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Eﬀects of Al-doping on the properties of Li–Mn–Ni–O
cathode materials for Li-ion batteries: an ab initio study
Arezoo Dianat,a Nicola Seriani,b Manfred Bobeth*a and Gianaurelio Cunibertiacd
The key properties of a successful cathode material, such as the structural stability during delithiation, the
battery voltage, and the Li mobility, were investigated for Al-doped Li–Mn–Ni oxide structures, using
density-functional theory and the nudged-elastic band method. The rhombohedral layered structure of
LiMn0.5Ni0.5O2 with zigzag and ﬂower arrangements of transition metal atoms as well as the monoclinic
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structure of Li(Li1/6Ni1/6Mn2/3)O2 were used as base structures. A stabilizing eﬀect of Al-doping was
found for all partially lithiated systems considered. The derived battery voltages at zero temperature are
generally enhanced by Al-doping. The calculated activation energies for Li jumps suggest slower Li
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mobility. The Al-doped Li-rich monoclinic structure seems to be most promising as a cathode material
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because of a comparatively high battery voltage.

1

Introduction

Lithium-metal-oxides with a layer structure have been employed
for decades as cathode materials in lithium-ion batteries.
Currently, the materials of choice in commercial applications
are oxides containing manganese, nickel and cobalt. Considerable research work is currently under way to improve the
performance of the battery by modifying the cathode materials.
In the present work, we investigate the properties of aluminumdoped LixMnyNizO2. Early investigations showed that Al doping
increases the structural stability of the monoclinic LiMnO2.1
Moreover, computational studies suggested a high battery
voltage of about 5.4 V for the oxide LiAlO2.2 However, Al in
LiAlO2 is electrochemically inactive. The mixture of Al with
electrochemically active transition metal oxides could facilitate
the function of the battery at high voltage.3 Indeed, the
computational investigation of Li(Al1/3Mn1/3Ni1/3)O2 in ref. 3
predicted an increase in the voltage of more than 0.2 V
compared to Li(Co1/3Mn1/3Ni1/3)O2. However, Li(Al1/3Mn1/3Ni1/3)
O2 synthesis invariably led to the formation of a highly defected
crystal, very diﬀerent from the perfect crystal considered in the
simulations. Recently, interest in Al doping has been revived.4–6
Croguennec et al. found that aluminum substitution in a nickel
manganese cobalt oxide induces a decrease in the reversible
capacity, but also a major improvement in the thermal
stability.7 Li1.2(AlyCo0.08yMn0.56Ni0.16)O2 was shown to display
a
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a high structural stability and a high energy density at low
discharge rates.8 Also Al deposited on Li(Co1/3Mn1/3Ni1/3)O2 had
positive eﬀects on the electrochemical properties.9 Still, all
these studies focused on compounds with a high content of
aluminum and/or a presence of cobalt. However it would be
desirable to investigate cobalt-free oxides.
In this work, we consider the possibility that a small
concentration of aluminum in a cobalt-free oxide might still
have positive eﬀects on the performance of the oxide, while
making its synthesis easier. While we cannot predict how to
synthesize the compound, ab initio simulations have been
shown to be eﬀective in predicting several properties directly
related to the material's performance. Indeed, to achieve high
battery performance, these intercalation compounds should
exhibit the following properties: (i) structural stability of the
system during Li deintercalation, (ii) easy redox reaction of
metal ions (i.e. with two stable oxidation states of the metal
ions), (iii) high reaction energy of Li intercalation determining
the battery voltage, (iv) high Li mobility, and (v) high electronic
conductivity. Regarding this last point, we would like to stress
that, oen, cathode materials are defective band insulators with
polaron-mediated electric conductivity. However, polaron
conduction is an activated process; therefore, achieving band
conductivity might present considerable advantages. In the
present work we consider the eﬀect of small amounts of Al
doping on cobalt-free oxides. In particular, the oxide
Li(Mn0.5Ni0.5)O2 is an especially attractive system compared to
toxic cobalt-based materials because of its comparatively high
capacity (200 mA h g1) and low costs. Its structural and
electrochemical properties have been comprehensively investigated both experimentally and theoretically.10–14
The ideal rhombohedral layer structure of Li(Mn0.5Ni0.5)O2 is
shown in Fig. 1a. It has the a-NaFeO2 crystal structure (space

