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Abstract

In an effort to increase and sustain the reversible capacity of Li@o@ycling, LiCoQ is prepared by using the molten-salt of the eutectic
LiINO3—LiCl at temperatures 650-85Q with or without KOH as an oxidizing flux. The compounds are characterized by X-ray diffraction

(XRD), scanning electron microscopy (SEM), chemical analysis, surface area and density techniques. Cathodic behaviour was examined

by cyclic voltammetry (CV) and charge—discharge cycling. The°88ynthesized LiCog which has excess lithium incorporated in to it,
shows a reversible capacity, witr98% coulombic efficiency, of 167{2) mAh g! at a specific current of 30 mAg in the range 2.5-4.4V

up to 80 cycles with no capacity-fading. When cycled to a higher cut-off voltage (4.5 V), a capacity éf22Ah g-* versus Li is obtained

at the fifth cycle, but capacity-fading is observed, viz6% after 60 cycles. On the basis of the CV and capacity—voltage profiles, this is
attributed to the non-suppression of the hexagonal g41H1-3) structural transition. A similar capacity-fading, i.€5-6%, during 5-40
cycles, is also observed in the LiCeoPrepared at 650 and 75C when cycled up to only 4.3V and this is ascribed to the non-suppression

of the H1<> M + H1 phase transitions (M = monoclinic).
© 2005 Published by Elsevier B.V.
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1. Introduction

Lithium-transition metal oxides have been extensively
studied for application as electrode materials for lithium—ion
rechargeable batteries (LIER)]. At present layered LiCo®
is the preferred cathode (positive) material for LIBs due
to its high volumetric energy density, excellent cycleabil-
ity, and high operating cell voltage. LiCeQs usually cy-
cled to an upper cut-off voltage of 4.2V versus Li and
gives a specific capacity of140mAhg?l. To obtain a
higher capacity, LiCo® must be charged to >4.2V, but

this will cause capacity fading on charge—discharge cycling.

It is now known that the capacity-fading is due to crystal
structure transitions taking place iniLixCoO, as a func-
tion of x following Lithium de-intercalation (charge) and
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intercalation (dischargg},2]. These are reversible and oc-
cur at 4.06-4.18 V versus Li (hexagonal (H:)monoclinic
(M) - H1), at 4.55V (H1- hexagonal (H1-3)) and at
4.63V((H1-3)— hexagonal (O1)). The H&> M — H1 tran-
sitions are order—disorder type, whereas the-H(H1-3) in-
volves drastic changes in the structure to form the so-called
‘stage-II’ Li1—xCoQO,. The Ol-phase formation from the
(H1-3) phase involves a large change in the unit cell volume
[2]. Hence, the volume changes of the unit cell that occur
during these transitions cause ‘electrochemical grinding’ of
the particles and result in a deterioration of the composite
cathode and capacity fading. In addition, charging LiGoO
to >4.2 V will cause an increase in the electrode impedance
as a result of the reaction of the charged cathode with the
liquid electrolyte[2].

