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Lithium Electrochemical Deintercalation from O2-LiCoO,
Structure and Physical Properties
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@Institut de Chimie de la Matiere Condense de Bordeaux-CNR®&nd Ecole Nationale Supeieure de Chimie et Physique de Bordeaux, Université de Bordeaux
1, 33608 Pessac cedex, France

PDépartementde Chimie, Faculte desSciencest Techniques40 000 Marrakech,Morocco

Electrochemicaldeintercalationof Li from the metastableO2-LiCoO, phasehas been investigatedup to the composition
Liy1:C00, . The single-phaselomainsthat separatehe voltage plateausobservedhavebeencharacterizedy X-ray diffraction.
The successionf phaseobservedupondeintercalatiorresultsfrom reversiblesheetgliding or lithium/vacancyordering,leading
to the sequenceD2, T#2, T#2', 06, 02, 02. In particular,the T#2 stacking,similar to the T2 phasereportedby Dahn and
co-workersfor the Li,;sNijsMn,50, phasecorrespond$o oxygenions not sitting on the three positionsof a triangularlattice,
hencethe # characteris used.It exhibits very distortedtetrahedralsitesfor Li. The O6 stackingexhibits two kinds of CoQy
octahedrawhich might allow Co**/Cd*" orderingin alternatesheetsThe mostdeintercalatedd2-Li, ;£C00, phasehasnever
beenreportedbefore. Electronic propertiesand ‘Li magic-anglespinning nuclear magneticresonanceshow a transitionto a
metallic statefor x< 0.94 (appearancef the T#2 phasewith x = 0.72). Thesestackingchangesare proposedo resultfrom the
minimizationof electrostatiarepulsion,exceptfor T2’ (x = 0.50), which is believedto resultfrom a Li/vacancyordering.

LiCoO, can exhibit two types of layered structures depending onscanning calorimetry (DSC) measurements indicate that the
its preparation method. The thermodynamically stable variety is preO2-LixCoQ, system charged up to 4.2 V is about as safe as the O3
pared by a solid-state reaction and exhibits an O3 stacking where thene at the same potentfal.
LiOg and CoQ octahedra share only edges. The O2-type Lig®O We report in the present paper a detailed study of the structural
metastable and was prepared for the first time by Deletad. by ~ and physical properties of the 30O, phases obtained by electro-
an Na'/Li* exchange from the P2-lyafCoO, phase' In this struc-  chemical deintercalation from the O2-type LiCpO
ture, the LiQ octahedra share edges but also faces with the;CoO )
ones as shown in Fig. 1. Two Ce(ayers are needed to describe the Experimental

unit cell so that this new packing was called 02, in agreement with Preparation of @-LiC00,—O02-LiCoO, was prepared by
the packing designation proposed previously for the layered AMO o exchange reaction from P2-NaC00,. The Na 00,
phasegA = alkaline, M= transition metalf. The P, T, or O letter  precursor material was prepared by the solid-state reaction of
describes the alkali ion sitgprismatic, tetrahedral, or octahedral, a mixture of NaO (Aldrich, 5% excess)and CqO, [obtained
respectively)and the number 1, 2, or 3 indicates the number of slabsfrom Co(NG;),-6H,0 Carlo Erba 99% min at 450°C for 12 h under
within the hexagonal cell. . o . 0,] at 800°C under @for 48 h. The mixture was ground and pel-
Recently, we undertook a new investigation of the O2-LiGoO letized in a dry boXunder argonpefore the heat-treatment, and was
system from the structural and physical properties point of View. then quenched into liquid Nin order to fix the oxygen stoichiom-
The magnetic properties and ‘i nuclear magnetic resonance etry. lon-exchanging sodium for lithium in the P2 phase can be

(NMR) study show that the O2 starting phase exhibits a compositiorPerformed in an agueous solution of lithium iohsAn LiCI/LIOH
very close to the ideal one with low spin Eoions. Rietveld refine-  (1:1) solution in water(S M) was used and the exchange was per-

ment of the structure in the hexagor8smc space group from the Tgrmic:]dg“ggs?; V;”ttf? an'l '”tz;me‘sjgge(vﬁ’ﬁgnfd)drg:‘fagvtﬁgdegr_lm-
neutron diffraction pattern indicates that the repulsion between: X tthium was used LI X

o . . changed phase was washed and dried under vacuum at 100°C for
lithium and cobalt ions through the common face of their octahedra,
. . X around 14 h.

is strong enough to displace them from the center of their octahedra.

To our knowledge, very few papers deal with the O2-LiGoO Electrochemical studies-Electrochemical studies were carried
used as positive electrodes in lithium-ion batteries. The first studyout with Li/liquid electrolyte/O2-LiCo@ cells. LiPF; in ethylene
was reported by Mendibouret al.} who characterized by X-ray —carbonate-dimethyl carbonate-propylene carbofiderck, Zv1011
diffraction (XRD) the deintercalated LC0O, phases. Very recently, Selectlpur)was used as electrolyte. The cells were assembled in an
Dahn and co-workers were interested in the 02 stacking. They stug@rgon-filled dry box.

: : . . . For classical electrochemical experiments, the positive electrode
ied the electrochemically deintercalated 02800, phases byn - - o . o ; o
situ XRD and confirmed to a large extent the results previously consisted of a mixture of 86% by weight of active material, 4% of

0,
reported by Mendibouret al® They, however, noticed that in the polytetrafluoroethylenéPTFE)and 10% of carbon black and a C/40

i, . X current density was usdie., 40 h are needed to remove 1 mol of
0.5 < x < 0.7 composition range, the XRD patterns give ewdencemhium)_

of a new oxygen packing that they characterized in the case of ' Fqr preparation of the phases used for the XRD Rietveld acqui-
Li/sNi;,3Mn,,20, .6 They also showed evidence for the reformation sition, a large cell was used~ 700 mg of active material). The
of the O2 stacking for highly deintercalated phases. They Showeds,tarting 02-LiCoQ phase was mixed with 10% by weight of car-
that the electrochemical properties of the O2-LiGa#e competi-  bon black, but no binder was used. These cells were charged at low
tive with those of the conventional O3-LiCg@nd their differential ~ current density(C/100).
For the electrochemical preparation of deintercalated phases for
“Li magic-angle spinningMAS) NMR and electrical measurements,
* Electrochemical Society Active Member. pellets(4 tons for an 8 mm dianmgf the starting material were used
Z E-mail: delmas@icmcb.u-bordeaux.fr as the positive electrode without an additive. However, because of
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Figure 1. The O2 stacking of LiCo®. X

