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Structural Study of the T#2-Li,Co0, (0.52 < x < 0.72) Phase

D. Carlier,"* L. Croguennec,*' G. Ceder,* M. Ménétrier," Y. Shao-Horn, and C. Delmas’

Institut de Chimie de la Matiere Condenée de Bordeaux—CNR&nd Ecole Nationale Supeieure de Chimie et Physiquede
Bordeaux,Universite Bordeauxl, 87 av. Dr. A. Schweitzer33608Pessaacedex,France,and Departmentof Materials
Scienceand EngineeringMassachusettinstitute of Technology,77 Massachusettd&wvenue, Cambridgeylassachusetts
02139

The metastable 02-LiCoO, phase undergoes several reversible phase transitions upon lithium deintercalation. The
first transition leads to an unusual oxygen stacking in such layered compounds. This stacking is found to be stable
for 0.52 < x < 0.72 in LikCoO, and is called T#2. We studied this phase from a structural viewpoint using X-ray
and neutron diffraction (ab initio method). The new stacking derives from the O2 one by gliding every second CoO,
slab by (¥, Y, 0). The lithium ions are found to occupy very distorted tetrahedral sites in this structure. We also
discuss the possibility of this T#2 phase to exhibit stacking faults, whose amount depends on the method used to
prepare this deintercalated phase.

Introduction B

A metastable form of LiCo@can be prepared by ion- Coo A ‘ ‘ “

exchange reaction. This phase was first prepared by Delmas Li s MMMI
et al. in 1982 from the P2-NadCoO, phase and was shown B _ | -

to exhibit an O2 stacking (AB CB oxygen packing) (Figure

1), with the cobalt ions in octahedral siteAt that time, the C
structural study performed solely by X-ray diffraction (XRD)

did not allow the localization of the lithium ions in the B
structure due to their low X-ray scattering factor, so the A

hexagonalP3m1 space group was used to describe the Figure 1. The 02 stacking of LiCo@
structure. )

Two years later, Mendiboure et al. studied electrochemical prgposed previously by Delmas ?t al. for the_ !ayergd
deintercalation from O2-LiCoby XRD2Z They reported oxides: the P, T, or O letter describes the alkali ion site
that this system undergoes two reversible structural trans—(pr'smat'c’ tetrahedral, or octahedral, respectively) and the

formations during the deintercalation process: the first phaseﬂumber l’l 2, ;M ngqll)cates the Inlmebzr ?\f Sg’lzbf' within the
transition leads to the formation of another O2 phase, i.e., exagonal celt. Mendiboure et al. found the 3000,

with the same stacking but different cell parameters {©2 phase tp bﬁ s;]able for OI'HX = 0'85 anﬁ%l;fexed its XRD
02* transformation), and the second phase transition ob- pattern in the hexagonal system, using space group.

served for higher deintercalation amount leads to the forma- Recently Dahn and colleagues also mve_sngated the O2-
tion of a new stacking called O6 (O2* O6 transformation). LiCoO, system_ but used the more symmetr|Eﬁ§mc§page
All these phases are nhamed following the packing designationgrOlJp to describe the O2 stacklﬁg.hgy performed in situ
XRD to study the structural modifications observed for O2-
* Corresponding author. Tek-33-5-4000-2234. Fax#+33-5-4000-6698.  LIC0O; upon lithium deintercalation and also observed the
E-mail: crog@icmcb.u-bordeaux.fr. first reversible phase transition that leads to the formation

i o .

N eaoho ot festiute of Technology. of a phase which they called @202, <> 02, transforma-

(1) Delmas, C.; Braconnier, J. J.; HagenmullerMat. Res. Bull1982,
17, 117. (3) Delmas, C.; Fouassier, C.; Hagenmuller,PRysical980,99B, 81.

(2) Mendiboure, A.; Delmas, C.; Hagenmuller,®at. Res. Bull1984, (4) Paulsen, J. M.; Mueller-Neuhaus, J. R.; Dahn, JJ.RElectrochem.
19, 1383. So0c.2000,147, 508—516.




tion).* Two extradiffraction peaksindexedas(111)ard (113)
in the hexagonakystemareobservedor the O2; diffraction
pattern: sincetheyareforbiddenin the P6&mcspacegroup,
it indicatesthatthe structureof O2; differs from the starting
02 one. Theseauthors,however,kept the 02, designation
for this phaseasthey did not studyits structureprecisely.
At thesametime, this groupwasstudyirg the Li 3NiysMnz0;
phasepreparedy ion exchangé&;® which exhibitsalsothe
(111) and (113) XRD peaks.They fully characterizedhis
phase which exhibitsa new stackingcalledT2. By analogy,
in their study of the Li,CoO, phasesthey suggestedhat
theappearancef thesetwo peakscouldbedue to thegliding
of everysecondCoQ; slabby (%3, ¥, 0),* which leadsto
the T2 structure.

