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Changes in the voltage profile of Li/Li,,,Mn ,_, 0, cells as a function ofx
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Li,.«Mn,_,0, is a very promising candidate as the cathode material in state-of-the-art Li-ion rechargeable
batteries. The ability to retain the initial capacity of the electrochemical cell upon cycling depends on the
amount of the excess Li, representedxam Li,,,Mn, ,0,. Thus it is important to measure the voltage
profiles of Li/Li,,,Mn,_,0, electrochemical cells carefully as a functionxofThe twin peaks in the deriva-
tive curve,—dy/dV versusV, wherey denotes the amount of intercalated Li, are found to be weakened with
increasing«. With a simple lattice-gas model, we show that the two peaks in the derivative curve are consistent
with order-disorder phase transitions of Li ions, and the weakening of the peaks with increésithge to the
presence of intercalated Li atoms pinned to the excess Li atoms which are substituted for Mn in the host lattice.
[S0163-182696)06030-4

INTRODUCTION They also showed that the ordering of (aind therefore the
phase transitionis very sensitive to impurities and can be
Lithium ion rechargeable batteries, which use lithiumeliminated with only 2% Ni as the cation impurity in the
transition-metal oxides as the positive electrode and carbosysten®. Therefore, it would be interesting to see how the
as the negative electrode, not only have important applicawo-peak feature in Li,,Mn,_,0, changes with excess Li
tions in commerical electrons, but also are potential long<ontentx, considering that excess Li replaces Mn on the
term candidates for powering emission-free vehitles.16d sites, as the “impurity” among the T6Mn atoms. It is
Among the lithium transition-metal oxide intercalation com- also technologically important because the ability to retain
pounds, Li,,Mn,_,0, spinel has attracted a great deal of the initial capacity in Li/Li, . ,Mn,_,0, cells upon cycling
researchbecause of its economic and environmental advandepends o as well.
tages. It has been shown that adding excess lithium to the Traditionally, the ordering of intercalated Li in a metal
stoichiometric LiMn,O, spinel helps maintain good cell ca- oxide framework can be treated with either a mean-field ap-
pacity over a large number of cycles at the expense of thgroach or with Monte Carlo simulatiorisoth in the form of
initial capacity® The amount of excess lithium is representeda lattice-gas modgl These two approaches represent the two
by x in the notation Li,Mn,_,O, since the additional extremes, with the mean-field approximation best suited for
lithium atoms occupy the manganese sitesd($Beg in the  Systems with long-range interactions and the Monte Carlo
spinel structuré:® method best suited for short-range interactions. Both meth-
It is well knowr?>>® that the voltage profile of o0ds have been observed to successfully model homogeneous
LiMn,0, clearly exhibits a two plateau feature at about 4.0-Systems without impuritie¥) in part because the short-range
4.1 V with a sharp voltage change of 0.15 V between thenature of the Li-Li interaction can be averaged out over a
plateaus. This can also be seen in the derivative curvdarge number of atoms and modeled as a smaller long-range
—dy/dV versusV, wherey denotes the amount of interca- interacti_on. _ _
lated lithium (as in Lij,4—yMn,_,0,), and in the cyclic In this paper, we will show how the voltage profile of
voltammogram as two peaks with a valley between. Thesé&i/Li 1 Mn,_,0, electrochemical cells changes with ex-
features are typical of order-disorder phase transitions.cess Li,x, and then model the change using the lattice-gas
Similar features due to order-disorder transitions have beemodel.
observed in other lithium intercalation systems before. For

example, the Li sites in LiCo® can be divided into two EXPERIMENT
sublattices. As lithium atoms are removed, they can either be
removed from only one sublattid@rdered or they can be All the samples were prepared by two consecutive heat

removed randomly from both sublatticédisordered® In treatments in air. First, LICO; (FMC Corp) and electro-
Li ,CoO,, Reimers and Dahn showed that the two peaks irlytic manganese dioxid€EMD, Mitsui TAD 1 grade, 59.7%
thedy/dV of Li/LiCoO, cells at 4.05 and 4.17 V are due to Mn by weigh) were thoroughly mixed in a ratio correspond-
order-disorder transitions, with the valley between signifyinging to 1 Li per 2 Mn. About 70 g of this mixture was then
the ordering of Li ions on only one sublattice at half filliig. heated to a first temperatur&;, held for 18 h and then
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TABLE I. Physical properties of the samples made in this study.

