
The energy between two ions is thus the sum of the coulombic and 

the repulsive components:

U = - qi, * ..q2 ♦ b.e"r/a (9.4)

In an ionic crystal, formed by an array of negative and positive 

ions, the lattice energy can be calculated by summing the inter­

actions of each ion with all the other negative and positive ions 

in the crystals

u ■ - i  I I ^  ♦ i b I I e-t/a (9.5)
2 i j#i rij 2 i j*i

The factor 1/2 must be introduced because each ion pair is count­

ed twice in the double sum over i and j.

Very accurate calculations of the lattice energy require the in­

clusion of other factors:

1) the van der Waals forces, due to the interactions between the 

t>me-dependent dipoles and quadrupoles, which result from the 

failure of the centre of the electron cloud to coincide with 

the nucleus [163]. These forces are proportional to and 

for dipole-dipole and dipole-quadrupole interactions? respec­

tively, and usually amount to 1 - 2% of the lattice energy, 

except in the case of highly polarisable ions, where they can 

be as much as 10 - 15$ of the total energy (cf Table 9.1).

2) the zero-point energy, which is given by the ionic vibrations 

in the crystal at -273K; it is normally very small, and 

accounts for ~13> of the total energy.
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Table 9.1 3hows the relative importance of these contributions to 

the total lattice energy (all energies are expressed in kJ/mol).

TABLE 9.1

Contributions of various components of the lattice energy in 

alkali halides [kJ/mol]

Compound Total
lattice
energy

Electro­
static
inter­
action

Born
repulsion

Van der 
Waals 

energy

Zero-
point
energy

LiF -1013 -1196 +] 83 -16 +16
NaCl -767 -862 +100 -13 +8
Csl -573 -619 ■*■63 -46 +29
AgCl -846 -875 +146 -121 +4

T1C1 -703 -732 +142 -117 +4

Other contributions to the lattice energy which are not present 

in all ionic crystals are:

• Crystal field stabilisation energy, due to the splitting of 

the d orbitals, constitutes a small part of the overall lat­

tice energy of transition metal compounds, and is of the order 

of a few percent.

• Ordering energy, often less than one percent of the total 

energy, intervenes when different ions occupy the same crys- 

tallographic position but display an orderly distribution, 

giving rise to a superstructure (cf section 1.2.3.3.i).

At it is evident from the above discussion, the electrostatic 

energy is the largest single contribution to the total energy of 

the crystal; for this reason, it is widely accepted as a useful 

approximation of the lattice energy, and its calculation has 

attracted considerable interest.
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Noting that the electrostatic energy depends solely on the ionic 

charges and on their spatial distribution, Madelung r184j intro­

duced an adimenaional constant for every crystal structure type.

The Madelung constant (a) is a sum of alternately positive and 

negative terns, which describe the geometrical arrangement of the 

ionic environment surrounding a particular ion in the structure.

A simple exa-nple is the case of NaCl, where the structure can he 

described ss two cubic close-packed arrays of sodium and chloride 

Iona respectively, shifted by half a lattice parameter from one 

another. Because of the symmetry of NaCl, the ionic environment 

of the chloride ions is identical to that of the sodium ions, but 

«ith opposite charges: the Madelung constant need therefore only 

be calculated for one ion.

The envlronment of each sodl'jn ion consists of:

6 Cl" at a distance r

12 Ns* at a distance r./~7

9 Cl" at a distance r./~T

6 Na* at a distance 2.r

24 Cl" at i distance r./~5 

etc.

The M fide lung energy of the sodium ion is therefore:

6z(-z)e2 12(z2 )e2 flz(-z)e:! 6(z2 )e2 24z(-z)e2
r/ 2r r/

z V  , ,  1 2  R 6 2 >

—  “  ' T T  * 7 = T ' 5 ' - 7 T ‘ ' " ) 
'---------- v --------------------- '

a 'taCl

where a^Cl ~ Madelung constant for 
NaCl-type structures

z = valence

r = interionic distance

:;i'
■



In general the coulombic energy for a compound is

given by:

e2
Egi = - _  (maA + nag ♦ pa*) (9.6)

where r s characteristic parameter, i.e., shortest interionic 

distance or lattice parameter.

 ̂  ̂ = partial Madelung constant of the ions A,8,X.

Madelung constants for fairly simple and symmetric structures 

have been calculated and are widely available in the litera­

ture [185]i they can be used for all compounds which crystallise 

with the same structure, and thus simplify the calculation of the 

electrostatic energy.

In the case of more complicated structures, it is advisable, and 

often necessary, to calculate the Madelung energy of each com­

pound individually [ 186].

Examples are perovskites, where the oxidation 3tate of the ions 

varies from one compound to another, and spinels, where the 

oxidation state and the distribution of the cations, as well as 

the anion positioral parameter, must be taken into account.

In order to obtain the Mauelung energy of these compounds, it is 

necessary to evaluate the partial Madelung constant of each ion 

present in the structure (eq. 9.6); to this purpose, it is con­

venient to calculate the electrostatic self-potential Vj of 

each ion site, i.e., the potential at that site after the charge 

has been removed.

The self-potential is related to the partial Madelung constant by 

the equation:



i r * q i

where = self potential at the ion 
site

aty(i) = partial Madelung constant 
of the ion y in site i

q.= cnarge oT the ion in site i

Ihe coulombic energy will then be given by the expression:

Several methods for the evaluation of the self-potentials and 

hence of the Madelung energy are briefly described in the follow­

ing section.

9.4 SHORT SURVEY OF METHODS FOR EVALUATING THE MADELUNG ENERGY

The evaluation of the Madelung energy requires the calculation of 

the electrostatic self-potentials of the lattice.

Two difficulties arise: firstly, the series which express the 

self-potentials converge slowly, and secondly, they are condi­

tionally convergent, i.e., the result depends on the order with 

which the terms are arranged [185,18/].

where V^,q. = as defined above
n^= number of icns with q^ 

in site i per formula 
unit.

(9.8)

Thus, for example, in the case of the spinels A2+[b3+2]X4 » the 

electrostatic energy will be:

E



Because of thi3, although a mathematical artifice can transform a 

slowly converging series into a rapidly converging one, the 

transformation requires special attention in order to attain a 

physically meaningful result.

The conditional convergence results from the method of calcula­

tion, which is performed over a finite crystal with a well- 

defined shape, frequently a cube. The faces of the cube are con­

stituted by planes of atoms, which might not be electrically 

neutral, due to an uneven distribution of the positive and nega­

tive ions.

This gives rise to a surface dipole, causing conditional conver­

gence to occur : the final result of the summation will thus 

depend on the choice of orientation of the cube. Several methods 

rave been suggested in order to solve the problem.

In broad terms, two approaches have been used successfully [l8S]s 

the first one involves an appropriate rearrangement of terms fol­

lowed by a direct summation, e.g, Evjen's method [ 187 J; the 

second technique consists in a summation which is partially con­

ducted in reciprocal space. The latter system was originally 

devised by Ewald [188] and has been successfully applied to many 

structures.

In Evjen'3 method [187], ion9 situated on the faces, edges or 

corners of the unit cell belong to 2, 4 or 8 unit cells respec­

tively; it is therefore necessary to divide their charges by 2, 

4 or 8, whilst the charges in the interior of the unit cell are 

maintained at their real value.

The method is most straightforward for cases where there is no 

surface dipole, e.g., NaCl; it is less satisfactory for struc­

tures where the faces of the unit cell are not neutral, and where 

the result varies according to the choice of orientation of the 

cube, e.g., in CsCl.



In the latter case, Evjen [187] assumed that the correct result 

was the arithmetic mean value of the two different orientations; 

Dahl [ 189] ha3 since given a more rigorous explanation, together 

with in extension of the method which allows an unambiguous com­

putation for all structures.

Ewaid's approach is based on an entirely different concept. The 

crystal is subdivided into Bravais lattices of unit point chargt. 

neutralised by a uniform background in order to ensure conver­

gence. The charge distribution is divided into two series. The 

first one is a set of Gaussian functions normalised to +1 and 

neutralised by a uniform charge distribution, the second one con­

sists of unit point charges with neutralising Gaussian functions.

Ewald combines the latter series in the direct space with the 

Fourier transform over the reciprocal lattice of the former se­

ries, and thus obtains a rapid and unconditional convergence. 

Several variations of the method have been formulated, amongst 

which are Bertaut's f190] and the planewise summation method 

(PSM): the latter was usod in this work and will be briefl. 

described in section 9.5.

9.3 CALCULATION OF MADELUNG ENERGIES BY THE PLANEWISE SUMMATION 
METHOD (PSM)

The planewise summation method (PSM), which can be considered to 

be an extension of Ewaid's method, was first presented by Nijboer 

and Do Wette in 1957 [191] as a general method for the calcula­

tion of lattice sums, with special reference to dipole lattices. 