Previouslywe performedadetailedstructuralandphysical
characterizationf the O2-LiCoGO; system’.2 We shaved by
neutrondiffraction, magneticpropertiesmeasurementsnd
Li NMR thatthestartingO2-LiCoQ; phaseis stoichiometric
with the lithium ionsin the octahedrakitesof the interslab
space€. The strongelectrostatiaepulsionbetweenLi* and
Co*" ionsthroughthe commonfaceof their octahedrdeads
to a displacemenbf theseions from their ideal position?
Then, we studiedthe LiyCoQ, deintercalategphasesfrom
theviewpointof structuralandphysicalproperties. To better
understandhe unusualT#2 andO6 structuresandthedriving
forces responsiblefor the phasetranformationsobserved
uponlithium deintercalationsomeof ushavealsoperformed
afirst principlesstudyof the phasediagramof theselayered
LixCoO, phasesderiving from O2-LiC00,.° They have
shown for instancethat the O2 — T#2 structural phase
transformationis induced by enhancedconfigurational
entropyin the T#2 phaseand not by the metal-insulator
transition.Moreover, two tetrahedrasites,8eand8feyes Need
to be consideredor the lithium ionsin the T2 domainin
orderto reachqualitativeagreementith the experimental
results.

As shownin Figure 2 by the cycling curve obtainedfor
an Li//O2-LiCo0O; cell, this T#2-LiyCoO, phase previously
calledO2* or 02, by other authors’* wasfoundto bestable
for 0.52 < x < 0.728 in goodagreementvith the resultsof
Paulseretal.* In our previousstudy, we showedusingXRD,
electronic properties,and ’Li NMR that the O2 < T#2
transformationis associatedwith a large increasein the
interslabspaceandwith a nonmetalto metaltransition® In
the presentpaper,we focuson the structureof the T#2-Li-
Co0;, phaseby using X-ray and neutrondiffraction.

Experimental Section

Preparation of O2-LiCo0O,. ThestartingO2-LiCoO; phasevas
preparedy ion-exchangeeactionfrom P2-Ng 7dC00,. TheNag 7o
Co0, precursomaterialwaspreparedy solid-statereactionfrom

(5) Paulsen, J. M.; Donaberger, R. A.; Dahn, JGRem. Mater2000,
12, 2257—-2267.

(6) Paulsen, J. M.; Dahn, J. R. Electrochem. So2000, 147, 2478~
2485.

(7) Carlier, D.; Saadoune, I.; Croguennec, L.;i\eier, M.; Suard, E.;
Delmas, C.Solid State lonics2001,144, 263—276.

(8) Carlier, D.; Saadoune, |.; Métrier, M.; Delmas, CJ. Electrochem.
Soc.2002,149(10), A1310—A1320.

(9) Carlier, D.; Van der Ven, A.; Delmas, C.; Ceder, Ghem. Mater.
2003,15, 2651—-2660.
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Figure 2. First galvanostatic chargalischarge curve of a Li//O2-LiCoO
cell obtained with a C/40 current density rate (40 h is needed to remove 1
mol of lithium).

a mixture of NgO (Aldrich 99% min., 5% excess) and &
(obtained from Co(Ng),*6H,O Carlo Erba 99% minimum at 450

for 12 h under @), which was ground and pelletized in a drybox
(under argon), treated at 80D under Q for 48 h, and then
quenched into liquid Nin order to fix the oxygen stoichiometry.
lon-exchanging sodium for lithium in the P2 phase was performed
in an aqueous solution of lithium sak$! An LiCI/LIOH (1:1)
solution in water (5 M) was used and the exchange was carried
out under refluxing conditions during 24 h with intermediate
washing, drying, and grinding. A large excess of lithium was used
(Li/Na = 10), and the exchanged phase was washed and dried under
primary vacuum (1 Torr) at 100°C for approximately 14 h.

Preparation of the T#2 Deintercalated Compounds.For the
electrochemical preparation of thé2ldeintercalated compounds,
Li/liquid electrolyte/O2-LiCoQ cells were used. LiClQin pro-
pylene carbonate (1 M) was used as electrolyte. The cells were
assembled in an argon-filled drybox.

