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Abstract

The rate of self-discharge in lithium half-cells with the spinel-type Likpcathode was investigated in the 60-2T5temperature range. The
time dependence of the capacity loss and the open-circuit voltage (OCV) was monitored during the thermal aging. Lithium re-intercalation frc
the electrolyte appears to govern the mechanism of self-discharge in the two plateaus at the ‘4V’ areas. Treatment of the OCV data acqu
during aging and by the Galvanostatic Intermittent Titration Technique (GITT) method allowed the electrode composition to be determined duri
the course of self-discharge. Self-discharge current was then determined and plotted against OCV. The isothermal voltammograms obtained :
characteristic self-discharge current peaks.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Typical lithium ion batteries use mainly graphite for the anode
and a lithiated transition metal oxide for the cathode. Lithium
Self-discharge occurs naturally in primary and secondary batobalt oxide (LiCoQ) is the most commonly used for this appli-
teries and results in a decrease in the available capacity witbation[2]. However, the high cost of Co together with its limited
storage timg1]. The rate of capacity loss depends mainly onavailability and toxicity have become serious matters of concern,
the cell's chemistry, its state of charge and temperature. Otheonsidering the rapidly growing market demand for high energy
factors such as the specific surface area of the active electroddensity secondary batteries. Over the last decade, a tremendous
materials, the storage environment (i.e. humidity), the cell engiamount of research has been devoted to developing alternative
neering and purity of active (electrodes, electrolyte) and inactiveathodes to LiCo@ Among important candidates, the spinel-
(electron conductors, substrate, connectors, separajanate-  type LiMn,O4 has generated the highest R&D activity as Mn is
rials may play a role. The main driving force of self-discharge incheaper, more abundant and environmentally more benign than
advanced technology batteries is due to the electric potential a0 [3-5]. Co- and Mn-based lithium ion batteries yield equiva-
one or both electrodes falling outside the thermodynamic stabilent energy storage capabilities at ambient temperatures. Where
ity window of the electrolyte. The electrolyte may then oxidize LiMn >0, discharges at higher voltage and sustains higher
at the positive electrode (cathode) or reduce at the negative elecharge and discharge rates, LiGol@as higher specific capacity
trode (anode). The amounts of electricity used in these interngmAhg=1) and energy density (Whkd). However, the
reactions are thus no longer available for the subsequent battegpergy cost ($ Wh') should in principle be lower in LiMsO,4
discharge. Eventually self-discharge involves a decrease in tHé].
open-circuit voltage (OCV) with the storage time. This is par- Despite attractive characteristics, LiMDy suffers from
ticularly true in lithium ion batteries, whose chemistry is basedpremature capacity loss upon cycling and/or aging at
on Li intercalation-type reactions. temperatures above 8Q [7-27] This was attributed to
different factors including: (i) the Mn electrolyte dissolu-
tion [9-15,17,18,20,22,26,28-30{ii) the instability in the
* Corresponding author. Tel.: +1 6263954496; fax: +1 6267956132. two-phase system of the ‘4V' arefd,15,23,31] (iii) the
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distortion[12,13.,19,31—34](iV) the formation of a passivation In Eq. (4), Be(t | s the time slope of the chronopotentio-
layer on the grains surfa¢#8,20,23,35and (v) the electrolyte . ) . .
decompositioi7—9,23] metric |sothermz(t T), which can be directly monitored during
Several quantitative studies on the capacity loss in i®ln ~ aging. The =1 term is the slope of the(x, 7) isotherm,
have appeared in the literatyi®8,10,13,15,16,23,26,2How-  which can be obtained by GITT, for example. A temperature
ever, none specifically studied the determination of instantagorrection should be made to account for the fact #gat7)
neous rates of self-discharge, especially during aging at highnde(x, T) should be measured at the same temperatueéx)lf
temperatures. In this work, we used experimental half-cellgs available only at ambient temperatig one can determine
with a metallic lithium anode and manganese spinel cathodi at a different temperaturg by using the entropy function of
to investigate the kinetics of self-discharge due to the CatthhiumintercalationAS(x) and applying the following equation:
ode. Based on the OCV versus composition and time mea-
surements at different temperatures, we developed a methegy 1) = ¢(x, 7o) +
to assess the self-discharge current, which cannot be measured
directly.

