generally used in order to assess the maximum current
density which can be drawn from the cell without causing

excessive overvoltages.

On an atomic level, in cells operating via an insertion
mechanism, the maximum current density 1is limited by the
chemical diffusion rate (D) of the mobile species. A number
of studies has appeared over the past decade on theoretical
and practical aspects of ion diffusion in solid state elec-
trodes [116,117,119-123”. The basic principle in all these
3tudie3 i3 that, in insertion electrodes, 1ion diffusion
rates are determined by two factors: a kinetic component

and a thermodynamic component.

The kinetic component 1is derived from Fick"s Second Law of
Diffusion, which relates the diffusion coefficient, D, to

the concentration gradient as a function of time:

_ =D (2.37)

with ¢ = concentration
X = distance

t = time
In an i1deal electrode, the surface concentration of the in-

tercalate is related to tie overvoltage, ~(t), by the Nernst

equation:

(2.38)

where ri(t) = overvoltage at a time t

Et,0

cell potential at a
time c and at equili-
brium, respectively
R,T,n,F = as above

c = concentration of the inter-
calate



64

intercalation electrodes are seldom ideal; it is

However,
therefore necesssry to introduce a thermodynamic coaponent
Kt:

Kt = (2.39)

where a = activity of the
intercalated ion
c = concentration of

the intercalated

ion

Kt is frequently referred to as the 'thermodynamic" or

"enhancement, or "Darken"™ factor "120,122].

2,6,2 --e 9a”vancatatic pulse-relaxatinn technioue hv Rn3,

and Worrell

methods for the determination of chemical diffusion
in the literature [116,119,123],
is the galvanosta-
[116]-

Several
rates have been described
Amongst the most frequently used methods
tic pulse-relaxation technique by Basu and Worrell

This method consists 1in inserting a small quantity of

into the host material, using a small
voltage to change from its

lithium 1ions current

pulse: this causes the cell
equilibrium value. IT a negligible quantity of Li+ ions is
electrode, the overall stoichiometry
and, after a time, the cell

value. The evolution of

inserted into the
remains essentially unchanged,

potential returns to its initial
the transient voltage with time reflects the Li* diffusion

rate in the host structure.

tr.at.ent of thla phenomena, goea beyond
ho,.,..., a re, aali.,t equation,

A full mathematical

the scope of thla .orki
will be recalled here.



64
However, intsrcalation electrodes are seldom ideal; it is
therefore necessary to introduce a thermodynamic component

Xti

KF = (2.39)

where a = activity of the
intercalated ion
c = concentration of

the intercalated

ion

is frequently referred to as the "thermodynamic" or

"enhancement”, or "Darken" factor [120,122].

2.6.2 The jalvanostetic pulse-relaxation technique by Basu
und Morrell

Several methods for the determination of chemical diffusion
rates have been described in the literature [116,119,123].
Amongst the most frequently used methods is the galvanosta-

tic pulse-reliixat ion technique by Basu and Worrell 116].

This method consists 1in inserting a small quantity of
lithium ions into the host material, using a small current
pulse: this causes the cell voltage to change from its
equilibrium value. If a negligible quantity of Li+ ions is
inserted into the electrode, the overall stoichiometry
remains essentially unchanged, and, after a time, the cell
potential returns to its initial value. The evolution of
the transient voltage with time reflects the li+ diffusion

rate in the host structure.

A full mathematical treatment of this phenomenon goes beyond
the scopc of thia wor!"; however, a few salient equations

will be recalled here.

T



Fick"s Second Law of Diffusion for semi-infinite geometry

can be expressed as follows:

exp (-a2/4 Dt) (2.40)
FA(n Dt)1/*

current pulse [A]

where
t = pulse duration [sec]
c = concentration of mobile ion
[mol mI*“1]
= initial concentration [mol ml-1]
s Faraday constant
electrode surface area

= diffusivity [cm2 sec““]

d O > T o
I

= time [sec]

e = distance from planar source [cm]

Concentratioi tie expressed as follows:

(2.41)

<l

where x = composition in Lix-(host)

V = molar volume [cm3 mol™"1]

am”can thus be linked to the cell voltages by the slope, m,
of the electrochemical curve E j r(X). Equation (2.40) can

thus be written as:

t-E =AE =mnV (2.42)
FA (0 Dt)1/2 (with a i 0)

The voitage difference AE is thus shown to be a linear func-
tion of t-1/2. The slope, ©, of AE = F (t-1/2) allows

the calculation of the diffusion rate:

5= *xy,c & «.*1>



rick". Second Law ,r Diffusion for sen,!-infinite geometry

can be expressed as follows:

c - Cc 2z

_a2/4 Dt 2 .40
FA(h Dty1s2 &P (8274 DD (2-40)

current pulse [a]

where
t = pulse duration [sec]

c = concentration of mobile ion

rmoi mi-1]
c = initial concentration [mol ml-1]
F = Faraday constant
A = electrode surface area
D s diffusivity [cm2 sec-1]
t r time [sec]
a - distance from planar source [cm]

Concentrations can be expressed as follows:

c =|
\Y (2.41)
where x = composition in Li,,-(host)
V = molar volume [cm3 mol-1]
and can thus IInk.d lo th. n A

Elation (2.40) can

of the electrochemical curve E = f(,j-
thus be written as:

E-E=f=_IL\0_1_
FA (n Dt)1/2 (with a = 0) <2,42>

The voltage difference AE la thus shown to be a linear func-

tion of t" - The slope, r, of 4E j f (t-1/2) allows

the calculation of the diffusion ate:

D mVit

FA n1/" n (2.43)



It 1» noted that variations Of the kinetic component of the

diffu.lon rate ,, Flect,,d b> n> whBr9a3 [he t])elTOdynsni.c

component is included in the form of m.

2,6,3 Critical evaluation

obtained by Basu and Worrell®s method are

The values of D
which are discussed here.

subject to a few limitations,

diffusion rates obtained using polycrystalline sam-

firstly,
and are in-

represent an average diffusion rate,

ples only
which are particularly

sensitive to anisotropic effects,
pronounced in lay-red compounds. This setback can only be
as was shown by Spurdens and

overcome with single crystals,
si.ice practical batteries

e fcr v60n 124]. However,
generally operate with polycrystalline electrodes,
ments on polycrystalline samples should be considered ade-

measure-

quate.

A second drawback in Basu and Worrell®s method, is the inac-

curacy of the determination of the electrode surface area.

is generally approximated to be equal to the geometric

This
It is generally accept-

area, which can be measured readily.
ed that the values obtained with this technique therefore
limit for the diffusion rate [118],

only represent an upper
iS not neces-

although recent results [125] show that this
sarily true.

Although the porosity of the electrode (and its consequent

is not taken into account,

penetration by the electrolyte)
im-

is generally considered to be of decreasing
increases during the experiment. For this
of AE a f (t-1/*) 1ia mitauna whe,, E

this factor
portance as time
reason, the slope ,,
approaches the equilibrium value.



Recently, Honder3 and Broers proposed a method for the
determination of D in polycrystalline samples, which has the
advantage of combining the measurement of both the kinetic
and the thermodynamic component 1in a single experiment
[122,125%}. Furthermore, this method is claimed to be more
accurate, since the electrode surface area is not required,
but only the electrode thickness is measured. This technique
was not used in this work, due to the Ilack of suitable

equipment.

The D values determined here will be compared with data ob-
tained by the same method within this work and elsewhere;
for this purpose, they are considered acceptable. Finally,
it lust be noted that all existing methods for the determi-
nation of 1ion diffusion rates in solids are limited to
single-phase systems; consequently D will only be determined

in the case of single-phaae processes.
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GENERAL EXPERIMENTAL PROCEDURES

General . * 1 « . , procedure, ulM TlhrjghQut ~ n n

particular [1lthlu. In_,rtlon e-traction py chenic.l

the construction .no operation or

cli® veltammetry cella, pouder X-ray dIffr.c-
and differential ,c.nni,g c.lori»etry e,peri»ent,,

t.on ..tnod.

are described in this chapter.

" i N

ore specific Petal!,, ,u.,,tlu ,,, st8ruUng

reaction t.™,. relating to th. variola ,y»te»» atudted 1, th!,

-ork. are pree.nted in separate aectlona In later chapter..

3.1 CHEMICAL LITHIATION WITH N-BUTYLL. I THIUM
Chemical [lithiation using n-butyllithium (n-BuLi) i3 known
*a « rapid and extremely effective method fur inserting
lithium into numerous compounds [28,33,77,126]. In particu-

lar the lithiation of an AB2X, spinel can be expressed as:

2-4Ho-L1 2Li+(AB2)-X, ¢ c8Hi8

Chemical [lithiation was typically carried out under a nitro-

gen or argon atmosphere,
IMerck, 15 */0 solution in hexane,, which were injected inco
a stoppered flask containing 300 - 500 mg the parent

-50 ml Of sodium-dried hexane. The reaction
days.

using various amounts of n-BuLi

material in
mixture was stirred continuously at 50 °C for several

The products were washed several times with hexane in order

to remove any excesn n-Bul.i, and finally dried under vacuum.

sV,

M & -
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Stoichiometric quantities of n-BuLi were used when co-rpounds

with d specific conposition were required. Excess n-BuLi

was uaeU to ensure that a fully lithiated product was ob-

tained.

LITHIUM EXTRACTION BY CHEMICAL METHODS

methods ,,,te usea to Mr K I fnm

lithium (u,MvO0,).

In this ,,,,rk

trsnsitlon met.l o.ldes containing

*e 1 1
2.1 Lithium extract ion by bromine oxidatinn

Lithium can be extracted chemically using Br2 according to

the reaction:
LiM C Br,,

stoichiometric or excess amounts of a 0.125 M Br,/tHCI,

solution were added to the lithium transition metal oxides

to obtain products with a desired conposition.

The reaction flasks were kept in the dark, at ambient teope-

generally for several days.

rature with continuous stirring,
times with CHC13 and

"<«wples were fFiltered, washed several

finally with EtCH to remove the lithium bromide by-product.

*.2.2 Lithium extraction hu treatmnnf

Lithium-containing compounds were treated with 1 N or 5 N
content within their struc-
in -.15 ml of
The

H*Sft,f to reduce the LiMon

tures. Typically, 1 g Of material was placed

water, to which various amounts of acid were added.

reaction was allowed to continue for perioos ranging from



one hour to several days, with constant stirring, at ambient

temperature.

Th* solid products were filtered, washed several times with

water and finally dried.

"’2«1 lithium concentrations

J11 N lea thst ulthl ,t-/

Lithium concentra,iooa ,,r ,
determlned by atQmlc

efellthutad by awrtc.l « ,, ocl,
absorption spectroscopy.-

ELFCTROCHFMICAL STUDIES

, »M —ectrochemical- and diaeharge-curva r»n,

A two-electrode cell was used in all ambient temperature

experiments for the determination of elec-

electrochemical
lithium

trochemical and galvanostatic discharge curves and
diffusion rates.

* teflon casing and stainless-steel cur-

fh* CeH eo™ M «
Finely woven

rent collectors covered with teflon tape.
/ircoma fabric soaked with the electrolyte was used to

separate the electrodes.

A schematic representation of the cell is given in Fig 3.1.

LiC10, (Merck, G.R.) or LiBFu

two electiolytes were used
in digtuied propylene cap_

(Aldr-ch, 9a % pure), both IM
bonate (Merck or Fluka, 99% pure).

lithium tetrafluoroborate was used as supplied. The

The
in water and subse-

lithium perchlorate was recrystallised
in a drying oven at 80 °C

hours. The propylene
and then dis-
107-108 °C).

quently dried, first overnight
then under vacuum at 232 °C for several
carbonate was dried with 4 A molecular sieves,
tilled under vacuum (vr.)our phase temperature:



Zr0™ mat

Stainless steel
current collectors

el'ictr odes

ric 3.i

The amtient te«nperature electrochemical cell

"» «lectroljftea .. . pfwared ,,,,d ,, M M

» T «. argon «»» ., . , 1, concentration of tn. Uthtu.

«lt ... chosen 1, conform,
tM. conc.ntr._tion yiald, th. nI~

»tth co™,,n pr.ctic. an,,
at conaucU,,ce

propylene carbonate 127],

Typical .orkin, electron,., coneiatej of 10-40 m of oo-der

coN.ctM onto a 1 ,, di»n«er at.Inl.aa-ata.l Q.u, « K ,

at » pressure of 30-60 kN (9 - 18 MPa).

