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Abstract

Electron density distribution, EXAFS, and transmission electron microscope studies on stoichiometric Li(Mg;cMn;;,6)O4 have
revealed that: (1) the structure is essentially of spinel-type with slight diffuse scattering, (2) the Li atoms are not all located at the
ideal 8a site of the Fd3m spinel structure, but are partially tetrahedrally distributed along the 8a—16c tie line, (3) the O atoms also
exhibit a statistical distribution about their ideal positions and (4) the Mn 3d electrons are squeezed out toward the open space of the
coordinating octahedra with Ds; distortion. The present results indicate the possible existence of many metastable Li positions in the
structure, suggestive of complicated Li atom hopping routes in conjunction with a local distortion of neighboring atoms at least up

to the second shell.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The development of rechargeable lithium ion batteries
for electronic devices has stimulated systematic surveys
of various candidate materials. Among them the lithium
manganese oxides with spinel-type structure have
attracted much attention because of their cost-effective-
ness, low toxicity and relatively high energy density
when used as cathode materials [1-4]. The Li,Mn,Oy4
solid solution with 0 <x <2 has a capacity fade problem,
but this can be suppressed by partial substitution of Mn
with different metal atoms [5—13]. The manganese spinel
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crystals partially substituted with Mg are reported to
have improved properties for industrial application [13].

In contrast with energetic surveys and extensive
studies of new cathode materials, the nature of the Li
diffusion in these substances is not well known. The
normal spinel structure denoted as 4B, X, crystallizes in
the Fd3m space group; the 4 atoms are located at the
tetrahedrally coordinated 8a sites (Wyckoff notation),
ie.,, x=y=1z=1/8, where the origin is taken at the
inversion center; the B atoms are located at the
octahedrally coordinated 16d sites, i.e., x =y =z = 1/2;
and X atoms are at the tetrahedrally coordinated
32e sites, i.e., x =y = z~0.25. The high temperature
form of LiMn,O, takes this archetypal structure with
A =Li, B=Mn and X = O. The compound undergoes
a Jahn—Teller type phase transition near room tempera-
ture to a low temperature form with non-cubic
symmetry [14-16].
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Fig. 1. Connection of lithium tetrahedra and manganese octahedra in
the lithium manganese spinel structure sliced parallel to (110). The unit
cell is shown as a cube and the Li diffusion pathway as the broken
zigzagging line.

The archetypal LiMn,Oy spinel structure is composed
of MnQg octahedra and LiO, tetrahedra linked in three
dimensions. A slice of the structure parallel to (110) is
shown in Fig. 1 to help illustrate the Li diffusion
pathway. In this figure there are one-dimensional chains
of edge-sharing MnOg octahedra running parallel to
[110] and to which chains of LiO4 tetrahedra are
attached. These tetrahedra form zigzag chains (high-
lighted) which intersect the Wyckoff 16¢ octahedral
interstices, i.e., at x = y = z = 0. The 16¢ site is located
at the center of the largest spatial voids in the spinel
structure. The conventional understanding of Li diffu-
sion in these materials is that the Li ions hop from the 8«
to 16c¢ sites along the zigzagging chains [17].

It is expected that a flexible local structural distortion
accompanies the mobile ion as it migrates through the
structure. In LiMn,0y, this should occur for Li typically
when it passes through the bottleneck formed by the
triangular faces of the LiO4 tetrahedra. A simple
calculation based on the concept of effective ionic radii
[18] shows that the bottleneck has an approximate
radius of 0.55 A, slightly smaller than the typical 0.59 A
radii of tetrahedrally coordinated Li cations and
significantly smaller than the typical 0.76 A radii when
octahedrally coordinated. The rigidity of the [Mn,O4] "
framework in the Li diffusion models can thus be
questioned, and Ammundsen et al. [19] discussed
possible local distortions involved. On the other hand,
as far as the current authors are aware, no examination
has been made of the preferred Li atom positions during

the migration process in lithium manganese spinel. The
current study rectifies this omission.

