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a b s i r a c t

Tooochemical reactions of lithium with various transition metal 

„ i d . s  are in.eatigated with a special emphasis on spu, la. Re c 

tlons are Parried out both „lth chemical r e a c t s  an, in electro­

chemical ceils. -he prouucts are structurally character., . 0  

po-oer X-ray diffraction. The determination of el.ctroche i

gai.anoat.tic discharge cur.ea, lithium-ipn diffusion rat-s 

,„o cyclic voltammetry are used to study the pell reactions.

Lithium is ..traded from li»02 forming li„.2»0 : , where approxi­

mately one-third of the vanadium ions migrate tc the r.cta e ra 

aites, formerly occupied aoleiy by lithium; the> -maining »o- 

thirda reside in the octahedral >b sites, as in U V 0 2.

formation is irreversible.

« * .  heated t »tf>C. the two-phase intermediate products t i o ^ O

and LL, ,V0, transform to the spinel structures L1V20, and me 
and Lio.«. 2 structure of these pro-
stable 110.9*20,. lhe « nver310n and the 3tr

ducts are described.

tithiation of the spinel U [ V 2]0, leads tP the p a r t i a l l y  ordered 

rocks.lt phase U 2[v2l0„, where the spinel [B2]x, sub-lattic
intact. The reactipn is re.araible and exhibits a discha g 

plat.au at - 2 - > *  V. Delithistlon of Liv20„ is acco»panied b, 

irreversible rearrangement of the vanadium cations, resulting in a 

d e fe c t  r o c k s a lt  p h a s e , w here th e  l a t t e r  a re  d is t r ib u t e e I  in  e> e rn  

layers of octahedra of the oxide lattice with a ratip pf . 

spinel, this ratio is 3 , 1). Relithistion is ppsslble, 

proceeds according to a different mechanism.

Lithium diffusion rates in the system L W » A  vary

A in- 10 nm2 /«(>r (x = 0) to 6.10" cm /sec (x = 1)- in between 4.1U cm /sec v*



* I < ViCk D = 1.10- 9 cm2 /sec; in layered LiV02 . D 
delithiated Lii_xv2 0u » u - A,A . .Hn,Dk and
5.1 0 - 9 cm2/sec. Li* diffusion rates in the spine 

FejOj, are determined for comparison.

order to .t«>Ui.« delithiated 1 1 , . ^  
s u b s t  itution of LI* .1th Zn’* is carried out 0, ioh exchange The 

conpounda LlxZnyV20, (0.7,.,<0.8, , U.0*<y<0.10> a r .  fonaed a < 

. X ctur.ll> characterised. Stabilisation or the spinel [B ] , 

,r. « . o *  i. attained Tor relative!, high lithi- .

U ,  V,!.. Further delithiation lead, to concuri-ent Zinc
hU the ir eversible vanadium-ion migra­

tion, which is accompanied by the ir evers

tion, already observed in the unsubstituted material.

spinels Li^njO, and Lii^HnjO* IU

parity clarify their different lithi.tion ™chania«».
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CHAPTER 1

IN r ROIXJC11 ON

The energy crisis of the early 1570'3 caused a renewed interest 

in the development of alternative energy sources and conservation 

systems. This resulted in research directed towards more effi­

cient electrical systems, amongst which were new types of primary 

and secondary oatteries. One of the most irrportant requirements 

for these batteries is a high energy density (Watt-hours/kg or 
Watt-hours 'cmJ ).

Amongst the systems that have been investigated, ambient tenpera- 

ture lithium batteries have proven to be promising, particularly 

for low-drain applications such as cardiac pacemakers, electro- 

chromic displays, wrist watches, calculators and other devices 
that use currents in the aA/cm2 range.

Other types of lithium batteries, as well as other systems, which 

will not be discussed here, are being developed for applications 

which need a high power performance, for exairple the electric 

vehicle, which requires currents in the mA/cm2 or even the A/cm2 

range for good acceleration.

There are over a dozen primary lithium batteries already availa­

ble commercially [1-3), of which a few examples are the couples

I. i/CiX), Li/lj, Li/S02 and Li/MnOj. More recently, a secondary 

lithium cell, based on the couple Li/MoS2 , has become available 

on the market. One of the main advantages of lithium cells is 

their very limited self-discharge, which allows long-term storage 
without a aignificant voltage drop.



It is known that many of these systems operate via an intercala­

tion reaction mechanism, whereby th1 V u m  is inserted topotac- 

tically into the structure of the cat. de during discharge.

Many more compounds are being studied today: several transition 

■netal sulphides and oxides, such as TiS2 » WO3 » V2O5 and VgO 13 are 

amongst those that havj received the most attention over the past 

decade. In many of these cases lithium ha3 been reversibly in­

serted i.ito and extracted from the host structure.

It has re<ently been found that spinel oxides and sulpnides are 

capable of rev»rsibly accommodating lithium in the interstitial 

sites of (’he lattice; the topochemical reactions of' lithium with 

spinel compounds will be examined in detail in the course or this 

work.

The rever *ty of topotactiu res''*’ions has prompferi studies on 

the use of reactants in a "discharged" state, i.e., stable com­

pounds containing lithium.

Materials of this type include the layered oxides LiM02» where 

M=v,Co,Ni,Cr. It has been shown that lithium can be extracted 

from the conpound LiCo02 , without altering the structure of the 

lattIce.

In this work lithium extraction from the isostructural compound 

LiVOj will be studied, with a view to converting the intermediate 

compound Lig^VC^ to the spinel LiV20i,*

This chapter comprises un introduction to intercalation reactions 

and to the structure of spinels and of the layered compounds 

LiM02 (MsV,Co,Cr,Ni).

r I’7’™'



1.1 INTERCALATION REACTIONS

1.1 . 1  Oefinition

Intercalation is a 3olid state reaction in whicii a ho3t lattice Z 

accepts a guest ion, at̂ .-R or molecule A.

An ideal intercalation reaction involves little or no modifica­

tion of the host structure, e.g., a 3light expansion or contrac­

tion of the lattice.

In cases which involve more important chunge3 of the host matrix,

i.e., cleavage of certain bonds or atomic rearrangement, the pro­

cess is more correctly termed a topotactic or topochemical reac­

tion, although the term intercalation is frequently used. In 

this work, the terms "intercalation" and "topochemical reaction" 

•*111 be considered interchangeable, a3 this is accepted common 

practice in the recent literature. Intercalation reactions 

typically take place at intermediate temperatures (200 - 600K); 

at higher temperatures the structures become unstable, and at 

lower temperatures the activation energy barrier for diffusion of 

the guest species inside the hos* prevents the reaction 4],

T«*o different types of intercalation reactions can be defined 

. In the first case, which is of little interest to this work, 

the host structure is an innulator, and its effective charge re­

mains unchanged by the reaction, as happens with sheet silicates 

*> ’. The r.econd type of reaction involves an electmnically con­

ducting host matrix, where the charge is altered during the reac­

tion. In this case, there is a 3 imuLaneous uptake of ions and 

c^cctrons by the host lattice, the electrons beinq provided by a 

concurrent chemical or electrochemical reaction.

The process is then termed a topotactic redox reaction, and can 

be described by the equations

xA* ♦ xe“ ♦ Z (A*)XZ*-



The equivalent reaction with anions, where the host lattice loses 

an electron, is known, although it is unusual for steric and 

energetic reasons and will not be discussed here.

It is immediately apparent thaf. intercalation reactions will be 

readily reversible, because they do not involve extensive bond 

cleavage, formation of new bonds and atom reorganisation, but 

only minor structural changes.

1.1.2 Applications

Intercalation reactions, particularly at ambient terrperature, can 

be used to prepare interesting substances, including non-stoi- 

chiowetric compounds, with unusual valence states bnd/or ionic 

ordering. Such compounds are often metastable and unobtainable 

by other, more conventional methods, such as high temperature 

aynt >eois.

Many heterogeneous catalytic processes are known to take place 

via intercalation reactions, amongst which are included the dis­

solution of hydrogen in Pt, Pd and Ni, and bromine complexation 

by graphite.

More recently, intercalation compounds, e.g., metal oxide hydro­

gen bronzes, hav» found an application in electrochromic display 

devices 7,8].

In connection with the current interest in the development of 

■wore efficient systems for energy conversion and storage, many 

topotactic redox processes have been extensively studied as pos­

sible solid state electrode reactions for high energy density 

primary and secondary batteries.

1.1.3 Intercalation compounds as solid state cathode materials

Over the past 10 - 15 years, several transition metal sulphides, 

selenides and oxide3 have been investigated as solid state cath­

ode materials for both ambient and high temperature rechargeable 

batteries.



The electrode reactions of these batteries may be written in the 

general form:

xA _________^ xA* + xe~

MYn ♦ xe- ----- > Mx“Yn

The cell reaction i3 thus:

discharge 

xA ♦ MYn AxMYn

charge

where A s alkali metal

M s transition metal(s)

Y s anion

The following requirements have been formulated for intercalation 

cathodes [ 9,10’:

a, A large Gibbs function AC, affording a high cell voltage.

b) A wide range of * in AxMYn, resulting in high cell capa- 

cilies.

c) A limited change of AG over the compositional range, resul­

ting ir. discharge of almoct constant voltage.

d) High diffusivity of the guest ion in the host lattice.

e) Minimal modifications in the host structure (making the re­

action reversible).

f) Good electronic conductivity (although a low conductivity may 

be enhanced by additives in the electrode).

g) Low solubility in the electrolyte.