As already described in ref 8, different kinds of mixtures were
used as positive electrode, depending on the characterization carried
out for the materials. For classical XRD experiments, a mixture of
86% by weight (wt %) active material, 4 wt % PTFE (polytet-
rafluorethylene), and 10 wt % graphite/carbon black (1:1) was used
as positive electrode and the cells were charged at the C/40 rate
(i.e. 40 h is needed to remove 1 mol of lithium). For XRD Rietveld
acquisitions, a mixture of 90 wt % of active material and 10 wt %
of graphite/carbon black (1:1) without binder was used as positive
electrode. Large cells were usedq00 mg of active material) and
were charged at low current density (C/100). AorMAS NMR
and electrical measurements, pellets (4 tons for an 8 mm diameter)
of the starting material were used as positive electrode without
additive and the cells were charged at very low current density
(C/600). When charged to the wished compositions, all these
positive electrodes were removed from the cells in an argon-filled
drybox, washed with an excess of dimethyl carbonate, and then
dried under vacuum.

For the neutron diffraction study, as a large amount of material
is required, a 12-LiCoO, compound was prepared by chemical
deintercalation from the O2-LiCoO A bromine solution in
anhydrous acetonitrile (10 M) was used to extract lithium ions
chemically. This solution is added in large excess (BfA10) to
the O2-LiCoQ powder under an argon gas flow. The reaction was

(10) Lu, Dahn, J. RChem. Mater2001,13 (6), 2078—2083.
(11) Paulsen, J. M.; Thomas, C. L.; Dahn, JJRElectrochem. So2000,
147, 2862—2867.



then carried out during 14 h with stirring. The deintercalated phase I(A.U)
was finally washed with anhydrous acetonitrile, dried under vacuum,
and kept in a drybox. The chemical analysis of this phase cannot
be performed precisely as some P2@G&0, remains in the
material. However, we estimate the lithium concentration to be close
to x = 0.56 from the equilibrium potential (4.04 V) observed for N
the cell when this 12-Li,CoO, phase is used as starting active T 2_L|0.61COOZ
material.

X-ray Diffraction. The XRD patterns of the”2 deintercalated
phases were collected at room temperature frofnta@20°(26)

with a 0.02 step and a 40 s counting time by step, using a Siemens * G
D5000 powder diffractometer with the CuoKradiation and a }J L ll

(113

graphite diffracted beam monochromator. Simulations of the XRD i i
patterns of materials with stacking faults were carried out using u ‘,
the DIFFaX program? which calculates the diffracted intensity \ j

versus the 2é/alue for a given stacking of slabs. As lithium is a 02-LiCo0, iﬁ

poor XRD scatterer, it was not considered for the simulations. All
the simulations considered a random distribution of stacking faults.

Neutron Diffraction. Neutron diffraction was performed at the 'J I\ >
Laue-Langevin Institute at Grenoble (France) on the high-resolution § Sie § 88 & 238
powder D2B diffractometer. The samples were contained in an 8 < | 88 T ¢ ‘*lt "tl‘ .
mm diameter vanadium tube. The diffraction pattetr=1.5940 20 20 20 50 60 70

A) was collected at room temperature frotht® 162°(26) with a
0.05°step and a total counting time of 6 h. The crystal structure ‘ o _
was refined by the Rietveld method using the Fullprof progtam. Figure 3. Comparison between the XRD patterns of the starting O2-

. .. LiCoO; phase and of the electrochemically deintercalatétTip 6:CoO,
Due to the geometry of the neutron diffractometer (transmission e The asterisk symbol (*) indicates the position of the (002) peak of the

mode), it was necessary to correct for the absorption in order to remaining sodium phase. & peak of graphite used as conducting agent
take into account a decrease of the experimental diffracted intensityin the positive electrode.

compared to the expected one. To minimize this effect, the neutron L )

ifraction pattern was collected orf ich T°2-Li,Co0, Sample{£ble L, Descrlon of e Slabs Used o Simuate the X0 patiens
prepared by chemical deintercalation from enriched’0€00.. CoO, Slab in the ¥z, Y2, 0) or (/s, Yg, 0) Directions

The latter phase was prepared as described in ref 7. Inde€fl,i the
isotope, which is 7.5% naturally abundant, absorbs 20* times
more than the’Li one. The calculated absorption correction

hexagonal slabs
a=2.8081Ac=4.9512 A

coefficient (uRfactor in the Fullprof program) is equal to 0.44 for slab 1 slab 2

the studied 12-7Li,CoQ; phaseu is the linear absorption coefficient X y Z  occ X y z occ
of the sample and is defined as= (n/V)3Ynio;, wheren is the Co 0 0o 1 Co A3 Ys Y 1
number of units in the unit cely the cell volumen; the number o@1) 2% Y3 03 1 o( o 0 0.3 1

of a given atom in the unit, ang the atomic absorption coefficient 0@ s 07 1 0@ " A 07 1

for the atomi. Ris the radius of the cylinder defined by the sample aThe simulations were made using the DIFFaX program, by packing
studied. the slabs along the-axis with a given translation vector.