The electron density distribution obtained by X-ray
diffraction provides a time and spatially averaged
representation of the crystal structure. This information
includes details of structural disorder if we look care-
fully at the residual electron densities obtained from
difference Fourier synthesis, and can provide clues for
understanding the mobility of ions in the crystal. The
present experimental study was thus undertaken to
elucidate these points in cubically stabilized lithium
manganese spinel, with results and arguments supported
thereafter by computational techniques.

The non-stoichiometric nature of the compound
designated as Li,Mn,O, is fundamental to its use as a
positive electrode material because the Li extraction and
insertion take place during the charge and discharge
cycles over the lifetime of a battery. However, from the
experimental point of view, the non-stoichiometry
clouds the interpretation of the observed electron
density distribution to some extent. Here a well
characterized stoichiometric Li(Mg;,sMn;;;5)O4 com-
pound was chosen for investigation in order to minimize
those ambiguities.

The present study of the structural disorder along the
Li diffusion pathway in cubically stabilized lithium
manganese spinel is the first of two separate papers
dealing with: (I) the electron density distribution and
(II) molecular dynamics calculation. In the current
paper (I), the electron density distribution of cubic
Li(Mg;,6Mn;,5)O4 was determined by synchrotron X-
ray powder diffraction with new findings about the resi-
dual electrons along the Li diffusion pathways and also
around O and Mn atoms. The observed disorder of Li and
O atom positions are evaluated on the basis of molecular
dynamics simulation in the subsequent paper (II).

2. Experimental
2.1. Synthesis

The stoichiometric compounds LiMg;sMnj;604
were synthesized by solid-state reaction using carbo-
nates, Li»CO3; (99.9%, Soekawa Chemical Industries
Ltd.), MnCO;3; (99.9%, Soekawa Chemical industries
Ltd.), and 4MgCO; - Mg(OH), - 3H,0 (99.9%, Soekawa
Chemical industries Ltd.). The stoichiometric mixture
was preheated at 600°C for 6h, and then heated at
750°C for 3 days in air with several intermediate
regrindings followed by slow cooling at a rate of
0.5°C/min. The density of the sample was determined
to be 4.19(2) g/em® on the basis of a picnometric study.
The value agrees well with the calculated density from
the synchrotron X-ray powder diffraction as shown in
Table 1. The properties of the sample were detailed by



N. Ishizawa et al. | Journal of Solid State Chemistry 174 (2003) 167-174 169

Table 1

Crystal data and atomic parameters of Li(Mg;sMn;;6)O4
a 8.2228(1)A

14 555.98(1)A°

D, 4.198 g/em®

D,, 4.19(2) g/em®

SG Fd3m

Li x=y=z=1/8

U, =0.012(2) A2

(Ui1=Uxnp=Us3, Up=Uiz=Up;=0)
M (Mg, Mn) x=y=z=1/2

Uy, =0.0054(1) A2

Uy»=—0.0008(2) A2

(Un1= U= Usz, Ujp=Upi="Ui3)
O x=y=1z=0.2610(1)

U, =0.0186(4) A2

Uy»=—0.0044(7) A2

(Un1= U= Us3, Ujp=Ujz=Ux)

Hayashi et al. [13]. They also measured the chemical dif-
fusion coefficients of Li in a series of Li,Mg;;cMn; ;604
with 0 <x <1 by the current-pulse relaxation technique,
and reported that the values were almost constant at
around 10~° cm?/s [13].