Figure 2. Cycling curve of a Li//O2-LiCo@ cell obtained with a C/40 cur-

the metastability of the O2-LiCoQOphase, no thermal treatment of rent density rate40 h are needed to extract 1 mol of lithium

the pellets could be done to improve the internal contacts in the
material. These cells were charged at very low current deiSity

600). result from reversible (Co£) sheets gliding, from lithium/vacancy

X-ray diffraction (XRD)—The XRD patterns of the deinterca- ordering, or from a nonmetal to metal transitibhThus the layered
lated phases were recorded using a Philips PW1050 powder diffracStructure remains at all points betweer= 1 andx = 0.16 on the
tometer with Cu K radiation and a graphite diffracted beam mono- Voltage curve.
chromator, from 10 to 80° or 11026) with a 0.02° step and a 10 s No extra voltage plateau at 3.93 V, typical of the 03490,
counting time by step. systemt! appears during cycling; this suggests that the O2 phase

The XRD patterns for the Rietveld analysis were collected atdoes not transform into the thermodynamically stable O3 one. In-
room temperature from 10 to 12(26) with a 0.02° step and a 40 s deed, the O2— O3 transformation is not expected at room tem-
counting time by step, using a Siemens D5000 powder diffracto-perature since it involves breaking and reconstructing of the strong
meter with the Cu Karadiation and a graphite diffracted beam Co-O bonds. This observation is in good agreement with those re-
monochromator. The samples were carefully prepared in order tgorted by Paulseat al., they showed that several O2 systems do not
avoid strong preferential orientation. convert to the more stable O3 stacking during cycﬁﬁé.13

The structure refinements were performed from powder diffrac-  Recording the open-circuit voltage curve up to 4.3qRg. 3)
tion data using the Fullprof program with a pseudo-Voigt fitting Yields more precise values of the potential of the voltage plateaus up
function® to this point. However, it does not provide accurate composition

. 7 ranges for the single-phase domains as a small shifisnobserved

NMR experiments—'Li MAS NMR spectra were recorded on a 55 compared to Fig. 2. This could partly result from a decomposition
Bruker MSL200 spectrometer at 77.7 MHz, with a standard Bruker o the electrolyte during the very long charge with relaxation periods
MAS probe. The samples were mixed with dry siliggpically 50%  gyperiment]the relaxation is interrupted when the slope of e
in weight) and were placed into 4 mm diam zirconia rotors. Spin- _ £(t) curve is smaller than 0.1 mV}h
ning frequencies ;) of 10-13 kHz were used. Two types of se-
quences were used, a single pulse sequence and a rotor-
synchronized echo pulse sequencte, — 74 — t, — 7] with a
90° pulse durationt(,,,) of 3.5 us? A 200 kHz spectral width was ~ Voltage (V)
used and the recycle tini@, = 1 s, was long enough to avoi; 46 -
saturation effects. The single-pulse sequence requires a first-orde
phasing process and a sitx baseline correction due to the dead 4.4
time of the spectrometer. The isotropic shifts reported in parts per
million are relative to an external sample of 1 M LiCl solution in 42
water.

Electronic  conductivity and thermoelectronic measure- 40
ments.—For electronic conductivity measurements, a four-probe I
method was used with direct current in the 100-300 K range. The 38[3
thermoelectronic measurements were carried out by using equip F
ment described elsewhet®. 36

Results and Discussion 34

Electrochemical properties-Figure 2 shows the cycling curve r
. . . . 32 " 1 L n 1 n 1 " 1 L

of an L|//02-I__|COQ cell at the C/40 rate. Almost all the lithium 03 0.4 Y 06 07 08 0.8 1.0
can be reversibly extracted from the O2 phase when charged to 4./ X
V. The corresponding capacity is high, 213 mAh/g for the first dis-
charge between 4.6 and 3.5 V. As was shown by Mendibetie#.  Figure 3. Open-circuit voltage curve of an Li//O2-LiCoQzell, obtained
and by Paulsert al., lithium deintercalation from O2-LiCoQOis with a C/100 current density applied for 36 min steps and an end of relax-
associated with several reversible-phase transformations, that cadtion criterion ofAV/At = 0.1 mV/h.
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Figure 4. (a) First galvanostatic charge-discharge curve of an

Li//O2-LiCoO, cell obtained with a C/40 current density ratb) Differen-

tial —dx/|dV| curvevs. voltage of the first galvanostatic charge-discharge O2-Li,C0GO, single-phase domain. 0.58 x < 0.21:4.57 V volt-
curve. age plateau resulting from the existence of a two-phase domain and

assigned to the O2- O2 transformationx < 0.18: highly deinter-
calated O2-LiCoO, single-phase domain. As our cycling curve
Figure 4 shows the first galvanostatic charge and dischargénds at 4.6 V, we do not observe the whole single-phase domain

curves of a Li//O2-LiCoQ cell at the C/40 rate and the derivative CcOrrésponding to this new O2 phase on Fig. 4, so that we do not
—dx/d|V| curvevs. voltage. The voltage plateaus are observed atknow the lower I|m|_t_I|th|_ur_n concentration for its stability range.
the same potential as in Fig. 3. We first give here a general descrip- Due to the _Stab'“ty.“m't of the electrolyte_ “?ed' we cou!q not
tion of the charge/discharge curve; the XRD characterization of allcYcle an O2-LiCoQ//Li battery in the whole lithium composition
the phases involved is described in the following paragraph. range.