A briof review of potential intercalation cathodes will be given 

in section 1.1.5.



Choice of lithium as an anode

Both sodium and lithium are attractive candidates as anode mate­

rial, because of their high electrochemical activity and low 

nass. Both elements have been used as the guest ion in interca­

lation reactions; although sodium may be inserted into several 

compounds .1 1 ., lithium is generally the preferred anode for pri- 

•nary cells, particularly when used in conjunction with close- 

packed transition metal oxides and sulphides. The reasons for 

this preference for lithium are:

a) lithium, being a smaller atom, may be inserted more easily 

througn atomically narrow channels.

b) lithium is the lightest alkali netal and therefore offers a 

3upenor specific anode capacity for the battery.

c) lithium is the most electropositive metal in the electro­

chemical series, with a standard reduction potential of 

-3.405V 'as opposed to Na : -2.711V).

d; Sooium is commonly found in trigonal prismatic coordina­

tion, whereas lithium enjoys both tetrahedral and octahe­

dral coordination provided by clo3 e-packed anionic arrays.

Brief review of host lattices for solid state cathodes

Because the feasibility of intercalation reactions is largely de­

termined by the structure of the host, it is convenient to define 

three categories of host lattices (fig 1 .1 ):

a) one-dimensional structures, characterised by chain-type 

compounds•

b) two-dimensional layered compounds.

c) three-dimensional framework structures, with interconnec­

ting channels of unoccupied lattice sites.
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FIG 1.1

if.ic categories of host lattices [4]

1.1.5.1 Linear chain structures

ve.y few chain-type structures have been investigated as interca­

lation cathode materials partly because of their low structural 

stability, the susceptibility of these structures to lattice de­

fects, and the commonly encountered irreversible modifications of 

the host matrix caused by chemical attack [4,5], However, a few 

intercalat i on reactions have been studied within this class of 

compounds, where the guest ion is inserted in the space between 

the chain elements.

The structure of the chalcogenide NbSej, which consists of paral­

lel linear chains of (NbSe3 ) (Fig 1.2), accepts up to three Li 

pir formula unit, forming Li3NbSe3 [12]; the reaction is rever­

sible.



O  S e

ric 1.2

Structure of NbSe3 (taken from [5])

Similarly, Na has been inserted into NbS2Cl2, resulting in the 

fora<-tion of NajSbS2Cl2 [ll].

1.1.S.2 Layered structures

Layered compounds are probably the moat extensively studied in­

tercalation compounds; they have even been defined as the only 

structure that undergoes a true intercalation reaction [ 13].

Alktili metal intercalation co(t|Jound3 were prepared for the first 

time in 1959 [14], by reacting MoS2 and WS2 with a solution of 

the alkali metal (Li, Na, K, Rb, Cs) in ammonia at -4CPC to 

-50 °C. Ammonia has a'_»o been intercalated into these compounds 

and can be removed by vacuum treatment on heating.



Research towards new forms of electrical energy storage led Whit- 

tingham 1 15] to propose the layered compound TiS2 as a cathode in 

a high energy density lithium battery. The structure of TiS2 

(Fig 1.3) can be described us a stacking of layers of T iS2 blocks 

bonded by weak van der Waals forces. The sulphide ions are hexa­

gonal ly close-packed, and the I i** ions occupy octahedral inter­
stices.

FIG 1.3 

Structure of TiS2

During the intercalation reaction, lithium is inserted into the 

octahedral sites locatcd between the sulphur layers. This inter­

stitial space between the T iS2 blocks is often termed tiie van der 
Maals gap.

Although TiS2 has excellent characteristics for secondary lithium 

cells [10,13], it suffers from a number of drawbacks common to 

most chalcogenides fl6]s

a) sensitivity to moisture

b) relatively low energy density compared to oxides, due to 

the higher irass of sulphur
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c) single phase intercalation reaction throughout the com­

positional range, which entails a sloping discharge 

curve

d) solvent intercalation into the structure.

These difficulties have prompted new studies of transition metal 

oxides as intercalatiin electrodes.

Amongst the layered oxides that have been studied, M0O 3 and 

MoidOsi ar* interest as cathode materials for lithium batte­

ries [17,18]. However, both these oxides undergo fairly large 

structural changes of the host lattice, which impair the reaction 

reversibility 19].

. lthium can b«- extracted from the layered compound liCoC2, with­

out altering the structure; at x=l in Li1_xCoD2 , a CdCl2-type 

structure would be obtained 20]. The structure of the layered 

compounds LiM02 is described in section 1.5. The deintercalation 

of lithium from one of t^iese compounds will be discussed else­

where in this work.

1 .1 .5.3 Fr rU structures

Recent interest in transition metal oxides as "solid-solution 

electrodes" for lithium batteries has directed research towards 

three-dimensional structures.

Small guest ions, such as hydrogen and the early alkali metals, 

are able to diffuse through channels formed by interconnected 

interstices in a framework structure.

The vanadium oxides V205 and V^O^ [9] are amongst the most stu­

died oxides which undergo reversible topotactic redox reactions. 

Both these substances can be related, b;< shearing, to the struc­

ture of perovskite (CafiOj), as can Re03 and WO3 .



ReOj and WO3 are formed by corner-sharing M06 octahedra 

which leave cuboctahedral cavities (Fig 1.4). Each cavity 

shares its square fares with neighbouring cavities, forming 

interconnected channels in three perpendicular directions.

FIG 1.4

Cuboctahedral cavities in Re03 and WO3 

Arrows indicate direction of channels [9]

Both ReUj and WO3 undergo intercalation reactions with 

lithium and other small ions such as hydrogen and sodium.

A combination of corner- and edge-sharing of the M0& octahe- 

dra can provide other suitable structures for intercalation 

reactions: a first shear of the Re03 structure leads to 

V205 , a second shear to the Vr,013 structure [9] (Fig 1.5).

The insertion of lithium into V205 ha3 bern extensively 

studied [13,21,22]. The structui contains cavities that 

form channels in two directions.

One lithium is inserted in each cavitiy, reaching the final 

coTposition H V 2O5 (Fig. 1.6).



v ,a2U 5

S e c o n d  sh ear

VfiO6 '-'la

FIG 1.5

Shearing of ReOj structure resulting in V205 and VjOu 

Arrows indicate he shear planes (taken from [16])

FIG 1.6

Structure of LiVjCJs (taken from [Z3])
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In the case of V^0  ̂3 , which has a structure similar to that 

of V20$, but with additional edge-sharing between the octa- 

hedra, the fi.ial composition of the lithium insertion reac­

tion is l.i8V(iO l 3 [9].

Transition metal oxides of the rutile type and, indeed, 

rutile (Ti02 ) itself undergo lithium intercalation [24,23]. 

In the rutile structure, characterised by a tetragonally 

close-packed oxygen lattice with metal ions in octahedral 

sites, the empty channels, formed by corner- and edge-sha- 

ring octafiedra, ere available for Li diffusion; they allow 

one-dimensional motion (Tig 1.7).

FIG 1.7

Channels ii. the rutile structure [25]

Several rutiln phases reversibly incorporate liti.ium co varyinq 

extents: Mn02 , C 1O 2 , M0O 2 , WO2 , Hu02 , 0s02, Ir02 and MoVOt* [25]. 

The reasons why not all rutile phases undergo the reaction are

I



not yet fully understood, although electronic conductivity and 

unit cell volume are known to play a part.

0 *o- and thiospfneis are also being studied as possible interca­

lation cathodes for lithium batteries. The sulphide spinels 

CuCojSi,, CuNi7 5u and CuTejSi, reversibly incorporate lithium [26], 

as do several oxide spinels, amongst which are FejOu, LiFejOg, 

LiHnjOw , Mn3Gu and CojO,, [27-34]; however, some of these systems 

are not reversible.

The insertion of lithium into spinels will be dealt with more ex­

tensively elsewhere in this work; a brief introduction to this 

topic la given in section 1.4.

1.2 SPISELS

1.2 .1 De>'init ion

Spinels are crystalline compounds with the general formula AB2XU , 

where \,B s metal cations and X = 02_, S2", Se:“, isomorphous 

with the mineral spinel MtyUjO,, (cf section 1.2.3).

Over 230 oxides and sulphides are known to have the spinel struc­

ture. Because of the variety of metal cations that are found in 

spinel compounds, their electrical and magnetic properties can be 

widely different, arid have been studied extensively.

Spinels have found many varied applications, e.g., for refractory 

materials, ceramics and mineral pigments.

1.2 .2 General methods of preparation

Most oxospinels <tre easily prepared by heating the pure oxides, 

nitrates or coprecipitated hydroxides, in air, at temperatures 

varying between 900 °C and 14UU °C.
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Thiospinels are generally prepared by heating freshly reduced 

pure metals with sulphur at high temperatures under vacuum, or by 

reaction between HjS or CS2 and the corresponding oxospinel [35].

1.2.3 The spinel structure

1 .2 .3.1 Introduction

The structure of 3pm e l  (MgAl20w ) was first described by Bragg in 

1915 36_, and hus since boen the object of numerous studies 

(37-40).

