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Abstract
Periodic density functional theory calculations have been performed to study the migration of various charge carriers in spinel

type MgSc2Se4. This compound exhibits low barriers for Mg ion diffusion, making it a potential candidate for solid electrolytes
in Mg-ion batteries. In order to elucidate the decisive factors for the ion mobility in spinel-type phases, the diffusion barriers
of other mono- and multivalent ions (Li+, Na+, K+, Cs+, Zn2+, Ca2+, and Al3+) in the MgSc2Se4 framework have been
determined as well. This allows for disentangling structural and chemical factors, showing that the ion mobility is not solely
governed by size and charge of the diffusing ions. Finally, our results suggest that charge redistribution and rehybridization
caused by the migration of the multivalent ions increase the resulting migration barriers.

I. INTRODUCTION

Due to the combination of potentially high capacity, in-
creased safety and beneficial environmental aspects, bat-
teries with multivalent charge carriers represent a promis-
ing alternative to lithium-ion technology. Through the
pairing of metal anodes with high voltage cathodes, en-
ergy densities which exceed the current limits of lithium-
ion batteries are likely to become possible ( [1, 2]). In ad-
dition, multivalent ion batteries appear to exhibit a low
tendency for dendrite formation ( [3–6]). Nevertheless,
there are obstacles which need to be overcome for mak-
ing multivalent batteries a viable alternative to the state
of the art lithium-ion technology. One of the greatest
challenges is the search for high voltage cathode materi-
als which offer sufficient ion mobility. In fact, multivalent
ions like Mg2+, Zn2+ and Ca2+ show very different ion
mobility in structurally identical materials, which lead to
identifying the charge carrier site preference as criterion
for good ion conductivity ( [7]). Furthermore, the fact
that compounds with high lithium-ion mobility tend to
show poor multivalent ion mobility ( [8]) complicates the
search for suitable cathode materials. A class of mate-
rials which shows promising multivalent ion mobility are
spinel-type phases ( [7]). While showing good lithium-ion
mobility, the spinel structure, moreover, offers a topol-
ogy that is particularly well-suited for magnesium ion
conduction.

Reversible intercalation of magnesium ions into ox-
ide spinels could be verified ( [9, 10]) and several spinel
phases were identified as suitable cathode materials (
[11, 12]). Interestingly, the ion conductivity of spinel ma-
terials can be further increased by moving towards sulfide
( [13–16]) and selenide based ( [17–19]) spinels. The vol-
ume per anion increases in the order of O2− < S2− < Se2−

and is connected to an increasing polarizability, which is
beneficial for the cation mobility ( [17]). Thus, materials
like the MgSc2Se4 spinel phase could be identified, ex-
hibiting excellent migration barriers for magnesium ions
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of less than 0.4 eV ( [17, 18]). It has to be noted that
the increased ion mobility in sulfides and selenides comes
at the expense of a significantly decreased insertion po-
tential which consequently results in a lower energy den-
sity of the battery. Hence, many spinel chalcogenides are
rather unsuited for the use as cathode materials, how-
ever, they are interesting candidates for solid ionic con-
ductors to enable all-solid-state multivalent ion batteries.
Spinel materials have been investigated as cathode ma-
terials for several different multivalent charge carriers (
[7, 11, 14, 16]). However, the origin of the vastly differ-
ent migration barriers is still not fully understood. While
the size and charge of the migrating cation clearly play
a role, these properties alone are not sufficient to explain
the differences in the diffusion barriers. In this study,
migration barriers for a series of selected charge carri-
ers in the MgSc2Se4 spinel are determined using periodic
density functional theory (DFT) calculations, aiming to
reveal the factors that determine the observed differences
in the ion migration.