0.94<x <1, 02-L,Co0, single-phase domain. 0.2 x XRD study.—In order to follow the changes in the crystal struc-
=< 0.94:3.73 V voltage plateau resulting from the existence of ature of 02-LiCoQ during electrochemical deintercalation, XRD
two-phase domain and assigned to the ©2T*2 transformation.  patterns of the LiCoO, samples were recorded. First, we verified by
0.52< x < 0.72:T"2-Li,Co0, single-phase domain. 0.50 x XRD that lithium reintercalation after a charge up to 4.6 V leads to
< 0.52:4.07 V voltage plateau resulting from the existence of aan O2 phase without any trace of the O3 one, confirming the voltage
two-phase domain and assigned to ti@ T» T#2’ transformation.  profile analysis.
x ~ 0.50: a narrow single-phase domain. The OCV curve clearly All the Li,CoGO, phases exhibit XRD patterns characteristic of
shows the presence of two plateaus at 4.07 and 4.18 V on both sidefyered materials. In this kind of compound, the interslab space is
which gives evidence for the existence of a singf@ Tphase do-  Very sensitive to the amount of lithium and to the packing type and
main. This feature is quite similar to that observed for the its evolutionvs.the lithium amount can be followed by looking at
03-Li,Co0, system at the samevalue. In the latter system, itwas the first diffraction peak. We therefore plotted the first diffraction
assigned to a lithium/vacancy ordering within the interslabs spaceline of some LiCoO, samples on Fig. 5. Figure 6 shows the com-
leading to a monoclinic cell distortioh. Paulsenet al. therefore ~ plete XRD patterns of materials selected as characteristic of each
suggested that one can also expect a lithium/vacancy ordering fofype of phase, with the corresponding reflection assignment in the
x = 0.50 in the O2 systeMD.42< x < 0.50:4.18 V voltage pla- hexagonal system. Table | summarizes the cell parameters refined
teau resulting from the existence of a two-phase domain and astor each phase and Fig. 7 shows the evolution of the interslab space
signed to the 12’ — 06 transformation. 0.3% x < 0.42: as a function of the lithium content.
06-Li,Co0, single-phase domain. 0.25 x < 0.33:4.44 V volt-  02-Li,C00, (0.94< x < 1).—The 0.94< x < 1 domain ap-
age plateau resulting from the existence of a two-phase domain angdears to be a solid solution with an O2 stacking. In this narrow
assigned to the 0O6- 02 transformation. 0.2% x < 0.25: domain, the change in cell parameters is almost negligible.
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¥ x=1 but the structure deriving from the O2 one by gliding every second
Litg s o ix é\g;o\ Co0, layer by (1/3, 1/6, 0)better reflects the experimental pattern.
§é*\§g g g § o = s In their study of the O2-LiCo@ system, Paulsest al. also noted
S T~ the appearence of th@11) and (113 peaks byin situ XRD for
| S IS S IS W T— E— 0.5< x < 0.7 and suggested that suclil43, 1/6, 0)sheet gliding
20 30 40 50 60 70 can be responsible for the appearance of the new diffraction lines,
2 o but they did not characterize this stacking at that tiiiéaey, how-
eCu( ) ever, observed similar extra peaks for the T2 Ni;sMny50,

) ) phase synthesized by ion exchange from the P2gNii,sMn,,0,
Figure 6. XRD patterns representing each type of phase observed for thesne |y this case, they characterized the new T2 stacking by neutron
L'XCLO_OZ SyStem:Z lt_he OZ'L'CO% Stg”'_”g phasel, d#E'L_'O-GlcofOZH diffraction, and showed that this stacking cannot be described by the
06-Lig5C00,, 02-Lig24C00;, and 02-L416C00,. Indexation of the 5191 A B C positions of a triangular cell. The space group used
peaks was done in the hexagonal systeimdicates the position of th@02) was thus the orthorhombiEmcaone and the lithium ions occupy

peak of the remaining sodium phasendicates an unassigned peak, prob- . . S
ably due to the remaining sodium phase modified by electrochemical deinterdistorted tetrahedral sites. In our case, the gliding of every second

calation. G= peak due to the graphite used for the batterjes. peaks due ~ C0O, layer by.(1/3, 1/6, 0)from the O2 stacking yields the same
to the sample holder. oxygen stacking as that observed by Paulstral. for the

T2-LiysNiqysMny50, . Figure 8 shows this gliding in projection on
the (110 plane. The two oxygen layers, above and below the lithium
layer situated az = 0.25 are displayed. The lithium sites available
On Fig. 5, the gradual disappearance of the origi@@R)peak at  are unconventional in such layered oxides. However, XRD does not
26 = 18.66° and the appearance of a new peak at a lower anglallow one to determine the exact position of the lithium ions. Three
(26 = 17.95°) during further lithium extraction clearly confirm the tetrahedral sites are available, one 8e and two 8f figs 8 and 9).
existence of the two-phase domain (0Z2x < 0.94), resulting  The 8e site corresponds to a distorted Li@trahedron with equal
from the voltage profile analysis. Li-O distances, but angles differing from those in a nondistorted
i ] ) tetrahedron. The two 8f sites correspond to two other distorted tet-
T"2-Li,C00, (0.52< x =< 0.72).—All the LiCoO, samples with  rahedra, with different angles and Li-O distances. These two 8f sites
0.52< x =< 0.72 exhibit similar single-phase XRD patterns. We iffer in their connection with the CoQoctahedra: one shares only
called this phase™@ for reasons explained in the following discus- edges, whereas the other shares faces.
sion. _Mendlboureet al. reported that the first voltage plateau in the In their neutron diffraction study of LigNi;sMn,:0,, Paulsen
02-Li,CoO, system was due to an 02 O2* transformation in- et al. showed the existence of a Ni/Mn ordering in the slab and
volving only a change of the cell parametérslowever, the XRD  assumed that this was at the origin of the formation of the new
pattern exhibits two peaks that could be indexed in the hexagonaktacking. They placed the lithium ions in the distorted tetrahedral
system ag111) at 20 = 67.5° and(113 at 20 = 73.4° (Fig. 6), site that corresponds to our 8e dhe.
which are forbidden in th&®6;mc space group. This indicates that We called T2-Li,CoO, the phases obtained for O2-LiCeO
the system does not exhibit the O2 stacking anymore. XRD simulawith 0.52< x < 0.72, as the lithium ions occupy a tetrahedral site
tions showed that the only stacking modifications that yield the ap-and two layers are required to describe the unit cell. In the nomen-
pearance of th€l1l) and(113) peaks while losing the Ssymmetry clature of the layered oxides using the O, T, P letters followed by the
axis are the gliding of one CgQayer out of two. We therefore  number of the layers in the cell, all the atoms are in the A, B, and C
simulated XRD patterns, using the DIFFaX program, of structurespositions of triangular lattice, which is not the case here. Therefore,
deriving from the O2 one by gliding every second Gdéyer in the we propose to use”P instead of T2 to avoid any confusion. Indeed,
(1/2, 1/2, 0)and(1/3, 1/6, O)direction, respectively, and by different following the previous nomenclature, T2 would correspond to an
magnitudes. The corresponding results will be published elsewhereABCBA oxygen packing(identical to the O2 onewith all the
All these structures surprisingly exhibit quite similar XRD patterns, lithium ions in tetrahedral sites.



