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ABSTRACT: We investigate electrochemical properties of Mg
in layered and spinel intercalation compounds from first-
principles using TiS2 as a model system. Our calculations
predict that MgxTiS2 in both the layered and spinel crystal
structures exhibits sloping voltage profiles with steps at
stoichiometric compositions due to Mg-vacancy ordering. Mg
ions are predicted to occupy the octahedral sites in both layered
and spinel TiS2 with diffusion mediated by hops between
octahedral sites that pass through adjacent tetrahedral sites.
Predicted migration barriers are substantially higher than typical
Li-migration barriers in intercalation compounds. The migra-
tion barriers are shown to be very sensitive to lattice parameters of the host crystal structure. We also discuss the possible role of
rehybridization between the transition metal and the anion in affecting migration barriers.

■ INTRODUCTION

Mg-ion batteries could be a promising alternative to Li-ion
batteries because of the natural abundance of Mg, its lower cost,
and the possibility of achieving increased capacity and energy
density. One advantage of a Mg battery is the possible use of
pure Mg as the anode as it is less susceptible to dendrite
formation compared to Li-metal anodes.1,2 However, while the
properties associated with the intercalation of both Mg and Li
ions into a variety of compounds were investigated in the
1990s,3−6 only Li-ion battery technology has progressed
significantly. Decades of fundamental and engineering research
on Li-ion batteries have shown that a surprisingly large number
of materials classes can react electrochemically with Li, offering
a wide variety of chemistries to select from for the electrodes of
Li-ion batteries.7−9 This broad spectrum of candidate Li-
electrode materials suggests that unexplored chemistries may
also exist that can react with Mg electrochemically and that
simultaneously overcome the low mobilities that typify Mg in
crystalline solids. This possibility has spurred a renewed interest
in Mg-ion batteries.10,11 Many challenges remain, however,
before Mg batteries become viable alternatives to Li-ion
batteries. Not only are electrode materials with high Mg
mobilities needed, but also new electrolyte chemistries are
required that are chemically and electrochemically compatible
with both Mg anodes and candidate cathode materials.12,13

There is currently a lack of fundamental insight as to the
differences between Li-intercalation compounds and their Mg
analogues. Although several experimental studies14,5,15−17 have
compared Mg-based electrodes to their Li counterparts, few
computational studies have been reported.18,19 The only

structures found to exhibit moderate Mg diffusion to date are
Chevrel phases.20,21 While the atomistic mechanism of Mg
diffusion in the Chevrel phases remains poorly understood, the
presence of a cluster of transition metal atoms surrounding the
Mg sites seems crucial to accommodate the more positive
valence of Mg and facilitate high Mg mobilities. The Chevrel
crystal structures, however, have little in common with typical
Li-ion intercalation compounds. It is not clear, for example,
whether Mg will intercalate within the layered or spinel host
structures widely used in Li-ion batteries, and if they do, with
which rates.
Here, we investigate the electronic, thermodynamic, and

kinetic properties associated with the intercalation of Mg in
layered and spinel host crystal structures from first-principles.
There are many host chemistries that can be synthesized as
having either the layered or spinel crystal structure. While the
early cathodes of Li-ion batteries were based on transition metal
sulfides (e.g., LixTiS2), current technology relies on transition
metal oxides as these exhibit substantially higher voltages with
respect to a Li-metal anode. The early sulfides, however, exhibit
exceptional kinetics and cycle lifetimes as cathodes in Li-ion
batteries.8,9 This is due to the high Li mobilities within the
sulfide host structures as well as the absence of various, usually
deleterious, phase transformations during Li removal and
reinsertion. Furthermore, the electronic properties of sulfides
are relatively simple, with electronic states remaining itinerant
in the Li-composition intervals over which the electrodes are
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cycled. The transition metal oxides, in contrast, are more ionic,
which affects ionic mobility and makes the host structure more
susceptible to order/disorder and structural phase trans-
formations as the Li content is varied. The electronic structures
of transition metal oxides are also more complex, usually
exhibiting localized states that can couple with local structural
distortions (Jahn−Teller or polaronic states) and that may
exhibit charge ordering and/or magnetic ordering as a function
of Li concentration.22,23

Due to their excellent kinetic properties with respect to Li
intercalation and their relatively simple electronic and phase
transformation properties, the sulfides, in particular the TiS2
chemistry, serve as useful model systems to explore the
properties associated with Mg intercalation into layered and
spinel crystal structures. Furthermore, the only compounds
known so far to exhibit high Mg mobility are sulfur- and
selenium-based Chevrel phases. The fact that TiS2 exists in
both the layered and spinel crystal structures makes this
chemistry ideal to isolate the role of crystal structure on Mg-
vacancy ordering tendencies and Mg diffusion.