Counter-electrodM cnsisted either of a small piece of

lithium metal or of .100 mg of LiMn20,, contacted onto a

disc, as in tht case of the working electrodes. The

-Pinel LiMn20,, waa u.ed 1in preference tJ
during electrochemica, lithium extraction experiments, in
of

order to avoid high overpotentials and tho formation
The spinel LiMn20,, is know,: to incorpo-

lithium dendrites.
a two-phase material over

rate lithium to form Liu ,Mn20,,,

a wide range of x, it consists of a cubic and a tetragonal

and therefore operates as a constant voltagn elec-
It has been used successfully as a counter elec-
extraction of [lithium

Phase

trode [3)]-
trode ftc. study the electrochemical



All the cells were assembled and discharged under an ar”on

atmosphere.

The cells we-e discharged at a constant current density, in
2
the range 20-JU uA/cm*. The cell voltage was continuously

recorded i>jring discharge.

Tor the determination of the electrochemical curve, open-
circuit voltages were vrecorded intermittently during dis-

charge, after allowing equilibration times of 48-72 hours.

The amount of [lithium inserted into or extracted from the
cathode 0, was obtained by coulombic titration? the theo-
retical electrode capacity, ¢ inA-hra], assuming 1 Li reacts
with each mole of the cathode, was calculated according to

the expression:

1000
o« — 3.1
W 6.24*10'T 3600 G-
where c theoretical electrode capacity 1inA.hrs]
| current
t time

mass of cathode (d]
MW molecular weight
Na Avogadro®a constant

6.24«10ii: electronic charges per Coulomb

L conversion from A.s to mA.hrs
3600

0
Note: A = F s 96485 C mol"1

6.2"*Jo" "

The theoretical energy density, calculated using the elec-

trochemical curve, 1ib given by the expression:
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W =1 J., El dt / E dx 3.2)
m m t MW . 3600 Ax
where Wm energy density [Wh/kg]
MV = molecular weight [kg]
X = lithium inserted or extracted (cf text)
E = cell potential [v]

othar symbols as defined previously.

3.3.2 Cyclic voltammetry cells

A three-electrode cell wa3 used for cyclic voltammetry ex-

periments. A diagram of the cell is presented in Fig. 3.2.

FIG. 3.2

The ambient temperature cyclic voltammetry cell

A piece of lithium, pressed onto an expanded nickel gauze
disc was used as counter- and reference-electrooe. The work-
ing electrode consisted of a few mg (1 - 4 mg) of transition
metal oxide powder, pressed at 18 MPa onto an expanded

nickel gauze disc.



The electrolyte used for cyclic voltammetry experiments was
I M LiCIOi, in a 1:1 mixture of propylene carbonate (P.C.)
and 1,2-dimethoxyethane (D.M.E.).

The purification of LiClI0i, and P.C. 1is given 1in 3ection
3.3.1. The dimethoxyethane (Merck, >99% pure) was purified
and dried by refluxing over sodium balls, followed by dis-
tillation under argon. The electrolyte was prepared and

stored in a glove-box under an argon atmosphere.

The mixture of P.C. and D.M.E. solvents was Tavoured for
cyclic voltammetry experiments, because it has a higher con-
ductivity than pure P.C., probably due to complexation of
the li+ ions by the ether .128]. This electrolyte is less
suitable for the longer term experiments (electrochemical
and discharge cur as) because of the high volatility of
D.M.£. Since no significant iR drop was observed across the
electrolyte, a distance of 2.7 cm between the working and
referenc ? electrodes was considered acceptable. The cell was
assembled and maintained under an argon atmosphere through-

out the experiment.

The experiments were carried out using a Princeton Applied
Research (P.A.R.) potentiostat (Model 173) [linked to a
P.A_R. Universal Programmer (Model 175).

Scan rates between 0.1 mV/sec and 1 mV/sec were u3ed.

3.3.3 Determination of lithium diffusion rates

Lithium-ion diffusion rates were determined using the gal-
vanostatic pul3e-relaxation technique by Basu and Worrell

[ 116], described in section 2.6.2.

Two-electrode cells, as described in section 3.3.1, were

used. The current pulse was obtained from a P.A.R.
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CHAPTER 4

LITHIUM EXIRACTION from LiVOj
4.1 INTRODUCTION

transition metal3 titanium and vanadium exhibit several
oxI(feB end sulpMdes

N

.<a»l. oration states, w see or thel,

currently s.ongst the ,,03t

w613 .13,21,2278b-oBER8Mady. " 1T - - is- e Ty«
~ n mPin.U U flA .nd LiV.O,

are difficult to prepare in pure atat. by conventional
.n&8#tib., Tintd an Yy th"(Woj), ,urphyCOUP3e °f * atun M-
od .no pure a,,nel UUIl % .,y heaUng ,n.tM~ r.lated L
to temperatures above 500 °C.
In this work, ,, similar ”~ thod fQr the preparation of L

material . The“solid

using Li0.5V02 as a starting
recently obtained by Vidyasagar

AN N

Proposed,

aoution Liu ,V02 (0<x<2) was
ano Gopalak."ishnan [133] by chemical oxidaUon QF

is possible to prepare a compound

With thia method, it
equivalent to that of the

the stcichiomet.y Li0.5V02,
spinel LtV20U. The conversion of Li0O>5V02 to the spinel LiV20,,

and the structural in chapter 5.

mine.

analysis or the latter is given

In their paper on lithium extraction from LiVCL, v idya,Qgar and
reaction and the products

Copal.krishnan briefly described the
changes which

J. but did not investigate fully the structural
take place during the extraction.

transforation of the co«po ,nd

order to understand the
,Bceasary to

In
structure U»:;0,, it

‘0.i»02 to the ajiir,el



Investigate the structural characteristics nf the former. The
structural changes which occur during the reaction are indicative
of the mobility of vanadium within the structure, a factor which
is of relevance when considering the conversion to the spinel

structure.

4.2 EXPERIMENTAL

LiVOj was prepared by reacting Li2C03 (Koch-Light, 98% purity)
and V20$ (Merck, extra pure) in a 1:1 molar ratio, initially at
500 °C for 4 hours, to decompose the lithium carbonate, and thnn

at 700 0C for 10 hours, under a hydrogen atmosphere [133].

Lii V02 (O<x<Il) was obtained using both chemical and electro-

chemical methods.

Chemical extraction of [lithium from 1iV02 was carried out by
treating 1iV02 with a 0.125 1 solution of Brj in CHC13, according

to the reaction:

Stoichiometric quantities of bromine were wused to prepare
Lio .sVOj * smaller concentrations of [lithium wen obtained by
using an excess of bromine solution. Tne mixtures were allowed

to react for 4 days (unless otnerwiae specified).

A sample with the composition LiO<Mi4/02 was prepared by placing
3U0 mg LiVO2 in 10 ml H20 to which > ml of IN HjSO" were added.
The reaction took place at ambient temperature, with constant
stirring for 3 days. The blue colouring of the water indicated a
partial dissolution of vanadium ior.s. The acidity of the solution
was approximately pH s 1. The solid was filtered off, was"ied
several times with H20 and finally dried.
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<:r:vrireft  AdPuMoe—

U*0j | IM LiCIO0* in propylene carbor,ate|UMnjOt

LOUnter"®A*ctrode consisted of 20-30 mg of

Livft  rkIfl9 akl
powdera respectively, compacted

120-150 «, of

3t«*">” =-«eel ¢g.,,, discs at e pressure of 50 k».

zzz..t ~ *’Gﬁi—*
. op e

"1 " »our, were allowed. The e.peri-
“B" d “ airf""<'t a"a%a °f t,.e re8Ctl"“ 1"

oTder "oTr“ntr
(0.3,,<0.«) product*.

o' tMulti'«

RESULTS

the synthesis of the starting Mt ,rl.1 LivO

-2.8*0DA ,d «R.7»5<7)« (Fig conalstent ,,1(h ~

us r>por>ed in the literature (a=2.84A ond c*14.70A) [134].

;-0,,10 _.h.orptior. analysis cont,,t ,,

- 4 *
g%gicniometry Li!'>0Vv02. h ! Of 7.72% for the

patternc of various samples of

Li] :: n < X< :r -
atruc“"">1 0 “wcteristlos

fo e M 1%"nUCal

by chemical oxidation or electrochemically.

InltUHy, the extraction of lithlu, lea.es th. atruct,ro
e-.n-ly unaltered , ror the range 0<,,<0.3 the product aingle-
»8re very sijlar

h.s. Phase 0. The x-r.y diffr.otion profile.

- 1 - "jth a’a"'),
Jr 10 the relative intensities of the peaks. For
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0.3<x<0.7, ail the samples obtained both olectrochemically and by
chemical reaction had two-phase powder X-ray diffraction pat-
terns: as in the case of phase 1, phese 11 could be indexed to

the trigonal 3pace group RIm (Fig 4.2).

A 3amrie with the composition Lio. V02> obtained by treating
Liv02 with HjSOu, had the same two-phase pattern as the products

obtained electrochemicaily and by bromine oxidation.

Further extraction of lithium (0.7<x<0.9) yields a single-phase
compound (F<g 4.3), This product (phase I1) has an increased
lattice constant "a" and a smaller value of 'c" compared to the
parent compound LiVQ?; shifts in the interplanar spacings showed

that the lattice con-rants approach cubic symmetry.

The lattice parameters of several samples of different composi-
tion, together with their method of preparation, are presented in
Table 4.1. In the case of two-phase material, the lattice con-
stants of both unit cell3 were refined only if the intensity and
resolution of the peaks allowed it; this was not possible for
*s0.37 and x=0.70, where only thu peaks of the predominant phase

were sharp enou”™i to take an accurate measurement of 29.

TABLE 4.1
Lattice parameters and i~;thod of preparation of various samples

of Li~rVOj

X Phase -[A] c[A] Preparation
0 - 2.840(1) 14.785(7) -
0.37 1 (two-phaae) 2.840(1) 14.799(4) Electrochemical
0.50 | 2.841(1) 14.785(6) Br2 oxidation

1] 2.889(2)  14.241(13)

0.70 11 (two-phaae) 2.886(1) 14.241(8) Electrochemical
0.78 1 2.887(1) 14.230(8) Brj oxidation
0.95* 11 2.886(1) 14.244(1) Electrochemical

* Theoretical composition, calculated by coulnmbic titration.
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Powder X-ray diffraction patterns of 1iV02, Lig,5vV02 (charac-
teristic of the two-phaae range) and Lio,227"2 are shown in

Figs 4.1 - 3; the latter is described in Table 4.2.

The progress of the reaction was clearly visible from the X-
ray diffraction patterns of electrodes with the cnrposition
Llo.63vo2* Lio.50V02 and 110.30v02» where the relative
intensities of the two phases gradually changed, showing an
increasing quantity of phase Il as the lithium concentration
decreased. The product Lio.2cV02 was virtually single-phase,
with a very minor trace of phase 1; electrochemically prepared
Lio.05V02 was very similar, except for 3mall quantities of un-

identified decomposition products.

Chemical delithiation beyond the composition Lj0O”22 2 could

not be obtained even after treating LiVC2 with excess bromine for
21 day3. However, the samples contained small quantities of phase
I, which could accocnt for the relatively high lithium content
compared to Li 0.iV02, reported by Vidyasagar and Gopalakrishnan

[133].

As it can be observed in Fig 4.3, the relative intensities of the
peaks of phase Il differ considerably from those of LiV025 this
is particularly noticeable in the case of the {003} peak, which

decreases sharply in intensity.

The change of relative intensities is indicative of an atomic re-
arrangement of the relatively heavy vanadium ions within the

oxide sublattice.

4.4 STRUCTURE OF Li0.22v02
4.4.1 Structure determination

The structure of LiOt22v"2* corresponding to pha3c 11 was

determined by an intensity refinement of the peak3 of the

oy






(104)

Miller

FIG 4.2
X-ray diffraction pattern of Lig.sVO0j

indices of Phase | are given in parentheses

TWO-THETA
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X-ray diffraction pattern (Fig 4.3, Table 4.2). Because of
overlapping peaks, the refinement was carried out with 12

intensities, corresponding to 23 reflections.

A preliminary attempt to refine the structure whilst main-
taining the LiV02 layered structure, where the lithium and
vanadium cations occupy alternate planes between the oxide
layers, did not reflect the snarp change of relative inten-
sities which occurs during the extraction of lithium from

LiVvOj .

As it has been suggested in the preceding section, it seems
likely that the observed variation of the relative intensi-
ties is indicative of an atomic rearrangement of the vana-

dium caticns within the structure.

This hypothesis is based on the fact that vanadium (Z=23) 13
a heavier atom then lithium (Z=3), and 1is therefore a
stronger scatterer of X-rays: any important variation of the
relative intensities is therefore most probably due to a re-

arrangement of the vanadium ions.