A more detailed description was given by De Wette and Schacher in 

1963 [192,193].

As in Ewaid's method, the principle of Lhe PSM is to attain rtspid 

convergence by combining two sums, i.e., the original summation 

and an auxiliary function, one of which is taken in the form of

l
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its Fourier transform over the reciprocal lattice. The PSM sim­

plifies Ewald's procedure by choosing the firr notion in such 

a manner that an auxiliary function i3 only ntw jary for speci­

fic conditions, and convergence is attained by transforming the 

entire sum into Fourier space.

A slab-shaped crystal was found to be advantageous in order to 

solve fhe ambiguities caused by conditional convergence. If alf 

, 83 are the crystaJlographic primitive vectors and Xj, \2, ^3 

are integers, the position of a sublattice i is given by the 

expression:

r\i = al + X2 a2 ♦ *3^3 (9.10)

A slao-shaped crystal with faces parallel to aj and a2 is chosen. 

The summation is conducted over and \2 with a fixed and is 

made to converge by transforming it in Fcurier space.

The summations for different values of \3 can then be added ana­

lytically, and the entire calculation ultimately results in one 

reoidly converging series over the two-dimensional reciprocal 

lattice.

However, in certain cases, e.g., when the ion site under calcula­

tion is situated in one of the aj,a2 pltnes, it is necessary to 

include an auxiliary function in the computation for that parti­

cular plane; thi3 added complication can be avoided by a judi­

cious choice of the aj,a2 planes.

A surface charge distribution is induced in the computation, 

and, by mutual cancelling out of dipole layers, the final elec­

trostatic potentials are shape-independent [192,194],

The PSM has the ndvantage of being simpler to apply than Ewald's 

method, it has been further developed by Sholl, Massidda and

•
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Hernando [194-198], with particular reference to the calculation 

of self-potentials and electrostatic energy in ionic crystals.

The results obtained by the PSM are in agreement with those given 

by Ewald's method [194].

9.6 LATTICE ENERGY OF SPINELS: A BRIEF SURVEY OF THE LITERATURE

Since the bonding in spinels is largely ionic, it is an accept­

able approximation to apply the Born-Meyer model [182] (section 

9.2) for the calculation of their lattice energy.

The electrostatic energy of spinel3 was first calculated by 

Verwey and He*lmann in 1947 [56], with the Evjen summation method 

187J, in order to achieve a better understanding of the spinel 

structure and, in particular, of the cation distribution.

In 3pinels, the atomic laye.s in the (100) planes contain an al­

ternate excess of anions and cations, which causes an electric 

dipole layer to appear at the surface of the cube used for the 

energy computation.

This dipole is not adequately conpensated for by Evjen1s method. 

Verwey et al. [57] assumed the error to be constant, and intro­

duced a systematic correction to their original values, which was 

estimated by calculating the potential drop across the double 

layer.

Since then, the advent of more sophisticated computing facilities 

has, made wore laborious calculations readily accessible. Several 

authors [61,62,64,199] have recalculated the Madelung energy of 

spinels, using a variety of summations generally based on Ewald'o 

method [188], and have obtained comparable results.
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The electrostatic energy of spinels varies considerably, and de­

pends on the charge distribution and on the anion positional 

parameter u; noting this, Popov and Levitskii [64] derived an 

expression for the self-potentials of the spinel sub-lattices, 

which are a function of the charge of the tetrahedron ar.d of the 

u parameter.

The repulsion term in spinels has seldom been evaluated, owing to 

the lack of compressibility data [38]. Verwey and Heilmann [56] 

estimated that the repulsive energy amounted to approximately 10% 

of the electrostatic energy. Furthermore, it was generally 

accepted that the repulsion term would not vary very much within 

the class of compounds with a spinel structure, since the struc­

tural characteristics are constant and the ionic radii of the 

cations are similar.

This assumption was recently proven to be correct by Popov and 

Levitskii [200!, who calculated the repulsive energy of binary 

oxides with the spinel or ilmenite structure. In their study, 

they showed that the repulsion term does not vary much within an 

isostructural class of compounds, and is almost independent of 

the nature of the A cation for a given [B2 ]Xi* framework. Contrary 

to previous assumptions, Popov and Levitskii found the repulsive 

energy of spinels to amount to 20 - 25% of the electrostatic 

energy.

The same authors evaluat ;d various other factors contributing to 

the overall lattice energy in a recent study of the thermodyna­

mics of spinel oxides [64,200-202].

Ordering energies were included for superstructures [64], and 

were found to amount to 1 - 1% of the electrostatic energy, in 

gond agreement with the values obtained previously by de Boer et 

al. [ 203].

s



The van der Waals energy [201] was virtually independent of A 

within a series AB^Oi*; furthermore, the van der Waals interac­

tion energy amounted to approximately the same value for all 

AB201< spinels, in the range of 80 -100 kcal/mol, i.e., 1.5 - 2.0% 

of the electrostatic energy.

The zero-point energy [202] was found to be negligible, of the 

order of 0.2% of the electrostatic energy, whereas the stabilisa­

tion energy, due to the ligand field splitting of the transition 

metal d orbitals, makes a much larger contribution, of approxima­

tely 5% in the most favourable cases [202]. The latter results 

were Found to be consistent with the stabilisation energy calcu­

lated using the M0-LCA0 method (cf section 1.2.4.3) [65].

In conclusion, it is observed that the electrostatic interaction 

energy is not only the largest contribution to the total lattice 

energy, but it is also the component which varies the most within 

the entire series of spinel compounds: it is therefore a relevant 

factor to consider when comparing the reactivity and the struc­

ture of different spinels.

9.7 MECHANISM OF LITHIUM INSERTION INTO Mn30U AND LiMn20,,

Lithium has been inserted at room temperature into the spinels 

Mn30u and LiMn20u , both by chemical means, with n-BuLi, and elec- 

trochemically, using a Li anode [33].

The structures of LiMn30u and Li2Mn20i4 were determined by powder 

X-ray diffraction [33]. In both compounds the [B2]Xi+ spinel 

framework i3 maintained during lithiation, and lithium is insert­

ed into the empty octahedral 16c sites. The 16c octahedra are 

connected to the 8a tetrahedra by common faces (cf section

1.2.5).
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In the case of MnsOi,, the relatively heavy Mn2+ ions occupying 

the tetrahedral 8a sites migrate through shared faces to the 16c 

sites at a very early stage of the lithiation process. The in­

serted lithium and the manganese ions thus share the 16c sites in 

a random fashion. The reaction mechanism can thus be described 

by the sequence:

(Mn2 + )8a [Mn32+]16d0M

x c L i - f

{Lixc}l6c(Mn+2)8a [Mn2+/3+]i6dOM 

i

(1 - xc ) Li"

| u V * /3*h6c[»"2V ,*]l6,)°,

In Li[Mn2]Ou the lithiation process is similar, with the inserted 

lithium occupying the 16c octahedral sites. However, because the 

lithium ion is small and monovalent, the interaction between the 

incoming lithium ion3 in the 16c sites and those already present 

in the neighbouring 8a sites is considerably less than in 

Li^MnjO^, and a complete migration of the lithium ions from the 

tetrahedral sites is not observed.

In a recent neutron diffraction study [163], it has been shown 

that the lithium ions are randomly distributed over the 8a and 

16c sites in Li2Mn20t,. A similar Li"*" distribution was observed 

in this work, in the case of Li1>5V20u (chapter 6).

The insertion of lithium in spinels is accompanied by a slight 

shift of the lattice parameters; in the case of Lil+xMn20‘* 

(0<x<l) the increasing number of Mn3" ions, obtained by the re-

$
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Juction of Mnu + to Mn3+ upon insertion of Li+ ions, is the cause 

of a Jahn-Teiier distortion, and the overall symmetry changes 

from cubic to tetragonal, as is the case in several Mn3+-contain- 

ing spinels (section 1.2.3.3.ii)[192].

The exact composition at which the change of the cell constants 

takes place has not been determined: the single-phase character 

of the electrochemical lithiation in MnjOt, [33] might suggest 

that this is a gradual process. In the case of LiMn^O^, however, 

the electrochemical curve describing the lithiation of LiMn2 04 

shows a two-pha3e reaction for 0.1<x<0.8 in Lij.^MnjOt,, indi­

cating a more sudden change of structure at x » 0.1.

9.0 PROGRAM USED FOR c a u u l a t i o n

The calculal

LiW x Mn2°W

ti;® electrostatic energy of LixMn301( and

(c was carried out on a Cyber 750 computer

using an existing Fortran program [204,205] for the evaluation of 

electrostatic self-potentials (PLATTSUM).