10 A5, 5)

3. Experimental
2. Theoretical considerations Spinel-based cathodes were provided by courtesy of ENAX,
o . . Japan. Elemental analysis gives a composition close to
A c_eII at its |n|t|§1I state of charge can dehyer a d|_schargeLi1.08Mn1.9204’ which will be designed hereafter LiM@, for
capacityg(0). After it has been stored for a period of timat e ) . .
temperaturd, the cell’s available capacity(:, T) will decline S|mpI|C|ty. The cathodes F:on5|sted of a}lummum coated with a
' ' composite electrode having 89 wt.% Lily@,, 5wt.% PVDF

atarate: and 6 wt.% of fine graphite powder. Half-cells with coin-type
i(6T) = — aq(t, T) 1) design (CR 2016) of Li/LiCIQ 1 M in PC/LiMn;04 configura-
R or tion were mounted into a dry box filled with argon. A glass fiber

separator from Crane Co. (USA) (Craneglas 230/6.1) was used.
The cells were cycled five times between 3.0 and 4.4V under
C/5 rate at an ambient temperature of23°C, the last step
being a charge to 4.4 V. The cells were then heated in a furnace
with controlled temperatures-0.5°C) of 60, 65, 70 and 75C.
LieMn2Oy4 + xLi™ + x€~ <> Lio,MNn204, (2)  Thecells were aged for a period up to 42 days and the Q@Y (
7)) was recorded. The cells were then cooled to ambient tem-
where LiMn204 denotes the delithiated spineiMnO, which  perature and discharged to 3 V@S rate. This was followed by
contains a small amount of L4,[36], the self-discharge current a few cycles between 3 and 4.4 V. The OCV versus composition
can be expressed as: curvee(x) was obtained at the ambient temperature using GITT.
8q(t. T) ox(t. T) Starting from the fully charged state at 4.4V, the composition
— Ty F— (3) was incremented galvanostatically by =0.05 after applying
o o a C/20 rate current for 1 h. The cell was then rested until a sta-
whereng is the initial number of LiMaO4 (mole) andF is the  ble OCV was reached, before performing the next composition
Faraday number. To determii(g T) requires the instantaneous increment.
electrode composition(¢, T) to be known. The latter is obvi-
ously a difficult task as the available capacity cannot be directly}, Results and discussion
accessible without discharging the cell. One way to indirectly
access(t, T) is by comparing the OCV curves during thermal 4 ;7. capacity loss
aging,e(z, T) with the OCV versus composition curv&y, 7).
The latter can be obtained by a titration teChnique such as the A typ|ca| Cyc|e Capacity prof"e before and after aging for
Galvanostatic Intermittent Titration Technique (GITBY]. I 6 days at 75C is shown inFig. 1 The initial capacity dur-
principle, thee(z, T) curve can be compared to th), which,  ing the first five cycles stabilized at arouti~ 120 mAh gL,
once equalized, leads to thé, T) curve, provided the thermal The discharge capacity after aging fell @~ 20mAhg?,
coeﬁicient% is known. which corresponds to a total capacity lo@g of around
Eq. (3) can be developed as: 100mAh gl The capacity recovered during the follow-
ing cycles reached-80mAhg 1. Accordingly, the capacity

In Eq. (1), i(¢, T) is equivalent to a self-discharge current.

Assuming self-discharge in LiMy®4 is governed by the
lithium re-intercalation from the electroly{é—9] following the
scheme:

i(t,T) =

_0g(t, T) " F3X(t, T) . FBX(I, T)| oe(t, T) loss has two terms; a recoverable (reversible) capacity loss
a0 T T e | |, Orc1=80—20=60mAh g and an irrecoverable (irreversible)
9e(1.T) capacity losgiq =120—80=40mAhg™.
ea; . The time dependence 6|, Orci andQjc at different storage
= nok de(x.T) (4) temperatures is plotted iRig. 2a—c, respectively. In addition

ox ‘T to results on LiMROy, Fig. 2a includes those obtained with
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Fig. 1. Cycle capacity profile before and after aging at@5or 6 days of a

Li/Li \Mn204 half cell.
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LiCoO» (noted LCO) at 60 and 75C, which are shown here for
comparison.

