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TEM Study of Electrochemical Cycling-Induced Damage and Disorder
in LiICoO , Cathodes for Rechargeable Lithium Batteries
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Among lithium transition metal oxides used as intercalation electrodes for rechargeable lithium batteriesisléGogidered to be

the most stable in the-NaFeQ structure type. It has previously been believed that cation ordering is unaffected by repeated electro-
chemical removal and insertion. We have conducted direct observations, at the particle scale, of damage and cation desbrder induc
in LiCoO, cathodes by electrochemical cycling. Using transmission electron microscopy imaging and electron diffraction, it was
found that ) individual LiCoG, particles in a cathode cycled from 2.5 to 4.35 V against a Li anode are subject to widely varying
degrees of damagsi)(cycling induces severe strain, high defect densities, and occasional fracture of particlés), saiely
strained particles exhibit two types of cation disorder, defects on octahedral site layers (including cation substitudoas@es) v

as well as a partial transformation to spinel tetrahedral site ordering. The damage and cation disorder are localizedeeemave
detected by conventional bulk characterization techniques such as X-ray or neutron diffraction. Cumulative damage efriay natur

be responsible for property degradation during overcharging or in long-term cycling of Lii@e€d rechargeable lithium batteries.
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Lithium cobalt oxide, presently the most widely used cathodeas changes in cation ordering resulting from electrochemical
(positive electrode) intercalation compound in lithium-ion recharge-cycling. The results reveal effects that are not detectable through
able batteries, is considered to be highly stable inatiNaFeG bulk analytical methods such as X-ray and neutron diffraction.
structure type. LiCo®synthesized by firing at high temperatures,
often referred to as "HT-LiCo{)' has a highly ordered cation sub- Experimental

latticﬁ '(;' V;'hi.Ch L.i and Col ionsb_occlupy alteq(na:jting {111} I%ypg{ts' of LiCoO, powder was synthesized by firing hydroxide precursors
octahedral sites In a nearly cubic close-packed oxygen sublattice. ,-onare4 according to Ref. 12 at 80Gor 2 h in air. An excess of

The structure is rhombohedral 3R space group) with lattice 0" i sait yielding an overall Li:Co molar ratio of 1.05:1 was used

paralrgelfgésa(; 2.816 A 3ndc|= 14.051 A in the hex?gog)?tl set- 1o compensate for possible Li loss during firing. Both XRD and sin-
ting.>* LiCoO, processed at low temperatures (e.g.,°@)Mften 10 v ota| selected-area diffraction (SAD) showed that the starting

i : ; 10 "
Ei(é'(')bo'ts gité%?tedltfw%r(;it tt?gtd p?ggegggjsehg/eb%eznnoginsc%?/ erlt_a-lt—j_ material was well ordered in theNaFeQ structure type. This pow-
5 by, . o i
which a high degree af-NaFeG ordering can be obtained at low er was thoroughly tested in a separate $fualyd exhibited excel

F e A i oflhlised a hvdroth | lent electrochemical properties. Figure 1a shows the X-ray powder
temﬁe(rjaturez. _OrHe_|>_<iU(1:p e, matuct:)ml e; | se_da yh_:rotcir_ma diffractogram for the starting powders, and Fig. 1b shows a repre-
met ?2 to obtain HT-LI qurom cobalt hydroxide, while Chiang ~ gentative SAD pattern taken of a single-crystal particle with the elec-
et al.*<used a solid-state intercalation reaction of lithium hydroxide ) ;

ith cobalt hvdroxid btain HT-LiCoOin both i tron-beam along the [0001] zone axis.
with cobalt hydroxide to obtain HT-LICoQin both instances at The preparation of the cathodes and the testing procedures are
temperatures well below 480. Although some uncertainty remains ;g

. . - e cussed in detail in Ref. 18. Briefly, cathodes were prepared b
regarding the structure of LT-LiCgfJas discussed later, there is lit- mixing the as-calcined LiCogjowderywith carbon blackp(Cgbot), 4