The progri.n, which is described in refs. 204 and 205, is based on 

the planewise summation method (cf section 9.5), and in parti­

cular on the generalisation of the PSM by Massidda and Hernando 

[ ;98], applicable to multipole lattices of any symmetry.

The self-potential of each occupied crystallographic position is 

calculated separately, and the electrostatic energy is then ob­

tained according to equation 9.8. The procedure was repeated for 

several concentrations of lithium and for each compound.

a) Input

The nature and format of the input are given in ref. 204; 

however, certain points will be repeated here for greater cla­

rity.
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The first line contains four parameters related to the compu­

tation. In this work, the following values were assigned:

(maximum number of terms included in the 

calculation for each data set)

80 (maximum number of data sets)

_I0 (maximum allowed relative error)

(area surrounding the field-point, i.e., 

the site under calculation, where con­

vergence is too slow)

The second line of the input file consists of the cell constants 

a, b, c (in A) and the crystallographic angles a, f3, y (in de­

grees). The rest of the file consists of sets of two cards, each 

set describing an ion in the unit cell (i.e., a sublattice): the 

first card consists of the fractional coordinates of the field 

point i^jitiplied by (-1), and those of the sublattice which is 

being consilered:

y3

Every occupied site must be described in full, i.e., with its 

fractional coordinates, 3ince the program makes no provision for 

symmetry or equivalent positions.

The second card of each data set contains the program commands 

and the charge of tne sublattice.

The program commands are nine logical constants: the first five 

specify the type of calculation, in this case the potential of a 

point-charge sublattice. The next three constants define the 

orientation of the slab-shape.. crystal, abc, boa or cab, i.e., 

the plane in which the calculations are performed. As it was

*
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mentioned in section 9.5, the choice of orientation of the a^, a2 

axes can simplify the computation. In practice, the best choice 

is ensured by the program which detects any errors and then 

prints a message in the output.

The ninth logical command serves to indicate the end of the pro­

gram.

A complete printout of the output is reproduced in ref. 204 

with a few comments which make any further explanation super­

fluous.

It must, however, be mentioned that the self-potentials 

obtained already include the factor 0.5 of equation 9.8; the 

electrostatic energy is therefore calculated according to the 

simplified expression:

(9.11)

9.9 DATA FOR THE EVALUATION OF THE ELECTROSTATIC ENERGIES OF 

LixMr>3 Ot, AND Li1 +xMn2 04 (0<x<l)

The space group, lattice parameters and anion fractional coordi­

nates of the reactants and of the final products are listed in 

Table 9.2.

Equivalent positions of the space groups Fd3m and 14^/amd were 

used according to ref. 208, with the origin at the centre (3m for 

Fd3m and 2/m for I4i/amd).

In order to simplify the discussion, the Rj/amd positions will 

be described using the Fd3m notation in tnis chapter; Table 9.3 

gives the corresponding sites in the two space groups [ 50].



Compound Space Group Lattice
Parameters

[A]

Anion Fractional 
Coordinates

Ref

MnjOu I4t/amd(Du^) a=5.763
ca^.456

(0;0.464;0.259) 206
207

t. iMrvj 0„ I4j /amd(Di^,) a=6.022
cs9.011

(0;0.487;0.253) 33

L iMnj 0t« Fd3m(0?,) a=8.246 (0.259;0.259;0.259) 168

L ij Mn2 Oi, I/amd(Di^) a=5.662 
c=9.9274

(0j0.487j0.252) 33

TABLE 9.3

Corresponding sites in Fd3m and Iftj/amd [50]

DESCRIPTION Fd3m (Z = 8) M^/amd (Z = 4)

A sites 8a 4a

Empty octa­
hedral sites 16c 8c

8 sites 16d 8d

Anion sites 32e 16h

When two or more types of ion occupy tha same site, a random 

distribution was assumed, and an average charge was used in the 

calculation.

M H
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Before undertaking any computations on the compounds Li^M^Ot, 

and Lii+)<Mn2Qi,, the program was tested by calculating the self­

potentials and the electrostatic energy of the spinel Mg[Al2]0»*• 

The results obtained were in fairly good agreement with the 

values indicated by other authors [64],

9.10 HESULTS AND DISCUSSION

With the aim of improving our understanding of the lithiation 

process, electrostatic energy calculations were carried out for 

two different models: in both cases, the incoming lithium 

occupies the octahedral 16c sites, which are empty in spinels.

In model 1, the ions situated in the tetrahedral 8a positions 

remain fixed; in model 2, the ions in 8a have migrated to the 

face-sharing 16c positions, which they 3hare with the inserted 

lithium in a random distribution. The former model is an approx­

imation of the structure found experimentally for LijMnjOi,, where 

about one-third of the lithium ions occupy the 8a sites, and the 

remaining two-thirds the 16c sites, showing a final overall dis­

placement of only one-third of the original lithium ions from the 

8a to the 16c positions [163]. Model 2 reflects the structure of 

LiMnjO,,, where all the manganese ions in the 8a sites migrate to 

the 16c sites [ 33].

Calculations were carried out for the full range of x in 

Lii+xMn20i, and Li^MnjOi, (0<x<l) using the cell parameters of 

the parent compounds LiMn20i, and Mnj0i,| identical computations 

were done with the cell constants and oxygen positional para­

meters of Li2MnjQt, and LiMnjOt,, for the higher values of x.

The electrostatic energy of the final compouna Li^^O,, was also 

calculated with a random distribution of the lithium ions over 

the 8a and the 16c sites. The charges at the individual sites and
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the calculated self-potentials for LixMn3 0i* and L ij+xMnjOi* 

(0<x<l), according to Models 1 and 2, are given in rection "a" of 

TtbLea 9.4 - 9.7.

The electrostatic energy for these structures is listed in sec­

tion "h" of Tables 9.4 - 9.7, together with the individual con­

tributions to the total coulombic energy of the atoms located in 

the 8a, 16c, 16d and 32e sites.

The data obtained for a random distribution of lithium in 

l^MnjOi, ere presented in Table 9.8.

Several graphic representations of the variation of energy and 

self-potential as a function of the composition are given in 

Figs 9.1 - 9.11.

Althouc^i the use of the structural parameters of the final com­

pounds LiMnjO,, and lijMnjO^ for the higher values of x often al­

ters the potentials and the energies in a significant manner, 

especially in the case of Li|+xMn20 m  where the structure 

changes from cubic to tetragonal symmetry, the trends are compar­

able to those observed using the parameters of the parent com­

pounds.

Since most of the discussion and conclusions are based on the re­

lative differences of energy and potentials, and not on the abso­

lute values, the malyais which follows will be based on results 

obtained for tne parent compound structure, unless otherwise spe­

cified.

a) Electrostatic energy anti relative stability

Examination of the olectrostatic energies obtained for the 

compounus LixMn304 and Lii+xMn20i« (cf Tables 9.4 - 9.8, 

Figs 9.1 - 9.2) immediately reveals the metastable character 

of these products:

\



«

//

4

238

: * |

Li
&E (Mn30 , , ♦ LiMn30M) * 1160 kcal/mol

Li
AE (LiMnjOi,— TLijMr^Oi,) » 1170 kcal/mol

Many ambient-temperature insertion compounds, e.g., LijjVjOs 

(0<x<l) [209], LixMo03 (x<2) [ 13,19] and Li1>xFe509 (x»2) 

(.31], have been shown to be metastable and to convert to more 

stable structures of the 3aine or similar composition when 

heated. Other insertion compounds have been found to decom­

pose to oxy-salts and lower oxides [210], e.g., LixW03 (x<l) 

[211].

Surprisingly, the structures obtained experimentally proved to 

be the least 3table according to the Madelung energy calcula­

tions: in the case of LiMn30i, the structure where the manga- 

ganese ions remain in the tetrahedral sites (model 1) was pre­

dicted to be the most stable, whereas the preferred structure 

of LljMrvjO,, implied the migration of all lithium ions to the 

octahedral 16c sites (model 2), contraiy to experimental 

results (section 9.7).

It is generally accepted that the preferred structure will 

have the lowest Madelung energy; this assumption did not 

prove correct in this case: possible reasons for this will be 

discussed in section 9.11.

However, the electrostatic energies calculated for the various 

lithiation mechanisms differ from one another by only 50 - 70 

kcal/inol (a a E) for both LiMn30u and LijMnjH,, (Figs 9.1, 9.2), 

suggesting that other contributions to the lattice energy may 

play a decisive role (section S.11).

Although the lithium insertion mechanism cannot be explained 

by a simple Madelur.g energy model (as it has previously been



AC (Mr̂ Oj, — » LiMn304 ) » 1160 kcal/mol 

Li
AE (LiMnjOu— > Li2MrijOi,) ■ 1170 kcal/mo'

Many amtnent-temperature insertion compounds, e.g., L i ^ O s  

(O'lxU) [209], LixMo03 (x<2) [ 13,19] and Lil+xFe508 (x»2)

[3l], have been shown to be metastable and to convert to more 

stable structures of the same or similar composition when 

heated. Other insertion compounds have been found to decom­

pose to oxy-salts and lower oxides [210], e.g., LixW03 (x<l) 

[211].