In thi3 section, it is postulated that the remaining lithium
cations continue t< reside in the octahedrel 3a sites, which
thev iccupy in the starting mnterial LiVCA. In a recent neu-
tron diffraction study of Lio,27v02 [135], the [lithium
cations were found to be distributed uetveen the octahedrrl
and tetrahedral sites of the lithium layer. fhis distribu-
tion of the lithium cations is ignored throughout the X-ray
hffraction intensity refinements: it i3 assumed that the
*<+ik X-rav scattering power of ac.dl concentrations of lith-
i.un cations would not significantly affect the results of
this study. In order to ao nunt for the modification of the
relative intensities, a rearrangement of the structure was
proposed, in which u frartion of the vanadium ions migrates
to the layer which was initially occupied exclusively by

lithinm.



The vanadium cations in the lithium-deficient phase, which
have a formal valence of V1,+73+, were permitted to occupy
the octahedral 3ites 3a and 3b; the site occupancy (n) in
those sites was allowed to vary, whilst the total number of
vanadium 1ions was constrained to unity (as is required by

stoichiometry).

The 1isotropic temperature Tfactors (Biso) of the vanadium
cations were varied independently of the site occupancy
after the latter had been fixed. The positional coordinate
(/) and the temperature factor of the oxide 1ions were also

refined.

The lithium concentration was maintained constant at 0.2 (as
obtained by atomic absorption spectroscopy) and the tempera-

ture factor was arbitrarily fixed at 1A°.

This model gave a final R value of 13.0S for a structure in
which approximately one-third of the vanadium ions occupy
the 3a sites, formerly filled by lithium cations; the rest
of the vanadium ions remain in the 3b sites, which they

occupy in the parent compound LiV02>

It i3 interesting to note that the anion positional param-
eter, 2z, refines to 0.250(2), a value that corresponds to a
cubic structure; as it has already been pointed out in the
preceding section, the lattice constants of phase Il ap-

proach those of a cubic cell.

The full structural parameters of this model (model 1) are
described in Table 4.3a, the observed and calculated inten-

sities in Table 4.3b.

The octahedral sites 3a and 3b are interconnected by two
sets of face-sharing tetrahedra in 6c positions. If the

vanadium ions migrate via the faces of the octahedra, and



TAB" E 4.2
Powder X-ray diffraction pattern of Lio.2V04

Space group : R3m
a=b=2.387(1)A c=14.230(8 )A a=3=90 0  y=120 0
- H*

hkl dobs dcalclLAi ~obs

003 4.759 4.742 126

101 2.461 2.462 76

006 2.371 2.371 \ 36

012 2.358 2.358 .

104 2.045 2.045 1 1000

015 1.879 1.878 17

009 1.580 1.581

107 1.580 1.577 j? 23

018 1.450 1.449 526

110 1.444 1.443 /

113 1.382 1.381 1 0

113 1.382 1.381 J

10 10 - 1.236

116 1.232 1.233 N 35

116 1.232 1.233

202 - 1.231

00 12 - 1.185 1 84

024 1.179 1.17? J

208 1.022 1.022 62

11 12 0.916 0.916

11 12 0.916 0.916 74

12% - 0.913

214 - 0.913

* Where no dg”g is indicated, the peak was weak and diffuse.

**  Normalised to 1 000



TABLE 4.3a
Structural parameters of LiOt2V02 (Model

Space group R3m (DId) a = 2.887(1)A
ATOM POSITION X y
Li+ 3a 0 0 0
1v3+/¢+ 3a 0 0 0
1 V3 o 3b 0 0 0.5
1* - 6c 0 0
(Mean valence state of vanadium: 3.8)
TABLE 4.3b
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D

c = 14.230(3)A

8[A2]

1.0
1.8(13)
1.7(8)

0.250(2)  3.2(9)

0.2
0.34(3)
0.66(3)
2.0

Observed and calculated intensities for Li0O>2V02 (Model 1)

R = 13.0 %
hkl *obs *calc
063 08 116
101 59 58
006 \ 28 24
012 ]

104 774 797
015 13 22
009 | 19 15
107 ]
018 \407 317
110 /

hkl

113
113
10 10
116
116
202
00 12
024
208
1112
1112
124
214

~obs
L 23
» 27
/
L 65
J
48
S
> 57
X

*calc

12

27

73

28

79



not via the edges, they would have to transit throuyh a tetrahe-
dral site. This would seem a likely pathway, as it avoids the
narrow bottleneck constituted by the two oxide ions situated at

the ends of the 0-0 edge.

*n model 2, the vanadium ions were allowed to occupy all the
available octehedra and tetrahedra in the unit cell; the frac-
tional coordinates of the tetrahedral sites were taken as
(@, 0, 0.125) and (0, 0, 0.375) because of the almost cubic sym-
*>etry.

The refinement was carried out without imposing any restrictions
on the total quantity of vanadium; a B"30 factor of 2A2, close
to that obtained in model 1, was chosen for all the vanadium

ions, and was not refined.

As in model 1, the oxygen positional parameter and the 37so
factor were refined; the lithium ion occupancy and temperature
factor were kept constant, with a value of 0.2 and 1A2 respecti-

vely.

This refinement gave a final R value of 4.0 %, which is consider-
ably lower than the one obtained for model 1. The vanadium occu-
pancy refined to 0.10(3) and 0.06(3) in the tetrahedral sites of
the original vanadium and lithium layers respectively, whereas
the distribution of the vanadium ions in the octahedral sites 3a

and 3b did not alter significar ly compared to model 1.

The sum of the vanadium ions obtained according to this model is
1.16(12), which, within experimental error, is close to the value

required by the formula Lio,2V02.

The structural parameters of model 2 are given in Table 4.4a, the

observed and calculated intensities in Table 4.4b.



TABLE 4.4a
Structural parameters of 1.i0>2vV02 (Model 2)

Space group R3m (D7) a = 2.887(1L)A c = 14.230(8)A

Atom Position X y z B[A2] n

L™ 3a 0 0 0 1.0 0.2

V3w~ 3a 0 0 0 2.0 0.36(2)

v3<fes 3b 0 0 0.5 2.0 0.64(4)

V5 e 6c 0 0 0.125 2.0 0.06(3)

V5* 6c 0 0 0.375 2.0 0.10(3)
6¢C 0 0 0.249(1) 3.4(8) 2.0

TABLE 4.4b
Observed and calculated intensities for Lio#2V02 (Model 2)



A further refinement of model 2, in which the B~go factors
of the vanadium 1ions in 3a and 3b, as well as the oxide
positional “larameter and the temperature factor were allowed
to vary, did not jignificantly alter any of the variables

®iao of the vanadium ions in 3a and 3b refined to 2.5(6)A
and 1.8(4)A“ respectively; the other parameters remained
constant. T:; R value was almost unchanged, with a value of

4.5

U temots to refine the 8730 factors of the vanadium ions
in the tetrahedral sites Tfailed, predominancy because of
the strong correlation with the low occuoancy of those
sit*s, and also because of the relatively small number of

intensities available for the refinement.

However, several independent refinements were carried out,
in which the vanadium 8j30 factors were fixed at various
values; the same procedure was used as for model 2. Since
TO)8t of the structures obtained were almost identical to
model 2, only two of them models 3 and 4) will be reported
here.

In model *, the HISO factors were fixed at 2.0A2 tnd 1.0A2
for the vanadium ions in the octahedral and in the tetrahe-

dral sites respectively.

The R value of 3.6 % for this model is slightly Ilower than
for model 1, although the structural parameters (Table 4.5)
only differ very slightly from iodel 2.

In spite of the slightly higher R va’ue, model 2 is prefer-
red over model 3, because the vanadium icris in the tetrahe-
dral sites would be expected to br. at least as mobile as
those in the octahedral sites. This mobility should be
reflected by the BisO factors, which express the average

thermal displacement of the atom in the lattice.



TABLE 4.5
Structural parameters of Liot2V02 (Model 3)

R = 3.6 %

Space group R3m (D%) a = 2.887(1)A c = 14.230(8)A

"Aton | Positio Xy z B[A2] n
li* 3a 0 0 1.0 0.2
vdv 1 3a o o0 0 2.0 0.36(2)
va 3b o 0 0.5 2.0 0.65(4)
V5 * 6c 0 o 0.125 1.0 0.05(2)
V5 * 6c o 0 0.375 1.0 0.09(2)
02- 6c 0 g 0.249(1) 3.2(7) 2.0

Finally, in model 4, the isotropic temperature factors of

S
ail the relatively heavy vanadium ions were fixed at 1.0A .

Althougfi the R value (8.4 %) was higher than in models 2 and
3, the interest of model 4 lies in the fact that the sum of
all the vanadium ions, 1.07(18), is closer to unity than in
model 2, where it amounted to 1.16(12), while maintaining
the presence of vanadium ions in the tetrahedral sites. The

full atomic parameters of model 4 are listed in Table 41t6.

TABLE 4.6
Structural parameters of Lio,2v*2 (Model 4)

Rs 8.4 %
Space group R3m (©31) a = 2.887(8)A c = 14.230(1)A

Atom Posit ion X y z B[ A2] n
Li* 3a 0 0 o 1.0 0.2
+/te 3a 0 0 o 1.0 0.32(4)
V3>/™ + 3b 0 O o5 1.0 0.61(6)
Vo> 6¢c 0 0 0.125 1.0 0.05(4)
Vx4 6¢c 0 0 0.375 1.0 0.09(4)
02- 6c 0 0 0.248(2) 3.4(11) 2.0



4.4.2 Discussion

The structural characterisation of Lio.22v02 ma” sum*
marised aa Tfollows: the layered structure of LiVG2, in
which [lithium and vanadium ions occupy alternate layers of

octahedral 3ites, 1is not maintained in Lio,22702-

In model 1, which gave an R value of 13.0S, approximately
one-third of the vanadium ions were found to be located in
the octahedral 3a sites, 1i.e., in the layer previously occu-
pied solely by lithium, with the remaining tvo-thirds in
their original vanadium layer, in the octahedral positions

3b.

Noting that the octahedral sites are interconnected by face-
sharing tetrahedra, a refinement 1in which the vanadium iona
occupied both the octahedral and the tetrahedral positions
was carried out. This model (model 2) yielded a significant-
ly lower R value (4.0%), and showed that a smell, but not
negligible proportion of vanadium ions is situated in the
tetrahedral sites; the remainder are located in the octahe-
dral cites of the two layers, with approximately the same

distribution as was obtained in model 1.

Since V4* seldom adopts a tetrahedral coordination in vana-
dium oxides 136;, it i3 suggested that, upon migration, the
V* cation i3 oxidised to V5%*, via the disproportionation

reaction:
~oct,3b = ——————— » voct,3b + ~tetr. “4.1)

During the transfer of the pentavalent vanadium to an empty
octahedral site in the lithium layer, an electron is recap-

tured:

,0¢ .3
“tetr k| ~oct,3b ¢+ “oct,3a * ~oct,3b “4.2)
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All these electron transfers are accessible, as the energy
separation of the V3*/4* and + couples is less than

2 eV [157].

The overall result of the transfer i3 finally:

voct,Jb * O oct,3j

This process could well be the mechanism by which the migra-
tion of vanadium 1ions occur3 from the 3b to the 3a sites,
particularly in view of the fact th*t model 2 indicates the

presence of vanadium in the tetrahed *1 sites.

The transfer of the vanadium ions from the 3b sites to the
depleted lithium layer has the effect of stabilising the
structure: the vanadium ions replace the lithium ion3, and
maintain the necessary electrostatic bonding between the

oxide layers.

The question of the partial occupancy of the tetrahedral
sites by vanadium cations remains, to a certain extent,

uncertain.

It may be remarked that it 1is unlikely that face-sharing
o;*ahedra and tetrahedra are simultaneously occupied by
tetra- and pentavalont cations respectively, because of the
strong electrostatic repulsion between 1ions of the same

sign, which would be situated at 1.779A from euch other.

However, several considerations support the findings of

model 2.

The simultaneous occupancy of octahedral and tetrahedral
positions does not necessarily imply that the cations are
situated in adjtcent sites. Aa the process of delithiation

advances, several 3a sites become vacant, increasing the



probability of obtaining three empty 3a octahedra which
share faces with a particular tetrahedron in the [lithium
layer. The vanadium may then migrate from the 3b to the 3a
3ites, creating, in turn, several vacancies in the layer of

3b octahedra.

It is therefore conceivable tnat some of the tetrahedral
3ites in the vanadium layer will then be surrounded by three
vacant octahedra, namely one 3a and two 3b site3, and by one
occupied 3b site, containing a vanadium ion. The latter
could then transfer to that tetrahedral site, as there would

be no other cations in close proximity.

Although moat of the vanadium ions in the tetrahedral i?ites
continue their movement into the 3a sites, it cannot be ex-
cluded that a small percentage might remain in t"e 6¢c sites.
This could be especially true during the last stages of the
migration, when ti number of ions sufficient to stabilise the

structure has already reached the 3a 3ites.