tle doubt that the equilibrium structure of fully lithiated LiCoi® graphite (TIMCAL America) and poly(vinylidene fluoride) (PVDF)
the a-NaFeQ polymorph. . - . (Aldrich) in a weight ratio of 78:6:6:10. The test cells consisted of
The excellent electrochemical stability of HT-LICo@pon 46 stainless steel electrodes with a Teflon holder. Lithium ribbon of
extended cycling®131%has been attributed largely to its structural 0.75 mm thickness (Aldrich) was used as the anode, Celgard®400
stability, \(vhere_in the layered cation qrdering i_s _prese_rved Upop(Hoechst-CeIanese, Charlotte, NC) as the separatolr, and a 1 M solu-
repeated insertion and removal of LDuring delithiation, LICOO, 4o of LiPF; in ethylene carbonate (EC) and diethylene carbonate
undergoes a sequence of phase transf_ormatlons involving Li orderln@)EC) (EC:DEC= 1:1 by volume) as the electrolyte. The charge-
mHischarge studies were performed with a MACCOR automated tester
rﬁ eries 4000). We focused in particular on a cell that was elec-
chemically cycled 50 times between 2.5 and 4.35 V at charging
‘and discharging current densities of 0.4 mAd@/5 rate), and

metry, first to the monoclinic and then to the hexagonal .
Nonetheless, throughout this process it has been believed that Li ai
Co remain in their respective octahedral site layers. In situ X-ray dif

fraction of electrochemically cycled JGoO, 14 indicates that az— terminated in the dischar 3
X ged state at 2.5 V. The first and 50th charge-
0, the layers of Copoctahedral which initially have a CdQype of  gischarge curves are shown in Fig. 2a, and the specific capacity vs.

stacking sequence translate .With respect to one another, formm(%/cle number is shown in Fig. 2b. It is seen that after some initial
hexagonal Co@with the stacking sequence of GdHowever, even 340 the discharge capacity is maintained at approximately
this pure end-member can apparently be fully reintercalated to obta@30 mAh/g out to 50 cycles.

HT-LiCoO, that subsequently has good cycling characteristics. Thé ™~ 1,4 el was then disassembled and the cathode was examined by

fact that .thlebtypic.al r.e"ergig'glgm“ of deli:ihiation fOLXCbOZ N X-ray diffraction directly after removal from the cell. Pieces of the
commercial batteries is~ 0.5"">corresponding to a charge capac- .,ihqqe were ultrasonically de-agglomerated and dispersed on an
ity of ~140 mAh/g, has been mostly attributed to mechanical fa'lureamorphous carbon film supported by a Cu grid for TEM observation.

associated with the large changeiaxis dimension, rather than any JEOL-2000FX TEM (JEOL USA Inc., Peabody, MA) operating at
changes in cation ordering. A recent study used acoustic emission 0 KV accelerating voltage and equip‘)ped with ’a double-tilt holder

detect fracture events taking place upon electr.oc_hemical c%ling. was used for imaging and electron diffraction. All bright-field imag-
In the present work we have used transmission electron miCrogy\yaq recorded using the central transmitted beam only, so that the

copy (TEM) to study microstructural damage, including features.,niact of microstructural features in different samples could be
such as lattice strain, extended defects, and microfractures, as wi mpared. The electron diffraction patterns were indexed in com-

* Electrochemical Society Active Member parison with model crystal structures as discussed below.
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Structure Modeling 45

A large number of possible derivatives of the ideal HT-LigoO
and spinel LiCgO, structures were considered. The single-crystal
SAD pattern as well as the corresponding powder XRD pattern fo 40 |
each was computed using the commercial software G¢kiassion
3.5, Molecular Simulations, Inc., San Diego, CA). The same instru-
mental conditions were input into the simulation as used in the acttg 351
al experiments. The lattice parameter is a fixed input parameter i o
these simulations. Stoichiometric model structures (overall compog
sition LiCoO, or Li,Co,0,) are listed in Table | according to the S
space group and cation distribution. Nonstoichiometric structure
were also modeled, as discussed later. In the modeled crystals, cati
disorder (mixing and nonstoichiometry) was introduced using twc
approaches. The first creates a "mixed element" with hypothetice
properties that are the weighted averages of the properties of ti S L L L L
constituent atoms (e.g., element=M75% Li + 25% Co). The prop- 0 5o 10 1%0 200 250 300 350
erties averaged include the mass, van der Waals radius, covale Specific capacity (mAh/g)
radius, metallic radius, ionicity, and atomic scattering factor. As a
result, all disordered lattice sites have an identical chemistry and sit
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Figure 2. (a) Charge-discharge curve at the first and 50th cycle, and (b) spe-
260 cific capacity vs. cycle number, for present materials cycled between 2.5 and
4.35V at 0.4 mA/cra(C/5 rate).

symmetry. This approach is appropriate for simulating powder X-ray
diffraction patterns for a disordered crystal with no superstructure.

