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Abstract

Lithium cobalt oxide compounds are promising
materials in various industrial applications, as water
electrolysis cells, rechargeable lithium batteries,
molten carbonate fuel cells and humidity ceramic
sensors. This paper presents an overview of the pre-
paration and properties of Li—Co-O compounds:
lithiated Co304, LiC0oO, and LiCoOsCoO solid
solutions. © 1998 Elsevier Science Limited. All
rights reserved

1 Introduction

Co30, is an electrode material which arouses great
interest in the chlor-alkali industry because of its
good electrocatalytic properties, ready availability
and low cost.! Co3;0, is also an interesting catalyst
material for that regarding CO oxidation in a gas
phase.> Doping this compound with lithium its
electrocatalytical activity considerably increases: as
shown in Table 1, the oxygen evolution potential
decreases with increasing Li-doping.? LiCoO, is an
attractive electrode for rechargeable lithium cells
because lithium can be extracted from, and
reintroduced into, the structure with a concomitant
change in the oxidation state of the cobalt ions.*?>
LiCoO, is also a promising cathode material for
molten carbonate fuel cells because of its low dis-
solution in the electrolyte.® Finally, the effect of
water vapour and gas adsorption on the electrical
properties of solid solutions Li,Co,.,O have been
studied with the aim of developing humidity cer-
amic sensors.’

In consideration of their promising application
in different industrial fields, this paper presents an
overview of the preparation, stability and proper-
ties of Li-Co—O compounds: lithiated Co30,,
LiCo00, and LiCo0O,—CoO solid solutions.
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2 Lithiated Co30,

Co304 has the structure of a normal spinel in
which the Co?™ ions are in tetrahedral sites and the
Co** ions occupy octahedral sites. Lithium ions
may occupy sites or interstices in the spinel lattice
of Co30;. Substitution of lithium can occur either
at the tetrahedral sites, replacing Co?* ions or at
the octahedral sites, replacing Co®>* ions. The
mechanism of lithium doping and the structure
obtained depend on temperature and precursors of
the reaction. By solid state reaction of cobalt and
lithium salts in an oxygen atmosphere, lithium
cobalt spinel oxides of the type Li,Cos;_,0O4 are
obtained, where the lithium ions substitute for Co
ions on octahedral sites (8a) (synthesis temperature
600°C)?® or tetrahedral sites (16d) (synthesis tem-
perature 800°C).° Charge compensation is achieved
by Co** ions in octahedral spinel sites. When
lithium ions occupy octahedral sites, the cubic unit
cell parameter q, varies almost linearly with x up
to 0-4, as shown in Fig. 1.3 Electrochemically or by
a reaction with n-butyllithium,!® lithium can be
inserted in free octahedral (16¢c) interstices of the
Co30, lattice to get Li,Co304 intercalation com-
pounds. Table 1 shows the dependence of resistiv-
ity and oxygen evolution potential on lithium
content in Co304.3

Zhecheva et al. referred that by solid state reac-
tion between cobalt and lithium salts in air at 500—
750°C spinels of the types Li,Li,Cos_,O4 were
obtained, where the indices x and y referring to
Li*™ occupying, respectively, sites and interstices in
the spinel lattice.!!-13

At low concentrations (up to 2-6 Li* at%) the
lithium ions are uniformly distributed in the bulk
of the crystallites. With increasing total lithium
amount, the Li concentration in the core of the
crystallites does not change significantly and the
lithium ions accumulate in the outer parts of the
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Table 1. Resistivity and oxygen evolution potential of Li-
doped Co304 (Rasiyah and Tseung 3) * Smoldm—3, 70°C, 1

Acm™?

Li Resistivity Oxygen evolution
(ajo) (Qcm) potential (V)"
0 104 1-69
4 10 1.56
7 1 1.535
10 1 1-52

0.8090 W

0.8088 -

0.8086

0.8084

0.8082

Lattice parameter, a_ (nm)

0.8080 4

0.8078 _— l
00 01 02 03 04 05 06

Lithium atomic fraction, x

Fig. 1. Variation of unit cell parameter a, with x of
(Co?M)[Cos.3x 3* Coy* " Li, *]0,4 (Appaindairajan et al®).

crystallites. The system can be considered as con-
sisting of coherently intergrown crystal regions
with different Li content having small thermo-
dynamical and crystallochemical differences, i.e.
lithiated Co0304 spinel and quasi-spinel LiCoO,
(see later) structures.