■ METHODS
First-principles total energy calculations were performed with
approximations to density functional theory (DFT) as implemented
in the Vienna ab initio simulation package (VASP)24,25 using projector
augmented wave26,27 pseudopotentials. Both the local density
approximation (LDA) and generalized gradient approximation
(GGA) as parametererized by Perdew, Burke, and Ernzerhof (PBE)
were used. A large fraction of binding between adjacent TiS2 slabs in
the absence of intercalating species in the layered crystal structures is
due to van der Waals attraction. Both LDA and GGA fail to account
for van der Waals interactions. We therefore also applied van der
Waals corrections with different exchange functionals using the vdW-
DF28,29 method: optPBE, optB86, and optB88. The valence
configurations of the various pseudopotentials were the following: S
2s2, 2p4; Ti 3s2, 3p6, 4s2, 3d2; and Mg 2p6, 3s2. An energy cutoff of 420
eV was employed. Calculations were performed non-spin-polarized as
we found that the inclusion of spin polarization has a negligible effect
on formation energies and lattice parameters (these calculations can be
found in Supporting Information). Migration barriers for Mg hops
between adjacent interstitial sites were calculated using the nudged
elastic band method30 as implemented in VASP. Charge difference
plots were calculated using PAW pseudopotentials having the 3s2 and
2s1 valence configurations for Mg and Li, respectively.
Cluster expansion methods,31 as implemented in the CASM code,32

were used to predict thermodynamic properties as a function of Mg
concentration at room temperature. A cluster expansion as applied to
MgxTiS2 describes the dependence of the fully relaxed energy of the
crystal as a function of the degree of order among the Mg ions and
vacancies occupying the interstitial sites of TiS2. The basis functions of
a cluster expansion are polynomials of occupation variables σl
belonging to clusters of interstitial sites,31 with σl equal to 1 when
Mg occupies site l and 0 when it is vacant. A cluster expansion can be
used to extrapolate first-principles total energies of a subset of Mg-
vacancy arrangements to any Mg-vacancy arrangement within Monte
Carlo simulations. The expansion coefficients of truncated cluster
expansion Hamiltonians were fit to first-principles formation
energies.33 The cluster expansions were then subjected to grand
canonical Monte Carlo simulations to study finite-temperature
thermodynamic properties as a function of Mg composition x in
MgxTiS2 (0 ≤ x ≤ 0.5) in both the spinel crystal structure and the
most stable layered form.
To assess the reliability of the various approximations to DFT in

describing the properties of MgxTiS2, we compare in Figure 1 the a-
and c-lattice parameters as a function of Mg concentration for the
lowest energy Mg-vacancy orderings within the intercalation layers of
the layered form of TiS2 having an ABAB sulfur stacking sequence.

Since migration barriers are very sensitive to the c-lattice parameter in
layered intercalation compounds,32,34 it is essential that the correct
dependence of this lattice parameter with concentration is predicted.
Many layered intercalation compounds undergo a contraction of the c-
lattice parameter as the concentration of intercalating species
decreases. This can be attributed to a combination of increased
covalency of the host35 and a reduction of steric hindrance upon
extraction of intercalating species. Figure 1 and past studies32 show
that LDA, while correctly predicting a contraction of the c-lattice
parameter as the number of intercalating species between the layered
TiS2 slabs decreases, has a tendency to overbind and quantitatively
underpredicts the c-lattice parameter of TiS2. Nevertheless, LDA has
proven very reliable in predicting qualitative trends in layered
intercalation compounds, including LixTiS2

32 and LixCoO2.
35 GGA

in contrast predicts a c-lattice parameter for TiS2 that is substantially
above the experimental value. HSE has so far also not proven reliable
in accounting for van der Waals interactions36 and predicts an increase
in the c-lattice parameter as the Mg concentration decreases with a c-
lattice parameter of TiS2 that differs from the experimental value by
15%. As is clear in Figure 1, the application of van der Waals
corrections to GGA based on the vdW-DF28,29 method, such as
optPBE, optB86, and optB88, results in more accurate predictions of
the c-lattice parameter as compared to those predicted with LDA and
GGA.