The second approach introduces a substitutional disorder or non-
stoichiometry by replacing one atom with another (including vacan-
cies) randomly into the modeled cell at a specific concentration.
This approach is ideal for simulating the single-crystal SAD patterns
resulting from a particular type of disorder. For an infinitely large
unit cell, the powder XRD pattern obtained by this approach would
be identical to that by the "mixed element" method provided that
there is no symmetry change. However, because the unit cells for
modeling substitutional disorder are always limited and were eight
unit cells in size in the present case, in order to limit the computing
time, it was not possible to model substitutions without introducing
long-range periodicity. This gives rise to superstructure reflections
that are an artifact of the model and which were not seen experi-
mentally. We ignored these and instead focused on the new reflec-
tions that were seen experimentally. These are reflections for which
the structure facté? is zero in the perfect structure, i.e., are forbid-
den reflections. The presence of these reflections reflects a nonzero
structure factor. We used the model simulations to understand the
origin of these reflections, and also computed their structure factor
separately in order to show that they result from cation disorder and
are not an artifact of the modeling.

Results and Discussion

Cycling-induced microstructural damageThe as-fired LiCoQ
Figure 1. Experimental (a) X-ray diffractogram and (b) single-crystal select- powders were aggregated due to sintering and consisted of equiaxed
ed-area diffraction pattern ([0001] projection) for as-fired LiGpOwder. particles ranging in size from 300 to 500 nm, as shown in Fig. 3a.
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Table I. Modeled structures for LiCoO, in R3m and Fd3m space groups with varying symmetry and octahedral/tetrahedral site occupancy.

No. Name Space group Cation position and occupancy

1. Varying octahedral site occupancy

1 Ordered HT-LiCo@ R3m 3a site: 100% Co
B 3b site: 100% Li
2 Partially disordered Bn 3a site: 75% Ce- 25% Li
HT-LiCoO, _ 3b site: 75% Li+ 25% Co
3 Fully disordered HT-LiCo® R3m 3a site: 50% Ce- 50% Li
B 3b site: 50% Li+ 50% Co
4 Cubic LL,C0,0,4 Fd3m 16c site: 100% Li
(“lithiated spinel”) B 16d site: 100% Co
5 Partially disordered LC0,0, Fd3m 16c site: 75% Li+ 25% Co
_ 16d site: 75% Cot 25% Li
6 Fully disordered LiCo,0, Fd3m 16c site: 50% Li+ 50% Co
16d site: 50% Cot 50% Li
2. Varying tetrahedral occupancy
7 Li,Co,0, spinel with partial Fam 8a site: 50% Li
8a tetrahedral site occupancy 16c site: 75% Li
B 16d site: 100% Co
8 Li,C0,0, spinel with full 8a F8m 8a site: 100% Li
tetrahedral site occupancy 16c¢ site: 50% Li
_ 16d site: 100% Co
9 LiC0,04, normal spinel F&m 8a site: 100% Li
structure _ 16d site: 100% Co
10 Li,Co,0, spinel, randomized Rm All equivalent tetrahedral sites: 25% Li
tetrahedral site occupancy 16d site: 100% Co