The crystallographic unit cell contains eight AB2X,t formula 

units. It consists of a cubic close-packed array of anions, in 

wtucft one eighth of the 64 tetrahedral interstices and one half 

of the 32 octahedral interslice3 are occupied by the cations 

(Fig 1.8, 1.9).

d

FIG 1.8

Unit cell of the jpinel structure (taken from I 56])



•  A  cafion 

O  B  cation

CD Anion

FIG 1.9

Atomic and interstitial sites in the spinel structure 

(Taken from f102])
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The occupied tetrahedral sites are called the A sites, the 

occupied octahedral sites the B sites; the octahedral ca­

tions are generally indicated between square brackets, e.g., 

AfBojXt,. In a binary spinel three different

distnoutions of the cations are possible:

a) the "normal" distribution, A[B2]X^, as is found in 

Mg^Al2]0i«, where the A cations occupy the tetrahedral 

sites and the B cations occupy the octahedral sites.

b) the "inverse" distribution, BfAB] ,  where the divalent 

cations A and half the irivalent cations B are in the 

octahedral sites, and the remaining B cations occupy the 

tetraheoral sites (e.g., FejOi*).

c) an "intermediate" distribution, Aj_\B\[A\B2_\]xt(, where 

X is the degree of inversion (equal to zero for normal 

spinels and to unity for inverse spinels).

1.2.3.2 Interatomic distances and the u parameter

Most spinels have cubic symmetry, characterised by the space 

group fd3m "40’. Spinels of lower symmetry will be described 

in section 1.2.3.3. In this work, the term 'spinel struc­

ture' will generally refer to cubic spinels, unless other­

wise specified. With the origin of the unit cell at 3m, one- 

third of the A-cations occupy the tetrahedral 8a positions 

located at (0.125 0.125 0.125). The B-cations are situat­

ed in the I6d positions at (0.5 0.5 0.5), and the anions 

occupy the 32e sites, with coordinates (x x x).

The exact position of the anions differs slightly from the 

ideal cubic close-packed structure, and is described by the 

u parameter. For an ideal structure the 32e position cor­

responds to (0.25 0.25 0.25), i.e., u = 0.25, when the 

origin of the unit cell is placed at the symmetry centre 

3m. An ilternative origin, 43m at (-0.125 -0.125 -0.125) 

is occasionally used for defining the spinel unit cell, in



which case the ideal u parameter has the value of 0.375. In 

most spinels, however, the anionic lattice is slightly de­

formed from ideality, although cubic symmetry is maintained; 

the anions are then situated in a position described by the 

coordinates (u u u). The parameter u is generally greater 

than 0.25, although a few spinels ire known with u < 0.25.

The distances between cations varv only with the cell para­

meter a vwhich depends largely on the radii of the cations), 

whereas the separation between anions and the bond lengths 

between cations and anions depend on both the lattice para- 

'neter a and the anion positional parameter u (Table 1.1).

TABLE 1.1

Interatomic distances in spinels as a function of "a" and "u"

( V  value with the unit cell origin at the centre of symme­
try) [40]

ATOM PAIR DISTANCE------------ COKntNTS

A...A a/7/b tet-tet cation separation
A . . . 8 a/TT^S tet-oct cation separation
9...B a/~T/k oct-oct cation separation
A - X a/T(u-0.125) tet bond
8 - X a(3u2 -2u-̂ ). 375) 1 /2 oct bond
X...X <*7(2u -0.25) tet edge
x...< a/I(0.75-2u)

1 /2
shared oct edge

X.. .X a(W-2u+0. 375) unshpred oct edge

The occupied 16d octahedral sites share 6 of their edges 

with other I6d sites, forming a 3-dimensional array, the 

tetrahedral 8a sites share all four faces with empty 16c 

interstitial octahedral sites. Each anion at the 32e posi­

tion has point symmetry 3m and is situated close to one 

tetrahedral and three octahedral cations (Fig 1.10).



FIG 1.10

Nearest neighbours of the anion (X) in the spinel structure

As u increases above 0.25 the anions move away from the 

nearest occupied tetrahedral site in a [ill] direction; the 

size of the tetrahedron thus increases, whilst the 8 octahe­

dra become smaller, and the shared edges between octahedra 
are shortened.

The vaJue of u therefore reflects :he ratio of the radii of

the cations in the octahedral and .he tetrahedral sites re­
spectively,

Because the bond lengths vaiy with u, it is possible to de­

termine an upper and a lower limit of u, for a given lattice 

parameter "a”: for a mean lattice parameter a = 8.4 A for 

oxide spinels, 0.25<u<0.274 [40]. If u<0.25, the octahedral 

bond length would be much larger than the tetrahedral bond 

und the shared edges of the octahedra would be longer than 

the unshared ones, in contradiction with Pauling's theory on 

the chemical bond [41], For u>0.274 the structure is 

destabilised, because the shared edges of the octahedra 

decrease to values at which the repulsion forces tetwren



anions become increasingly important [40]. These calculated 

limits for u are in fairly good agreement with the observed 

anion parameters in o~ide spinels. In conclusion, the ratio 

of the octahedral to the tetrahedral bond lengths ar'fects u, 

and the latter can be calculated according to the expres­

sions

1

u s R2/* - 2/3 ♦ (llR2/48 - l/18)r  

2R2 - 2

„ octahedral cation radius where R = ---------------------------
tetrahedral cation radius

1.2.3.3 Loner symmetry spinels

Althou^t most spinels b<?iong to the cubic space group Fd3m, 

the symmetry may be lowered by a distortion of the lattice 

or by the presence of superstructures.

1.2.3.3.i Superstructures

When two or more types of cation occupy the tetrshedral or 

the octahedral 3ites, long-range cation ordering may occur, 

lowering the overall cubic symmetry of the spinel. Many of 

these superstructures exist at low temperatures; at high 

temperatures a random arrangement of the cations is prefer­

red.

A few examples; of superstructures ares

FejOH (mqnetite). FJ3O1, at T>120K is an inverse cubic 

spinel, where the ferrous and ferric .uns are randomly ar­

ranged over the I6d sites. At T<120K, where the Fe‘* and 

Fe1* cations display an ordered distribution on the 16d 

sites, the structure becomes monoclinic [42,43].



Y-fejOj* Y—F O 3 ha3 a spinel structure, with vacancies on 

the octahedral sites? Fe*"^ □  i/jFe+^/^Ot,, where 

□  denotes a vacancy. Due to the ordering of the Fe*3 ions 

and the vacancies on the octahedral sites, the structure 

adopts tetragonal symmetry [44] and is characterised by the 

space group P43 2 '45]. A phase transformation occurs at 

T»1G00K, when the structure becomes cubic [46]. At this 

tenperature the cations are randomly distributed between the 

octahedral and the tetrahedral sites.

LiAl^Og and LiFe^OQ. These two compounds are isostructural, 

having the cubic space group P4332. Long-range order exists 

on the octahedral sites which are occupied by two types of 

cations: Al2[liAl3 ]0 8 and Fe2[LiFe3]08 [47].

LiG^Cr,,]Og. In this structure the lithium and gallium 

atoms are ordered in the tetrahedral positions resulting in 

a c'-ystal witn the symmetry of the cubic space group F43m 

4*_ . A disordered form of LiGa. Cn,]0g, with random distri­

bution of lithium and gallium ions, exists for T>1323K [46].

1.2.3.}. ii Lattice distortion

Many spinels (e.g., MnjOi., CuFe20u , CuC^Oi,, ZnM^Ot,) have a 

tetragonal crystal structure.

Hausmannite (MnjO^) crystallises in the tetragonal space 

group ^ / a m d  and ran be described as a spinel elongated in 

the f0 0 1] direction.

The c/a ratio in tetragonaliy distorted spinels may be <1 as 

in CuC^Ot. (c/a = 0.91), or >1 as in MnjOi, (c/a = 1.16). The 

origin of the distortion w is first explained by Goodenouch 

and Loeb [48], who examined the role of covalence of transi­

tion metal ions, and concluded thof the distortion was due 

to covalent bonding between Ihe anions and the cations 

located either in the tetrahedral or the octahedral sites.
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Dunit* and Orgel [49] discussed the structure from the point 

of view of crystal field theory, and attributed the distor­

tion to the Jahn-Teller effect. This theory has 3 ince been 

widely accepted and used to explain the distortion found in 

many spinels, e.g., in manganites ^50], on account of the dH 

Mn' ♦ ion, »n which *ne eg orbitals are not energetically 

degenerate. In the copper spinels Cuf^Ou, CuC^Oi, and their 

intermediates CuFe2 .^Cr^Oi, (0<t<2) [ 51 ], the lattice is 

distorted due to the presence of the d9 Cu2 + cation.

1.2.4 Cation distribution 

1.2.A.] Introduction

As h«3 already been mentioned in section 1.2.3,1, three dif­

ferent cation distributions are possible in a binary spinel:

- the normal distribution A[B2]xw

- the inverse distribution B[AB]Xw

- the intermediate distribution 

Al-*BJU*Xa2-XjXi,t where \ is 

the degree of inversion (Q<\<1 ).

The cation distribution affects the structural, electrical 

and magnetic properties of spinel oxides, and has therefore 

been extensively studied.

-

1.2.4.2 Experimental determination

Cation distribution in spinels has Deen determined experi­

mentally mainly by X-ray powder diffraction, and, in some 

cases, by Moasbauer spectroscopy, e.g., in Co and Fe spinels 

52]. Powder X-ray diffraction is a satisfactory method if 

the cations have sufficiently different scattering factors; 

if this is not the case and if their relative scattering 

cros3-section for neutrons i3 very different, it is possible 

to use neutron powder diffraction techniques.

