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GGA with Hubbard U correction (GGA+U). The GGA+U approximation can distinguish the charge sepa-
ration between Mn3+ and Mn4+, which GGA fails to capture. Therefore with this method the effects of
local environments on Li diffusion activation energy barriers in the Li-rich phase could be systematically
investigated. Our results showed that the different valences states of Mn ions and their arrangement
surrounding the lithium ions have a profound effect on the activation barrier of lithium diffusion in the
irst-principles calculation
ithium mobility

spinel structure.

. Introduction

LiMn2O4 spinel and its derivatives are presently the center of
uch interest as the cathodes of high-power lithium batteries for

ransportation applications. The commercialization of the mate-
ial has been long delayed by the self-discharge problem when left
nder fully charged, particularly at elevated temperatures; how-
ver, this obstacle may be lifted by chemical stabilization with
luminum doping, as well as modifying the salt in electrolyte [1–4].

In principle, it is believed that the spinel phase, whose cubic
tructure ensures three-dimensional diffusion paths, can deliver
igh power even though the theoretical capacity of the LiMn2O4 is
nly approximately 140 mAh g−1 in the voltage range of 3.0–4.3 V.
owever, the stoichiometric LiMn2O4 is found to have inferior rate
apability. The volume change between the fully delithiated mate-
ial and the pristine material is about 7% [5,6]. When the material
s charged/discharged at room temperature, two voltage plateaus
ppear at around 4.1 V and 4.0 V (vs. Li). The two voltage steps
re attributed to the order–disorder transition of the Li+-vacancy
rrangement when the Li concentration is around 50% [5,7,8]. A
umber of theoretical/computational investigations have been per-
ormed on this material [9–12]. A phase diagram of the LixMn2O4
as been calculated using local density approximation (LDA) to the
ensity functional theory (DFT) [12]. Though in this former study
12] it can successfully explain the phase transformation when x
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varies from 1 to 2 (cubic to tetragonal phase transformation), the
phase stability, lattice change and voltage are not consistent with
the experimental observations when x varies in the range of 0–1.
The main reason can be attributed to the fact, that neither the
LDA nor the GGA approach can give the distinguished electronic
structures of Mn3+/Mn4+ ions in LiMn2O4, which is experimen-
tally observed with neutron diffraction (ND) and magnetic studies
[13,14]. When referring to the kinetic properties, molecular dynam-
ics (MD) simulations and dynamic Monte Carlo simulations have
been used to investigate the Li diffusivities in the material [9,11].
Most of the studies focus on the temperature dependence and
Li concentration dependence on the Li diffusivities without con-
sidering the valence changes in transition metal ions. It is well
known that the change of Li concentration leads to the valence
change of the transition metal (Mn) ions. Such change might have
a strong effect on the Li mobility in an ionic crystal since lithium
diffusion occurs through a thermally activated state surrounded
by transition metal ions (more details given in Section 3). It is
also experimentally observed that certain doping elements (e.g. Ni)
gives remarkable rate capability compared with undoped LiMn2O4
[15–17].

The Hubbard U value in the Hamiltonian, needed to correct
for the self-interaction error on transition metal oxides in DFT,
is implemented in this work. There have been ample evidences
showing that the GGA+U method can give more accurate volt-

age predictions in transition metal oxides [18,19]. In GGA method,
charges are spuriously delocalized: for example, in LiMn2O4, all Mn
ions show an average valence of 3.5+. On the other hand, GGA+U
method gives half Mn3+ and half Mn4+, which more accurately cap-
ture the physics in the actual material.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shirleymeng@ucsd.edu
dx.doi.org/10.1016/j.jpowsour.2010.02.060
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By comparing the results obtained from GGA and GGA+U meth-
ds, we found that the redox potentials of LiMn2O4 and the trend
f lattice parameter change as a function of lithium content can be
ore accurately calculated with the GGA+U method. More impor-

antly, it is clearly demonstrated in our study that different valence
tates of Mn ions and their arrangements surrounding the lithium
ons have a profound effect on the activation barrier of lithium
iffusion in the spinel structure.