It is worth noting that, according to models 2 -4, the
number of vanadium ions occupying the tetrahedra at
(0,0,0.375), situated in the original lithium layer, is
almost double that of the cations in the tetrahedra of the
vanadium layer, at (0,0,0.125).

According to model 2, the 3a sites have a combined lithium
and vanadium occupancy of 0.56, whereas the 3b sites are 64%
fullj a consequence of this is that tetrahedral sites shar-
ing faces with three empty octahedra will be encountered
more frequently in the lithium layer than in the vanadium
layer. The occupancies obtained in models 2 - 4 are consis-
tent with this observation, and seem to confirm that the
vanadium ions are situated in tetrahedral sites only if the

latter shar» faces with vacant octahedra.



if the tetrahedral sites are indeed partially occupied by
pentavelent vanadium cations, tnen V3+, V4* and V5+ would
coexist in Lio .22V02. Although this cannot be proven by
more common analytical techniques, because of the rapid
equilibria that occur in solution, it must be stressed that
the disproportionation reaction (eq. 4.1) i3 known to take

place with relative ease [137].

A comparison between the V-0 distances and the sum of the
ionic radii apoears to support this hypothesis : the combin-
ed ionic radii of the oxide ion and of V5+ in the tetrahe-
dral coordination amount to 1.755A [138], a value which com-
pares favourably with the V-0 distance of 1.779A in t'.e (2

tetrahedral sites.

furthermore, the bond length in the 3a and 3b octahedra is
2.046A; this value is close to the sum of the 1ionic radii
of V3* - 02" and V¥* - 0“", which amounts to 2.04A and
1.98A respectively 138].

Finally, coexistence of V3*, V¥* and V5+ within the same
structure 1is possible not only because of tne sm*Il energy
separation between the V¥*/5* and the v3/*f couples,
but also because the 1ions occupy crystallographically
different sites? it has previously been suggested in
order to explain the electrical properties of the spinel

Lio.6Zno.aVvi.60,. [139].

All the points mentioned above see,., to indicate that the
structure proposed in model 2, where vanadium ions occupy
the 6¢ tetrahedral sites, as well as the 3a and 3b octahe-

dral sites, is not unreasonable.

However, the isotropic temperature Tfactors of the vanadium
ions refine to 1.8(13)A2 and 1.7(8)A2 in 3a and 3b respec-
tively in model similar values (2.5(6)A2 and 1.8(4)A2)
were obtained upon further refinement (model 2). These
Biso factors are wunusually high for the comparatively

heavy transition metal 1ions, as i3 evident when they are



compared tn other [lithium intercalated transition metal
oxides, where the Bi30 factors of the transition metal

cations are generally in the order of 0.5-1.0 A2 [33,78].

The B~30 factors reflect the average displacement of an
atom within the structure due to thermal vibrations. The
abnormally high values obtained for the vanadium ions in
Lio.22v~2 indicate that these ions are particularly mobile.
It ia therefore possible that the partial occupancy of the
6c tetrahedral site3 is due to mobile vanadium ions that do
not remain fixed 1in their more common octahedral coordina-
tion. The structure proposed in model 2 would then reflect
an average representation of different, time-dependent situ-

ations.

ELECTROCHEMICAL CHARACTERISATION

4.5.1 Electrochemical curve

In the course of the electrochemical vreaction, lithium is
extracted from LiV0O2 rind inserted into LiMn20i,. The electro-
chemical curve, which shows the open-circuit-voltage (0.c.v)
against the composition of Lij_xV02, expressed as a func-
tion of x, 1is given in fig 4.4. It consists of three sec-
tions: for 0<x<0.3 there is a continuous drop of the volt-
age, Indicating the presence of a single-phase material,

which was round to correspond to phase 1 (cf section 4.3).

In the range Q.J<x<0.85 the curve flattens and the reaction
appears to have an almost two-pha3e character. A slight
slope is sometimes observed in the case of two-phase reac-

tions. where a constant voltage pluteau is expected.

This 1is often due to the relatively short equilibration
times of 48 - 72 hours. Extremely long periods would be

required for the system to reach absolute equilibrium (e.g.



(A) 39V110A-1inoaiO-N3dO

Fin 4.4

Ambient temperature electrochemical curve of the
LiVv02 JLiClow 1M(P.C.)|LiMn20¢*



several weeks) , and to observe a two-phase voltage plateau.
X-ray powder diffraction patterns of electrodes of this com-

position show phases I and Il

for x>0.85 +0.05, the voltage is constant; this plateau con-
tinues beyond the possible limit of x=l, indicating a decom-

position reaction.

This was confirmed by the X-ray diffraction pattern cf a
sample with the nominal composition Lio.05VC2, which in-
cluded a number of relatively weak peaks that could not be

identified.

It is the fore doubtful that complete delithiation can be
reached s the final composition 1is probably closer to
<-U).iV02 as was obtained chemically by Vidyasagar and

Gopalakrishnan 13}].

The electrochemica curve, in conjunction with the structur-
al dat*, suggests that the reaction proceeds along the fol-
lowing pathway: initially lithium is extracted from LiV02
without altering the structure significantly. Phase 1 is
therefore a delithiated compound Lil_xV02, for 0<x<0.3,
which cannot be distinguished easily from LiV02 by powder

X-ray diffraction.

In the second stage of the reaction, at a critical value of
x, close to 0.3, a fraction of the vanadium ions migrates to
the octahedr-. sites of the lithium layer, passing through

the tetrahedral interstices.

This transfer causes an adjustment of the lattice to occur,
which corresponds to the appearance of phase II, with its

characteristic lattice constants.



The migration of vanadium ions from the 3b to the 3a octahe-
dral sites continues until approximntely one-third of the
vanadium ions occupies the latter. The final product, phase
I, is Lii_xVi/31\2/3302, where the square brackets indicate
the 3b sites and x = 0.85 +0.05.

The apparent two-phase region (0.3<x<0.85) 1is probably due
to two factors. Firstly, there may be preferential extrac-
tion of [lithium from the smaller particles, whilst larger
particles of LiV02 remain unreacted; this phenomenon is
known to occur in this type of reaction and has been docu-

mented in the case of lii_xMn20i, [75].

Secondly, it is possible that the vanadium 1ion transfer
takes place faster than the rate at which equilibrium is
reached. This would give rise to particles that initially
have the lattice constants of phase |I. Upon standing at
ambient temperature for several weeks, the relative concen-
tration of phase |1 decreases significantly, whilst phase 11

increases.

4.5.2 Cyclic voltammetry cf LiV0O?

Delithiation of 1iV02 was studied by cyclic voltammetry. A
typical voltammogram of LiVCYr (scan rate = 1 mV/sec) is
shown 1in Fig. 4.5. The anodic scan confirms the existence
of several steps in the delithiation process. The broad peak
between 2.70 V and 3.20 V comprisrs s distinct shoulder at
2.88 V and a well-resolved peak at 3.09 V. A very shallow,
broad peak is observed at 3.53 V. The first of these peaks,
at 2.88 V, probably corresponds to the removal of approxi-
mately one-third of the [lithium ions, whilst the vanadium
cations remain fixed. The second peak, at 3.09 V, is due to

the next step of the reaction, where the extraction of most
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of the lithirm cations i3 accompanied by a redistribution of
the vanadium cations in the layers. The last, shallow peak
at 3.53 V could possibly be assigned and the final stage of
the extraction, between [li~0.2v02 ant] "V02". This step
could not be achieved by chemical oxidation with bromine,
indicating that it requires a higher potential. After the
vanadium cation redistribution, li+ diffusion is anticipated
to be more difficult: the diffuse shape of the peak at
3.53 V suggests a very siow diffusion rate; this would con-
firm that it does indeed correspond to the last stage of the
lithium extraction process. The return scan and subsequent

cycles show that the process is irreversible.

In order to investigate at which stage the delithiation
becomes irreversible, a fresh cell was scanned, setting pro-
gressively higher upper switching potentials for subsequent
cycles (Fig. 4.6) and using the same scan rate as in the

previous experiment (1 mV/sec).

The Fir3t anodic scan, between 2.69 - 2.90 V, shows the
shoulder et 2.88 V: upon scan reversal, this process appears
to be rev;r3ible, with a reduction at 2.73 V, confirming

that the layered structure is maintained during this step.

The 3econd cycle, where the imposed upper potential limit
was 3.25 V, shows the two oxidation peaks at 2.88 V and
3.12 V, as in the first cycle of Fig. 4.5. Upon scan revers-
al, a fairly shallow reduction peak is observed, at a volt-
age of 2.48 V. Thi3 would imply that thr process at 3.12 V
is irreversible, although some vrelithiation 1is possible.
This subsequent insertion of lithium occurs in a modified
structure, where vanadium cations are present in all the
layers. Lithiation is therefore anticipated to be slower;
this 1is confirmed by the diffuse aspect of the peak at
2.48 V. The extent of this lithium insertion has been de-
termined chemically: treatment of Lio.2872 with n-0"iLi

led to the composition L1.i0,9vV02 [140].
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FIG 4.6
Cyclic voltammograin of the system

Lii_*vo2 (0<x<I)
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The third cycle shows a new oxidation reaction, which can be
interpreted as the delithiation of the modified structure,
i.e., the reversal of the reduction observed at 2.48 V,
during the previous cathodic scan. fhi3 process 1is again
characterised by a very 3low rate of lithium diffusion, re-

flected by a wide, shallow peak.

4.5.3 Li* diffusion rate in LiVO?

The lithium-ion diffusion rate was determined for the parent
conpound LiVOj, since the first stage of the delithiation
reaction follows a single-phase mechanism (cf Sections 4.3
and 4.5.1). The value of D s 5.10“9 cm”"/sec was obtained,
lithium-ior diffusion in intercalation compounds 1is consi-
dered to be fast when it is in the range 10"10<D<10~8 cm2/
sec. The W™ diffusion rate was measured in the isostructur-
al compound LiCo02 using both the same technique [141] anl
another, similar method [142], the galvanoatatic intermit-
tent tit/ation technique (GITT, first described by Weppner
and Huggins [119])] the value D = 5.10“" cm*/sec was obtain-
ed, suggesting that Li* diffusion proceeds at the same rate
in the two isostructurpl compounds, LiV0O2 and LiCo02. A more
recent (and more accurate) re-determination of P in Li)Co02
(0.10<x<l) by Honders et al. [125], showed that, in Tfact,
lithium diffusion in LiCo02 is considerably faster, with 0 =

4.10-8 cm2/9ec.

The Li* diffusion rate obtained here for the layered com-
pound LiVOj will be compared Ilater (Chapter 6) with the
system Lil>xVjOu, where [lithium diffuses through a 3-D

network of channels.

CONCLUSIONS

This study shows that the extraction of lithium from LiV0O2 occurs

in two stages: initially, for 0<x<0.3 in Lil_xV02, delithiation
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does not provoke any important structural changes and the reac-
tion ia reversible. Lithium extraction from the layered parent
compound LiVO2 is relatively fast (D = 5.10-9 cm2/sec). In the
second stage (x>0.3), approximately one-third of the vanadium
ions migrates to the octahedral sites of the former lithium layer
(Ja), passing via the face-sharing tetrahedral sites. This trans-
formation is irreversible. Subsequent re-1j.thiation proceeds via

a different mechanism.

A significant improvement of the R value of the structure refine-
ment of Lio.22V02 was obtained Tor several models where vana-
dium 1ions occupied the 3a and 3b octahedral and the 6c tetrahe-
dral sites (models 2-4, Tables 4.4 - 6). Since vanadium cations
would not be stable when occupying face-sharing tetrahedra and
octahedra, the latter structure i3 possible only once a number of
octahedral sites have become vacant, due to the progress of the

delithi«ikion reaction.

The delithiation mechanisms of the iscstructural layered com-

pounds LiCo02 and uiNiO2 can be compared with that of LiV02.

In the case of Li! xCo02 (O<x<l), the structure of the parent
compound LiCo02, where [lithium and cobalt cations occupy alter-
nate layers of octahedral sites, is maintained [20]. Recent
studies suggest that the cobalt 1ions remain within the octahedra,

but are displaced from the centre [1A3].

The difference between Lii_xCo02 and Lil.xV02 is probably re-
lated to the feasibility of the migration through the tetrahedral

sites on the part of the transition metal cation.

Although tetravalent vanadium is not commonly found in a tetrahe-
dral environment, it is probable that the V4+ ions disproportion-
ate to V3* and Vs+ (the latter stable in 1 tetrahedral coordina-

tion) prior to the migration. This reaction is known to be ener-
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getically accessible [137]. Pentavaient vanadium then migrates

via the tetrahedral 3ites to the 3a sites of the lithium layer.