Studies have shown that the HL M — H1 transitions in
LiCoO, can be easily suppressed by doping at the Co-site
with ions such as Nj3], Mg [4], Cr [5], Rh[6], Al [7,8],
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or by incorporating excess Li to form 1ixCoQ,, x<0.15 the product was thoroughly washed with distilled water and
[3,4,9-12] These doped compounds perform better when cy- decanted several times to remove excess lithium salts. The
cled up to 4.3 or 4.4V, by way of smaller or no capacity residue was dried in an air oven at X%Dfor 24 h and cooled.
fading in comparison with un-doped LiCeOStudies have  Free-flowing black powder was obtained. Synthesis was also
also shown that coating of the LiCe(particles with ox- carried out using added KOH to the molten salt eutectic in
ides such as A3, ZrO,, Si0O,, AIPO4 [2,13—-19]helps to the mole ratio 0.2:1.0. In this case, the synthesis temperature
suppress capacity loss on cycling to >4.2V, in some caseswas restricted to 650—75€, but the time of heating was 8 h.
up to 4.5V versus Li. The exact mechanism by which these The compounds were recovered as described above.
electrochemically-inactive oxides act in a favourable manner  Powder X-ray diffraction (XRD) patterns were obtained
is not clear at preseif2]. by means of a Siemens D5005 unit, Cu Kadiation, to
The LiCoQ is usually prepared by high-temperature identify the crystal structure. The unit cell lattice parame-
reaction in air or oxygen, using raw materials of oxides, ters were obtained by the least-squares fitting methéd (2
carbonates, nitrates, or through chemical precursors viarange, 10-79 of the d-spacings and thek| values. The
sol—gel, freeze-drying, et§l]. In all cases, heat treatment morphology of powders was examined with a scanning elec-
at >600°C for extended periods is required to obtain the tron microscope (SEM) (JEOL JSM-6700F). The Brunauer,
HT-LiCoOg2, which is electrochemically-active and possesses Emmett and Teller (BET) surface area of the powder was
the rhombohedral-hexagonalNaFeQ-type structure (the  measured with a Micromeritics Tristar 3000 (USA) instru-
H1-phase). Molten-salt synthesis is a novel method to obtain ment and density determination was undertaken with an Ac-
highly crystalline pure and mixed oxid§20]. In favourable cuPyc 1330 pycnometer, Micromeritics (USA). The Li and
cases, nano-crystalline phases can also be prepared. Th€o contents were determined on selected compounds using
method has been recently used to prepare Mn-containingan inductively coupled plasma (ICP) spectrometer (Thermo
cathodes, LiMpO4 [21,22] and Li(Niy2Mnz2)O4 [23]. Jarrell Ash, IRIS/AP Duo).
There are a few reports on the synthesis of LiGa- Positive electrodes (cathodes) for the electrochemical
ing molten-salts and on studies of the cathodic properties. measurements were fabricated from thoroughly ground ac-
Han et al.[24] employed a LiCl-L4CO3 eutectic mixture tive material, super P carbon black and a binder (Kynar 2801)
at 700-900C, but the compounds showed capacity fading in the weight ratio 70:15:15 using N-methyl pyrrolidone
when cycled in the range 2.8-4.2V for 40 cycles. Phases (NMP) as solvent. The doctor blade technique was employed.
Li(Cog.8Mo.2)O2 in which M =Ni, Al were also prepared at  Etched Al-foil was the current-collector. Coin-type test cells
580°C using a LINQ—-LiOH eutectic, but their capacity was were assembled in an Ar-gas filled glove box (MBraun, Ger-
found to degrade within 20 cycles with an upper cut-off volt- many), which maintaineg1 ppm of HO and G [28-30]
age of 4.3V[25]. Liang et al.[26] also observed capacity- Lithium metal foil (Kyokuto metal Co., Japan) served as the
fading when cycled in the range 3.0-4.25V in LiCo&yn- negative electrode (anode) and 1 M LiPiR ethylene car-
thesized using KCI at 85@C. When using KNQ@ as the bonate (EC)+diethyl carbonate (DEC) (1:1, v/v) (Merck)
molten-salt at 700C, however, Liang et a[27] succeeded  as the electrolyte. Celgard 2502 membrane was used as the
in preparing nano-particulate LiCoeGhat gave excellentrate  separator. Cyclic voltammetry and charge—discharge cycling
capability for up to 50 cycles when cycled the range 2.5-4.5 V. at constant current were carried out at ambient temperature
This communication, reports the ‘one-pot’ synthesis of (RT) by a Mac-pile Il system (Bio-logic, France) and a Bi-
LiCoO, employing LINO;—LIiCl eutectic as the molten-salt trode multiple battery tester (Model SCN, Bitrode, USA).
at 650-850C. The compound prepared at 83D shows a The cells were aged for 24 h before the cycling tests.
reversible capacity of 167 mAhg with no capacity-fading
when cycled in the range 2.5-4.4V at 30 mAlgup to 80
cycles. 3. Results and discussion