Table I. Cell parameters of the Li,CoO, samples.

1 2.80357(2) 9.5372(6) o2

0.97 2.80131(7) 9.5332(3) 02 Hexagonal
0.94 2.8011(1) 9.5389(7) 02 (with some T*2)

0.72 2.8179(1) 4,8380(1) 9.89237(6) T*2 (with some O2)

0.65 2.8092(1) 4.8390(1) 9.91938(3) T*

0.61 2.80969(3) 4.84997(7) 9.9082(2) T*

0.57 2.8060(1) 4,83212(9) 9.9239(4) T2 Orthorhombic
0.55 2.80733(8) 4.8291(1) 9.9262(2) T*

0.52 2.8050(1) 4.8271(1) 9.9521(6) T*

0.50 2.8122(1) 4.8357(3) 9.9497(2) T*

0.42 2.8108(3) 29.433(1) 06 (with some T*2')

0.40 2.8119(2) 29.333(1) 06

037 2.8472(5) 29.3121(7) 06

0.35 2.8070(3) 29.2700(9) 06

0.33 2.8116(1) 29.1879(7) 06 (with some O2) Hexagonal
0.24 2.8141(1) 9.3226(7) o2

0.23 2.8138(1) 9.323(1) o2

021 2.8141(1) 9.324(2) o2

0.15 2.8302(1) 8.9872(9) 02

A refinement of the structure of the’7-Li, ,C0o0O, phase was

preferential orientation, and the cobalt and oxygen ions atomic dis-

thus done in th&€mcaorthorhombic space group, where the cobalt placement parameters. The lithium atomic displacement parameter
ions occupy a 4a position and oxygen an 8f position. As we cannotas fixed to a value usually observed in layered oxideEhe ex-
determine the lithium ion position by XRD, we fixed it in the 8e perimental and calculated diffractograms are represented in Fig. 10.
sites by its similarity with the T2-LjsNi;;sMn,;0, phase. How-  The results of this refinement are given in Table II.
ever, adjacent 8e sites are very close, and therefore cannot be occu- The refinement shows that the particles exhibit a weak tendency
pied simultaneously. Due to the large number of available Hives to be oriented perpendicular to tleaxis (Table 1) in agreement
positions forx lithium (0.52< x < 0.72)], a lithium/vacancy or-  with the plate-like shape of the particles of the starting phase-
dering in the material should be considered, but this is not evidenceaording to the refined atomic positions for the oxygen ions, a lithium
by XRD. In the refinement, a partial occupancy of the lithium site ion situated in the 8e site defined in Table II, yields two Li-O dis-
(x/2) was assumed, and we used the lithium amount determinedances equal to 2.044(%) and two others equal to 2.0@) A. The
from the voltage of the battery after the relaxation and the huge increase of the interslab distance observed for the O2
= f(x) curve to describe this phag€able Il). A neutron and elec- — T#2 transformatior(Fig. 7) allows therefore the Li-O distances
tron diffraction study are required, to ascertain the lithium position to be reasonable. Note that the reliability factors obtained for the
and to check if the phase does exhibit lithium/vacancy ordering orRietveld refinement are satisfactory, but not so small, which might
not. indicate the presence of stacking faults that we will investigate in
The atomic positions to be refined are thandz coordinates of ~ detail in a forthcoming paper.
oxygen. We also refined the occupation ratio of the cobalt site, theT#Z’-Lio_wCoOz.—A T#2'-Li,Co0, phase was obtained for a 4.13

V open-circuit voltage. The XRD pattern of this phase is shown in
Fig. 11. We refined the cell parameters and diffraction line profile of

02 stacking T#2 stacking

gliding .
(173, 1/6, 0) The oxygen ions do

not occupy the I(A.U.)
|—'_ positions of a same
. CL:.I triangular lattice
+ Co
S.G: Cmca

Wi .
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Figure 8. The sheet gliding involved in the 02 T#2 transformation in the 29Cu )

projection on the(110 plan. The two oxygen layers, aboyblack) and

below (hatched)the lithium layer situated at = 0.25, are displayed. The  Figure 9. The T2 stacking of LiCoO, phases (0.5K x < 0.72). The
lithium sites in O2 and 2 structures are also shown. distorted sites available for the lithium ions are displayed.

Li in octahedral site Li in distorded

tetrahedral sites




Table Il. Rietveld refinement of the T#2-Li, c;C00, XRD
pattern.