Little variation in contrast across individual particles is seen excepsion and contraction that accompanies cycling. This mechanism is
for that due to thickness variation, consistent with a high level ofexactly analogous to the thermal stresses that arise from temperature
crystalline perfection, and the electron diffraction results (Fig. 1b) show<ycling of materials with anistropic thermal expansion coefficients.
ing a single, well-ordered-NaFeQ phase in the starting material. A second possible damage mechanism is differential expansion
A bright-field image of the composite cathode is shown in Fig. 4,within a single particle, due to Li concentration gradients generated
in which a LiCoQ particle, the carbon black, and graphite are iden- during charging and discharging. A third possible mechanism is the
tified. After electrochemical cycling the oxide powder particles showirreversible formation of extended defects when the Li concentration
new features in bright-field imaging that are due to diffraction con-is overly depleted locally, resulting in phase transformatior.
trast (Fig. 3b). Some particles appear to be relatively unchanged,hese transformations have been studied only by bulk X-ray diffrac-
whereas others show a variety of contrast features including straition, so it is not known whether or not they introduce crystallo-
contours, dislocations and other extended defects, and microcrackgaphic defects. Of these three mechanisms, the first can be consid-
(Fig. 3b and 5). Approximately 50% of the particles showed someered to be definitely active, because the powders are clearly in the
sign of damage, with differing extents of lattice strain, whereas thdorm of sintered aggregates. The relative importance of the other
remainder exhibited contrast very similar to the as-fired particlesmechanisms cannot be established at this time.
Approximately 20% of the particles examined were fractured. Fig-
ure 5 shows individual highly strained particles in which microc- Cycling-induced cation disordeComparing the X-ray diffrac-
racks are clearly visible (indicated by arrows). It was also observetbgrams of as-calcined (Fig. 1a) and cycled cathodes (Fig. 6), we
that fractured particles sometimes contained an unstrained regiomote that the characteristic peak positions of the LiCpBase
apparently relieved of stress by the fracture event (Fig. 5b). remain unaltered. The relative intensities of peaks change, but this
The wide variation in damage between particles indicates that nanay due to varying levels of preferential orientation introduced dur-
all LiCoO, particles in a composite cathode are charged and dising preparation of the XRD samples. In the cycled cathode, peaks
charged equally during the electrochemical cycling. The cation disdue to the graphite component and an increased background due to
order discussed later also supports the existence of locally varyinthe carbon black phase are seen (Fig. 6). Thus, bulk X-ray diffrac-
levels of charge/discharge. This can be attributed to variations ition shows little apparent change in the structure of the LCoO
electronic and ionic transport to individual particles, which are to bephase upon cycling.
expected in a randomly mixed multiphase composite. Electron diffraction revealed very different results. A single-crys-
Considered in detail, several possible mechanisms can cause the electron diffraction pattern from a relatively undamaged LiCoO
strain damage. First, stresses can arise from lattice expansion apdrticle in the cycled cathode is shown in Fig. 7a. This pattern,
contraction, because upon delithiation,@dO, exhibits ac axis recorded along the [0001] zone axis, is nearly identical to that of the
expansion of up to 1.8% at= 0.5, followed by a axis contraction  as-calcined powder (Fig. 1b). The major spots correspond to the
of up to—1.8% atx = 0.214 A slighta axis contraction is observed {1120} reflections and their multiples. These are the only reflections
up tox = 0.5, which is recovered upon further Li removal until the expected for perfectly ordered HT-LiCgGHowever, the cycled par-
transformation to the monoclinic phase ocddfBhe lattice strainis  ticle shows weak new reflections, as indicated by the arrow. These
therefore both anistropic and directly correlated with lithium con-reflections, indexed as {Ii®}, are forbidden reflections for HT-
centration. However, uniform expansion or contraction of an unconLiCoO,. We occasionally saw these reflections in as-fired powders
strained particle should not result in the kind of damage seen herealcined at lower temperatures as well (e.g., 400GP0
differential lattice strain is necessary. We assume that LjCid@ A second set of new reflections was seen in highly strained par-
most oxides, can tolerate elastic strain~e0.1% before fracture. ticles. The SAD pattern of the severely strained Ligp@rticle in
Therefore, one likely mechanism is that individual particles in a sin-Fig. 5 is shown in Fig. 7b. These are representative of the highly
tered polycrystalline aggregate are physically constrained by theistrained particles which were examined in this study. The particle
neighboring particles, and stresses arise due to the anistropic expatiearly remains single crystalline after electrochemical cycling, but
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new reflections are observed between the central beam and tl . f
{1120} reflections. The weak {ID0} reflections observed in the LiCoO particle
lightly strained particles and their multiples still exist but are faint,
as indicated by the arrow in Fig. 7h.

The appearance of both of these new sets of reflections can |
understood from the modeled structures that are listed in Table I. Tk
cation positions are grouped into two categorigsigrying octahe-
dral site occupancy andi)( tetrahedral site occupancy. In each
grouping, the cation ordering has been varied within the rhombohe
dral R3n space group as well as its cubic Fd8ounterpart. Both
single-crystal SAD and powder X-ray diffraction (for a random par-
ticle orientation) have been computed for each structure. Figures ¢
and b show results for perfectly ordered LiGo&hd disordered
structures with varying degrees of Li-Co exchange between the oct:
hedral site layers (models 1-3 in Table I). For the as-fired powders
the experimental XRD pattern (Fig. 1a) and the SAD patterr

graphite

4

500 nm

Figure 4. Microstructure of cathode materials after electrochemical cycling;
TEM bright-field image.