In the case of the cobalt ion, migration via the tetrahedral
sites 1is more difficult. Tetravalent cobalt, which 1is a highly
oxidising ion, i3 seldom found in oxides, where it either resides
in a tetrahedral or 1in an octahedral environment; -Moreover,
'CON- ions in tetrahedral sites are observed only ii the pres-
ence of strong ionic bonding between the oxide anicn and other
metal cations, such as Li*, Na+, K+, Rb™, Cs* and Ba2* [144],
Therefore in delithiated Lii_xCo02, where only a little lithium
is present, the nainly tetravalent cobalt, which 1is relatively
stable in the octahedr&j 3b sites, would be unstable in a tetra-
hedral environment, and is therefore unlikely to migrate via the
tetrahedral sites. A oisproportionation to Co5+ and Co3+, similar
to that hypcitnesised for vanadium, 1is unlikely, since very few
examples of pentavalent cobalt are reported in the literature

[136].

Thomas et al. [H5] recently reported the forintion of
til-xNi0j (x«0.5), but could not determine its structure due to

the line-broadening of the X-ray diffraction pattern.

In the case of Lii_,NiO2, stabilisation of the delithiated co>n-
pound cannot be achieved by migration of Ni3+/%+ cations
through the tetrahedral sites, nor through a disproportionation
reaction, as both these routes would require considerable energy;
furthermore, no energy would be gained by a displacement of

nickel 1ions within the octahedral sites [145],

However, the steps observed in the electrochemical curve of
Lii_xNi0O2 (0<x<0.6) were attributed to a slippage of the sand-
wich layers relative to one another [145]. This phenomenon was
first observed in the Ilayered systems Nai_HMO2 (M = Ti, Cr, Co

and Ni) by Delmas et al. [146].



The structural differences between Lii_xM02 (M = V, Co) com-
pounds are reflected by the cyclic voltammograms of the two sys-
tems: delithiation of LiCoC*® has been shown to be reversible

[1401, whereas lithium extraction from LiV0O2 is irreversible.

It is interesting to note that the unit cell of Lio.22vo2» ai_
though it remains trigonal, 1is a lot closer to cubic symmetry
than the parent compound, HVO2. This becomes apparent from a
comparison of the X-ray diffraction profiles of LiV02 and
Lio .22v02 (Figs 4.1, 4.3) : the latter shows a higher degree of
symmetry, with some of the reflections merging into one peak.
The mo3t characteristic example of this phenomenon is constituted
by the {01Bi and |110]| peaks, which are two distinct peaks in
LivQ2 , and overlap almost entirely in Lio.22v02* The anion
positional parameter, 2z, of Li0,22vo2 refines to 0.249(1), far
closer to the cubic value of 0.250 than LiV0O2, where 2zs0.239

[134].

This gradual change of symmetry, which 1is not yet complete in

Lio.2272 * could facilitate the transformation of Li0>5V02 to
the cubic spinel LiV20t,. This conversion will be described in

the following chapter.



CHAP 1EH 5

THE IKANST IRMAT1UN O» DEL IIHIAIED HVFfJ2 INFO THE
SPINEL STRUCTURE

5.1 INTRODUCTION

The spinel LiV20U was Tfirst prepared by Reuter and laskowsky in
1950 1*7], and has since been obtained by one of the following

high-temperature syntheses:

V jcuum
a) Li20 ¢ V203 ¢ 2V O jJ ————————————- * 2L1v20, [147]
700 - 750 °C

Vacuum
b; LijCOj * ~2°"3 * 2V0j —————m—mm——m » 2LiV20i, e CO2 [14H]
700 - 75U °C
Vacuum
c) 1iV02 & V02 ———mmmmmmee e > Liv20u [149]
700 - 750 °C

These methods of preparation are delicate because of the volati-
lity of Li20 and because of the strong tendency of VW& to oxidise

to V5*, forming V205.

Attempts to prepare pure LiV20" reproducibly by any of these
methods were unsuccessful in this laboratory, confirminn the ob-

servations of other workers [150].

This difficulty prompted the investigation of a new pathway to
prepare LiVjOi,, by analogy with the method used by Murphy et al.
[77] for the synthesis of Li~0”, where partly lithiated anatase

* 51102 was converted to spinel by annealing at ~700 °C.



THE TRANSFORMATION OF DELITHIATED LiVO2 INTO THE
SPINEL STRUCTURE

5.1 INTRODUCTION

The spinel LiVjO,, was first prepared by Reuter and Jaskowsky in
1950 [147], and has 3ince been obtained by one of the following

high-temperature syntheses:

Vacuum
a) Li20 & V203 + 2V02  ————————————— » 2LiV204 [147]
700 - 750 °C
Vacuum
) L*2C03 ¢ V203 ¢ 2V02 ———————m—— * 2LiV20HK ¢ C02 [148]
700 - 750 °C
Vacuum
c) 1iv02 ¢ V02 oo » LiVv20,, [1«5]

700 - 750 °C

These methods of preparation are delicate because of the volati-

lity of Li20 and because of the strong tendency of 4+ to oxidise

to V5+, forming V205-

Attempts to prepare pure LiV20" reproducibly by any of these
methods were unsuccessful in this laboratory, confirming the ob-

servations of other workers [150].

This difficulty prompted the investigation of a new pathway to
prepare LiV20(4, by analogy with the method used by Murphy et al.
[77] for the synthesis of LiTig0i,, where partly lithiated anatase
Lio.5Ti02 was converted to spinel by annealing at ~700 °C.
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In this chapter, the transformation of the compounds Lio>50V02
and Lio.i4sV02 into the spinels LiV204 and Lio0.90V20u respec-

tively 1is described, and a structure analysis of the products is

reported.

5.2 EXPERIMENTAL

Samples with the composition Li~g>V02 were prepared by bromine
oxidation of LiVOj, using stoichiometric quantities of bromine,

as described in section 3.2.1 and 4.2.

The compounds Li0>50V02 and Lig<#M5vV02 were sealed under vacuum in
a pyrex glass tube, and heated at a temperature of 30CPC for
periods ranging from 54 to 100 hours. After rapid cooling, a

black powder was obtained.

Differential scanning calorimetry (DSC) experiments were perfor-

med as detailed in section 3.5 on a sample with the composition

Li0 .usv02

5.3 RESULTS

The stoichiometry Li0 50v02 *s difficult to obtain with precision
due to the experimental error in the concentration of the bromine
solution, and because of the slight lithium deficiency sometimes

encountered in LiV02.

For this reason several samples were prepared, using different
quantities of bromine; their lithium content was analysed b,

atomic absorption spectroscopy.

Samples with the composition LixV02, where x=0.37, 0.41, 0,45
and 0.50 were heated to 300 °C and X-rayed at ambient tempera-

ture.



The powder X-ray diffraction profiles were characteristic of the

cubic spinelr, which crystallise in the cubic space-group Fd3m.

After heat-treatment, the X-ray patterns of the samples with a
low lithium content, derived from Lio>37V02 and Lio 4iV02, showed

relatively broad peaks, and contained a small amount of V02 and

Vv2°3 e

The compounds derived from Lio.4sV02 and Lio.50V02 had better
resolved peaks, and appeared to be almost single-phase, except
for trace amounts of impurities, most of which could be identi-
fied as V02. Representative X-ray diffraction patterns of
Li-0 .9M27"* anc* *-ii,0V20i, are given in Figs 5.1 - 2. Interplanar
spacings and relative intensities for the two compounds are given

in Tables 5.1 - 2.

In all cases the X-ray diffraction patterns could be indexed to a
cubic unit cell : the lattice constant of Li; .qv20¢ (a=8.241(1)A)
was in good agreement rfith that reported in the literature
(a=8.240(1)A) [151]. The Ilattice constant obtained for Li0igV20}+
(a = 8.244(1)A) is slightly larger.

Spinels obtained from starting materials with the composition
L+o 4iV02 and Lio.37V02 had substantially the same lattice param-
eter as Lig"VjO0~, but were contaminated with increasing amounts
of V02 and V203, suggesting that the limiting composition of the
cation-deficient spinel 1is approximately Li0#9V204.

The relative intensities of the spinel peaks in all the patterns

were very similar.

The X-ray powder diffraction profile of a sample of LiV20i, pre-
pared at high temperature (method c, cf section 5.1) is given in
Fig. 5.3; most of the impurity peaks in the pattern could be
identified as Li3Wi4. A comparison of the profiles of the two
samples prepared from the conversion of Li”“0.5V02 with LiV20L ob-
tained from the more conventional high temperature synthesis,
shows a marked difference in the distribution of the relative

intensities of the reflections.



The powder X-ray diffraction profiles were characteristic of the

cubic spinels, which crystallise in the cubic space-group Fd3m.

After heat-treatment, the X-ray patterns of the samples with a
low lithium content, derived from Li0.37V02 and Lio.*1V02» showed

relatively broad peaks, and contained a small amount of V02 and

v2°3

The compounds derived from Lio,i.5V02 and Lio.5072 had better
resolved peaks, and appeared to be almost single-phase, except
for trace amounts of impurities, most of which could be identi-
fied as VO02. Representative X-ray diffraction patterns of
Lio,9V20K and Lii,gVv20,, ate given in Figs 5.1 - 2. Interplanar
spacings and relative intensities for the two compounds are given

in Tables 5.1 - 2.

In all cases the X-ray diffraction patterns could be indexed to a
cubic unit cell : the lattice constant ul Lix .0""0" (a=8.241(1)A)
was in good agreement with that reported in the literature
(ai8.240(1)A) [151]. The lattice constant obtained for Ligt9Vv20i4
(a s 8.244~1"A) is slightly larger.

Spinels obtained from starting materials with the composition
Lio <1702 and Lio ,;”V02 had substantially the same lattice param-

eter as Lig.~vV"0,,, but were contaminated with increasing amounts
of V02 and VjOj, suggesting that the limiting composition of the

cation-deficient spinel is approximately Ligt9Vv20u.

The relative intensities of the spinel peaks in all the patterns

were very similar.

The X-ray powder diffraction profile of a sample of LiV20i, pre-
pared at high temperature (method c, cf section 5.1) is given in
Fig. 5.3; most of the impurity peeks in the pattern could be
identified as LijVvOo~. A comparison of the profiles of the two
samples prepared from the conversion of Li”“0.5V02 with LiV20u ob-
tained from the more conventional high temperature synthesis,
3hows a marked difference in the distribution of the relative

intensities of the reflections.



In particular, the ratios ijfllL". and -Lj--14! are drastically
1(111} {111} 7

"significant differences of this type are generally indicative of
an unusual distribution of the cations within the lattice : an
intensity refinement of the X-ray powder diffraction pattern was
undertaken, in order to better understand the structures ob-

tained.

TABLE 5.1
X-ray diffraction pattern of Lio,9v20"

Space group j Fd3m as8.244(1)A a=90 0

il d((()OS—[A] -cel*] obs
111 4.756 4.760 1000
311 2.486 2.486 726
222 2.362 2.380 96
400 2.062 2.061 935
331 1.892 1.891 94
511 1.586 1.587 \ 247
333 1.586 1.587 J

440 1.457 1.457 558
531 J.392 1.394 139
533 1.257 1.257 67
622 - 1.243 54
444 1.190 1.190 112
551 1.155 1.154 \ -
711 1.155 1.154 J

553 1.073 1.073 \ 92
731 1.073 1.073 J

BOO 1.030 1.031 69
751 0.952 0.952 1

555 0.752 0.952 f 110
662 - 0.946 \]

340 0.922 0.922 180
753 0.904 0.905 )

911 0.904 0.905 .

H42 - 0.900 JJ ”

* No dOb;} is indicated for weak and diffuse peaks

** 1obs normalised to 1000



TABLE 5.2

X-ray diffraction pattern of Lii .0”20w

Space group : fd3m a=8.241u)A a=90 0
hkl dobs.1J calct™l
111 4.772 4.758
311 2.487 2.485
222 2.381 2.379
/=00 2.063 2.060
331 1.891 1.891
511 1.585 1.586
333 1.585 1.586
440 1.455 1.457
531 1.393 1.393
533 1.256 1.257
622 1.243 1.2*1
444 1.190 1.190
551 1.154 1.154
711 1.154 1.154
563 1.072 1.073
731 1.072 1.073
BOO - 1.030
751 - 0.952
555 - 0.952
662 - 0.945
040 0.922 0.921
753 - 0.905
911 - 0.905
842 - 0.899

H#H

*ob<.

1000
609
88
863
91
187

506

143

113

112
61

74

68

173

7

* No dObs is indicated for weak and diffuse peaks

** 10bs normalised

to 100U

Hr
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5.4 STRUCTURE OF Lio.sV” AND Lii.0OV2Q,
5.4.1 Structural characterisation

Structure determinations of Lio,9v204 and Lii.o”~0** prepared
from Lio ,ikkV02 and Li”~o.S” respectively were undertaken by an
intensity refinement of the various peaks of the powder X-ray
diffraction patterns (Figs 5.1 - 2), using 17 and 16 intensities

respectively, which corresponded to 24 reflections.