T#2-Li, C00, (electrochemical deintercalation
with intermediate relaxation periods

Space groupCmca  Constraints

a = 2.80969(3) A  Li position and concentration

b =4.84997(7) A B(L) = 1.2 A?

c = 9.9082(2) A

Wyckoff B

Atom Site positions Occupancy (A?)
Li (1) 8e 1/4 5/12 1/4 0.31 1.2
Co(1) da 0 0 0 0.99(2) 0.25(7)
0(1) 8f 0 0.838(2) 0.598(2) 1.00 0.7(3)

Conditions of the run
Temperature, 300 K
Angular range, 10%< 26 < 120°
Step scan incremeri26), 0.02°
Zero point(260), 0.021(6)°
Number of fitted parameters, 18
Profile parameters
Pseudo-Voigt function
PV =mL + (1 — m)G withn = no + X(26)
Halfwidth parameters

1o = 0.64(6)
X = 0.004(1)
U = 0.05(2)
V = 0.03(1)
W = 0.006(2)

Preferential orientation of the articles perpendicular to the
c axis: 1.018(6)
Conventional RietveldR factors for points with Bragg contribution
Rup = 15.6%;Rg = 3.8%

Note: standard deviations have been multiplied by the Scor number
(3.16)to correct from local correlatiorfs.
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Figure 11. Observed XRD profiles for a*2’ phase obtained at 4.13 V;
bars: reflections in th€mca space group? indicates the position of the
major peaks of the remaining sodium phase=Geak due to the graphite
used in the battery. A= peaks due to the sample holder.

In contrast, the two-phase domain leading to the 4.18 V plateau
(T*2" — 086) is seen in the« = 0.49 XRD pattern(Fig. 5). The
peak situated at@® = 18.13° gives evidence of the O6 phase for-
mation. The T2’ — 06 phase transition is associated with a de-
crease in the interslab spa@€g. 7).

06-Li,Co0, (0.33<x<0.42).—The complete XRD pattern of the
Liy3/C00, phase(Fig. 6) is characteristic of the O6 stackir§ig.
12). This structure is observed in the 0.83x < 0.42 composition
range. The O6 stacking is described using R&m space group,

the T2’ phase in th&mcaspace grouga second phase due to the where the Iit_hium ions occupy octahed_ral sitde positio_n)and
sample holder in the refinement was also considered and thegwo 2Where two different cobalt layerfCo(1) in 3a and Co(2)in 3b]
regions of the most intense peaks of graphite were excjudéss ~ €Xist. There are also two types of oxygen iong1f&and O(2), both
resulting cell parameters for this phase are given in Table I. As thd" 6¢_positions. In every second layer, the cobalt octahedra share
T#2' phase was obtained from a mixture containing some PTFE, &NV faces with the lithium ones, whereas in the other layer, the
strong preferential orientation is observed. As this pattern is verycOPalt octahedra share only edges with the lithium ones. We refined
similar to that of the 12 phase, no distinction between these two the structure of one O6 phase by the Rietveld method from the XRD

phases can be made by XRD, so that tff@ ¥ T#2' two-phase  Pouer-

d o b d for = . | L al The lithium position was fixed, and we used the lithium concen-
omain is not observed for = 0.52 (Fig. 5). Paulseret al. also  y4ti0n determined from the voltage of the battery after the relax-
reported that this phase transformation was not detecteid bitu

XRD.5 ation and thev = f(x) curve. The atomic positions to be refined

' were thez coordinates of oxygen. We also refined the occupation
ratio of the cobalt ions, the preferential orientation and the cobalt
and oxygen atomic displacement parameters. The lithium atomic
displacement parameter was fixed to a value usually observed in
such compound¥ The experimental and calculated diffractograms
are shown in Fig. 13. The results are given in Table III.

The refinement shows that the particles do not exhibit any pref-
erential orientation(Table III). In this structure, with two types of
cobalt ions in different crystallographic sites, each independent oxy-
gen position gives rise to two oxygen layers belonging to the same
Co0, sheet, so that the space group chosen allows the differentia-
tion of the CoQ layers. Considering these remarks, and the fact that
this structure was found to be stable for lithium concentrations close
to 0.5, Mendiboureet al. suggested that the trivalent cobalt cations
could be mainly segregated in the sheets in which £o@ahedra
share faces with Li@, while the tetravalent cobalt would rather be
in the other sheets, so that half of the cobalt sheets are destabilized
Figure 10. Observed and calculated XRD profiles for 42Tphase:(®) whereas the other half is stabilized with respect to the O2 structure
observed;(—) calculated; lower trace: difference plot; bars: reflectibns. With this compositiorf.
indicates the position of the major peaks of the remaining sodium phase. G The refinement yields different Co-O distances, depending on the
= peak due to the graphite used in the battery. type of cobalt layer: the octahedra sharing faces withglé®hibit a

Co —»

Li
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Figure 13. Observed and calculated XRD profiles for the 0§00,

B phase:(®) observed{—) calculated; lower trace: difference plot; bars: re-
flections.* indicates the position of the major peaks of the remaining sodium
phase. G= peak due to the graphite used in the battery.

A For lower lithium amounts, the system undergoes another phase

C transformation that leads again to the O2 stacking with a smaller
interslab space as seen in Fig. 5 by the appearance of a new peak at
higher angle (8 = 19°). Paulseret al. also observed this transfor-
mation byin situ XRD.

C Table Ill. Rietveld refinement of the O6-Lig3/C00, XRD.

06-Liy3/C00, (electrochemical deintercalatipn
Space groupR3m Constraints:
Aneyx = 2.80472(5) A Li position and concentration
B Chex = 29.3121(7) A B(Li) = 1.2 A%
B[Co(1)] = B[Co(2)];
A B[O(1)] = B[O(2)]
Wyckoff
. " 2
Figure 12. The 06 stacking of LiCoO, phase (0.33< x < 0.42). Atom Site positions Occupancy B (A?)
Li (1) 6¢c 0 o0 1/12 0.37 1.2
Co(1) 3a 0 0 0 1.01(4) 0.5(3)
Co(2) 3b 0 0 0.5 1.03(4) 0.5(3)
o) 6c 0 0 0.1980(8)  1.000 0.9(7)
0(2) 6c 0 o0 0.3651(8) 1.000 0.9(7)

1.8710(1)A Co-O distance, whereas the octahedra sharing edges
with LiOg exhibit a 1.86171) A Co-O distance. The difference
found is small, but so is the difference between the ionic radii of
Co** (0.545 A)and Cd* (0.530 A)2® These results would suggest
that one Co@slab out of two contains the ¢6ions, corresponding

to the shorter Co-O distances. This could be a way to minimize the
electrostatic repulsion between Loand lithium. However, the 06
stacking is not obtained faxr = 0.50, as was previously observed
by Mendiboureet al., so that we also expect some*Cdons to be