Due to the accuracy of optB86 in predicting the c-lattice parameter
of TiS2 we only report results calculated with this approximation.
Nevertheless, similar calculations were performed with optB88 and
LDA, and results using these approximations can be found in
Supporting Information. We found that all three approximations
(optB86, optB88, and LDA) predict the same qualitative trends.

■ RESULTS
Phase Stability. We explored the relative phase stability of

four layered forms of MgxTiS2 as well as that of the spinel form
(all five shown in Figure 2) of MgxTiS2 as a function of Mg
concentration. The four layered forms of MgxTiS2 have
different stacking sequences of the TiS2 slabs. Each TiS2 slab

Figure 1. Calculated c- and a-lattice parameters for MgxTiS2 (0 < x <
0.5) using different approximations to DFT. Solid lines correspond to
PBE with vdW-DF corrections to account for van der Waals attraction.
Dashed lines correspond to LDA (black) and standard PBE (yellow)
while the purple dot−dashed line corresponds to HSE06.
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consists of an AB stacking of close-packed two-dimensional
triangular lattices of sulfur. The Ti atoms occupy octahedrally
coordinated interstitial sites between the sulfur planes. As
candidate layered host structures, we considered O1, O3, P3,
and P2, using the nomenclature introduced by Delmas et al.37

LiTiS2 is stable in the O1 host (having an ABAB stacking
sequences of close-packed sulfur layers) and maintains that host
structure during deintercalation.8,9,32 O3 (having an ABCABC
stacking sequence of sulfur planes) is a common host of layered
lithium−transition metal oxides such as LixCoO2 and
Lix(Ni1/3Mn1/3Co1/3)O2 while P3 (ABBCCA) and P2
(ABBA), which have trigonal prismatic sites in the intercalation
layers, are common among many Na-intercalation compounds.
Only O3 and P3 can be formed from O1 through a shuffle of
the TiS2 slabs relative to each other.
We calculated the energies of 212 symmetrically distinct Mg-

vacancy configurations over the octahedral sites of the O1 form
of TiS2, 300 configurations over the octahedral sites of the O3
host, and 75 and 34 configurations over the prismatic sites of
the P3 and P2 host structures, respectively. We also calculated
the energies of 169 Mg-vacancy configurations over the
octahedral sites of the spinel form of TiS2. Similar to Li, we
found that Mg prefers octahedral sites to the tetrahedral sites in
O1, O3, and the spinel form of TiS2.
Figure 2 shows the calculated formation energies of all the

Mg-vacancy configurations considered within the five host
structures of MgxTiS2 (0 ≤ x ≤ 0.5). The O1 form of MgxTiS2
has the lowest formation energy for all values of x between 0
and 0.5. The other layered host structures, while less stable than
O1, on the whole have lower formation energies than the spinel
form of MgTiS2. The prediction that O1 is the most stable host

for all Mg concentrations suggests that bonding within MgxTiS2
is very similar to that in LixTiS2. The P3 and P2 hosts tend be
stable when intercalated with large species such as Na. The
ionic radius of Mg2+ is similar to that of Li+ and smaller than
that of Na+. The O3 host is stable in the transition metal oxides,
which tend to be more ionic than the transition metal sulfides.
The O1 crystal structure is isomorphic to that of CdI2, which is
characterized by covalent bonding, while the O3 crystal
structure is isomorphic to that of CdCl2, which has a more
ionic character.

Mg Ordering in Layered MgxTiS2. A variety of ordered
phases are predicted to be stable at intermediate Mg
concentrations in the O1 host structure. These ordered phases
have formation energies that reside on the convex hull in Figure
2a. While ground states are predicted at six different
concentrations, three are especially stable in wide Mg-
chemical-potential ranges. One stable ordered phase is
Mg1/6TiS2 in which every other layer of Mg sites is completely
empty while the remaining alternating layers are one-third filled
(Figure 3). This staging predicted for MgxTiS2 is similar to that

in graphite,38 LiTiS2,
39 and LiCoO2.

40,41 Another stable ground
state is Mg1/3TiS2 in which every layer has one-third filling. The
Mg ions order in a √3a × √3a supercell within the filled
layers of Mg1/6TiS2 and Mg1/3TiS2. This in-plane ordering
changes to row ordering in Mg1/2TiS2 as shown in Figure 3.
The ground state in-plane orderings shown in Figure 3 are the
same as those in the predicted ground states using LDA and
optB88. All calculated hulls using LDA, optB88, and optB86 are
compared in Supporting Information.