II. COMPUTATIONAL DETAILS

Periodic density functional theory (DFT) ([20, 21]) cal-
culations are well-suited to reveal microscopic details of
structures and processes in battery materials ( [22, 23]).
Here we have used them to study the ASc2Se4 (A = Li,
Na, K, Cs, Mg, Ca, Zn and Al) spinel structure with par-
ticular focus on the migration of the respective charge
carriers ’A’. Exchange and correlation are considered
within the generalized gradient approximation (GGA),
employing the functional form as introduced by Perdew,
Burke, and Ernzerhof (PBE) ([24]). The electron-core
interactions are accounted for by the Projector Aug-
mented Wave (PAW) ([25]) method as implemented in
the Vienna Ab Initio Simulation Package (VASP)([26–
28]). The migration barriers of the charge carriers were
determined using the climbing image Nudged Elastic
Band (NEB) ([29]) method in the conventional 56 atom
1×1×1 cubic unit cell of the spinel structure which corre-
sponds to the primitive 2×2×2 supercell. Brillouin zone
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FIG. 1. (A) The AB2X4 spinel structure. The ’X’ anions
(red) form a face-centered cubic lattice, the ’B’ cations (gray)
are octahedrally coordinated, and the ’A’ cations (green) oc-
cupy tetrahedrally coordinated sites and (B) the schematic
representation of a diffusion path between two adjacent tetra-
hedral sites (tet-oct-tet). The migration path of an exem-
plary tet-oct-tet diffusion event is indicated by the light green
atoms.

sampling was performed using a 2×2×2 k-point grid.
Test calculations with 3×3×3 and 4×4×4 k-point grids
resulted in differences of less than 0.5 meV per atom.
A plane wave cutoff energy of 520 eV has been cho-
sen. The electronic structure was converged within 1 ×
10−6 eV. As only spinel structure with the d0 transition
metal Sc have been studied, it has not been necessary to
consider spin-polarization effects. The NEB calculations
have been carried out with four distinct images and all
forces on the atoms were converged within 0.05 eV Å−1.
The migrating ions are separated by a minimum distance
of more than 10 Å across periodic boundaries to minimize
the resulting interactions.

III. RESULTS AND DISCUSSION

Spinel compounds crystallize in space group Fd3m
with their characteristic AB2X4 stoichiometry (see Fig. 1
A). The anions ’X’ (X= O2−, S2−, Se2−) form a face-
centered cubic lattice with the cation ’A’ in one eighth of
the tetrahedral AX4 interstices and the cation ’B’ in half
of the octahedral BX6 interstices. The AX4 tetrahedra
are connected by empty octahedra forming a percolating
network in three dimensions. In order to migrate from
one tetrahedral environment to the next, the ion has to
pass through the triangular face shared by the tetrahe-
dron and the empty octahedron (Fig. 1B) which in most
cases corresponds to the transition state of the diffusion
process. Migration barriers of multivalent ions are gen-
erally significantly larger than those of their monovalent
counterparts like Li+ and Na+. In fact, the migration
barrier is largely determined by two factors, namely, the
migration path topology – including the connectivity be-
tween sites and the size of the diffusion channels and
intercalants – and the interaction strength between the
intercalant and the host structure ([14, 30]). In this work,
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FIG. 2. The tet-oct-tet migration of possible charge carriers in
the fixed MgSc2Se4 spinel structure without ionic relaxation.
The energies are taken relative to the energy of the charge
carrier in the tetrahedral coordination.

we aim at disentangling the migration path topology from
the interaction strength to determine the factors, which
govern the latter one.

For this purpose, the relaxed cubic unit cell of the
MgSc2Se4 spinel is taken as the starting point for a
screening of selected charge carriers, namely Li+, Na+,
K+, Cs+, Mg2+, Zn2+, Ca2+, and Al3+. To allow for
direct comparison of the diffusion properties of the dif-
ferent charge carriers, a special system set up has been
chosen as a model system. While this model system can
hardly be realized in experiment, it allows us to directly
compare the results for the various charge carriers in the
spinel structure. Thus we are able to derive trends in
the migration barriers as a function of the properties
of the migrating ion und thus to gain a deeper under-
standing of the factors underlying the ion mobility in the
spinel structures. One Mg vacancy is introduced in the
MgSc2Se4 supercell, and the structure is subsequently
relaxed. Then, one of the neighbouring Mg atoms is re-
placed by one of the charge carriers of interest, and a
NEB calculation for a fixed host lattice is performed.
Since the migration path topology, being of the form
tetrahedral-octahedral-tetrahedral (tet-oct-tet), is sym-
metric, only the path from tetrahedral to octahedral co-
ordination needs to be calculated. The corresponding
minimum energy path, as obtained by the NEB method,
are shown in Fig. 2. The energies are given relative to the
charge carrier in the initial tetrahedral coordination envi-
ronment and are mirrored with respect to the octahedral
site in order to represent the full tet-oct-tet migration
path. The site preference of the respective charge carrier
can be readily deduced from the difference in energy of
the octahedral and tetrahedral site.

