t e d  (-1 

d a t a .  According t o  t a b l e  7.1, t he  hexagonal C S ~ , ~ . , W O ~  is formed by s i x -  

member r i ngs  of  (Hob) octahedra sha r ing  t h e i r  corners  i n  t h e  (001) plane, 

and by a  s tack ing  of such planes  a long the  [001] a x i s .  Figure  7 . 2  shows 

t h i s  s t r u c t u r e .  I t  i s  expected t h a t  t h e  hexagonal tunne ls  i n  t h i s  

s t r u c t u r e  may o f f e r  an easy path  f o r  hydrogen o r  l i t h ium d i f f u s i o n .  



Diffraction angle(2 8) 

F i g .  7.1 The raw (u+) and calculated ( )  X-ray profiles f o r  hexagonal 

Cs0.,,WO3 film. 

Fig. 7.2 The illustration of crystal structure for hexagotral Cs0.30W03 



T h e  d i f f u s i o r ?  coefficients of hydrogen and 1 ithiurn a t o m s  in the  hexagonal 

CsO. 3 0 W 0 ,  films 

As W 0 3  films, the evaporated Cs0.30W03 films also turn blue after hydrogen 

or lithium intercalation. The purpose to develop hexagonal cesium tungsten 

bronzes is to find a material in which the hydrogen and lithium atoms can 

diffuse fast. Using the procedures described in section 5.3.3 and equatim 

5.4 we determined the diffusion ccefficients of hydrogen and lithium atoms 

inside the hexagonal Cs0.301.?03 film. The electrochemical cell used to 

measure the hydrogen diffusion coefficient has been shown in figure 4.1 

and figure 4.2. The results are listed in table 7.3. Both DH and D L i  

showed large value at low hydrogen or lithium concentration. With x < 0.1 in 

Hx CsO. W 0 3  , the values of hydrogen diffusion coefficients (D,, = 10' - 

cm2 s' ' ) are about one to two order of magnitudes higher than that 
(D, - 10- l o  cm2 s- ' ) in polycrystalline W 0 3  films. However, the DH in the 

films drops quickly with increasing hydrogen content in H , C S ~ . ~ ~ W O ~ .  At x 

= 0.14 the hydrogen diffusion coefficient in H , C S ~ . ~ ~ W O ~  is close to that 

in the W03 film. The lithium diffusion coefficient D L i  has also a high 

value when x < 0.05 in LiXCs0. 30W03 but drops about two orders of 

magnitude after the lithium concentration reaches to x - 0.13 in 
Li, Cso . W 0 3  films , 



Table 7 . 3  The d i f f u s i o n  c o e f f i c i e n t s  of  hydrogen and l i t h ium atoms 

i n s i d e  the hexagonal Cso.,,W03 f i lm 

Hydrogen d i f f u s i o n  c o e f f i c i e n t  D H  

x i n  H, CS,. W O ~  D& (cm2 S - ' )  

4 . 3  x 3 x 10- 

3 . 8  x los3 9 l o F 9  

1 . 7  x 10'~ 5 

5 . 4  x 2 10- 

0.1 I. :< 1 0 ' ~  

0.14 6 x 1 0 ' l 0  

Lithium d i f f u s i o n  c o e f f i c i e n t  D L i  

x i n  L i x  Cs0. W 0 3  DL (crn2 s- ) 

2 .6  x l o a S  6  x 1 0 ' ~  

1 . 3  l o m 4  3 

1.0 2 l o q 9  

2.2 x l o - '  4 x 

0.13  6 x l o - "  

The d i f f u s i o n  behavior of hydrogen and l i th ium atoms i n  hexagonal 

C S ~ . ~ ~ W O ~  f i lms  can be understood.  The presence of hexagonal tunnels  

enhances t h e  d i f f u s i o n  of hydrogen and l i th ium atoms i n  Cs0.30W03 f i l m s .  