3.1. Structure and morphology
2. Experimental
As mentioned earlier, molten-salt synthesis is a novel one-

LiCoO, was prepared at temperatures that ranged from pot method that give the oxides in quantitative yields. The
650 to 850°C using LiCl (0.513g, Merck) and LiN® salt can be recovered and re-used. The eutectic EN(TI
(6.068 g, Alfar Aesar) salts in the mole ratio 0.12:0.88 (eu- (0.88:0.12 mol), which has alow melting point, 280, is em-
tectic composition) and Co(N§»-6H,0 (7.27 g, Merck). ployed[28,31] Itis known that LING and KOH are oxidiz-
The mole ratio of Co: eutectic was kept at 1:4. After proper ing fluxes, whereas LiCl is a non-oxidizing flux but acts as an
mixing, the mixture was placed in an alumina crucible and excellent ‘mineralizing’ agent to give well-crystalline oxides
heated in air in a programmable box furnace (Carbolite, UK) [20-23] During high-temperature treatment (650—-88Y),
to the desired temperature, at a heating rate @ gin—?. the added Co-nitrate decomposes to give the Co-oxide which
The heating was continued for 8 h at this temperature and thedissolves in the flux and re-precipitates as LiGa®ter the
furnace was then shut off. After cooling to room temperature, formation of CS* ions and consumption of lithium from
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Fig. 1. X-ray diffraction patterns of LiCogsynthesized using LiN+ LiCl
molten-salt at various temperatures. Miller indick& () are shown.

LiINO3. Due to the large content of salt, the consumption
of LINO3 to form LiCoO, does not affect the composi-
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no ‘cation-mixing’ exists. It is noted, however, that the pre-
ferred orientation of the well-crystalline platelets may also
be contributing to the largR value. With a decrease of the
preparation temperature to 750 and 660 theR value de-
creases to 1.3 and1.0, respectively. A small amount of
cation-mixing exists in the LiCo®prepared at 650C due

to exchange of small amounts ofland CG* ions from their
octahedral sites in the respective layers. Addition of KOH to
the flux during synthesis of LiCofat 650°C improves the
intensity ratioR from 1.0 to 1.5 Fig. 1andTable J). In ad-
dition, thec lattice parameter shows a decreasing trend with
increase in the synthesis temperatufable 1. Thec pa-
rameter of the 850C-synthesized LiCo®is close to that of

Li1 +xCoOp,x=0.1-0.2, asreported by Imanishi ef8], and
suggests that there is excess Li incorporated into the lattice.
Indeed, chemical analysis on duplicate samples of the com-
pound showed =0.15+ 0.01. On the other hand, Levasseur
et al.[3] reported only minor changes in tlasandc lattice
parameters in L4i.xCoQO,, x=0 and 0.1, prepared at 90C

by a solid-state reaction. From chemical analysis of duplicate
samples, the value of Li; +xCoQ, prepared at 650C with
KOH was found to be 0.0& 0.01 and this indicates that the

tion of the eutectic. A similar mechanism operates when the compound has no excess'lions in the lattice.

LiCl-Li 2COs eutectic is used for the preparation of LiCpO
[24]. Since KOH is also an oxidizing flyR0,32] its addition

Detailed analysis of the data from application of a vari-
ety of physical, chemical and electrochemical techniques on

to the salt-eutectic in the present experiments, to the extent ofLixoC00z,x0 > 1.0 led Levasseur et §1.2] to propose that the

20 mole%, is presumed to help in the oxidation ofCions.
K* ions do not get incorporated into the lattice of LiCpO

excess L1 ions occupy the Co sites in the Co layer and charge
compensation is achieved by the creation of O vacancies. In

due to their smaller concentration in the molten salt and also addition, some of the G ions, adjacent to the O vacancies,

because of the large difference in the ionic radius éfdnd
K* ions[33].

The XRD patterns of LiCo® prepared at various tem-
peratures are presentedfig. 1 All the peaks are indexed
on the basis of the-NaFeQ type, space group Bm. No

occupy the square-based pyramidal sites instead of the octa-
hedral sites and there by lead to an intermediate spin configu-
ration, C3*('S). The general formula far0 > 1.0 can thus be
written as: [Lijntersiad CO"" 1— 3t CO>* 1Sy Lif]siap [02—1]
wheret=(x0 — 1)/(x0+ 1) and C8' represents C3 ion in

impurity lines are present. The hexagonal lattice parameters,the low-spin configurationggeS. Accordingly, the electro-

c:aratio and intensity ratioR) of the (0 0 3) and (1 0 4) peaks
are given inTable 1 The XRD patterns and the hexagonal
a andc lattice parameters match well with those of LiGoO

reported in the literature that include those of the single crys-

tals @=2.8161(5A; c=14.0536(54) [11,27,34—37] The
c:aratio of 4.99 and the well-resolved splitting of the XRD

chemical behaviour of kHCoQO; is expected to differ from
that of LiCoQy. Indeed, results from the literatui®4,9-12]
and present experiments show thgpyldoO, performs better
as the cathode.