. Computation method

In this work, a supercell composed of eight-formula units
f LixMn2O4 is used. Calculations were performed in the spin-
olarized GGA and GGA+U approximations to the DFT. Core electron
tates were represented by the projector augmented-wave method
20] as implemented in the Vienna ab initio simulation package
VASP) [21–23]. The Perdew Burke Ernzerhof exchange correlation
24] and a plane wave representation for the wavefunction with
cutoff energy of 400 eV were used. The Brillouin zone was sam-
led with a mesh by Monkhorst packing. The atomic positions and
ell parameters are fully relaxed to obtain total energy and opti-
ized cell structure. To obtain the accurate electronic density of

tates (DOS), a static self-consistent calculation is run, followed
y a non-self-consistent calculation using the calculated charge
ensities from the first step. The cell volume is fixed with inter-
al relaxation of the ions in the second step calculation. A supercell
ith one vacancy out of eight Li sites (Li7Mn16O32) is used to calcu-

ate the Li diffusion activation barriers in Li-rich phase. The Hubbard
correction is introduced to describe the effect of localized d elec-

rons of Mn ions. Previous work has shown that the U values can
e calculated in a self-consistently way [25]. In spinel structure,
he U value of Mn3+ ions is 4.64 while the U value of Mn4+ ions
s 5.04 [18]. Because in LiMn2O4, Mn3+ and Mn4+ ions co-exist, a
nique effective U value of 4.84 is applied in rotationally invari-
nt LSDA+U approach [26]. Test calculations have been performed
o assign distinguished effective U values to Mn3+ and Mn4+ ions
n the same supercell, and similar Mn valence separation can be
bserved.

. Results and discussion

.1. Voltage and lattice parameters correction

In manganese spinel, phase separations happen while Li ions are
ntercalating into and de-intercalating from the cathode materials.
ather than forming a solid solution LixMn2O4 (0 < x < 1), experi-
ental studies [5,27–29] have shown voltage plateaus around 4.0 V

nd 4.1 V appears during the charge/discharge processes. There is
small voltage step at x = 0.5 as the result of a stable Li-vacancy

rdered phase. Voltage plateaus appear when there is two phases
o-exist at certain Li concentration ranges.

For any intercalation system, the total Gibbs free energy can be
ritten as:

G = −S dT + V dP +
∑

i

�iNi

here S is the entropy, T is the temperature, V is the volume, P is
he pressure, �i is the chemical potential of element i and Ni is the
mount of element i. All the elements except Li are treated as the

ost of the intercalation electrode materials (M) and their chemi-
al potentials do not change during the charge/discharge process.
herefore the Gibbs free energy can be rewritten as:

G = −S dT + V dP + �Li dNLi + �M dNM
urces 195 (2010) 4971–4976

When the temperature and pressure of the system are kept con-
stant, the equation can be simplified to dG = �LidNLi. Therefore the
chemical potential of Li ions can be calculated as �Li = dG/dNLi. From
Nernst equation, the voltage of the cell can be expressed as

voltage = −�cathode
Li − �anode

Li
ze

where �cathode
Li is the chemical potential per atom of Li in the cath-

ode and can be calculated from above equations, �anode
Li is the

chemical potential per atom of Li in the anode. z is the valence
of the ion. For Li ions, z equals to 1. And e is the absolute value of
the electron charge.

In our study, the total energy G of the eight-formula super-
cell with different Li concentrations LiXMn16O32 are obtained from
first-principles calculations performed at zero Kelvin. Their forma-
tion enthalpies can be calculated and plotted as a function of Li
concentration to obtain the formulas of stable phases (results not
shown here). When GGA method is applied, LiXMn16O32 is stable
for each X from 1 to 7, suggesting a solid solution behavior which
is contrary to experimental observations. In this case, the chemical
potential of Li ions in cathode at each X can be approximated by:

�LiXMn16O32
Li = dG

dNLi
≈ GLiX+1Mn16O32

− GLiXMn16O32
(0 ≤ X ≤ 8)

When GGA+U is applied, only one stable intermediate phase is
found at X = 4, suggesting that phase separations happen in two
stages, 0 ≤ X ≤ 4 and 4 ≤ X ≤ 8. In each stage, the chemical potentials
of Li ions in both phases are equal, therefore can be approximated
by:

�LiXMn16O32
Li = GLi4Mn16O32

− GLiMn16O32

4 − 0
(X = 0, 4)

and

�LiXMn16O32
Li = GLi8Mn16O32

− GLi4Mn16O32

8 − 4
(X = 4, 8)