Elxperimlent

First heating Second heating 6.00 -

temperature  temperature K1 x=0.04
Sample Nominak (°C) (°C) a axis (A)

H9 x=0.09

K1 0.04 750 750 8.2442 € 5.00 -
H9 0.09 900 600 8.2318 % H11 x=0.15
H11 0.15 900 600 8.2069 5 i
H12 0.20 900 600 8.1923 = 400l H12 x=0.20 ]
cooled to room temperature in about 2 h. The heatings were 3.00L__ |

| L | L | L L
000 020 040 060 080 1.00

made in an alumina boat placed within a horizontal tube y

furnace in air. Portions of the LiMyO, product were then

mixed With a.” amount of :’.:Iddi.tional Li salt calcqlateq to give FIG. 1. The measured voltage curves for a series of samples

the desired final v_alue ofin Li 1+XMn2*XO_4' This mixture with differentx. The voltage curves of samplékll, H9, andK1

was then heated in air to a second reaction temperafyre, are sequentially shifted up to 0.5 V for clarity.

soaked for 18 h and then cooled to room temperature at a rate

of 50 °C/h. Table | shows the temperature conditions of the

samples made. voltage changed by more than 0.002 V, or every 0.2 h,
Powder x-ray-diffraction measurements were made usingvhichever occured first.

a Siemens D5000 diffractometer equipped with a copper tar-

get x-ray tube and a diffracted-beam monochromator. All RESULTS AND DISCUSSION

specimens were measured from 10° to 120° in scattering

angle and each data collection took 15 h. There were n%

impurity peaks observed in any of the samples. The data w e .
analyzed using Hill and Howard*sversion of the Rietveld » are shoyvn_ In Fig. 2, whe_ry d_enotes the_z amount of in-

. tercalated lithium. As shown in Fig. 1, the kink in the voltage
program. The lattice constants of the samples made here ale e at about 4.1 V that could be due to a Li ordering

included in Table I. transition is most pronounced in the curve with the smallest

All electrochemical cells us_ed 128 thick Li metal foil excess lithium contert. The kink becomes less visible as
?arlg?ses ég?hggelgsar\?vezrgoZrn:é(;rofrgﬁu?h%OI);ngS?/ler:)ivzi?g'increases, and the two-step character of the voltage profile
5-10 % of Super S Carbon blaéRhemetals Ingby wgight 15 tqtall_y gone wherx:0.2_0. T_his is more clearly seen in 'ghf—}
and ethylene propylene diene terpolyn{EPDM) binder dgnvgtlve curves shpwn in Fig. 2, as the two peaks diminish
uniformly coated on aluminum foil. The spinel powder :';mdw.'t.h increasingx. This suggests that the presence qf the ad-
carbon black were added to a SO|l.Jti0n of 4% EPDM in Cy_d|t|onal lithium ions, that replace Mn on the d ites in the

, spinel structure, discourages the order-disorder phase transi-
clohexane such that 2% of the final electrode mass would b, 2on by the Li ions on the & sites. This is possibly because
EPDM. Excess cyclohexane was then added until the slurr meyof the & Li ions are inned by the deitiogal da.i
reached a suitable viscosity and then the slurry was spread Ml s and this reduced fregdom mzkes the ordering of the
the aluminum foil with a film spreader. The cyclohexane was a Li more difficult 9
allowed to evaporate at room temperature in air. Electrodeg Now that we ha\}e seen the effect of excess lithium on the
were then compressed between flat plates at 120 bar pres-

sure. Test electrodes were X.2.2 cm squares with a typical

The voltage profiles of the four samples are shown in Fig.
and their corresponding derivative curvesjy/dV versus

thickness between 100 and 2@0m. The electrolyte used 10.0 T - | .
was 1 M LiBF, dissolved in a 50/50 volume mixture of | Experiment, C/20 rate ]
ethylene carbonate and propylene carboriat® LiBF 4 in 80— Ki>x=004 i
EC/PQ. Cell construction and sealing was carried out in an R S HO x=0.09 ]
argon-filled glove box and 2325 coin-type hardware was % ggl——— M0 1 i
used for the construction of cells. Details of the cell design > |~~~ "12x02 i
can be found elsewhef8. % 40l