Scanning electron micrographs LiCe@repared at dif-
ferent temperatures are shownhig. 2 Agglomeration of

lines assigned to the pairs of Miller indices (006, 102) and well-crystalline, sub-micron particles of size between 0.5
(108, 110) in all the compounds are good indication of a and lum with platelet morphology are present in LiCoO

well-ordered hexagonal layered structUfey( LandTable ).
The R value of the 850C-prepared compound is 4.9, one

prepared at 650 and 75Q, Fig. 2a) and (b). Similarly,
LiCoO, prepared at 850C shows plate-like structures of

of the largest values ever obtained, and this indicates that4—8um length and 1-gm thickness kig. 2(c)). Thus, the

Table 1
Hexagonal lattice parameters aRdzalues of LiCoQ phases synthesized
using molten salt (LiIN@+ LiCl) at various temperatures

Synthesis a(+0.002) ¢ (£0.005) ca  loog/lios
temperature°C) R

850 2.818 14.052 499 49
750 (+KOH) 2.818 14.056 499 1.3
650 2.818 14.072 499 10
650 (+KOH) 2.819 14.069 499 15

mineralization effect of LiCl in the molten slat is clearly re-
vealed in all the preparations. The measured BET surface
areas of the compounds are 1.07 and 1.8n (+0.03)

for those synthesized at 650 with KOH and 88I) respec-
tively. These values are typical of the oxide cathode mate-
rials prepared by the high-temperature reaction. The exper-
imental density of LiCo@ powder prepared at 85C was
5.030gcc! and compares well with the calculated X-ray
density of 5.049 g cct, which indicates that the particles are
highly dense.
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Fig. 2. Electron micrographs of as-prepared LiGqgfarticles synthesized
at: (a) 650°C; (b) 750°C; bar scale, .um (c) 850°C; bar scale, 1p.m.

3.2. Electrochemical studies

3.2.1. Cyclic voltammetry

Li metal as the counter and the reference electrode, in the
range 2.5-4.3-4.4 and—4.7 V at ambient temperature, at a
scan rate 0.058 mV's up to 25 cycles. LiCo@samples pre-
pared at 650, 750 and 83C were used as the cathodes. Only
selected cycles are shownhig. 3for clarity. In the case of
LiCoO, prepared at 650C with KOH, which has mole ratio

of Li:Co=1:1, the first-cycle anodic peak (de-intercalation of
Li* ions from the host) occurs at4.2 V (versus Li), whereas
the main cathodic (intercalation of Li) peak ise8.75 V. Mi-

nor (shoulder) cathodic peaks at 4.15, 4.04V are also seen
(Fig. 3a). Inthe second cycle, the anodic peak shifts to a lower
voltage ¢~4.10 V), butthe corresponding cathodic peak shifts
only slightly, by 0.20V, to a higher voltage. The shift in the
anodic peak voltage is an indication of the ‘formation’ of the
electrode in the first-cycle, whereby the active material makes
good electrical contact with the conducting carbon particles
in the composite electrode, the current-collector and the lig-
uid electrolyte. The shifts in the main anodic and cathodic
peak voltages are complete by the fourth cycle and stabi-
lize at 4.0 and 3.84V, respectively. The hysterea¥ € the
difference between the sixth anodic and cathodic peak volt-
ages) is 0.16 V, which demonstrates good reversibility of the
charge—discharge reaction. Subsequent CV scans show that
the AV, as well as the anodic and cathodic peak areas, re-
mains almost constant with the cycle number, which again
indicates good reversibility.