J. Mater. Chem. A

View Article Online

Published on 05 June 2013. Downloaded by SLUB DRESDEN on 12/07/2013 09:06:08.

Journal of Materials Chemistry A
m). Because of the characteristic zigzag ordering of Ni
group R3
and Mn atoms in the transition metal (TM) layers (cf. Fig. 1b),
this conguration is briey referred to as zigzag structure in the
following. X-ray and neutron diﬀraction studies revealed that
the arrangement of lithium and transition metals in separate
layers is not perfect.15,16 Small amounts of Ni ions (10%) have
been found in Li layers, as well as Li ions within the TM layers. A
theoretical prediction of the phase diagram of Li(Mn0.5Ni0.5)O2
in ref. 14 indicated that the zigzag conguration (cf. Fig. 1b) of
the TM layers (without Li) is the most stable conguration up to
550  C. At higher temperatures, a partially disordered conguration with a small amount of Li in the TM layers becomes more
stable. Li atoms in the TM layers lead to a special atom ordering
where Li is surrounded by Mn4+ atoms, avoiding Ni2+ ions17
(cf. Fig. 1c). This ower-like arrangement is referred to as the
ower structure in this paper.
The electrochemically inactive Mn4+ ions stabilize the
structure during Li deintercalation, while Ni2+ is oxidized to
Ni4+ in the fully deintercalated state. For the Li(Mn0.5Ni0.5)O2
system, diﬀerent rechargeable capacities between 140 and
200 mA h g1, depending on the atom conguration, have been
reported.15,16 This diﬀerent electrochemical behavior for the
same composition has been attributed to the specic ordering
of Ni2+, Mn4+ and Li1+ ions in the system. For Li-rich systems
with excess Li in the Ni layers, where Ni atoms in Li layers can be
avoided, we expect higher capacity and faster Li migration,
compared to stoichiometric Li(Mn0.5Ni0.5)O2 with Ni–Li
exchange. Recently, the lithium-rich layered compound
Li(Li0.2Ni0.2Mn0.6)O2 has been synthesized.18 Interestingly, this
system does not separate into the trigonal phases LiMnO2 and
Li2MnO3, but forms a solid solution. The crystal structure of
Li(Li0.2Ni0.2Mn0.6)O2 is monoclinic (space group C2/m). This
system is especially interesting since it exhibits a comparatively
high capacity because of the higher lithium content. For a
similar Li-rich system with Li(Li1/6Ni1/6Mn2/3)O2 stoichiometry,
the monoclinic structure and the corresponding atomic
arrangement in the TM layers are shown in Fig. 1d and e,
respectively. This particular ordered structure was suggested by
Jarvis et al.18 In the following, calculations will be performed
also for this system, which will be denoted as the Li-rich structure for brevity.
While there are many studies on the electrochemical properties of the Li–Ni–Mn–O system, only a few studies concern the
eﬀects of dopants in this system. In particular, only Al-containing oxides with a high Al content have been considered so
far. In this work, we investigate the eﬀects of Al-doping on the
structure and properties of the Li–Mn–Ni–O system. To this
end, we consider the rhombohedral layer structure of
Li(Mn0.5Ni0.5)O2 as well as the Li-rich monoclinic layer structure
of Li(Li1/6Mn2/3Ni1/6)O2 as base structures. We introduce a level
of doping smaller than those considered in previous studies,
leading to the stoichiometries LiAl1/12Mn1/2Ni5/12O2 for the
rhombohedral layer structure and Li(Li1/6Al1/6Mn1/2Ni1/6)O2 for
the Li-rich monoclinic structure. Thus aluminum occupies 1/6
and 1/3 of the nickel sites in the two cases. Though this might
seem a high doping concentration, in fact most previous studies
considered even higher doping concentrations. For example, in
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ref. 3 the stoichiometry Li(Al1/3Mn1/3Ni1/3)O2 was considered.
The smaller doping considered in the present work might be of
help to overcome problems observed in previous work, such as
high concentration of defects, reducing structural stability
(ref. 3), and a decrease in reversible capacity (ref. 7). From the
point of view of electronic structures, these stoichiometries are
especially interesting because they represent two very diﬀerent
cases. In LiAl1/12Mn1/2Ni5/12O2, nickel (formally Ni2+) is
substituted by Al3+, thereby creating uncompensated charges.
In contrast, in Li(Li1/6Al1/6Mn1/2Ni1/6)O2, Ni2+ is substituted in
equal proportions by Li+ and Al3+ such that charge compensation is maintained. We will show that this has dramatic
consequences on the electronic structure, with the chargecompensated oxide being a band insulator, and the uncompensated oxide being a band conductor. Ab initio total energy
calculations were performed to determine the electrochemical
properties of the undoped and Al-doped systems at zero
temperature.
The paper is outlined as follows. Aer a brief presentation of
the theoretical method, we report on the calculated atomic and
electronic structures of the systems. Thereaer, important
properties for a successful cathode material such as the structural stability during Li deintercalation, the electrochemical
behavior, the battery voltage, and the Li mobility are
considered.