Voltage Profiles. The open-circuit voltage is related to the
difference in Mg chemical potential between the cathode and
the anode according to the Nernst equation:

μ μ= − −x x eV( ) [ ( ) ]/2Mg Mg
reference

Here μMg is the chemical potential of Mg in MgxTiS2, and
μMg

reference is the chemical potential of Mg in a reference

Figure 2. Calculated formation energies for different Mg-vacancy
orderings within the spinel and various layered forms of MgxTiS2. The
O1 structure is the most stable across the entire composition range.

Figure 3. Mg in-plane ordering in the three ground states of O1
MgxTiS2 (0 ≤ x ≤ 0.5) along with projections of the Mg ordering
within the intercalation layers. Yellow triangles denote potential
octahedral Mg sites. Red circles correspond to Mg ions in one layer
while yellow circles denote Mg atoms occupying the adjacent layer.
Sulfur atoms occupy the vertices of each triangle. The white triangles
denote tetrahedral sites.
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electrode. Here we use metallic Mg in the hcp crystal structure
as the reference anode.
We calculated Mg chemical potentials at room temperature

by applying Monte Carlo simulations to first-principles
parametrized cluster expansions of the configurational energy
of Mg-vacancy disorder in the O1 and spinel host structures.
The cluster expansions were fit to the PBE-optB86-calculated
formation energies. Grand-canonical Monte Carlo simulations
were subsequently performed on the cluster expansions to
calculate the dependence of the chemical potential on Mg
concentration at room temperature, which was then inserted
into the Nernst equation to obtain the voltage profile. Figure 4

shows the calculated voltage profile for O1 MgxTiS2. The steps
in the voltage profile are due to Mg-vacancy ordering at x = 1/6,
1/3, and

1/2 (these orderings are shown in Figure 3), while the
sloping regions at low and intermediate Mg concentration
correspond to solid solutions characterized by Mg-vacancy
disorder.
Contrary to the layered O1 material, spinel MgxTiS2 exhibits

more of a solid solution as x varies between 0 and 0.5 in
MgxTiS2 as is evident from the sloping voltage profile (Figure
5) across the entire composition range. This behavior is similar
to spinel LiTiS2.

42,43 Electrostatic interactions between Mg,

having a nominal valence of +2, are likely more screened in the
three-dimensional spinel host compared to the layered O1 host,
thereby decreasing an energetic tendency to order at
intermediate concentrations.

Diffusion. We also explored diffusion in the spinel and O1
host structures. Similarly to layered and spinel LixTiS2,

42,32

layered LixCoO2,
34 and other layered transition metal oxides,44

Mg ions in TiS2 are predicted to migrate through a neighboring
tetrahedral site where the energy exhibits a local minimum
before moving to the adjacent octahedral site. However, the
energy barriers for Mg2+ diffusion are substantially greater than
those for Li+ diffusion. Figure 6 shows a migration barrier at

dilute Mg concentrations as calculated in a 4 × 4 × 2 supercell
of the primitive O1 structure, consisting of 32 TiS2 formula
units (i.e., composition MgTi32S64). The maximum barrier of
1.16 eV occurs when the Mg2+ passes through the face of a
triangle created by three of the sulfur atoms of the MgS6
octahedron (point β in Figure 6). The Mg−S distances along
the migration path are the shortest at the center of the
triangular face separating the tetrahedral and octahedral sites.
Because the c-lattice parameter can have a large effect on

migration barriers,32,34 we examined the sensitivity of the
relative stability of the tetrahedral and octahedral sites in the
O1 structure as a function of dimensional changes of the host.
The difference in energy between tetrahedral versus octahedral
Mg occupancy in the dilute limit was calculated in a 4 × 4 × 2
supercell of O1 TiS2 for a range of c-lattice parameter values.
One intercalation layer (Figure 3) was left completely empty,
while the other layer contained a single magnesium atom. The
Mg atom was initialized slightly off of the ideal octahedral site
to allow for possible relaxations to a lower energy site to occur
(e.g., preferentially shifting closer to one layer of sulfurs as
opposed to staying at the center). Structures were distorted
along the c-axis from 1% to 10%, allowing internal atomic
relaxations while the cell shape remained fixed. Figure 7 shows
energy differences between octahedral and tetrahedral sites in
the O1 layered host structure. After relaxation, the layer with
the Mg ion preferentially expands, while the empty layer
contracts. The interslab spacing therefore increases when Mg
migrates from the larger octahedral site to the smaller
tetrahedral site, indicating that the migration barrier should
be sensitive to the local state of strain. Figure 7 shows that the
energy difference between tetrahedral versus octahedral

Figure 4. Voltage curve for O1 MgxTiS2 calculated with Monte Carlo
simulations at 300 K applied to a cluster expansion that was
parametrized with PBE-optB86 energies.