■ /

■' i



Both the anion parameter u and the degree of inveroioi \ ere 

thus determined simultaneously. Several methods have been 

used to this purpose, amongst which the most common are:

a) Bertaut's method [53], which consists of comparing mea­

sured (I0ba) antl calculated intensity (I(.OJ.ĉ  ratios 
of selected reflections, at similar 29 values, '•.hat are 

influenced in a different way t>y changes in the parame­

ters u and

b) fuhurashi's method 54], which examines the linearity of 

the plot:

ln(l0bs/Icalc> 3 ln K - 28 sin29 / \ 2 
where Icalc s |r2 |iPm 

with K s scale factor

B a temperature factor

0 = angle of diffraction 

X. s radiation wavelength 

F s structure factor 

Lp s Lorentz-polarisation 

f actor 

m = injit iplicity

c) The R-factor method, where the best correlation between 

calculated and observed intensities is measured by the 

feet or:

( 1 . 2 )

(1.3)

£|!^obs " ^calcl 
R = — ---------------!----  (1.4)

I  ^obs

-2B(sin9/ \ ) 2
where Ica|c s Ke . |F jLpm (1«3)



24

The spinel parameters u and \ may be determined with great 

precision if the three methods are used in conjunction with 

one another [55].

1.2.4.3 Theoretical models

In 1947, for the first time, an attempt was mf,de to predict 

cation distribution in spinels by assuming a purely electrc- 

statxc model and calculating the Maoelung lattice energies 

for both normal and inverse structures r 56]. Further calcu­

lations 57] indicated that (known as 2:3 spinels) 

favoured the normal structure, whereas A*4 ■’'B̂  (4:2 

spinels) were more stable with an inverse structure.

Vs more spinel structures were determined experimentally, it 

became obvious that this theory overlooked other important, 

contributions.

An altsma* Ive approach was used by McClure [58], Dunitz and 

llrgel 59]. They explained the ^reference for octahedral or 

tetrahedral 3 ites using crystal field theory. The coordinat­

ing oxygens split the d orbitals of the cations, making some 

cations more stable and others less stable in a tetrahedral 

or an octahcdral environment. The cations will occupy the 

sites which afford the maxiinjm crystal field stabilisation 

energy (CFSE).

Very similar results wen' obtained by Cotton [60] with 

ligand field theory: normal and inverse structures were 

accountcd for by considering the interactions between the 

trarsition metal d orbitals and the ligand field, uoing 

molecular orbital tneury.

Although these theories predict the structures of a great 

number of spinels correctly, they cannot be applied univer-
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sally, either because the predicted structure is occasional­

ly incorrect, or because the normal and inverse structures 

ar? equivalent in terms of these models.

Several authors have recalculated the Madelung constants for 

spinels 6 1 ,6 2 ], and have found that the difference in elec­

trostatic energy between the normal and the inverse struc­

ture is often much larger than the predicted changes in

CFSE [63].

More recently, in a comprehensive study of the thermodyna­

mics of spmela, Popov and Levit3kii 64] discussed the cor­

relation between electrostatic •inergies and cation distribu­

tion. The Madelung constant a is a function of the anion 

parameter u and of the charge in the tetrahedral site qj, 

which in turn depends on the degree of inversion \{ there 

is therefore a relationship between the Madelung con3 tant 

and tne cation distribution.

Popov and Levitskii 64] stated that 2s3 spinels are normal

if the derivative 8a < Qj inverse if 5a > 0 ; the rever­

se is true for 4s2 spinels.

These predictions coincide satisfactorily with experimental 

data, except in the proximity of the u value that corres­

ponds to the condition a (normal) s a (inverse), for these 

values, Popov and Levitskii [64] conclude that other contri­

butions to the energy of the lattica, i.e., polarisation 

energy or stabilisation energy, mask the effect of the elec­

trostatic energy.

Prior to the advent of crystal field theory, Goodenough and 

Loeb 48] suggested that a partial covalent bonding model 

could account for cation distribution in spinels.
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Shubin et al ^65], stating that previous theories were in­

sufficient because they did not allow for partial covalence, 

calculated a cation distribution preference energy. This 

energy was obtained by computing the octahedrel and the 

tetrahedral fragments separately, using the MO-LCAO method 

^Molecular Orbital - Linear Combination of Atomic Orbitals 

theory), maintaining self-consistency of the charge and of 

the electron configuration of the central atom.

The normal spinel structure A B̂ jOi, was split into one 

tetrahedral fragment AOi, and two octahedral fragments 80^, 

and the inverse structure b[ AB]Oi, was sim iarly divided into 

the fragnents 80,,, A0$ and 0 0*.

The preferred structure could then be estimated from the 

difference l-etween the energies Enorfn and E^nv, where:

^norrn * E(A0, ) ♦ 2E(806 )
Einv * E(B0,. ) ♦ E(A0s ) ♦ E(B06 )

the results obtained by this; method coincide with experimen­

tally determined distributions.

This ipproach, coupled with the Madelung constant method, 

probably deserves further investigation.

1.3 STHUCTURE OF LiMOj COMPOUNDS (M=V,Co,Cr,Ni)

The oxidea LiMOj (MsV,Co,Cr and Ni) are iaomorphous and crystal­

lise in the trigonal spacu group R3m(Dj The unit cell c»ntains 

three LiMOj units.

The anions form a cubic close-packed array, in which the lithium 

and the transition metal cations are situated in alternate lay­

ers, in octahedral sites. Tho structure can thus be seen as a



series of porailei plane3 , consisting of Li*, M 3* and 

0*" ions respectively, arranged according tc the sequence 

...O-Li-O-M-O-Li... etc. (Fig 1.11).

FIG 1.11

Structure of LiM02 (M = V, Co, Cr, Ni)

<*'( '?u referred to hexagonal axes, with tht. origin of the unit ceil 

at the centre of syminetiy (3. ), the atoms occupy the following 

positions:
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ATOM POSITION COORDINATES

Li* 3a (0,0,0)

M3* 3b (0,0,0.5)

o2- 6c (0,0,2)

In these LiMOj compounds all tne octahedra of the cubic close- 

packed array are occupied by the cations.

There are two sets of empty tetrahedral sites which are crystal- 

lographicaily non-equivalent, both of which are defined by the 6c 

positions. In a cubic close-packing all the octahedra share 

edges, as do the tetrahedra; the octahedral sites share faces 

with the tetrahedral sites.

In this work, the extraction of lithium from liV02 is studied.

1.4 LITHIUM INSERTION/EXTRACTION REACTIONS WITH OXO-SPINEIS

Over the past few years it has been shown that lithium can be 

accommodeted into oxo- and thiospinels (cf section 1 .1 .5.3). 

Furthermore, lithium-containing halospinels have also been inves­

tigated as solid electrolytes for lithium cells [66-71]; although 

their ionic conductivity is generally not sufficiently high for 

practical use at ambient temperature, they demonstrate that 

lithium-ion transport through the spinel structure is possibJe.

This work, however, will deal exclusively with topochemical reac­

tions of lithium with oxo-soinels. A brief introduction to this 

topic is given in the next sections.

1.4.1 General

Ambient temperature lithiation of oxo-spinels was first reported 

in 1982, when Li^ejO^ was prepared both by chemical ariu elec­

trochemical techniques [28]. Since then, a number of spinels

V' ■

■a.
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h -*e been lithiated; amongst these are Mn30t,, C^Oi,, LiFesOg, 

several manganite spinels of the type MMnjOt,, zinc spinels with 

the general formula Zn6 2 0i, and ferrite spinels with the formula 

M2 ’•‘FepOi, [28,31-34,72,73].

Lithium has also been inserted into and/or extracted from 

lithium-containing spinels, where the Li* cations are situated in 

the A-sites, such as LiMnjOi,, LiTi20i«, LiMnPui.xTijjOi* (0<x<l) 

and Lit _xCuxMnRuOi. (x<0.65) [33,74-80].

Topochemical reactions of lithium with oxide spinels have been 

examined predominantly from a structural and mechanistic point of 

view; preliminary electrochemical studies have been carried out 

on some systems. A review of this subject was publisheo recently

Spinel lithiation mechanisms and structures of the products will 

be discussed in detail in the course of this work: they will 

therefore not be presented here. However, a brief description of 

the interstitial sites in spinels follows, as it i3 fundamental 

in order to understand the processes investiqated throughout this 

work.

1.4.2 Interstitial sites in spinels

As it hbs already been noted, in cubic spinels, with prototypic 

symmetry fd3m, the tetrahedral 8a and the octahedral 16d sites 

are occupied by the A and B cations respectively (Figs. l.d - 9).

B“cause the 3a sites are the most distant positions from the 16d 

sites, they are energetically the most favourable for the A 

cat ions.

Insertion of small guest ions into a host is possible only if 

energetically favourable sites are available in the lattice, 

where relatively little energy would be required for insertion to 

occur.

j

_



Apart from the occupied 8a and 16d sites, the spinel structure 

has several vacant interstices, viz. the tetrahedral 8b and 48f 

and the octahedral 16c sites. Fach tetrahedral 8b site shares 

faces with 4 occupied 16d octahedra; each 48f site shares faces 

with two occupied 16d and two unoccupied 16c cctahedral sites. 

The proximity of the B cations makes insertion prohibitive in the 

8b sites, difficult in the 48f sites.