Conditions of the run:
Temperature, 300 K
Angular range, 5 26 < 120°
Step scan incremerf26), 0.02°
Zero point(26), —0.016(9)°
Number of fitted parameters, 18
Profile parameters
Pseudo-Voigt function
PV =mL + (1 — m)G withm = ng + X(26)
Halfwidth parameters

present in the cobalt layer that shares faces withgLiO Mo = 1.14(6)
One can note that the peak profile is not fully satisfactorily simu- X = —0.007(3)
lated with the Fullprof program as the XRD pattern displayed on U = 04(1)
Fig. 13 does not exhibit peak widths that strictly vary smoothly as a V = —0.13(5)
function of the scattering angle which yields significant reliability W= 0020(6) ) _
Preferentical  orientation of the particles perpendicular

factors. The(110 peak situated at@ = 66.6° for instance is rather
sharp as compared to the others. Furthermore, the peak width also
depends on the way used to prepare the phasiéls or without the

use of additives). As already mentioned for tH&2 phase, this be-
havior could be due to the presence of some stacking faults in the
material.

to thec axis: 1.00(2)
Conventional RietveldR factors for points with Bragg contribution:
Rup = 20.2%;Rg = 6.0%

Note: standard deviations have been multiplied by the Scor number
(4.15)to correct from local correlatiorfs.



02-Li,Co0, (0.21<x=<0.24).—The XRD study of the €00, Log o (S.cm'1)
phases shows that the O2 stacking is also observed for<0.21

< 0.24. Figure 6 shows the complete XRD pattern obtainedfor Or
= 0.23. The highly deintercalated phase was obtained from a mix- I — cnn x=0.38
ture containing some PTFE, therefore strong preferential orientation 1k feeee s e
is observed. One can also notice that the remaining sodium P2 phas \
has evolved, as its peak situated at low \2alue is shifted and i i LT T PP x = 0.55
broadened. The cell parameters found for O3,4£00,, reported 2% *e 400, °e cee .
in Table I, are in good agreement with the situ XRD study of I "““u.o'o'.',’,' X.-.Q,-7§
Paulsenet al® The emerging peak situated a6 2= 19.66° forx x =0.61 '_"0‘65-‘
= 0.20 in Fig. 5 gives evidence of a two-phase domain leading to 3 =1
the 4.57 V plateau. s eeene..
LY oo .

02-Li,Co0; (x=<0.15).—As our cycling curve ends at 4.6 V, we do 4 ., .
not observe the single-phase domain corresponding to this phase i - x = 0.98
Fig. 3 and 4. However, we prepared a highly deintercalated single 5t
phase x = 0.15), with an open-circuit voltage equal to 4.60 V. To
our knowledge, this highly deintercalated O2 phase was not evi- i
denced before. 6k

The 02-Lp 1£C00, phase exhibits an O2 stackiiiig. 5 and 6) A
with a small interslab distandé.497(3)A Table | and Fig. 7]. Such
a drop of the interslab spacing was also observed for highly deinter- -Tr
calated phases such as,€bO,'® and LiNiO,,*”?° but in these Y
cases the slope was even larger as the lithium concentration reache 8t ’..
was lower than 0.15. One can note in Fig. 6 that the diffraction
peaks of this phase are broad, showing that it is not well crystalline. i \

Electronic properties.—Electronic conductivityFigure 14 -9 ‘-.. x=1
shows the variations. reciprocal temperature of the electronic con- i
ductivity recorded for the LiCoO, samples, withx ranging from 1 -10 . 1 4 1 : 1 4 J
to 0.38. The activation energy does not strictly obey an Arrhenius 4 8 12 16 20
law, as it varies slightly with temperature. When lithium is deinter- 4
calated, the electronic conductivity increases and the activation en- 1000/T (K™)

ergy decreases rapidly. Indeed, lithium deintercalation entails an o ) ) o
oxidation of the cobalt ions to their tetravalent state. The conductiveFigure 14. Variation of the logarithm of the electrical conductivitg. re-
electrons are thus situated in the Goband, which can overlap ~CiProcal temperature of the JGo0, phase (0.38< x < 1).