space group and, therefore, the@oO, (0.52 < x < 0.72)
compounds exhibit a structure different from the O2 one.
XRD Study. Figure 3 shows the XRD patterns of the By analogy with their study of the T2-kiNiysMn2z0;
starting O2-LiCoQ phase and of the electrochemically phase;®Paulsen et al. suggested that the appearance of the
deintercalated 2-Lio :C0O, one (obtained from a positive  (111) and (113) peaks could be due to the gliding of every
electrode prepared with a mixture of 90 wt % active material second Co@slab by {3, /s, 0),* which leads to the
and 10% graphite/carbon black (1:1), without binder). The structure. They, however, did not resolve the structure of
indexation of the diffraction lines in the hexagonal system the LikCoO, (0.52 < x =< 0.72) phase. Besides their
is also given in this figure. As noticed by Paulsen et al. and hypothesis, other glidings could also lead to the appearance
ourselves in previous papers, the patterns of O2 di2d T  of these two extra diffraction lines. To understand the first
LixCoQ, look very similar, except at high diffraction angles structural transformation occurring while deintercalating Li
with two extra diffraction lines for the lattér® These extra ~ from O2-LiCoQ,, we performed several simulations of XRD
peaks are indexed in the hexagonal system as (111) and (113patterns for structures deriving from the O2 one, using the
and are situated aroundf2= 67.5° and 26 = 73.4°, DIFFaX program. Two Co@hexagonal slabs (witla =
respectively. As the appearance of these lines goes with the2.8081 A andc = 4.9512 A) were used: they are described
loss of the @ symmetry axis, they are forbidden in tRé;mc in Table 1. These slabs were packed alongctaais with a
given translation vector, with an increasing gliding magni-

(12) Treacy, M. M. J.; Newsam, J. M.; Deem, M. ®foc. R. Soc. London  tude. The only stacking modifications that yield only to the
Ser. A1991,43, 499—520.

(13) Rodriguez-Carvajal, J. Laboratoire Léon Brillouin (CEA-CNRS), http:// appearance of t.he (111) an'd.(113) peaks with the loss of the
www-lIb.cea.fr/fullweb/powder.html. 63 symmetry axis are the gliding of every second Gs@b.

Results and Discussion
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Figure 4. Simulated XRD patterns of structures deriving from O2 by gliding every second €lad in the ¥/, ¥», 0) or (/3, Y/, 0) directions, with an

increasing gliding magnitude.

Figure 4 shows the XRD patterns calculated for the structuresmade by Paulsen et al. for the £2,Co0, phase!. These

deriving from O2 by gliding of every second Ce®ab in
the (/2, Y2, 0) or (3, ¥s, 0) directions, with increasing gliding
magnitude. All these structures surprisingly exhibit quite
similar XRD patterns, with the two extra diffraction lines as
soon as the Cofslab gliding occurs. Figure 5 shows the
XRD patterns calculated for the two limit structures deriving
from O2 by gliding every second CoeGlab by {5, %,, 0)

or (Y3, /s, 0): they are the most similar to the experimental
XRD pattern recorded for the”Z-Lip:C00, phase. The

simulations have clearly shown that completely different
structures can lead to similar XRD patterns, emphasizing that
one has to be careful for the structural characterization of
phases from powder patterns, especially in these layered
structures obtained upon lithium deintercalation by slab
gliding and, therefore, usually characterized by stacking
faults: indeed, only a small amount of stacking faults can
strongly modify the relative peak intensiti&s.

Figure 6 shows the projection of the structure resulting

obvious differences between the diagrams calculated for thefrom the /3, Y6, 0) gliding in the (110) plane. The two

structures resulting from thé/4, /5, 0) or /3, /s, 0) gliding
appear in relative peak intensities and also at high&ues
with the (205) diffraction line observed af2= 96° for the

oxygen layers, above and below the lithium layer situated
atz=0.25, are displayed. It appears that, in tfi2 Structure,
the oxygen ions do not occupy the classical A, B, and C

former, whereas it is not for the latter. Comparison with the positions of a same triangular lattice anymore: as will be

experimental pattern of *B-LigsC00, shows that the
structure resulting from the gliding of every second GoO
slab by /3, s, 0) is the most probable one for theZT

shown later in this paper, the lattice is orthorhombic and
can be described in themcaspace group. In this oxygen
packing, the interslab space is built up of three types of

structure. This result is in good agreement with the hypothesistetrahedral sites which share faces (one 8e and two 8f)



to be sure that anotherpacking could not be found, we
“’2;,;’2 0 (111) decidedto solve the structureab initio from the neutron
g (419 (299) diffraction data.
A full patternmatchingrefinement(using the Fullprof
J J,u U program)was performedin orderto fit a calculatedprofile
(173,176, 0) Do § to the experimentapowderdiffraction pattern(without the
glding f use of any structuralmodel) by refinementof the lattice
P parameterszero-pointerror, and pseudo-Voigtpeak-shape
.IU_J l l .ly.. | parametersA good minimization of the difference(lops —

l.ai Wasobtainedwith reliability factorsRsragqandy? equal

o to 2.66 and 2.77, respectively.Therefore,accuratevalues
G : were determinedfrom the fitted profile for the integrated

