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Explanation for the 4.8-V plateau in LiCr,Mn,_,0O,
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Using the results of photoelectron spectroscdP¥S measurements on Li@vin, ,O, we provide an
explanation for the origin of the 4.8-V plateau in Li/Li®fin,_,0, cells. PES shows that tleebands derived
from Mn 3d ¢4 are about 0.5 eV more weakly bound than th&ands derived from Cr @ tpy. Within a
rigid-band formalism, as lithium atoms are removed from LM, _,O,, the electrons are first removed from
Mn 4. When these electrons are gone, the next electrons available are thosggn @hich are bound more
tightly by 0.5 eV. Thus, at this point, the voltage of a Li/Li#n,_,0O, cell steps up from 4.1 to 4.8 V. The
oxidation states on the atoms in the compound aré@i *Mn; 3 Mn**0,? so the step in voltage should
occur when the (+x) Mn®* atoms are all oxidized to M, or when (1-x) Li have been removed from the
compound. Using a series of carefully prepared and characterized samples, we show that this is true for single
phase samples that do not exhibit cation mixif$0163-182898)02310-§

INTRODUCTION EXPERIMENT

Currently most commercially available lithium ion batter- LiCrMn, 0O, (0.17<x<0.83) materials were prepared

ies use LiCoQ@ as a cathode material. Because of its envi-by the ~sol-gel method. St0|ch|ometr|c_ amounts o
ronmental and economical advantages, Ljpis an attrac- CrNOz9H,0 (Aldrlch) ' L'NO3. (Aldr!ch), . _and
tive alternative to LiCoQ@ In an effort to improve cycling MN(CHsCO04H,0 (Sigma were dissolved in a minimum
behavior, other transition metals have been substituted fggmount of distilled water. Concentrated ammonium hydrox-
manganese to make Ligfn,_,O, M=Ti, V, Cr, Fe, Co, ide (Fishe)y was added dro_pmse to the stirring sqlutlon until
Ni, Cu, Zn, etc).1? Often these substitutions cause signifi- the pPH was 9. The solution was allowed to stir for 1 h.
cant changes in the voltage profile that are hard to unde@uring this time the solution became viscous due to the for-
stand. If there is no significant cation mixing, the immediatemation of a blue gel. The gels were partially dried overnight
environment around the lithium ion should be relatively un-at 90 °C and then heated in air at 300 °C for 24 h and re-
changed by these substitutions. Thus the chemical potentiground. A series of LiGMn,_,0, samples heated to differ-
of the lithium ion should also not be significantly different ent final temperatures was prepared by reheating at 500 °C,
from stoichiometric LiMBO,. It is most likely, then, that the 600 °C, or 700 °C in air for 18 h. The samples were then
changes in the voltage profiles by these substitutions ariseooled at 50 °C/h to room temperature.
because of changes in the electronic structure. Powder x-ray-diffraction measurements were made with a
In another paper of ours we studied the change in voltag8iemens D5000 powder diffractometer equipped with a cop-
profiles of LiNi,Mn,_,0, with changes in the valence band per target x-ray tube and a diffracted-beam monochromator.
measured by ultraviolet photoelectron spectrosc@ppS,  All specimens were measured from 10° to 80° in scattering
as a function of the nickel content,® Using a rigid-band  angle and each data collection took approximately 2 h. For
model, which is described elsewhéreve showed that the samples withx>0.66 prepared at temperatures less than
high-voltage plateau at 4.7 V in Li/LiNMn,_,O, cells is 600 °C, peaks corresponding to a metastable cubic phase of a
due to the increased energy required to remove electrorshromium oxidé were observed. No impurity peaks were
from the Ni 3d levels compared to the Mnd3 g, levels.  detected in the other samples.
Recently, Sigala and co-workérsave observed a 4.8-V pla- The x-ray data was analyzed using Hill and Howard's
teau in Li/LiCr,Mn,_,0O, cells. They found that the capacity versiorl of the Rietveld program. In the refinements, the
of the 4.8-V plateau increased linearly ;asncreases at the samples were assumed to have the spinel structure. Only
expense of the 4.1-V plateau. In this paper we study thenanganese was assumed to occupy the sies. When the
valence band of LiGMn,_,0, using synchrotron radiation cubic chromium oxide phase was present, both phases were
photoelectron spectroscofPES as a function ofx. We  included in the refinement. For all the refinements, the good-
propose a similar model to describe the voltage behavior ofiess of fit (%) and the BragR factor (Rg) were better than
these materials as we proposed for the nickel substitute6% and 4% respectively. The results of these refinements are
spinels. listed in Table I.
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TABLE I. Lattice constants of LiGMn,_,0, samples calcu- 2502 microporous polypropylene separator soaked with an