Li metal is used as the reference anode materials, and the cal-
culated Li chemical potential in Li metal is �anode

Li = −1.9 eV. The
voltage profiles calculated by both GGA and GGA+U approaches are
plotted in Fig. 1(i). The average voltage over all Li concentrations
is 3.4 V calculated by GGA, which underestimates the voltage by
17.0% when comparing to the experimental value. The step-wise
calculated voltage profile is due to the fact that only average volt-
ages of lithium concentration intervals are computed. With GGA+U
methods, the two voltage plateaus are shown at 4.02 V and 4.04 V
due to the presence of one (and only) intermediate stable phase
at Li0.5Mn2O4. Not only the calculated average voltage is with 1%
difference from the experimental value, but also the two-phase
separations are accurately captured by GGA+U method. The abso-
lute value of the voltage step (20 meV) calculated with GGA+U is
smaller than the 100 meV observed value. This may be due to the
coupling effect of Li/vacancy ordering and Mn3+/Mn4+ ordering in
Li0.5Mn2O4. More vigorous study is underway to explore this com-
plex phenomenon.

Fig. 1(ii) shows the lattice parameters of the LixMn2O4 cubic
unit cell as a function of Li concentration. At x = 1, GGA+U
method overestimates the lattice parameter comparing to the
experimental observation by 2%, while the absolute value of
GGA calculation is closer to the experimental value. However,
the total observed volume change from LiMn2O4 to Mn2O4 is

around 6–7% in experiments. Using GGA+U method, the vol-
ume change from LiMn2O4 to Mn2O4 is calculated as 6.3%, while
using GGA method, the volume change from LiMn2O4 to Mn2O4
is only 0.7%. Two sets of experimental data are used for this
comparison [5,6] and the inconsistence in absolute experimental
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ig. 1. (i) Voltage calculated by GGA and GGA+U methods; (ii) calculated and exper-
mentally measured lattice parameters of the LixMn2O4 cubic unit cell as a function
f Li concentration.

alues is the result of different precursors and synthesis condi-
ions.

The Jahn-Teller distortion of individual Mn3+ ions can be
bserved by the lattice parameter change using GGA+U method.
n LiMn2O4 materials, each Mn ion is surrounded by an octahe-
ron formed by six oxygen ions. The Mn–O bonds are formed with
he hybridization between O 2p orbitals and Mn 3d orbitals. As
escribed in ligand field theory [30], the octahedral crystal field
plits the Mn 3d orbitals to two types of orbitals, t2g orbitals with
ower energy level and eg orbitals with higher energy level. When
here is a single un-paired electron in eg orbitals, as in Mn3+ ions,
he Mn–O bond pointing towards vertex O will be elongated or con-
racted due to the asymmetric shape of d electron clouds. The effect
s well known as the Jahn-Teller distortion [31]. In Mn2O4 structure,
o Mn3+ exists and the lattice remains perfect cubic in GGA+U cal-
ulations. However, in LiMn2O4 structure, half of the Mn ions are

3+
n , which leads to the remarkable effect of Jahn-Teller distor-
ion and the Mn3+–O bondlengths split, subsequently the structure
hanges from cubic to tetragonal when lithium concentration x = 1.
uch cubic to tetragonal phase transformations have been observed
n LiMn2O4 at temperatures below 100 K [32–34]. In GGA method,
Fig. 2. Mn 3d electron density of state (DOS) plots using GGA+U and GGA (insert)
methods.

both Mn2O4 and LiMn2O4 structure maintains cubic structure at
zero Kelvin.

3.2. Electronic structure of Mn3+ and Mn4+

The electron configuration of Mn3+ ion is t2g
3eg

1 and Mn4+ ion is
t2g

3. The two ions can be distinguished clearly from the differences
in DOS calculated using GGA+U method (Fig. 2). In the projected
Mn4+ DOS (black), the energy levels of t2g orbitals with spin-up
states are lower than the Fermi energy level, indicating that the
spin-up states in t2g orbitals are fully occupied. The energy levels of
t2g orbitals with spin-down states and the entire eg orbitals energy
levels are above the Fermi energy. These orbitals are unoccupied.
The DOS plot is consistent with the t2g

3 electron configuration of
Mn4+ ion. In the projected Mn3+ DOS (red), the spin-up states of eg

orbitals split to two peaks. The energy level of one peak is lower
than Fermi energy indicating that one of the eg orbitals is occupied,
which is consistent with the t2g

3eg
1 electron configuration of Mn3+

ion.
The DOS plot calculated using GGA method is also given as an

insert in Fig. 2 for comparison. Only one type of DOS (blue) can be
obtained for all Mn ions in the supercell. The spin-up states and half
of the spin-down states of t2g orbitals are occupied, indicating an
average valence of +3.5 for each Mn ion.

