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First-principles material modeling of solid-state
electrolytes with the spinel structure

Maarten J. Mees,*ab Geoffrey Pourtois,bc Fabio Rosciano,d Brecht Put,ab

Philippe M. Vereecken*be and André Stesmansa

Ionic diffusion through the novel (AlxMg1�2xLix)Al2O4 spinel electrolyte is investigated using first-principles

calculations, combined with the Kinetic Monte Carlo algorithm. We observe that the ionic diffusion

increases with the lithium content x. Furthermore, the structural parameters, formation enthalpies and

electronic structures of (AlxMg1�2xLix)Al2O4 are calculated for various stoichiometries. The overall results

indicate the (AlxMg1�2xLix)Al2O4 stoichiometries x = 0.2. . .0.3 as most promising. The (AlxMg1�2xLix)Al2O4

electrolyte is a potential candidate for the all-spinel solid-state battery stack, with the material epitaxially

grown between well-known spinel electrodes, such as LiyMn2O4 and Li4+3yTi5O12 (y = 0. . .1). Due to their

identical crystal structure, a good electrolyte–electrode interface is expected.

1 Introduction

The increasing exploitation of renewable energy sources together
with the inescapable need for novel energy storage devices are
among the biggest challenges that our century is facing. In this
respect, inexhaustible energy sources, such as solar and wind
energy, have attracted attention to meet the ever increasing
energy demand. These alternative energy sources are however
not constant, requiring efficient energy storage solutions in
order to be exploited. Among the wealth of specific device
implementations found in literature and industry, the chemical
energy storage ones (batteries) encountered much progress in
recent years. However, numerous technical innovations are still
needed to meet today’s requirements in terms of energy and
power density, safety, and durability. A promising device concept
to meet these requirements is an all-solid-state Li-ion battery.1

The main advantages of all-solid-state batteries over conventional
ones are improved safety and durability due to the absence of a
liquid electrolyte, and the possibility of miniaturization.1–4 Although
solid-state electrolytes often suffer from low ionic conductivity that
limits the battery power capabilities, sufficiently thin electrolytes –
i.e. in the order of tens of nanometers – potentially have an overall

low resistance, as the resistance scales with the thickness of the
electrolyte. A similar principle can be applied for electrodes in
thin film batteries where the energy density increases by
deposition of the active materials in 3D structures.5,6 Various
literature reviews discuss the advantages and disadvantages of
well-known inorganic ceramic and organic polymer solid-state
electrolytes.2–4 This work, however, focuses on the novel
(AlxMg1�2xLix)Al2O4 spinel electrolytes where x varies between
0.0 and 0.5.7

Rosciano et al. have recently proposed that (AlxMg1�2xLix)-
Al2O4 can be used as a solid electrolyte for an all-solid-state
battery stack wherein the anode, electrolyte, and cathode each
adopt the spinel cubic close packed symmetry.7,8 For example,
an (AlxMg1�2xLix)Al2O4 spinel electrolyte can be combined
with well performing spinel structured electrodes, such as
LiyMn2O4

9,10 and Li4+3yTi5O12
11–13 ( y = 0. . .1). Due to the similarity

in crystal structures, low electrolyte–electrode interfacial resistances
and continuous conduction paths throughout the device are
expected, resulting in a potentially higher power output. Indeed,
crystal structure matching can lead to a smooth interface with
epitaxial growth,14 which results in a low resistance for ions to
diffuse across the electrolyte–electrode interface. Depositing this
all-spinel battery stack in a 3D template could increase both the
energy and power density of the battery.5,6