(b) 400 nm

Figure 3. TEM bright-field image of (a) as-fired LiCoowder; (b) LiCoQ S —

powder extracted from an electrochemical cell after cycling 50 times betwee Figure 5. Severely damaged LiCag(articles from a cycled cathode show-
2.5 and 4.35 V. The cycled powder exhibits internal strain and dislocatioling microfracture (arrows) and strong diffraction contrast from internal strain
defects. and extended defects.
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Figure 6. Experimental X-ray diffractogram of a composite cathode electro-
chemically cycled 50 times between 2.5 and 4.35 V. An increased back
ground due to the amorphous carbon black in the cathode is seen, as well
diffraction peaks from the added graphite phase.
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Figure 7. Experimental SAD patterns of cycled LiCg@articles. (a) A par-
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ticle with low strain, indexed according to the hexagonal setting of the R3 Figure 8. Simulated SAD and X-ray diffractograms for (a, top) perfectly

space group, exhibits new {10} reflections indicating mixing of Li and Co

ordered LiCoQ of thea-NaFeQ structure type (space groufBiR), corre-

between the octahedral sites (see text). (b) Severely strained particles exhsponding to model 1 in Table |; and (b, bottom) LiGe@th partial and com-
it a new family of reflections as well as those in (a). Indexed in the cubic seiplete mixing of Li and Co among the octahedral sites, corresponding to mod-
ting, the new reflections correspond to spinel disorder in which cations occiels 2 and 3 in Table I. Simulated SAD pattern resulted from randomizing the

py ordered 8a tetrahedral sites.

substitutional disorder within the octahedral site layer.
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(Fig. 1b) correspond well with the simulated results for perfectly shown). Therefore, neither ordered nor disordered “lithiated spinel”
ordered HT-LiCoQ (Fig. 8a) showing that the starting material is can explain the SAD results in Fig. 7. In addition, we can conclude
well ordered. from this modeling that any particles exhibiting the 109 type

Defects on cation octahedral site layesThe calculation of  reflections are rhombohedral and not cubic.
structure factor for the ordered layered structure shows that th
{1070} reflections are extinct as long as the cation site symmetry i:
unchanged and all cations within each a and b layer have identic 1.5%0me = [1 1 11
properties. While this can be modeled artificially using the “mixed .
element” approach, in reality it can occur only if a layers and b lay- CUDIC L,C0,0, 1.0]
ers are each occupied by only one type of cation. Instead, whe “[jthiated spinel”
Li/Co substitutional disorder occurs, the cation sites are chemicall' , 3
inhomogeneous and the cation site symmetry is reduced. The stru Space ggoup. Fd3m i
ture factor for the {110} reflections becomes nonzero (Fig. 8b SAD G=7.99 A 0.0 °
pattern). Therefore, two types of crystallographic defects can caus
the {1010} reflections to be present. One is Li-Co exchange betweel
the neighboring octahedral layers. If present, this apparently occui
without ordering within octahedral layers, because no superstructul
reflections were observed experimentally in either the single-cryste 1.5
SAD or powder XRD patterns of cyled materials. The simulated -1o i.o
powder XRD pattern for this type of disorder is shown in Fig. 8b. 4 sibeciprocal bpstrons )
Relative peak intensities change dramatically with disorder, with theoo
{003} intensity diminishing greatly as cation disorder increases
(models 2 and 3 in Table I). These results are consistent with prev so |
ous studies that have interpreted the intensity of {003} peaks as
measure of the extent of cation mixing between octahedral layers so |
However, unlike the SAD patterns, no new peaks arise in the XRL °
pattern due to this disorder. B 40 |

The second type of disorder that can give rise tdl(30eflec- 2 3
tions is cation nonstoichiometry (deficiency) within octahedral lay- 2o | 2 1
ers. Here also, if present, the vacancies appear to be randomiz L Ll
within the layers, because experimentally we do not see the supe o J 1
lattice reflections that in-plane vacancy ordering would yief}. L I O
Other possible reasons for the appearance of forbidden reflectiot 10 20 30 40 =0 €0 7e 80 °
are multiple diffraction events and phase separation. These are rul pittraction Angle (26)
out easily in the present case because only single-crystalline par -

R

[
cos

P Rw
-

cles were selected for the experimental SAD patterns. 100
The in-plane Lilvacancy ordering studied by Delmas é? ah Partially disordered Li,Co,0, ‘
delithiated LiNiQ, and van der Ven et & on delithiated LiCoQ a0 0
would give rise to superstructures that were not found in SAD for an'
of the single-crystal particles studied. The stage ordering describe ¢, | 4
by van der Vefi also does not apply as the LiCo@ this study is 0

nearly fully lithiated. Therefore, we conclude that the appearance ¢ ,, | R
the {1010} reflections in the cycled powder is due to either random 2
cation mixing between their respective octahedral layers, and/c ,, | l E2