Surprisingly, the structures obtained experimentally proved to 

be the least 3table according to the Madelung energy calcula­

tions: in the case of LiMnjO^ the structure where the manga- 

ganese ions remain in the tetrahedral sites (model 1) waj pre­

dicted to be the most stable, whereas the preferred structure 

of LijMnjO^ implied the migration of all lithium ions to the 

octahedral 16c sites (model 2), contrary to experimental 

results (section 9.7).

It ia generally accepted that the preferred structure will 

have the lowest Madelung energy; thi3 assumption did not 

prove correct in this case: possible reasons for this will be 

discussed in section 9.11.

However, the electrostatic energies -'«,c,jlated for the various 

lithiation mechanisms differ from one another by only 50 - 70 

kcal/mol (a &E) for both LiMn304 and Li2Mn204 (Figs °.l, 9.2), 

suggesting that other contributions to the lattice energy may 

play a decisive role (section 9.11).

Although the lithium insertion mechanism cannot be explained 

by a simple Madelung energy model (as it has previously been



suggested [33]), nevertheless some useful information can be 

obtained from the examination of the changes of the self­

potentials and energies of each crystallographic site (Tables 

9.4 - 9.8, f igs 9.3 - 9.10).

As it might be anticipated, the self-potentials of the 16d and 

32e sites undergo very little change during the entire lithia- 

tion process (Figs 9.3 ~ 9.6); in terms of electrostatic 

energy, both s»te3 are subject to destabilisation, which i3 

slightly more pronounced in model 2.

The self-potentials and energies in the 8a and 16c sites 

(Tables 9.4 - 9.8, Figs 9.7 - 9.10) of Models 1 and 2 differ 

quite considerably; this is due to the close proximity of 

these sites, which causes 3trong interactions between the ions 

situated in them.

b) Self-potentiala of the 8» and 16c sites

The self-potentials of the 8a sites (in both LixMn30^ and 

Lil4,xMn20„) increase 3harply as the lithiation progresses, 

confirming the destabilising effect of the incoming lithium 

cations in the adjacent 16c sites (Figs 9.7 - 9.8).

The seif-potentials in the 16c sites, calculated for the two 

modeis, differ widely: in model 1, where there is a continuous 

presence of ions in the face-sharing 8a sites, the self-poten­

tial in very high, whereas in model 2, where the 8a sites are 

empty, the potential of the 16c sites is closer to the values 

found for the 8a and 16d sites in the parent compounds. In 

both cases, the stability of the ions in the 16c sites in­

creases slightly as the insertion progresses, and the change 

of the structural parameters in the end-products has a stabil­

ising effect on the self-potentials of approximately 2 Volts.



Thus, according to model 1, the self-potential of the 16c 

sites is almost prohibitive for cations in LixMn30i4, with 

values ranging from 0V tc -IV, ,,.iereas in model 2 it amounts 

to approximately -9V, creating an energetically more favour­

able situation for the ions in these sites.

This i3 not true in the caso of li^+xM^Oi,: the self-poten- 

tial in the 16c sites has a value of approximately -6V qnd 

-I1V for models 1 and 2 respectively; although these figures 

appear to favour model 2, they do not rule out the possibility 

of model 1 as in the case of LixMn3 0i».

c) Electrostatic energy of the 8a and 16c sites

Similar conclusions are reached upon examination of the con­

tributions to the electrostatic energy of the 8a and 16c sites 

(Figs 9.9 - 9.10). For L^MnjGi*, according to model 1, there 

is a destabilisation of the 8a sites by -8 eV, which is 

hardly compensated by the stabilisation of ~1 eV of the 16c 

sites; in model 2, where there is no destabilising effect on 

the part of the 8a 3ites, the ions in the 16c 3ites increase 

the relative stability by ~6.5 eV. Thur, despite the fact 

that the total electrostatic e"3rgy calculations do not egree 

with the structure of LiM^Oi* obtained experimentally, the 

latter is partly explained by the values of the self-poten­

tials and energies of the 8a and 16c sites.

The choice of mechanism is not as clear for Lii+xMn20i,, 

where the destabilisation of the 8a sites is more thnn compen­

sated by the increasing stability of the 16c sites in model 1; 

an even greater stability of the latter is observed in model 

2.

In both compounds, the global destabilisation of the entire 

structure comes mainly from the loss of stability in the



framework, as the energy of both the 16d and the ^2e 

sites increases.

d) Catioo-cation interaction energy

Since the interactions between the 8a and 16c cations would 

appear a priori to be the major factor responsible for the 

mechanism of lithium insertion, the electrostatic energy due 

solely to the cation-cation interactions might be expected to 

be significant.

Calculations of the coulombic cation-cation interactions were 

carried out by omitting all the anions from the structure; 

results are listed in Tables 9.9 - 9.13 and illustrated in 

fig. 9.11. As in the case of the total electrostatic energy, 

there is little difference (~100 kcpl/mol) between the final 

structures obtained according to the different models.

The more stable structure for LiMn30u agrees with the experi­

mental data, although model 1 is predicted as the preferred 

pathway fo: LijMrtjOi,, where 0<x<0.8, in contradiction with 

observat ion.

The predicted structure for LijM^Oi, conflicts with experimen­

tal findings; however, neither model can be ruled out, as the 

cation-cation interactions in the two cases are very similar 

for ‘.he entire range of x, and differ by 0 -100 kcal/mol.

Although the coulombic cation-cation interaction energies cor 

both models are similar for the composition LiM^Oi*, thi3 is 

not true for lower values of x in LixMn30i4 (Fig. 9.11)i if 

model i is followed, the destabilising effect increases stead­

ily, whereas in model 2 there is a sudden increase of the 

interactions between cations, and the energy remains almost 

consLdnt thereafter.



The lithiation of MnjOi* is known to take place initially 

according to model 1; at a critical value of x in LixMn30i, 

(x«0.04), Mn + migrates from the 8a to the 16c sites, and 

model 2 is then followed until completion of the reaction.

It may be seen in Fig. 9.11, and to a lesser extent in Fig. 

9.1, that although the sudden change of mechanism initially 

involves a sharp increase in energy, the subsequent lithiation 

hardly affects the coulombic energy due to the interactions 

between cations, which remains virtually constant.

This pathway is reminiscent of the Hammond postulate [212] 

which predicts that the transition states of highly endotherm- 

ic processes will resemble the products.

If the intermediate compounds (0<x<l) are consider­

ed to be the transition states, then they would be expected to 

have a similar structure to the product, LiM^Oi^s the conver­

sion would then involve only a lesrer change in structure and 

energy, and the reaction would thus be facilitated.

TABLE 9.4
a) Charges and self-potentials of L^M^Oi* (0<x<l) according to 

model 1

X 08a 9l6c OlSd V8a
[Volts]

V16C 
[Volts]

v16d 
[Volts]

v32e
[Volts]

0.00 +2.000 • +3.000 -12.799 -7.706 -18.231 +14.018
0.02 ■*■2.000 +0.010 +2.990 -12.716 -0.776 -18.226 +13.999
0.06 +2.000 +0.030 +2.970 -12.550 -0.785 -18.216 +13.961
0.10 +2.000 +0.050 +2.950 -12.384 -0.795 -18.206 +13.922
o.:5 +2.000 +0.125 +2.875 -11.761 -0.815 -18.170 +13.778
0.50 +2.000 +0.250 +2.750 -10.722 -0.892 -18.1J9 +13.538
0.75 +2.000 +0.375 +2.625 -9.684 -0.953 -18.U48 +13.297
1.00 +2.000 +0.500 +2.500 -3.646 -1.014 -17.987 +13.057
0.75* +2.000 +O.J75 +2.625 -12.692 -2.931 -14.497 +12.659
1.00* +2.000 +0.500 +2.500 -11.645 -2.959 -14.468 +12.575

(03 2 e = - 2.000)
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TABLE 9.4

b) Total electrostatic energy of LixMn30t, (0<x<l) and 

contributions from each site (model 1)

X

[eV]
El«c
[eV]

El6d
[eV]

E32e
[.V]

^tot
[eV]

^tot 
f kcal/ 
mol]