The features of Li,Li,Cos;_,O4 are the following:

1. the concentration of lithium ions occupying
regular spinel sites in the core of the crystal-
lites decreases with rising preparation tem-
perature;

2. the amount of lithium ions in spinel interstices
increases with rising preparation temperature;

3. from 2-6 to 9-4 Li* at%, the crystallites con-
sist of a Co304 core with relatively small
lithium amount, and a lithium-rich external
domain. The lithium content of these regions
does not depend of total lithium content of
the system;

4. the phase transition from a spinel to a rock
salt structure (as Co3;04—CoO transition) of
Li,Li,Coz_,O, takes place with the formation
of two phases: LiCoQ; and Li,Co,.4O.

Then, from experimental results it seems that,
above the critical values of xo and yo in Li,.
Li,Co;_,0,, two-phase system formed by quasi

spinel LiCoO, and spinel Li,Li,,Cos_,,04 1is
energetically improved with respect to entropically
improved (more desordered system) single phase
spinel Li,Li,Co;_,O4 (y > yo,x > x0), likely by the
layered-spinel resonance of LiCoQO,.

The thermal decomposition of CoOOH in
LiNO; melt at 300°C is a new route for the pre-
paration of mixed lithium cobalt spinel oxide,'* in
which the lithium ions are distributed nearly sta-
tistically in the tetrahedral and octahedral sites of
the spinel lattice. In Fig. 2 various methods to
obtain lithium cobalt spinel oxide are reported.

Finally, recent works report the formation of
lithiated Co30, at very low temperatures
(<300°C) by solid state reaction in air of Li,CO;
and Co30,4!3 or CoCO;.1¢

3 Low Temperature LiCoQO,

Gummow et al.'’” prepared low temperature
lithium cobalt oxide (LT-LiCoQO,) at 400°C by
reaction of Li,CO3; and CoCQs. The temperature
was held at this value for approximately 1 week to
form a single phase product. When lithium cobalt
oxide is prepared at 400°C it has a cubic rock salt
structure with overall composition Lig.9gC01.9205.
The structure of LT-LiCoQ; is not ideally layered,
and 6% of the cobalt ions reside in the octahedral
(3a) sites of the lithium layers. LT-LiCoO, has an
essentially ideal cubic closed packed oxygen array
(c/a = 4-90). Because the cation distribution in this
compound is intermediate between layered and
spinel type structure and because of the strong
resemblance of the X-ray and neutron diffraction
patterns to that of a lithiated spinel structure

Solid state reaction of
Liand Co salts

Solid state reaction of
Li and Co salts

{ 600°C, O, flow

{ d
Co¥[Liy" Cogs™ C02,*'104 Li,* Coy..>*[Cos.> Co,"']0,

I! 800°C, P(O;) 2.5 Gpa

(a) (b)

CoOOH thermal decomposition in
LiNO; melt

n-butyllithium, Co;0,

|

; 300°C | 50°C, hexane

{ {
Liss" ot [Li; C0z2,™ Couir™104 LiyCo;04

() ()

Fig. 2. Various preparation methods of lithiated cobalt spinel

oxide, where lithium ions occupy (a) octahedral sites, (b) tet-

rahedral sites, (c) both octahedral and tetrahedral sites, (d)
and interstices.
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Liy[C0,]04, it is referred as
phase. 819

On the basis of the formation of mixed lithium
cobalt spinel oxide previously analyzed, at
400°C the formation of quasi spinel LiCoO,
takes place by a two step process. First, single
phase Li,Li,Cos_,O4 is obtained as:

a quasi-spinel

3(x + y)/2(3 — X)Li2CO3 + C0304
+ (5x — 3y)/4(3 = x)0; — 3/(3 — x) (1)
Li,LiCo3_,04 + 3(x + »)/2(3 — x)CO,

For x = xo0 and y = yo, quasi spinel LiCoO,; for-
mation occurs:

(3 = 2x0 — y0)/2Li,CO; + Liy,,Lix,Co3_cO4 2
+(1/2 — x0 + 1/2y0) /20, — (3 — x0)LiC0o0,
+ (3 = 2x0 — y0)/2CO,

The system is formed by two phases: LT-LiCoO,
and Li,,Li,,Co3_,,04. The amount of LT-LiCoO,
phase increases with increasing lithium content of
the sample up to obtain single phase LT-LiCoO,
for a Li:Co atomic ratio of 1.

