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Abstract

w x w xEvidence of structural fatigue has been detected at the surface of discharged Li Mn O spinel electrodes in LirLi Mn O cells.x 2 4 x 2 4
w xTransmission electron microscopy has revealed a degradation of the structural integrity of Li Mn O crystals in electrodes that were2 4

w x w xcycled between 3.3 and 2.2 V, where the transformation from cubic Li Mn O to tetragonal Li Mn O is expected. It has also been2 4 2 2 4
w x w xobserved in cells cycled at voltages above the 3 V plateau that domains of tetragonal Li Mn O coexist with cubic Li Mn O , even at2 2 4 2 4

w x500 mV above the thermodynamic voltage expected for the onset of the tetragonal phase. It is proposed that the presence of Li Mn O2 2 4
w xon the particle surface may contribute to some of the capacity fade observed during cycling of LirLi Mn O cells. q 1999 Elsevierx 2 4

Science S.A. All rights reserved.
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1. Introduction

The exponential growth in the electronics industry has
led to an increasing demand for light weight power sources

w xwith high energy density and power capability 1,2 . This
demand has been satisfied largely by the advent of
rechargeable lithium-ion batteries. The best known system
is Li CrLiCoO . Because of the relatively high cost ofx 2

cobalt, a major international effort is underway to develop
alternative positive electrodes, for example, those derived

w x w xfrom the spinel Li Mn O 3–5 . A disadvantage of2 4
w xLi Mn O spinel electrodes is that they lose capacity on2 4

w xcycling, which limits the life of the cell 5–11 . It is well
known that the cycle life of lithium-ion cells depends
critically on the structural integrity of the host electrode

w xstructures during charge and discharge 12 . In the
w x Ž . w xLi Mn O spinel system 0-x-2 , the Mn O spinelx 2 4 2 4

framework provides a three-dimensional interstitial space
for lithium-ion transport. Lithium extraction from

w x Ž .Li Mn O i.e., for 0-x-1 , occurs at 4 V vs. metallic2 4

lithium. The electrode cycles well over this range because
Ž .the cubic structure space groupsFd3m expands and

contracts isotropically during lithium insertion and extrac-
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w xtion 3–5,12 . For 1-x-2, lithium is inserted electro-
chemically into the spinel structure in a two-phase reaction
process at a constant voltage; the open-circuit voltage for

w xthis reaction is 2.96 V 13 . This two-phase reaction is
Ž .associated with the onset of an anisotropic Jahn–Teller

w xdistortion. As a result, the cubic symmetry of Li Mn O ,2 4

in which the lithium ions occupy tetrahedral sites, is
w x Žreduced to tetragonal Li Mn O space group s2 2 4

.F4 rddm , in which the lithium ions occupy octahedral1
w xsites in an ordered rock-salt structure 13–15 . This crystal-

lographic distortion, which results in a 16% increase in the
cra ratio of the unit cell parameters, is too severe for the
electrode to maintain its structural integrity on cycling.

w xConsequently, a Li Mn O spinel electrode cycles poorlyx 2 4

over the range 1-x-2, and the cell suffers a capacity
loss. It is, therefore, understandable from a structural
viewpoint that for good cycle life, the composition of the

w xLi Mn O spinel electrode must be kept within the limitsx 2 4
Ž .of the cubic structure i.e., 0-x-1 . Nevertheless, de-

spite strict voltage controls to keep the lower discharge
limit above 2.96 V to prevent the onset of the Jahn–Teller

w xdistortion in the spinel electrode, LirLi Mn O cells stillx 2 4
w xlose capacity slowly at 208C 5 , and more rapidly at 558C

w x11 , if charged and discharged between 4.5 and 3.0 V.
Most of the evidence reported thus far points to solubil-

ity of the spinel electrode in the electrolyte as the major
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reason for capacity fade. The solubility has been attributed
to acid attack and a disproportionation reaction at the
particle surface:

2Mn3q ™Mn4q qMn2q .Žsolid . Žsolid . Žsolution .

No direct evidence has been obtained to support the hy-
pothesis of structural fatigue as a contributing factor to

w xcapacity loss 5,12 . Therefore, in order to investigate the
possibility that structural effects may also contribute to-

w xwards the capacity fade of LirLi Mn O cells, we havex 2 4
w xundertaken a systematic study of Li Mn O electrodesx 2 4

using high resolution electron diffraction and imaging.
ŽConventional powder X-ray and neutron diffraction tech-
niques are not sufficiently sensitive for detecting such

.structural effects at the particle surface . We have previ-
ously reported data, obtained by high resolution electron
diffraction and imaging, showing that some of the capacity

Ž . w xfade observed when high voltage 4 V LirLi Mn Ox 2 4

cells are deeply discharged may be attributed to the forma-
w xtion of the tetragonal structure above 3 V 16 . In this

report, we examine direct observations of microstructural
features which are consistent with structural fatigue of

w xoxide crystallites in deeply discharged LirLi Mn Ox 2 4

cells.