Figure 5. Spinel MgxTiS2 voltage curve calculated with Monte Carlo
simulations at 300 K applied to a cluster expansion that was
parametrized with PBE-optB86 energies.

Figure 6. Migration barrier and pathway in dilute O1 Mg1/32TiS2. The
pathway shows the motion of a Mg atom from an octahedral site (α)
into an adjacent octahedral site (δ) through a tetrahedral site
corresponding to a local minimum (γ). The maximum energy occurs
when Mg passes through the trigonal face (β) shared by the octahedral
and tetrahedral site.
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occupancy decreases with increasing c-lattice parameter. This is
similar to layered Li-intercalation compounds.32,34

In addition to exploring the relative stability between
tetrahedral and octahedral sites, we also investigated how a
variation in the c-lattice parameter affects the migration barrier
between the two sites in dilute Mg1/32TiS2. Increasing the c-
lattice parameter by 5% (shown in Figure 8) results in a

decrease of the migration barrier from 1.16 to 0.90 eV. Further
expansion of the c-axis by 10% results in an energy barrier of
0.55 eV. This points to a strong dependence of the migration
barrier on the distance between the layers. The activated site is
coordinated by three sulfur ions forming a triangle, and an
increase in the area of this triangle results in a lowering of the
migration barrier. This trend indicates that artificially increasing
the distances between transition metal layers should result in
higher Mg mobilities. Nevertheless, the barriers are probably

not low enough to achieve sufficiently high diffusion
coefficients at room temperature.
As the Mg concentration increases to Mg1/3TiS2, the

structure expands slightly to accommodate the extra Mg. This
results in a slight decrease in the migration barrier (Figure 9)
for a Mg ion migrating from the initial octahedral site to an
intermediate tetrahedral site.

However, due to the very stable √3a × √3a in-plane
ordering in Mg1/3TiS2, any rearrangement of Mg due to
diffusion will result in an increase in the energy of the end states
of the hop as shown in Figure 9b. It is well-known that self-
diffusion coefficients can drop dramatically at stoichiometric
compositions corresponding to stable ordered phases.34 Often,
though, this drop in the self-diffusion coefficient is
compensated by a rapid increase with concentration of the
thermodynamic factor, minimizing the effect of ordering on the
chemical diffusion coefficient appearing in Fick’s first law of
diffusion.34

Similar behavior is predicted in the Mg1/2TiS2 ground state
ordering as shown in Figure 10. A hop involving a Mg within
one of the ordered rows is accompanied by an increase of the
energy of the end state of the hop (Figure 9b), as this end state
disrupts the energetically stable ordering. Nevertheless, the
overall migration barrier is lower than that at more dilute Mg
concentrations, in part due to an increase in the c-lattice
parameter with Mg concentration.
The Mg-migration barriers in the spinel host in the dilute

limit are substantially lower than those in the layered form at
dilute concentrations. The barrier for a Mg hop from an
octahedral site to a tetrahedral site is 0.86 eV at the equilibrium
spinel TiS2 lattice parameters. These barriers were calculated in
the 2 × 2 × 2 supercell of the primitive spinel crystal structure
(with the composition MgTi32S64). Figure 11 illustrates the

Figure 7. Energy differences between octahedral and tetrahedral sites
in dilute O1 MgTi32S64. The dashed red line denotes the experimental
c-lattice parameter for TiS2 (5.7

7,39), and bond lengths are shown for
the PBE-optB86 relaxed lattice parameters of TiS2 and for a 10%
increase of the c-lattice parameter. Percentage increases are shown in
italicized parentheses for the 10% expansion figure.

Figure 8. Effect of c-lattice parameter increases on the migration
barrier in dilute O1 Mg1/32TiS2. Energy barriers are shown (a) for the
equilibrium PBE + optB86 TiS2 lattice parameters (black, top) and for
a c-lattice parameter that is expanded by 5% (blue, middle) and 10%
(green, bottom). (b) Schematics of bond length increases are shown
with the same color scheme as that in part a.