A similar behaviour of cyclic voltammograms was re-
ported on the hightemperature (HT)-synthesized O3-Li£00
[15,38] The major anodic/cathodic peaks just below 4.0V
were assigned to the €d** redox couple. In addition, the
well-defined anodic peaks at 4.1 and 4.2V and the corre-
sponding cathodic peaks at 4.06 and 4.18 V that are observed
from the 6th cycle onwards are due to reversible hexago-
nal (H1)<> monoclinic (M)« H1 structural transitions of
LiCo0,[2,5,15,34-36]The voltammograms of LiCogpre-
pared at 750C are similar to those prepared at 6&8Dwith
KOH and are shown irFig. 3b). On the other hand, the
AV value is slightly smaller and the structural phase tran-
sitions H1l<> M, M < H1 are barely noticeable. The CV
for LICoO, up to 4.4V prepared at 85C is presented in
Fig. 3(c). As expected, the first two cycles are formation cy-
cles similar to other CVs shown Fig. 3(a) and (b). The hys-
teresisAV=0.18 Vandillustrates good reversibility. Interest-
ingly, the H«~ M < H1 phase transitions are completely sup-
pressed due to the excess lithium in CoO; [3,4,9-12]
Only the main anodic and cathodic peaks due to th&"¢b
couple are present and the peak areas remain constant. It is
also noted fronfrig. 3([@)—(c) that between 2.5 and 3.3V there
is negligible electrochemical activity.

In orderto reveal the H& (H1-3) <> O1 phase transitions

Cyclic voltammetry is a well-suited and complementary in LiCoO,, CVs were recorded using a fresh cell in the range
technigue to evaluate the cathodic performance and elec-2.5-4.7 V on the compound prepared at 860 The first 12

trode kinetics of oxide$5,6,15,30,38,39]lt is also a sen-

cycles are shown iRig. 3(d). For clarity, the CV for the third

sitive technique in revealing the phase transitions that existcycle is reproduced ifrig. 3(f). The 26th cycle CV of the

in LiCoO2 during charge—discharge cycliffg6,15,38] The

LiCoOs prepared at 650C with KOH is given inFig. 3(e).

cyclic voltammograms (CV) of the cells were recorded with This is an extension of the CV &fig. 3(a) recorded up to 25
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Fig. 3. Cyclic voltammograms of LiCofprepared at: (a), (e) 65 + KOH; (b) 750°C; (c), (d), (f) 850°C. Scan rate is 0.058 mV/$. Voltage ranges are
shown. Numbers in (a)—(d) refer to cycle numbers. Numbers in (e)—(f) refer to voltaGed2(V).

cycles, in that the upper cut-off voltage has been increased toand cathodic peak voltages agree withif.02 VV with those
4.7V. As observed ifrig. 3(d) and (f), the ‘formation cycle’ reported by Chen and DaHg] from differential-capacity
is complete after two cycles. During 3-12 cycles, the main curves. Thus, complimenting the chemical analysis data,
anodic and cathodic peaks for Li removal and insertion oc- the LiCoQ, prepared at 650 and 75C, with or without
curinthe range 3.8-4.0V, and the LM <> H1 transitions KOH, do not have excess Li incorporated in the lattice. On
(range, 4.0-4.2V) are completely suppressed. A broad un-the other hand, the excess Li in the compound prepared at
resolved anodic peak is present at 4.5-4.65V during cycles850°C, Li; 15C00p, enablesthe H&> M <> H1 transitionsto
2—6. By contrast, there is a clear indication of the two phase be completely suppressed and the4i{H1-3)<« O1 tran-
transitions, Ot (H1-3) at 4.50-4.55V and (H1-3) H1 sitions are broadened or merged.
at 4.37V in the cathodic peak§&if). 3d) and (f)). Due to The CV scans were also recorded at various rates, from
the close proximity of the potentials, the anodic peak is not 0.058 to 0.464 mVs! for the 650°C and the 850C syn-
resolved into two well-defined peaks, but it is clear that, as thesized LiCo@. With increase in the scan rate, the anodic
has been observed in other studigl these transitions are  peak voltage shifts to higher values, while that of the cathodic
reversible. With increase in the cycle number from 3to 12 cy- peak moves to lower voltage values. The respediveval-
cles, however, the areas under the main redox peaks due to thees and the relative areas under the peaks also increase. The
Co***couple decrease very significantly that is, continuous AQ, which is proportional to the peak currei;, ¢s found to
capacity fading is observed. This is due to the large unit-cell increase linearly against the square root of the scan rate and
volume changes associated with the&{H1-3) <> Ol tran- is an indication of transition from a finite to a semi-infinite
sitions and consequent electrochemical grinding of the parti- diffusion process of the [ftions within the crystal lattice of
cles of the active material and degradation of the composite LiCoO» [38].
electrode. Thus, cycling the 85C-synthesized LiCo®to
>4.5V deteriorates the reversible capacity, whereas cycling 3.2.2. Galvanostatic cycling
to <4.4V yields a stable and reversible capacity. Charge—discharge cycling of the cells with LiCp@s