lated by the Rietveld refinement method. electrolyte ¢ 1 M LiPFg4 in a 30/70 volume mixture of eth-
ylene carbonate and diethyl carbonate, and a lithium metal
Temp. a foil anode.
¢© X &) GOF Re LiCr,Mn,_,0O, composite cathodes were prepared by a
0.17 8.194 1.26 1.93 method developed by the Bellcore CorporatfoA. slurry
0.33 8.185 2.86 1.74 was prepared of 11.1% LiQ¥in,_,O, powder, 1.4% Super
300 °C 0.50 8.176 2.01 1.99 S carbon black(Chemetals Ing, 5.6% polyvinylidene dif-
0.67 8.173 2.29 2.91 luoride (PVDF)/hexafluoropropylene(88/12 by weight
0.83 8.174 2.71 3.18 binder (Kynar Flex 2801, 9.7% of a 50/50 volume solution
of ethylene carbonatéC)/propylene carbonat@®C) (added
0.17 8.217 L3t 0.94 as a plasticizing agentand 72.2% acetone by weight. The
. 0-33 8.209 2.68 0.65 slurry was mixed fo4 h at 60 °Cuntil the PVDF binder was
S00°C 0.50 8.193 1.30 0.98 dissolved, and then was immediately spread by means of a
0.67 8.185 1.68 L.57 doctor blade with a 0.025gap onto a glass plate. After the
0.83 8.189 1.85 259 acetone evaporated, the cathodes were cut into 1.2 cm-
0.17 8.225 3.28 2.26 diameter disks with a punch. Before use in cells, the cath-
0.33 8.216 2.93 2.41 odes were placed in anhydrous diethyl ether for 5 min to
600 °C 0.50 8.204 1.39 1.84 extract the EC/PC plasticizer. The resulting cathodes were
0.67 8.196 1.29 1.36 planned to consist of 61.3% active material, 7.7% carbon
0.83 8.196 1.40 1.89 black, and 30.9% PVDF binder by weight.
0.17 8.236 5.34 3.67 Prior to cell assembly, the cathodes were weighed before
the EC/PC had been extracted and it was assumed incorrectly
0.33 8.223 5.27 8.57 that no EC/PC loss had occurred during storage in tightly
700°C 0.50 B.212 1.26 0.98 sealed bags. After the study, it was found that during cathode
0.67 8.200 515 3.84 storage, significant amounts of the EC/PC plasticizer had
0.83 8.198 1.36 1.67

evaporated during storage. Thus, the calculated active
weights of the cathodes were probably too low.

The cells were cycled under thermostatic conditions at
80 °C betwen 2 V and 5.3 V using constant current cyclers

More careful 12 h x-ray-diffraction measurements from
;gd tgnli%g,;viraemdp?gs Vc\)/&i]g_;émplﬁz gﬁ;&é?dd rztﬁr?g_o with £1% current stability.C rate is'defined hgre_: as the
ments of this data, both chromium and manganese were agyrre_nt required to remove one eq_uwalent of lithium from
sumed to occupy the Bésites, but the chromium to manga- € LICKMn,_,O, sample in 1 h. This would correspond to
nese ratio was fixed to the sample stoichiometry. For thes@ current of 148.0 mAh/g for stoichiometric LiMO,. Cells
refinementsy? andRg were better than 2% and 4%, respec-Were charged a€/10 rate and discharged G¥20 rate. The
tively. The results of the refinements are given in Table 11.high charging rate was used in an attempt to minimize side
Because of the presence of the cubic chromium oxide phadé@actions with the electrolyte at high voltages.
in the 500 °C sample, meaningful occupation numbers for PES studies were carried out at the Canadian Grasshopper
this sample could not be obtained. beamline located at the Synchrotron Radiation Center of the