2

Computational details

Computations of the atomic and electronic structures of the
mixed metal oxides were carried out within the framework of
spin polarized density-functional theory (DFT), using the
Vienna ab initio simulation package (VASP).19–21 For the
exchange–correlation functional the PBE generalized gradient
approximation (GGA)22 was used, and the PAW method23,24 was
applied to describe the interaction between valence electrons
and core ions. Due to strongly correlated d bands in the transition metals Mn and Ni, the GGA+U approach with U ¼ 5.0 eV
for Mn and U ¼ 5.9 eV for Ni, as suggested by previous DFT
calculations,14 was applied in all calculations. The wave functions were expanded in plane waves up to a kinetic energy cutoﬀ of 520 eV. For the three considered oxide structures shown in
Fig. 1, diﬀerent simulation cells were used: (i) a 2  2 unit cell
for the rhombohedral structure with zigzag conguration (total
pﬃﬃﬃ
pﬃﬃﬃ
48 atoms), (ii) a 2 3  2 3 unit cell for the rhombohedral
structure with ower conguration (total 144 atoms), and (iii) a
1  6 unit cell for the Li-rich monoclinic structure (total 24
atoms). In the case of the rhombohedral crystal structure,
integration in the rst Brillouin zone was performed using
Monkhorst–Pack grids including 32 and 9 k-points in the
primitive cell for the zigzag and ower congurations, respectively. For the monoclinic structure, 36 k-points were used. For
all considered crystal structures, the atomic coordinates, as well
as the shape and volume of the unit cell, were optimized until
the force components were less than 103 eV Å1.
In this work we have considered only the total energies of the
diﬀerent congurations, neglecting entropic contributions to
the free energy. Entropic contributions come from vibrational,
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congurational and electronic degrees of freedom. It is known
that, for heavier elements, vibrational degrees of freedom give a
contribution of a few tens of meV at most at room temperature,
including zero-point energies.25,26 In the case of lithium, it has
been shown that these contributions are smaller than 0.1 eV per
Li atom in lithium oxides27 and smaller than 30 meV in lithium
manganese oxides at room temperature,28 i.e. they can be safely
neglected in solids in a rst approximation. In non-stoichiometric cases, the congurational entropy sometimes gives a
larger contribution than the vibrational entropy.29 Although in
some cases congurational and electronic degrees of freedom
can be fundamental in determining the equilibrium between
ordered and disordered phases, their contribution is rather
small at room temperature. Zhou et al. explicitly calculated the
entropic contributions from electronic and congurational
degrees of freedom for Li2FePO4, and found them to be
important for phase separation in that system.30 Still, also in
that case the total entropy was less than 1 kB, i.e. contributing
less than 25 meV per Li atom to the free energy at room
temperature.30 This is true also for diﬀerent solid state systems
such as defective CeO2.31 Experimentally, Stevens et al.
measured vibrational and congurational entropy diﬀerences
of 3 J K1 mol1 at most for lithium iron phosphate phases.32
This corresponds to contributions to the free energy of roughly
10 meV at room temperature. In the following, we have taken
care that our conclusions are robust against uncertainties in the
free energies of the order of tens of meV per Li atom. In this way,
we can ensure that neglecting these entropic contributions does
not aﬀect our conclusions. We would like to stress that this
would not be possible if we were interested in a detailed
description of lithium and defect ordering in the material.
Finally, we must consider the possibility that, although entropic
contributions are small, our choice of congurations is
restricted and, for this reason, we might miss some relevant
congurations. First, this problem is relevant for defective
systems and not for the stoichiometric compounds. If we
missed some low-energy congurations, this would strengthen
our conclusion that the mixed, defective, non-stoichiometric
system is stable against phase separation into the stoichiometric end-phases. Moreover, regarding lithium migration, we
have considered only the diluted limit where the migrating
lithium is essentially isolated from the others, and therefore the
precise order of lithium ions and vacancies is not relevant.