Besides their crystal structure, the electrolyte and electrodes
should have a similar lattice constant to limit the appearance of
interfacial stress. Indeed, close to the interface this stress could
lead to an increasing defect concentration, or even cause the
formation of new crystal phases.14 Consequently, a smooth
electrolyte/electrode interface is lacking, resulting in an increased
resistance for mobile ions to diffuse between the electrolyte and the
electrode. Furthermore, the ionic conductivity of the electrolyte
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needs to be sufficiently high to provide a sustained power
output. If a tens of nanometers thick electrolyte is considered,
which is about 102–104 times thinner than the electrolyte of a
typical thin-film battery,15 then an ionic conductivity in the
order of 10�6–10�8 S cm�1 would compete with other commercially
available electrolytes.15 Indeed, as the best conductors have ionic
conductivities in the order of 10�2–10�4 S cm�1, the shorter
diffusion path of the more resistive electrolyte results in a similar
resistance as the resistance scales with length. Finally, the
(AlxMg1�2xLix)Al2O4 electrolytes should be electrochemically stable
and electronically insulating, as validated experimentally.7

We report here first-principles density functional theory
(DFT) simulations on the (AlxMg1�2xLix)Al2O4 spinel electrolytes
to investigate their lattice constants and ionic conductivities.
The lattice constants are compared to those of the LiMn2O4 and
Li4Ti5O12 spinel electrodes, whereas the ionic conductivities
are examined against the standard discussed above, i.e. 10�6–
10�8 S cm�1. Furthermore, the formation enthalpy of lithiation
of the spinel

(1 � 2x)MgAl2O4 + xLiAl5O8 - (AlxMg1�2xLix)Al2O4

is calculated. These thermodynamical calculations are used to
evaluate the boundary of solubility and of phase separation
during the synthesis of the (AlxMg1�2xLix)Al2O4 electrolytes.
Finally, the electronically insulating character of (AlxMg1�2xLix)-
Al2O4 is confirmed by calculating the electronic structures of
the stoichiometries x = 0.0, 0.25, and 0.5. This work, together with
the solubility, lattice constants, and Li+ self-diffusion measure-
ments of Rosciano et al.,7 describes most of the key physical
parameters that define the applicability of the (AlxMg1�2xLix)-
Al2O4 spinel materials as solid-state electrolytes for the all-spinel
battery stack.

The paper is structured as follows: we first focus on the
methodology aspect, in which the details of the crystal structure and
modeling assumptions are reviewed. Next, the lattice constants,
formation enthalpies and electronic structures are discussed.
Finally, the ionic conductivity mechanisms are investigated.

2 Methodology

The solid-state electrolyte (AlxMg1�2xLix)Al2O4 derives from the
MgAl2O4 spinel, as the electrolyte is formed from the latter by
the substitution of every two Mg2+ cations by one Li+ and one
Al3+ cation.7 The MgAl2O4 spinel has a cubic unit cell containing
56 atoms: 32 anions and 24 cations. The 32 anions are O2� ions
occupying the 32e Wyckoff positions, whereas the 24 cation sites
are divided over eight tetrahedrally coordinated Mg2+ ions and
16 octahedrally coordinated Al3+ ions that are respectively the 8a
and 16d Wyckoff positions. These coordinates and positions are
presented in Table 1 and Fig. 1.

Because the MgAl2O4 unit cell contains eight Mg2+ crystal
structure sites, numerous configurations for (AlxMg1�2xLix)-
Al2O4 can be constructed by reorganizing the Mg2+, Li+ and
Al3+ ions. For example, when the lithium concentration x in
(AlxMg1�2xLix)Al2O4 equals 0.25, the unit cell contains two Li+

ions, two Al3+ ions, and four Mg2+ ions, resulting in over 420
different structural combinations. Given this large number of
combinations, a full first-principles study on these materials
would be very time consuming. However, the symmetry group
of the spinel materials, i.e. Fd

�
3m that contains 192 symmetry

elements, makes a large part of these 420 structures redundant,
leading to seven non-equivalent unit cells. This reduction by
symmetry is applied to all the calculations performed, leading
to a significant decrease of the computational effort while
maintaining a complete material description.