2.2. Electron microscopy and EXAFS

Several preliminary experiments were carried out to
characterize the crystal quality prior to the X-ray
diffraction experiments at room temperature. First, the
electron diffraction patterns were recorded using a
transmission electron microscope (Philips EM430) to
check for the presence of any superstructure reflections
or diffuse scattering. The specimens were prepared by
crushing and dispersing on holey carbon-coated copper
grids. Secondly, an EXAFS study near the Mn K
absorption edge was carried out at beamline 14 A,
Photon Factory, KEK. Powders of MnO, Mn,03 and
MnO, were also measured for comparison. The crushed
powders on adhesive tape were used in a transmission
mode. X-rays were monochromated by a Si (111) double
crystal monochromator and focused by a toroidal
mirror. The EXAFS spectra were obtained in the energy
range 6239 through 7743 eV with 4 eV step interval. The
dwell time for each step was 10s for LiMg;sMn;;,s04
and Ss for the others. Ion chambers filled with flowing
N, gas were used as X-ray detectors. The mean Mn—O
distance and the coordination number were calculated
from the EXAFS data by the conventional method [20]
using a least-squares program [21].

2.3. Synchrotron X-ray powder diffraction
The synchrotron X-ray powder diffraction data were

collected at room temperature using the Debye—Scherrer
camera at beamline 20B of the Photon Factory, KEK,

Tsukuba [22]. The camera cassette of 573 mm in radius,
was loaded with three adjacent image plates to record
diffraction patterns and evacuated. The specimen was
sealed in a silica glass capillary and rotated during
exposure. The intensity data were read and processed by
a BAS2000 system [23-24] after exposure. The
0.6047(1)A wavelength was calibrated using a Si
standard powder (NBS 640b).

The least-squares program RIETAN-2000 [25] was
used for the Rietveld analysis. The background of the
profile was estimated by a spline function and sub-
tracted from the whole diffraction pattern prior to the
Rietveld refinement. The peak profile parameters based
on a split pseudo-Voigt function [26] and preferred
orientation parameters were refined along with the
structural parameters. Mg, Mn(III) and Mn(IV) were
assumed to statistically occupy the same position. The
populations were assumed to be stoichiometric. The
parameters converged after several cycles of the least-
squares  procedure resulting in  Rwp = 9.84%,
Rp =6.70%, Rp=4.71% and S =3.75. The origin
shift was 0.0245(3)° in 26. The Caglioti paramters U, V,
and W to describe the full-width at half-maximum for
the profile became 0.00864(2), 0.00567(1) and
0.002202(1), and the profile asymmetry parameters,
Ao, A, and A, became 1.03(3), 0.010(8) and
—0.0005(3), respectively [25]. Crystal data and final
structural parameters are listed in Table 1. The observed
and calculated patterns are given in Fig. 2. The
calculated interatomic distances are 1.937(1) A for Li-—O
and 1.969(1) A for Mn(Mg)-O.

The difference Fourier map was calculated by the
Xtal program package [27]. The structure factor Fy of a
model structure can be given as

cell

F; :VZf,-exp (2nih - 1;), (1)

where h is the scattering vector, r; and f; are the
positional vector and the atomic scattering factor of the
atom i, and the sum is taken over the unit cell with
volume V' [28,29]. If we write F) = [Fylexp(ip}), the
electron density distribution p (r) of the model can be
calculated using the Fourier series as

1 . .
pelr) = > Ff exp(~2zih - x)
h

1

= ?Z |Fflexp(—2mih - 1 4 igpf). (2)
h

In a similar way, the experimentally observed electron
density p,(r) can be written as

1 .
po(r) = I_/;F;’) exp(—2nih - r)

1 . .
:I—/Z|F,;’|exp(—2mh~r+1(p2). (3)
h
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Fig. 2. The observed (cross), calculated and difference (solid lines) synchrotron X-ray powder diffraction profiles for Li(Mg;sMn;,5)O4.

If we assume ¢}~ ¢j, then the difference electron
density Ap(r) between Egs. (2) and (3) becomes

Ap(r) = p,(r) — pe(r)

VZ Fh -

VZ| °| — |F¢|)exp(—2nih - r + ip). (4)

i )exp(—2mih - 1)

If an atom i is missing in the model, then p (r) will be
zero around r =r;, while p (r) will show maximum,
leading to a peak at that position in the Ap(r) map. On
the other hand, Ap(r) will be almost zero at the other
atom positions in the model because p,(r) is nearly
equal to p.(r) around those positions.