The enpty 16c octahedia share faces with six vacant 48f and two 

occupied 8a tetrahedra. Although a priori one might exclude the 

poanioility of inserting guest ions into the 16c interstices, 

because of the repulsion originating from the A cations in the 

neighbouring 8a sites, it has beer, found that lithium can be 

inserted into the 16c sites of the spinel structure, causing part 

or ail of the A cations to migrate to these sites [28,33].

The framework of the spinel structure thus provides a

three-dimensional network of channels, consisting of the 3a and 

16c sites, through which small cations, such as lithium, can dif­

fuse [ 28].

1.4.3 The Li M?] (M - Ti,V.Mn) Spinels

The spinels Li'MjlQ,. (M = Ti,V,Mn) are of particular interest as 

potential electrodes for primary or secondary lithium batteries. 

Firstly, they are mixed valence compounds, and therefore elec­

tronic conductors. Secondly, lithium can not only be inserted 

into, but also extracted from these compounds. This is of parti­

cular importance in view of their potential use in lithium bat­

teries, as it widens the compositional range of the working elec­

trode, thereby enhancing its capacity. Finally, the Li[M2 ]0i, 

spinels should offer increased mobility through the interstuici 

apace of the f B2 ] framework, when compared to other AB2Xt, 

spinels, where A is a transition metal cation, e.g. Fe3 0i4, CojO^, 

MnjOt, or LiFe5 08 . In the latter category of spinels, lithium 

diffusion is hindered at all stages of the reaction by thr pres-
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ence of the relatively heavy, large transition metal cations 

present in the interstitial space of the [ framework, which

comprises the da tetrahedra and the 16c octahedra (cf section 

1.4.2). In the Liff^jO,, compounds, where only lithium cations 

occupy the A sites, maximum lithium mobility should be attained.

Topochemical reactions of lithium with the spinel L i V ^  will be 

studied in this work.

1.5 AIM Of THIS WORK

In this work, the topochemical reactions between lithium and 

transition metal oxides will be studied. In particular, lithium 

insertion into, and extraction from spinels will be rt*amined both 

theoretically and experimentally.

from a theoretical point of view, the electrostatic energy varia­

tions which occur during lithium insertion into spinels will be 

calculated; '.he compounds Mn̂ Oi* and LiMnjCJi, are chosen as repre­

sentative of the two main mechanisms by which lithium can he 

inserted into oxo-spinels.

Ihe experimental studies in this work will concern insertion and 

extraction reactions of lithium with LiV2Ou and liV02.

Topochemical reactions of L>:hium with several vanadium oxides 

have been extensively studied during the past decade [9,22,82- 

84 . The pentavalent vanadium compounds V20j and particularl) 

<̂5^13 ê iow promise as electrode materials for lithium batteries 

(cf section 1.1.5.3) [21,22,85-93], More recently other vanadium 

oxides, e.g. V02 (B) and Lii+^V^Og, have been investigated [93- 

99].

The lithium vanadium spinel LiV2 0^, with tri- and tetravalent 

-iinadium ions, i3 isoat ructural with the spinels LiMn20 4 and



LiT ij tJj,. The advantages of the Li(M2 ]0i, spinels over other com­

pounds with the spinel structure have already been discussed in 

section 1.4.3.

Kecent studies nave shown that the 3pinel LiMn2 0i, and its deriva­

tives Lii*xMn2 01, (0 <x*l) can be used as cathodes in li':hium 

batteries 33,74-76,100]. In fact, although the mechanism has 

not yet been fully elucidated, there are good indications that 

the reaction of the commercial Li|y-Mnd2 batteries may involve a 

transformation of y-Mn02 to the spinel structure 102,103].

The promising results obtained with LiMn2 0^ have prompted the 

study of topochemical reactions of lithium with the isomorphous 
spinels Li’M, ]0,, where M = Ti, V.

Lithium insertion extraction reactions with LiV2 01< will be stud­

ied from a structural and >»n electrochemical point of view, and 

will be compared with the i3omorphous compounds L i T i20u and 

L i M n ^  .

A nethod for stabilis.ng the spinel .B2 ]Xi, framework of delithi- 

ated Lii_^ 2 '\ will also be investigated.

Lithium extraction from the layered compound LiV02 will also be 

structurally and electrochemically characterised. One of the 

mctastable products of this reaction, Ligt5 V0 2 , will be used to 

develop a new route for the synthesis of the lithium spinel 

LiV2 0*.



CHAPTER 2 

OVERVIEW OF EXPERIMENTAL TECHNIQUES

A number of instrumental techniques were used throughout this 

work to study reactions and new compounds.

The structures of novel materials were characterised by powder 

X-ray diffraction, phase transformations were studied by differ­

ential scanning calorimetry, and various aspects of the electro­

chemical reactions were examined using several electrochemical 

methods.

The general principles and the instrumentalion of these techni­

ques will be briefly presented in this chapter.

2.1 POWDER X-RAY DIFFRACTION

2.1.1 History of X-ray diffraction

The discovery of X-rays by Roentgen dates back to 1895; 

although the nature of the radiation was still unknown, it 

was used soon afterwards for medical pu.'poses. The nature 

of X-rays was understood only 17 years later, when X-ray 

diffraction by crystalline materials was discovered.

The first X-ray diffraction «.xperimer»t was performed on a 

single crystal by von Laue in a 12; in the same year, 

w L Bragg gave a simple interpreta'.ion of the phenomenon.

X-rays are a form of electromagnetic radiation of a similar 

wavelength a’i the interatomic distance in crystals, and can 

therefore be diffracted by planes of atoms.



2.1.2 The Bragg Law

Diffraction, as opposed to reflection, is concerned with the 

bulk of the crystal and is not a phenomenon limited to the 

surface. Furthermore, if a monochromatic beam is used, dif­

fraction is observed only for certain well-defined angles of 

incidence.

Although in rigorous terms it is incorrect to call the dif­

fracted beam o reflection, the diffraction phenomenon can be 

interpreted in terms of a simple reflection from a set of 

crystallographic planes.

Diffraction can bn described as a scattering phenomenon: 

although atoms scatter radiation in every direction, dif­

fraction i3 observed only if the scattered rays are in 

phase, i.e., if they reinforce one another constructively 

and do not cancel each other out. This basic condition was 

expressed mathematically by W I. Bragg, and is known as the 

Bragg law.

X-ray diffraction by a set of parallel planes in a crystal 

can be illustrated 3imply as in Fig 2.1.

i'he rays diffracted by two planes will be in phase if the 

difference in length of tneir paths (6) is egual to a mul­

tiple of the radiation wavelength (\):

6 * n\ where n a integer (2 .1 )

In fig 2.1 the difference in path length is expressed by:

6 = AB + AC = 2AB = 2d.sine (2.2)

where 9 s angle of incidence 

d = interplanar spacing



rig 2.1

Diffieciion by planes of atoms in a crystal

!he conditior necessary for diffraction to occur is thus:

nX s 2d.sin0 Bragg Law (2.3)

The integer n expresses the order of the reflection: s<nce 

an nth order reflection r rom an (hkl) plane can be conside­

red a first order reflection from a (nh nk nl) plane, it is 

generally more convenient to take nsl, giving equation 2 . 

the more simple form:

X s 2d.sin6 (2.4)

Each plane in a crystal is defined by its Miller indices 

hkl.



Miller indices of a plar.e are the reciprocals of the inter­

cepts which the plane makes with the crystallographic axes;

for example, if a plane intercepts the crystallographic axes
a b c

at -, -, - then the Miller indices of that plane are h k 1. 
h k 1

If a plane is parallel to a crystallographic axis, then the 

Miller index for that direction will be 0.

2.1.3 Choice of powder X-ray diffraction

Although single crystal X-ray diffraction is a very powerful 

method for the determination or crystal structures and has 

been used to resolve extremely cr.iplex systems, its applica­

tion is limited by the availability of single crystals. In 

instances where single crystals of material are unavailable, 

the powder X-ray diffraction technique must be used to de­

termine the atomic structure of the compound.

Single crystals of intercalated compounds are particularly 

difficult to obtain, since the preparation of these products 

often results in the break-up of the starting material into 

very small particles. Furthermore, the products are often 

metastable, and subsequent treatment, for example heat- 

treatment, might alter the structure. Powder X-ray diffrac­

tion is therefore one of the most widely used tools for the 

structural analysis of these compounds.

In powder X-ray diffraction, the sample is in the form of a 

fine powder; a monochromatic source of X-rays is U3ed, and 

the angle of the incident beam (9) is varied.

The random distribution of the particles ensures that the 

scattering of X-rays from all the atomic planes i3 repre­

sented in the powder X-ray diffraction pattern.



2.1.4 Structure determination by powder X-ray diffraction

Structural information on a compound may be obtained from 

both the position and the relative intensity of each reflec- 

t ion.

2.1.4.1 Symmetry of the unit cell and lattice constants

The position of the reflection, given by the angle of inci­

dence of trie beam, and generally expressed iri 29, can be 

related to the interplanar spacing (d) according to the 

Bragn Law (Eq. 2.3).

The interplanar spacings of a crystal are related t^ the 

indices of the plane and to the lattice constants. Different 

functions apply according to the symmetry of the unit cell; 

expressions for a few systems are listed below.

• Cubic symmetry:

• Tetragonal symmetry:

1 h2 ♦ k2 + I2
?  = “ 7 “  ?

Hexagonal symmetry:

• Orthori.ombic symmetry:

1 h2 k2 l2i- = "y ♦ * ♦ * (2.0)
d2 a b7  c2̂

The position and number of reflections thus give information 

on the shape and size of t' ) unit cell.