First-principles calculations are performed using the Quantum
Espresso (QE) package that applies a plane-wave basis set and
periodic boundary conditions.17 The Kohn–Sham equations of
the density functional theory (DFT) have been solved using the
PBE generalized gradient approximation18 and the ultra-soft
pseudopotentials (USPP).19 The plane-wave energy cut-off and
the number of k-points in the Monkhorst–Pack grid are respec-
tively set to a 36 Ry cut-off energy and a 2 � 2 � 2 k-point grid.
For the Density of States (DOS) calculations, we applied an
8 � 8 � 8 k-point grid.

The diffusion coefficient of a Li1� vacancy in (AlxMg1�2xLix)-
Al2O4 is found using a Kinetic Monte Carlo (KMC) algorithm.20–22

First, a sufficiently large supercell is created containing 5 � 5 � 5
randomly sampled spinel unit cells of the chosen stoichiometry x,
in which one Li1� vacancy is introduced. Next, the algorithm
establishes the Li1� vacancy neighbors that can exchange place
with the vacancy. In this step, some physical constraints have been
introduced to limit the number of possible reaction paths to the

Table 1 Structural data for the MgAl2O4 spinel. The space group is Fd
�
3m

with lattice constant a = 8.09 Å16

Atom Site x/a y/a z/a

Mg2+ 8a 0.000 0.000 0.000
Al3+ 16d 0.625 0.625 0.625
O2� 32e 0.389 0.389 0.389

Fig. 1 Crystal structure of MgAl2O4. The Mg2+ cations are represented by
the tetrahedrally coordinated gold atoms, whereas the Al3+ cations are the
octahedral coordinated blue atoms that are surrounded by six oxygen
anions (red atoms).
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physically relevant ones. This essential intuitive input, intrinsic
to most KMC algorithms,23 is further discussed below. Once
the program found the relevant Li1� vacancy adjacent cations, it
continues with the search of the least-energy reaction paths of the
vacancy–neighbor exchanges. These paths are evaluated by applying
the QE Nudged Elastic Band (NEB) algorithm using the climbing
image method.24 As stated above, our approach exploits the material
symmetry, hereby significantly reducing the number of NEB calcu-
lations. Once these calculations are complete, the KMC-algorithm
chooses a statistically correct vacancy–neighbor exchange event
based on the calculated reaction paths. These steps are repeated
until vacancy migration paths can be obtained with a sufficiently
long time span to extract a vacancy diffusion coefficient.

The applied KMC algorithm initially evolves slowly because
most vacancy–neighbor exchanges lead to an unknown vacancy
environment, implying the computation of time-consuming
NEB paths. Nevertheless, once the number of KMC iterations
increase, the impact of most chemical environments is gradually
known, thereby reducing the number of NEB calculations to be
performed. Ultimately, all the possible variations in the environ-
ment are known, resulting in negligible simulation times to find
extended vacancy paths. Notably, in this limit the temperature
dependence on the vacancy diffusion is readily found within the
KMC formalism. Our results indicate a Arrhenius-like behavior
of the diffusion coefficient

D ¼ D0 exp �
Ea

kBT

� �
; (1)

with D0 the pre-exponential diffusion constant, Ea the activation
energy of diffusion, kB Boltzman’s constant, and T the absolute
temperature.

Our algorithm collected 235 unique vacancy reaction paths for
various (AlxMg1�2xLix)Al2O4 stoichiometries, which represent nearly
all the possible reaction mechanisms that could occur in these
materials. These vacancy–cation exchange paths are divided over
the (AlxMg1�2xLix)Al2O4 stoichiometries, with a division for the
lithium concentration x as: 0.125 (77 paths), 0.25 (139 paths),
and 0.5 (19 paths). The Arrhenius plots for these different stoichio-
metries are obtained by sampling the average diffusion coefficient
of 10 KMC simulations for a set of temperatures ranging between
300 K and 900 K. The KMC paths contain 104 KMC steps resulting
in different time spans for different temperatures; going from
seconds at 300 K, to tens of picoseconds at 900 K. The temperature
interval was set to 100 K. For each KMC path, the corresponding
diffusion coefficient is found by the Einstein relation

D ¼ lim
Dt!1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r t0 þ Dtð Þ � r t0ð Þð Þ2

D Er
6Dt

(2)

whereby the mean square displacement h(r(t0 + Dt) � r(t0))2i is
found by using different time origins t0.