However, t h e  d i f f u s i o n  c o e f f i c i e n t s ,  DH and D L i ,  a r e  expected t o  decrease  

a f t e r  more and more hexagonal tunne ls  a r e  occupied and blocked by i n se r t ed  

L i  and H atoms. A s  can be seen from f i g u r e  7 . 2 ,  cesium atoms occupy the  

s i t e s  a t  t h e  c e n t e r  of  the  six-member r i ngs  of (WO6) oc tahedra .  The 
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maximum nunlber of cesium a t  t h a t  p o s i t i o n  i n  the hexagonal  CsXWO3 i s  s = 

0 . 3 3 .  I n  our  c a s e ,  t he  cesium c o n c e n t r a t i o n  is x = 0 . 3 0  i n  CsxW03 , only 

about  10% a f  hexagonal s i t e  a r e  unoccupied by t h e  cesium. The l i m i t e d  

number o f  unoccupied hexagonal  s i t e s  may e x p l a i n  the  r eason  why t h e  

d i f f u s i o n  c o e f f i c i e n t s  of hydrogen o r  l i t h i u m  drops  q u i c k l y  when t h e  

composit ion of hydrogen o r  l i t h i u m  reaches  t o  x -- 0.05-0 .1  i n  HxCs0 . , ,WO3 

o r  L i x  C s O .  W 0 3  f i l m s .  The D,, and DL were measured i n  t h e  s i n g l e  phase 

r eg ions  o f  H X C s 0  30kQ3 (0  < x < G .  15)  and Li,Cso. ,,WO, ( 0  < x < 0 . 1 5 ) .  I n  

our  exper iments ,  no s t r u c t u r a l  change was observed from the X-ray 

d i f f r a c t i o n  d a t a  a t  x < 0 .25  i n  H , C S ~ . ~ ~ W O ~  and x < 0 . 1 5  i n  Li,Cs,.,oWO,. 

7 . 2  Pyrochlore  cesium t u n g s t a t e  

Preparations of powders and films 

The pyroch lo re  cesium tungs  t a t e  (Cs2 0 ) x W 2  O6 ( a b b r e v i a t e d  a s  PCT) was 

p repa red  by p r e c i p i t a t i o n  i n  a c i d i f i e d  e t h y l e n e  g l y c o l  s o l v e n t  (Coucou and 

F i g l a r z  1988) .  l o g  Na2W04 + 2g C s 2 C 0 3  were f i r s t  comple te ly  d i s s a l v e d  i n  

h e a t e d  e t h y l e n e  g l y c o l  s o l v e n t ,  fo l lowed  by g r a d u a l l y  a c i d i f y i n g  t h e  

s o l u t i o n  w i t h  a c e t i c  a c i d  a t  a  t empera tu re  o f  abou t  85•‹C. The r e a c t i o n s  

took about  5 - 10 hours  t o  complete and l e a d  t o  a  suspens ion  of white  PCT. 

The suspens ion  of  w h i t e  PCT tu rned  t o  a whi te  p r e c i p i t a t e  a f t e r  ano the r  5 

- 10 hours .  The d r i e d  PCT powder was ob ta ined  a f t e r  r i n s i n g  and 

c e n t r i f u g i n g  t h e  p r e c i p i t a t e  s e v e r a l  t i m e s .  The f i n a l  PCT powder was snow 

w h i t e .  The produced PCT powder was t h e n  used a s  s o u r c e  m a t e r i a l  t o  

evapora te  PCT t h i n  f i l m .  The e v a p o r a t i o n  was c a r r i e d  o u t  i n  a  vacuum o f  2 

x l o - '  t o r r  and t h e  s u b s t r a t e  was h e a t e d  t o  about  200•‹C i n  o r d e r  t o  o b t a i n  
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a f i l m  of good adhesion t o  the  s u b s t r a t e .  The f r e sh ly - evapo ra t ed  PCT films 

were amorphous and become p o l y c r y s t a l l i n e  a f t e r  annea l ing  a t  350•‹C t o  

400•‹C f o r  3 - 4 hours .  The annealed p o l y c r y s t a l l i n e  f i lms  were 

t r a n s p a r e n t .  

T h e  c r y s t a l  s t r u c t u r e s  of PCT powders and films 

The c r y s t a l  s t r u c t u r e s  o f  PCT powders and f i lms  evaporated from the PCT 

powder were found t o  be  the  same: cub ic  wi th  l a t t i c e  cons t an t  a - 10 .366A.  

