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ARTICLE INFO ABSTRACT

Keywords: Rechargeable magnesium batteries are promising energy storage technology which could eventually power
Magnesium batteries electric cars. However, the double charge of Mg-ion results in sluggish kinetics in most cathode materials. Due to
Cathodes that, exotic materials, with more complex discharging mechanisms than what we are used for conventional Li-ion
Bg;r batteries, have been explored. In particular, vanadium tetrasulfide (VS4), a quasi-1D material, was recently

shown to be a good candidate for magnesium storage, providing good theoretical capacity and excellent kinetics
for magnesium intercalation. Here we present a DFT-based analysis of the complex magnesation process of VS,.
The results indicate a mixed hetero- and homogeneous process with Mgy 75VS4 formed at the initial stages of the
cathode discharge. At higher magnesiation levels (i.e., Mg,VS4 with x > 1) we observed a possible degradation
mechanism related to the V—S bond breaking, which leads to the formation of magnesium sulfur clusters inside
the structure. All of that enables us to identify the origin of the superior properties of VS4 as cathode material,

enabling the design of strategies to further improve its performance.

1. Introduction

Magnesium batteries are considered one of the most promising
post-lithium technology, thanks to the exclusive nature of magnesium
metal employed as anode: ultrahigh theoretical volumetric energy
density (3833 mAh crn’3), low electrochemical potential (—2.37 V vs.
SHE), wide natural abundance and lower vulnerability for dendritic
deposition [1-3]. However, to benefit from the superior properties of a
magnesium anode, efficient cathode materials are required. Unfortu-
nately, the double charge of magnesium cation usually leads to slow
diffusion kinetics in the solid host [4]. Due to that, most well-known
cathode materials used in Li- and Na-batteries are less efficient for
magnesium intercalation/deintercalation. In particular, due to the
strong interaction between Mg2+ cations and oxygen anions, oxides
hinder cation mobility inside the material, completely preventing the
deintercalation of Mg?". Sulfides have shown to be more suitable, as
sulfur ligands show lower polarizability than oxygen ligands, resulting
in a weaker coulombic attraction with guest Mg2+ ions [5], which leads
to both high cation mobility and facile (de)solvation at electrode/elec-
trolyte interface. Thus, many sulfide-based materials have been pro-
posed and studied for magnesium batteries, including TiSy, VS3, MoS,,
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and MosSy, with the latter, namely Chevrel Phase (CP), being so far the
best performing magnesium cathode material. The excellent diffusion
properties of CP are partially related to a large number of vacant sites
where magnesium cation can site, resulting in a highly disordered
structure [6]. Unfortunately, the amount of magnesium that CP can host
is limited by 1 mol per Mo3S4 formula, giving quite a low capacity of 130
mAh g~L. In addition, the potential in CP is only 1.2 V vs. Mg.

Recently, another sulfide material, vanadium tetrasulfide — VSy, has
brought attention to its application in multivalent batteries [7-9]. In
detail, the VSy structure consists of atomic-chain nanorods composed of
V** jons coordinated to sulfur dimers (S%’), which are loosely stacked
and bonded to each other by weak van der Waals forces (Fig. 1). A large
interchain distance, 5.83 A, offers abundant active sites for cation
diffusion and storage. Moreover, a narrow bandgap, below 1.0 eV,
provides relatively high electronic conductivity to the material [8].
These properties made VS, very attractive as a cathode for many types of
batteries.

Theoretical studies of VS, revealed its peculiar electronic structure
with extensive overlap of the sulfur (sp) bands with the vanadium (d)
orbitals [7]. As a result, the reduction/oxidation process becomes
complex. In conventional insertion cathodes, two redox behaviors are
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Fig. 1. Structure of VS, cathode material.

