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First-principles studies of cation-doped spinel LiMn2O4 for lithium ion batteries
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The electronic structure of Cr-doped LiMn2O4 spinels was investigated from first principles. It was found
that the structure of material is more favorable in total energy when the doping chromium atoms are dispersed
in LiMn2O4. With increasing Cr dopant, more electrons are transferred to the oxygen while the positive
valence states of Mn atoms are less affected. Consequently, the doping Cr ions possess a higher valence than
Mn in LiMn2O4, agreeing qualitatively with previous experimental results. By combining first-principles
methods with basic thermodynamics, average intercalation voltages of this doped system have been calculated.
It was found that both the value of the calculated intercalation voltages and their varying trend with increasing
Cr dopant are consistent with the experimental facts.
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I. INTRODUCTION

The important characteristics of lithium metal oxides f
battery application include the voltage at which lithium
extracted, the amount of lithium that can be reversibly int
calated, and the stability of the material during cycling. O
ing to recent developments of high-voltage electrolytes,1 a
high voltage is desirable for obtaining high-energy dens
Based on the above advances, seeking the materials w
high intercalation voltage has attracted wide attention. V
ous substitutions on the transition-metal site have been t
in many structures, including the spinel LiMn2O4, in order to
improve their electrochemical properties, which is promis
as an inexpensive and nontoxic positive electrode mate
for use in lithium-ion batteries. Sigalaet al.2 found that the
average intercalation voltage increases from 4.05 V to 4.
when the chromium content increases in LiCryMn22yO4
from y50 to 1, and concluded that materials with 0,y
<0.5 are good candidates for the high-energy and hi
voltage positive electrode material. On the other hand,
et al.3 found that the valence of Cr ions changes with t
Cr-doping content in the LiMn2O4 spinel by x-ray photo-
emission spectroscopy~XPS! study. However, to our knowl-
edge, the mechanism of the intercalation voltage’s incre
and the valence’s variation, or the possible relation betw
the two phenomena, has not yet been reported.

Computational experiments have the advantage
supplementing the real experiments for which one has
control over the relevant variables. What is especially wo
mentioning is that first-principles calculations have made
impact on the understanding of practical lithium-ion batte
materials. For example, Cederet al.4 demonstrated that new
materials can be prescreened before attempting their syn
sis through the first-principles prediction of intercalati
voltages. Wolverton and Zunger5 performed the first-
principles prediction of vacancy order-disorder and inter
lation battery voltages in LixCoO2. In the present paper w
focus on the electronic structure analysis of the chromiu
doped LiMn2O4, in order to elucidate the relation betwee
the electron transfer, the valence change, and the chang
the average intercalation voltage of chromium-dop
LiMn2O4.
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II. COMPUTATIONAL DETAILS

The electronic structure is calculated in the framework
density-functional theory combined with the local-dens
approximation ~LDA !.6,7 The pseudopotential plane-wav
method8 implemented in the Viennaab inito simulation
package~VASP! was used to compute the total energies,
density of states, and the charge density of the undoped
doped LiMn2O4 spinels.VASP performs an iterative diagonal
ization of the Kohn-Sham equation of local-densit
functional theory based on residuum minimization and op
mized charge-density mixing schemes.9 In our calculations,
we used the exchange-correlation functional based on
quantum Monte Carlo simulations of Ceperley and Alder
parametrized by Perdew and Zunger.10 An optimized ultra-
soft Vanderbilt pseudopotential for every atom11,12 was used
in the calculations.

All the calculations were performed in an 8-f.u. LiMn2O4
supercell with 1–8 Mn atoms replaced by Cr atoms. Ow
to the restriction of the computational resources, the exp
mental geometry of LiMn2O4 was adopted, neglecting sma
relaxation during cation doping. The convergence tests of
total energy with respect to the plane-wave energy cutoff
k-point sampling have been carefully examined, as show
Fig. 1. The final set of energies was computed with an ene
cutoff of 600 eV and integration using tenk-point sampling
over the supercell irreducible Brillouin zone, generated
the Monkhorst-Pack scheme.13