Cells were thermostatted at 36:0.1°C, then charged ' |
and discharged using constant current cyclers with% 20l
current stability. Charging and discharging correspond to '
deintercalating and intercalating of Li, respectively. Charge I . S
and discharge currents weret7.40 mA/g of the 00 3.80 4.00 420 4.40
Li,+xMn,_,0, spinel cathode material. This corresponds to Voltage (V)
taking 20 h to remove all the lithium from LiMyO,, since
the theoretical capacity of Li,Mn,_,O, is about FIG. 2. The derivative curves; dy/dV versusV, obtained from

(1—3x) 148 mA h/g® Data were logged whenever the cell the voltage curves in Fig. 1.
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FIG. 3. The calculated voltage cunvégy) for a series of values FIG. 4. The calculated voltage curvégy) for a series of values

of x, assuming the 8 nonremovable Li are pinned. The voltage of X, assuming the 8 nonremovable Li are free to move around.
curves forx=0.15, 0.10, 0.05, and 0.00 are shifted up sequentiallyThe voltage curves fax=0.15, 0.10, 0.05, and 0.00 are shifted up
by 0.5 V for clarity. sequentially by 0.5 V for clarity.

phase-transition feature in the voltage curve ofwhere

Li,+xMny_,0,4, we will try to reproduce the feature using a

simple lattice-gas model. In a lattice-gas model, tizel8 e1=E—pu+4J31y,+6Jy; (3b)

ions are considered to be free to move on taes8blattice, 54

while all other atoms are fixed. The interactions between an

8a Li and the host lattice result in a constant additive term to e,=E—pu+4J1y;+6J,y,. (3¢

the voltage, and have no effect on the shape of the voltage o

curve. It is the & Li-8a Li interactions that determine the Stirling’s approximation IhN!=N InN—N was used. Equa-

shape of the voltage curve. tion (3). can be solved .|terat|vely and the amount of |n.terca-
Modeling the & Li when x=0 (i.e., for LiMn,0,) is lated Li,y, can b(_—} obtained from=(y,+Y,)/2 as a function

straightforward. The & sites in the spinel form a diamond Of voltageV, noting thatu=—eV. _

lattice, which can be considered as two interpenetrating fcc NOW we consider the case wher:®<0.333, i.e., for the

sublattices separated by 1/41/41/4. Then, the Braggdeneral case of Li, ,Mn,_,O,, where there is excess Liin

Williams approach is well suited for this system. lygtand the spinel. The amount of Li that can be taken out at pr_acucal

y, be the Li occupations on sublattice 1 and sublattice 2Voltages without altering the basic Msn—O framework is de-

respectively (By,,y,<1). We will only consider the near- termined by-th-e amount of Mt ions2 Therefore, the re-

est and the second-nearest interactions between the Li jon@ovable Li is only 13x per formula unit of

Since each Li atom has four nearest Li neighbors in the othéei1+xMn2-—xO4, since Li,Mn,_,O, can be written as

sublattice and six second-nearest Li neighbors within the.i,,,Mn}" 5 MnY, , O,.

same sublattice, the Gibbs free energy of the lattice can be First, we consider the case that the Bonremovable Li

written as ions on & sites are “pinned” by the excess Li on thed. 6
) ) sites. Letz; andz, be the occupations of the removable Li
GIN=E(y;+Y,)+4J31y1Y>+3Jy1+3Joy5 ions on sublatices 1 and 2, respectively(8,,z,<1). The
total Li occupations on the&@sites can be expressed as
~T(S+S,)IN, (1)  ocetpat ! ®
whereN is the total number of sites in each sublattiEeis y1=21(1=Py)+1-Py (48
the site energyJ, andJ, are the two-body interactions be- gnd
tween the nearest Li neighbors and the second-nearest Li
neighbors, respectivelyl, is the temperature, and Yo=2,(1-Py)+1-Py (4b)
N! where P, is the probability of a particular 8 site being