typically observed, namely: i) the insertion (extraction) of cations pro-
duces a reduction (oxidation) reaction in the transition metal atoms or,
ii) alternatively, anions may get oxidized upon the extraction of cations
(i.e., the so-called anionic centered redox processes present in Li-rich
oxides [10,11] and some sulfides [12]). In some cathode materials,
either a cation redox process or an anionic redox process occurs
depending on the state of charge. In VS4 the situation turns out more
complicated: Britto et al. and Li et al. both showed that upon interca-
lation of lithium or magnesium cations into VSy, respectively, reduction
of disulfides is surprisingly accompanied by the oxidation of vanadium
cation towards V°* [7,13]. Additionally, the reduction of disulfide li-
gands induces their dissociation and some structural changes in the
material. In our previous study, we have already shown that the opening
and closing of sulfur dimers further support the diffusion of magnesium
cation inside VS, similar to chain movements in solid polymer elec-
trolytes [7]. All these processes together result in a very specific
mechanism of cation storage in VS,4. Although a detailed analysis has
already been performed for the lithium system [13-20], experimental
results suggest no direct analogy for the magnesium one [7,9,21]. Unlike
in the case of Li™ intercalation, no significant changes in the cathode
structure are observed upon cycling using XRD techniques. The mag-
nesiation of VS4 [V**; $371 is limited by the formation of Mg; 5VSy
[Mg2+; Vo Sz’], and further reduction towards VO, as during lithiation,
becomes unfeasible. The Mg-VS, compositional space has already been
explored up to Mgy g75VS4 by Wang et al. [8], but without considering
the crucial phase stability and ignoring the region of high magnesium
concentration — important for understanding the irreversibility observed
during the first cycles [7,9]. Thus, here we further examine the Mg?*
storage properties of VS4 cathode by DFT calculations with a focus on
the magnesiation mechanism and the instability at high magnesium
concentrations.

2. Methodology

All DFT electronic structure calculations were performed using
Vienna ab-initio Simulation Package (VASP) [22], following method-
ology established before for VS4 [7]. All calculations employed SCAN
exchange-correlation functional [23] and projector augmented wave
(PAW) potentials for all elements [24]. The application of a more ac-
curate exchange-correlation functional than PBE was shown necessary
for this system in previous works [7]. This makes the analysis presented
here more accurate compared to other studies [8]. An energy cut-off of
520 eV was imposed for the plane-wave basis. The supercell of VS4 was
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Fig. 2. Some representative structures of MgxVS4. The structures at the bottom
are the most stable at different degrees of magnesiation. The cell presents 8 VS,
formula units. The energies are relative to the ground state energy at a given
degree of magnesiation. Energies differences correspond to the supercells
containing 8 VS, formula units.

constructed from the primitive cell by doubling the system, comprising
eight units of VS4. A Gamma-centered 3 x 3 x 5 k-mesh grid was used.
The initial structures at different magnesium concentrations were con-
structed by placing magnesium cation with a randomized algorithm to
fully explore possible geometries. For that, the Pymatgen package has
been used to determine the sites to place Mg. [25] Thereafter a Python
script randomly chooses between the Mg sites imposing the following
conditions: (i) the distance between any two magnesium cations must be
larger than 1.5 10\, (ii) and distance between a new magnesium and a
sulfur atom must be lower than 2.5 A (to induce coordination). At least
25 geometries were generated for each concentration, from 1 to 12
magnesium atoms in the unit cell. The optimization of the geometry was
performed in several steps, to avoid the destruction of the VS, structure
due to extremally high initial forces (Fig. S1): (i) first, the positions of
vanadium atoms were blocked, together with distances between vana-
dium and sulfur — allowing for optimization of the magnesium co-
ordinates, together with dynamic dissociation of disulfide ligands until
forces reached 0.8 eV f\’l; (ii) second, the cell volume has been opti-
mized, allowing for expansion due to cations intercalation, with the
convergence criteria set at 0.5 eV [D\’l; (iii) the structure inside the cell
was optimized, keeping vanadium atoms at blocked positions; for the
systems at higher magnesiation state (above Mgg,gVS4) an additional
Hookean constrain has been introduced, imitating a weak spring be-
tween sulfur and the closest vanadium atom to prevent the breaking of
the bond; this step was performed until forces reached 0.2 eV A’l; (iv)
for the final step, all constraints have been removed, as well as cell
parameters were optimized using a force convergence criteria of 0.03 eV
AL, Over 500 structures have been constructed and optimized to pro-
vide a good picture of the system. Two convex hull plots [26] were
generated, taking as a reference for the discharged state of the cathode
Mgg,sVS4 and Mgj2,8VS4, respectively. In both cases, we took VS, as a
reference for the fully charged cathode, considering only the structure
that preserved all V—S bonds. The scans of the V—S bond length have
been performed for the lowest energy structure, selecting the V—S bond
with the largest initial length [27]. The distance between selected atoms
was blocked, and all other parameters reoptimized at each step of the
scan, changing the bond length in steps of 0.05 A. The charge assignment
to the atoms was performed using Bader Charge Analysis [28].