The PCT u n i t  c e l l  belongs t o  t he  space group Fd3m. The d i f f r a c t i o n  peaks 

can be observed only  when h ,  k o r  1 equa l s  t o  4n o r  4n+2, o r  h + k + 1 - 
4n o r  2n+l.  The s t r u c t u r e  of  t h e  u n i t  c e l l  and t h e  symmetry of the l a t t i c e  

were f i n d l l y  determined by rhe p r o f i l e  ref inements .  Table 7 . 4  l i s t s  

refinement r e s u l t s  f o r  t h e  atomic p o s i t i o n s  of  PCT i n  t h e  u n i t  c e l l  and 

t a b l e  7 . 5  l is ts  t h e  observed and c a l c u l a t e d  peak p o s i t i o n s  and i n t e n s i t i e s  

i n  the X-ray d i f f r a c t i o n  p a t t e r n .  The f i n a l  r e f i n e d  parameter R i s  0.072.  

From t a b l e  7 . 4 ,  it i s  c l e a r  t h a t  a l l  atoms a r e  a t  s p e c i a l  p o s i t i o n s .  For 

each kind of atom, one atom p o s i t i o n  i s  l i s t e d .  The p o s i t i o n s  of o t h e r  

atoms can be  o b t a i n  from t h e  symmetry opera t ion  of the space group.  I t  i s  

found dur ing  t he  refinement t h a t  n o t  a l l  t h e  s i r e s  a r e  f u l l y  occupied by 

t he  atoms. The occupat ion numbers of  cesium a t  8b and oxygen a t  l 6 d  s i t e s  

correspond t o  the x = 0 .43  i n  (Cs20),fJ206 which is  somewhat h igher  than 

t h a t  expected from the  o r i g i n a l  s o l u t e s  i n  the  s o l u t i o n  ( x  = 0 . 4 0 ) .  



Table 7 . 4  The atomic parameters o f  PCT i n  the u n i t  c e l l ,  a = 10.366A 

S p a c e  group: Fd3m 

Refined R f a c t o r :  R = 0.072 

Origin a t  3 m  s i t e  x Y z B N 

W 16c 0 . 0  0  .O  0 . 0  3 . 9  1 . 0  

0 48E 0 .301 1/8 1/8 1 1 

C s  8b 3/8 3/8 3/8 1 . 3  0.85 

0 16d 1/2 1 /2  1/2 4 . 7  0 . 2 1  

With t h i s  atom arrangement i n  t he  u n i t  c e l l ,  t he  peak i n t ~ n s i t y  and the  

d i f f r a c t i o n  p r o f i l e  were ca l cu l a t ed .  Table 7 . 5  l i s t s  t h e  raw and 

c a l c u l a t e d  X-ray d i f f r a c t i o n  da t a  and f i g u r e  7 . 3  shows t h e  r e s u l t s  i n  t he  

p r o f i l e  ref inement .  

From these  refinement r e s u l t s ,  t he  PCT s t r u c t u r e  i s  determined.  This 

s t r u c t u r e  can be s i m i l a r l y  descr ibed by s tack ing  d i sordered  hexagonal 

Cs,W03 l a y e r s  i n  (111) d i r e c t i o n  (F ig l a r z  1989). Figure  7 . 4  shows t he  

schematic v i e w  of  t h e  PCT matr ix  i n  t h e  (111) d i r e c t i o n .  A s  can be seen 

from these  p i c t u r e s ,  t h r ee  dimensional in terconnected hexagonal tunne ls  

a l e  formed i n  the PCT. 



Table 7 . 5  T h e  raw and calculated d spacing and i n t e n s i t i e s  i n  t h e  x -  

ray  d i f f r a c t i o n  p a t t e r n  of PCT films. 

h k l  



-10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  

Scattering angle ( 2 8 )  

Fig.  7 . 3  R a w  (+-I-+) and ca l cu l a t ed  (-) X-ray d i f f r a c t i o n  

pa t t e rns  o f  PCT. 