S=kn

Y 1'_ TN (2) occupied by a fixed Li ion. NaturallyP,;=3x. Note that
(iNIT(L=y)NT: 3x=<y4,Y>,<1 now. These changes obviously do not affect
is the configurational entropy of sublatticeNoting that the ~ the form of Eq.(1), except that the entropy of sublatticés
chemical potentialu=d(G/N)/dy,=d(G/N)/dy, at equi- NOW,

librium, it can be shown that NI

ZNOT(A—Z)N']1 ) ®

yi=[1+expe/kT)] %, (33 S=kin



54 CHANGES IN THE VOLTAGE PROFILE OF ... 3881

whereN’=(1—-P;)N is the total number of sites that re- @ @
movable Li can occupy.
Using the same relatiop = d(G/N)/dy,= d(GIN)/dy,, @ @ @

now we have @ @ @
zi=[1+exp(&; /kT)] ", 3 @ @

where @ Li .@ @
e1=E—pu+431y,+6Jy1 @@ @@

(@)
=(E+12);x+181,X) — u+431(1—-3x)2z,

+6J5(1—3x)24, (6b) (1/8,3/8,1/8) '
and
g,=E—u+4J1y;+6J5y, (-1/8,1/8,3/8) A A (3/8.1/8-1/8)
=(E+12);x+183,X) — u+4J,(1—3x)z; v (0.0,0)
+6J,5(1—3x)2,. (60) (-3/8-1/8,1/8) @) @ (1/8-18-38)

Again Eqg.(6) can be solved iteratively and the amount of the
intercalated Li, v, can be obtained from

y=(z1+2,)(1—3x)/2, as a function of voltag¥. Note that () A (-1/8-3/8-1/8)
Egs. 3a)—3(c) are now just a special case of Eq$a)6-6(c)
for x=0.

Figure 3 shows the calculated voltage curves using &gq. @ ’ @
for a series of calculations with differert The values of the @ o) u @
parameters used in Ref. 6 are as follows in order to give a @ @
close match to the measured voltage curve or derivative @
curve for the case ok=0.00E=-4.145 eV, J;=37.5 @
meV, andJ,= —5 meV. The temperature was 30 °C. It was @ @i @
found that a negativd, is necessary to strengthen the Li @ L @
ordering and therefore the order-disorder transitions while @ @
simultaneously flattening the voltage profile. The calculated @ @

voltage curves agree with the experimental ones quite well,
in that the kinks in the voltage curves are weakened with s ¢ () A schematic picture showing that onedi6i pins

increasingx. . . three other & Li ions around it. The circled atoms are all indL6
On the other hand, if the @nonremovable Li are not jies. The three & Li ions are not in the same plane as thel 16

pinned, i.e., if they are free to move around, every site Willand the other 16 Mn shown in the picture(b) The six & sites that

be equivalent. Equation@a) and(4b) are then are the nearest to the dGite. The star is the Bsite, the spheres
are the & sites in the one fcc sublattice, and the triangles are the
y1=2:(1-Py)+2,-P1=2, (78 ga sites in the other fcc sublattice. Their positions are labeled in the
and picture and the unit is the cubic lattice constan{c) A schematic
picture showing one possible mechanism of pinning. The circled
Yo,=25(1—P;)+2,-P;=2,. (7b) atoms are all in 16 sites. The noncircled Li are not in the same

. o plane as the circled atoms. The boxed Li are in special sites pinned
The amount of the intercalated Li will still be the same aspy poth 16l Li atoms.

expressed by=(z;+2,)(1—3x)/2, because only (% 3x)

part of the total “free” Li population can be removed. Fig-

ure 4 shows the voltage curves calculated based on this saearest & neighbors of each Ibsite, with three in each fcc

nario. The experimental voltage curves are not modeled welkublattice. Figure ®) shows their positions. When all the

in that the kink is not weakened at all with increasing 16d Li are far apart, the & Li pinned nearby could coopera-

When the Li is free in the lattice, even withkGhonremov- tively move onto either one set of three fcc sites or the other

able Li, there is no mechanism to weaken the Li orderingas needed to form the ordered state. However, whés

Therefore, the totally free Li senario, even witlx Bonre-  appreciable, some of thea8Li sites will have more 16 Li

movable Li, is wrong. atoms nearby. Such special sites are schematically shown in
We propose that every #ld.i pins 3 other & Liions near  Fig. 5(c) and these will be most attractive fom8.i. Since

it. This is schematically shown in Fig(&. The four Liions these special sites can randomly appear on either sublattice,

taken together will have the same formal charge as 4&'Mn the ordering will be frustrated. Our model calculation, which

ion. Such clustering near the Li on d6s expected. Li ions places 50% of the pinned Li on each sublattice, takes this

will be attracted because of the excess of negative charge dnto account.

the oxygen atoms near the Li ion ondl6There are six Figure 6 shows the calculated derivative curvey/dV
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FIG. 7. The calculated derivative curvesdy/dV, for a series
of x, using the mean-field approach, assumimxgpdned Li atoms
distributed equally on each sublattice.