Efforts to obtain ideal Li[Co,]JO4 spinel structure
from a starting mixture with Li/Co atomic
ratio=0-5 and ideal lithiated Li,[Co,]O4 spinel
structure (with lattice constant ratio c¢/a = 4-899)
at low temperature have till now been unsuccess-
ful.'® Liy.sCoO,, obtained by chemical delithiation
of LiCoO, synthesized at 400°C, shows a spinel-
type structure,'® but, as lithium is removed from
LiCoO,, Co®" is oxidized to Co**, which is
known to be an unstable oxidation state.

4 High Temperature LiCOOz

At 700-900°C layered rock salt structure lithium
cobalt oxide (HT-LiCoO,) with trigonal sym-
metry, R3m, as CsCl,l, is obtained.?’ This struc-
ture is based on a closed-packed network of
oxygen atoms with the Li* and Co®" ions order-
ing on alternating (111) planes of the cubic rock
salt structure. This (111) ordering introduces a
slight distortion of the lattice to hexagonal sym-
metry. The c/a ratio of 4-989 is significantly larger
than that of an ideal ccp lattice (c/a = 4-899).
Solid-state synthesis of HT-LiCoO, may start
from many different precursors in the Li/Co
atomic ratio about 1: Li;O, and Co0,?° Li,CO;
and Co0;0,4,%' Li,CO; and Co,?? LiOH.H,O and
CoCO0;,* Li,CO; and CoCO;.° Independent of
cobalt precursors, LiCoO, synthesis proceeds
through the reaction between Li precursors and
C0304.2224 A calcination temperature above

700°C has generally been used. Using acetates as
starting materials also yield HT-LiCoO, below
500°C.2* Well-crystallized, layered LiCoO, was
prepared by heating cobalt-organic acid complexes
(such as oxalic, succinic, malic and tartaric acid) at
900°C in air.?> Synthesis of LiCoO, powders by
ultrasonic spray decomposition of LiNO; and
Co(NO»), was reported by Ogihara et al.?® Ultra-
fine HT-LiCoO, was synthesized by the sol-gel
method using polyacrilic acid as a chelating
agent.?’” For Li/Co atomic ratio of the precursors
<1, formation of undoped Co;04 and LiCoO, was
detected.?®?° Unlike low temperature reaction,
Li,CO; reacts with Co304 to get layered LiCoO,,
without formation of lithium doped Co304:

3/2Li;CO5 + Co304 + 1/4 05 — 3LiCoO,
+3/2C0;,

A difference in the electrical conductivity,
depending on Li/Co atomic ratio, was also deno-
ted. Increasing conductivity was observed when
decreasing the Li/Co atomic ratio from stoichio-
metric LiC00,.?® This improvement has been sug-
gested to stem from the occurrence of a secondary
phase (Co30,). Co304 in itself has higher con-
ductivity than LiC00,.2® An increasing of sample
conductivity was also observed by increasing the
Li/Co atomic ratio above 1,243%3! as shown in
Fig. 3.3! Solid-state NMR measurements showed
that only a small amount of Li (<20% of the
excess) enters the structure ionically while reducing
the formal Co valence.’! Most of the excess
consists of unreacted Li,CO;.2*3! Another small
portion of the excess Li (about 10%) appears to
enter interstitial sites in close proximity to
paramagnetic Co?™ ions.

5 T T T —T" —
1.0 1.4 12 1.3 14

1000/T (1/K)

Fig. 3. Arrhenius plots for In o7 versus 1/T of pure and Li-
doped LiCoO,. (A) LiCoO,; () Li; .¢sC0o0,; (@) Li; 35C00,
(Carewska et al. 3").
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Recently, LiCoO, powders were prepared at
temperatures as low as 100°C through the use of a
two days ion exchange reaction between CoOOH
and an excess of LiOH.H,0.3? Low temperature
fabricated LiCoO, powders were well crystallized
with lattice parameters agreeing with 850°C pre-
pared samples.

Figure 4 shows different methods to obtain
lithium cobalt oxide.