3

Atomic and electronic structures

To determine the atomic structure and electronic properties of
the oxide structures in Fig. 1 we calculated the total energies and
the density of states (DOS) of these systems. The calculated total
energies per formula unit for the zigzag and ower structures of
Li(Mn0.5Ni0.5)O2 showed that the zigzag structure is energetically
more favorable by 45 meV at zero temperature. This result is in
agreement with theoretical investigations reported in ref. 14,
where the zigzag structure of the TM layers (without Li) was
predicted as the most stable conguration up to 550  C, followed
by a partially disordered ower conguration (with a small
amount of Li in the TM layers) at higher temperatures. To analyze
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the eﬀect of Al-doping on the electrochemical behavior, we
randomly replaced Ni atoms of the oxide structures by Al, corresponding to the compound LiAl1/12Mn1/2Ni5/12O2. For both
zigzag and ower structures, Ni atoms in the TM layers were
replaced by Al. For the ower structure, additionally the case of
replacement of only Ni in the Li layers was considered. The
diﬀerence in the total energies of those two ower congurations
is about 50 meV, revealing a favored location of Al in the TM
layers. The Li-rich monoclinic structure with atom ordering in
the TM layers as shown in Fig. 1e has only one Ni atom in the TM
layer of the simulation cell. Thus, for this structure, one Mn atom
is replaced by an Al atom, corresponding to the composition
Li(Li1/6Al1/6Mn1/2Ni1/6)O2.
Calculations of the electronic structure of Li(Mn0.5Ni0.5)O2 in
the literature11 revealed that the total energy of the system
essentially depends on the spin ordering. For the zigzag structure, we found that the Ni spins are antiferromagnetically
aligned with the Mn spins in the TM layers. The ferromagnetic
spin ordering of the TM atoms is energetically less favorable by
0.1 eV per unit cell. For the ower structure, we found in
agreement with the GGA+U calculations in ref. 11 that the Ni
spins in the Li layers are aligned antiferromagnetically with the
Ni atoms in the TM layers. The Mn spins exhibit an antiferromagnetic layer-by-layer arrangement. Ni and Mn atoms within a
TM layer show a complex ferro- and antiferromagnetic ordering.
In the case of the Li-rich system, the antiferromagnetic
arrangement of Ni and Mn atoms in the TM layer is energetically more stable by 0.22 eV than the ferromagnetic ordering.
Because of the small size of the monoclinic unit cell used in the
calculations (only one TM layer in the unit cell), the antiferromagnetic layer-by-layer arrangement was excluded. The calculated structure parameters and spin polarization data for the
considered undoped and Al-doped crystal structures are listed
in Table 1. Thereby, EFM  EAFM is the diﬀerence in the total
energies of the ferromagnetic and antiferromagnetic spin
arrangements, and mB is the magnetic moment of the transition
metal atoms in the TM layers for the most favorable spin