3.3. The effect of Mn charge distribution on Li diffusion activation
barrier

To understand how the Mn charge distribution will affect the
lithium diffusion, we have to look at the atomic arrangement of
the spinel LixMn2O4 structure. Fig. 3(i) illustrates the structure of
LiMn2O4. The spinel LiMn2O4 belongs to Fd3̄m space group with
oxygen ions in 32e sites forming a close-packed fcc lattice. Mn ions
reside on the 16d octahedral sites, while the Li ions sit in the 8a
tetrahedral sites. The 16c octahedral sites are left empty. The Li
ions diffusion occurs by hopping from one 8a site to another 8a site
through the intermediate 16c site (Fig. 3(ii)). Because each face of

8a site is shared with a 16c site, three-dimensional diffusion paths
can be formed inside the structure (Fig. 3(iii)). Each 16c site is sur-
rounded by six Mn ions forming a Mn ring in the plane that is
perpendicular to the Li diffusion paths (Fig. 3(iv)). The total energy
of the supercell varies with the migration path of the mobile Li ion
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Fig. 3. Three-dimensional li

nd a maximum value is achieved when the Li ions are in the 16c
ites. The energy difference between Li in the initial state (8a) and
n metastable state (16c) is considered as the Li diffusion activation
arrier Ea [9]. In this work, different valence configurations in the

ocal Mn rings are implemented using GGA+U method, and their
ffect on Li diffusion activation barriers are investigated.

In each Mn ring, the number of Mn4+ ions NIV can vary from 0 to 6.
owever, when NIV = 6 or 0, the structure are energetic unfavorable
ecause they will introduce high charge localization and result in
trong coulombic interactions inside the structure. In our study, the
alue of NIV is limited to 1 ≤ NIV ≤ 5. For each value of NIV, different
n3+–Mn4+ arrangements can be found and each of them is treated

s a distinct configuration. A total number of seven configurations
re investigated. They are listed in Table 1 and labeled by charac-
ers from “a” to “g”. For each configuration, the corresponding Li

iffusion activation barriers are calculated.

The calculations are performed in a Li-rich phase supercell
Li7Mn16O32). The variations of Li diffusion barriers versus the num-
er of Mn4+ ions in the Mn rings are depicted in Fig. 4(i). When Li

ons are in the 16c site, the 16c site octahedral volumes and dis-

able 1
n valence configurations in Mn-rings surrounding the diffusing Li+ in the activated site

# of Mn4+ Label

5 a
4 b

c
3 d

e
2 f
1 g
diffusion paths in LiMn2O4.

tances of the mobile Li to its nearest Mn ions are also analyzed.
The results are presented in Fig. 4(ii) and (iii), respectively. The
seven configurations can be sorted to three categories by different
ranges of Li diffusion activation barriers: (separated by dash lines
in Fig. 4(i)), (1) Low barrier case (Ea < 400 meV); (2) Medium barrier
case; (3) High barrier cases (Ea < 750 meV).

(1) In low barrier case, there are more Mn4+ ions than Mn3+ ions
in the Mn ring, suggesting that Li ions are more favored to
be surrounded by Mn4+ ions. The reason can be attributed to
the electrostatic effect. As there are three types of cations in
LiMn2O4, Li+ ions, Mn3+ ions and Mn4+ ions, the combination
of Li+ ions and Mn4+ ions can minimize the positive charge
localization and further reduce the total energy of the sys-
tem. Comparing to Mn3+ ions, the electron clouds of Mn4+
ions are less dense, causing weaker Mn–O interaction and
longer Mn–O bondlength. Consequently, the Li–O bondlength
is shortened, leading to smaller Li 16c site octahedral volumes
(Fig. 4(ii)a–c). On the other hand, the Li+–Mn4+ distances are
longer than Li+–Mn3+ distances due to the stronger coulombic

.