4.1 Comparison of the electrochemical properties of
LT-LiCoO, and HT-LiCoO,

The electrochemical properties of LT-LiCoQO, dif-
fer considerably from HT-LiCoO,. Electro-
chemical extraction of lithium from LT-LiCoO,
takes place on a constant voltage plateau at 3-6 V
(on open-circuit) against pure lithium.!” This
behaviour contrasts markedly with that of a Li/
HT-LiCoO; cell in which the open-circuit voltage
varies between 3-2 and 4-5V over the composi-
tional range 0-1 < x < 1-0.3 Figure 5 shows the
electrochemical (OCV) curve of a Li/HT-Li,CoO,
cell and that of an Li/LT-Li,CoO; cell. The Li/
HT-Li,CoO, cell shows a curve typical of a single-
phase reaction for x <0-2 with the voltage
increasing steadily to 4-5V at x = 0-1. Although
delithiation of LT-Li,CoO, beyond x ~ 0-3 was
not achieved by chemical means, Fig. 5 shows that
it was possible to delithiate LT-Li,CoO, to
x=0-1, by slow electrochemical extraction in a
non-aqueous environment. After an initial rapid

Solid state reaction of
Li;CO; xlmd CoCO;s

] 400°C, 1 week
{
LT-LiCoO;

(@)

Ion exchange reaction of
CoOOH and| LiOH.H,;0

| 100°C, 2 days
$
HT-LiCoO,

()

Ultrasonic spray decomposition
LiNO;, Co(N?;);, distilled water

| 500-900°C
i
HT-LiCoO2

©)

Solid state reaction of
Liand Co precursors

| 700-900°C
3
HT-LiCO,

(b)

LiNQ;, Co(NO;),/Polyacrilic acid
aqueous solution

{ Evaporation 70-80°C

i

Gel precursors
| Precalcination 300°C

$

Precursor powders

| Calcination 400-650°C

|
{

HT-LiCoO,

(G

Fig. 4. Various preparation methods of LiCoQO,. (a) LT-

LiCo0O,; (b) HT-LiCoO, obtained by solid state reaction; (c)

ion exchange reaction; (d) sol-gel method; and (e) uitrasonic
spray decomposition.

increase in voltage to x=0-95, which was
attributed to a single-phase reaction process and
the generation of a defect rocksalt phase
Lip.95C00,, the Li/LT-Li,CoO, cell shows a two-
phase, constant-voltage plateau at 3-6V from
x=0-95 to x =0-1. The two-phase behaviour of
the LT-LiCoO, electrode is consistent with a phase
transition between a rock salt structure in which
the cations occupy only octahedral sites and a
spinel-type structure in which the cations occupy
both octahedral and tetrahedral sites. Unfortu-
nately, Li/LT-LiCoO, cells lose capacity on
cycling; this poor performance is attributed to the
structural instability of the quasi-spinel LT-
LiCoO, structure on repeated extraction and re-
insertion of lithium.

Moreover, during lithium extraction from HT-
LiCoO, the c¢/a ratio change from 499 at x =1 to
5.12 at x = 0-5.34 The expansion of the c-axis was
attributed to a decrease in the electrostatic binding
energy of the lithium-depleted layers. Unlike HT-
LiCo0O,, LT-LiCo00O; has an essentially ideal cubic-
close-packed oxygen array (c/a = 4-90) which sur-
prisingly is maintained during lithium extraction,!”
as inferred from the values of the lattice parameters
reported in Table 2.

4.2 LiC0o0O,—CoO solid solutions
For temperatures higher than 900°C, LiCoO,
begins to decompose by lithium oxide and oxygen
loss, as the following reaction:?!

LiCoO; — 1/(2 ~ y)Li,Coz-,02 + (1 = »)/(2 ~ »)
Li,O + (1 - »)/2(2 - )0, @)

where Li,Co,_,0; (y < 1, layered rock salt struc-
ture, as CsClLI) is the solid solution of CoO in
LiCoO,. LiyCo,_,0, is also directly formed by
solid solution of CoO in LiCoO,, as:

yLiCoO, + 2(1 — y)CoO — Li,Cor_,0;,  (5)

In the Li,Co,_,0, structure Co?” ions are present
both in Li* layer and in Co3* layer. Crystal-
lographic data of this compound are not reported
in literature. Then, at temperatures >1000°C, solid
solution of Li,Co,_,0, in CoO takes place, as:

Li,Co,-,0; + (¥ — 2x)/xCo0O — y/xLiCo;_,O
(6)

where Li,Co;_,O (rock salt structure, as NaCl) is
the solid solution of Li,Co,_,0, in CoO. Li* and
Co>* ions partially substitute the normal sites of
Co?*, to keep charge neutrality conditions. As a
consequence, while stoichiometric CoO is an
insulator, Li,Co;_,O solid solutions become p-type
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Fig. 5. Electrochemical (open-circuit-voltage) curve of: (a) Li/
HT-Li,CoO; (b) Li/LT-Li,CoO, (Gummow ef al. '7).