3 Results and discussion

Fig. 2 shows the evolution of the lattice parameters computed
for different (AlxMg1�2xLix)Al2O4 stoichiometries with x equal to

0.0, 0.125, 0.25, 0.375, and 0.5. A slowly linear descending trend
is observed for increasing lithium concentration, from 8.15 Å to
8.00 Å. This negative slope is in accordance with experimental
reports.7 However, the simulated values are about 1% larger
than those obtained experimentally. This mismatch is attributed
to a typical overestimation by the PBE exchange-correlation
functional.28 Furthermore, Fig. 2 shows that the distribution of
lattice parameters of the (AlxMg1�2xLix)Al2O4 electrolyte yield
values slightly smaller than those reported for the LiyMn2O4

electrode (8.10� 0.1 Å).25 On the other hand, the reported values
of the Li4+3yTi5O12 electrode (8.36 Å) reveal a large mismatch
of more than 3% with the (AlxMg1�2xLix)Al2O4 electrolyte cell
parameters.26,27

The calculated lattice constants of (AlxMg1�2xLix)Al2O4 for
the different lithium concentrations are in good agreement
with experimental data;7 however, their values diverge from the
Li4+3yTi5O12 electrode (8.35 � 0.05 Å).26,29 The (AlxMg1�2xLix)-
Al2O4 cell parameters are close to those of LiyMn2O4, but show a
larger cell mismatch of more than 3% with the Li4+3yTi5O12

electrode, indicating that either a higher defect density or
phase separation at this electrolyte–electrode interface could
occur. On the other hand, the very similar lattice parameters of
LiyMn2O4 indicate that an epitaxial interface could be made.

The formation enthalpies of (AlxMg1�2xLix)Al2O4 are computed
from those of the isolated MgAl2O4 and LiAl5O8 components
according to the reaction

(1 � 2x)MgAl2O4 + xLiAl5O8 - (AlxMg1�2xLix)Al2O4

for different stoichiometries (x = 0.125, 0.25, 0.375, 0.5), as
presented in Fig. 3. These formation energies are endothermic
and increase with the Li concentration, reaching values close to
ten times the room-temperature thermal energy at x equal to 0.5.

Fig. 2 The calculated lattice constants of (AlxMg1�2xLix)Al2O4 for different
stoichiometries (x = 0.0, 0.125, 0.25, 0.375, 0.5), together with those
obtained experimentally.7 The experimental lattice constants of LiyMn2O4

and Li4+3yTi5O12 are respectively represented by the open diamonds and
triangles.25,26 The open squares represent the lattice constants of
LiyMn2O4 obtained using first-principles calculations.27
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The introduction of lithium in the unit cell leads to an
increasing spread for both lattice constants and formation
enthalpies.

The endothermic formation enthalpy of the above reaction
illustrates the possible impact of the thermal conditions to
synthesize crystalline (AlxMg1�2xLix)Al2O4. Indeed, inadequate
thermal treatment of the as-deposited materials could lead to a
phase separation of MgAl2O4 and LiAl5O8. This segregation
process is more likely to occur at higher lithium concentrations
due to the more pronounced endothermicity of the reaction. As a
matter of fact, at these higher concentrations, XRD experiments on
900 1C annealed (AlxMg1�2xLix)Al2O4 powders reveal deterioration
of the X-ray signal with respect to the signature expected for
the Fd

�
3m spinel.30 This phenomenon could be explained, in

accordance with our enthalpies result, by a segregation of the
Li+ ions that would result in the formation of lower energy
LiAl5O8 grains with a P4332 crystal symmetry.