The electrochemical behavior of the cathodes was evaludniversity of Wisconsin at Madison. The synchrotron beam
ated in 2320 coin-type cell hardware. Details of the cell hardwas monochromatized by a Mark IV Grasshopper grazing
ware have been described elsewHefhe cell stack con- incidence monochromator with an energy range of 50-800
sisted of a LiCgMn,_,O, composite cathode, a Celgard eV. The dispersion of the monochromator with the smallest

slit setting is 0.03 A. The photoelectrons were detected with

TABLE II. Occupation numbers of 500 °C samples and samplesa Leybold 180° hemispherical electron energy analyzer. It
with x=0.5 calculated by the Rietveld refinement method. has a resolution of 0.8 eV with 100 eV pass energy. Details
of the beamline can be found elsewhéte.

Temperature  x Xea' X" X Re PES samples were prepared by thoroughly mixing an ap-
500 °C 0.17 0.291 0.495 1.86 1.55 proximately 50/50 volume mixture of the sample powder and
500 °C 0.33 0.299 0.493 2.01 1.60 SuperS Carbon Black(Chemetals Ing.to avoid sample
500 °C 0.50 0.329 0.482 2.02 3.61 charging. We have previously used carbon black to eliminate
500 °C 0.67 0.302 0.476 1.69 1.68 sample charging in PES measurements of nonconducting
300 °C 0.5 0.389 0.454 1.98 1.69 powders. A study of the method can be found in Ref. 11. The
500 °C 05 0.329 0.482 2.02 361 Powder samples were mounted with copper electrical tape
600 °C 0.5 0.295  0.495 1.60 355 ONto a stainless-steel block, which was grounded throughout
700 °C 05 0.258 0.499 211 202 the measurement. Measurements were carried out under ul-

trahigh vacuum conditions with the measurement chamber
80ccupation numbers are given as fractions of the oxygen occupdypically at 2—4x 10~ ° Torr. All measurements were made
tion number. with an incident photon energy of 130 eV.
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RESULTS AND DISCUSSION
Rietveld refinement results

Table | lists the lattice constants of the Li®n,_,O,
samples as a function of. The lattice constant decreases
and then reaches a limiting value with increasing chromium
content. This may be due to the slightly smaller ionic radius
of Cr* (0.63 A), compared to Mfi" (0.66 A). As the prepa-
ration temperature is increased, the lattice constant also in-
creases. If oxygen was lost by the samples during heating,
the oxidation number of the cations would decrease and their
ionic radius would increase, which may cause in increase in
the lattice constant. However, thermogravimetric analysis
did not reveal any oxygen loss in the samples below 700 °C.

The dependence of the occupation numbers on the chro-
mium content and on the preparation temperatures from

; . . 0 40 80 120 160
more careful Rietveld measurements are listed in Table II. Capacity (mAh/g)
While the 1@l occupation number is very nearly its theoret-
ical value of 0.5 for all the samples, tha &ccupation num- FIG. 1. The discharge curves of Li®in, ,0O, (0.17<x
ber is always higher than its theoretical value and does not0.83) prepared at 600 °C.
vary much with the chromium content. If chromium or man-
ganese were to occupy some of the lithium sites, this woulgrobably never reached its fully charged state. In addition,
cause the Rietveld program to increase the occupation nun$igala et al. observed poor cyclability for samples with
ber of the & sites to compensate for the significantly larger=0.75 that may indicate structural changes occur for mate-
scattering power of chromium and manganese compared téals with high chromium contents during cyclifig.
lithium. Thus, the high occupation numbers in tha Sites Samples prepared at 700 °C produced voltage curves
might indicate cation mixing. similar to that of the 600 °C samples. Samples prepared at

Table 1l shows that the & occupation number in the temperatures below 600 °C had very little capacity above 4.5
500 °C samples does not change significantly as the chrd/. This may be due to the larger extent of cation mixing
mium content increases. However there is a definite increagghserved for the low-temperature samples.
in the 8 occupation number as the preparation temperature TO explain the almost 1:1 increase in the 4.8-V plateau
is decreased. This means the extent of cation mixing is moreapacity withx observed in the 600 °C and 700 °C samples,
strongly affected by the preparation temperature than on tha@ model, similar to that used to explain the high-voltage be-
chromium content. This makes sense, since according tbavior of nickel substituted spinelds used to describe this
ligand field theory, Ct", Mn®", and Mrf* are more stable behavior.
in octahedral sites than in tetrahedral sites. Thus, increasing For LiMn,O, spinel, the half reaction at the cathode dur-
the chromium content ought not have much effect on catioring charging for the 4.1-V plateau may be written as
mixing in the & sites.