In the first attempt to refine the structures, the compounds
1i,,V2Qu were assumed to have the structure of Li[V2]Oi*f i.e.,
that of a normal spinel where Li+ occupies the tetrahedral 8a
sites, and the Vi,+"3+ 1ions are situated in the octahedral 16d

sites [151].

The site occupancies were kept constant, with the values defined
by the formulae Lio.9[v2]0i and Li”® ,o[v2]OU. Biao of the lithium

ions was fixed at 1.0A2.

The isotropic temperature factors of the vanadium and the oxide
ions were allowed to vary, as vere the fractional coordinates

(defining the u parameter) of the anion 02%.

This model (model 1) gave R=12.2% 1in the case of Lig<9v20¢& and
8.9% for Li; ,07200».

The structural parameters of both compounds, as obtained accord-
ing to model 1 are listed in Tables 5.5a and 5.4a, the observed

and calculated intensities in Tables 5.3b and 5.4b.

The calculated intensities of some of the larger peaks differ
quite considerably from the observed. This 1is particularly true

for the fill} and {311} reflections of LIg. 0 i, where the ratio

~calci

~calcfFHi}

IposPH) o .

loba( Hi}

= 0.55 i3 significantly smaller than the ratio
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TABLE 5.3a

Structural parameters of lio,9[V2]0i4 (model 1)
R =12.2 %

Space group : Fd3m (0®) a = 8.244(1)A
ATOM POSITION X y z B[A2]
Li* 8a 0.125 0.125 0.125 1.0
yA/oe 16d 0.500 0.500 0.500 0.02(30)
OP- 32e 0.257(2) 0.257(2) 0.257(2) 1.7(8)
* Mean oxidation state of vanadium : 3.55
TABLE 5.3b

Observed and calculated intensities for Lio.”0i, (model

TABLE 5.4a

Structural parameters of LifVjjot, (model 1)
R s 8.9\

Space group : Fd3m (0N a = 8.241(1)A
ATOM POSITION X y z B[A2]
Li* 8a 0.125 0.125 0.125 1.0

V3m/ee (=)  16d 0.500 0.500 0.500 0.1(3)
IM- 32e 0.258(2) 0.258(2) 0.258(2) 1.4(7)

e Mean oxidation state of vanadium i 3.50

n

0.9
2.0
4.0

1.0
2.0
4.0
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TABLE 5.4b

Observed and calculated intensities for Li[V2]0* (model 1)

The relative intensities of the {ill} and {311} reflections of
spinels are generally indicative of the nature of the atoms resi-

ding on the tetrahedral 8a sites (cf Appendix).

It can be calculated from the contribution of the various atoms
to the intensity of a particular reflection that the {ill} peak
is usually very intense if the 8a positions are occupied by light
atoms, as in LiiMnjjO,, and L1 Ti2]JOU [152,153]. This reflection is
a lot weaker when the A cation is a relatively heavy atom; in
this case, the (311} reflection is usually the strongest peak, as

in Fejo,., LiFe508 and CoCrjo” [154-156],

In view of this observation, the difference between the observed
and calculated ratios ||”|I|] for Lio.gVjOi, would suggest the

presence of relatively heavy vanadium ions in the 8a sites.

In model 2, the vanadium ions were allowed to occupy both the
tetrahedral 8a sites and the octahedral 16d sites, whilst the
lithium content remained fixed in thp 8a sites with the values

obtained by atomic absorption analysis.



TABLE 5.4b
Observed and calculated intensities for Li[V2]0® (model 1)

hki lobs Icalc hkl ~obs *calc
111 985 1027 551 | 60 75
311 600 550 711 j\

222 87 30 553 L 72 86
4U0 851 814 731 ¥

331 90 125 800 67 56
Sul 184 216 751 *

333 ] 555 » 105 106
440 498 445 662 (

531 141 146 840 170 169
533 1 111 99 753]

622 J 911 76 70
444 110 109 842 (

lhe relative intensities of the {1 1} and (311} reflections of
spinels are generally indicative of the nature of the atoms resi-

ding on the tetrahedral 8a sites (cf Appendix).

ft can be calculated from the contribution of the various atoms
to the intensity of a particular reflection that the (ill} peak
is usually very intense if the 8a positions are occupied by light
atoms, as in LifMnjjoO,. and Lif~jGi, [152,153].This reflection is
a lot weaker when the A cation is a relatively heavy atom; in
this case, the {311} reflection is usually the strongest peak, as

in FejOi,, LiFe508 and CoC~AO~ [154-156].

In view of this observation, the difference between the observed
and calculated ratios -Li f o r Lin qViOl would suggest the

1 111
presence of relatively heavy} vanadium ions in the 8a sites.

In model 2, the vanadium 1ions were allowed to occupy both the
tetrahedral 8a sites and the octahedral 16d sites, whilst the
lithium content remained fixed in the 8a sites with the values

obtained by atomic absorption analysis.



In the course of the refinement, the vanadium occupancies in 8a
and 16d, the B~go factors of the vanadium in 16d and of the

oxide inn, and the anion fractional coordinates were allowed to

vary.

The B£g0 factors of the lithium ions and of the vanadium ions

in 8a were kept constant at 1.0A2 and 0.5A2 respectively.

In the case of Lio,9v20i* the final R value, viz. 7.3%, obtained
with model 2, was a meaningful improvement over model 1 (R=12.2%),
Furthermore, with this model, the ratio Irelrf3ilt = 0.68 is sig-

nificantly closer to the observed value 0.73) than in the

case of model 1.

This refinement gave a vanadium occupancy of 0.09(3) in the 8a
sites and 1.91(3) in the 16d sites. Assuming all the [lithium
ions are located in the tetrahedral sites, and within experimen-
tal error, this implies that the 8a sites are fully occupied, and

55 of the 16d sites are vacant as in Lio .9VO.I[Vi .9 CD O

The fuil atomic parameters of Li0>9vV20#® for model 2 are given
in Table 5.5a, the observed and calculated intensities in Table

5.5b.

Although model 1 yielded a relatively good fit for Lii.o"Ot*
(R=8.9%), a further refinement according to model 2 was carried

out, using the same conditions as for Lio,9V20u.

In this case, the vrefined vanadium occupancies amounted to

1.97(3) and 0.03(3) in the 16d and 8a sites respectively.

The R value of 1.6% indicated that model 2 could be a slight .im
provement over model J., but showed within experimental error the
normal spinel distribution. The full structural parameters of
Lil.cv20i, according to model 2 are given in Table 5.6a, the

observed and calculated intensities in Table 5.6b.



Structural parameters of Lio.gVjoOi,

R =7.3M%

Space group
ATOM* POSIT
Li* 8a
Vse 8a
V3+/* + 16d
02- 32e

* Mean oxidation state of vanadium:

Observed and cal

TABLE 5.5a

(mr

Fd3m (0%) a s 8.244(1)A
10N X y z
0.125 0.125 0.125
0.125 0.125 0.125
0.500 0.500 0.500
0.258(2) 0.258(2) 0.256(2)
3.55
TABLE 5.5b

culated

intensities for Lio.gVjon

hkl lobs *calc hkl lobs
111 926 960 551 1] 67
311 672 653 711 j
222 89 25 553 \ 85
400 866 823 731 J
331 87 109 800 64
511 1 229 250 751
333 / 555  « 102
440 517 489 662
531 129 133 840 167
533 59 62 753 "
622 61 50 911 73
444 105 104 842 ,
TABLE 5.6a
Structural parameters of Lii#oV20i« (model 2)
R =76 %
Space group Fd3m @) a = 8.241(1)A
ATOM* POSITION X v z
Li* 8a 0.125 0.125 0.125
yo+ 8a 0.125 0.125 0.125
V34 16d 0.500 0.500 0.500
02 - 32e 0.258(2) 0.258(2) 0.258(2)

* Mean oxidation state of vanadium:

3.50

B[*2] "
1.0 0.9
0.5 0.09(3)
0.1(2) 1.91(3)
1.9(7) 4.0

(model 2)

~calc

68
101
60
120
155

63

B[A2] n
1.0
0.5
0.1(3)
1. 5(7)

1.0
0.03(3)
1.97(3)
4.0
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TABLE 5.6b

Observed und calculated intensities for Lii .0V20u (model 2)

hkl /3 *calc hkl 00s ~calc
111 985 1003 551 60 72
311 600 579 711

222 87 27 553 72 90
40b 851 813 731

331 90 115 800 67 57
511 1 184 228 751

333 J 555 105 lua
440 498 459 662

531 141 140 840 170 164
533 | 111 101 753

622 J 911 76 66
444 110 107 842

5.4.2 Discussion

Althourf) tho lattice constant and the anion positional parameter
of the spinel obtained were consistent with those available in
the literature for LiV20,, (a=B.240(1)A, wu=0.260) [151], the
intensity distribution of the powder X-ray diffraction pattern
seemed to indicate a different cation distribution from that of

the normal spinel Li[v2]0,,.

Intensity refinements.which were carried out on two compounds,
Lio.9V20i, and Lil.0V20i4, ~ave an improved fit when the vanadium
ions were allowed to occupy both the octahedral 16d sites, as in

the normal 3pinel Li[V2](\, and the tetrahedral 8a 3ites
(model 2).

In the case of the lithium-deficient spinel LiggV”™, re-
finement gave 0.U9(3) vanadium iona in the 8a sites, whereas in
Lij OvV20* the 8a sites appeured to contain scarcely any vanadium

ions, with a refined occupancy of 0.03(3).
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FIG 5.2

X-ray diffraction pattern of Li~oMN**
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FIG >.3
X-ray diffraction pattern of LiV20w (high temperature synthesis)



All attempts to refine the lithium occupancy proved futile, due
to the fact that this atom is a very light scatterer of X-rays,
in particular when compared to the heavier vanadium atoms. The
structure of these compounds cannot therefore be described un-
equivocally, since the position of the [lithium 1ions 1is not

entirely certain.

Several possible structures can be suggested for Lig.gVjoi.:
structure A, where all the available lithium ions occupy the 8a
sites (Lig,91V0>09[ V j Q 0>09]0u), structure B, where the octa-
hedral 16d sites are entirely occupied by vanadium and lithium
ions (Lio.aivo.09 D 0. Io[ tio ,00vl.91 704 )* and structure C, where

there are vacancies in both the tetrahedral and the octahedral

sites (Li* - D xILixv1.91 0 0.09-x]0kk"

Althoucj the bas.s of our data, none of these structures can
be entirely excluded, structure A is favoured for several rea-

sons.

Firstly, there appears to be a strong correlation between the
amount of vanadium present in the tetrahedral sites and the ex-
tent of the cation deficiency: in the case of Lig#9VvV20u there
are 0.09(3) vanadium ions in the 8a positions, which would fill
all the vacant 8t. sites, within experimental error and assuming
that the lithium ions occupy the tetrahedral sites exclusively.
Conversely, in Lij ,ov20&4 the number of vanadium ions in the 8a
sites amounts to 0.03(3) and could compensate for a very slight
lithium deficiency, which might have remained undetected by the

atomic absorption analysis.

The proportion of vanadium ions present in the 8a sitea thus de-
creases as the lithium content approaches 1.0: if all the lithium
ions occupy the tetrahedral 8a sites, this observation would sup-
port the choice of a structure where all the tetrahedral sites

must be Tfilled.



This argument is further supported by Rousset and co-workers
[157], who maintain that vacant tetrahedral sites are most un-
usual iIn cation-deficient, oxo-spinel3, which generally exhibit

octahedral vacancies, as in y-Fe203 (~[FesC]] 10j2) [*] a°d

Zr~jGejO 10g [I5Ff1], whereas tetrahedral vacancies are commonly

found in cation-deficient sulfospinels, e.g., in 0-1n2S3 f159].

A preference for octahedral vacancies 1in oxo-spinels 1is also

noted by Laqua et al. | 160].

Moreover, the preparation of cation-deficient spinels with vacant
tetrahedral sites appears to be extremely complex; several sub-
stituted cation-deficient iron spinels with this structure were
recently obtained by a process of selective substitution followed

by oxidation ri157].

Lastly, the reaction of Mg0O and V203 in a reducing atmosphere
yields a metastable magnesium vanadium spinel, which 1is reported
to havf octahedral vacancies [161]. This further confirms the
propensity of cation-deficient oxo-spinels to form vacancies in

thr octahedral sites rather than in the tetrahedral sites.