Figure 9. Mg hop in layered O1 Mg1/3TiS2. (a) Migration pathway
from an octahedral site (α) to a local minimum at a tetrahedral site
(purple, β) into an adjacent edge-sharing octahedron (γ, green). (b)
Diffusion energy barrier and (c) hop path as projected along the c-axis
into the plane of the intercalation layer.
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pathway at dilute Mg concentrations. Like the layered
compound, the tetrahedral site is a local minimum. In fact,
the tetrahedral site resides in a deeper energy well in the spinel
host structure than in the O1 host.
We also examined the dependence of the energy differences

between octahedral and tetrahedral sites on the volume of the
spinel crystal structure. These calculations were performed for a
single Mg in a 2 × 2 × 2 supercell of the primitive spinel crystal
(with the composition MgTi32S64), incrementally increasing the
volume by 10% and allowing for internal atomic relaxations at
each volume. These results are shown in Figure 12. A nudged
elastic band calculation at a 5% increase in volume predicts a
decrease in the overall migration barrier by ∼0.2 eV, to 0.68 eV,
shown in Figure 11a. These barriers, however, are too high to
ensure mobilities comparable to Li-intercalation compounds at
room temperature.
Charge Distribution. The insertion of a cation into an

intercalation compound results in some degree of rehybridiza-

tion between the transition metals and anions of the host.46 In
LixCoO2, for example, an increase in Li concentration
progressively increases the ionic character of the cobalt−
oxygen bonds due to a reduction in the hybridization between
Co d states and oxygen p states as the electron from Li is
donated to the host.35,47 Mg donates two electrons to the host
and thereby induces more rehybridization between the cation
and the anion than occurs with Li intercalation. In this section,
we explore the degree of rehybridization between Mg and Li
insertion into both the layered and spinel crystal structures and
how it may affect the migration barrier for diffusion.
In TiS2, bonding between Ti and S has substantial covalent

character. The Ti cations reside in the octahedral sites of the
close-packed sulfur sublattice. The ligand field of the negatively
charged sulfur anions splits the degeneracy of the Ti 3d
orbitals: the d3x2−y2 and dz2−r2 orbitals, with lobes pointing
directly toward the negatively charged sulfur anions, are raised
in energy, while the dxy, dxz, and dyz orbitals with lobes pointing
between sulfur anions are less affected. In addition to a ligand
field splitting, there is also covalent hybridization between Ti
and S, with σ bonds forming between sulfur p states and Ti
d3z2−r2, dx2−y2, 4s, and 4p states.
The degree of covalency of the σ bonds between the sulfur p

states and the Ti d3z2−r2 and dx2−y2 orbitals changes upon
insertion of Li or Mg to the TiS2 host. The electrons
accompanying Li or Mg are donated to the host and fill the
lower nonbonding Ti dxy, dxz, and dyz orbitals that point
between the sulfur anions. The increased negative charge
around the Ti ions in turn raises the energy of the d states
relative to that of the sulfur p states, causing a reduction in
covalency and an increase in polarization of the σ bond made of
the Ti d3z2−r2 and dx2−y2 orbitals and the sulfur p orbitals. The
shift from covalent bonding to more ionic bonding between Ti
and S increases the charge around the sulfur anions.46 The
sulfur anions most affected are those directly coordinating the
inserted Mg or Li cation, whose effective positive valence
polarizes the negative charge toward it.
Figure 13 shows charge difference plots as Mg (Li) is

inserted in an octahedral site and a tetrahedral site of the O1
form of TiS2. These charge difference plots were obtained by

Figure 10. Mg hop in layered O1 Mg1/2TiS2. (a) Migration pathway
from an octahedral site (α) through a trigonal planar face to a local
minimum at a tetrahedral site (purple, β) into an adjacent edge-sharing
octahedron (γ, green). (b) Diffusion energy barrier and (c) hop path
as projected along the c-axis into the plane of the intercalation layer.

Figure 11. Mg hop in dilute spinel Mg1/32TiS2. (a) Migration barrier
for the equilibrium PBE-optB86 volume (black squares) of spinel TiS2
(a = 9.69 Å), for a volume expanded by 5% (blue circles) and for a
volume expanded by 10% (green triangles). (b) Mg hop path between
a pair of octahedral sites in spinel TiS2.