2.1.4.2 Atonic positions

The relative intensities of the reflections can be used to 

determine the position of the individual atoms within the 

unit cell : several factors, which will be briefly described 

here, affect the relative intensity of a powder X-ray dif­

fraction line.

a) The structure factor

The structure factor, F, is basically an expression for 

the wav-- scattered by the atoms in a plane (h k 1 ) with­

in the unit cell, and is specific to a given stri" ture. 

The determination of a crystal structure by X-ray dif­

fraction depends mainly on this term.

A wave can be described by combining its amplitude A and
1$

phase t according to the expression A.e .

The structure factor is obtained by summing the contri­

butions of all the atoms (N) in * plane of the unit 

cell; they are characterised by two terms ti.at describe 

their amplitude and phase.

The first term is the atomic scattering factor, f, which 

expresses the amplitude of the wave scattered by the 

atom. The atomic scattering factor is directly propor­

tional to the number of electrons of a given atom (or
s i n0

ion), and decreases as the quantity --- - increases. A
\

comprehensive lint of atomic scattering factors is given 

in the "International Tables for X-ray Crystallography" 

[103].

The second term of the structure factor expresses the 

phase of the wave scattered by each atom, and is given

by the expression:



$ = 2n(hu kv ♦ lw) (2.9)

where hkl = indices of the plane

uvw = fractional coordinates of the atom

The wave scattered by each atom is thus defined by the 

expression:

*ei$ - f»2*«i(hu+kv+lw) (2.10)

finally, the structure factor is given by the expres­

sion:

N
F * I f .e2ni(hun * kvn * lwn) (2.n )  

nsl n

The intensity of the beam diffracted by a plane (hkl) is 

proportional to jFj-,j< 1 1‘ •

b) Other factors affecting the relative intensities

Several other factors must be included in the calcula­

tion of the intensity of a diffracted beam. Some of 

these are strictly related to the atoms and the struc­

ture of the crystal, others are derived from geometrical 

considerat ions.

• The multiplicity factor, p, depends on the symmetry 

of the crystal, and expresses tne number of planes 

with the same d spacing, but with different Miller

indices (hkl).

• The temperature factor takes into account the thermal 

vibration of the atoms in the crystal. Thermal vibra­

tion decreases the relative intensity of the diffrac­

ted beam, since it displaces the atoms from an ideal



The tempera' jr factor is given by the quantity 

e~2M f where M depends on the average displacement, 

u, of the atom and the angle 9:

M = 2n2( = B(ii^)2 (2.12)
d2 X. \

B (=8n2u2 ) is the isotropic tenperature factor, and 

is generally expressed in J ; \ is the radiation 

wavelength in A.

• The polarisation factor is derived from the Thomson 

equation (eq. 2.13), which expresses the intensity of 

an X-ray beam scattered by an electron.

The intensity of the scattered beam, at a point P, is 

a function of the distance r between P and the elec­

tron and of the angle of diffraction 9:

I = 1  L. (] + cos22P) (2.13)
p o r2 2

where Ip = intensity at a point P

I0 = intensity of the incident beam

K s constant

r,9 as defined in the text

The expression in brackets is known as the polarisa­

tion factor. It is derived from the fact that the 

incident beam is unpolarised and can be divided into 

two polarised components, whose scattered intensities 

differ and vary with 0 .



• The Lorentz factor comprises a number of effects due 

to geometrical considerations, which cause some dif­

fraction to be observed at angles that differ slight­

ly from the 3ragg ongl? 9.

The Lorentz factor is a function of 0 and is given by 

the expression:

Lorentz factor = ------ J:-------- (2.14)
4sin 9cos9

The Lorentz and the polarisation factors are usually 

expressed in a corbined form (eq. 2.15), omitting the

constant factor — :
8

■ i i j . i 1 ♦ cos2 29 ,,.Lorentz-polansation f actor = ----------  (2.15)
sirr 9cos9

• The absorption factor, A, takes into account the ab­

sorption of the beam by the sample. For the powder 

dif'ractometer, with flat-plate geometry, this quan­

tity is constant (A=0.5n, where t- = linear absorption 

coefficient) and independent of 9. It was therefore 

omitted in this work. In a Debye-Scherrer camera, it 

is 9-dependent and increases as 9 increases.

Summing up, the relative intensity of a reflection ob­

tained with a diffractometer is given by equation 2.16:

I = iFP.p.f.l.yP32.2.9 ) • e-2M (2.16)
I ' sin 9cos9

Clearly, structural variations are mainly reflected by 

the structure factor, in particular by the exponential 

term, which contains the atomic fractional coordinates 

(uvw).
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The contributions of selected atom positions to the 

intensities of various reflections for the space-^joups 

studied in this work are given in the Appendix.

Structural analyses are generally obtained by comparing 

the normalised calculated and observed intensities of 

possible models (the former multiplied by a scale fac­

tor, in order to have a comparable scale). During 

structure refinements by least-square methods, site 

occupancies, fractional coordinates and temperature 

factors are varied until the best fit between calculated 

and observed intensities is obtained.

In this work, the goodness of the fit between observed 

and calculated intensity data was measured by the gene­

ral reliability factor R, calculated after each refine­

ments

r s " ^alc^_____  (2.17)
- ̂ obs

where I0bs = observed intensity

^calc = calculated intensity

2.1.5 Instrumentation s the diffractometer

A method for powder X-ray diffraction was first developed by 

Debye and Scherrer in 1916.

The Debye-Scherrer camera consists of a cylindrical chamber 

intu which the incident beam is introduced through a colli­

mator. The sample is placed in the cylinder axis, and a 

film, situated in the internal edge of the cylinder, is used 

to detect tne diffracted X-rays.



43

Several other cameras now exist, amongst which a widely used 

version is the Guinier camera? it can be described as a 

focusing camera with a focusing monochromator, and has the 

advantage of a better resolution than the Debye-Scherrer 

camera. Details of the construction of those and other 

cameras are given in reference 104.

In this work, powder X-ray diffraction was carried out using 

a conventional flat-plate diffractometer. Commercial dif­

fractometers were developea in the late 1940's.

The geometry of the diffractometer is basically identical to 

that of the Debye-Scherrer camera; the photographic film is 

substituted by an electronic counter which detects the dif­

fracted X-rays.

A diagram of the diffractometer assembly is shown in 

Fig 2.2:

FIG 2.2
The diffractometer assembly (taken fi-om [104])



The beam originates from the X-ray aource S, placed on the 

diffractometer circle, and passes through a series of slits 

(a,A,b) before it reaches the sample C. The sample is moun­

ted on a glass plate, and must be absolutely flat in order 

to obtain maximum precision.

The component H, which holds the sample in position, rotates 

about the axis 0 , forming an angle of 9 with respect to the 
incident beam.

During operation, the components H and E rotate simulta­

neously: whilst E must rotate ?n order to allow the detec­

tor to scan the full range of 29 values, H rotates in order 

to ensure good focusing conditions. Focusing is obtained by 

maintaining the source S, the receiving slit F and the 

sample on the focusing circle (Fig 2.3): this is achieved 

by rotating the sample about the axis 0 .

FIG 2.3

The focusing circle (taken from [104])

The slits A and B are known as Soller slits, and consist of 

several long, thin, metal plates, parallel to the plane of 

the diffractometer circle, which eliminate, to a large ex­

tent, X-rays which diverge excessively from the pl^ne.
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Slits a and b, which are situated immediately before and 

after the Soller slit A, define the divergence of the beam. 

The detector G is generally a proportional or a scintilla­

tion counter.

A filter is usually placed before the receiving slit F, in 

order to cut out the Kg line and decrease the background 

radiation.

In modern diffractometers, a monochromator i3 used instead 

of a filter and is situated between the receiving slit and 

the detector. Monochromation is normally achieved from a 

single crystal, for exataple, of graphite.

The major advantage of a diffracto«iater over a camera is 

that with the formei both the position and the relative in­

tensity of the reflection are obtained simultaneously, in a 

single-step operation, leading to greater accuracy than that 

obtained with a camera. Furthermore, the diffractometer is 

less time-consuming since it does not require the develop­

ment of a film.

2.2 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

2.2.1 Principle

When a substance undergoes a change of physical state, such 

as fusion or a structural transformation, a certain amount 

of energy, in the form of heat, is either liberated or ab­

sorbed by the system. In differential thermal methods, 

i.e., differential thermal analysis (DTA) and differential 

scanning calorimetry (DSC), the difference m  enthalpy 

change between the sample to be analysed and a reference 

material is recorded when both materials are heated.



In differentipi scanning calorimetry, the sample and the 

reference pan are heated by separate heaters. The tempera­

ture of the pans is regulated by two circuits. Whilst one 

system controls the heating or cooling rate, the second 

circuit adjusts the temperature of one of the pans whenever 

a temperature difference, due to an endo- or exothermic 

reaction, occurs. The two pans are thus at an identical 

temperature at ail times.

The power which is necessarv to maintain the two pans at an 

identical temperature is proportional to the enthalpy 

change, which is recorded as a function of temperature.

The DSC method, which measures an enthalpy variation, is 

more accurate and sensitive than the DTA method, which re­

cords a difference in temperature between two pans heated by 

a 3ingie heater.

Tne DTA method allows the determination of the endo- or 

exc.hermic nature of the transition and the temperature at 

which the latter takes place.