In Fig. 2 and 3, the number of non-equivalent configurations
per stoichiometry is two (x = 0.125), seven (x = 0.25, 0.375), and
four (x = 0.5). A few of these data points are not visible, because of
overlap. This occurs for configurations that are similar, resulting in
nearly equal formation enthalpies or lattice constants.

In the preceding paragraphs, the Li+ cations are positioned on
the (8a) Wyckoff positions. Fig. 4 illustrates that, for different
stoichiometries (x = 0.125, 0.25, 0.375), these are indeed energetically
the most favourable positions for both Li+ and Mg2+. An average
energy penalty of more than 0.5 eV is observed when a Li+ or
Mg2+ (8a) cation exchanges position with an Al3+ (16d) cation.
Such high energy penalties result in negligible concentrations of
octahedral Li+ or Mg2+ cations when the (AlxMg1�2xLix)Al2O4 is
annealed up to 900 1C. Interestingly, however, 7Li MAS NMR
experiments on (AlxMg1�2xLix)Al2O4 report strong signatures of
(16d) positioned Li+ cations for stoichiometries x > 0.25.7

Because in the P4332 crystal symmetry of LiAl5O8 the Li+ cations
are located in the (16d) Wyckoff positions, this indeed suggests
that at higher lithium concentrations, phase separation to
LiAl5O8 and MgAl2O4 occurs.

The increasing spread in the formation enthalpy at higher
lithium concentrations observed in Fig. 3 leads to preferential
and non-preferential combinations of the Li+ and Al3+ ions in
their Mg2+ crystal structure sites. We observe that for the non-
preferential combinations, represented by the higher formation
enthalpies, the Li+ ions have mainly Li+ or Al3+ ion neighbors.
Conversely, the lower formation enthalpies are combinations
in which Li+ ions have a nearly equal amount of Li+ and
Al3+ neighbors. The overall results indicate an energetic
stabilization of the structure when the average oxidation state
of a tetrahedrally coordinated cation neighborhood is close to
the +II oxidation state of the magnesium cations. This is further
illustrated in Fig. 5.

Fig. 3 The formation enthalpy of the reaction: xLiAl5O8 + (1 � x)MgAl2O4 -

(AlxMg1�2xLix)Al2O4 for x equal to 0.0, 0.125, 0.375, and 0.5.
Fig. 4 Relative energies for different (AlxMg1�2xLix)Al2O4 stoichiometries
(x = 0.125, 0.25, 0.375) for several concentrations of Li+ or Mg2+ (16d)
cations. Herein q is the percentage of Li+ that exchanges position with an
Al3+ (16d) cation, whereas p represents the exchange percentage of Mg2+.

Fig. 5 Evaluation of the formation enthalpy as a function of the standard

deviation of its local charges: s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP8
i¼1

mi � 2ð Þ2=7
s

. Herein (mi)i is an average

oxidation state of a (8a) cation neighborhood, as illustrated in Fig. 6.
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The formation energy of (AlxMg1�2xLix)Al2O4 increases when the
average oxidation states of the tetrahedrally coordinated (8a) cation
neighborhoods increasingly deviate from the +II oxidation state
of a magnesium cation, as presented in Fig. 5 for different
stoichiometries (x = 0.125, 0.25, 0.375, 0.5). This deviation is
defined as

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP8
i¼1

mi � 2ð Þ2

7

vuuut
(3)

in which (mi)i= 1. . .8 are the average oxidation states of the eight
(8a) cation neighborhoods in a (AlxMg1�2xLix)Al2O4 unit cell.
This average oxidation state of a (8a) cation neighborhood is
computed to be the average value of the oxidation states of a (8a)
cation—i.e. a cation occupying a Mg2+ crystal position—and its
four (8a) neighbors, as illustrated in Fig. 6. These results indicate
that local clustering of Li+ or Al3+ ions in the unit cell evokes an
electrostatic off-balanced configuration compared to the Mg2+

equilibrium state. As the likeliness of clustering increases with
the Li+ concentration, it leads to a broadening of the spread in
the formation enthalpy as observed in Fig. 3.