through the common edge of the CgQctahedra and can lead to a

delocalization. However, although the conductivity values are quite

high, the electronic conductivity remains thermally activated for all

compositions. . lation. This clearly shows that the electronic conductivity measure-
However, the pellets used for the electronic measurements Werghents on unsintered pellets must be considered with caution.
not sintered before lithium deintercalation, because of the metasta- ] )
bility of the 02-LiCo0, starting phase. A sintering process is usu- Thermoelectronic powerThermoelectric power measurements of
ally required for these measurements to improve the intergrain convarious LiCoO, compositions are shown in Fig. 16. These measure-
tacts in the material, so that in our case an alteration of thements are not sensitive to the pellet sintering issue, so they could
conductivity value is expected. As measurements reported in Ref. 2provide information on the electronic properties of the bulk.
for the 03-Li,CoO, phases were carried out with pellets sintered at ~ The positive values of the Seebeck coefficient obtainedxfor
800°C for 12 h before the lithium deintercalation, it is interesting to > 0.55 establish that electron holes are the prevailing charge carri-
show to what extent the absence of sintering can affect electricers, in good agreement with the formation of holes in thed band.
conductivity measurements. Figure 15 shows the variatiorecip- The high values of the thermoelectric power obtained for
rocal temperature of the electronic conductivity of two = 0.98 andx = 0.97 are typical of a small polaronic behavior, in
03-Lig s¢C00, materials, one having been sintered before the elec-good agreement with the results obtained by electronic conductivity
trochemical deintercalation and the other not. For comparison, theneasurements. The lower Seebeck coefficient values obtained for
variation of the electronic conductivity of*E-Li, C00, has been  x = 0.97 result from an increase in the number of charge carriers as
plotted. The shape of the curve and the conductivity values obtaineaxidation of the diamagnetic €6 ions to paramagnetic ¢6 ions
for the sintered pellet of the O3444Co0, phase are in good agree- proceeds. Nevertheless, for both materials, the temperature depen-
ment with those reported in Ref. 21. The decrease of the electroniclence reflects a complex behavior.
conductivity when the temperature increases indicates a metallic For the most deintercalated phases (05% < 0.75), the quasi
character, revealing that an electronic delocalization occurs in thidinearity of the plots and the low values of the Seebeck coefficient,
material. However, the thermal variation obtained for the same comwhich tends to zero when the temperature decreases, are typical of a
position, but for the unsintered pellet is completely different. The metallic behavior. Fox = 0.75, which corresponds to the Q221
electronic conductivity is thermally activated, characterizing an ac-two-phase domain, an intermediate behavior is observed. For the O6
tivated phenomenon. phase x = 0.38), the Seebeck coefficient is quasi temperature-
As shown in Fig. 15, the evolution of conductivitg. the recip-  independent and is very close to zero. This behavior clearly indi-
rocal temperature for the”2-Li, 5,Co0, material is quite similar to  cates that an electronic delocalization occurs in this phase.
the one obtained for the O3iC00, unsintered pellet. We may Thea = f(T) plots of the O2-L{CoO, phases are very similar
thus expect the *2-Li, ,C0o0, material to have exhibited a metallic to those reported for the 03-lGo0, phases (1< x < 0.60). For
behavior if the pellet could have been sintered before the deintercathe O3 system, these measurements coupled with the electronic con-
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15 O3-Li, ,,C00, phases (0.38 x < 0.98).
[ ‘\_\-.. unsintered pellet
-2 o =3 oy 7 .....°O.
Se, metallic character of the phase can appear contradictory wit
) . e . llic ch f the O6 ph di ith
X 4 "-.,,. tee, charge ordering between the cobalt ions, but as already mentioned
- *e, this stacking is stable for 0.38 x < 0.42, so that some ions
i fo) See.. hi king is stable for 0.33 0.42 h ¢oi
25F . 0.61 2 e, . must be present in the €b slab. An electronic delocalization can
_ unsintered pellet . thus occur in both types of CoGlabs.
. . . . . NMR measurements-Since XRD vyields long-range structural
-3.0 * ' . ' information, we usedLi NMR to obtain information on the local
4 8 12 16 20 structure around lithium. Indeed, NMR spectroscopy is very sensi-
1000/T (K-1) tive to the presence of a spin density at the site of the nucleus.
Figure 17 shows théLi MAS NMR spectra of the starting
Figure 15. Variation of the logarithm of the electrical conductivitg. re- 02-LiCo0, and of some deintercalated compounds. As we reported

ciprocal temperature of the O344C0o0, phases measured on sintered and elsewhere, O2-LiCo®exhibits a single narrow signal situated at 0
unsintered pellets and of the 02y5iC0o0, phase measured on an unsintered ppm, indicating that no paramagnetic cobalt ions related to oxygen
pellet. deficiency is present in the starting phdsadeed, C3* is diamag-
netic so that no hyperfine interaction is expected, as also observed
for stoichiometric O3-LiC0@.?%?32°0n the opposite the presence
of single electrons due to some paramagnetic cobalt ions related to
ductivity and the’Li NMR ones were indicative of a nonmetal to nonstoichiometry yields additional shifted sign&ls.
metal transitiorf! The spectra recorded for 0.87 x < 1 (Fig. 18)all exhibit the
Discussion on the electronic propertiesin O2-LiCoO,, as same single signal, and_therefore are not_ shown in Fig_. 17_. However,
shown by our earlier magnetic study, the’Caons are in a low spin the magnitude of the signal changes withas shown in Fig. 18.

' . 7 . The spectra are shown in a common absolute scale of magnitude,
configuration, so that they are d'f%magnet@?‘ﬁ and should not  5ing'into account the amount of material and the number of scans
give rise to conductio.Lithium deintercalation, which increases used. All the other NMR parameters including the spinning fre-
the number of tetravalent cobalt ions, tends to decrease the activgy,ency are kept constant. In Fig. 18 we give the integrated intensity
tion energy and _to increase the conduc_tlwty. Ind_eed, the conductiveys aach signal including the spinning side bands. Of course, the
electrons are situated in the Cg orbitals, which can overlap  gyantification is not strict, as the magnitude of the signal also de-
through the common edge of the octahedra and can lead to a dekbends on the sequence used to record it. In another study, we re-
calization. As discussed by Goodenough, in transition metal OXideSported that a synchronized echo pulse sequence was not suited to
the electronic delocalization through overlappipgotbitals (edge record’Li NMR spectra of deintercalated phases; indeed, the lithium
sharing octahedyas expected if the bands are not completely filled jons motion in the interslab space modifies the spin system between
and if the metal-metal distance is smaller than an empirical valuéthe two required pulses, leading to the nonrefocalizing of part of the
R, .?? For 02-Li,Co0,, R, varies from 2.900 A fox = 110 2.850  signals®® However, it is also well known that a single pulse se-
A for x = 0.38. In the case of O3-k£00,, the t orbital overlap  quence underestimates broad signals. We therefore show the evolu-
leads to a metallic phase for< 0.74, in agreement with Good- tion of the signals recorded with both types of sequence, giving the
enough’s criteriorf® In the case of the 02-LCoO, phases, the relative intensity of the observed peak. The values obtained clearly
metal-metal distance (g.co is always smaller than the critic®, =~ Show a stronger decrease in the signal intensity than expected by
value(de, coalways between 2.787 and 2.847 A; sgg, , agm and considering the small decrease in lithium concentration. Similar re-
brnv3 in Table 1), so that an electronic delocalization is expected asSults were obtained for the 035300, phases with 0.94< x
soon as a high enough amount of lithium ions are removed. The< 1.0% The gradual loss of observability for tfei NMR signal
thermoelectric power measurements clearly show this localized t@bserved in both systems is considered to be due to the presence of
itinerant electrons evolution. The G2 T#2 transformation appears localized C8* in the material. Indeed, for this lithium amount,
therefore to be correlated with a nonmetal to metal transition. Thesome cobalt ions are oxidized to the ‘Costate, with the } elec-
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Figure 17. 'Li MAS NMR spectra of various LiCoO, (0.33< x < 1)
deintercalated phases recorded with a single-pulse sequence and a 13 kt
spinning speedt indicates the spinning side bands.