3. Results & discussion

To accurately determine the transformations of VS, during
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Fig. 3. (a) Convex hull plot indicating the stability of the phases from Mgg,gVS4 to Mgg,gVS4, (b) corresponding OCV for VS, cathode, and (c) determined mechanism

of VS, magnesiation.

operation, we performed the studies with gradual insertion of magne-
sium atoms into the structure. Previous studies have shown that this
material does not have a distinct location for intercalated cations, and
some disorder should be expected. Thus, for each considered Mg?*
concentration, many possible configurations have been accounted by
randomly probing different positions of Mg?* inside the cathode matrix.
In Fig. 2 we collect the most representative structures that help to un-
derstand the Mg?* distribution patterns at different low magnesiation
levels in Mg4VS, (x between 0 and 0.5). We illustrate the most stable
structure for each magnesiation level as a baseline, showing the relative
energy of the other representative structures with respect to those of the
most stable structures. Looking at the location of the single Mg?, the
cation does not necessarily go to the largest cavity space between VS4
chains, as could be expected for other cathode materials, but rather
closely interacts with S3~ ligands, resulting in energy lower by 0.28 eV
(Fig. 2). This is because, upon the Mg?* insertion, two disulfide ligands
accept four electrons, inducing the breaking of their S—S bonds. This
situation could seem unbalanced from a charge neutralization point of
view, i.e., one Mg2+ ion carries two holes while four electrons are
needed to convert two disulfide ions into four S2~ jons. The two missing
holes in the charge balance come from the Vanadium 3d band. Contrary
to the electrons localized on specific disulfide ions (those closest to the
inserted Mg2+ ion), the holes created in the V 3d band are not localized
in particular V ions but are delocalized. It can be observed when looking
at changes in the Bader charges (Table S2): while it is possible to clearly
identify the sulfur atoms that undergo reduction (change in charge from
ca. -0.35 e to ca. -1.30 e), all the vanadium cations undergo oxidation
with only small differences between them (max. 0.06 €). This complex
mechanism makes very favorable conditions for Mg?" ions insertion, i.
e., there is a very high local Coulomb interaction between the Mg?* and
the two broken disulfides, and the coordination becomes much more
flexible by having four independent S*~ ligands. As the location of
magnesium cation in a narrow space in between two VS, chains is more
preferred than in a larger cavity between three VS4 chains, one could
expect preference for the interaction of Mg?" in all sites of this kind.
Surprisingly, we observe that the subsequent magnesium cations prefer
a location close to other magnesium cations, usually doubly coordi-
nating formed S~ ligand. As shown in Fig. 2 for Mgs/gVS4, locating the
second Mg?" in an analogous site as the first one results in a 1.38 eV
higher energy structure than placing the second one next to the first one.

This tendency is further observed for subsequent inserted ions, as can be
seen in Fig. 2, leading to some kind of aggregation of magnesium cations
inside the structure. This is opposite to the homogenous location
throughout the matrix, which is typically observed for cathode mate-
rials. This peculiar behavior is due to the highly localized negative re-
gion around the first inserted Mg?* ion (there is a Mg>" ion next to two
broken disulfides, so the net local charge is —2), which further attracts
subsequent magnesium cations. That overall results in the observed
aggregation of Mg?", which eventually may lead to two phases in the
material, poor- and rich-Mg, and thus also heterogenous mechanism of
the (dis)charging.