Voltage (V)

Li"Mn3*Mn**O,—~Mn3 O, +LiT+e". )

Thus the capacity of the 4.1-V plateau is due to the oxidation
of Mn®*' to Mn*". The 1:1 decrease in the capacity of the
In general, the discharge capacity between 5.3 and 3.0 4.1-V plateau as the chromium content is increased could be
of the LiCr,Mn,_,0, materials varied by about 30% from explained if we assumed the addition of chromium replaces
sample to sample and did not show any general trends witthe Mr®* with Cr**, making Li+Crf+MnifXMn4+O4. Then
respect to the chromium content or preparation temperatureghe capacity of the 4.1-V plateau due to the oxidation of

This may have been caused by plasticizer evaporation prigiin®* would be decreased by a factor of{k):
to cathode weighing, the charge used up in electrolyte de-

composition reactions above 4.5 V or because of the un-Li*CE"Mn3* Mn*"O,—Li; Cr*Mn3*, 0+ (1—x)Li "
known amount of the cubic chromium oxide phase present in B
the samples prepared below 600 °C and hawhd).5. t(1-x)e . @

Figure 1 shows the discharge curves between 3.5 and 58 rther charging might proceed by the oxidation of Cto
V of the samples prepared at 600 °C. To make direct COMea+ *hig would mean a second voltage plateau due to the
parisons, the curves have been normalized so that their ¢, ion

pacity at 3.35 V is 150 mAh/g. Excepting the sample with

x=0.83, the voltgge curves have a high-voltage plateau at Li*Crf(’* Mngjxo4—>Cr§+Mn‘2‘fXO4+ xLit+xe . (3
about 4.8 V that increases in capacity at the expense of the

4.1-V plateau as the chromium content is increased. As preFhis reaction increases in capacity in a 1:1 ratioxass
viously mentioned, this observation was earlier reported byncreased, as is observed for the 4.8-V plateau capacity.
Sigalaet al® The sample withk=0.83 has almost no capac-  In order to verify this model, a parametey, was defined

ity above 4.5 V and is almost featureless. This sampleas the fraction of the 4.8-V plateau capacity to the total of the
showed significant electrolyte reactions during charging and.8-V and the 4.1-V plateau capacities. The 4.8-V plateau

Electrochemical results
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FIG. 3. Core-level spectrum of LiggMn; 340, Gaussian fits to
the individual peaks in the spectrum are indicated by the dashed
lines. The solid line represents the sum of the Gaussian fits.

FIG. 2. The fraction of the 4.9-V plateau capacity to the total 4.1
V and 4.8 V capacitie$z) plotted as a function of the chromium
content in LiCgMn,_,0O, samples prepared at 600 °C and 700 °C.

capacity was taken to be between 4.4 V to 4.3 V and the totdhyer was known, only qualitative observations were made
4.8-V and 4.1-V plateau capacity was taken to be betweepon the surface composition, based on the integrated intensi-
3.35 V and 5.3 V. According to Eq$2) and(3), the depen- ties corrected for the photionization cross secfiaione.

dence ofn on x should bep=x. A plot of 7 vs the chro- Figures 4a)—4(c) show the fraction of the total peak area
mium content is shown in Fig. 2. Although the=0.2 of the Mn 3p, Li 1s, and Cr 3 peaks, respectively, as a
sample lies close to the theoretical line, the experimentajunction of the chromium concentration. In all the samples,
points diverge on the low; side of the line as the chromium the amount of chromium on the surface increases wijth
content is increased. Because of current losses during digxcept for the samples prepared at 300 °C in which the chro-
charge above 4.5 V due to electrolyte decomposition, thenjum content remains approximately constant. The lithium
observed capacities of the 4.8-V plateau are probably lowegontent also increases on the surface with increasiiog all

than their actual values. Thus low values pfare to be  the samples, despite the fact that the lithium content is pre-
expected. Furthermore, as the chromium content is increasgq,mamy the same in all the bulk materials. As predicted
and the 4.8-V plateau capacity is correspondingly increasedyom stoichiometry, the manganese content decreases lin-
more charge is being lost in electrolyte decomposition angayly withx. However, the manganese content on the surface

the value ofy would become progressively lower. The increases while the lithium content decreases at all values of
=0.83 sample is an extreme case since for this sample theth increasing temperature.