Table 2. Lattice parameters of HT-LiCoO,, LT-LiCoO, and
delithiated products (Gummow et al.'7)

Sample a(d) ¢ (A) cla
HT-LiCoO, 2.8179(1) 14.0597(8) 499

HT-Lip.g6C00, 2-8159(3) 14-124(2) 5.02
LT-LiCoO, 2-8297(6) 13.868(4) 4-90
LT-Lig.71Co0, 2-8304(4) 13-866(2) 4.90
LT-Lig.40Co0O; 2-8273(2) 13-851(1) 4.90

semiconductors. Figure 6 shows two prepara-
tion routes of Li,Co;_,O. The cubic lattice con-
stant of Li,Co;_,0O linearly decreases with lithium
content in the solid solution, as shown in Fig. 7.7
The values of x goes up to 0-2.2° Figure 8 shows
the dependence of the electrical resistivity of Li,.
Co;_,0 solid solutions with different x on relative
humidity at 25°C.” The electrical resistivity
increased with increasing relative humidity. As the
samples were p-type semiconductors, the increase
in the electrical resistivity may be caused by the
electron transfer from the H,O molecule adsorbed
on the surface of the sample to the conduction
band. The solubility of the LiCoO, in CoO
decreases with temperature,”® so Li,Co,_,O for
thermal treatment at 800-850°C or during slow
cooling demixed with CoO—Co,04 transition, as:

Li,Co;_,O + (1 - 2x)/602 — xLiCo0O,

(7)
+ (1 — 2x)/3C0304
Co0, Li;0, LiCoO2
under argon
| 1300°C, 10h
[ T 2900°C lithium loss
[ quenching
Li,Co,.,0 Li;Co,,0

(a) (b)

Fig. 6. Two preparation routes of Li,Co;_,O.
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Fig. 7. Dependence of the lattice constant on , of Li,Co,_,O.
(Sato et al.”).

For this reason, it is possible to obtain single phase
Li,Co,_,O at room temperature only on quench-
ing the compound from the firing temperature.
Thermal treatments at temperatures higher than
1100°C partially stabilize Li,Co;_,O against
demixing during cooling.?’ The stability of the
solid solution increases with firing temperature
because the sintering of the material is a hindrance
to oxygen uptake from the atmosphere, required for
the reaction (7). Following thermal treatment at
1000°C, for Li content up to 20 at% single phase
Li,Co;_,0 is obtained.?’ At 1300°C, in the presence
of CoO a strong preferred orientation of Li,Co;_,O
crystallographic structure was revealed.’> For
lithium atomic fraction higher than 20 at% Li*, two
solid solutions, Li,Co,_,0, and Li,Co,_,O, are
formed. For 47 at% Li*, Li,Co,_,0, single phase
is obtained.?® Li,Co,_,0, is not stable at tempera-
ture lower than 900°C, and a progressive change to
stoichiometric LiCoO, and Co;0, occurs:

Li,Co,-,0; + (1 — »)/30, — yLiCo00O,

8
+2(1 = y)/3C0304 ®
As Moore and White,® the conductivity of Li,Co;_ O
is higher then Li,Co,_,0,.

4.3 Particle size and sintering of Li-Co-O
compounds

Sintering of lithiated Co;0,4 samples is difficult, as
at high temperatures these compounds decompose
in an irreversible way. Literature data on lithiated
Co3Q0, are not available.