Figure 12. Effect of a volume increase on the difference in energy
between tetrahedral versus octahedral occupancy by Mg in spinel
MgTi32S64. The dashed red line shows the experimental lattice
parameter at 9.737 Å45 of spinel TiS2. Bond lengths are shown for the
relaxed structures for the PBE-optB86 TiS2 parameters and for lattice
parameters corresponding to a 10% increase in volume.
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subtracting the charge densities of both TiS2 structures and an
isolated Mg or Li atom from the charge density of MgxTiS2 and
LixTiS2 for crystal structures in which Ti and S are at identical
positions. The charge difference plots therefore show how
charge redistributes upon addition of Li or Mg to TiS2. Yellow
signifies an accumulation while blue signifies a depletion of
electron density. As is clear for both Mg and Li insertion, there
is substantial charge polarization toward the inserted cation.
The rehybridization of the Ti d orbitals is also clearly evident.
The d orbitals pointing along the Ti−S bond toward the sulfur
coordinating the inserted Mg or Li undergo a depletion of
electron density, resulting in less overlap between Ti d orbitals
and S p orbitals. Simultaneously, nonbonding d orbitals (i.e., a
combination of dxy, dxz, and dyz) that point between S ions
accumulate charge density. As is clear in Figure 13, the
rehybdridization around Ti upon Mg insertion is substantially
larger than that resulting from Li insertion due to the
introduction to the host structure of two electrons per Mg as
opposed to one for Li.
As a Mg or Li ion migrates through the crystal, it will drag its

electron cloud residing on the coordinating sulfur anions with
it. The surrounding Ti and sulfur cations will therefore be
required to rehybridize as the cation moves. Figure 13 shows
that the rehybridization around Ti is more concentrated over
fewer bonds when Mg or Li resides in the tetrahedral site versus
the octahedral site. This is due to the lower S coordination of
the tetrahedral site compared to the octahedral site.
Figure 14 compares charge difference plots for Mg insertion

into tetrahedral sites of O1 and spinel TiS2. While the O1 and
spinel hosts both consist of close-packed anion sublattices, the
different arrangements of the Ti ions over the octahedral sites
result in differing degrees of rehybridization. The charge
difference plots of Figure 14 were calculated using identical Ti−
S and S−S nearest neighbor bond lengths in the O1 and spinel
hosts. This allows us to isolate the role of Ti ordering on

rehybridization in the tetrahedral site from contributions due to
differences in local relaxations. As is clear in Figure 14, the
rehybridization in the spinel tetrahedral sites is more evenly
distributed than that in the tetrahedral site of layered O1. In
spinel, each S anion coordinating a tetrahedral Mg site
hybridizes with three Ti. In layered O1, only one of the four
S anions coordinating a tetrahedral site hybridizes evenly with
three Ti (the top sulfur atom in Figure 14a), while the
remaining three S hybridize primarily with only one Ti each
and partially hybridize with two additional Ti that are “shared”
by the other S anions. The rehybridization per Ti−S bond upon
Mg insertion into a tetrahedral site is therefore more
pronounced in the layered host than in spinel.

■ DISCUSSION
In this work, we have studied the thermodynamic, kinetic, and
electronic properties of MgTiS2 in common intercalation
compound crystal structures. Thermodynamically, MgxTiS2
and LixTiS2 are stable in similar structures. For both, the
spinel structure is metastable, and the layered O1 compound is
energetically preferred at all compositions. Mg and Li also
prefer the octahedral sites to the tetrahedral sites in both forms
of TiS2. The voltage profiles for both Li and Mg insertion into
the two TiS2 hosts are also qualitatively similar, although Mg
intercalation results in more stable intermediate ordered phases
than Li intercalation,32,42 as manifested by steps in the voltage
profile. The increased stability of Mg-vacancy ordering at room
temperature as compared to similar Li-vacancy ordering within
TiS2 is likely due to larger electrostatic interactions between
Mg2+ ions. Since Li+ and Mg2+ have similar ionic radii, the
relaxations of the host around Li or Mg due to steric factors
should be similar.
The mobilities of Mg and Li in both O1 and spinel TiS2

differ substantially. Although Li and Mg are predicted to hop
with the same mechanism, passing through an intermediate
tetrahedral site, the Mg mobility within the TiS2 host structures
is significantly lower than that of Li due to much larger
migration barriers (Figures 5 and 7−10). The Mg diffusion
coefficients in TiS2 will therefore have quantitative values that
are more typical of substitutional diffusion48 in alloys than that

Figure 13. Charge difference plots of layered TiS2 having the O1
crystal structure with an isolated Mg (a) in a tetrahedral site and (c) in
an octahedral site, and with an isolated Li (b) in a tetrahedral site and
(d) in an octahedral site (d). Blue regions denote areas of charge
depletion while yellow regions denote charge accumulation. Black balls
are sulfur, and purple balls are Ti.