electrolyte decomposition was so severe that the sample
probably never reached a fully charged state.

Although Egs.(2) and(3) seem to correctly describe the
behavior of the 4.8-V plateau if electrolyte decomposition
reactions are taken into account, they give no information as 0.8
to why the oxidation of Gt should occur at a higher voltage I
than that of MA™. To explain this a model of the electronic Mn 3p fraction
structure of LiCgfMn,_,0, was developed using the results 0.4 -—

T i T i T i T b
of PES measurements. 041 Li 15 fraction . (b)_|
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Results of PES core-level measurements
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Core-level spectra of LiGMn,_,0, powders were mea-
sured between 41 and 61 eV. Figure 3 shows a typical core-
level spectrum. The three main peaks in the spectrum were
assigned to the Cr @8 Mn 3p, and the Li k core levels,
respectively. Gaussian fits were made to the peaks to find I s &
their integrated intensities. The Mrp3&and Li 1s peaks ap-
pear to be comprised of more than one component, so two 0.0 PO 0'6 : 0'8 Y
Gaussians were used to fit each of them. From the integrated ) xin LiCr Mn. O ) )

. L. . . X 2-x 4

intensities, it became clear that the surface of the materials

did not have the same composition as the bulk. Because nei- FIG. 4. The fraction of the total core-level peak area contained
ther the thickness nor the electron escape depth of the surfagethe (a) Mn 3p, (b) Li 1s, and(c) Cr 3p peaks.
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| | | FIG. 6. The valence-band spectra of Liin,_,0, (0.17<x
! ! ! =<0.83) prepared at 600 °C Binding energies are measured with
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BINDING ENERGY (eV) respect to the valence band of carbon black.

. . similar features in the valence-band spectrum of carbon
FIG. 5. (a) The UPS spectrum of LiMD, from a previous stud . . o e . .
@ P MO, P y black in Fig. gc). It is difficult to tell what relative contri-

of ours. hv=40.8 eV), (b) The PES spectrum of the same sample "< X
of LiMn ,0, mixed with carbon black.Ky=130 eV). (¢) The PES butions carbon black Qnd LiMO@, make to these features.
spectrum of carbon black.h¢=130 eV). Binding energies are 1here are no features in the carbon black valence band near
measured with respect to the carbon black valence band. featl_”ea: the Mn 3 gy level.

Figure 6 shows the PES valence-band spectra of

Based on these results, a manganese compound, mdd€rxMnz-xO,samples prepared at 600 °C. A new feature in
probably an oxide of manganese, is the most thermodynam{® valence band at about 2.2 eV that grows larger with
cally favored species on the surface, while lithium and chroincréasing chromium content can clearly be seen in the spec-

mium are less favored on the surface. It is not clear why thdf@ This feature is about 0.5 eV higher in binding energy
lithium content on the surface increases with unless than the Mn 8l &; and was assigned t?oCthe Cd 3, level,
lithium is also more favored on the surface than chromiumWhich is the highest occupied level in*Cy even though the

Some theoretical modeling of this effect could be the subjectevel may have some Mnd3character. Similar results were
of future work. observed in the valence spectra of the 500 °C samples. How-

ever, the 2.2 eV peak was very weak in the samples prepared
at 300 °C where, according to Fig. 4, the chromium concen-
Results of PES valence-band measurements tration remains small on the surface, even for laxgérhe

Figure Ha) shows the UPS valence band spectrum of avalence band of the 700 °C samples wih-0.5 was not
LiMn ,0, sample without carbon black from a previous studymeasured. In all the samples the Md 8, was hard to see.