The Density of States (DOS) of (AlxMg1�2xLix)Al2O4 does not
change significantly between the stoichiometries x = 0.0, 0.25,

and 0.5, as shown in Fig. 7. The band-gap value is slightly more
than 5 eV, confirming the electronically insulating character of
the electrolyte.7 From the projected DOS (not shown here) we
observe that the small changes in the conduction and valence
bands are due to the substitutions in the (8a) Wyckoff positions, i.e.
the replacement of the Mg2+cations by the Li+ and Al3+cations. The
band-gap, however, remains unaffected. This suggests that the
band-gap value is mainly determined by the interaction between
the (16c) Al3+and (32e) O2� ions.

Ionic conductivity in the (AlxMg1�2xLix)Al2O4 electrolytes is
studied by examining a Li1� vacancy motion. Indeed, a charged
battery discharges due to the difference in electrochemical
potentials of the battery electrodes in contact with the electrolyte,
causing an electron flow in the battery outer circuit. As a result,
electron excess is created in the cathode that is reduced by
indiffusion of Li+ from the electrolyte. This migration of Li+ from
the (AlxMg1�2xLix)Al2O4 electrolyte towards the cathode creates Li1�

vacancies near the cathode–electrolyte interface that start diffusing
through the electrolyte towards the anode.

Certain neighbors of the vacancy in the (AlxMg1�2xLix)Al2O4

electrolyte are more likely to exchange places than others. For
example, an O2� ion will not jump into a vacancy located on a
Mg2+ site due to the electrostatic repulsion between the O2� ion
and the Li1� vacancy, and because the Mg2+ site is chemically
unfavorable for the O2� anion. However, we calculated that an
Al3+ ion in the octahedral coordinated site (16d) can exchange
places with a vacancy in the tetrahedral site, but only by
overcoming a high �3 eV energy barrier (not shown here),
which is consistent with the results reported on MgAl2O4 by
Murphy et al.31 Interestingly, this study suggests that diffusion
mainly takes place in the tetrahedral sites, corresponding to
what we observe. Therefore, we only consider that the Li1�

vacancy exchanges with adjacent cations in tetrahedral sites.

Fig. 6 The average oxidation state of a (8a) neighbourhood is the average
value of the oxidation states of a (8a) cation and its four (8a) cation
neighbours. For left this average is given by mi = 2, whereas for right it is
given by mi = 1.8.

Fig. 7 The Density of State (DOS) for the (AlxMg1�2xLix)Al2O4 stoichiome-
tries x = 0.0, 0.25, and 0.5. The top of the valence band is set at E = 0 eV.
The DOS is calculated with the PBE exchange correlation functional for the
most stable configurations in Fig. 3.

Fig. 8 Illustration of typical minimal energy paths found for a vacancy
exchanging positions with an adjacent Li+, Mg2+, or Al3+ cation. The
intermediate energy valley corresponds to a 16c Wyckoff position,
whereas the initial and final valleys correspond to 8a Wyckoff positions.
The Kröger–Vink notation in the legend provides further details on the
energy paths. The superscripts �, � and 0 respectively denote a neutral,
a single positive, and a single negative charge. Finally, the subscript
represents the crystal position of the element.
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A stable interstitial state is observed when a Li1� vacancy
exchanges its coordinates with an Al3+ or Mg2+ (8a) neighbor, as
shown in Fig. 8. These stable states, that correspond to the 16c
Wyckoff positions, are however not present when Li+ moves
into the vacancy. We define the effective rate, used for the Al3+

and Mg2+ exchanges, as

keff ¼
kfkf 0

kf þ kf 0ð Þ þ kb
(4)

with kf and kf0 the rates of the forward jumps across respectively
the first and second barrier, and kb the rate of a backwards
jump from the interstitial position to the initial position. The
effective rate equals the rate of a ‘‘real’’ jump event, when an
adjacent (8a) cation switches place with the vacancy. We
observe that the effective energy barrier is mainly determined
by the largest one that the exchanging ion encounters in
its path towards the vacancy. The effective pre-exponential
frequency factor is reduced by a factor of two to three because
of the stable (16c) interstitial position. In the KMC formalism
this pre-exponential frequency factor was set to 10 THz,32

resulting in an effective pre-exponential frequency factor of
about 4 THz.