To further explore the Mg?" ions clustering, we analyzed the phase
stability of the structures for different stages of magnesiation, taking the
Mgo,sVSs and Mgg,gVSs most stable structures as a reference. The
convex hull plot shows the first stable phase to be Mgg,gVS4 (Fig. 3a). All
structures in between are unstable, and thus, they will disproportionate
to Mgo,sVS4 and Mgs,8VS4. This confirms our initial findings regarding
the aggregation of magnesium cations in one cathode region. Since this
part of the compositional space has already been computationally
studied by Wang et al. [8], we decided to take a closer look at their
structures and results to compare with ours. Although Wang et al. did
not analyze the phase stability using their data, based on their published
energies, we were able to calculate their stability versus initial and final
structures (Table S1). Indeed, similar conclusions can be drawn from
that study regarding the instability of the initial phases, thereby con-
firming our finding.

After complete formation of Mge,sVS4 phase, DFT calculations pre-
dict step-by-step intercalation of Mg?*, following a homogenous solid-
solution mechanism. Based on the convex hull plot, we calculate the
OCV potential of VS4 cathodes (Fig. 3b). The initial plateau, corre-
sponding to the heterogenous two-phases separation process, matches
the experimentally observed discharge plateau at 1.0 V vs. Mg during
the first cycle up to around Mgy gVSs [7]. So far, the phase transition
process described here has not been not detected by XRD [7]. This may
be due to the high disorder of magnesium cations in the formed mag-
nesiated phase or to kinetic effects. Thus, since the organized structure
of vanadium chains does not change significantly upon intercalation of
magnesium, the XRD pattern barely changes.

Further insertion of Mg?' in the cathode turns the situation more
complicated. We started observing a weakening of the V—S bonds,
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structures of (c) Mgo,gVSa4, (d)Mg10,8VS4, (€) Mg;11,8VS4 and (f) Mgi5,8VSa.

making them prone to dissociation. For MgyVSy structures with x > 1,
we need to follow a special procedure during the geometry optimization.
We initially blocked the possibility of the V—S bond breaking by putting
Hookean spring constraint. In a second step, this constraint is released,
allowing full structural relaxation. This gentle way of performing the
geometry optimizations is necessary to avoid that eventual large forces
at the initial guess structures may unnaturally lead to the breaking of the
V—S bond(s);. It could be argued that this procedure forces the system to
preserve the V—S bonds, but that is not the case since we observe sit-
uations where the V—S bond breaks, even if initially constrained. The
breaking of the V—S bonds is a likely route for the degradation of the
VS,4 cathode material, and below we look at this in detail. Before, we
looked only at the structures preserving the V—S bonds, which are
responsible for reversible charging/discharging, extending the convex
hull analysis up to a concentration of Mgy2,8VSs (Fig. 4). The results
indicate further homogenous, step-by-step intercalation of magnesium
cation into the structure, at the potential around 0.9-0.95 V vs. Mg. The
number of disulfide dimers is gradually decreasing, with finally none of
them present in the lowest energy geometry of Mgi2,8VS4. This confirms
the experimentally determined limit for VS4 cathode, which can inter-
calate up to 1.5 Mg per VS, [7]. Looking further at the structures,
magnesium cations are being placed in between already present cations,
highly interacting with $2~ ligand. Due to that, elongation of V—S bonds
is observed, from 2.39 A up to 2.56 A, respectively for Mg;,gVS4 and
Mg12,8VS4. This is accompanied by a higher negative charge at the
sulfide ligand. In hypothetical, initial structure Mg;,8VS4 the charge
present at S>~ has been determined to be —0.98e, and reaches a level of
ca. -1.23e when going to stable Mgg,8VS4-Mgg,sVS4 phases. Further
magnesiation causes a gradual increase in negative charge, with the
values —1.38e, —1.52e, —1.59e and —1.61e for Mgq,gVS4, Mg10,8VS4,
Mg11,8VS4 and Mgy2,8VS4, respectively (Fig. S4). This induces some
structural changes, which are observed in the coordination of vanadium
cations: in the starting material each vanadium atom is coordinating
four S%_ ligands resulting in coordination number (CN) equal 8 (Fig. S3).