The peaks due to the €d** couple and the sequence of cathodes were carried out up to 80 cycles at ambient tem-
reversible phase transitions, K4 M < H1 <> (H1-3)<«> O1 perature at a current density of 30 mAlg For LiCoO,
are clearly illustrated in the 26th CV scan of LiCpPre- prepared at 850C, cycling was performed with upper cut-
pared at 650C with KOH, as shown ifrig. 3(e). The anodic  off voltages of 4.3, 4.4 and 4.5V, whereas for compounds
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Table 2

Observed charge and discharge capacitiesriAh g-1), irreversible capacity loss (ICL) and capacity fading in LiGo@epared at various temperatures at
current rate of (30 mAgl)

Synthesis temperature; Cycle 1 Cycle 5 Cycle 40 ICL (cycle 1) Capacity fading (cycle range)
voltage range

Charge Discharge Charge Discharge Charge Discharge

850°C; 2.5-4.3V 161 147 157 157 157 157 14 Nil (5-40)
850°C; 2.5-4.4V 173 160 168 166 167 166 13 Nil (5-80)
850°C; 2.5-4.5V 208 187 194 191 187 186 21 6% (5-60)
750°C + KOH; 2.5-4.3V 171 161 160 158 - - 10 5% (5-30)
650°C; 2.5-4.3V 184 166 167 164 156 155 18 6% (5-40)
650°C + KOH; 2.5-4.3V 178 156 158 156 149 148 22 5% (5-40)

synthesized at 650 and 790, the voltage was only 4.3V. In order to emphasize the plateau, charging was carried
In all cases, the lower cut-off voltage was 2.5V. The rep- out at low current rate of 8mAY on fresh cells with
resentative voltage—capacity profiles of LiCofrepared at  LiCoO, prepared at 850C and at 650C with KOH in
850°C (2.5-4.4V) and at 650C with KOH (2.5-4.3V) the range 2.5-4.5V. These profiles, shownFig. 4(c),
are shown inFig. 4a) and (b), respectively. For clarity, indicate the plateau clearly in the case of LiGo@re-
only select cycles are shown. The observed charge andpared at 650C with KOH, whereas the LiCo®prepared
discharge capacities are given iable 2 and are plot- at 850°C, which has excess Li (viz., LhsC00y), does

ted as a function of the cycle number fg. 5 During not show the plateau. The latter behaviour is in accor-
the first-charge process, there is a sudden increase in volt-dance with that observed by Levasseur efa#,11,12]for
age to~3.8V from the open-circuit voltage~3.0V), fol- Li; 1CoOy. The first-discharge and subsequent cycles do not

lowed by a plateau until about 35-50 mAhlgis reached, show the plateaux implying a single-phase reaction in both
and then a gradual increase to the upper cut-off value. Thecases.
plateau voltage is due to the co-existence of two phases with

the compositions KkICoO,, 0.94< x <0.75, which are semi- 210 o
conducting x> 0.94) and metallic X< 0.75) [3,4,11,12]

(a) LiCo0,; 850°C; 30mA/g
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Fig. 5. Capacity vs. cycle number of LiCeO(a) prepared at 85CC in
Fig. 4. Voltage vs. capacity profiles of LiCeQprepared at: (a) 85CC, voltage ranges 2.5-4.34.4,—4.5V at current rate 30 mAd; (b) prepared
2.5-4.4V; (b) 650C + KOH, 2.5-4.3V, at current rate 30 mA¥ (c) 850 at 650 and 750C (with or without KOH) at current rate 30 mAg in
and 650°C + KOH vs. Li-metal at current rate 8 mAd for first two cycles. range 2.5-4.3V at room temperature. Filled and open symbols represent