The DSC method is an improved technigue, since it also 

allows the determination of specific heats and enthalpies of 

chemical and physical transformations.

2.2.2 Instrumentation

A schematic representation of the DSC heating system is 

given in fig 2.4; the sample and reference pans are placed 

in a cell equipped with separate heaters. Thermocouples 

measure the temperature of the base of each pan.

Sairples and reference materials are generally placed in 

aluminium pans closed with a tight-fitting lid. If the 

sample is to be heated under an inert atmosphere, special 

pans, in aluminium or other materials, which can be herme­

tically sealed, are used.



FIG 2.4 

The DSC heating system

2.3 THERMUDYNAMICS OF ELECTROCHEMICAL CELLS: ELECTROCHEMICAL 
CUR VE S

In the course of this work, the electrochemical curve of 

several systems is determined. The electrochemical curve is 

obtained by measuring the open-circuit voltage of a cell at 

equilibrium for different compositions of the working elec­
trode.

In the case of reversible electrochemical systems, a number 

of thermodynamic lelationships are applicable. They can be 

used to interpret the shape of the electrochemical curve and 

to obtain thermodynamic quantities for a given system.

The potential of an electrochemical cell E [Volts] is given 

by the Nernst equation:

E s E0 - J L L  • in L 2 lL  (2.18)
nF [Red]



where E0 = standard electrode potential [v]

R = k.N, where k is Boltzmann's constant, N is 

Avogadro's constant 

T s temperature [«]

T s Faraday constant 

[Ox][Red] = concentration of oxidised, reduced species 

respectively.

The Nern3t potential E, given above, is measured when the 

system is at equilibrium and corresponds to the open-circuit 

voltage (o.c.v) of the cell.

The reversible work which can be drawn from an electrochem- 

ir»l system, at constant temperature and pressure, is given 

by the Gibbs free energy of the reaction (Al.G). The Gibbs 

free energy is related to the Nernst potential (E) and to 

the compositicn of the working electrode (x) by the expres­

sion:

where z = number of electrons involved in the redox reaction 

F = Faraday constant

The measurement of the electrochemical curve therefore al­

lows the calculation of the maximum energy which may be ob­

tained from the cell.

At constant temperature, the Gibbs function ApG of a reac­

tion is related to the enthalpy and entropy terms by the 

equation:

n = number of electrons

x
zIf / E dx 
• 0

(2.19)

A rG s ApH - TArS (2 .2 0 )



with AC = Gibbs function [j]

AH s enthalpy [j]

AS = entropy [JK_1]

T = temperature [k ]

the enthalpy and entropy of a cell reaction can be calculat­

ed from the temperature coefficient of the cell, using the 

Gibbs - Helmholtz equation (eq. 2.21)*

,8AG, AG - AH—V 5 ' 45 * - 7—  (2-21)

This equation can be expressed in terms of the Nernst poten­

tial by replacing AC with eq. 2.19:

- 1*1 * O Z U - L ^  (2.22)

The entropy and enthalpy terms for the cell reaction are 
then given by the expressions:

AS = |*| F'!£ip (2#23)

AH - |;| F E . |*| r I (2E) (2.24, 
11 5T P

The cell enthalpy and entropy terms can therefore be calcu­

lated by measuring the open-circuit voltage at different 

temperatures. It is stressed, however, that the reaction 

must be reversible, and mist follow the same mechanism at 
all tenperatures considered.

Lithium intercalation at ambient temperature frequently 

leads to metastable compounds, which transform to stable



compounds when heated. The reaction pathways are therefore 

often different at higher temperatures. A careful investi­

gation of the reaction mechanism at different temperatures 

must therefore be undertaken before any calculation of AS 

and AH can be made. This is beyond the scope of this work, 

which deals mainly with the characterisation of ambient 

temperature reactions.

In the course of the discharge, the variations of the open- 

circuit voltage (i.e., the shape of the electrochemical 

curve) are indicative of the type of electrochemical pro­

cess.

According to the Gibbs Phase Rule (eq. 2.25), the degrees of 

freedom of a system, f, are related to the number of compo­

nents, c, and of phases, p:

f s c - p + 2 (2.25)

For a system at constant temperature and pressure, the Gibbs 

rule is reduced to the expressions

f = c - p (2.26)

Thus, in a ternary system LixMy0z, in which three com­

ponents are required to define the phases of the system, at 

constant temperature and pressure, single-phase and two- 

phase regions will have f = 2 and f = 1 degrees of freedom 

respectively, allowing the equilibrium potential to vary.

In the case of a two-phase process, i.e., where two phases 

are formed from one initial phase, resulting in the presence 

of three different phases in the system, the number of de­

grees of freedom equals zero. In this case the cell voltage 

remains constant, resulting in a plateau when the o.c.v is 

plotted as a function of the electrode composition.



2.4 GALVANOSTATIC DISCHARGE CURVES

Although the electrochumical curve is useful to determine 

thermodynamic data, and to investigate the reaction mechan­

ism, it does not entirely reflect the behaviour of a cell 

under load, i.e., the conditions in which a battery is used.

The galvanostctic (or constant current) discharge curve pro­

vides information on the operating voltage and efficiency of 

a cell, when discharged at a given current density.

A few concepts regarding the operating voltage and '**11 ef­

ficiency will be briefly mentioned in this section. The 

open-circuit voltage, measured at equilibrium, is a thermo­

dynamic value, and can be calculated according to the Nernst 

equation (c.f. section 2.3). The value of the operating 

voltage of an electrochemical cell is lower: the voltage 

drop (or over-voltage, r,' is due to polarisation.

Over-voltage is a function of the current density with which 

the cell is discharged, as expressed by the Tafel equation:

t) : a - b log I (2.27)

where n = over-voltage [v]

1 = current density [A/cm2]

a = constant for a specific electrode

b - constant given by

2.303 RT
b s

a F

with R, T, F defined as in eq. 2.18

a = reciprocal of the number of elec­

trons involved in the redox reac­

tion (transfer coefficient)



There are three broad categories of polarisation effects:

a) activation polarisation, i.e., the energy necessary to 

initiate the electron transfer reaction

b) concentration polarisation, due to changes in the con­

centrations of the reactants in the electrodes and in 

the electrolyte. These changes counter diffusion, which 

would lead to a uniform concentration within the elec­

trolyte and at the electrode - electrolyte interface

c) resistance polarisation, due to a number of factors, 

amongst which are:

• finite electronic conductivity of the electrodes

• finite ionic conductivity of the electrolyte

• changes of concentration of the electrochemically 

active species within the electrolyte (cf. point b)

• formation of solid products at the electrode surface.

In the case of intercalation electrodes, an over-voltage is 

also associate-1 with the solid state diffusion of the inter­

calate in the host lattice [105,106].

A typical galvanostatic discharge curve is shown in Fig.

2.5. At the beginning of the cell discharge, the voltage 

drops at a uniform rate, which is a function of the current 

density (i.e., the discharge rate). Once the effects of 

polarisation for a particular system become constant, a 

voltage plateau is observed: this potential is termed the 

operating voltage of the cell. After a time t, the poten­

tial falls: beyond this point, often termed the "knee" of 

the curve, very little useful energy can be obtained from
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FIG. 2.5

Typical galvanostatic discharge curve

the system. The length of the voltage plateau depends on 

the discharge rete. *n empirical relationship between cur­

rent density ano duration of discharge was first formulated 

by Peukert in 1897 107]t

t I" = k (2.28)

where t s duration of discharge [min]

I = current density [A/cm2] 

n, k = constants (n » 1.30 - 1.40)

This expression is often given in the linear form;

n log I = log k - log t (2.29)

The constants n and k are characteristic of a particular 

system, and are usually determined empirically. It is gene­

rally accepted that the efficiency of an electrochemical
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FIG. 2.5

Typical galvanostatic discharge curve

the system. The length of the voltage plateau depends on 

th.? discharge rate. An empirical relationship between cur­

rent der.^i^v and duration of discharge was first formulated 

by Peukert in .1897 [ 107] s

t I" = k (2.28)

where t s duration of discharge [min]

I = current density [A/cm2] 

n, k = constants (n 1.30 - 1.40)

This expression is often given in the linear form:

n log I = log k - log t (2.29)

The constants n and k are characteristic of a particular 

system, and are usually determined empirically. It is gene­

rally accepted that the efficiency of an electrochemical
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cell at different rates of discharge largely depends on the 

chemical reactions involved and on the cell geometry. Since 

these two factors cannot be separated easily, great care 

must be exercised Juring cell assembly when comparing the 

performance of different systems.

2.5 CYCLIC VOLTAMMETRY

Over the past 15 - 20 years, cyclic voltammetry has become 

popular technique for examining electrochemical reactions. 

It is used increasingly today in electrochemistry, inorganic 

and organic chemistry and even biochemistry. The technique 

is useful to study 3uch diverse aspects as reaction path­

ways, free radicals, enzymatic catalysis, ligand effects and 

solar energy conversion. Cyclic voltammetry has recently 

been applied to the study of intercalation electrodes [85, 

90,96,108-111].

2.5.1 General principles

The principles of cyclic voltammetry will be briefly ex­

plained here.

In the cyclic voltammetry experiment a potential, applied 

between the working- and the counter-electrode, is varied 

linearly as a function of time, and the current resulting 

from a redox reaction is measured. A current - voltage curve 

(i.e., a voltammogram) is thus recorded.