ordering. For all considered systems, the antiferromagnetic
spin ordering within the TM layers is preferred. The Al-doped
systems show a smaller energy diﬀerence between the two spin
states because the Al atoms are not spin-polarized.
To further characterize the electronic structure of the Aldoped oxides, the calculated total and partial densities of states
are shown in Fig. 2. For all oxide systems, the empty spin-down
and spin-up eg states indicate an electronic conguration of t2g3
for Mn ions corresponding to Mn4+. The densities of states of
the Ni ions show that the eg up state is unoccupied corresponding to the state t2g6eg2 or to Ni2+. Looking at the total
densities of states, no band gap is observed for the zigzag and
ower structures, while a band gap of 0.89 eV is found for the Lirich structure. This is consistent with an analysis of the formal
oxidation states of these compounds. Indeed, for the Li-rich
monoclinic compound with Li(Li1/6Al1/6Mn1/2Ni1/6)O2 stoichiometry the charges are well compensated: for each divalent Ni
ion substituted by a monovalent Li ion there is another divalent
Ni ion substituted by a trivalent Al ion. This explains why this
compound is found to be a band insulator in our calculations.
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Fig. 1 Illustration of the considered undoped crystal structures: rhombohedral layer structure of Li(Mn1/2Ni1/2)O2 (a), the zigzag (b) and ﬂower (c) conﬁgurations of
mixed Mn–Ni layers, the Li-rich monoclinic lattice structure of Li(Li1/6Mn2/3Ni1/6)O2 (d), and the corresponding atomic conﬁguration of the mixed TM layer (e). The
transition metals, Ni and Mn, as well as oxygen and lithium are labeled in (a). For the ﬂower conﬁguration, 16.7% of the Ni atoms in the TM layers are exchanged with Li
atoms in the Li layers.

Table 1 Lattice parameters and electronic structure properties of Li–Mn–Ni–O and Al doped Li–Mn–Ni–O systems. In the ﬁrst column, the composition is given. The
second column (Str.) denotes the considered rhombohedral zigzag (Z) and ﬂower (F) conﬁgurations, and the Li-rich (R) monoclinic structures. Columns a, b and c
represent the lattice constants in Angstroms. EFM  EAFM (in eV) is the diﬀerence in the total energies of the ferromagnetic (FM) and antiferromagnetic (AFM) spin
ordering. mB (in Bohr magnetons) is the magnetic moment of the spin-polarized elements

Compound

Str.

a

b

c

EFM  EAFM

mB (Mn)

mB (Ni)

LiMn1/2Ni1/2O2
LiMn1/2Ni1/2O2
Li[Li1/6Mn2/3Ni1/6]O2
LiAl1/12Mn1/2Ni5/12O2
LiAl1/12Mn1/2Ni5/12O2
Li[Li1/6Al1/6Mn1/2Ni1/6]O2

Z
F
R
Z
F
R

2.94
2.92
4.98
2.91
2.90
4.97

2.94
2.92
8.62
2.91
2.90
8.62

14.44
14.41
5.08
14.45
14.41
5.08

0.10
0.26
0.22
0.08
0.09
0.02

3.40
3.31
3.60
3.46
3.45
3.37

1.76
1.74
1.76
1.76
1.76
1.76

Fig. 2 Total and partial densities of states (DOS) for the transition metals Mn and
Ni with diﬀerent spin polarizations, up and down (dw), in the Li–Al–Mn–Ni–O
system with zigzag (a), ﬂower (b), and Li-rich (c) crystal structures.