0.00 -25.60 • -109.38 -112.15 -247.13 -5699
0.02 -25.43 -0.02 -108.99 -111.99 -246.43 -5683
0.06 -25.10 -0.05 -108.20 -111.68 -245.03 -5650
0.10 -24.77 -0.08 -107.42 -111.38 -243.65 -5619
0.25 -23.52 -0.20 -104.48 -110.22 -238.42 -5498
0.5C -21.44 -0.45 -99.60 -108.30 -229.79 -5299
0.75 -19.37 -0.72 -94.75 -106.38 -221.22 -5101
1.00 -17.29 -1.01 -89.94 -104.fi 5 -212.69 -4905
0.75* -25.38 -2.20 -76.11 -101.27 -204.96 -4726
1.00* -23.31 -2.96 -72.34 -100.60 -199.21 -4594

* Calculated using structural parameters of LiMn30i,,

TABLE 9.5

a) Charnen and self-potentials of LixMn30i, (0<x<l) according to 

model 2

X Ql 6c Ql6d V16c 
[Volts]

v16d 
[Volts]

v3Te
[VGJts]

0.02 ♦1.340 +2.660 -8.910 -17.244 +13.466
0.06 ♦1.353 +2.647 -8.917 -17.238 +13.441
0.10 +1.367 +2.633 -8.923 -17.231 +13.415
0.20 +1.400 +2.600 -8.939 -17.215 +13.309
0.40 +1.467 +2.533 -8.972 -17.183 +13.223
0.60 +1.533 +2.467 -9.004 -17.150 +13.095
0.80 +1.600 +2.400 -9.037 -17.118 +12.966
1.00 +1.667 +2.333 -9.069 -17.085 +12.838
0.80* +1.600 +2.400 -10.746 -13.600 +12.264
1.00* +1.667 +2.333 -10.761 -13.585 +12.220

-  2 .000)

<4k
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TABLE 9.5

b) Total electrostatic energy of LixMn30i* (0<x<l) and 

contributions from each site (model 2)
_ _ _ _ _

X El6c
[eV]

El6d
[eV]

E32e
[eV]

^tot
[eV]

^tot 
rkcal/ 
mol ]

0.02 -23.88 -91.74 -107.73 -223.35 -5151
0.06 -24.14 -91.25 -107.53 -222.92 -5141
0.10 -24.39 -90.75 -107.32 -222.46 -5130
0.20 -25.03 -89.60 -106.77 -221.40 -5106
0.40 -26.32 -87.06 -105.78 -219.16 -5054
0.60 -27.61 -84.61 -104.76 -216.98 -5004
0.80 -28.92 -82.16 -103.73 -214.81 -4954
1.00 -30.23 -79.73 -102.71 -212.67 -4904
0.80* -34.39 -65.28 -98.11 -197.78 -4561
1.00* -35.87 -63.40 -97.76 -197.03 -4543

* Calculated using structural parameters of LiMn30t,,

TABLE 9.6

a) Charges and self-potentials of Lii^M^Oi* (0<x<l) 

according to model 1

X 08a Ql6c Ql 6d v8a
[Volts]

V16C
[Volts’

v16d 
[Volts]

v32e
[Volts]

0.00 ♦ 1.000 - +3.500 -14.522 -5.821 -18.930 +16.075
0.05 ♦1.000 +0.025 +3.475 -14.301 -5.850 -18.901 +16.045
0.10 >1.000 +0.050 +3.450 -14.080 -5.879 -18.872 +16.016
0.20 ♦1.0u0 +0.100 +3.400 -13.637 ~5.°36 -18.815 +15.958
(J.40 +1.000 +0.200 +3.300 -12.752 -6.051 -18.700 +15.843
0.60 +1.000 +0.300 +3.200 -11.867 -6.166 -18.585 <■15.725
0.80 +1.000 +0.400 +3.100 -10.983 -6.281 -18.470 +15.608
1.00 +1.000 +0.500 +3.000 -10.098 -6.396 -:8.355 +15.492
0.60* +1.000 +0.300 +3.200 -12.894 -7.255 -16.043 +14.188
0.80* +1.000 +0.400 +3.100 -12.089 -7.327 -15.971 +14.122
1.00* ■*•1.000 +0.500 +3.000 -11.285 -7.400 -15.698 +14.055

(03 2 ( - 2.QUO)



TABLE 9.6

b) Total electrostatic energy of Lii+xMn204 (0<x<i) and contri­

butions froir. each site (model 1)

X ^8 a 
[eV]

El6c
[eV]

E l6d
[ev]

E32e
[ev]

^tot
[eV]

^tot 
I" kcal/ 
mol ]

0.00 -14.52 - -132.51 -128.60 -275.63 -6356
0.05 -14.30 -0.29 -131.36 -128.36 -274.31 -6326
0.10 -14.08 -0.59 -130.22 -128.13 -273.02 -6296
(1.20 -13.64 -1.19 -127.94 -127.66 -270.43 -6236
0.40 -12.75 -2.42 -123.42 -126.75 -265.34 -6119
0.60 -11.87 -3.70 -118.94 -125.80 -260.31 -6003
0.30 -10.98 -5.03 -114.52 -124.e7 -255.40 -5890
1.00 -1U.10 -6.40 -110.13 -123.93 -250.56 -5778
0.60* -12.89 -4.35 -102.68 -113.51 -233.43 -5383
0.80* -12.09 -5.86 -99.02 -112.97 -229.94 -5302
1.00* -11.29 -7.40 -95.39 -112.44 -226.52 -5224

• Calculated using structural parameters of Li2Mn204.

TABLE 9.7
a) Charges and self-potentials of L ij + xMn2 0^ (0'X<1) according 

to model 2

X Qi«c Qx 6d ^16c
[Volts]

v16d 
[Volta]

vJ2e 
[Volts]

0.05 >0.525 +3.475 -10.566 -18.618 ■(15.984
0.10 +0.5;0 +3.450 -10.594 -18.589 +15.955
0.20 +0.600 +3.400 -10.652 -18.532 +15.897
0.40 +0.700 +3.300 -10.767 -18.417 +15.780
0.60 +0.800 +3.200 -10.882 -18.302 +15.664
0.H0 +0.900 +3.100 -10.996 -18.187 +15.547
1.00 +1.000 +3.000 -11.111 -18.072 +15.431
0.60* +0.800 +3.200 -11.250 -15.653 +14.132
0.80* +0.900 +3.100 -11.322 -15.580 +14.066
1.00* +1.000 +3.000 -11.395 -15.508 +13.999

1

(Qga ~ 0 .0 0 , Q3 2 e 5 -2.00)



b) Total ..'lectrostatic energy of Lii+xMn2lli4 (0<x<l) and contri­

butions from each site (model 1)

x -̂8 a 
[eV]

E16c
[eV]

El6d
[evj

^32e
[eV]

^tot
[eV]

^tot 
[kcal/ 
mol ]

0.00 -14.52 • -132.51 -128.60 -275.63 -6356
0.05 -14.30 -0.29 -131.36 -128.36 -274.31 -6326
0.10 -14.08 -0.59 -130.22 -128.13 -273.02 -6296
0.20 -13.64 -1.19 -127.94 -127.66 -270.43 -6236
0.40 -12.75 -2.42 -123 42 -126.75 -265.34 -6119
0.60 -11.87 -3.70 -118.94 -125.80 -260.31 -6003
3.80 -10.98 -5.03 -114.52 -124.87 -255.40 -5890
i.OO -10.10 -6.40 -110.13 -i:3.93 -250.56 -5778
0.60* ••12.89 -4.35 -102.68 -113.51 -233.43 -5383
0.80* -12.09 -5.86 -99.02 -112.97 -229.94 -5302
i.OO* -11.29 -7.40 -95.39 -112.44 -226.52 -5224

• Calculated using structural parameters of Li2Mn20l,.

TABLE 9.7
a) Charges and self-potentials of L^^MnjQ,, (CKx<.l) according 

to model 2

X Q u c Qi 6d v16c
[Volts]

v16d 
[Volts]

v32e 
[Volts]

0.05 ♦0.525 ♦3.475 -10.566 -18.618 ♦15.984
0.10 ♦0.550 ♦3.450 -10.594 -18.589 ♦15.955
0.20 ♦0.600 ♦3.400 -10.652 -18.532 ♦15.897
0.40 ♦0.700 ♦3.300 -10.767 -18.417 ♦15.-.J
0.60 ♦0.800 ♦3.200 -10.882 -18.302 ♦15.664
0.80 ♦0.900 ♦3.100 -10.996 -18.ie7 ♦15.547
1.00 ♦1.000 ♦3.000 -11.111 -18.072 ♦15.431
0.60* ♦0.800 ♦3.200 -11.250 -15.653 ♦14.132
0.80* ♦0.900 ♦3.100 -11.322 -15.580 ♦14.066
1.00* ♦1.000 ♦3.000 -11.395 -15.508 ♦13.999

(Qba = 0.00, Q32 e = -2.00)



TABLE 9.7

b) Total electrostatic energy of Li[+xMn20i, (0<x<l) and 

contributions from each site (model 2)

X El6c
[eV]

El6d
[eV]

Ej2e
[eV]

Etot
[eV]

Etot 
f kcal/ 
mol ]

0.05 -11.09 -129.39 -127.87 -268.36 -6188
0.10 -11.65 -126.26 -127.64 -267.56 -6170
0.20 -12.72 -126.01 -127.18 -265.91 -6132
0.40 -15.07 -121.55 -126.24 -262.87 -6062
0.60 -17.41 -117.13 -125.31 -259.85 -5992
0..J0 -19.79 -112.76 -124.38 -256.93 -5925
l.oe -22.22 -108.43 -123.45 -254.10 -5860
0.60* -18.00 -100.18 -113.06 -231.24 -5332
0.60* -20.38 -96.60 -112.06 -229.50 -5292
1.00* -22.79 -93.05 -111.99 -227.83 -5254

* Calculated using structural parameters of Li2Mn204.