The capacity loss data were fitted with the following empiri-
cal law:

t = A(T)y? + By, (6)

in whichy is the relative capacity loss given by:

y2el 100 ©)
Qi

In Eq. (6), the temperature dependand(T) coefficient
follows the Arrhenius law, with activation energy of
Eac=83.2kJmolel. The recoverable and irrecoverable
capacity losses increased with temperature and their time
dependences were fit quite well witfir and linear time func-
tions, respectively. As we reported earljd8], Eq.(6) applied

as well to the LiCoQ cathode and a corresponding activation
energy of 81.2 kJ motet was found. Note the proximity of the
activation energy values obtained from the capacity loss data in
LiMn 204 and LiCoG. However, in comparing the two cathode
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Fig. 2. Time dependence of the total (a), recoverable (b) and irrecoverable (c) capacity losses at different aging temperature. (a) Results®rctitadde at

60 and 75C for comparison.
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voltage (V)

Fig. 3. The OCV vs. time curves profiles during aging at different temperature:

materials, higher self-discharge rates were obtained in the fofX < *
mer at all temperatures, including the example temperatures @ Mn,04 + xLi™ + xe~ < Li,xMn204,
60 and 75C. Indeed LiMnpO4 lost 100% of its initial capacity

1 1
(0 10 20 30
time (days)

40 50 60

after only ~8 days of storage at 7&, whereas LiCo® still d .
retained~40% capacity in the same conditions. This confirmsnormal and oxidized forms, respectively.
the higher thermal stability of LiCofas compared to LiMsO4.

4.2. Open-circuit voltage

Thee(r, T) curves during aging are tracedHig. 3. The curves

intermediate area as the OCV sharply dropped between the two
areas at composition close to;Mn2Oy.

Thee(x) curve inFig. 4 corresponds to the equilibrium state
reached for a known amount ‘of intercalated lithium in the
spinel structure according to E(R). The similarity in curves
profile betweere(t, T) curves inFig. 3 and thee(x) curve in
Fig. 4 strongly suggests that the mechanism governing the self-
discharge is identical to that in the GITT curve, namely the
lithium intercalation inton-MnO». Such an intercalation cor-
responds to a chemical reduction)MnO, and therefore it
requires a source of electrons. Electrons are available from the
electrolyte, aswas suggested inthe literature regarding :@4n
[7-9] and LiCoQ [38]. The electrolyte oxidation may concern
either PC, CIQ or both. The latter can indeed form radical
ClO4* as the result of a one-electron loss.

Accordingly a possible mechanism of self-discharge can be

Sschematized as:

ET +xe” (8)

)
whereE andE™ design the electrolyte (PC and/or GI{in the

In Fig. 5 we plotted side-by-side the(r, 75°C) ande(x)
curvesinthe ‘4 V' plateaus. The initial slope is steeper ircilne
75°C) curve thanin the(x) one, indicating a high self-discharge
rate at the early steps of the thermal aging. The sloping voltage
profile of the two ‘4 V' plateaus suggests single-phase rather

show two distinct voltage ranges: a ‘4 V' area with two slopped'fhﬁln two-pha;e beha.v?or. . '

plateaus and, a ‘3V’ area with a flat plateau at 2.90-2.93V. The following empirical equations fit the, 7) curves well:
Between the ‘4V’ and the '3V’ segments, an intermediate area

in the 3.6-2.90V range is present. Except for the intermediate High ‘4 V' plateau:

area, the ‘4V’ and ‘3V’ areas have the typical shape of low

rate discharge curves in manganese spinel cati88e40] In
fact, we have plotted ifrig. 4the OCV versus composition™
curve obtained by GITT at the ambient temperature. It shows Low ‘4 V' plateau:

the ‘4V' and '3V’ voltage plateaus, but does not show any

OCV (V)

Fig. 4. The OCV vsx curve of the Li/LiMn,0O4 half cell at the ambient tem-

perature obtained by GITT.
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The fitted curves for each plateau are showRim 6a and b,
respectively, and the fitting parameters are display8ébie 1
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Fig. 5. OCV curves used to determine the electrode composition during aging.
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Fig. 6. Fits of the high 4V (a) and low 4 V (b) plateaus during aging as given in(8jand(10), respectively.
Table 1 plateaus, respectively:
Temperature dependence of the curve fitting parameters of ®gd(10)
o RT 1—x
rco ei(x) = EP + pi—p log —— + yix¥? + gix (11)
60 65 70 75
&2 (V) 4.126 4.131 4.127 4131 The fit.ting Pparameters are given.Tr.abIe 3 It shows remark—
k1 (V) 0.107 0.121 0.105 0.121 ably high linear correlation coefficienfe? = 99.7% of the fits
h (day™?) 1.152 2.053 3.480 5.338 on both ‘4V’ plateaus. The good fit is highlighted in the insert
P 8-‘2";2 g-gg 8-‘5‘(2)2 g-gi of Fig. 4with the high and low plateaus areas marked | and II,
501((\/)&13r ) 4000 2,500 4002 a000 Tespectively. Note the similar values g and £7 (i=1, 2) in
0{22 1:557 1:544 1:559 1:543 Eqs(9)—(11) reSPeCtiVely. Th@l andﬂz Yalues i-n Eq(ll) are
w2 (day 1) 0.150 0.206 0.303 0.355 close to unity, which shows the ion dominated interaction rather
a —0.523 —0.502 —0.522 —-0.503  than the electronic one in L¥n,O4.