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6

4+ 4+ 4+ 4+ 4+ 3+
4+ 4+ 3+ 4+ 4+ 3+
4+ 4+ 4+ 3+ 4+ 3+
4+ 3+ 4+ 3+ 4+ 3+
4+ 4+ 3+ 4+ 3+ 3+
4+ 3+ 3+ 4+ 3+ 3+
4+ 3+ 3+ 3+ 3+ 3+
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F 32; (ii)
s
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ig. 4. (i) Local environment dependent Li diffusion activation barriers in Li7Mn16O
urrounding Mn ions; (iv) Mn–O bondlengths of Mn3+/Mn4+ in configuration e.

repulsion between Li+ and Mn4+ than Li+ and Mn3+, as shown in
Fig. 4(iii) for configurations a and b “Li-Mn bondlengths” split.
For configuration c, the different trend may be attributed to
the asymmetric Mn3+/Mn4+ distribution in the ring. When Li
is closer to some Mn3+ ions, it is also closer to another Mn4+

ion, therefore when the electrostatic balance is reached, the
Li–Mn3+/Mn4+ distances spread with wide distribution.

2) In medium barrier case, the number of Mn4+ ions is smaller than
Mn3+ ions. There is one more electron in Mn3+ ion than in Mn4+

ion and the hybridization between O 2p electrons and Mn 3d
electrons are stronger. The Mn–O bondlengths are shortened,
leaving more space for the Li 16c site (Fig. 4(ii)f and g). The total
screening effect of the electron clouds between Li ions and Mn
ions are strengthened, as a result, the “Li–Mn bondlength” split
disappears (Fig. 4(iii)f and g).

3) In high barrier case, the numbers of Mn4+ ion and Mn3+ ion are
equal. In configuration d, Li cannot be stabilized in 16c site, indi-
cating that lithium diffusion through this type of activated site
is energetically unfavorable. The specific high energy barrier
of configuration e might be attributed to the local Jahn-Teller
effect of Mn3+. As mentioned in section 3.1, the Jahn-Teller

effect will elongate or contract the Mn 16d octahedron along
the axis pointing to the vertex O ions. Fig. 4(iv) presents the
Mn–O bondlength for a Mn3+ ion and a Mn4+ ion. The two Mn
ions are from the Mn rings with configuration e, but the trend
is consistent in all configurations. The Mn–O bondlengths of a
active Li 16c site octahedral volumes; (iii) distances between the mobile Li ion and

Mn4+ ion are almost the same while there is a bondlength split
for the Mn3+ ion. Therefore, the Mn3+ octahedron is highly dis-
torted and the positions of their O ions are displaced from their
ideal positions. In the Mn rings, adjacent Mn octahedrons share
two oxygen ions as vertex, therefore, if a Mn3+ is adjacent to a
Mn4+, the octahedron edge-misfit will be introduced, leading to
high internal strains. When the number of Mn4+ ion and Mn3+

ion is equal, many Mn3+–Mn4+ adjacencies are created. These
internal strains might cause the diffusing Li ions less stable and
elevate the diffusion barriers.

Our results reveal that a larger amount of Mn4+ ions may
enhance the ionic conductivity by lowering local Li diffusion acti-
vation barriers. We speculate this could be one of the main
contributing factors for the improved rate capability in Ni, Co or Cu
doped manganese spinel materials [15,35,36], since these doping
elements are in 2+ and push more Mn ions to 4+.

4. Conclusion

For volume changes and lithium intercalation voltages, the

results obtained from GGA+U method are qualitatively more accu-
rate than those obtained by GGA method. The Mn3+ and Mn4+ ions
can be distinguished by introducing the Hubbard U correction in
the DFT. Surprisingly, the higher amount of Mn4+ ions enhances the
ionic conductivity by making local Li diffusion activation barriers
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ower. Our study clearly shows the necessity in correcting self-
nteraction in localized electron systems, such as LiMn2O4. More
mportantly, the results shed some light on understanding the role
f local charge distribution on the lithium diffusion activation bar-
ier of the LiMn2O4 spinel materials.
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