Mg1/gVS4
S 1.29 ~#— MgesVSa
—®— Mgg;VS,
~ 1.0 —&— Mgio/VSs
; —&— Mgi15VSs
f 4
- 0.8
c
© 0.6
[
2 0.4+
et
L
D 0.2
©
0.0 -
2.4 2.6 2.8 3.0 3.2

V-S bond length (A)

Fig. 5. Energetic profiles of the scan of the V—S bond length for different
structures found with the lowest energy.

This CN is retained up to the structure Mge,gVS4 even upon conversion
of disulfides to sulfides. However going further, we observed slow
decrease in CN towards CN = 6, as a result of detachment of co-shared
sulfide anions from one of the vanadium cation, together with refor-
mation of S~ anions between the chains (red circle at Fig. S3d). This
tendency indicates structural changes of VS4; towards VS, material,
where each vanadium is surrounded by 6 S~ ligands. Indeed, decom-
position of magnesiated phases of VS4 towards VSy was confirmed by
DFT to be thermodynamically preferred:

MgVS,;—»MgS, + VS, AE = —1.20eV

Mg, ;VS;—>MgS + 0.5 MgS, + VS,AE = — 1.93 eV

Such degradation mechanism would involve formation of magne-
sium (di)sulfides inside the material, and indeed V—S bond dissociation



P. Jankowski and J.M.G. Lastra

becomes observable during geometry optimization starting from Mgy,
VS4. The higher negative charge at S2~ can be connected with lower
electron donation to vanadium, thus lower bonding. To finally check
how the level of magnesiation impacts the V—S bond stability, we
decided to perform a scan of the V—S bonds in the lowest stable struc-
tures (Fig. 5 and S3). At each step, the distance between a single sulfur
ion and vanadium ion was blocked, and the rest of the structure was
optimized. The energy profiles clearly indicate the decrease of the en-
ergy needed to break the V—S bond upon increasing the concentration
of magnesium, up to >5 times, when comparing Mg12,8VS4 to Mg1,/8VSa.
A high number of Mg?* ions around a S*~ ligand effectively lowers the
bonding between vanadium and sulfur, resulting in the sucking of sul-
fide by magnesium cations: it becomes energetically preferable to detach
a sulfur ion from the vanadium and highly stabilize it by surrounding it
with 3-4 magnesium cations. That behavior was observed for many
Mg4VS, structures with x > 1, where a higher local concentration of
magnesium was present. Such a reaction leads to the formation of MgS,
contributing to the lost capacity of the cathode: breaking of the V—S
bond is an irreversible process.

4. Conclusions

Our theoretical analysis of the magnesation process unravels its
complex nature for VS4 cathode. Magnesium cations are intercalated in
between VS4 chains in many available sites leading to significant dis-
order. Moreover, the subsequent cations are not uniformly distributed,
but their aggregation around the same vanadium centers is thermody-
namically preferred. That leads to a phase separation towards an empty
and a magnesiated phase. DFT calculations predict Mgg 75VS4 to be the
phase formed upon initial discharging, formed at the potential of 1.07 V
vs. Mg. That agrees well with the experimentally observed plateau at ca.
1 V vs. Mg during the initial cycle. Disordered location of magnesium
cations creates flexible diffusion paths for magnesium cations, sup-
ported by sulfide ligands and shielded from vanadium-based framework
[29,30]. Furthermore, our analysis explained the origin of the irre-
versible processes happening at a high magnesiation state: a high con-
centration of Mg leads to the breaking of V—S bonds and the formation
of Mg—S clusters inside the cathode. This results in the experimentally
observed capacity decrease by ca. 50 mAh g~ after the initial cycle,
together with an altered electrochemical potential profile [7]. Our
previous XPS data clearly shows that after the first magnesiation, the VS,
material never returns to its initial, pristine form [7]. Overall, our study
indicates a very specific mechanism of the VS; magnesiation, and its
knowledge together with diagnosis regarding the degradation process
can lead to design of new generation VS4 cathodes with improved
properties. Doping of VS; material with other transitial metals,
providing better stability of TM-S bond can be indicated as potentially
beneficial in regard of suppressing MgS formation, and its impact on
cycling stability will be a subject of subsequent studies.
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