PR

cation vacancies in either layer. Of these, the presence of some
deficiency in the discharged particles appears to be the most likely. L
We ruled out the structure that has been described as “lithiate ! T T T

, | p , :

spinel?2 or “modified spinel” obtained by electrochemical or 10 20 30 40 50 6
chemical lithiation of a LiBO, spinel compound (where B is a piffraction Angle
metal) to a LjB,O, stoichiometry?>2*It has been proposed as a
structure for LT-LiCoQ. 5° No tetrahedral sites are occupied in this ,,
structure; instead, the €dions occupy 16d sites as they would in a Fully disordered Li,Co,0,
normal spinel, whereas the'Lions (initially on 8a tetrahedral sites)
move collectively to the 16¢ octahedral sites upon lithiation. Mode
4 in Table | represents this structure in a cubic symmetry (spac M
group Fdan) for Li,Co,0,, isostructural with LiTi,O, 2* The 0
tetragonal spinel LMn,O, has the same cation orderifigThe w©
structure can be viewed from the perspective-bfaFeQ in that the 1
{111} planes of octahedral sites contain both Co and Li, alternating
in a 3:1 and 1:3 ratio. As shown in Fig. 9a, the [111] SAD pattern o 1
this structure is identical in symmetry to the [0001] pattern for the
R3m phase of layered LiCof except that the reflections are | C L 1l 1Lt uduad
indexed as {440} in the cubic setting. Models 5 and 6 introduce 10 20 30 ad 50 60 76 80 9
g;éﬁ:rﬁé;neg O?el_?':ri? ((:)(f) (i:(?rtllgT)e(i\lf\slg;?]etrrl]neglg(t;oa:]r;s]_essguscittg;e(|¥iI§_ g;Figure. 9. (a, top) Simulated SAD and XRD pattern of “lithiated spinel”

. . ) LiCoO, with Fd3m space group in which only octahedral sites are filled
Note that although some reflections are lost upon disorder (i.e., to (model 4). (b, bottom) Calculated XRD of this structure with partial (model

disordered rock salt solid solution), unlike the rhombohedral phas sy and complete (model 6) cation mixing between the Li and Co octahedral
no new SAD reflections appear. This is also true when cation norjayers. The SAD of these structures are similar to that in (a), and do not

stoichiometry is introduced on the 16c and 16d sites (results ncexplain either of the new sets of reflections seen experimentally in Fig. 7b.

coe
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Tetrahedral site occupaney-The new reflections seen in the pied. Although the occupancy of either gives rise to {220} reflec-
severely strained particles (Fig. 7b) appear only when cations occuions, the essential points can be made focusing on the 8a sites.
py the ordered 8a or 8b tetrahedral sites in ti&rFgpace group; in The intensity of {220} reflections is a function of both the tetra-
the cubic setting they are indexed as {220} reflections (Fig. 10). Thehedral site occupancy and the overall Li stoichiometry. Model 7 in
appearance of these reflections is easily understood by viewing &able | assumes a fully lithiated compound of compositig@&iO,,
model of the spinel structure along the {440} planes. The ordered 8 which 50% of the 8a sites are occupied by Li ions, the remainder
or 8b tetrahedral sites lie in every other {440} plane, thereby givingoccupying 75% of the available 16c sites. Model 8 has 100% of the
rise to the {220} reflections (at half the {440} distance in reciprocal 8a sites occupied by Li, leaving 50% of the 16c sites occupied by Li.
space) when they are preferentially occupied. In the ideal ordere@he corresponding SAD patterns in Fig. 10a and b show that increas-
spinel, the 8a sites are fully occupied and the 8b sites are unoccirg Li occupancy on the 8a tetrahedral sites increases the intensity of

1.520ne = [ 1 1 1]