These results indicate that Mg2+ and Li+ show good
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ionic mobility with barriers below 0.5 eV, while the other
charge carriers exhibit signifcantly higher barriers. Nev-
ertheless, it should be noted that these barriers are ob-
tained for fixed geometry, which allows for accessing the
interaction type and strength of the different charge car-
riers with the host structure. In an actual compound,
the host structure can adapt to the ion’s movement, and
consequently the barriers are likely to decrease. Inter-
estingly, our results show significant differences in the
activation barriers and site preferences of the different
charge carriers. Notably, for most charge carriers the
difference in energy between the tetrahedral and octa-
hedral coordination, responsible for the respective site
preference, contributes significantly to the overall migra-
tion barrier. In the following this contribution is referred
to as static part of the migration barrier. Furthermore,
apart from the static barrier the transition state energy
varies signficantly for the various charge carriers which
can be interpreted as kinetic contribution to the overall
barrier. Both contributions need to be taken into account
to fully understand the ion migration. First, we will fo-
cus on the dominant static barriers described by the site
preference of the respective ion. In fact, the ratio of the
cation to the Se2− anion radii can be identified to exert a
significant impact on the site preference. Large cations,
like Cs+, K+, and Ca2+, strongly favour an octahedral
coordination, whereas small ions like Zn2+ and Al3+ pre-
fer a tetrahedral environment. On the other hand, Zn2+,
Mg2+ and Li+ exhibit very similar ionic radii but Zn2+

favors the tetrahedral site signficantly while Mg2+ only
shows a slight tetrahedral site preference.

As already stated, the size of the charge carrier ions
can be quantified by their ionic radii ( [19]) . However,
these ionic radii are obtained by employing a set of as-
sumptions, including independece of the structure type.
Furthermore, an ionic radius can only be assigned cor-
rectly if the respective ion shows purely ionic interactions
with its surrounding. Therefore, the standard values for
ionic radii are not necessarily an ideal quantity to reflect

TABLE I. Lattice constants a and charge carrier selenium dis-
tances A-Se of the ASc2Se4 spinel structures. Crystal ionic
radii for the charge carriers in tetrahedral environment are
listed (Cs and Ca are typically not observed in tetrahedral
coordination). For comparison the values for octahedral en-
vironment are given in brackets.

Spinel a [Å] A-Se [Å] crystal ionic radius ([31]) [Å]

LiSc2Se4 11.11 2.53 0.73 (0.90)

NaSc2Se4 11.49 2.77 1.13 (1.16)

KSc2Se4 11.92 3.02 1.51 (1.52)

CsSc2Se4 12.24 3.21 - (1.81)

AlSc2Se4 11.03 2.44 0.53 (0.675)

ZnSc2Se4 11.08 2.49 0.74 (0.88)

MgSc2Se4 11.23 2.58 0.71 (0.860)

CaSc2Se4 11.59 2.79 - (1.14)

FIG. 3. Isosurfaces of the charge density difference of
MgSc2Se4 structures in side view with the charge carrier A
Li, C Al in octahedral coordination and B Li, D Al in tetra-
hedral coordination. Areas of charge depletion are shown in
blue and areas of charge accumulation are shown in red.

the bonding situation for a certain ion in a particular
structure. In order to get a better understanding of the
true size of the charge carriers of interest in the spinel
structure, the lattice constants for the full charge car-
rier spinels have been calculated. The obtained lattice
constants and charge carrier selenium (A-Se) distances
are given in Tab. I. Indeed, the A-Se distances, which
follow the same trend as the lattice constants, are in ac-
cordance with the site preference of the charge carriers
observed in Fig. 2. Here, the comparison between Mg2+