The applied potential can be visualised as a triangular 

waveform (Fig. 2.6). The scan limits are termed "switching 

potentials": the scan oirection is reversed when these 

values are reached.

A typical cyclic voltammogram for a single, reversible elec­

trochemical process is shown in Fig. 2.7. The evolution of



forward scan
Ei,E2 - switching potentials 

reverse scan

FIG. 2.6

Applied potential waveform in cyclic voltammetry

E,

Current

-pa

FIG. 2.7 Potential 

Cyclic voltammogram of a single reversible process



the current during the scan can be described in simple 

terms. On a forward, negative scan, the current varies 

little until the applied voltage reaches the value of an 

electrochemical reduction potential of the system observed. 

At this value, the electroactive species at the surface of 

the working electrode will be reduced: this results in a 

rapid increase of the current.

The current is controlled by two factors: the electron- 

transfer rate constant (kf) and the movement of electro- 

active material towards the electrode surface. The electron- 

transfer rate constant is a function of the potential:

kf r k° exp (~ a ^  (E - E0 ')) (2.30)
r RT

where k° = standard heterogenous electron-transfer 

rate constant (particular to a reaction 

and to the electrode surface used)

R s gas constant 

T s temperature fK]

n = number of electrons transferred per 

molecule i eq/mol]

F r Faraday constant

a z transfer coefficient (specific to a reac­

tion, 0 < a < 1)

E° 1 = formal reduction potential [ v ]

E = applied potential [ v ]

The electron-transfer rate is responsible for the initial 

sharp rise of the current.

As the electroactive species in the vicinity of the working 

electrode is depleted, the process becomes diffusion-con­

trolled. The cathodic current therefore peaks: reduction 

continues, but its rate depends on the diffusion of the 

electroactive species through the unstirred electrolyte.
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The current will then be proportional to the slope of the 

profile describing concentration (C) versus distance from 

the electrode (x), according to the expression:

1 = n F a • K(|£2.)x
ax ax *-°

(2.31)

where i 

A

O0

s current [a ]

= electrode area [cm2]

= diffusion coefficient of the oxidised 
species [cm2/a]

Cg = concentration of the oxidised species 
[mo 1/cm3]

x = distance from the electrode [cm] 

n, f s as above.

The scan direction is then reversed. Diffusion-limited re­

duction continues until the electrochemical oxidation poten­

tial is reached. At this point, oxidation may occur: the 

reduced species, accumulated near the working electrode in 

the course of the forward scan, is oxidised, causing a rise 

of the anodic current. Once the reduced species close to 

the electrode is exhausted, the current decreases.

A series of equations describes the potentials and currents 

observed *n the cyclic voltammetry experiment in the case of 

a fully reversible system.

The formal reduction potential for a reversible redox couple 

is generally given as E0 ':

* pa * -̂pc (2.32)

with Epa

-pc

potential at maximum current (anodic 
peak) [ V]

potential at maximum current (cathodic 
peak) [V].

,
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Ihi3 value represents a good estimate of the formal reduc­

tion potential, although it is not highly accurate. Accord­

ing to Nicholson and Shain [112], the average between Epa 

and Epc is really the polarographic half-wave potential

El/2 *

El /j is a function of the oxidation and reduction diffu­

sion coefficients (Do and Dr): *

. - RT !D°ll/2E. . = E° ' - _  In {Z.}1 
1 nT Dr

(2.33)

The error introduced by the approximation Ej = E '* ^ow- 

ever, is small and usually neglected.

For a fully reversible electrochemical system, the separa­

tion between the anodic and the cathodic peaks depends on 

the number of electrons transferred, and is given by the 

equat ion:

0.059
iEp s 'pa " pc * ' n

(2.34)
'

For an electrochemically reversible system, the anodic peak 

current equals the cathodic peak current:

^pa * ^pc (2.35)

The peak current (ip ) is then given by the expression:

ip = (2.69 105 ) n3/2 A D0l/2 vl Cq

where ip = peak current [A]

v s scan rate [V/h]

Co = bulk concentration [mol/cm3] 

n, A, D as above

(2.36)



It nust be stressed that equations 2.32, 2.34, 2.35 and 2.36 

are only valid for fully reversible electrochemical systems.

An electrochemically reversible system is defined as a reac­

tion that is sufficiently fast to maintain equilibrium 

between the oxidised and the reduced species at the elec­

trode surface, according to the Nernst equation (eq. 2.18):

E = E° 1 - 51 In k H  = e0 ' - iog [0*1

*  -Redi n [Red]

Slaw electron transfer or slow diffusion rates may result in

"irreversibility": in this case cn increase in the peak

separation (A£p ) is observed, when the scan rate is in­
creased.

Systems of this type are often termeJ "quasi-reversible" or

simply "irreversible". When studying these reactions the

,:8n rat* sho“ l<l be adjusted in order to achieve "revers­
ible" conditions.

When the distance between the cathodic and anodic peaks is 

such that they do not overlap at all, the system is general­

ly called "totally irreversible". Amongst these systems are 

reactions that cannot be recycled at all, and often display 

no return peak coring the reverse scan: these systems are 
"chemically irreversible".

In summary, cyclic voltammetry yields considerable informa­

tion about an electrochemical system: reversibility, redox 

potentials, number of electrons involved (in the case of re­

versible systems), reaction kinetics, and fate of newly- 

formed species (in the course of irreversible processes).



2.5.2 Instrumentation

The instrumentation reouired for cyclic voltammetry com­

prises a waveform generator, a potentiostat, a current-to- 

volta” converter and an XY recorder.

The generator produces a triangular excitation signal which 

is transmitted to the electrochemical cell via the potentio- 

stat. The potentiostat has the function of controlling the 

working-electrode potential during the reaction. The 

current-to-voltage converter measures the current. The 

voltammogram is finally displayed on an XV recorder, or on 

an osciIinscopi? in the case of very fast &can rates.

A three-electrode cell assembly is used for the cyclic 

voltawnetry experiment: a working-electrode, a reference- 

electrode and a counter- or auxiliary-electrode.

A potential is applied between the working- and the counter- 

electrodei the latter also provides the current necet- jry 

at the working electrode. The voltage is measured between 

the working- and the reference-electrode, through which 

practically no current flows. The potential of the rafer- 

encc-electrode thus remains constant.

In order to minimise ohmic (iR) loss through the solution, 

the reference-electrode is placed very close to the working- 

electmde. Tor this purpose, a Luggin capillary is sometimes 

usfcd.

2.5. J Cyclic voltammetry of intercalation systems

This technique is becoming increasingly widespread in the 

field of intercalation chemistry, since it provides a rapid 

initial evaluation of po'.ential electrode materials, and 

helps to describe the reaction mechanism [85,86,90,96,108- 

111,115-115].



A comentional three-electrode assembly is uved. Lithium 

metal (generally in the form of foil or wire) is erployed 

for bcth the counter- and the rei :t-electrode. The 

workinc-electrode, e.g., a tronsi'-ion metal oxide or sul­

phide, is usually a powder, compacted or deposited onto a 

current collector (a piece of metal gauze or foil). Very 

small quantities (o few mg) of powder are used, pressed to 

form a thin film. Conventional electrolytes for lithium in­

tercalation systems, i.e., lithium salts dissolved in 

aprotic organic solvents, are used in cyclic vcltammetry 

cells. Because cyclic voltammetry experiments are of rela­

tively short duration, when compared to charge/discharge 

cycling tests, mixtures of organic solvents are often choser 

with an nrphasis on high conductivity rather than long-term 

lithium-solvent stability.

full electrochemical reversibility, as defined m  eq. 2.34 

is seldom observed in intercalaliu.. systems; quasi-revers- 

ible conditions can be attained by using very slow scan 

rates, typically in the order of U.l - 1 mV/sec or slower.

It is generally accepted [116-118] that the rate-determining 

factor in lithium intercalation cells is the diffusion of 

lithium ions within the lattice. This process is much slower 

than both the ele.tron-transfer rate and the transport of 

lithium cations in the electrolyte.

A study of the cyclic voltommograms as a function of the 

scan rite therefore gives good indications on the lithium 

diffusion coefficients in the material under investigation.

A qualitative analysis of the cyclic voltammograins of inter­

calation processes yields the following information:

• number of processes involved

• oxidation/reduction potentials of each process



reversibility of each reaction

• fate of the reacted species (appearance of new process­

es, reversibility, etc.)

• qualitative assessment of the diffusion rates by varia­

tion of the scan rates

• relative diffusion rates (comparison of different pro­

cesses within the same system).

This information, in turn, leads to an initial assessment of 

the cell operating voltage, the number of discharge plateaux 

and the reaction mechanism(s).

Quantitative interpretations of the cyclic voltammetry of 

intercalation systems have recently been proposed [85,113, 

114 . Models have been developed for the determination of 

phase diagrams [113], the differential capacity of inter­

calation electrodes [-6], .̂id lithium diffusion coefficients 

[114]. The success of most of these methods requires a very 

meticulous preparation of a thin fil<" electrode and extreme­

ly slow scan rates. Other methods are therefore often 

preferred for quantitative investigations.

In this work, only qualitative interpretations will be 

given, due to the lack of very slow scan rates on the avail­

able equipment.

LITHIUM DIFFUSION RATES (D)

2.6.1 General principles

The current-voltage curves discussed in Section 2.4 are im­

portant for the determination of the power density of a bat­

tery system. As I-V curves can be recorded easily, they are
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