=
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Figures 2 and 7 show that the voltage distribution of the
capacity becomes narrower with increasin@ the calcula-
T tion, but stays more or less the same in the measurement.
The discrepancy between the calculation and the measure-
ment is easy to understand. As shown in Fig. 7, in addition to
; losing the phase-transition peaks, the capacity reduction with
3.80 4.00 420 4.40 increasingx is at the expense of the part at the high voltage
Voltage (V) side. This is what is expected with the simple mean-field
model described by Eq#4)—(6). In this model, the effect of
the 3 pinned Li is felt throughout the lattice and by all other

FIG. 6. The top panel shows the calculated derivative curve

—dy/dV for x=0.00, and the bottom two panels show the occupa—8a Li atoms. The & pinned and the (+ 3x) removable Li

tions of the two sublatticeg, andy,. They are all plotted versus are essentially the same in terms of the interactions between
the voltage. The two vertical dashed lines represent the boundariébe€m. Thus, when materials witt™0 are “empty” (all re-
between ordered and disordered phases. movable Li gong¢they still contain “pinned” Li. When free

Li is added to these materials, it is as if the voltage profile
begins at a point where the lattice is partly filled. Thus, the
high voltage portion of the voltage profile is reduced. This,

dashed lines show the boundaries between ordered and d%f- course., d.oes'not reflect reality. AS shown in Fig.'2, the
ordered phases. As one goes from the right to the(ieft voltage distribution of the capacity is not reducedxam-

creasing the intercalated Li contgninitially y,=y, and Li ~ creases. This suggests that the ginned Li ions do not

are distributed randomly because there are not enough Li toecessarily exhibit the same interactions as the §%) re-

form the ordered phase. At the first peak indy/dV, a  movable Li. For example, the free Li may try to stay away
disorder-to-order transition occurs, when the intercalated Lfrom the pinned Li at low concentrations due to short-range
ions prefer to concentrate in one sublattice. This is calledepulsive interactions. This would reduce the suppression of
ordering. As the amount of the il_wtercalated I__i in_creases furthe high voltage capacity. However, the simple mean-field
ther andV is close to 4.0 V, this ordering is discouraged 5pnr0ach cannot deal with this, and more sophisticated cal-
because there are not enough vacancies. Finally, an order-tgyiations are necessary. Nevertheless, the most important
disorder phase transitionoceurs at the second peak feature, namely the change of the phase-transition peaks in
—dy/dV, andy, =y, again. the derivative curve, can be reproduced with a simple mean-

Figure 7 ?hOW.S the cglculgted derivative curves using E ield calculation, which assumesx38a Li atoms are pinned
(6). Comparing Fig. 7 with Fig. 2, one can claim success 0 : :
near the Li atoms on the di6sites.

the calculation in the following important aspect: The peaks 2

due to order-disorder transitions get weakened, and eventu- Ir_1 conclu_smn, we have carefu!ly measured 'the voltage
ally eliminated, with increasing, which is also the case for Profiles of Li.,Mn,_,0, as a function ok. The twin peaks
the measured derivative curves. This suggests that the wealk! the derivative curve-dy/dV versusV are found to be
ened order-disorder transitions are indeed due to the presenakened with increasing With a simple mean-field solu-

of the “pinned” Li in the 8a sublattice. If all of the & Li tion to a lattice-gas model, it was shown that the two peaks
could move freely, the area under each derivative c@itve  in the derivative curve are consistent with order-disorder

capacity would be reduced, but the peaks-rdy/dV would ~ phase transitions of Li ions in thea8sublattice. The weak-
remain sharp as increases. ening of the peaks with increasings due to the presence of

for x=0.00 using Eq.(6), and the occupations of the two
sublatticesy, andy,, versus the voltag¥. The two vertical
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Li atoms in the & sublattice which are pinned near Li atoms changes in—dy/dV and V(y) which occur asx in

on 1@ sites as schematically shown in Fig. 5. If all the Li Li;,Mn,_,0, increases. We believe that these results
atoms on & sites are assumed to be mobile, and can rearshown that three Li atoms ineBsites are pinned near each Li
range as they like, then it is impossible to reproduce theatom in 1@ sites.
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