An important property of the difference Fourier
method is that it is less affected by the series truncation
errors [28]. Because the two series Egs.(2) and (3)
converge rapidly at high scattering angle, neglect of the
high-order reflections in Eq. (4) has little impact on the
Fourier summations. Because of this advantage, the
difference Fourier technique is widely used in finding
missing light atoms, finding errors in the positional
and thermal parameters of atoms in the model,
and finding the deformation of the electron density of
atoms from the spherical model. In the calculation we
assumed a model structure which excludes Li atoms
because they were presumed to be distributed in a
largely disordered way. Since Li is a much lighter
element than O and Mn, our model structure affects to a
minimal extent the phase approximation, ¢j = ¢}, while
providing the real Li atom distributions without any
presupposition.

|...1..\‘.|

11,29 13,29

;‘J:

Fig. 3. Diffraction patterns of zero and first layers Laue zones. The
arrow indicates the direction of diffuse lines.

3. Results and discussion

A typical (100} zone axis electron diffraction pattern
is shown in Fig. 3. The crystal is essentially of spinel
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Fig. 4. Radial distribution functions of Mn K EXAFS data for
Li(Mg;/sMn;;,6)04, MnO, Mn,05 and MnO,.

type. Neither superstructure reflections nor any signs of
the distortion from the spinel face-centered cubic lattice
were observed. However, there exists a weak but highly
structured diffuse intensity distribution along <{0kk)*
directions of the reciprocal space in the zero-order Laue
zone. Since sharp Bragg spots are excited in the first-
order Laue zone of the same electron diffraction
pattern, e.g., the 1,1,29 and 1,3,29 reflections in Fig. 3,
the diffuse streaks observed along the <{0kk>™ recipro-
cal lattice vectors are not due to the crystalline quality
but indicative of some sort of intrinsic disorder on {011}
in real space.

The EXAFS analysis of the Mn K absorption edge
provides information about the distribution of intera-
tomic distances across all Mn sites throughout the
sample. The radial structure functions of the Mn
interatomic distances in LiMg;Mn;;,04 spinel and
three reference standards, Mn(I1)O, Mn(III),O; and
Mn(IV)O, are shown in Fig. 4. The profiles of the first
and second nearest-neighbor shells in spinel are gen-
erally wider than those of the reference materials,
indicating a greater distribution of Mn—O and Mn—-M
(M =Li, Mg and Mn) distances in the spinel. The
nearest-neighbor peak position of the spinel is located at
a similar radius to the Mn(IV)O, and Mn(III),O4
standards, while the spinel second nearest-neighbor
peak radius matches the smaller component of the
Mn(IV)O, second shell split-peak. The mean Mn—O
distance and the coordination number of Mn in
LiMg;sMn;;,604 was calculated to be 1.926(2) A and
5.9(4), respectively, with a reliability factor R = 0.079.
This is consistent with an AB,X; spinel structure
containing octahedrally coordinated Mn atoms. In fact
Shannon [18] reported octahedral Mn—O bond-lengths
of 1.91 and 2.025 A, respectively for Mn(I1I) in high spin
state and Mn(IV). The mean Mn—O distance observed
here falls within that range.

The residual electron density distribution in the (110)
plane running through the origin is shown in Fig. 5.
Relevant features can be summarized as follows:

(1) The electron density distribution around the tetra-
hedral 8a site has an asphericity, extending lobes
along the directions towards 16¢ octahedral inter-
stices. In addition, a mild peak of electrons exists
along the 8a—16¢ tie-line and 0.8-1.5 A away from
8a with a maximum height of approximately 2 C/A:; .

(2) An accumulation of electrons near the O atoms is
also observed. They form peaks at about 0.26 A
apart from the O atom position with maximum
height of 3e/1&3 and oriented along the second-
nearest M atom over the tetrahedral void.