The theoretical procedure to calculate the average inte
lation voltage through first-principles has already be
established.14,15,19The intercalation voltage is given by

VAVE52DG/F, ~1!

whereDG is the change in Gibbs free energy for the inte
calation reaction, andF is the Faraday constant. Assumin
that the changes in volume and entropy associated with
intercalation are negligibly small,DG can be approximated
by the internal energy termDE, i.e.,

VAVE'2DE/F, ~2!
©2003 The American Physical Society30-1
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where DE is given by the difference in total energies b
tween LiCryMn22yO4 and the sum of oxide CryMn22yO4
and metallic lithium, i.e.,

DE5Etotal@LiCryMn22yO4#2Etotal@CryMn22yO4#

2Etotal@Li #, ~3!

where Etotal@LiCryMn22yO4# and Etotal@CryMn22yO4# are
the total energy per formula unit of LiCryMn22yO4 and
CryMn22yO4, respectively. Similarly, the 8-f.u. CryMn22yO4
supercell is obtained by removing the intercalating Li ato
from the corresponding 8LiCryMn22yO4 supercell, also ne-
glecting the relaxation.Etotal@Li # is the total energy of me
tallic lithium.

III. RESULTS AND DISCUSSION

A. Most probable doping model

In the previous study for the layer intercalation compou
LiCoO2

4, because the supercell consists of only a 3-
LiCoO2, all doping confignurations for either one or tw
aluminum atoms in the supercell are equivalent. Howe
for the present 8-f.u. LiMn2O4 supercell, 16 manganese p
sitions resulted in multiple nonequivalent cation-doping co
figurations when more than one Mn atom is replaced
chromium. To avoid the computational complexity in the c
culation of DE due to enormous doping configuration
choosing a reasonable doping model should be consid
theoretically to be a proper approximation. When two
atoms are doped into the supercell, there are five nonequ
lent doping configurations considering the supercell perio

FIG. 1. Total energyEtotal of 8-f.u. cell LiMn2O4 supercell as a
function of ~a! the energy cutoffEtotal when the number ofk points
equals 10, and~b! the number ofk points in the irreducible zone
whenEcut equals 600 eV.
11513
s

d
.

r,

-
y
-

ed
r
a-
i-

cally. Figure 2 shows the total energy of all five nonequiv
lent doping configurations in this case. The followin
horizontal coordinate is defined as the minimum distan
between the doping Cr atoms taking the supercell periodi
into account:

Ri5 min
j 1TÞ i

r i , j 1T , ~4!

wherei , j are the indices of Cr atoms in one supercell, andT
represents the supercell translation operation. If there are
Cr atoms in each supercell,R1[R2, which measures how
the doping Cr atoms disperse. We find in Fig. 2 that
configuration, in which the two doping chromium atoms a
as far away from each other as possible, is more favorabl
energy. Namely, the doping chromium atoms prefer to
dispersed.

Hereby, for the case of doping more than two chromiu
atoms, we only select the doping configuration in which t
sum of the distanceRi over all doping atoms should be max
mized. We take this as the most probable doping model
the total energy of this doping configuration is calculated a
used in the estimation of the intercalation voltage accord
to Eqs.~2! and ~3!.

B. Electronic structure of LiCr yMn2ÀyO4

To investigate the role that doping chromium plays in t
electronic structure, we calculate the local density of sta
~DOS! of Mn, Cr, and O in LiCryMn22yO4. In LiCrMnO4,
from the point of symmetry all Mn atoms and doping C
atoms are equivalent, but there are two types of O atoms,
with one Mn and two Cr neighbors, the other with one
and two Mn neighbors~see Fig. 10 below!. For convenience,
two types of O atoms are labeled as O~I! and O~III !, respec-
tively. Figures 3 and 4 show the local DOS plots of Mn a
O in LiMn2O4 and LiCrMnO4, respectively. Apparently, the
shape of both Mn and O DOS curves remains the same a
Cr doping. This is understandable because doping Cr at
have a similar orbital character to that of the replaced
atoms. However, the DOS plots, shown in Figs. 3 and
reveal that the Fermi level shifts up with respect to t

FIG. 2. Total energyEtotal of 8-f.u. cell LiMn2O4 supercell as a
function of the minimum distance between the two doping ch
mium atoms. The signsm, ., andd represent that the respectiv
configurations are nonequivalent, althoughRi is equal.
0-2
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valence-band bottom to about 0.55 eV in LiCrMnO4, com-
pared with the case of LiMn2O4. This indicates that the num
ber of electrons, which are around O and/or Mn atoms, m
increase with increasing Cr content. Actually, this trend
which the Fermi level has been gradually lifted up is fou
systematically wheny increases from 0 to 1.