TABLE 9.8

a) Charges and self-potentials of Li2Mn204 (random distribution 

of lithium in the 8a and 16c sites)

X Q$ a Ul6C Q u d V8a 
(Volta]

V16C 
[Volta]

Vl6d
[Volta]

Va2e 
[Volta]

1.0
1.0*

0.667
0.667

0.667
0.667

3.0
3.0

-8.021
-9.576

-7.968
-8.732

-13.261
-15.768

+15.471
+14.036

b) Electrostatic energy of Li2Mn204 and contributions from each 

site (random distribution)

X E0 a E16c El«d E32e Etot Etot
[eV] [eV] [eV] [eV] [eV] [kcal/ 

mol ]

1.0 -5.35 -10.62 -109.57 -123.77 -249.31 -5749
1.0* -6.38 -11.64 -94.61 -112.29 -224.92 -5187



TABLE 9.9

Cdtion-cation interactions in Li^M^Ot, (0<x<l) (Model 1)

a) Charges and self-potentials

X fflCD
cr

•JlSc Ql 6 d v8a 
[Volts]

V16C
[Volts]

Vl«d
[Volts]

0.00 +2.00 • +3.000 -23.926 -11.490 -21.259
0.04 +2.00 +0.020 +2.980 -23.760 -11.500 -21.249
0.10 ♦2.00 +0.050 +2.950 -23.511 -11.515 -21.235
0.25 «2.00 +0.125 +2.875 -22.887 -11.551 -21.198
0.50 +2.00 +0.250 +2.750 -21.849 -11.612 -21.137
0.75 +2.00 +0.375 +2.625 -20.911 -11.673 -21.076
1.00 +2.00 +0.500 +2.500 -1>.772 -11.734 -21.015
1.00« +2.00 +0.5G0 +2.500 -19.175 -11.465 -20.305

b) Energy (Ecc) due to the cation-cation interactions, and 

contributions of each site

X ^8 a 
[ev]

El«c
[eV]

El6d
[eV]

^cc
[eV]

*-cc
[kcal/
mol]

0.00 -47.85 • -127.55 -175.40 -4045
0.04 -47.52 -0.46 -126.65 -174.63 -4027
0.10 -47.02 -1.15 -125.07 -173.24 •995
0.25 -45.77 -2.89 -121.89 -170.55 -3933
0.50 -43.70 -5.81 -116.25 -165.76 -3122
0.75 -41.62 -8.75 -110.65 -161.03 -3713
1.00 -39.54 -11.73 -105.08 -156.35 -3606
1.00* -38.35 -11.47 -101 52 -151.34 -3490
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TABLE 9.10

Cation-cat ion interactions in LixMn30i* (0<x<l) (Model 2)

a) Charges and self-potentials

X Q16c q16d v:6c 
[Volts]

v16d 
[Volts]

0.04 ♦1.347 ♦2.653 -19.633 -20.269
0.10 ♦1.367 ♦2.633 -19.643 -20.260
0.20 ♦1.400 ♦2.600 -19.658 -20.243
0.40 ♦1.467 ♦2.533 -19.691 -20.211
0.80 ♦1.600 ♦2.400 -19.756 -20.146
1.00 ♦1.667 ♦2.333 -19.789 -20.113
1.00* ♦1.667 ♦2.333 -19.268 -19.422

(l i ,a s 0.0)

b) Energy (Ecc) due to the catio .-cation interactions, and 

contributions of each site

X E16c
[.V]

El6d
[eV]

Ecc
[eV] [kcal/ 

mol ]

0.04 -52.88 -107.56 -160.44 -3700
0.10 -53.73 -106.70 -160.43 -3700
0.20 -55.05 -105.27 -160.31 -3697
0.40 -57.76 -102.40 -160.16 -3693
0.8C -63.22 -96.70 -159.92 -3688
1 JO -65.96 -93.86 -159.82 -3686
1.00* -64.23 -90.63 -154.86 -3571



Cation-cation interactions in I.i ^ 0 « «  (0<x<l) (Model 1)

a) Charge-3 and self-potentials

X £3 C*> CD ^16C q16d V8«
[Volts]

V1 »C
[Vo1 \ s]

v16d
[Volts]

0.00 +1.00 • +3.500 -23.921 •15.709 -24.153
0.05 +1.00 +0.025 +3.475 -23.700 -15.737 -24.125
0.10 +1.00 +0.050 +3.450 "23.479 -15.766 -24.039
U.20 +1.00 +0.100 +3,400 -23.036 -15.823 -24.125
0.4Q +1.00 +0.200 +3.3CO -22.151 -15.938 -23.924
o.ao + 1.00 +0.400 +3.100 -20.3(12 -16.168 -23.694
1 . 0 0 +1.00 +0.500 +3.0U0 -19.497 -16.283 -23.579
1 . 0 0 * +1.00 +0.500 +3.000 -18.884 •15.447 -21.284

b) Energy (Ecc) Joe to the cation-cation interactions, and 

contributions of each 3ite

X E'.
[eV]

E16C
[eV]

E16d
[eV]

ECC
[eV]

^CC
[kcal/
mol]

0.00 -23.92 - -169.07 -192.99 -4450
0.05 -23.79 -0.79 -167.67 -192.16 -4431
0.10 -23.48 -1.58 -166.26 -191.32 -4412
C.20 -23.04 -3.16 -163.46 -189.66 -4374
0.40 -22.10 -6.38 -157.90 -186.42 -4299
0.80 -20.38 -12.93 -146.90 -180.22 -4156
1.00 -19.50 -16.28 -141.47 -177.25 -4088
1.00* -18.88 -15.45 -127.71 -162.04 -3737

•Calculated using structural parameters of l.i^Mn^Oi,*



TABLE 9.12

Cation-cation interactions in Lii+xMn20u (0'X<1) (Model 2) 

a) Charges end self-potentials

X q16c 9i6d V16c 
[Volta] < o 

<
rr 

Ok
 

CO 
Q.

0.05 ♦0.525 +3.475 -20.453 -23.813
0.10 +0.550 +3.450 -20.482 -23.755
0.20 +0.600 +3.400 -20.539 -23.842
0.40 +0.7C0 +3.300 -20.654 -23.641
0.80 +0.900 +3.100 -20.884 -23.411
1 . 0 0 +1.000 +3.000 -20.998 -23.296
1.00* +1.000

,
+3.000 -19.442 -20.893

t.) Energy (Ecc) due to the cation-cation i.-.teractions, and 

contributions of each site

X E16c
[ev]

E16d
[ev]

Ecc
[eV]

Ecc 
fkcal/ 
.»1]

0.05 -21.48 -165.70 -187.17 -4316
0.10 -22.53 -164.31 -186.84 -4309
0.20 -24.65 -161. r,4 -186.18 -4293
0.40 -28.92 -156.03 -184.94 -4265
0.80 -37.59 -145.15 -182.74 -4214
1 .Hi) -42.00 -139.76 -181.77 -4192
1.00* -38.88 -125.36 -164.24 -3788

•Calculated i.ny structural parameters of Li2Mnj0^.



TABLE 9.13

Cation-cation interactions of Li2Mn20i, with a random 

distribution of lithium in the 8a and 16c sites

a) Charges and self-potentials

X ^8 a ^16C qi6d V8a 
[Volts]

V16c 
[Volts]

V16d
[Volts]

1.00
1.00*

+0.667 
+0•667

+0.667
+0.667

+3.000
+3.000

-17.420
-17.180

-17.05
-16.70

-23.48
-21.15

b) Energy (ECfJ  due to the cation-cation interactions and 

contributions of each site

X E8a E 16 c E16d Ecc Ecc
[eV] [eV] Lev] [eV] [kcal/

mol]

1.00 -11.61 -23.81 -140.91 -176.33 -4066
1.00* -11.45 -22.37 -126.92 -160.75 -3707

•Calculated using structural parameters of Li2Mn20i4.