L * | I .l,. o peak intensities. These integrated intensities were then
- 3 convertedinto structurefactors(F) and usedasinput data
L for thesirpowprogramin orderto solvethecrystalstructure
1020 30 40 50 60 70 80 90 100 by directmethods? The standardnputfile for this program

265, (°) consistsof lattice parameterga = 2.809A, b = 4.843A

Figure 5. Simulated XRD patterns of the two limit structures deriving gndc = 9_951,&), spacegroup(Cmca),chemicalcontentof
from 02 by gliding every second Ce@lab by {2, /2, 0) or (s, Ys, 0), the unit cell (at this step,only the dominantscatterersvere
compared with the experimental XRD pattern recorded for tt#1T 61 . . . .
Co0, phase. The asterisk symbol (*) indicates the position of the major consideredij.e. 4 Co and8 O), anda file of reflectionsas
peaks of the remaining sodium phase.=Gpeak of graphite used as  providedby Fullprof [(hkl), multiplicity, sin 6/4, 20, F2].
conducting agent in the positive electrode. Goodresultswereobtainedwith the cobaltandoxygenatoms
(Figures 6 and 7). Therefore, the lithium ions are in these in the 4a (0, 0, 0) and 8f (0, ~0.160, ~0.400) positions,

tetrahedral sites that are unconventional in layered oxides.respectively.

The very distorted 8e site shares an edge with onesCoO  The structuralrefinementby the Rietveld methodwas
octahedron from one slab and another edge with onesCoO carriedout by taking into accountheseresultsard, therefore,
octahedron from the adjacent slab. The two 8f sites are py assumig the following structural model: (Co)(Ox)sr
somewnhat less distorted: one shares three edges witlh CoO(spacegroup Cmca).They andz atomicpositionsof oxygen
octahedra from one slab and a corner with @o@ahedra  wererefined,eachsite beingfully occupiedandthe atomic
of the adjacent slab (it will be calledfesin the following), displacemenparameter$ADPs)of cobaltandoxygenbeing
whereas the other shares one face with oned@mahedron  fixed to 0.5 A2 (typical value obtainedfor thosekinds of
from one slab and a corner with three Go@rtahedra of  elementsn suchstructures)As expecteddueto the missirg
the adjacent slab (8f9. As in this structure the lithium ions  Jithjum atomsin the structure),the minimization of the
occupy tetrahedral sites and as two layers are required todifferenceis obtained,but with rather high conventional
describe the unit cell, it was calledZ The # symbol was  Rietveldreliability factorsRegandRy, equalto 11.2%and
used to discriminate this StaCking from a T2 structure, in 26_6%,respective|y]:r0mthe Fourierdifferencemaps(z:
which the oxygen ions would occupy the positions of a same 0.225,0.25and0.275)presentedn Figure8, resicual nuclear

triangular lattice. densitywas locatedin the 8e (%4, ~0.42,%/,) positionand
In our preliminary study performed by XRbthe T2 attributedto lithium atomsin distortedLiO, tetrahedrasites.
phase was described in tiencaorthorhombic space group At this step,we returnedto the Rietveld refinementby

(iz 2.80969(3) '_&’b =4.84997(7) Ac= 9.9082(2) A for taking into accountthe structuralmodel (Li)se{C0o)a(O2)s:.
T2-Lio 5:C00,) with the cobalt and oxygen ions in 4a (0, 0, \ye refined the y and z atomic positionsof oxygen, the y
0) and 8f (0, 0.162(2), 0.402(2)) posmosns, 1respect|vely. The atomicpositionof lithium, the occupancyat the lithium site,
Ithlum lons were f|xeq to t_he 8e site¥4 %15, '/4) (the 8_f”—d9‘35 . andthe ADPsof cobaltandoxygen,the cobaltand oxygen
site position is approximatively (0, 0.833, 0.27)), by similarity  jtespeingfully occupiedandthe ADP of lithium beingfixed
with the assumption made by Paulsen et al. for the structure;q g g A2 (typical valueobtainedfor thatkind of elemeniin
of the LizaNiysMnzdO, phase: © Actually, the lithium g chsiryctures)The correspondingalculatedand experi-
position still needs to be confirmed. As adjacent 8e sites are mentaldiffractogramsare representedn Figure 9. Results
very close, they cannot ,be OCC‘ined simu'lt'aneou'sl)'/. Due 10yt this refinementaregivenin Table2. Theintroductionof
the large number of available sites (2 positions@thium — jihiym leadsasexpectedo a very significativedropof the
ions, with 0.52< x < 0.72), a lithium/vacancy ordering in values,Reragy = 5.98%and Ry, = 12.1%,andto a good
the material should, therefore, be stabilized for peculiar i ii-ation of the difference(lops — lead). At this point
compositions. A neutron diffraction study was carried out, e Eoyrierdifferencemapsshowthatno significart residual
to confirm the oxygen packing and to localize the lithium nucleardensityremains.The oxygenpackingproposecby