To reflect the electron transfer quantitatively, we perfo
the integration of the local DOS from the valence-band b
tom to the Fermi level. The integral results are summari
in Table I. The number of electrons around the Mn ato
changes slightly (,0.01e) for the highest Cr doping, be
cause there is no direct coupling between 3d bands of Mn
and the doping chromium. However, we can see 0.077 e
electrons around the O~I! atoms which have two neare
neighbors of doping Cr in LiCrMnO4, and 0.026 extra elec
trons around the O~III ! atoms having only one nearest C
neighbor, compared with the case of LiMn2O4. Therefore,
most of the extra electrons, which come from Cr atoms,
transferred to oxygen atoms with increasing Cr content
can be deemed that every O-Cr bond contributes a dip
bearing charge of 0.026 or 0.038e ~i.e., 0.077/2!. Approxi-
mately, the charge is considered to be 0.03e in the following

FIG. 3. Local DOS of~a! one Mn atom, and~b! one O atom in
LiMn2O4.

FIG. 4. Local DOS of~a! one Mn atom,~b! one O~I! atom
which has one Mn and two Cr neighbors, and~c! one O~III ! atom
which has one Cr and two Mn neighbors in LiCrMnO4.
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calculation@see Eq.~5! below#. At the same time, by inte-
grating the local DOS of Cr in LiCr0.125Mn1.875O4 and
LiCrMnO4, as shown in Figs. 5~a! and 5~b!, we find that the
number of the electrons around the Cr atoms decrease
0.166e.

Regarding the valence change upon Cr doping, Wuet al.3

observed a core electron level shift using XPS, and fou
that the core electron level of an Mn ion shifts only slight
This is consistent with the small change of Mn valency giv
in the above calculation. Meanwhile, with increasing Cr co
tent, a conversion of Cr31 to Cr61 was also suggested. Al
though the present theoretical calculation shows the vale
increase in qualitative agreement with the experiments,
theoretical valence of Cr increases only by 0.166 whey
increases from 0.125 to 1, with a large quantitative differen

FIG. 5. ~a! Local DOS of one Cr atom in LiCr0.125Mn1.875O4; ~b!
local DOS of one Cr atom in LiCrMnO4.

FIG. 6. Charge density~a! on a plane through one Mn~I!,
nearest-neighboring atoms O~I! and O~II ! for LiMn2O4; ~b! on a
plane through one Cr~I!, nearest neighboring atoms O~I! and O~II !
for LiCrMnO4. The number on one contour line shows the electr
density in units of 1/Å3, and the lines are separated by the line
increment 0.10/Å3.
0-3
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from the experimental results. However, the core elect
level shift of O is not experimentally measured, and thus i
hard to judge the experimental overall shift of the poten
on the O ions, which could lead to a shift of the Fermi lev
in the system, which depends mostly on O-2p with increas-
ing Cr doping. Therefore, measuring the core electron le
of O might help to give a more accurate estimation of
ions.

Figure 6~a! shows the charge density on a plane throu
one Mn~I!, near the oxygen atoms O~I! and O~II ! for
LiMn2O4. Although Mn~II ! is not on the plane, it is also th
nearest neighbor to O~I! and O~II !. For LiCrMnO4, Mn~I!
and Mn~II ! are replaced by Cr~I! and Cr~II !, respectively, as
shown in Fig. 6~b!. Similarly, Figs. 7~a! and 7~b! present the
charge density on the plane through one O~III !, and nearest-
neighboring atoms of Mn~III !, Mn~IV ! for LiMn2O4, and
Cr~IV ! for LiCrMnO4. To study the effect of doping chro
mium atoms on the charge density, we plot the difference
the charge densities for LiMn2O4 and LiCrMnO4. Because
we calculate both LiMn2O4 and LiCrMnO4 exactly with the
same lattice parameters, the charge densities can be
tracted point by point in real space. In Fig. 8, we show
difference in charge density in the range over about the
dius of oxygen ions along the lines linking O~I! to Mn~I!/
Cr~I!, and O~I! to O~II !. As can be observed from the plot
there is more charge around oxygen ions for LiCrMnO4.