FIG 9.1

Electrostatic energy of LixMn3 04 (0<x<l) according to 

models 1 and 2
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FIG 9.5

Self-potential of the 32e sites in lii^M^Oi* 

(0<x<l) according to models 1 and 2 and with a 

random distribution on the 8a and 16c sites
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Self-potential of the 16d sites in Lij^Mr^Oi, 

(0<x<l) according to models 1 and 2 and with a 

random distribution on the 0a and 16c sites
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(0<*.l) according to models 1 and 2 and with a random 

distribution on the 8a and 16c sites





The self-potentials and the contributions to the energy of the 

various crystallographic sites yield sorre useful information on 

the mechanism of lith.i^LLon of M^Oi, and LiMn20i*.

In particular, the migration of the Mn2+ ions from the 8a to the 

16c sites in LixMnT0t, can be at least partly explained by the 

parallel variation of the self-potentials and electrostatic 

energy of those sites.

In Lii+xMn20^ the self-potentials of the 8a and 16c sites show 

thfit the interactions oetween the monovalent lithium ions in 

those sites are not as decisive a factor in determining the 

lithiation mt nanism as the interactions between ions at the same 

sites in LixMn3 0u .

However, althou^i these results are of some value in the explana­

tion of the lithium insertion into spinels, it ip now clear that 

the Madelung energy fails to predict the most stable structure of 

the lithiated spinels.

Since the energy difference (AAE) between the possible structures 

is very small, other factors must be considered. In a recent 

study on the prediction of mineral crystal structures [213], 

Parker stressed the need to include the short-range interactions 

in the calculation of the lalLice energy; in that work, the 

short-range term comprised the repulsion energy and the van der 

Waals dipole-dipole interaction.

As it was mentioned earlier (cf section 9.6), the repulsion term 

is the second most important contribution to the lattice energy 

of spinels, and amounts to 20-25% of the electrostatic energy 

[200]; all the other lattice energy terms constitute at most 5% 

of the coulombic energy.



It has been suggested [200] that the repulsion energy rises as 

the number of atoms per formula unit increases: whereas the 

repulsive term amounts to 15 - 18% of the coulombic energy in 

sirole oxides, it is more important in double oxides such as 

ilmenite (A8O3 ) and spinel (A82O O  compounds, where it amounts to 

as much as 20-25% of the coulombic energy.

According to this observation, the repulsion term of the lithiat- 

ed spinels would be considerably greater than that of the parent 

compounds; it is also possible that it influences the relative 

stability of the various lithiated structures, since it takes 

into at.count not only the interionic distances (as in the case of 

the Madelung energy), but also the radii and the rigidity of the 

ions. It might thus also allow to differentiate the insertion 

of, for instance, the various alkali ions.

Another factor which should possibly be taken into account is the 

energy gain due to ion-relaxation from the centre of site 

symmetry when an isolated pair share a common face [218].

In conclusion, although the calculation of the self-potentiaJs 

and energies of the crystallographic sites furthers our under­

standing of the mechanism of lithium insertion into spinels, it 

is not sufficient to explain it fully.

The electrostatic energies of the lithiated spi.'els confirm the 

metastability of these compounds, but cennot be relied upon to 

predict the most stable structure. In order to achieve this, 

other contributions must be taken into account; the calculation 

of the repulsive energy is suggested as a possible solution.



GENERAL CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

The mechanisms and the electrochemistry of the topochemical reac­

tions of lithium with the layered oxide LiV02 and with the spinel 

LxV2Oi, nave been studied. F rom a theoretical point of view, the 

Madelung energies of the spinel-derived compounds LixMn30i4 and 

lil+xMn20i, (0<x<l) have been calculated. Since each section of 

this work comprises an individual detailed discussion of tho re­

sults, this chapter will be limited to comments of a more general 

nature.

The usefulness of intercalation reactions in synthetic inorganic 

chemistry is clearly demonstrated in this work. The topochemical 

extraction of lithium from LiV02 is used in a new route developed 

for the synthesis of the normal spinel LifVjjO^. This compound 

is accessible using more conventional, high temperature techni­

ques, but it is generally contaminated with other vanadium 

oxides.

Intercalation reactions also allow the preparation of metastable 

compounds with unusual structures, which cannot be obtained 

by other methods. Examples in this work are the lithium- 

deficient spinel Lio.9V2Qu and the partially ordered rocksalt 

phase {Li2}^  [V2] l a t t e r  can be considered a new 

polymorph of LiV02 s a-LiV02 has a layered structure. Another 

cubic phase of LiV02 has previously been prepared at high 

pressure [214]. The structure of this phase was described as 

1L ii /3 V2 /3} 16c[ L i2 /3 /3 ]16d 1̂‘*' us*n9 the Fd3m space-group.

A more technical application of intercalation reactions in re­

versible electrochemical systems is shown in chapters 6 and 7 

where the system Lil^XV20i* (0<x<l) is examined.



Early studies on lithium intercalation into transition metal 

oxides and sulphides relied largely upon structural considera­

tions for the selection of potential electrode materials for 

lithium batteries. It is now widely ackrowlcdged that, although 

structural characteristics play an important role, other factors 

may significantly impair electrochemical performance.

The coordination and the oxidation state can affect the radius, 

the relative stability and the mobility of a transition metal 

cation. As the oxidation state of the latter changes in the 

course of the topochemical reaction, the isostructural compounds 

may be stabilised or destabilised to different extents. Electro­

chemical oxidation/reduction potentials vary widely when compar­

ing ;ransition metals; other factors, which play a role in the 

reaction kinetics and mechanism, e.g. electronic conductivity, 

may differ within a grcjp of isostructural compounds.

In this work, the structural and electrochemical characteristics 

of products derived from liV02 and LiV204 were discussed and com­

pared with compounds obtained from the isostructural materials 

LiMC>2 (M s Co, Ni) and LiM20,, (M = Ti, Mn) respectively. Although 

a few genernl patterns do emerge, a number of differences signi­

ficantly alter the electrochemical properties, as discussed in 

the concluding sections of chapters 4, 6 and 7.

An important feature in the vanadium compounds examined here is 

the mobility of the vanadium cation. It is evidenced in both 

LiV02 and LiV2Gi, by the high isotropic temperature factors of the 

vanadium cation in many of the derivatives and by the ion migra­

tion within the lattice, ooserved in the course of the delithia- 

tion reactions. This structural rearrangement is irreversible; 

as a result, delithiation is irreversible.

By contrast, the cobalt and manganese cations are less mobile and 

no significant structural modification occurs in either Lii_xCo02

or Lii_xMn2 0** (0<x<l); these compounds can therafore be revers- 

ibly relithiated.



Lithium-ion diffusion rates in intprcalation compounds are often 

related to the structures of the host lattice. In this work, Li+ 

diffusion rates were measured on polycrystalline .,amples of 

various lithium vanadium oxides; although absolute diffusion 

rates cnnnot be obtained by thir method (cf section 2.6.3), the 

relative values can be compared with a fair degree of confidence.

Results presented here indicate that the li+ diffusion rate is 

highest in Li2 V2Ou (ordered rt, ksalt structure), intermediate in 

LiV02 (layered structure) and lowest in LiV20t, (spinel struc­

ture). Although this suggests that three-dimensional networks 

allow faster Li+-ion diffusion than the two-dimensional layered 

systems, it must be stressed that only single crystal measure­

ments could provide conclusive evidence to this effect. It has 

in fact been shown that the electrochemical behaviour of a poly- 

cry stallinp electrode can often be correlated to a diffusion- 

spact. dimension which depends on geometric factors, rather than 

on the crystal structure [114]. However, it must be stressed 

that, although results obtained with single crystals are more 

accurate, they are of interest from a more theoretical point of 

v'ew, since they 00 not reflect the behaviour of the material in 

a practical lithium cell, where the electrode is generally poly­

crystalline.

The results presented here suggest that the spinel LiV20|4 is a 

promising candidate as an electrode for a secondary lithium 

battery.

In a comparative study on vanadium oxides es electrode materials 

for rechargeable lithium cells, West et al. suggest that an open 

structure and a fairly low density are important considerations 

when selecting electrode materials which operate via a topochem- 

ical procf [84]. The density of LiV204 (p = 4.1 g cm-3) is only 

slightly hiy er than that of the extremely promising vanadium 

oxide V6Ol3 (p = 3.9 g cm-3); it is lower than the rutile phase 

V02 (p = 4.6 g cm"3 ) into which only a limited amount of lithium 

can be inserted [25].



Lithium insertion into 1iV20t, is reversible and exhibits a rela­

tively high operating voltage of ~2.35 V. The theoretical energy 

density for the system Lii+xV20t, (0<x<l) amounts to ~350 Wh kg-1. 