ions. . :
. . Paul . for L 52<x=<0.72
Neutron Diffraction Study. In our XRD study we have aulseretal. for Li.Co0; (0.52 < x = 0.72)andobtained

1 1 idi i
ShOWﬂ that the (3’ I, 0) 9“0“”9 allows one to describe (14) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardd.Appl.
nicely the experimental diffraction patterns. Nevertheless, Crystallogr. 1994,27, 435.
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Figure 6. Projection in the (110) plane of the O2 ant2Tstructures. The two oxygen layers, above (black) and below (hatched) the lithium layer situated
atz = 0.25, are displayed. The lithium sites in O2 arit? Btructures are also shown.
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Figure 7. The T#2 stacking of LiCoQ, phases (0.5k x < 0.72). The
distorted tetrahedral sites available for the lithium ions are also displayed.

Table 2. Structural Parameters Determined by the Rietveld Refinement
of the T*2-Lip5¢C00, Neutron and X-ray Diffraction Patterhs

T#2-LixCoO,
space group Cmca
a 2.8088(3) A/2.8096(4) A
b 4.8430(5) Al4.8445(7) A
c 9.951(1) A/9.954(1) A
atoms  site Wyckoff positions Biso (A% occupancy
Co 4da O 0 0 0.0(1) 1
0 0 0 0.0(1) 1
(0] 8f 0 0.1658(7) 0.4026(5) 0.28(6) 1
0 0.160(3) 0.400(1) 0.2(2) 1
Li 8e Y, 0.383(7) a 0.5 0.28(3)
Y, 0.383 Yy 1.2 0.28
Conditions of the Run
wavelength 1.5940 A step scan incremertt)(20.05°
temperature 300 K zero point (8) 0.000(6)

angular range —7.45°< 26 < 162° no. of fitted parameters 19

Profile Parameters
pseudo-VoigeV=1yL + (1 — )G
1o = 0.70(6)/0.80(8)

X = —/0.005(2)

U = 0.24(4)/0.05(3)

V= - 0.16(6)/0.05(2)

W=0.11(2)/0.000(2)

Profile function
7 =150+ X(20)

halfwidth parameters

Conventional RietveldR-Factors for Points with Bragg Contribution
Ruwp = 12.1%/20.6% Rg = 5.98%/4.42%

aThe parameters obtained from the refinement of the XRD data are given
in italics for comparison.

from O2 by the gliding of every second CeQlab by
(M3, Ys, 0) is thus confirmed.

The refinement shows that the occupancy at the lithium
site is equal to 0.28 (i.e. b5sC00y), in good agreement with
previous assumptions based on the equilibrium potential
(4.04 V) of the cell when this -LiCoQ; phase is used as
starting active material.

Note that the residual nuclear density at the 8e position
(z= 0.25) is distorted toward an 8f position underneath (see
map withz = 0.225) and an 8f position above (see map with
z = 0.275). These two 8f positions correspond t@qgE
tetrahedral sites that share one face with the 8e tetrahedral
site, but no faces with Cofoctahedra. This result could
suggest that, in this structure characterized by a large amount
of available sites, there would be some mobility of the lithium
ions with diffusion pathway 8e8feqges—8e—8tqges—8e...as
presented in Figure 8. Nevertheless, the refinement of the
neutron data by the Rietveld refinement has shown that the
presence of lithium in these fessites is not significant for
this lithium concentration. This result is in agreement with
previous first principles calculations that predicted a low
occupation of the &figesSite for concentration superior but
close tox = 0.5, while an increase of the occupation was
predicted for higher Li concentratiofis.

This neutron diffraction study did not evidence extra
reflections not taken into account by the cell proposed just
before and, therefore, as expected, any Li/vacancy ordering
in the interslab space. Indeed,= 0.56 is not the best
composition for characterizing a possible Li/vacancy order-
ing: x = 0.50, by similarity with the O3-LiCo@systemt®
would have been probably a better choice, but tfis i so
CoG; phase is difficult to prepare, especially in large amount
as required for the neutron diffraction experiment. Moreover,
note that simulations for “B-Lig 5dC00; of the theoretical
neutron diffraction patterns for structures with Li/vacancy
ordering in the interslab space have shown that the extra
reflection intensities are too weak (comparable to the
background noise) to be resolved by neutron diffraction.