Dealing with the {32+ ¢;x*) portion of Eq.(11), one
should consider the cohesive energy in théMti,O4 ionic crys-
Some parameters in Eq@®) and(10) such ,e3, €9, k1, a1, @2 tal with its general expressidal]:
and ‘a’ are temperature independent. The other parameters such
asii, u1 andup however, are thermally activated and follow ae? C
the Arrhenius law. Their corresponding activation energies ard(r) = T + m’ (12)
given inTable 2

The quick decay in the OCV curve at the beginning of self-wherer is the ion—ion pair distance. The first teﬁﬂrfﬁLz is the
discharge is largely accounted for the exponential term in EQs|actrostatic interaction and the second tefmcomes from
(9). The latter might be governed by a first order kinetics lawqher forms of interaction such as dipole interactions. Since
typical of a monoatomic reaction as might be expected from the, o average ion—ion distaneds proportional to-L in a host
electrolyte oxidation of Eq8). The /7 dependence in the log- e . o

structure with limited number of intercalation sites, the energy

a_rlthr_mc term of Eqs(_9) af‘d(lo) suggests a diffusion limited necessary to increment the amounts of lithium is given by:
kinetics for longer aging times. E¢L0) however, has no expo-

nential term and the kinetics seems to be governed mainly by w?  C
the lithium diffusion. dw(x) = (- - m) dr = (xV? + C'x™?)dx  (13)
The e(x) curve obtained by GITT ifFig. 4 was fitted with T
the following equations for the higli£ 1) and low (= 2) ‘4 V'’
Table 3
Table 2 Fitting parameters of the(x) curve at ambient temperature as in EdL)
Activation energy of the curve fitting parameters in E§3.and (10) and of the . —
self-discharge current peak intensity in three voltage domains areas High ‘4 V" plateau ¢=1) Low ‘4V" plateau {=2)
Ea(kJmole'?)  Highslope High‘4V’ Intermediary  Low ‘4V’ E'p V) 4.119 3.982
area plateau area plateau Bi 0.97 5 0.95 2
Vi 2.9x 10" 2.3x 10"
OCVe(1, T) (r1) 98.6 (1) 47.3 - (2) 57.4 ®i —7.0x1073 —6.2x 1072

Current peak - 46.2 44.4 58.4 R? 0.999 0.997
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Thus, the change in the cohesive energy between compositions x in Li,Mn,0,
0 andx is expressed by: 08 0.6 0402 01
X - 43000
W(.X) = / (o/ul/z + C/Mm/z) du = Kx3/2 + L)C1+m/2, (14) 1000
0 w 05K 4500
and the associated electric potential is: En 0
W(x E a
(W) =~ _ 312y ptim2 as oz <
- 100 &
(=] L]
In Eq. (11), the best fit was found with 1m/2 =4, which cor- %
responds tan = 6. Therefore, the second term in Ef§2) is r% “ s ©
characteristic of fluctuating dipole interactions. -
4.3. The self-discharge current 75°C 130
39 3.95 4 4.05 4.1 4.15 4.2 4.25
Fig. 5shows the principle of versus correspondence using Voltage (V)