It thus 3eems likely thet the cation-deficient Lii.,~0,~ would

prefer structure A, with vacancies in the octahedral sites, i.e.,

“il-xvx[v2-x O XK -

As in the case of Li0,22V02, the presence of vanadium ions with
tetrahedral coordination raises the question of their oxidation
state. As it ha3 already baen stated in section 4.6, vanadium
ions are usually found to be pentavalent in a tetrahedral envi-
ronment. \Ithough further proof would be necessary to verify
this statement, it may be hypothesised that, as in the case of
Lio.22V02 (section 4.4.7.), the spinel LiyVv20u (0.9<y<1.0)
contains in the tetrahedral 8a sites and f in the
octahedral 16d sites. The final structure of these metastable

spinels would thus be:
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Liix & [vl/-tn X]o,

in which three oxidation states of vanadium, V3*, V4* and V5*

coexist within one crystal lattice.

5.5 DSC STUDY OF THE CONVERSION OF
Li~o .1%5V02 ~ Li™0.9V20*

The transformation of the two-phase layered Lio.4sV02 to the
cubic spinel LiotdV20i, was examined by differential scanning

calorimetry (DSC).

The conversion takes place in two stages, which can be observed

by the DSC technique.

Several samples were heated to different temperatures before and
after the transitions and then rapidly quenched to room tempera-
ture. The structure of these samp.es was characterised by powder

X-ray diffraction.

The X-ray diffraction pattern of the starting material is given
in Fig 4.2; the structure of this compound is discussed in sec-

tion 4.3.

Two weakly defined, irreversible endothermic transitions are ob-
served at approximately 250 °C and 300 °C (Fig 5.4a). On heating,
prior to the first transition, the two-phase character of the
starting material persists; however, the relative intensities of
the X-ray diffraction patterns indicate a decrease of phase | and

a simultaneous increase of phase II.

Furthermore, the pattern of phase Il becomes sharper; the gradual
merging of some of the peak3, in particular of the {018} and
{110} reflections, shows that the lattice approaches cubic symme-

try to a greater extent than prior to the heat treatment.



During the fir3t transition, at ~250 °C, phase | disappears en-
tirely; the remaining phase, which strongly resembles the heat-
treated phase 11, displays quasi-cubic symmetry, although it can
be indexed to the trigonal space group R3m, with the lattice con-

stants a=2.904(1 )A and c=14.287(7)A.

The intensity distribution of the reflections is similar to that
of the delithiated compound Lig ,22” 2. This suggests that a sig-
nificant proportion of the vanadium ions is situated in the layer

which was previously occupied solely by lithium ions in LiV02.

from the X-ray and DSC data it appears that phase | is constitu-
ted by particles of the composition Lii_xV02 with various Xx.
The most delithiated particles of this phase convert to phase 11
at a relatively low temperature, as very little activation energy
is required for the migration of the vanadium ions from one layer
to the next. This conversion possibly occurs over a fairly wide

range of temperature, and remains undetected by DSC.

The remaining particles, of a composition closer to LiV02, are
more stable, and maintain the original cation distribution of
lithium and vanadium in alternate layers up to T=250 °C. At this
tenperaturo a solid state reaction occurs, which completes the
transformation of phase 1 into phase Il, and the system reaches

equilibrium.

The second transition, which takes place at ~300 °C, 1is the
transformation of the quaai-cubic phase to the cubic spinel,
Lio .9V20i«. This conversion occurs through the migration of
lithium and vanadium 1ions through the face-sharing tetrahedral

and octahodral interstitial sites.

In the trigonal phase, obtained at 250 °C, the ratio of the vana-
dium cations in the successive layers is 2s.”., 83 in lio.2v02*

the spinel structure, this ratio is 3sl.



Duriny the first transition, at ~250 °C, phase | disappears en-
tirely; the remaining phase, which strongly resembles the heat-
treatsd ph*»se 11, displays quasi-cubic symmetry, although it can
be indexed to the trigonal space group R3m, with the lattice con-

stants as2.904(1)A and c=14.287(7)A.

The intensity distribution of the reflections is similar to that
of the delithiated compound Lio.22702* This suggests that a sig-
nificant proportion of the vanadium ions is situated in the layer

which was previously occupied solely by lithium ions in LjVvO02.

from the X-ray and DSC data it appears that phase 1 is constitu-
ted by particles of the composition Li~_xV02 with various Xx.
The moat delithiated particles of this phase convert to phase 1l
at a relatively low temperature, as very little activation energy
is reqiired for the migration of the vanadium ions from one layer
to the next. This conversion possibly occurs over a fairly wide

range of temperature, and remains undetected by DSC.

The remaining particles, of a composition closer to LiV02» are
more stable, and maintain the original c.ition distribution of
lithium and vanadium in alternate layers up to T=>250 °C. At this
tenperature a solid state reaction occurs, which completes the
transforma*. ion of phase 1 into phase IlI, and the system reaches

equilibrium.

The second transition, which takes place at ~30U °C, is the
transformation of the quasi-cubic phase to the cubic spinel,
Llo , 92" This conversion occurs through the migration of
lithium and vanadium ions through the 1lice-sharing tetrahedral

and octohedral interstitial sites.

In the trigonal phase, obtained at 250 °C, the ratio of the vana-
dium cations in the successive layers is 2:1, as in Lig.2vV02* In

the spinel st"ucture, this ratio is 3:1.



FIG 5.4
DSC profile of the transformation Li~Qt45VG2 -» Li~0l9v204



The spinel Li,o0 .9V2014, which is lithium-deficient, is metastable,
and decomposes at ~420 °C (fig. 5.4b), yielding a mixture of

Li~2 0s and other vanadium oxides which could not be identified.

5.6 CONCLUSIONS

The chemical analyses and the powder X-ray diffraction patterns
clearly show that it i3 possible to prepare the .spinel Lii_yV20u
by heating Lii_y/2V02 (0<y<0.10) to a moderate temperature
(300 °C).

Sim."lar routes have been used to prepare the titanium spinel

LiTijo~ and the nickel spinel LiNi20u [77,145,162].

In one case, anatase (Ti02) was Lithiated to the composition

L ,5Ti02 and heated to 700 °C [77]-

In 3 thesis on AxM02 compounds (where A s alkali cation and M =
transition metal cation), M Maazaz also reported the preparation
of the spinel L.iTi20U 1162j. In this case, Nari0O2 which 1is iso-
structural with LiMOj (M =V, Co, Cr and Ni), was used as a pre-
cursor. The layered compound was refluxed in a solution of LiCl
in methanol. Ilhe methanol was found to oxidise NaTi02 to the com-
position Na jj <5Ti02; the latter underwent the ion exchange reac-
tion, yielding Li*0 .5Ti02. Heat-treatment of this material at
100 OC led to a disordered defect rocksalt structure, which con-

verted to the spinel L1U 204 upon further heating at 400 °C.

After completion of this wort , a report was published on the pre-
paration of the hitherto unknown spinel Li[Ni2]0]4 [145], The lay-
ered compound LiNiO2, which is isostructural with LiM02 (M =V,
Co, Cr), wa3 delithiated electrochemically to the composition
Li“0.5Ni02; the structure of this compound could not be determin-
ed (cf section 4.6). This product forms the normal spinel

Li[Mi2] when hoateJ to 200 °C [145].



It can thus be remarked that the compounds [li%o. N s

Ti) derived from the isostructur.il layered oxides LiV02, LiNiO2
and, indirectly, NaTi02, convert to the spinel at relatively Ilow
temperatures (viz. 200-400 °C). This transformation only involves
the migration of a fraction of the cations within the cubic-
close-packed oxide lattice; it therefore requires relatively

little energy.

A much higher temperature (viz. ~700 °C) 1is necessary to complete
the transformation of lithiated anatase, Li0.5Ti02» to the
spinel. In this case, the structure undergoes a more extensive
transformation, requiring more energy: a rearrangement of the
highly distorted cubic-close-packed oxide lattice of anatace
accompanies the migration of Li* and Ti3f/*+ cations through

the layers.

finally, the relative ease with which the spinels Li,” #q[M2 10*
M =V, Ti, \i) can be formed evidences the stability of the
3pinel structure, even in the case of slight cation-deficiency,
and particularly if compared to a disordered defect rocksalt

structure.



LITHIUM INSERTION INTO LiVjO,,

6.1 INTRODUCT ION

Aa it was stated 1in section 1.4.3, the isomorphous spinels
LiTijil,, LivV0i, and LiMn20* constitute a particularly interesting
group or compounds a3 potential electrodes for secondary lithium

cells.

Both lithium insertion into and extraction from the isostructural
spinel L.iMn20w have been thoroughly studied 133,74-76,10U,163].
Lithiation of LIfi20u has been reporteu by Murphy et al. [77,78,
164].

The topochemical reactions of lithium with the spinel LiV20i* have
not yet been invest iguted. Lithium insertian into L1V20Y, is de-
scribed In thi3 chapters delithiation of LiV20i, will be reported
in chapter 7. The structural and electrochemical characteristics

of Liviot, will be compared with those cf LiTi2di, and LiMn20".

6.2 EXPERIMFNTAL

The starting material Lig <%,V20,« wun prepared according to the

route outlined in Chapter §. The cell constant of this phase
(@ = 8.246 (1) A) was characteristic of a [lithium-deficient
spinel, described by the expression Lio,9,Vo,oe[ 06

(cf chapter 5). The precursor, L1V02, has recently been found to
oxidise slowly when exposed to air [165], In view of this, LiVQ2
was stored under argon, and assumed to have the composition
Li~0,98VvQ?. Samples of LiV20t subsequently prepared (and used
for some of the electrochemical measurements) had a lithium con-

tent very close to that of Liyv2U4 (where y = 1.00).
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Lithium insertion was obtained by both chemical and electrochem-

ical techniques.

Chemical lithiation was undertaken according to the method de-
scribed in section 3.1. Various amounts of n-BuLi were added to
250 mg L .0n2 in ~40 ml sodiim-dried hexane. Reactions
took place at 50 °C, with constant stirring, ovar a period of 2-3
days yielding samples nith a [lithium content of 0<x<0.86 in

Lii+x~0”" and 8 days for samples with the composition LijVvaOi..

Lithium was inserted electrochemically into Lio.”AVjOt* at am-

bient ten"oerature, in a two-electrode cell of the form:

Li/IM LiCIQt* in propylene carbonate Aio, 9#V204

Cell3 were discharged at a constant current of 20 uA/cm2. Open-
circuit voltages were obtained intermittently after allowing

equilibration times of up to /i nours.

Galvenostatic (20 nA/cm2) discharge curves were obtained with i

similar cell, wusing 10 mg of Ligt98Vv20t,, compacted onto a

stainless-3teel gauze disc at a pressure of 60 kN (18 MPa).

Cyclic voltammetry experiments were conducted according to the
procedure described in section 3.3.2 and lithium diffusion rates

were determined as described in section 3.3.3.

6.3 RESULTS

Lithiation of Li~1#0V204 proceeds smoothly up to the composi-
tion Li2V20i,, beyond which no further lithium insertion was pos-

sible.

Powder X-ray diffraction profiles of the lithiated samples
Lii+xM0i. (0<x<l) 3howe™ retention of th"? spinel pattern, and

could he indexed to the ..ubic space-group Fd3m.



The variation of the cell constant as a function of the composi-

tion Lii+xV20# i3 shown in Fig. 6.1 and listed in Table 6.1.

TABLE 6.1: Cell constants of various Lii+xV204 phases

Composition a [A]

Liy ,9uV20U 8.246 (1)
Lil .27v20u 8.246 (1)
Lil .35v2°u 8.249 (@
Lil .u7v20~ 8.250 (2
Lil .51v2°u 8.250 (O
Lit .30v2°* 8.278 (2
Lil .86v20= 8.286 (4
Li2 .0V204 8.291 (O

During the initial stege of the reaction (0<x<0.3 in Lij"Vjoi*),
the cell constant remains unaltered. As lithiation progresses
(0.3<x«0.5), the lattice parameter rises more rapidly, to reach
the final value a = 8.291 (1)A in Li2V20i*, which amounts to an

expansion of the unit cell volume of 1.6%.

6.4 STRUCTURAL CHARACTERISATION OF Lix.sV20u and Li2V20k

The intensity distribution in the powder X-ray diffraction pat-
terns of the samples LiiMVj0i, (0<x<0.T) was very similar to
LNOt, . A change in the relative intensities is observed in

samples with a higher [lithium content (x >0.5 in Lii+"0i,).