F i g .  7 . 4  Schematic view of PCT matrix i n  the  (111) d i r e c t i o n .  
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Diffusion coefficients of hydrogen and L i t h i u m  in PCT 

The PCT f i lms  could be colored by i n t e r c a l a t i n g  hydrogen o r  l i t h ium.  In 

order  t o  determine the  d i f fu s ion  c o e f f i c i e n t s  of  hydrogen and l i t h ium i n  

PCT, t he  cu r r en t  s t e p  method was used aga in .  The EC c e l l  used t o  determine 

t he  D,, i n  t he  PCT i s  shown i n  f i g u r e  4 . 1  and t h e  c e l l  used t o  determine 

t he  D L i  i n  the  PCT f i lm  was the  b a t t e r y  c e l l  descr ibed  by f i g u r e  4 . 2 .  The 

measured DH and D L i  a r e  l i s t e d  i n  t a b l e  7 . 6 .  N o  c r y s t a l  s t r u c t u r e  change 

was observed i n  l i g h t  b lue  colored (OD < 0 . 5 )  HxE'CT ( 0  < x < 0 . 2 2 )  and 

LixPCT ( 0  < x < 0.14)  . So most DH and DL da t a  i n  t a b l e  7 . 6  were obta ined 

i n  a  s i n g l e  phase region of  H, PCT o r  Li, PCT. The D,, and DL da t a  obta ined 

from t h e  regions  o f  x > 0.22 i n  H,PCT and x > 0 .14  i n  Li,PCT may be used 

a s  a  r e f e r ence .  From t h e  measured d a t a ,  i t  was found t h a t  t h e  hydrogen o r  

l i t h ium d i f f u s i o n  c o e f f i c i e n t s ,  DH o r  D c i ,  a r e  independent of the  hydrogen 

o r  l i t h ium concen t ra t ion  i n  the PCT f i lms  and about one order  of magnitude 

h igher  than  t h a t  i n  t h e  W 0 3  f i l m .  

Table 7 . 6  The d i f f u s i o n  c o e f f i c i e n t s  of hydrogen and l i t h ium i n  
PCT f i lm .  

Hydrogen diEfusion y i n  H PCT 
c o e f f i c i e n t  D,, 0.047 

0 .08 
0.14 
0.29 
0.50 

Lithium d i f f u s i o n  y i n  Liy PCT 
c o e f f i c i e n t  DL 0.057 

0 .11  
0 .31  



7 . 3  Discussions 

A s  i s  mentioned a t  t he  beginning of t h i s  chap te r ,  t h e  purpose of t h i s  

s tudy was t o  f i n d  a tungsten compound i n  which hydrogen o r  l i th ium w i l l  

have a f a s t e r  d i f f u s i o n  than i n  t he  monoclinic W03 h o s t .  To ob t a in  an 

app rop r i a t e  o p t i c a l  dens i t y  change i n  W 0 3  f i l m s ,  c e r t a i n  hydrogen o r  

l i t h ium :oncentrat ion o f  x - 0 . 1  t o  0 . 2  i n  H,W03 o r  Li,W03 was u sua l l y  

needed. Almost t h e  same quan t i t y  of hydrogen o r  l i t h ium was a l s o  requ i red  

f o r  t h e  o p t i c a l  dens i t y  changes i n  hexagonal C S ~ . ~ ~ W ~ ~  and PCT. From the  

r e s u l t s  d iscussed i n  t h i s  chap te r ,  it was found t h a t  t h e  hydrogen and 

l i t h ium d i f f u s i o n  c o e f f i c i e n t s  i n  Cso.30W03 and PCT a r e  much higher  than  

t h a t  i n  t he  monoclinic W03. A t  low hydrogen and l i t h ium concen t ra t ion ,  the  

hydrogen and l i t h ium d i f f u s i o n  c o e f f i c i e n t s  i n  hexagonal C S ~ . ~ ~ W ~ ~  a r e  

about two orders  of magnitude h igher  than t h a t  i n  W03. When t h e  hydrogen 

o r  l i t h ium concen t ra t ion  i n  the  C S ~ . ~ ~ W ~ ~  reached t o  x = 0 . 1  - 0 . 2 ,  

hydrogen o r  l i t h ium d i f f u s i o n  c o e f f i c i e n t s  drop t o  sma l l e r  va lues  b u t  

s t i l l  h igher  than t h a t  i n  W03. The da t a  l i s t e d  i n  t a b l e  7 . 6  shows t h a t  t he  

d i f f u s i o n  c o e f f i c i e n t s  of hydrogen and l i th ium atoms i n  t h e  pyrochlore 