the OCV curves. In face(z, T) ande(x) are not measured at N , _
the same temperature. Therefore, thersus correspondence %, % ¥0dte 516 convostor sepedere of seliscare corertn o
should be corrected by the entropy term as suggested Q. eft handy-axis).
However, using the\S(x) data found in the literaturgl2] did
not significantly affect thex” values obtained from the OCV |t s of interest to note that the values of activation energy
curves and the\S(x) correction was neglected here. obtained for the high and low ‘4 V' plateaus have similar val-
The resultinge(, 7) curves are shown iRig. 7. The curves  yes when determined from tl€, 7) andi(e) curves. Since in
do not vary linearly, which indicates a voltage dependant selfpoth cases the governing mechanism involves the lithium diffu-
discharge current. The 100% self-discharge was reached ingjon, we assume that these activation energies are those of the
days at 75C, and in 42 days at 6@. Using Eq/(3), we deter-  corresponding diffusion coefficients in the high and low 4V’
mined the time dependence of the self-discharge current at eaghhteaus.
temperature. Thie) curves are displayed Fig. 8with displays The other noteworthy result is that the self-discharge current
doublex- andy-axes entries. The leftaxis uses the/i’ scale  yaries significantly with the cell voltage and goes through peaks
representation to magnify the weaker current intensities and thg well defined voltages. These voltages fall close to the inflex-
right entry uses th€/n rate scale for the self-discharge current. jgn points of thee(x) curve. There are two types of inflexion
The topx-axis gives the composition correspondingto OGV*  points: the ones in the middle of each plateau which correspond
The i(e) curves show current peaks similar to those usugpproximately to half filling of the available lithium sites and the
ally obtained by linear voltammetry. Current peaks appeared ane at about 4.08 V between the two ‘4 V'’ plateaus, which is the
4.16, 4.08 and 3.99V, respectively, and these voltages are bagjnset of a phase transition. These results emphasize the correla-
cally temperature independent. Their intensity however, stronglyjion between the thermodynamics (sites filling, phase transition)
depends on temperature and follows the Arrhenius law. The cogng the kinetics (currents peaks) of the LijDy intercalation
responding activation energy values are givefahle 2together  glectrode.
with those obtained from theg(, T) curves as discussed above.  The occurrence of irrecoverable capacity loss suggests
some other mechanisms than lithium re-intercalation might be
involved in the self-discharge. Itis our argument that the irrecov-
erable capacity loss takes place mainly in the ‘3V’ plateau,
where the cubic to the tetragonal phase transition odd#is
Such a transition is known to be irreversible in nature as it
involves important cations rearrangement and a strong lattice
4 distortion due to the Jahn—Teller effect. These structure changes

4

)
g"' are believed to be behind the observed capacity loss when the
- battery is cycled in the '3V’ even at the ambient temperature.
= 7 Moreover, the manganese dissolution takes place at the ‘3V’

plateau as result of the Mn disproportionat{d8], which could
be another source of self-discharge.

5. Conclusion

1 1
0 10 20 30 40 50

. We used the OCV curves obtained during the thermal aging
storage time (days)

of Li/LiCIO 4 1 M in PC/LiMn,0O4 half-cells, and those obtained
Fig. 7. The composition vs. time curves during thermal aging. by GITT, to determine the self-discharge current and its voltage
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dependence for the first time. Current peaks were found in thg4] K. Nishimura, T. Douzono, M. Kasai, H. Andou, Y. Muranaka, Y.
corresponding voltammograms, whose positions are tempera- Kozono, J. Power Sources 81 (1999) 420.
ture independent. The capacity loss is Composed of two term 5] S.H. Kang, J.B. Goodenough, J. Electrochem. Soc. 147 (2000) 3621.
bl ible) | iated with the lithi 16] E. Wang, D. Ofer, W. Bowden, N. litchev, R. Moses, K. Brandt, J.
a recoverable (reversible) loss associated wi e lithium re="" g1 rochem. Soc. 147 (2000) 4023,
mte_rcalatlon and anon recoverable ('rrever§|b|e) loss, V_Vh|Ch WE 7] D. Song, H. Ikuda, M. Wakihara, Electrochemistry 68 (2000) 460.
attributed to the spinel to tetragonal phasekllin,O4) transition  [18] T. Uchiyama, M. Nishizawa, T. ltoh, I. Uchida, J. Electrochem. Soc.
in the '3V’ plateau. 147 (2000) 2057. .
We found that our fits using empirical kinetics equations Werélg] G.G. Amatucci, N. Pereira, T. Zheng, J.M. Tarascon, J. Electrochem.
in good agreement with thegz, 7) ande(x) OCV curves. This Soc. 148 (2001) A171.
ng g o ! ) ' [20] Y. Matsuo, R. Kostecki, F. McLarnon, J. Electrochem. Soc. 148 (2001)
allowed the activation energy of each process to be determined. ~ agg7.
A correlation between the current peaks anddfieT) curves  [21] G. Li, V. liima, Y. Kudo, H. Azuma, Solid State lonics 146 (2002) 55.
was clearly established. [22] H. Yamane, M. Saitoh, M. Sano, M. Fujita, M. Sakata, M. Takada, E.
A crystal structure study is underway to support the lithium___ Nishibori, N. Tanaka, J. Electrochem. Soc. 149 (2002) A1514.

. . . L . [23] Y.B. Chen, Q.G. Liu, J. Univ. Sci. Technol. Beijing 9 (2002) 197.
re-intercalation mechanism and the phase transitions in the 4] .S, Gnanaraj, V.G. Pol, A. Gedanken, D. Aurbach, Electrochem. Comm.

and 3V areas. 5 (2003) 940.
[25] M. Lanz, C. Kormann, P. Novak, J. Solid State Electrochem. 7 (2003)
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