of ours® We identified the features in the UPS spectrum byThis may be because, according to Fig. 4, the manganese
comparing with the extensively studied valence bands ofontent on the surface decreases as the chromium content is

manganese monoxide that has a high spin configuration. Imcreased.

both oxides the manganese atoms are octahedrally coordi- o
nated to oxygen atoms. Featu@sndb were attributed to -

the Mn 3d e, andt,q levels, respectively. Featuresandd i est) .

were attributed to the oxygenp2orbitals. Featuree was AI i i i’zg

identified as the so-called satellite peak, the origin of which
has been the subject of debate for years. We are unclear _L i_ i’zg(f)
about the origin of featuré. 3+ 34

Figure §b) shows the PES spectrum of the same sample Mn>* 3
of LiMn,0, mixed with carbon black. Most of the features of  FIG. 7. The alignment of the M 3d levels to the C¥" 3d
the UPS spectrum are clearly visible in the PES spectrumevels in LiCiMn,_,0,. The energy difference between the My
However, featureb, d, e, andf are nearly coincidental with level and the Ct,, level is defined ad and is about 0.5 eV.

Cr3* 3d



S7 EXPLANATION FOR THE 4.8-V PLATEAU IN LiCrMn,_,0, 5733

band model, this will cause the valendeorbitals in the
{c) cathode to rise in energy, but electrons removed from the
A A 4 cathode would correspondingly lower the Fermi level, keep-
L i ﬁ_A_ii i ing the voltage approximately constant. Initially during
Vin3d Cr3d charge, the electrons removed from the cathode would be the
Y ® least bound Mn @ e, electrons. However, as charging pro-
— —..tAi i i ceeds, these electrons are exhausted and elect_rons fro_m the
i i G next least bound level must be removed. According to Fig. 7
5 M 3d " these are the Cra@ t,y electrons, which are about 0.5 eV
higher in binding energy than the Mnd3g, electrons. The
r A 1 extra energy required to remove the electrons requires that
the voltage must be increased for charging to proceed, thus a
new high-voltage plateau is observed on the voltage curve.
L Figure 8 summarizes the model by indicating which levels
/ are filled, empty, or partially filleddashed arrowsduring
1L 1] the charging process.

Voltage (V)
N
I
|

0 20 40 60 80 100/ 120
Capacity (mAh/g)

CONCLUSIONS

PES measurements have shown that the reason for the
step between the 4.1-V and 4.8V plateaus in
Li/Li yCr,Mn,_, O, cells is the 0.5 eV offset between the Mn
3d g, and the Cr 8 ty4 levels in Li,Cr,Mn,_,0,. Appar-
ently, the Li" ion chemical potential does not vary strongly

FIG. 8. The change in the occupation of the valence-band levelgvith x at fixedy, so that the step in voltage is caused by the
in LiCrogMny 5O, during the charging process. Partially empty lev- sharp change in the electron chemical potential that occurs
els are shown with dashed lines. when the amount of lithium removed per formula unit is

equal to (+x), or when all the MA" ions have been oxi-

With the knowledge of the position of the Cd3,4 level  dized to Mrf*. On the other hand, the small step in voltage
in relation to the Mn 8 e, level, a simple picture of the that occurs near 80 mAh/gy€ ;) in Fig. 1 is apparently
valence bands, shown in Fig. 7, was made. The €3  caused by the filling of an ordered arrangement dfibns !
level lies between the Mn@t,, and the Mn &8 g, levels  due to repulsive interactions between the” Libns. This
and is about 0.5 V higher in binding energy than the Mh 3 small step is thus caused by variations in thé chemical
€g level. The position of the Cr@ gy level is not known, but  potential with Li compositiony. Therefore, LiCgMn,_,0O,
is believed to be above the Fermi level and is shown in Figis an excellent material for pedagogical purposes, for it
7 for completeness. shows the importance of both the ionic and electronic con-

Using Fig. 7, the origin of the 4.8-V plateau, which was tributions to the chemical potential of the intercalated Li
thought to coincide with the oxidation of &€, can now be atom. It is our belief that electron spectroscopy measure-
explained. During charge, the lithium deintercalates from thements can provide similar insights into many other electrode
LiCry,Mn,_,0O, cathode material. According to the rigid- materials.
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