For that regarding LiCoO, powders, in order to
achieve a larger current capacity and reliability of
the battery, it is necessary to obtain submicron
particles of uniform morphology with narrow size
distribution and homogeneity. This is because the
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Fig. 8. Dependence of the electrical resistivity of different Li,_
Co_,O solid solutions on relative humidity at 25°C. (s)
x = 0-170; (W) x = 0-130; (&) x = 0-052 (Sato et al.’).

performance of the battery depends on packing
density, specific surface area, and homogeneity of
LiCoO, powders. Generally LiCoO, powders pre-
pared by solid state reaction show inhomogeneity,
irregular morphology, large particle size and broad
particle-size distribution. Lundblad and Bergman?*
found that CO, and O, partial pressure of the cal-
cination atmosphere have a significant effect on
primary particle size of LiCoO, obtained by solid-
state reaction. The smallest particles are obtained if
the CO, pressure is kept low and the O, pressure is
kept high.?* After thermal treatment at 700°C for
5h, Lundblad and Bergman?* obtained LiCoQO,
primary particles with a size of 100-300nm. A
drastic increase of particle size results from a heat
treatment at 800°C for 3 h. In this case, the primary
particles, with a size of 500-3000nm, are more
flaky with a diameter to thickness ratio of about

0.07 1
0.06 -
0.05 +
0.04

Q.03

(l/ la)Co—O - (l/ lo)Li-Co-O

002 + e Y

0.01 T T T L 1" T 1
700 800 900 1000 1100 1200 1300 1400

Temperature (°C)

Fig. 9. Difference of plaque diameter change of Co~O and Li-
Co-O samples as a function of temperature (Marini er al.??).

5:1. Ogihara et al. synthesised LiCoO; using ultra-
sonic spray decomposition. This technique allows
to obtain very small particles with uniform size
distribution. As-prepared particles were spherical
and submicrometer. Average particle size and its
geometrical standard deviation were 560nm and
1.33, respectively.?¢ LiCoO, particle size, obtained
by ultrasonic spray decomposition, decreased with
increasing the decomposition temperature; the
particle morphology was not affected by the tem-
perature decomposition. Sun et al. prepared by the
sol-gel method at the low calcination temperature
of 550°C LiCoO, powders, composed of very uni-
formly sized ultrafine particulates with an average
particle size of 30-50 nm and a specific surface area
of 2.3-17m2g 127 At temperatures >800°C the
presence of a liquid phase of unreacted Li,CO;
supports the sintering process of LiCoQ,.2* Marini
et al. found that the sintering process of LiCoO,/
CoO mixtures takes place at lower temperature,
with respect to single phase Co0.% Figure 9 shows
the difference of the plaque diameter change of
pure CoO sample (I/lo)coo and LiCoO,/CoO
sample (I/10)1; co-o following thermal treatment at
various temperatures of Co/Li;CO3 mixtures. Pla-
que diameter change is achieved by combining the
expansion due to cobalt oxidation and the shrink-
age due to the sintering of cobalt oxide powder. As
shown in Fig. 9, going from 900 to 1000°C the
difference of plaque diameter change of pure and
lithiated samples remarkably increased. The
intense shrinkage of lithiated sample is due to the
movement of lithium ions along grain boundary of
the material, which promotes the sintering
process.>®

For that regarding LiCoO,~CoO solid solutions,
Sato et al. found that Li,Co,_,O porosity follow-
ing sintering at 1050°C is independent of lithium
atomic fraction.”

5 Conclusions

Thermal treatment of Li and Co precursors in the
presence of oxygen gives rise to different Li-Co-O
compounds, depending on temperature and time of
the thermal treatment, Li/Co ratio, oxygen pres-
sure and preparation route. Generally, by increas-
ing temperature it goes from lithiated Co;0, to
quast spinel LiCoQO,, to layered LiCoO,, and
finally to solid solution of CoO in LiCoQ, (layered
ordered Li,Co,_,0,), and/or to solid solution of
LiCoO; in CoO (rock salt desordered Li,Co;_,0),
the ratio of these compounds depending on lithium
atomic fraction. The electrical conductivity increa-
ses going from stoichiometric to lithiated Co;04
and CoO, going from stoichiometric LiCoO, to
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lithiated LiCoO,, and going from Li,Co, ,0, to
Li,Co;_,0.

The electrochemical properties of LT-LiCoQ,

differ considerably from HT-LiCoO,. Whereas
electrochemical extraction from HT-LiCoO, in
room temperature lithium cells takes place as a
single-phase reaction above 3.9V for x <0.9,

electrochemical

extraction from LT-LiCoO,

occurs as a two-phase reaction at an open-circuit
voltage of 3-6 V for 0-1 < x < 0-95.
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