and Zn2+ is of particular interest. While the ionic radii
are very similar for both ions, the actual A-Se distances
are notably different. In fact, the Mg compound shows
a significantly larger lattice constant and consequently
larger A-Se distances. Furthermore, comparing the A-Se
distances of Li+ and Mg2+ indicates that Li+ appears to
be smaller and therefore an octahedral site preference for
the Mg2+ ion should be expected. However, Mg2+ favors
the tetrahedral site by about 0.2 eV. This points to the
fact that apart from the dominating ion size, the charge
and electronic structure additionally affect the site pref-
erence and therefore also the corresponding static contri-
bution to the barriers. Nevertheless, if properly defined,
the ion size strongly dominates the site preference and
hence the resulting migration barriers. However, it has
to be noted that all ASc2Se4 spinels, except for the Al
and Zn spinel, show a certain degree of trigonal distor-
tion that increases with the ion size. The trigonal distor-
tion does not affect the coordination tetrahedron of the
charge carrier ’A’ and only translates in a distortion of
the coordination octahedron of the charge carrier ’A’ and
the transition metal, respectively. This might have influ-
ence on the lattice constant but leaves the A-Se distance
essentially unaffected.

As already mentioned, not only the cation size is a
crucial parameter for the site preference and therefore
for the static part of the migration barriers, but obvi-
ously also the charge of the respective ion plays a vital
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role. Indeed, ions of almost the same size but differ-
ent charge, e.g., Li+ and Mg2+ or Na+ and Ca2+ differ
significantly in their migration barrier. Higher charged
ions show increased static contributions to the activation
barriers for migration, which is mostly due to a signifi-
cant energy difference between the tetrahedral and octa-
hedral site. In order to understand the direct impact of
the charge, it is necessary to obtain a better insight in
the underlying interactions between the charge carriers
and the surrounding anions. While most arguments are
typically based on a fully ionic interaction between the
charge carrier and the anion, most interactions actually
have a considerable covalent component. To gain more
insight into the chemistry of the A-X bonds, charge den-
sity difference plots have been created. The latter ones
are obtained by subtracting both, the charge density of
the isolated host structure and of the selected charge car-
rier from the charge density of the combined system. In
order to illustrate the charge density differences, we have
plotted isosurfaces for selected octahedral and tetrahe-
dral environments in Fig. 3. Moreover, Fig. 4 depicts
contour plots of the octahedrally coordinated sites, show-
ing the plane connecting four atoms of the Se octahedron,
as illustrated on panelA. Only the most stable sites at
high charge carrier concentration are considered, i.e., the
tetrahedral and octahedral sites. Areas of charge deple-
tion are shown in blue, and areas of charge accumulation
are shown in red. It should be noted that the appearance
of the isosurface plots depends strongly on the selected
iso surface level (see Fig. S1). To allow for comparison,
the same iso surface value was chosen for all panels in
Fig. 3. The charge densities are slightly distorted and do
not show the full octahedral symmetry. This is a conse-
quence of the trigonal distortion of the MgSc2Se4 spinel
which slightly displaces the Se atoms in front of and be-
hind the plane depicted in Fig. 4 A. Li is known to show
mostly ionic interaction in the spinel structure, as can be
inferred from Figs. 3 A, B and 4 B.

Furthermore, the other alkaline metals show charge
density differences very similar to the one of Li (Figs.
S2, S3), with the charge density difference for K beeing
increasingly smeared out. These charge density difference
plots show mostly ionic bonding for the alkaline metals at
the octahedral site, however, with a possibly increasing
covalent character for the larger and softer ions. These
findings are essentially the same for the tetrahedral site,
as shown for the case of Li in Fig. 3 B.

In the case of the divalent charge carriers Mg and Zn,
the same slight distortion is visible, however, additional
strong charge depletion is observed in the vicinity of the
charge carriers, as depicted in Figs. 4 C and F. For
Ca, the isosurfaces are qualitatively very similar to the
other divalent ions (Fig. S4). However, the charge de-
pletion areas are less pronounced in the plane depicted
in the contour plot, such that only a slight charge de-
pletion is visible inside the octahedron, shown in light
blue in Fig. 4 E. For Al, even more pronounced charge
depletion is present (see Figs. 3 C, D and 4 D). The

FIG. 4. Charge density difference contour plots of MgSc2Se4
structures with A a schematic presentation, B Li, C Mg, D
Al, E Ca and F Zn atoms in octahedral coordination. Areas
of charge depletion are shown in blue and areas of charge
accumulation are shown in red. The solid arrow indicates the
displacement of the upper Se atom, while the dashed arrow
shows the opposing shift of the Se atom below the plane.

charge depletion in the vicinity of the octahedron center,
as observed for the multivalent ions, may be associated
with the formation of an ionic bond and a greater inter-
action strength with the host lattice. This results in an
increased oxidation of the Se atoms of the coordination
octahedron upon deintercalation of the charge carrier.
Essentially the same trend in terms of charge depletion
around the charge carrier position is seen for the tetra-
hedral site, meaning additional charge depletion in the
tetrahedron center for multivalent ions.