On the other hand, the LiAl1/12Mn1/2Ni5/12O2 stoichiometry of
the rhombohedral compounds produces an excess of one hole
per Al atom. The consequence, well reproduced by the calculated DOS, is that no gap is observed for the rhombohedral
structures. A question may arise as to where the additional
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charge goes in the uncompensated case. From the DOS (Fig. 2)
we can see that the band, which becomes partially lled, has
mainly Mn character. Typically, it is expected that the charge
will form a Mn3+ with polaronic distortion, but this eﬀect is
usually missed in standard DFT.33–35 A study of the polaronic
distortion is possible by employing hybrid functionals, but this
goes beyond the scope of the present paper and will be a subject
of future research. This analysis of the role of the Mn ions is
conrmed by an analysis of the magnetic moments reported in
Table 1. Introducing Al in the zigzag and ower structures leads
to uncompensated charges and therefore to slightly reduced Mn
ions. This is reected by a slight increase of the magnetic
moment of the Mn ions in these cases. In contrast, Al doping of
the Li-rich structure creates a situation of perfect charge
compensation, and as a consequence the magnetic moment of
the Mn ions increases.
The eﬀect of Al doping on the electric conductivity is very
diﬀerent in the three compounds. We reach this conclusion by
analyzing the electronic density of states (DOS), and changes in
the DOS induced by Al doping (Fig. 2). The conductive behavior
crucially depends on the stoichiometry of the compound. In
fact, from our study we nd that the only factor inuencing
the band conductivity is the charge compensation of the
compound. Since Al3+ substitutes Ni2+ ions, this introduces
uncompensated charges in systems that were charge
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compensated. As can be seen from the calculated DOS, this
results in a metallic character of the electronic structure. This
happens for the zigzag and ower structures. On the other
hand, the eﬀect of Al doping on the Li-rich structure is to
compensate the Li doping, thereby compensating previously
uncompensated charges. As the nal result, this compound
becomes a band insulator upon doping, as shown in Fig. 2c.
Still it is probable that, in the presence of an insulating band
structure, the main conductivity mechanism is the hopping of
polarons, as is oen the case in cathode materials. A description
of polarons by density functional theory (DFT) and post-DFT
methods is non-trivial and goes beyond the scope of the present
paper.

4

Structural stability

A very important precondition for the application of metal
oxides as cathode materials is their structural stability during
lithium deintercalation. For instance, complete removal of
lithium from LiCoO2 causes oxygen rearrangement in CoO2 into
hexagonal close packing. Only 50% of Li can be reversibly
removed without essential changes of the host structure,
limiting the charge capacity of LiCoO2. Several additions have
been suggested to improve the structural stability of host
materials and, consequently, the cycling capacity of batteries.
For example, in the case of the spinel structure of LiMn2O4,
stabilization is achieved by simultaneous doping with Al and F,
leading to Li1+xMn1xyAlyO4zFz.36 The structural stability of
layered lithium oxides is strongly related to the behavior of Li
vacancies in the Li layers. To stabilize the system, the vacancies
should be distributed as uniformly as possible. From a theoretical point of view, the stability can be characterized by
calculating the formation energy of diﬀerent Li vacancy
arrangements as a function of the Li concentration x (0 < x < 1)
in the layers.37 The Li-vacancy ordering in the Li layers crucially
determines the value of the formation energy. Calculations at
xed concentration x were performed for several vacancy
arrangements. The formation energies reported here correspond to the energetically most favorable Li-vacancy ordering
which we found.
The formation energy of a partially lithiated system is
dened as
EF ¼ E(LixMO2)  xE(LiMO2)  (1  x)E(MO2)

formation energies, i.e. phase separation into LiMO2 and MO2
should not occur. The formation energies of the Al-doped
systems are more negative than those of the undoped ones.
Thus, Al-doping stabilizes the layered structures at all Li
concentrations, and helps avoiding irreversible phase transformations in the cathode material.