For this reason, two samples with the respective compositions

anc* were selected for structure analysis. The
structures were determined by intensity refinements of the powder
X-ray diffraction patterns shown in Figs 6.2 and 6.3 and listed
in Tables 6.2 and 6.3. Due to overlapping peaks, the refinements
were carried out with 16 and 17 intensities, derived from 24

reflections, in the case of Li2V20* and Li1>5V204 respectively.
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FIG. 6.1
Variation of the cell constant ("a") as a function of the

composition Lil+xV20i
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TABLE 6.2
Powder X-rey diffraction pattern of Lii,sV20i,

Space group: Fd3m a = 8.250(1) A a=90
hkl dobs* dcalc [*] lobs**
111 4.777 4.763 1 000
311 2.466 2.487 588
222 2.380 2.382 109
400 2.062 2.062 868
331 1.893 1.893 79
SII \

> 1.588 1.588 213
333 J
440 1.458 1.458 500
531 1.394 1.394 156
533 1.259 1.258 56
622 1.24) 1.244 76
444 1.190 1.191 117
561 1

> 1.159 71
m
553 )
a1 j, 1.074 69
boo 1.030 1.031 76
751 . 0.953 1
565 - 0.953 > 100
662 - 0.93<* J
840 0.921 0.922 174
753 - 0.906 ]
aaz i 02500 L

* N° dOtg is indicated for weak and diffuse peaks

**  *obs normalised to 1 000
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TABLE 6.3
Powder X-ray diffraction pattern of Li2.0V20i,

Space groups Fd3m a = 8.291(1) A a =90
hkl dotls* L*] dcalc lobs**
111 4.002 4.787 847
311 2.501 2.500 409
222 2.395 2.394 130
400 2.073 2.073 1 000
331 1.903 1.902 96
5H 1
> 1.597 1.596 135
333 j
440 1.466 1.466 472
531 1.401 1.401 124
533 . 1.264 1
i 1H.»
622 1.250 1.250 ]
444 1.197 1.197 124
55i ]
. 1.161 78
711 /
553 |
> . 1.079 55
731 J
b0O 1.037 1.036 57
751 0.937 1
555 - 0.957
662 - 0.S51 f 7
240 0.927 0.927 183
753 0.910 1
911 - 0.910
842 0.905 T 2

* No dob9 is indicated for weak and diffuse peaks

**  Jobs normalised to 1 GOO
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6.4.1 Structure determinatian of Li; .sV?0i«

In a preliminary refinement (Model 1), [lithium was allowed to
reside in both the tetrahedral 8a and the octahedral 16c sites.
The total occupancy of lithium in those sites was restricted to
1.>. Although simultaneous occupation of the face-sharin”™ 3a and
16c 3ites may seem unlikely, it has been shown to occur in

Li2Mn20t,, using neutron diffraction data [163],

The positional parameters end the isotropic temperature factors
(Bia0) of the oxide ion /ere refined. The vanadium occupancy
of the 16d sites was kept constant at 2.0; the Biso factors of

lithium and vanadium were fixed at 1.0 A2 and 0.1 A5 respective-

ly.

The occupancy of [lithium in the 8a and 16c sites refined to
0.9(3) and 0.6(3) respectively, indicating that, within experi-
mental error, the [lithium Ilons initially present in LifVjloOt,
remain in the 8a sites of the lithiated compound Li"Nt5V20i,.
The anion positional parameter and factor obtained were

0.259(2) and 1.0(7) AJ respectively~

Thi3 model yielded a reliability factor of 8.6%. The full struc-
tural parameters of Li[ according to aiodel 1 are given in
Table 6.4a, the observed and calculated intensities 1in Table

6.4b.

The cell constant of the starting material (@ s 8.246(1) A) was
characteristic of a slightly lithium-deficiert vanadium spinel.
It i3 therefore suggested that, in the lithiated compound, a
fraction of the vanadium cations 1is situated either in the 8a
sites (Model 2), a3 in (Lij _yVy)ga[Vv2_y d y]10,, (0<y<0.1)
(cf chapter '), or in the 16c positions (Model 3), since transi-
tion rjtal cations are known to be co-operatively displaced from
the 8a to the 16¢c sites during an early stage of the iichiation

of spinels [28,33,81].

“Kij



6.4.1 Structure determination ot~ Lii .sV20<+

In a preliminary refinement (Model 1), [lithium was allowed to
reside in both the tetrahedral 8a and the octahedral 16c sitew.
The total occupancy of lithium in those sites was restricted to
1.5. Although simultaneous occupation of the face-sharing 8a and
16c sites may seem unlikely, it has been shown to occur in

Li2Mn20i«, using neutron diffraction data [163].

The positional parameters and the isotropic temperature factors
(Biso) the oxide 1ion were refined, The vanadium occupancy
of the 16d sites was kept constant at 2.0} the Biao factors of

lithium and vanadium were fixed at 1.0 A and 0.1 A“ respective-

ly.

The occupancy of [lithium in the 8a and 16c sites refined to
0.9(38) and 0.*(3) respectively, indicating that, within experi-
mental error, the [lithium 1ions initially present in Li[V?7]

renain in the 8a sites of the lithiated compound Lij"VjoO~Q.
The an*on positional parameter and B~ q factor obtained were

0.259(2) end 1.8(7) A2 respectively.

This model yielded a reliability factor of 8.6%. The full struc-
tural parameters of Li® ,5V20k according to model 1 are given in
Table 6.4a, the observed and calculated intensities in Table

6.4b.

The cell constant of the starting -naterial (a = 8.246(1) A) was
characteristic of a slightly lithium-deficient vanadium spinel.
It is therefor:, suggested that, in the lithiated compound, a
fraction of the vanadium cations is situated either in the 8a
sites (Model 2), as in (Lii_yVy)gafv2_y Q y]JOu (0<y<0.1)
(cf chapter 5), or in the 16c¢c positions (Model 3), since transi-
tion metal cations are known to be co-operatively displaced from
the 8a to the 16c sites during an early stage of the lithiation
of spinels [28,33,81].
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TABLE 6.4a
Struct jral parameters of Lii .5V204 (Model 1)
R = d.6%
Space group: Fd3m (077) a = 8.250(1) A
Atom Position X X z 3[A2] n
Li* 8a 0.125 0.125 0.125 1.0 0.9(3)
Li+ 16¢c 0.000 0.000 0.000 1.0 0.6(3)
V3e/*e(=) 16d 0.500 0.500 0.500 0.1 2.0
02- 32e 0.259(2) 0.259(2) 0.259(2) 1.8(7) 4.0
* Mean oxidation state of vanadium: 3.25
TABLE 6.4b

Observed and calculated

1=
hkl

111

311

222

400

331

511

333

440

531

533

622

444

n

PN}

obs calc
1072 1 147
630 571
117 47
931 928
85 124
230 235
536 495
170 158
60 56
81 65
125 120

hkl

551"
711
5531
731
800
7511
555
662,
840
753"

911
842

obs

76

74

81

107

187

84

intensities for Li”,sV20u (Model 1)

calc

81

90

61

122

181

74



Structural parameters of Lii.sV~Ch*

R = 8.6%

Space group: fd3m (0°7)

Atom Position
u* 8a
Li* 16¢c

16d
0>- 32e

e Mean oxidation state of vanadium:

Observed and calculated

[ABLE 6.4a

0.125
0.000

0.500

a

y

0.125
0.000
0.500

(Model 1)
= 8.250(1) A
z Bi«!]
0.125 1.0
0.000 i.0
0.500 0.1

0.9(3)
0.6(3)
2.0

0.259(2) 0.259(2) 0.259(21 1.8(7) 4.0

[ABLE 6.4b
intensities for Li®~5V2QU (Model 1)

3.25



In Model 2, the lithium cutions occupy the 8a t.id 16c sites,
whilst the vanadium cntions occupy the 8a and 16d sites. The
total [lithium and vanadium contents were restricted to 1.5 and
2.0 respectively. Isotropic temperature Tfactors of lithium and
vanadium were fixed at 1.0 A% and 0.1 A? respectively, as in
Model 1. The oxide 1ion positional parameter was maintained at the
value found 1in the course of the first refinement, 1i.e. 0.259,

and the Biso factor was fixed at 2.0 A2.

Lithium occupancies refined to 0.4(3) and 1.1(3) in the 8a and
I6c sites respectively; the final vanadium occupancies ~*iere
0.07(4) in the 8a ind 1.93(4) in the 16d positions. The Final
structural parameters for Model 2 are listed in Table 6.5a, the

observed and calculated intensities in Table 6.5b.

Althoun™i the R value (7.1%) 1indicates a significant improvement
over Model 1, where all the vanadium cations icside in the 16d
sites, this structure does not 3eem reasonable. According to this
model, a migration from the tetrahedral (9a) to the octahedral
(16c) sites of approximately 50* of the lithium ions occurs more
readily than a similar trarsfer of a fraction of vanadium

cations.

This 1is unlikelv, wunce the interaction between the inserted
litnium 1ions in the 16¢c sites and the pentavalenc vanadium
cations in the tetrahedral sites would be expected to oisplace
the * ions before the ir povalent lithium cations, which occupy
equivalent sites. Upon migration from the tetrahedral 8a to the
octahedral 16c sites, the cations capture an electron and are

r»dui od to ions.

In tho final stpucture Model 3), the vanadium cations occupy the
16¢c aid 16d octahedral site;,, whilst the lithium cations were
Jiatributed in the 8a and 16c sites. As in previous models, thb
total 1 th;>Im and vanadium ounce >trat ions were constrained to 1.5

a.id 2.0, in at-"ordance with the chemical formula. The B”gg
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TABLE 6.5a
Structural parameters of Liii5v20u (Model 2)

R : 7.1S
Space group: Fd3m (0Oh7) a = 8.250(1) A

Atom position X y z 3[A2]
Li+ 8a 0.125 0.125 0.125 1.0
Li* 16¢c 0.000 0.0U0 0.000 1.0
V5> 8a 0.125 0.125 0.125 0.1
*A 16d 0.500 0.500 0.500 0.1
op- 32e 0.259(2) 0.295(2) 0.259(2) 2.0

e Mean oxidation state of vanadium: 3.25

TABLE 6.5b

Observed and calculated intensities for Li].sV20u (Model

T———
hkl 1 [ hkl [
obs calc obs
4 |
“ 1 072 1 078 551
76
311 630 574 m
222 117 50 553
74
400 931 978 731
331 85 109 800 81
511 | 751
230 238 555 )
- 662 107
440 536 534 840 187
531 170 146 753 )
911 84
533 60 56 842 |
622 81 72

444 125 123

0.4

e

1.1(3)
0.07(4)
1.93(4)

4.0

2)

calc

75

92

65

130

182

68
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actor for Li+ was fixed arbitrarily at 1.0 A2 and at 0.1 A2 for
the vanadium cations, as lithium is anticipated to be highly
mobile in the 8a - 16d channels, whereas the vanadium cations are
expected to undergo little motion. The oxide positional coordi-
nate* and isotropic temperature factor were fixed at the values
obtained during previous refinements. In the final cycle, the
vanadium Bigo factor was refined and the value of 0.1(2) was
obtained, in agreement with the Tfigure arbitrarily assigned

during the refinement.

According to this model, [lithium occupancies in the 8a and 16c¢c
sites refined to 1.2(3) and 0.3(3) respectively, whilst the
vanadium occupancies were 1.92(4) in the 16d and 0.08(4) in the
16c sites. The final R value for this model was 6.1%. The

full atomic parameters for Model 3 are given in Table 6.6a,

the observed and calculated intensities in Table 6.6b. Taking
into account the weak scattering power of the Li+ cations, and
the error in the [lithium occupancy, Model 3 would appear to

offer the most reasonable structure; a likely cation distri-

bution in L .sV20U is therefore described by the expression

Ni11.0"ba "Li10.5Vv0 .06 *16c -V1.9U D 0.06]16d0K~

6.4.2 Structure determination of Li2<0V20,(

Although the diffraction patterns of Lit.5V20U and Li2<0V20H

are very similar, significant changes in the relative intensities

of a few reflections are observed. In particular, the ratio
1(2221/1"311} increases from 0.15 in LiV20,, (0.13 in Li0Ot9Vv20,,)
to 0.32 in Li2V20i«. This change indicates increased cation occu-
pancy of the 16¢c and 16d octahedral sites and decreased scatter-

ing by cations in the 8a sites (cf Appendix).

A preliminary refinement of the structure indicated that all the
lithium cations were situated in the octahedral 16c sites. During

tne first cycle of the refinement, the Li+ ions were placed in
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TABLE 6.6a
Structural parameters of Lix.sv20t, (Model 3)
Space group: Fd3m (0h7) a = 8.250(1) A
Atom Position X y z b[a2] n
a
Li* 6a 0.125 0.125 0.125 1.0 1.2(3)
Li+ 16c 0.000 0.000 0.000 1.0 0.3(3)
16c 0.000 0.000 0.000 0.1 0.08(4)
V +/* +e 16d
0.500 0.500 0.500 0.1(2) 1.92(4)
y i 32e 0.259(2) 0.259(2) 0.259(2) 2.0 4.0

TABLE 6.6b
Observed and calculated intensit .o for Lij .5v20,, "Model 3)

A hki =
calc 1 Tas *calc
1 075 551 |
76 74
578
».)
50 553 ]
74
976 J %
108 800 81 65
239 @j‘ 107 129
536 840 187 187
= B
84 68
56 842 J
72

124 J
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