Most importantly, for the charge carrier at the octahe-
dral site, the multivalent ions cause a significant charge
depletion in the vicinity of the Sc atom next to the oc-
tahedron corners, however, without changing the Sc oxi-
dation state. At the same time, a corresponding charge
accumulates close to the Se atoms of the coordination
octahedron. Hence, this may be understood as a polari-
sation of the charge density of the Sc-Se bond due to the
presence of the charge carrier. In contrast to the multi-
valent charge carriers, the alkaline metals hardly polarize
the charge distribution of the Sc-Se bond, and therefore,
at the transition metal. This is best seen when compar-
ing the 3D plots for Li and Al (see Fig. 3). In case of
multivalent ions, the charge distribution at the transi-
tion metal is strongly changed when moving from octa-
hedral to tetrahedral coordination (see Figs. 3 C and 3
D), and the charge depletion distributes over the twelve
Sc atoms neighbouring the tetrahedral site. For Al an
additional charge depletion between each Se atom of the
tetrahedron and its three neighboring Sc atoms is ob-
served. In general, this means that for the multivalent
ions a strong charge redistribution takes place when mov-
ing from tetrahedral to octahedral site. Indeed, this con-
firms the findings of Levi et al. [8] and Emly et al. [13],
that the reduced multivalent ion mobility in the spinel
structure is not only a consequence of the ionic interac-

4



FIG. 5. PDOS of MgSc2Se4 with A Li, B K, C Mg, D Ca, E
Zn and F Al atoms in octahedral and tetrahedral coordina-
tion. The DOS of the ion in tetrahedral coordination (light
color) is shifted upwards relative to the DOS of the ion in
octahedral coordination (dark color).

tion alone. Instead, observed charge redistribution ac-
companied by rehybridization significantly increases the
migration barriers.

Further understanding can be obtained from the par-
tial density of states (PDOS) of the atoms divided into
the respective s-, p- and d -components. The calculated
density of states (DOS) for the investigated charge car-
rier on the octahedral and tetrahedral sites are shown in
Fig. 5. The filled valence band, which extends from −4 to
0 eV, is predominantly of Se-p character (red) with some
contribution of Sc-d orbitals (blue). They represent the
Sc-Se bonding states. The Sc-d states are located 1 -
4 eV above the valence band. The subfigures show the
projected density of states for the migrating single-ion
in the fixed framework. For the case of Li+, Fig. 5 A
reveals a negligible contribution of the cation to the va-
lence band, confirming the purely ionic character. The
same is true for Na+ (see Fig. S5), whereas the other al-
kali metals show increasing contributions to the valence
bands, confirming that the bonds become partially co-
valent. For instance, the DOS of K+ indeed reveals an
increased covalency as already suggested by the charge
density differences (see Fig. 5 B). The same trend is ob-
served in the case of Cs+. Mg2+ on the other hand again
shows only very small covalent contributions, while it in-
creases for Ca2+, such that the covalent character seems
to increase with the ion size. Interestingly, the DOS for

K+ and Ca2+ show similar covalent contributions, while
Na+ and Mg2+ are almost fully ionic, thus pointing to
the impact of the chemical character for elements in the
same row. A similar tendency is again observed for Al3+

and Zn2+ which are small in size and show almost no
or only small covalent interaction, respectively. Further-
more, it is interesting to note that for Al3+ (Fig. 5 F)
and Zn2+ (Fig. 5 E), the projected density of states of
the migrating ion depends on the coordination number.
The lower coordination number shifts downwards the p-
orbital contributions near the Fermi level. This displace-
ment of the states means that the tetrahedral sites show
increased hybridization and strong bonding compared to
the octahedral sites. This electronic rearrangement con-
tributes to the fact, that Zn2+ and Al3+ ions strongly
favor tetrahedral coordination.