(3) There is an accumulation of electrons around the
16d sites occupied by Mn and Mg atoms. They are
located about 0.4 A from M with maximum height
of 2e/1&3 and oriented along the larger space of the
MOg¢ octahedron with Ds; distortion.

The residual electron density distribution along the
8a—16¢ tie-line is shown in Fig. 6. The distribution
shows a local minimum at 0.64 A from 8a, correspond-
ing to the bottleneck of the LiO, tetrahedron. The
diffuse peak of electrons in the region between 0.8 and
1.5 A from 8« suggests that some Li atoms have escaped
from their tetrahedral LiO4 cages. The diffuse peak has
two maxima at 1.0 and 1.4A, which corresponds,
respectively, to 0.78 and 0.38 A from the 16¢ site. The
four tetrahedral lobes oriented along [111] vectors

"
t
|

°

B

Fig. 5. Difference Fourier map of a 10 A% section parallel to (110) with
0.5 e/;\3 contour intervals. Solid and dashed lines denote positive and
negative levels, respectively. The atoms and bonds on the plane are
marked in black and those close to but not exactly on the plane in gray.
The 8a and 16¢ stand for the Wyckoff notations of the ideal Li site and
the octahedral interstice, respectively. Projections of MOy octahedra
and LiOy tetrahedra are shown in pale colors.



172 N. Ishizawa et al. | Journal of Solid State Chemistry 174 (2003) 167-174

6 T T
ol 80
o< L
L
wn
5
< bottleneck 16
g 0.64A ¢
2 2f 1.78A
Q
2 !
©
=
S or
wn
o
~
IR S T T T SR TR SR S [N SR TR T SR N S R S
'20 0.5 1.0 1.5 2.0

r/A

Fig. 6. Changes of residual electron densities along the 8a—16¢ tie-
line.

around 8« as shown in Fig. 5 were also confirmed by the
difference Fourier analysis based on the whole atom
model including Li at the ideal 8a site. The offset of Li
atom positions from 8a was estimated to be approxi-
mately 0.14 A.

It is worth noting that a negative residual electron
density of about —1.6e/A” is observed on the 16¢ sites.
Because this is a difference electron density map this
feature implies that the overlap of density attributed to
the O atoms in the model exceeds that observed in the
experiment at the 16¢ site. We can therefore assume that
there are almost no Li atom electrons at 16¢. This agrees
with the observations made by Kanno et al. [30] that Li
atoms are not located at the octahedral interstices in
stoichiometric LiMn,O.

The weak scattering power of Li for X-rays and
various limitations stemming from the powder diffrac-
tion experiment does not permit us to apply either
anharmonic displacement or split atom models for Li
atom distributions in the least-squares refinements with
any degree of confidence. Instead, a direct estimation of
the probability density function of Li atoms by the
molecular dynamics study in Part IT supports a model in
which Li atoms vibrate almost harmonically at displaced
positions.

Although the accumulation of electron density near
the O atom sites can also be interpreted as either
anharmonic vibrations or static disorder, the latter
model is also supported by the molecular dynamics
study in Part II. It is noted that the presence of {0kk ) *
diffuse streaks in the electron diffraction pattern con-
forms to the modes of the Li and O atom displacements
along {111 directions on {011} planes.

The electron density distribution around Mn can be
ascribed to the aspherical distribution of Mn d
electrons, squeezed out toward the open spaces of the

MOg octahedra to avoid ligands. In order to confirm
this, molecular orbital calculations based on first
principles were carried out for the Mn(II1)O¢ and
Mn(IV)Og¢ clusters [31-33]. The parameters listed in
Table 1 were used to model the clusters with Dsy
symmetry. The difference electron density was obtained
by subtracting the theoretically expected electron
density sum of the atomic orbitals of the cluster before
self-consistent field (SCF) calculation from that of the
molecular orbitals of the cluster after the SCF calcula-
tion. The contour maps of the difference electron
densities thus calculated around Mn(III) and Mn(1V)
in respective Mn(III)Og and Mn(IV)O¢ clusters are
shown in Fig. 7. They extend six depleted density lobes
toward O and positive density lobes toward the open
space to avoid the surrounding O atoms. The difference
electron density around Mn is essentially the same
as that obtained using a larger cluster model of
LigMn,yQOy49 by Liu et al. [34].