This value is lower than that of a number of the more promising 

vanadium oxides (e.g. Vg0 i3 , V2O5 and LiitxV30g). However, in 

practice, the energy density of a number of these electrodes is 

reduced, since n.any of them cannot be cycled over the entire com­

positional range.

*:.e cyclic voltammetry results presented here and preliminary 

cell cycling tests [215 - 217] indicate that, at ambient tempera­

ture, it is possible to cycle reversibly at least one Li+ per 

[ V2 ] unit. This electrode capacity is only slightly inferior 

to that of VgOi3 (3.6 L i/V6 Ox j ac 150 °C) and Lii+xV30 8 

(2 Li/V3 0g at ambient temperature) [04].

In addition, the lithium diffusion rates measured in the system 

L i ^ xVjOu (0<x<l), which vary between 4.10-10 cm2 see-1 < D <
a 2 1

6.10 <..m sec , are sufficiently high to allow acceptable cur­

rent density levels in practical lithium cells.

These promising properties have prompted cell cycling tests, pre­

liminary results of which have been published recently [215,216]. 

It has also beer- suggested that the electrode capacity is greater 

than anticipated and that it is possible to cycle at least 2 Li+ 

in and out of Li1+xV2 0u [217]. The operating mechanism of an 

electrode Li 1 xV2 Ot,t where x > 1 , is still unknown: structural 

studies would provide an answer to thi3 question.

Lithium extraction from LiV2 0i, beyond x»0.3 in Lii_xV20l, was 

shown here to be irreversible. A reversible delithiation of the 

spinel would obviously be an advantage, since it would extend the 

electrode capacity.

In this work, a fraction of Li+ cations was substituted with 

Zn2+ cations, in order to stabilise the [V2 ]0i, sub-lattice in



L±i _x^2Oi» (x > 0.4). This attempt was met with limited success, 

since, for low lithium content, zinc cations were extracted con­

currently from the spinel structure.

An alternative approach could be the introduction of a rraction 

of transition metal cations on the tetrahedral sites, leading to 

a composition Lii_yMy[V;]oM . The transition metal cations 

would not be extracted as readily as the Li* or Zn2'*' cations, 

since they are more strongly bonded. They would possibly provide 

sufficient electrostatic interaction between oxide layers in the 

delithiated product to maintain the [V2 ]0»» sub-lattice intact. 

Vanadium or molybdenum are suggested as possible dopants.
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APPENDIX

CONTRIBUTION OF VARIOUS ATOM POSITIONS TO THE INIENSITIES OF 

SELECTED REFLECTIONS IN THE FdJm AND R3m SPACE GROUPS

Throughout this work, the migration of atoms within the lat­

tice during insertion/extraction reactions is ciscussed. It 

is largely detected by the variation of the relative inten­

sities of a few key reflections in the powder X-ray diffrac­

tion patterns.

The contribution of atoms located in specific sites to the 

intensity of a particular reflection is contained in the 

phase term ($) of the structure factor (Fhki)*

Fhkl = A *e (A.l)

where A = amplitude 

$ = phase

with $ = 2n (hu + kv + lw)

where hkl = Miller indices

uvw = fractional coordinates.

(2 .2 )

The complete expression of the structure factor is rscalled 

here (c.f. section 2.1.4.2) i

F m Z f e2ni (hUn * kV" + lwn } 
hk1 nsl ^

( 2 . 1 1 )

;



F I2 s A2 . + B2 . hkll hkl hkl
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where fn = scattering factor of the atom n 

hkl z as above 

uvw = as above.

The intensity of a reflection is proportional to |f"hkl|2» 

which can be expressed ass

(A.2)

where Ah(<j and B^,^ are projections of on the x

and y axes, and are given by the equations:

s E f cos 2n (hu + kv + lw )n n n

Z f sin 2n (hu„ + kv_ + lw )n n n'

(A.3)

(A.4)

The contribution of the various atom positions to a particu­

lar reflection can therefore be calculated, using equations 

A.3 and A.4.

The contribution of atom positions to the intensity of a few 

reflections in the cubic spinel space group Fd3m and in the 

trigonal (LiM02 compounds) R3m space group are given here in 

the form of the expressions:

a = cos 2n (hu ♦ kv + lw ) n n n

b s sin 2n (hu + kv ♦ lw ) 
n n n

Ij can then be obtained from A.7:

|F I2 .( I f a)2 . ( I  f b)2 
• hkll n n _ n

(A.5)

(A.6)

(A.7)
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iiJ
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l

_ _
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where fn = scattering factor of the atom n 

hkl s as above 

uvw = as above.

The intensity of a reflection is proportional to |Fhkl| 

which can be expressed ass

Fhkl I = Ahkl Bhkl (A.2)

where Aĵ j and are projections of F^ki on the x

and y axes, and are given by the equations:

= £ f cos ?n (hu + kv + lw )n n n

i = £ fr. sin 2n (hu,, kv_ + lw„)n n n'

(A.3) 

(A.4)

The contribution of the various atom positions to a particu­

lar reflection can therefore be calculated, using equations 

A.3 ard A.4.

The contribution of atom positions to the intensity of a few 

reflections in the cubic spinrl space group Fd3m and in the 

trigonal (LiM02 compounds) Rim space group are given here in 

the form of the expressions:

a = cos 2it (hu + kv + lw ) n n n

b = sin 2it (hu + kv ♦ lw ) 
n n n

Fhk112 can then be obta^ne^ from ^*7* 

|F I2 > (I f  a ' 2 + (2 f  b)2
1 hkl I n n r. n

(A.5) 

(A.6)

(A.7)



A.l SPACE GROUP: Fd3m

TABLE A.l

Atom positions for the space group Fd3m

Site u V w

8a 0.125 0.125 0.125
16c 0.000 0.000 0.000
16d 0.500 0.500 0.500
32e* 0.2')0 0.250 0.250

The position 32e describes the anion site in spinels. 

An ideal value of u = 0.250 is used here for sirtplicity.

TAHLE A.2

Values of a, b in the space group Fd3m for a few reflections

hkl Site hu + kv + lw a b

111 8a 0.375 -0.707 0.707
16c 0 1 0
16d 1.5 -1 0
32e 0.75 0 -1

311 8a 0.625 -0.707 -0.707
16c 0 1 0
16d 2.5 -1 0
32e 1.25 0 1

222 8a 0.75 0 -1
16c 0 1 0
16d 3 1 0
32e 1.5 -1 0

400 8a 0.5 -1 0
16c 0 1 0
16d 2.0 1 0
32e 1.0 1

0



TABLE A.?. (Cont.)

Values of a, b in the space group Fd3m for a few reflections

hkl Site hu + kv + lw a b

♦40 8a 1.0 1 0

16c 0 1 0

16d 4.0 1 0

32e 2.0 1 0

444 8a 1.5 -1 0

16c 0 1 0

16d 6.0 i 0

32e 3.0 1 0

It is to be noted that atoms in the 8a, 16c, 16d and 32e 

sites all scatter in phase in the case of the {440} 

ref lection.

A.2 SPACE GROUP ? R3m

TABLE A.3

Atom positions for the space group R3m

Site u V w

3a 0 0 0

3b 0 0 0.5
6c* (02-) 0 0 0.25

6c** (Tl) 0 0 0.125

6c** (T2) 0 0 0.375

* Anion position in LiM02 (M = V, Co, Cr, Ni) structure

* Vacant tetrahedral sites in LiM02 structure



Values of a, b in the space group R3m for a cew reflections

hkl Site hu + kv + lw a b

003 3a 0 1 0

3b 1.5 -1 n

6c (0-2 ) 0.75 0 -l

6c (Tl) 0.375 -0.707 0.707

6c (T2) 1.125 0.707 0.707

006 3a 0 1 0

3b 3 1 0
6c (0-2 ) 1.5 -1 0

6c (Tl) 0.75 0 -1

6c (T2) 2.25 0 +1

101 3a 0 +1 0

3b 0.5 -1 0
6c (O'2 ) 0.25 0 +1

6c (Tl) 0.125 +0.707 +0.707

6c (T2) 0.375 -0.707 +0.707

012 3a 0 1 0

3b 1 1 0

6c (0-2 ) 0.5 -1 0

6c (Tl) 0.25 0 +1

6c fT2) 0.75 0 -1

104 3a 0 1 0

3b 2.0 1 0
6c (0-2 ) 1.0 1 0

6c (Tl) 0.5 -1 0

6c (T2) 1.5 -1 0

018 3a 0 1 0

3b 4 1 0
6c (0-2 ) 2 1 0

6c (Tl) 1 1 0

6c (T2) 3 1 0



TABLE A.4 (Cont.)

Values of a, b in the space group R3m for a few reflections

It is to be noted that atoms in 3a, 3b and 6c sites all 

scatter in phase in the case of the {018} and {110} reflec­

tions.
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