5

Electrochemical behavior

To evaluate the electrochemical activity of the Li–Al–Mn–Ni–O
system, we calculated the change of the partial charges of the
metal ions during Li intercalation by means of the Bader charge
analysis38 as implemented in VASP.39 The partial charges of the
metal ions in the Al-doped systems are shown in Fig. 4 as a
function of the Li concentration for the zigzag and Li-rich
structures. For these structures, remarkable changes of partial
charges are observed only for the Ni ions. The partial charges of

(1)

where E(LixMO2) is the total energy of the energetically most
favorable vacancy conguration, and E(LiMO2) and E(MO2) are
the energies of the completely intercalated and deintercalated
systems, respectively. Negative values of the formation energy
indicate that the system is stable with respect to phase separation into LiMO2 and MO2. Phase separation causes a structure
instability if the fully delithiated system is unstable. Concerning
the Li–Mn–Ni–O system, we calculated the corresponding
formation energies for the undoped system LixMnyNi1yO2 and
the Al-doped system LixAlzMnyNi1yzO2. The calculated
formation energies are shown in Fig. 3 as a function of the Li
concentration. All the structures considered have negative
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Fig. 3 Formation energies of LixMO2 as a function of the Li concentration for
doped (triangles) and undoped (circles) Li–Mn–Ni–O structures: zigzag, ﬂower,
and Li-rich. Lines are drawn to guide the eye.

Fig. 4 Net populations of the valence orbitals of the metals Al, Mn, and Ni from
the Bader analysis as a function of the Li concentration for the zigzag and Li-rich
structures of the Li–Al–Mn–Ni–O system.
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Mn and Al ions remain almost constant during Li intercalation.
Also, the diﬀerent atomic structure of the oxides does not
essentially aﬀect the value of the partial charges of the metal
ions. For the ower conguration (not shown), almost the same
charge values were obtained as for the zigzag conguration.
Since Al is electrochemically inactive and substitutes the electrochemically active nickel, Al-doping reduces the overall electrochemical activity of the cathode material.
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Battery voltage

In this section, we present our calculated voltage–composition
curve of the battery. The voltage between the two electrodes can
be expressed by the diﬀerence of the chemical potential of Li
between the anode and cathode. Bulk Li metal is chosen as the
anode. Then, the average voltage V at zero temperature can be
derived from total energy calculations via the formula2,37
V¼

EðLix1 MO2 Þ  EðLix2 MO2 Þ þ ðx2  x1 Þ E
ðx2  x1 Þ e

bulk

ðLiÞ

(2)

where E(Lix1MO2) and E(Lix2MO2) are the total energies of the
systems with the Li concentrations x1 and x2. Ebulk(Li) is the
total energy of Li metal in a bcc structure, corresponding to the
chemical potential of Li in the anode. In the case of the ower
and Li-rich structures, where a part of Li is also arranged in the
TM layers, we removed Li only from the Li layers. The total
energies used for the voltage calculations were always the values
of those Li-vacancy arrangements where we found the lowest
total energy. The calculated average voltages are shown in Fig. 5
as a function of the Li concentration for the undoped and Aldoped structures. As a result, we nd that for the zigzag
conguration, the Al-doped system leads to higher voltages at
all Li concentrations. At Li concentrations near x  0.5, where
the host structure is still stable, the voltage is 4.01 V for the
undoped system and 4.24 V for the Al-doped system. Remarkably, a particularly high voltage, compared to the other structures, is observed for the Li-rich structure. For this structure, the