( C S ~ O ) ~ .  43W206 s t r u c t u r e  a r e  about one order  of  magnitude h igher  than t h a t  

i n  W03 throughout a l l  hydrogen o r  l i t h ium concen t ra t ion  reg ions .  The main 

reason is d i f f e r ences  i n  t he  hos t  s t r u c t u r e .  I f  w e  compare t h e  c r y s t a l  

s t r u c t u r e  of monoclinic W03, hexagonal C s 0 . 3 0 W 0 3  and t h e  PCT, t he  volumes 

of the  u n i t  c e l l s  i n  each s t r u c t u r e  can be c a l c u l a t e d  from t h e  da t a  

ob ta ined :  



Monoclinic WOj 

Hexagonal C s O  WQ3 

Pyrschlore PCT 

Considering that there are 8 octahedra in the monoclinic W 0 3  unit cell, 6 

in the hexagonal C s 0 . 3 0 1 J 0 3  unit cell, and 16 in ishe PCT unit cell, the 

space occupied by one octahedron in each structure is: 

If one considers the crystal structure itself, the hexagonal structure 

should allow faster diffusion than the monoclinic structure and the 

pyrochlore structure should be even faster than the hexagonal structure 

for lithium or hydrogen insertion. The cesium atoms in the tungsten oxide 

host may reduce the free spaces in the hexagonal and pyrochlore structures 

and thus reduce the lithium and hydrogen diffusion coefficients. 

Considering high hydrogen and lithium diffusion coefficients in these two 

materials, hexagonal CsO. W 0 3  and pyrochlore (Cs2 0) W2 o6 should be 

good candidates to be used as fast EC layer for hydrogen and lithium 

intercalation. 



Chapter 8 

Conclusions 

The intercalation processes of lithium and hydrogen in W03 films, various 

GO3 powders and cesium tungsten compounds have been intensively studied. 

The results achieved in this study \ave been discussed in details in the 

previous chapters. In this chapter, we list some main contributions of 

this vork as conclusion. 

1. We determined the crystal structures of electrochemically formed 

Li,W03 films and LiXWO3 powders within 0 < x < 0.5. The phase 

transitions from monoclinic to tetragonal and then to cubic can be 

attributed to the changes of W-O bonding length and bonding 

angle. The lithium intercalation and deintercalation are reversible 

provided x < 1 in Li,W03. 

2. We determined the phase diagram for 400 Li,W03 powder. This thesis 

revealed that the phase transitions in LixW03 from monoclinic to 

tetragonal and then from tetragonal to cubic are discontinuous phsse 

trznsition, i.e. during the phase transition, two phases are co- 

existing in the Li,W03. 

3. fri'e determined the crystal structure of tetragonal HxW03 film and 

revealed that tetragonal HxW03 and Li,WOj have a very similar crystal 

structure, space group, atom position and unit cell dimensions. The 
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structure determination for tetragonal H,W03 film is also a direct 

evidence to support the tungsten bronze model. 

4. We showed that the lithium intercalation in various W 0 3  powders could 

be totally different. A reproducible experiment technique is reported. 

5. For lithium and hydrogen intercalation in hexagonal and pyrochlore 

cesium tungsten oxides, the diffusion coefficients of hydrogen and 

lithium atoms were found to be dependent on the crystal structures. 

To further clarify the physical and chemical properties of W 0 3  host after 

lithium and hydrogen intercalation, some further work may be necessary: 

Electric conductivity measurements for various tungsten bronzes, such 

as the studies in insulator-metal transition as function of 

intercalated species. The studies in the conductivity may reveal more 

information about the W 0 3  band structure. 

This thesis did not answer the question why the commercial W 0 3  powder 

and 900 W 0 3  powder showed totally different properties for lithium 

intercalation from that of 400 W 0 3  powder, 700 W 0 3  powder and W 0 3  

films. There could be many possible reasons for this, such as impurity 

or defects in the crystallites, water or hydrogen content, and crystal 

grain size, etc.. Some more analytical means, such as NMR, IR, ESR, 

could be used to pursue such investigation. 
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