2. Experimental

w xLi Mn O was prepared at 7508C as reported previ-2 4
w xously 5 . For the electrochemical experiments, coin cells

Ž .size 1225 with the configuration Lir1 M LiPF , ethylene6
Ž .carbonaterdimethyl carbonate 50:50 rLi Mn O1qx 2yx 4

were constructed. The cell assembly is described elsewhere
w x17 . Cells were charged and discharged with the following

Ž .routine: 8 or 9 cycles at 0.2 mA charge and discharge
Žfollowed by 5 or 6 cycles at 0.3 mA charge and dis-

.charge . The voltage limits were kept constant in each
experiment. Cells were cycled over the ranges: 4.2 to 3.5
V, 4.2 to 3.3 V, and 4.2 to 3.0 V. In addition, one cell was
cycled 5 times at 0.2 mA over the lower voltage region
between 3.3 and 2.2 V. All tests were terminated at the end
of discharge.

Powder X-ray diffraction patterns were collected on a
Siemens D5000 diffractometer with CuK radiation. Elec-a

tron diffraction patterns and images were obtained on a
JEOL-JEM 4000 FEX-1 transmission electron microscope
Ž .TEM under an accelerating voltage of 200 keV. The
spinel samples were stable in the electron beam.

3. Results and discussion

Ž . w xThe unit cell parameter a of Li Mn O was deter-2 4

mined by profile refinement of the powder X-ray diffrac-
˚Ž .tion pattern to be 8.241 2 A, in good agreement with the

w xJCPDS powder X-ray diffraction data 18 .
w xTypical voltage profiles of LirLi Mn O cells inx 2 4

which the upper and lower voltage limits were 4.2–3.0 V,

and 3.3–2.2 V, respectively, are shown in Fig. 1a and b;
for clarity, only the first 3 cycles are shown. The data are
consistent with earlier electrochemical studies of these

w xmaterials 3–5 and clearly demonstrate that greater cy-
cling stability is achieved in the upper voltage range.

w xThe electron diffraction patterns of the Li Mn Ox 2 4
Želectrodes cycled between 3.3 and 2.2 V i.e., over the

.range 1-x-2 showed a two-phase electrode consisting
w x w xof cubic Li Mn O and tetragonal Li Mn O , consistent2 4 2 2 4

w x Ž .with earlier X-ray diffraction studies 13,14 Fig. 2a .
Direct imaging of the sample revealed that a small fraction

Ž .of the particles -10% showed small nanoscale crystal-
lites which appeared to have separated from the larger

Ž .crystallites during cycling Fig. 2b . This type of mi-
crostructure was not observed in the parent sample. Of
particular significance was the electron imaging and
diffraction data of electrodes cycled above 3 V. Conver-
gent beam electron diffraction was used to analyze the
crystal symmetry of a number of crystallites extracted
from the electrodes. This point counting technique is effec-
tive in determining the relative fraction of crystallites that
contain some tetragonal phase, but it is difficult to extract
information about volume fraction using this approach.
The convergent beam electron diffraction technique did
provide convincing evidence for the presence of the tetrag-
onal phase in the cells, discharged to 3.5, 3.3 and 3.0 V,

Ž .respectively Fig. 3a . Note that the relative fraction of

Ž . w xFig. 1. a Voltage profiles for the first 3 cycles of a LirLi Mn O cellx 2 4
Ž .charged and discharged between 4.2 and 3.0 V; b voltage profiles for a

similar cell charged and discharged between 3.3 and 2.2 V. The spikes in
the profiles indicate current interrupts.
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Ž . w xFig. 2. a A TEM electron diffraction image of the 1–10 zone axis of a
w xLi Mn O crystallite in an electrode discharged from 3.3 to 2.2 V. Thex 2 4

solid black arrow indicates the displacement of intensity of the 004
² : Ž .reflection along a 112 direction patterned arrow due to the tetragonal

˚Ž .distortion within a cubic crystal. b Spinel crystallites less than 100 A in
diameter are indicated by the black arrows. These crystallites may have
formed by fracture from a parent crystallite during the electrochemical
cycling on the low voltage plateau.

tetragonal phase increases as the discharge voltage is
decreased, as expected.

It was also found that crystal defect structures in the
spinel are associated with the presence of the tetragonal

Ž . w xphase Fig. 3b . When viewed along the 110 zone axis, as

in Fig. 3b, there is an evident disruption in the crystal
periodicity corresponding to lines of relatively high trans-

Ž . Ž .mitted intensity bright lines parallel to the y111 plane.
w xThat is, the trace of these bright lines is along a 1–12

direction. The structural interpretation of this contrast has
not been quantitatively confirmed, but one possibility is
the association with a local crystallographic shearing of the

w xunit cell along 1–12 to accommodate the Jahn–Teller
distortion and the reduction of symmetry to tetragonal. The
single crystal electron diffraction patterns are certainly
consistent with this interpretation. More significant, how-
ever, is that such a defect will result in significant
elasticrplastic strain and would be expected to predispose
the crystallite to the type of structural disruption observed
here for crystallites undergoing deep discharge.

Ž .Fig. 3. a The fraction of crystallites containing at least a minor amount
of tetragonal phase as determined by convergent beam electron diffrac-

Ž .tion. b Crystal defects in a crystallite from an electrode cycled between
4.2 and 3.3 V.
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