Fig. 5 Calculated average voltages for undoped (circles) and Al-doped (triangles) metal oxides with zigzag, ﬂower, and Li-rich structures.
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average voltage increases due to doping from 5.31 V to 5.60 V
near 60% Li concentration.
Though in some cases the voltage of the undoped material is
slightly higher, overall the energy densities increase under all
circumstances because of the much lower weight of aluminum
with respect to nickel. To assess the overall eﬀect, we have
calculated energy densities with respect to the weight of the fully
lithiated oxide using the data shown in Fig. 5. It should be noted
that this overestimates the energy density, because it neglects
the presence of other components of the battery, such as electrolyte, separators and contacts. For the zigzag structure, the
energy density increases from 1096 W h kg1 to 1213 W h kg1
upon Al doping; for the ower structure it increases from 1030
to 1072 W h kg1, and for the Li-rich structure from 1352 to
1565 W h kg1.
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Li diﬀusion barrier

An important feature to achieve high battery power is a fast
migration of Li ions into the host material. The Li intercalation
and deintercalation are complex processes which strongly
depend on the Li concentration in the Li layers owing to the
interaction between the Li ions. Depending on the arrangement
of Li vacancies in the Li layers, the Li ions have diﬀerent local
environments, determining the activation energies for jumps of
Li ions from site to site in the Li layers. For a rst evaluation of
the Al-doping eﬀect, we consider here the migration of Li ions in
the dilute limit, where the Li layers are almost empty. The
activation energy for Li migration was determined by ab initio
calculations, using the nudged elastic band method.40 According to this method, the maximum energy along the minimum
energy path between two neighboring Li sites is obtained.
In the case of the ower structure, a conguration was
considered where a Li atom is as far as possible from the Ni
atoms in the Li layer. Thus, a strong Li–Ni interaction is avoided
so that a comparatively small activation energy results. In Fig. 6,
the calculated energy proles of Li migration from one octahedral site to the neighboring octahedral site are shown for

Fig. 6 Calculated energy proﬁles of Li migration from one octahedral site to a
neighboring octahedral site (from left to right) in diﬀerent undoped (Li–Mn–Ni–O,
circles) and Al-doped (Li–Al–Mn–Ni–O, triangles) oxide systems.
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diﬀerent oxide structures. The asymmetric form of energy
proles is caused by the corresponding nonequivalent initial
and nal Li positions in the multi-component host material.
The proles indicate that Al-doping increases the activation
barrier for all considered structures and, consequently,
decreases the Li mobility. The activation barrier increases by
0.2–0.5 eV, depending on the structure. This should result in a
measurable increase of the overpotentials, and a corresponding
decrease of the eﬃciency of the battery. The highest activation
energy of about 1 eV was found for the Al-doped ower conguration. The undoped Li-rich structure shows the smallest
activation energy of only 0.15 eV.
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Conclusions

The eﬀect of Al-doping of rhombohedral and monoclinic layered
structures of LixMnyNi1yO2 on their suitability as cathode
materials was investigated within the framework of densityfunctional theory. The calculated formation energies of Livacancy arrangements in the Li layers suggest a stabilizing eﬀect
of Al-doping for all structures considered. The derived battery
voltages at zero temperature are enhanced by Al-doping, except
for the Li-rich monoclinic oxide at low Li concentration.
Comparatively high voltages were obtained for the doped Li-rich
monoclinic structure. In this case, Al-doping remarkably diminishes the voltage decay with increasing Li intercalation. Moreover, as a consequence of voltage changes and the low weight of
aluminum, the energy density of the battery is increased in all
cases. In contrast to these positive eﬀects, the Li mobility at low Li
concentration is obviously reduced by Al-doping as suggested by
the calculated activation energies for Li jumps. Among the doped
systems, the Li-rich monoclinic structure exhibits the smallest
activation energy. In summary, the Al-doped Li-rich monoclinic
structure seems to be most promising as a cathode material
because of a comparatively high battery voltage.
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