FIG. 7. Charge density~a! on a plane through one O~III !, nearest
neighboring atoms Mn~III !, and Mn~IV ! for LiMn2O4; ~b! on a
plane through one O~III !, near neighboring atoms Mn~III !, and
Cr~IV ! for LiCrMnO4. The number on one contour line shows t
electron density in units of 1/Å3, and the lines are separated by t
linear increment 0.10/Å3.
11513
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Because the extra charge density around the oxygen io
LiCrMnO4 is well localized, we can determine the extra to
electron transfer to the oxygen ion by integrating the ex
electron density in an appropriate sphere around the ion,
Å in radius. We find that about an extra 0.07e/atom is trans-
ferred to the oxygen ion, in agreement with that obtained
partial DOS integration given above. However, from the
dius distribution, we believe that these extra electrons go
the O-2p orbits.

A previous investigation performed by Mishra an
Ceder16 has shown that the spin-polarization generalized g
dient approximation~GGA! is critical for reproducing the
orthorhombic LiMnO2 structure as the ground state. For
additional check of our non-spin-polarization LDA results
spin-polarization GGA calculation using data from Perd
and Wang17 ~PW91! is also carried out on LiMn2O4 and
LiCrMnO4 with the lattice relaxed for energy minimum
Because antiferromagnetism has been obser
experimentally,18 the antiferromagnetic geometry is adopte
For comparison, the results are listed in Table I for t
charge transfer. It is clearly seen that the spin polarizat
and lattice relaxation only give rise to secondary effects
garding charge transfer. The number of electrons and a
tional dipole moment of Cr-O bonding stay almost the sa
as the one derived by simple LDA. In fact, non-spi
polarization LDA has been used in the calculations of
cubic spinel.14,16,19,20

C. Average intercalation voltage

We calculate the theoretical average intercalation volta
in light of Eqs.~2! and~3! and total energy, as listed in Tabl
II. The comparison of calculated and experimental value
presented in Fig. 9. It is interesting to see that both the t

FIG. 8. ~Color online! Extra electron density,r@LiCrMnO4#
2r@LiMn2O4#, as a function of the distance from O~I!, and (m)
along line O~I!-Mn~I!/Cr~I! and (j) along line O~I!-O~II !.
o the
TABLE I. Integral number of electrons per atom of the local DOS from the valence-band bottom t
Fermi level. Integral values under spin-polarization GGA are shown in brackets.

System Mn O~I! O~III ! Cr

LiMn2O4 7.370~7.365! 6.525~6.532! 6.525~6.532!
LiCr0.125Mn1.875O4 1.516
LiCrMnO4 7.376~7.369! 6.602~6.614! 6.551~6.567! 1.350~1.338!
0-4
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oretical and experimental average intercalation volta
show an increasing trend asy increases within the range from
0 to 1. In addition, the calculated average intercalation v
ages are in agreement with the experimental values avail
for LiCryMn22yO4. The computation underestimates the
tercalation voltages only slightly. Although the reason
this discrepancy has not been clearly determined yet, if
full relaxation is considered, presumably, an even be
agreement might be realized. Usually, the underestimate
less than 1 V seems to be a quite universal phenomenon
many oxides when computed using Eq.~2!.19

In fact, the change of the intercalation voltage upon
doping could be estimated by following point-charge int
action approximately as well. A lithium atom couples wi
six nearest-neighboring O-Cr bonds in LiCrMnO4~see Fig.
10!. The bond angle between each O-Cr and correspon
O-Li bond is 121.19°, and the lengths of the O-Cr and O
bonds are 1.96 Å~3.71 a.u.! and 1.95 Å~3.69 a.u.!, respec-
tively. Therefore, the distance between Li and Cr is 3.41
~6.45 a.u.!. Moreover, according to the above electron
structure calculation, the number of extra electron transfe
about 0.03e on each O-Cr bond. Therefore, according to t
simple point-charge model~assuming Li ionicity of11!, the
total energy differenceDEs between LiCrMnO4 and
LiMn2O4 is written as follows:

DEs5630.033F 1

3.69
2

1

6.45Ghartree

50.0209 hartree

50.57 eV. ~5!