Figure 14. Charge rehybridization upon insertion of a Mg in the
tetrahedral site of (a) layered O1 and (b) spinel TiS2 with identical S−
S bond lengths. Areas of charge accumulation are shown in yellow
while depletion is shown in blue. Sulfur atoms are shown as large black
spheres, Ti as small purple spheres, and Mg at the center as an orange
sphere. Bonds are drawn in gray. All surrounding atoms with negligible
charge rehybridization have been hidden for clarity. The spinel
structure has 12 Ti atoms participating in charge rehybridization
located in four groups of three Ti atoms, while the O1 structure has 9
Ti atoms participating in charge rehybridization, with one group of
three shown at the top of part a and the remaining six clustered in a
network at the bottom of a.
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of interstitial diffusion.32,34,42,44,49 As with Li diffusion,32,34,44

the migration barrier for Mg diffusion is very sensitive to the
lattice parameter c of the O1 host and to the volume of the
spinel host, as shown in Figures 7 and 8 and Figures 11 and 12,
respectively.
The migration barriers for both Li and Mg hops between

octahedral sites in layered O1 and spinel TiS2 correlate with the
difference in energy between octahedral site and tetrahedral site
occupancy. Several factors that contribute to the difference in
site energies between tetrahedral and octahedral sites can be
identified. One is the size of the site and the flexibility of
coordinating ions of the particular host crystal structure to relax
once occupied by an intercalating species. Another is the
electrostatic energy, which may be more favorable in one
interstitial site relative to the other. There are also more
complex quantum mechanical effects including the flexibility of
adjacent ions to rehybridize as the positively charged cation
migrates from one site to another.
There are no unambiguous ways to disentangle the role of

purely electrostatic interactions from the quantum mechanical
interactions responsible for rehybridization. Nevertheless, the
charge difference plots comparing charge redistribution upon
Mg insertion into tetrahedral sites (Figure 14) show that the
degree of rehybridization per Ti−S bond is more pronounced
in O1 than in spinel TiS2. This is due to the lower coordination
of the tetrahedral S anions by Ti in the O1 host compared to
the spinel host. The lower migration barrier in spinel compared
to that in O1 also suggests that a higher coordination of the
anion sublattice with transition metal cations is likely to reduce
the migration barrier as it distributes the rehybridization over
more metal−anion bonds. These features are present in the
Mo6X8 (X = S, Se) Chevrel phases exhibiting reasonable Mg
mobilities, where the transition metal to anion ratio is higher
than that in most intercalation compounds. Lower migration
barriers may also be achievable using transition metal ions that
readily shift by more than one valence state, such as Mo, as they
are likely to be more flexible in rehybridizing as Mg migrates
through the crystal.

■ CONCLUSIONS
Using first-principles and statistical mechanics tools, we
systematically investigated MgxTiS2 and compared it to its
well-studied Li counterpart, LixTiS2. We find that Mg in both
the layered and spinel forms of TiS2 occupies the same sites as
Li ions in LixTiS2 (i.e., the octahedrally coordinated interstitial
sites). Furthermore, Mg intercalation into the layered form of
TiS2 does not induce changes in the stacking sequence of the
TiS2 slabs. Predicted voltage profiles are similar to those of
LiTiS2, but show pronounced steps due to strong thermody-
namic tendencies for Mg-vacancy ordering over the octahedral
sites. We also find that the Mg-diffusion mechanisms are
identical to those of Li in layered and spinel TiS2, whereby the
migration between neighboring octahedral sites involves the
passage through an intermediate tetrahedral site. Nevertheless,
contrary to Li diffusion in LiTiS2,

42,32 Mg mobility is very
sluggish at room temperature, with typical migration barriers
predicted to be on the order of ∼1 eV. With the consideration
that the sulfides exhibit among the most facile Li-insertion and
-removal kinetics of all layered intercalation compounds
(including the oxides), this result suggests that popular
intercalation host chemistries and crystal structures for Li-ion
batteries are unlikely to be suited for Mg intercalation at room
temperature. An analysis of the dependence of Mg-migration

barriers on dimensional changes of the host, however, indicates
that the size of the migration channel between adjacent sites is
an important factor in determining migration barriers. Design-
ing intercalation compounds in ways that lead to an increased
separation of the slabs, by, for example, inserting dilute
concentrations of large and immobile cations or molecules in
the intercalation layers, may lead to higher Mg mobilities.
Electronic effects are also likely to play an important role since
the rehybridization between transition metal and anion is more
severe upon Mg insertion than upon Li insertion. Transition
metals that are more flexible in shifting valence and that thereby
can more easily rehybridize as Mg migrates through the crystal
should help to reduce migration barriers.
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