So far, we have focused on the site preference and the
respective static barrier as dominating part of the overall
migration barrier. Yet, also the transition state domi-
nated kinetic part contributes significantly to the over-
all migration barrier. As already mentioned earlier, the
transition state constitutes a threefold coordination en-
vironment of the ion, making it the bottleneck of the
migration. While readily describing the site preference,
the ion size also shows a strong impact on the energy of
the transition state. For the small ions Zn2+ and Al3+

the threefold coordination environment does not strongly
influence the energetics of the ion migration and the dif-
ference between octahedral and tetrahedral site readily
determines the overall barrier. The energy of the transi-
tion state of the other investigated charge carriers, with
respect to the tetrahedral site energy, mostly increases
with the size of the ion. However, further in depth ex-
amination of the transition state energy reveals that the
charge and the electronic structure have a significant in-
fluence on the kinetic part of the migration barrier. Thus,
relative to the tetrahedral site, Mg2+ and the much larger
Na+ ions show similar transition state energies and so do
Ca2+ and the much larger K+ and Cs+ ions.

In order to conclude our in depth study on the charge
carrier mobility in the spinel structure we compare our
findings with the materials design rules for multivalent
ion mobility developed by Rong et. al. ([7]). These
guidelines state that high multivalent ion mobility is,
in first order, determined by the site preference of the
charge carrier. However, they conclude that the ion size
described by the respective ionic radii is not a useful
descriptor to estimate the ion mobility. Our findings
strongly support the importance of the site preference
for multivalent ion mobility, yet, show that a properly
defined ion size actually is a good descriptor for the site
preference. In addition, our findings indicate that mul-
tivalent ions show a certain degree of covalency, which
causes rehybridization and charge redistribution along
the migration path, resulting in increased overall migra-
tion barriers. Thus, the importance of the site preference
remains undoubtful and is predominantly influenced by
the ion size. Additionally, the ion size affects the transi-
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tion state energy and thus small ions are favorable. At
last the covalent character of the interactions increases
the barriers and mostly ionic interaction is highly fa-
vorable. Comparing our results for the various charge
carriers indicates that Zn2+ and Al3+ are of small size
and only show very limited covalent character. Thus if
the site preference of these charge carriers could be pos-
itively affected, e.g. by doping the Sc gate sites by other
(transition) metals [32], a high ion mobility for the Zn2+

ion seems possible.

IV. CONCLUSIONS

In this work, we have investigated the migration barri-
ers for various mono and multivalent ions (Li+, Na+, K+,
Cs+, Zn2+, Ca2+, and Al3+) in the spinel type MgSc2Se4
phase. We find that both the size and the charge of
the cations strongly influence the height of the migra-
tion barriers. However, our findings indicate that crys-
tal ionic radii are not suitable to describe the ion size in
the spinel structure, instead A-Se distances are suggested
for a more accurate description. Using this descriptor,
the ion size is found to determine the site preference of
the ion and the resulting diffusion barrier in first order.
However, the transition state energy is also influenced
by the ion size, but here the impact of the charge and
bonding characteristics appears to be more pronounced.
Indeed, calculated charge density distributions and elec-
tronic density of state reveal the essence of the bonding
character which is necessary to be taken into account to
fully understand the migration barriers. We find that Li+

and Na+ are purely ionic in this framework, while other
ions show different degrees of partially covalent bonding.
Our results indicate that the ion size, when properly de-
fined, indeed can be applied to estimate the order of the
migration barriers in the spinel structure. Nevertheless,
an in depth understanding can only be obtained when
the influence of the charge and the electronic structure
are incorporated. Thus, the simple concept of purely
ionic charge carriers only yields limited understanding
of the multivalent ion migration in the spinel structure,
additionally rehybridization and the charge density redis-
tribution that modify the migration barriers need to be
considered. Furthermore, our results indicate that tuning
the site preference of Zn2+ could lead to superior ion mo-

bility in the spinel structure. Specifically, we shed light
on the role of the ionic size, the charge and the bonding
character of the mobile ions. Therefore, our calculations
identified factors that are applicable to fast ion migration
in a broad range of energy storage techniques.
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[22] N. G. Hörmann, M. Jäckle, F. Gossenberger, T. Ro-

man, K. Forster-Tonigold, M. Naderian, S. Sakong, and
A. Groß, J. Power Sources 275, 531 (2015).

[23] A. Groß, Top. Curr. Chem. 376, 17 (2018).
[24] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.

Lett. 77, 3865 (1996).
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