Namely, the intercalation voltage of LiCrMnO4, which is
estimated in terms of the simple point-charge model us
first-principles data of the O and Cr extra valence, increa
by 0.57 V, compared to the case of LiMn2O4. This is in

TABLE II. Calculated total energies for Li, LiCryMn22yO4, and
CryMn22yO4 . DE is defined according to Eq.~3!. Total energies
under spin-polarization GGA are shown in brackets.

System Total energy~eV/f.u.! DE ~eV/f.u.!

Li -2.044 ~-1.920!
Mn2O4 -50.967~-46.799!
LiMn2O4 -56.851~-52.344! -3.840~-3.625!
Cr0.125Mn1.875O4 -51.091
LiCr0.125Mn1.875O4 -56.995 -3.860
Cr0.25Mn1.75O4 -51.115
LiCr0.25Mn1.75O4 -57.139 -3.980
Cr0.5Mn1.5O4 -51.232
LiCr0.5Mn1.5O4 -57.426 -4.150
Cr0.625Mn1.375O4 -51.279
LiCr0.625Mn1.375O4 -57.563 -4.240
Cr0.75Mn1.25O4 -51.327
LiCr0.75Mn1.25O4 -57.701 -4.330
CrMnO4 -51.515~-47.179!
LiCrMnO4 -57.976~-53.298! -4.417~-4.199!
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remarkable agreement with 0.58 V given by first-principl
total-energy calculations and also in good agreement with
0.42 V provided by our experiments. Hence, it can be c
cluded that increasing average intercalation voltage with
doping is caused by the fact that there are about 0.03 m
charges transferred between Cr and O atoms than those
tween Mn and O atoms, and the energy change is due mo
to the Coulombic interaction between ions.

Our calculations were mostly performed on structu
models with atoms occupying the postulated ideal positi
since a statistically meaningful coverage of the disorder d
ing configurations is obviously untraceable from first pri
ciples. However, with our present capabilities, one additio
check can be added for LiMn2O4 and LiCrMnO4 systems,
which allows the lattice relaxation and using the sp
polarization GGA used by PW91 for the exchang
correlation energy. As shown in Table II, the intercalati
voltage is essentially not altered, comparing the non-sp
polarization LDA and model structures with the ideal latti
positions. On the other hand, for non-spin-polarization a
antiferromagnetic GGA, the intercalation voltages
LiMn2O4 calculated in the present work agree well with t
values of Mishra and Ceder.16 The reason even the simpl

FIG. 9. ~Color online! Average intercalation voltage as a fun
tion of chromium content. Experimental data are taken from Ref

FIG. 10. Cluster configuration around an intercalation Li i
used in the simple point-charge model for LiCrMnO4.
0-5
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ideal models give rather good results also lies in the C
lombic origin of this intercalation voltage. The Coulomb
interaction of the nonmagnetic Li cation and dipole mom
of O-Cr~Mn! bonding not only doesn’t obviously depend o
the spin states of 3d Mn~Cr! ions, but also is less sensitive t
the small structure relaxation.

IV. SUMMARY

We calculated the electronic structure and average in
calation voltages of LiCryMn22yO4 from first principles.
Upon Cr doping, there are about 0.03 extra electrons tra
ferred as well as a stronger dipole moment between Cr an
atoms, compared with that of Mn and O atoms. With incre
ing chromium content in LiMn2O4, more Cr-O bondings are
formed. Consequently, there is stronger coupling between
lithium ion and Cr-O bonding, thus the intercalation volta
increases. The average voltages calculated from fi
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