The similar asphericity of the electron density
distribution of Mn(III) and Mn(IV) atoms in Fig. 7
originates from our assumption of identical geometries

Mn(IDO Mn(IV)O,

Fig. 7. Theoretically expected difference electron density distribution
around Mn(IIl) (top left) and Mn(IV) (top right) with contour
intervals of 0.1 e//i;3 , at the section colored in gray of MnOg octahedral
cluster (bottom). Solid and dashed lines denote positive and negative
levels, respectively. The crystallographic three-fold axis was taken as z-
axis for the molecular orbital calculation since the cluster has a D3y
symmetry.
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for both clusters. This assumption may be allowable if
we limit our objective to pointing out similarities to the
observed residual electron densities of Mn atoms in the
difference Fourier map in Fig. 5. However, this
assumption is inappropriate if we take into considera-
tion the disorder of O atoms associated with the
difference of the bonding nature between Mn(I11)-O
and Mn(IV)-O. Further analyses on the electron density
distribution around Mn atoms require a knowledge of
the local symmetries that they possess in their locally
deformed surroundings, which is left for future work.

Previous models of Li diffusion in spinel have
assumed a simple hopping mechanism utilizing the
tetrahedral 8a and octahedral 16¢ sites [17]. This simple
picture could be replaced with a more elaborate model
taking into consideration various stable or metastable Li
positions residing along the line connecting 8« and 16¢.
In addition the disorder of O atom positions presumably
plays an important role in the model because the
formation of larger openings in the triangular tetrahe-
dral faces by slight shifts of O atom position would
facilitate the hopping of Li.

In the structure, each O atom is tetrahedrally
surrounded by three M and one Li atom where M
stands for Mg(II), Mn(III) or Mn(IV). Depending on
the specific combination of the three Ms, several off-
center displacement modes can be induced for the
central O atom. If the oxidation states are exchangeable
between nearby Mn atoms, a time-dependent character
can be added to the O atom displacements, which in
turn affect the Li atom position because the LiO4 and
OLiM; tetrahedra interpenetrate each other. Because
the Li atom has the smallest oxidation state among the
constituent metal atoms, its potential minima may be
shallow and more susceptible to the local deformation of
the surrounding cluster of atoms, resulting in a
dynamical distribution of various positions for Li. This
would be a favorable property for Li diffusion in the
crystal.

4. Conclusions

Electron density distribution analysis of synchrotron
powder X-ray diffraction from stoichiometric
Li(Mg;,6Mn;,6)O4 has revealed a disordered distribu-
tion of Li and O atoms which were not previously
known. The Li atoms are not all located entirely at the
ideal tetrahedral 8a site of the Fd3m spinel structure, but
are partially distributed along the line connecting the 8a
site and the 16¢ octahedral interstice, forming a diffuse
peak with maxima at around 0.78 and 0.38 A from the
16¢ site. The population of Li is negligible at the 16¢ site.
The O atoms also exhibit a statistical distribution near
their ideal positions, suggesting local disorder depending
on the geometrical configuration of the surrounding Li,

Mg, and Mn atoms. The O atom disorder brings
distortion to LiO,4 tetrahedra, which in turn aids the
Li migration by modifying the size of the triangular face
bottlenecks. The present results suggest the existence of
several metastable Li positions in the structure with
resultant complicated Li atom hopping routes in
conjunction with a local distortion of neighboring
atoms at least up to the second shell. Any alternation
of the oxidation states between Mn(III) and Mn(IV)
would attach a time-dependent nature to the local
distortion variants, and presumably play a central role
in the Li diffusion mechanism.
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