Fig. 9 shows the effective energy barriers computed for a
vacancy to exchange position with an adjacent Mg2+, Li+, or Al3+

cation. These activation energies do not change significantly for
the different (AlxMg1�2xLix)Al2O4 stoichiometries, however, the
average value and the spread differ for the nature of the
exchanged cations. A Li1+ cation exchanges position with a
vacancy by crossing a fairly low energy barrier of about 0.35 eV,
that is similar to the experimental values.7 The energy barrier of
Li1+ is close to 75% of the value computed for a Mg2+ ion exchange.
On the other hand, the Al3+ ions have to overcome a higher energy
barrier of slightly more than 1 eV, resulting in negligible diffusion
compared to Li+ and Mg2+ at room temperature. In general,
stoichiometries with a high Li+ concentration are assumed to have
better ionic conductivity, as in these materials the vacancies are

more likely to exchange places with a low activation energy Li+

neighbor. This conclusion is confirmed below.
The spread in the effective activation energies, indicated by

the error bars in Fig. 9, increases with the oxidation state of
the cations. The origin of the spread is mainly attributed to the
energy difference between initial and final configuration of the
vacancy–cation exchange. For example, in the Mg2+ reaction
path shown in Fig. 8, the final configuration (B) is more stable
than the initial one (A). Therefore, the effective energy barrier of
this transition is asymmetric going from A to B with respect to
its reverse path, this results in a deviation around the average
values of 0.4 eV. The increasing spread observed with the
oxidation state of the cations on the other hand is explained
by the differences in local charge distribution of (8a) cation
neighborhoods upon a transition. Indeed, as shown in Fig. 5,
an average neighborhood charge close to the +II oxidation state
of the Mg2+ cations is energetically favorable. Because a cation
with a higher oxidation state has a more pronounced influence
on the electrostatics, a larger enthalpy difference between
states A and B can be obtained. As discussed above, this
increasing energy difference results in a larger spread of the
effective activation energies.

The diffusion coefficient of a Li1� vacancy is significantly
higher for the (AlxMg1�2xLix)Al2O4 stoichiometries that contain
more Li+ ions, as shown in Fig. 10 and Table 2. The difference
in D for low (x = 0.125) and intermediate (x = 0.25) Li concen-
trations is small, a clear difference is found for the high Li

Fig. 9 Effective energy barrier computed for a set of possible cation–
vacancy exchanges. The error bars depict the spread of these activation
energies. The Kröger–Vink notation in the legend is similar to Fig. 8.

Fig. 10 Arrhenius plots of the diffusion coefficient of a Li1� vacancy for
low (x = 0.125), intermediate (x = 0.25), and high (x = 0.5) lithium
concentrations. The error bars on the data points are the standard
deviations computed based on 10 kinetic Monte Carlo cycles, each
containing 105 iterations.