The structural model obtained with the neutron data was
used to refine the XRD data, the parameters concerning the
lithium ions being fixed (i.e. Li in 8e {4, 0.383,%4) with
a 0.28 occupancy). Indeed, due to the high accuracy of the
wavelength, the cell parameters and atomic positions are
better determined using XRD data. As shown in Table 2,
the refinement of the XRD data by the Rietveld method
confirmed the structural model ({.dg)se(COua(O2)gs for T#2-
LioseC00,, with similar structural parameters determined
from neutron and X-ray diffraction data.

Stacking Faults. Figure 10 shows the XRD patterns
obtained for several #2-LiCoO, phases prepared under

(15) Reimers, J. N.; Dahn, J. R. Electrochem. S0d992,139, 2091—
2097.
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Figure 8. Fourier difference maps showing the residual nuclear density in planes parallel to the (001) ptan€).225, 0.25, and 0.275, when only Co
and O are considered in the simulations. The remaining density corresponds to the Li nucleus.
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different conditions. All these phases exhibit a pattern 20_(%)

CharaCte“StIC_ of a @ structure, but with different peak Figure 10. XRD patterns of several”® phases that differ from their way
widths, even if all these XRD patterns have been recorded of preparation. (a) LissCoO, prepared by lithium electrochemical deinter-
with the same diffractometer (i.e. same instrumental broad- calation (C/40) from a mixture of O2-LiCoOgraphite, carbon black, and
ening) and under the same conditions. The phase obta_inecf&';gb)(t})roLr%nggﬁ geo‘;agafebgz'tﬂ_';’C”;‘g'fc‘;trfizzgg' ;‘2‘3;‘1%""'330“
by classical electrochemical deintercalation (Flgure 103): I.€., chemical deintercalation of lithium. (d) ¢4:C0Q, prepared by lithium
with graphite/carbon black and PTFE as additives, yields an electrochemical deintercalation from a mixture of O2-LiGp@raphite, and
XRD pattern which exhibils a sirong preferential orienta- SEe% Back uih lemedie eloaion peacs (C200, 200 i cargng
tion: the (00I) peaks are clearly sharper and more intense a|indicates the position of the sample holder peaks, and the asterisk symbol
than the other peaks. In the other three compounds, no PTFE?) indicates a peak of carbon black. The peak indexation is done in the
was used and therefore it was possible to prepare the XRDO"herhombicCmeaspace group.
samples in order to avoid any strong preferential orientation calculated neutron diffraction patterns displayed in Figure 9
of the crystallites. The patterns of the phases obtained byare also due to this non-monotonous variation of fwhm versus
electrochemical deintercalation from a pellet of LiCoO 26.
without any additive (Figure 10b) or by chemical deinter-  Such non-monotonous peak width variation in diffraction
calation (Figure 10c) both exhibit broader peaks than that patterns of layered compounds suggests the presence of
observed for the phase obtained by electrochemical deinter-stacking faults along the-axis in these materials. To check
calation with intermediate relaxation periods and the use of this hypothesis, XRD patterns were simulated using the
graphite/carbon black (Figure 10d). It appears thus that the DIFFaX program. In Figure 11, we show the XRD patterns
peak width depends on the way used to prepare these phasesimulated in the presence of an increasing amount of O2 (a)
Furthermore, the peak width of a given XRD pattern does or O6-type (b) stacking faults in the”Z structure. These
not vary smoothly as a function of the scattering angle. XRD patterns were calculated only with the CuaK
Indeed, some peaks appear to be sharp (thg &l (131) radiation. Orthorhombic slabs (with = 4.8450 A, b =
peaks, for instance), whereas others are broader (tHe (11 2.8097 A, andc = 4.9541 A) were used, four slabs (i.e.
and (02I) peaks, for instance) (Figure 10). Most of the twice the “slab 1” and the “slab 2" given in Table 3) to
discrepancies observed between the experimental and thelescribe the 2 <= O2 phase transition and twelve slabs




(a) XRD simulation of T#2 structures with O2 stacking faults
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Figure 11. Evolution of the XRD pattern of a*R phase, with an increasing amount of O2 (a) and O6-type (b) stacking faults. The limit O2 and O6
structures are slightly distorted as orthorhombic slabs with cell parameters were used. The peak indexation is given i€theaspace group.