x=0.98 (52)
x=0.97 (31)
x=094  (37)

tronic configuration. As the single electron is situated ig arbital
of the Cd* ions, the transfer of hyperfine interaction toward lithium

can occur directly though the common edge of the ga@d LiQ; 50 40 30 20 10 O 10 =20 -36 40 -50
octahedra. The transferred hyperfine interaction, as well as the dipo 5 (ppm)
lar contribution, is then so strong that tAei NMR signal is no PP

longer Ozservab"ih E"e\lcl\t/lrgn't‘? hOpp'nlg b%tl"éeen cobalt 'c.’(;'s atljo OCtigure 18. 7Li MAS NMR spectra of LiCoO, (0.94= x < 1) deinterca-
curs, and since the ime scale-{ s) is considerably lated phases recorded with a 10 kHz spinning speed(and single-pulse

larger than the electronic hopping one 10 *? s), the single elec-  sequence anth) a Hahn echo sequence. Spectra are plotted in an absolute
tron may interact with many Li ions during the recording of the intensity scale. The total integrated intensity of the signals is also given.
free induction decay. This leads to a loss of observability higher than

that calculated considering that each*Cion interacts with six Lt

ions (i.e., forx = 0.97, one would expect a minimum of 82% ob- sites which exhibit a lower symmetry than the starting octahedral
servation in the absence of electronic hopping one. However, NMR experiments using only one field do not allow

Figure 17 shows the NMR signal recorded for further deinterca-one to determine which tetrahedral si8 or 8f)is occupied by the
lated LiCoO, phases. We observed the emergence of a new signalljithium ions.
shifted by 100 ppm, characterizing th&2Tphase. Fox = 0.75, the For lithium concentrations lower than 0.50, the Knight-shifted
presence of the two signals confirms the biphasic character of thisignal is less shifted<£100 ppm), and the extent and intensity of
material. Forx < 0.75, the 0 ppm signal has disappeared, and thethe spinning side bands decreases again. Indeed, for<0.83
new signal shifts further£120 ppm). The type of interaction ex- =< 0.39, the LiCoO, phases adopt the O6 stacking, in which the
perienced by lithium has changed, as it leads now to the observatiofithium ions occupy more symmetric sites. The observed decrease in
of a shifted signal. These results are in good agreement with thehe shift for decreasing values af seems counterintuitive, since
thermoelectric power measurements, which suggest that the Onore charge carriers should be present upon further oxidation of
— T2 phase transformation is correlated with a nonmetal to metalCa®" to Cd*™. However, one has also to take into account the de-
transition. The NMR signal observed for thé2Tphases is therefore tailed structural parameters of the materials, which are very impor-
a Knight shift(due to the participation of the 2s orbital of Li to the tant for the density of states at the Fermi level, and therefore for the
density of state at the Fermi leyetharacteristic of a metallic phase. Knight-shift observed.
The same behavior was observed for the OZbiO, system forx
< 0.74%

One can notice in Fig. 17 that the expansion of the spinning side Lithium deintercalation from O2-LiCo©is complex as it in-
bands is larger for 2 phases than for 02 ones. Simulations of the volves several structural rearrangements. All these transformations
signal shape showed that this broadening is due to a quadrupolare reversible for 0.16< x < 1 and imply CoQ slab glidings, non-
interaction resulting from an asymmetric electrical field gradient metal to metal transition, and possible lithium/vacancy ordering. We
around the lithium ions, which confirms that they are situated inshowed that the electrostatic repulsion between cobalt and lithium

Conclusions



ions through the common face of their octahedra is strong enough to  Universitede Bordeaux | assisted in meeting the publication costs of this
shift the lithium and cobalt ions from their ideal position in the O2 article.

starting phas@ Lithium deintercalation involves cobalt oxidation to
the tetravalent state, which should imply even stronger electrostatic

repulsion between cobalt and lithium in the O2 structure. We believe 1.

that the structural transformations observed as lithium is deinterca-2.
3. D. Carlier, I. Saadoune, L. Croguennec, M. ideier, E. Suard, and C. Delmas,

lated from the O2 structure are a way to minimize this strong repul-
sion. For 0.94< x < 1, the O2 structure remains stable as lithium

vacancies can be formed in the sites sharing a face with thé Co

octahedra, so that strong €oLi repulsion can be avoided. We

showed by thermoelectric power afid MAS NMR measurements 6.
that as soon ag < 0.94, a nonmetal to metal transition occurs in 7
Because of the electronic delocalization on the cobalt®

the material.
ions, if the structure remained O2, all the lithium ions would un- 9

dergo the same strong electrostatic interactions. The structural evoy,

lution to the T2 stacking thus allows lithium ions to be placed in 11.
12.

tetrahedral sites which do not share faces with goCahedra so
that the Co-Li repulsions are minimized.

For x < 0.50, the O6 stacking is stabilized. Because this struc-
ture contains two types of CgQayers, a segregation of the €o

lithium site, could minimize the electrostatic repulsion. A high

enough number of C'd ions would therefore be necessary for this 16

stacking to form, and it occurs for < 0.5.

The transformation of O6 back to O2 after further deintercalation 18: W. Li, J. N. Reimers, and J. R. DalBolid State lonics67, 123(1993).

is connected with a decrease in the interslab distance, which berg.

comes smaller than that of the starting O2 phase. This indicates an
increase in the covalency within the Cpayers. The formal charge
on the cobalt ions decreases, and so does the repulsion between
Co'*-Li* ions though the common face of their octahedra. The 022
stacking is thus again stable. The ©6 02 phase transformation

comes too high in the Gd (face sharing octahedréayer.

The only phase transformation that does not seem to be induced*

by the minimization of electrostatic repulsions betweerf ‘Cand
Li* ions is the T2 — T2’ one, which appears for = 0.50 and is

thought to correspond to a lithium/vacancy ordering as was assumegks.

in the O3-L{CoO, system. However, no sign of lattice distortion
that could be due to this ordering was recorded by XRD.
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