. 1.5 20ne = [1 1 1)
Disordered
f . 1.0] f
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the {220} reflections. Model 9 represents Litnp of the normal ~ TEM examination shows that a significant fraction of the particles
spinel structure, it has the 8a sites fully occupied by Li, and no Li orare severely strained, fractured, and contain a high density of extend-
the 16c sites. The corresponding SAD pattern in Fig. 10c shows thad defects. The extent of damage varies widely among Li@a0
this arrangement gives the brightest {220} reflections. On the otheticles in the same cathode. Selected-area diffraction shows that
hand, random occupation of the tetrahedral sites available in the cub@ycled particles exhibit two types of new reflections. One arises
close-packed oxygen sublattice does not give rise to any {220} reflecfrom exchange of Li and Co between their respective octahedral site
tions. This is represented by model 10, a somewhat unrealistic strutayers, and/or cation deficiency, most likely in the Li layers. The sec-
ture in which the 16d sites are fully occupied by Co and all of theond set of new reflections, seen in the more severely strained parti-
tetrahedral sites are occupied at random by Li (it is not expected toles, demonstrates unequivocally the presence of spinel ordering
occur because simultaneous occupancy of neighboring octahedralhereby tetrahedral spinel sites are occupied by Li. This disorder
and tetrahedral sites is required). is not detectable by bulk X-ray diffraction techniques, and represents
Notice from Fig. 10c that the {220} reflections are weak the first direct evidence for cycling-induced spinel disorder in
(~1/50th the intensity of the {440} spots) even in perfectly orderedHT-LiCoO..
normal spinel LiCgO,. Assuming that the highly strained particles
have a nearly fully lithiated composition, as is indicated by dis- Acknowledgments
charging the cell to 2.5V, we estimate from the relative intensities of
the reflections in Fig. 7b that about 50% of the 8a sites are occupie
by Li. The symmetry of this disordered material is still rhombohe-
dral, as the {1Q0} reflections are forbidden in a cubic structure.
Due to the low intensity of the {220} reflection, this form of spinel
disorder is very difficult to detect by X-ray diffraction. The simulat-
ed XRD patterns for spinel disorder models 7-9, shown in Fig. 10
are indistinguishable from that of the lithiated spingldd,O, with
only octahedral site occupancy (model 4, Fig. 9a) until a high degre

of spinel ordering is present (Fig. 10c). Massachusetts Institute of Technology assisted in meeting the publication
Relation to LT-LiCo@Q—Because LT-LiCoQhas been regarded costs of this article.

as a disordered form of HT-LiCg{it is of interest to compare the

present electrochemically cycled materials to LT-LiGSG° References

Rossen et é?.showed_ that the layered rock salt and lithiated spinel ; \y p_jonnston, R. R. Heikes, and D. SestictRhys. Chem. Solid, 1 (1958).

models cannot be distinguished by X-ray and neutron diffraction, 2. k. Mizushima, P. C. Jones, P. J. Wiseman, and J. B. Gooderidag, Res. Bull,

and used the difference in electrochemical properties (primarily a 15,783 (1980). )

lower average intercalation voltage of about 3.6 V) to conclude that3- H- J. ©rman and g’- J. Wgﬁm"‘glalcgﬁﬁ“og“cﬁ“o’lg (|-1324)§ o8

the lithiated spinel model applies. Gummow et3tonducted both & '\ Reimere, . Li £ Raseon and 3. &_Oalater Ree. Soo. Sy, biezs3,

X-ray and neutron diffraction Reitveld refinements, and also con- 3 (1993).

cluded that fully lithiated LT-LiCo@does not have significant tetra- 6. E. Rossen, J. N. Reimers, and J. R. D&luid State lonics52, 53 (1993).

hedral site occupancy, proposing a model intermediate between thé- ;‘2-;-(169“9“;;”0""' M. M. Thackeray, W. I. F. David, and S. Haéifer. Res. Bull 27,

layered rock salt and lithiated spinel cases. Only for chemically g 3 Gummow, D. C. Liles, and M. M. Thacketdgter. Res. Bull28, 235 (1993).

delithiated LT-Lp4Co0, has a spinel model with tetrahedral 8a 9. Rr.J. Gummow, D. C. Liles, M. M. Thackeray, and W. I. F. DaMiatter. Res. Bull.,

cationd been adopted; however, it was also stressed that the materi- 28,1177 (1993).

al does not necessarily represent electrochemically delithiated LTL0. B. Garcia, P. Barboux, F. Ribot, A. Kahn-Harari, L. Mazerolles, and N. Baffier,

. ! . . Solid State lonic80,111 (1995).
LiCoO,. A hallmark of LT-LiCoQ is also a lower and flatter inter- 1, '’ amatucci, J. M. Tarascon, and L. C. Ki€olid State lonics34, 169 (1996).

We would like to thank G. Ceder and A. van der Ven for fruitful
Iscussions. This work has been funded by the INEEL University
Research Consortium. The INEEL is managed by Lockheed Martin
Idaho Technology Company for the U.S. Department of Energy,
Idaho Operations Office, under contract no. DE-AC07-94I1D13223.
We also used the instrumentation in the Shared Central Facilities in
the Center for Materials Science and Engineering at MIT, supported
Qy NSF grant no. 9400334-DMR.

calation volta_ge_profi%lz compared to HT-LiCOQ The flat volt- 12. Y.-M. Chiang. Y.-I. Jang, H. Wang, B. Huang, D. R. Sadoway, and B. ¥éec-
age plateau indicates a two-phase region, which Gummow?®et al.  trochem. Soc145,887 (1998).
suggest is the coexistence 0§C0,0, lithiated spinel and LiCsD 13. J.N. Reimers and J. R. DalinElectrochem. Socl39,8 (1992).