The numbers refer to cycle numbers. Voltage ranges are indicated. charge—discharge capacity, respectively.
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There is an irreversible capacity loss (ICL) between the LiCoO, prepared and processed by a variety of methods
first-charge and first-discharge capacity in all cases. Forwhich are documented in the literatui&40] and include
LiCoO, prepared at 850C, the ICL is only 13+ 1 mAhg?! molten salt synthesi4-26]
with 4.3 and 4.4V cut-off, whereas the value is 21 mAHg
with a 4.5V cut-off. For LiCoQ prepared at 650 or 75C,
the ICL varies in the range 10-22 mAhjwith a 4.3V cut- 4. Conclusions
off (Table 3. The ‘formation cycle’ of the cathode in the

cell, however, extends to three to four cycles in all cases, af-  Recent research is being focused on increasing and sus-
ter which consistent and reproducible charge and dischargetaining the reversible capacity on cycling of LiCo® order
capacities are observed. The capacity values at the fifth ancthat this material can compete with the several suggested
40th cycle, listed irTable 2and shown inFig. 5, indicate  alternative oxide cathode materials for use in lithium-ion
that the coulombic efficiency, represented by the difference patteries. As a contribution to the effort, LiCe®as been
between the charge and discharge capacity at a given cycleprepared using a molten salt of the eutectic LENOICI.

is ~98% for all the LiCoQ phases. A reversible capacity The compounds were prepared at 650-85@vith or with-

of 157 (:2) mAh gt with no capacity fading during cycles  out KOH added as an oxidizing flux. They were character-
5-40 in the range 2.5-4.3V at 30 mAYis displayed by  ized by physical and electrochemical techniques. The 850
LiCoO, prepared at 850C. The same compound when cy-  synthesized LiCo@ into which an excess of lithium is in-
cled under the same conditions in a fresh cell, but in the rangecorporated' shows a reversible Capacity, wi®B% coulom-
2.5-4.4V, shows a capacity of 1622)mAhgtduetoan  pic efficiency, of 167 £2) mAhg* at a current density of
increase of 0.1V in the cut-off voltage. To test the rate ca- 30 mA g1 in the range 2.5-4.4V up to 80 charge—discharge
pability, the current rate was increased to 60 MA@t the  cycles with no capacity fading. This is ascribed to the sup-
end of 40 cycles. The capacity decreases to 163 mAragd pression of the H&> M <> H1 structural transitions, possibly
remains stable for up to 60 cycles. When the current rate is due to the excess Li. Even though a higher capacity, viz., 192
switched back to 30 mAd!, the original capacity is recov-  (+2) mAh g at the fifth cycle, is obtained when cycled to
ered and remains stable for 80 cycles. It must be mentioned4. 5V versus Li, capacity-fading is observed, i-e 6%, after

that the current density of 30 mA 9 corresponds to-0.2 60 cycles. On the basis of CV and capacity—voltage profiles,
C-rate assuming a reversible capacity of 167 mAhdghe  this is attributed to the non-suppression of the<4{H1-3)
latter value corresponds 10=0.61 in Li —xC0oQ,. The ob-  structural transition. A similar capacity fading, by5—6%

served excellent cycleability is due to the complete suppres-during 5-40 cycles, is also observed with LiCofrepared
sion of the Hl«~> M < H1 transitions that occur a=0.5 in at 650 and 750C (with or without added KOH) when cy-
Li1—xCoQ;, (range, 4.0-4.2V versus Li), as can be seen from cled up to only 4.3 V. This behaviour is attributed to the non-
the smooth charge—discharge profile§ig. 4a) andisalso  suppression of the H4> M <> H1 transitions. In view of the
clearly indicated in the CV scanbig. 3(c)). simplicity and versatility of the molten-salt synthesis method,

The 850°C-synthesized LiCo@ when cycled in a fresh  further improvement of the preparation of high-performance
cell to an upper cut-off voltage of 4.5V at 30 mAY yields LiCoO, may be possible.

a discharge capacity of 19#2) mAhg ! of the fifth cy-
cle, which degrades to 18a-2) mAhg ! at the end of 60
cycles indicating~6% capacity fadingKig. 5a), Table 2.
The voltage—capacity profiles display an increase in the po-
larization of the electrode (not shown Fig. 4(c), except
for the first two cycles). It is noted that 191 mAhycor-
responds tax=0.7 in Li;_xCoQO, and falls in the region
of the H1<« (H1-3) phase transitiof2]. Since the CV in
Fig. 3(d) and (f) clearly show that this transition is not sup-
pressed in the 85 -prepared LiCo®, it obviously con-
tributes to the observed capacity fading because of the large
charges in unit cell volume during cycling. Similar capacity
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