Table 2 Activation energy of diffusion Ea and pre-exponential diffusion
coefficient D0 computed for different (AlxMg1�2xLix)Al2O4 stoichiometries x

Stoichiometries x Ea [eV] D0 [cm2 s�1]

0.125 0.65 0.4 � 10�4

0.250 0.61 0.4 � 10�4

0.500 0.45 0.4 � 10�4
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concentration (x = 0.5). The resulting activation energies vary
across the different (AlxMg1�2xLix)Al2O4 stoichiometries, with
values of respectively 0.65 eV, 0.61 eV and 0.45 eV when x equals
0.125, 0.25, and 0.5. The computed pre-exponential diffusion
coefficients are similar, with a rather low value of 0.4 �
10�4 cm2 s�1 due to the stable interstitial states (16c Wyckoff
positions), that lower the attempt frequency of a vacancy–ion
exchange. The lower activation energies of diffusion for the
higher lithium concentrations originate from the low effective
activation energy of a Li1� vacancy exchange. Indeed, a higher
concentration of lithium results in an enhanced probability for
these low energy barrier Li+ exchange reactions to occur.

The results indicate that high Li+ concentrations enhance
the ionic conductivity of the Li1� vacancies, thus leading to a
better power output of the solid-state battery. However, Fig. 2 and 3
show that these higher concentrations lead to, respectively,
a deteriorated lattice match with the LixMn2O4 electrode
material and a higher formation enthalpy. Consequently, the
(AlxMg1�2xLix)Al2O4 stoichiometry with the highest Li+ concen-
tration is possibly not the best option, due to the possible
enhanced ionic resistance to cross the electrode–electrolyte
interfaces, and the likelihood of forming low ionic conducting
LiAl5O8 grains. Therefore, (AlxMg1�2xLix)Al2O4 stoichiometries
with a lithium concentration x close to 0.3 are the best
compromise to be used for an all spinel solid-state battery.

At that stoichiometry, the ionic conductivity of (AlxMg1�2xLix)-
Al2O4 has been evaluated using

s ¼ cF2z2

RT
D0 exp �

Ea

RT

� �
(5)

in which c is the defect concentration, F is Faraday’s constant, z
is the defect charge, and R is the universal gas constant.
Assuming a defect concentration of 1 at%, a temperature of
300 K, an activation energy of 0.55 eV, and a pre-exponential
diffusion constant of 0.4 � 10�4 cm2 s�1, the ionic conductivity
is E10�8 S cm�1. This relatively low conductivity arises from the
combination of the low pre-exponential diffusion constant and
the relatively high value of the activation energy. However, if the
electrolyte can be made thin enough, as envisioned for thin-film
batteries, the overall resistance can be made low enough due to
the short diffusion path. For example, for a 50 nm thick
electrolyte, this would correspond to a resistance of E400 O
cm�2. That is about a factor of 20 better than Li/LiI/I2 thin-film
batteries in pacemakers.33 In this respect, the (AlxMg1�2xLix)-
Al2O4 stoichiometry x = 0.3 is a possible candidate for a thin-film
all-solid-state spinel battery. Indeed, the lattice constants (8.06 Å)
are relatively close to those of LiyMn2O4 (8.10 � 0.1 Å), suggesting
that a smooth electrode–electrolyte interface is possible.

4 Conclusion

First-principles studies on the (AlxMg1�2xLix)Al2O4 electrolyte
indicate that this spinel structured material is potentially a
good candidate for a solid-state electrolyte in an all-spinel thin-
film battery stack. Such an all-spinel concept should improve

the power output of the battery, thanks to the possibility to
build a smooth electrode–electrolyte interface. The latter is
expected to result in continuous Li+ conduction paths through-
out the battery. Depositing the active materials on 3D structures
can further improve the energy density. The (AlxMg1�2xLix)Al2O4

stoichiometry x = 0.3 is according to us the most promising
stoichiometry, since it corresponds to an ionic conductivity of
E10�8 S cm�1. Although this value is low, it is sufficient to
provide a significant conductance in a tens of nanometers thin
film. Furthermore, we predicted that the (AlxMg1�2xLix)Al2O4

stoichiometry with higher lithium concentration (x = 0.5) shows
an even better conductance, but a phase segregation is likely to
occur during the growth of the film. Finally, we observe that the
lattice constants of the various (AlxMg1�2xLix)Al2O4 materials are
close enough to those of LiyMn2O4 to obtain a possible good
match between the layers.
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