99 | inel E ! P 4 14. G. G. Amatucci, J. M. Tarascon, and L. C. KldirElectrochem. Sod43,3 (1996).
normal spinel. 5. T. Ohzuku and A. Uedd, Electrochem. Socl41,2972 (1994).

. . 15.
As we have shown, electrochemically cycled LiGafdes not  16. T.Ohzuku,A. Ueda, N. Nagayama, Y. lwakoshi, and H. Koriteigtrochim. Acta,

have the lithiated spinel structure, does have tetrahedral site occu- 38,1159 (1993). )

pancy, and does not exhibit a lower and flatter intercalation voltagel?- T. Ohzuku, H. Tomura, and K. SawaiElectrochem. Socl44,3496 (1997).

Therefore it bears little similarities to LT-LiCgOThe appearance of s ;é?:?fgé;{)‘_'" Jang, Y.-M. Chiang, and D. R. Sadowappl. Electrochemin

tetrahedral site spinel disorder is particularly significant. Whereasig. J. w. EdingtorPractical Electron Microscopy in Materials Scientén Nostrand
the spinel is widely believed to be the most stable phase of lithium  Reinhold, New York (1976). ) ) _
manganese oxides, and both the monoclinic and orthorhombic p0|y20. C. Delmas, J. P. Peres, A. Rougier, A. Demourgues, F. Weill, A. Chadwick, M.

X . Brol ly, F. Perton, Ph. Biensan, and P. WillmahrR r Sourc 12
morphs of LiMnG are observed to transform to the spinel upon (1gg;;ey’ erton. tensan, and limahrPower Sourcess, 120

cycling25-32 this has not previously been thought to be the case irp1. A. van der Ven, M. K. Aydinol, and G. CedBhys. Rev. 558, 2975 (1998).
LiCoO,. Concurrently with this study, van der Ven and C&teave 22. M. M. ThackerayProg. Solid State Chen5, Elsevier Publishers, Amsterdam

found through ab initio modeling that spinel is the ground state for _ (1997).
sy L . s e s . 3. J. M. Tarascon and D. GuyomaldElectrochem. Socl38,2864 (1991).
delithiated LiCoQ (e.g., LiCgO,). This is in accordance with the 5, 3" cava b. w. Murphy, S. Zahurak, A. Santoro, and R. S. RoSuiid State

present finding that HT-LiCogcan transform to the spinel structure ~ Chem. 53,64 (1984).

during electrochemical cycling. 25. R.J. Gummow and M. M. ThackerdyElectrochem. Socl41,1178 (1994).
Even though the present cathodes are electrochemically quite sta¢: ;-3 g‘ﬁ- (Fi‘;'grg‘;fsv E. W. Fuller, E. Rossen, and J. R. Dhiflectrochem. Socl4,

ble to 50 cycles, TEM results show that, locally, microstructural and,; &3 Gummow, D. C. Liles, and M. M. Thackendgter. Res. Bull 28,1249 (1993).

crystallographic change has already occurred. Accumulated damagg. 1. J. Davidson, R. S. McMillan, J. J. Murray, and J. E. Greeti@awer Sources4,

of this kind may therefore be responsible for degradation in L}coO 232 (1995).

based batteries upon overcharging or after extended cycling. 29. |. Koetschau, M. N. Richard, J. R. Dahn, J. B. Soupart, and J. C. RodisElex-
P 9 .g y 9 trochem. Soc142,2906 (1995).
Conclusions 30. L. Croguennec, P. Deniard, R. Brec, P. Biensan, and M. BrouSsély,State lon-

. . . , ics, 89,127 (1996).
Electrochemical cycling creates a variety of defects in they, "¢ ooio oo "5 beniard, and R. BibElectrochem. Socl44,3323 (1997).

LiCoO, particles in a typical composite cathode. Although by bulk 35 . vitins and K. West]. Electrochem. Soc44,2587 (1997).
X-ray diffraction analysis the oxide phase appears unchanged, direeB. A.van der Ven and G. Ceder, Private communication.



	Experimental
	Structure Modeling
	Results and Discussion
	Conclusions
	Acknowledgments
	References