(i.e. twice all the slabs given in Table 3) to describe the mixture of graphite and carbon black as additive, compared
T#2 <= 06 phase transition. These slabs were packed alongwith those simulated for a2 structure without any stacking
thec-axis with a given translation vector associated to a given faults or with 2% of O2 or O6-type stacking faults. In that
probability. The number of stacking faults increases with a case, the two Cu &; and Ko, radiations were taken into
2.5% step. In Figure 11, only the 3575° 26 range is given; account. It appears clearly that the experimental pattern is
indeed the (002) peak is not affected by the presence ofbetter simulated if a small amount of O2 or O6-type stacking
stacking faults, and no other peaks are located befére 2  faults is present in the”2 structure. Note, however, that it
35°. These simulations clearly show that, as experimentally is not possible to decide the nature of the stacking faults
observed for the 2 XRD pattern, the (11 and (02) peaks present in T2. Indeed, the effects of a small amount of O2
are broadened if some O2 or O6-type stacking faults are or O6-type stacking faults on the XRD patterns are very
present in the structure, whereas thel@0de not affected. similar. Nevertheless, note that the relative intensities of some
Note that the limit O2 and O6 structures are slightly distorted peaks are still not well simulated [(114)/(024), (115)/(025)
as orthorhombic slabs with*Z cell parameters were used. and (131), for example]. In a study to be published on the
Figure 12 shows the experimental pattern of the phase mechanism of the P2> O2 transformation, we show that
prepared by OCV electrochemical deintercalation with a stacking faults can be formed at the junction of two domains



Table 3. Description of the Slabs Used To Simulate the XRD Patterns
of T#2 Structures with O2 or O6-Type Stacking Faults
orthorhombic slabs . .
a=4.8450 A, b=2.8097 A, c= 4.9541 A without stacking faults
slab 1 slab 2
X y z  occ X y z occ |
Co(l) O 0 1 Co(l) Y3 0O Yy 1
Co(2 Y Y 1 Co(2 %6 Y Y 1 2% 06 stacking faults
0O(1) Y30 0.3 1 0O(1) 0 0 0.3 1
0(2) 56 1, 03 1 0(2) 1, Y, 0.3 1 J” A
o@ Y% % 07 1 0@ Y Y 07 1 . AJ\ N
O(4) %3 0 0.7 1 O(4) 23 0 0.7 1
2% 02 stacking faults
slab 3 slab 4
X y z occ X y z occ _LU L h ‘ ,h A
CO(l) 1/6 1/2 1/2 1 CO(l) 0 0 1/2 1 “
Co(2 24 0O Y 1 Co(2 Yo YU U 1 exp. T'2-Li . ,CoO,
0O(1) 0 0 0.3 1 o(1) Y Y, 03 1
o2 Y% Y% 03 1 02 % 0 03 1 Jh | n h
0O(3) Y3 0 0.7 1 o@ Y3 0 0.7 1
O(4) S Y, 0.7 1 o@) S Y 0.7 1
T T T T T T T
slab 5 slab 6 40 %0 60 70
26, (°)
X y z occ X y z  occ u

1 1 1 1 1 Figure 12. Comparisorbetweertheexpeimertal patternof the T#2-Lig e
gggg 553 ?/ 152 1 gg g; 2;6 0/2 1;2 i Co0; phase,preparedby OCV electrochemicaldeintercalationwith a
o) 1/6 1/2 023 1 ow) 1/3 0 023 1 mixture of graphiteand carbonblack asadditive,andthe patterrs simuated
P 6 2 ' 5 8 1 ' for the T#2 structurewithout any stackingfaults or with 2% of O2 or O6-
o2 %% 0 03 1 02 %% Y 03 1 e Stackngfalte
o3 o0 0 07 1 O3 0 0 07 1 P 9 :
o@ Y2 Y 07 1 O@4) o Y 07 1 by gliding every secondCoQ; slab by (Y5, ¥s, 0). By a
aThe simulations were made using the DIFFaX program, by packing neutrondiffraction study, the lithium ions were evidenced
the slabs along the-axis with a given Translation vector and a given to occupyverydistortedtetrahedrai;itesin this structurejn

bability. . o : C
probebity good agreementvith the predictionsof the first principles

which have nucleated separately in the same crystal, thecalculations.

occurrence of the amount of stacking faults depending on ~ TheX-ray diffraction line profile wasarelyzedconsidering
the ratio between the nucleation and growth rétdhe same  some stacking faults in the"Z phase. It appears clearyat
phenomenom could occur here since the nucleation andthis phaseexhibitsa smallamountof stackingfaults whose
growth rates are a priori related to the electrode manufactur-amountdependson the methodusedto preparethis deirter-
ing and to the experimental conditions of the deintercalation. calatedphase.

The T2 phase thus appears to exhibit some stacking faults,
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