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ABSTRACT: Rechargeable Mg—S batteries are attractive for next-generation energy storage devices
due to their high theoretical energy density (1684 W h kg™ and 3286 W h L™") and low costs. The
poor cycling performance of Mg—S batteries is linked to the formation of the solid discharge
products, i.e,, MgS, and MgS, which are electronic and ionic insulators. However, the formation of
MgS itself contradicts such a premise because it requires further oxidation of MgS,. Indeed, the
insulating nature of MgS, should inhibit such an oxidation process in the first place. Using first-
principles calculations and ab initio molecular dynamics simulations, we evaluate the charge transport
associated with point defects in MgS, and MgS. In MgS,, the single-electron polaron is the most
abundant type of defect that emerges from our model, which appears at a low concentration at
thermodynamic equilibrium but displays high mobility. However, under conditions far from
thermodynamic equilibrium, mimicking those for battery operations, the concentration of electron
polarons increases, enhancing the electronic conductivity in MgS,. We demonstrate that in regimes
far from thermodynamic equilibrium, the single-electron polarons coalesce to form double-electron
polarons, whose mobilities are similar to that of a single-electron polaron. MgS, holds electronic conduction through a polaron
migration mechanism for <3 ym thick deposits, enabling further oxidation to form MgS. For MgS, our model suggests that the
doubly positive Mg interstitial and doubly negative Mg vacancy are identified as the prevalent defects with high concentrations.
However, due to the low mobility of these defects, their contribution to charge transport is negligible, which stops the oxidation
process and severely hinders battery cyclability. Our results indicate that rechargeable Mg—S batteries can be developed if we ensure
that the battery discharge does not push the oxidation process beyond the formation of MgS,.

Carbon support

B INTRODUCTION

Rechargeable metal—sulfur batteries, such as Li—S, Mg-S,
Ca—S, and Al—S batteries, are attracting significant interest as
potential next-generation batteries due to their low cost and
environmental sustainability and the abundance of sulfur.'~* In
addition, metal—sulfur batteries offer high theoretical energy
densities because of their use of metal as the anode material
and high-gravimetric capacity sulfur as the positive electrode.
Li—S (2654 Whkg™' and 2856 WhL™") and Mg—S (1684 W
hkg™" and 3286 Wh L") batteries have the highest theoretical
energy densities among the most studied metal—sulfur
batteries.”” In addition to their abundance and marginal
costs,"*’ Mg—S batteries possess an obvious advantage over
their Li counterparts; namely, the dendrite-free nature of Mg
reversible deposition at low current densities makes it a safer
alternative,®” which has attracted a great deal of attention as
one of the next-generation battery technologies.

Despite the promise of Mg—S batteries, they pose a number
of technical challenges that must be overcome before these
batteries can be used in practical applications. One of the
significant challenges is the poor cyclability of the sulfur
cathode, where the magnesiation process during discharge is
not highly reversible. Specifically, Mg>* ions are released from

the Mg metal anode toward the sulfur cathode during
discharge, forming various high-order polysulfides such as
MgS,, MgS,, and MgS, (Figure 1a,b). The formation of these
high-order polysulfide intermediates occurs at a higher rate due
to their significant solubility in the electrolytes [e.g., (HMDS),
Mg-2 AICl, in glymes'® and MBA-AICL; in THF'']. However,
Gao et al.'” showed that the kinetics of further reactions
promoting the formation of shorter (poly)sulfide chains, i.e.,
MgS,, become slower as they start to precipitate at the sulfur
cathode in the form of MgS, (Figure 1c). A further reduction
process occurs, in which MgS, partially becomes MgS (Figure
1d). Both precipitates, MgS and MgS,, exhibit low Mg**
diftusivity and are insulating materials. This leads to a large
overpotential at the trailing end of the charging process, as well
as limited reversibility to high-order polysulfides and sulfur
during charge.'® At this point, a question arises. If MgS, is an
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Figure 1. Different discharge stages at the positive electrode on the
Mg-S battery. (a) Long polysulfides (MgSs) are formed by
combining reduced Sg>~ rings with Mg** ions in the electrolyte.
Conduction of holes in @-S is the source of charge for the redox
process. (b) The long polysulfides break into shorter molecules. The
electrochemical reaction most likely occurs by combining the MgSg
rings with Mg*" ions from the electrolyte and electrons furnished by
the carbon support. (c) The very short polysulfides (MgS,)
precipitate on the carbon support and unreacted a-S. (d) Mg** ions
from the electrolyte react with the MgS, surface to form a MgS
deposit. The conduction of electron polarons in MgS, provides the
charge for the redox process.

insulating material, how is it possible that it is further reduced
into MgS? Another follow-up arises. Is the formation of MgS,
as detrimental with respect to battery cyclability as the
formation of MgS? Understanding the charge transport
properties in MgS and MgS, is crucial for answering these
questions and will help in designing a functioning Mg—S
battery with a long cycle life.

At present, the mechanism of charge transport in MgS and
MgS, is not fully understood. Although few experimental and
computational studies exist for MgS, the study of charge
transport in MgS, remains unexplored. Most of the existing
experimental studies of charge transport in MgS have been
performed at an increased temperature (900 K),'*"> whereas
the conductivity at room temperature is certainly more
important for battery applications. Presumably, the lack of an
electrical conductivity measurement of MgS around room
temperature stems from the difficulties in determining its low
electrical conductivity due to its insulating nature. Several
computational works also investigated charge transport in
MgS. Using empirical interatomic potentials, Puntambekar et
al. quantified the migration energies of Mg®* (~2.6eV) and
§?~ (~3.4 V) ions in MgS."® Using density functional theory
(DFT), Chen et al. calculated a migration barrier of ~1.2 eV
for Mg** in MgS."” These studies mainly focused on ion
transport, and little effort was devoted to studying electronic
transport.

Using first-principles DFT calculations at the hybrid
functional level of theory, we elucidate the charge transport
mechanism in MgS and MgS,. We study the ionic and
electronic conductivity arising from the migration of charged
point defects and polaronic defects (electron and hole
polarons), respectively. The formation energies and the
equilibrium concentrations of several point defects and
polarons are calculated to identify the predominant defects.
We evaluated the migration barrier for the prevalent defects.
The calculated energy barrier is then used to estimate the
maximum thickness of MgS and MgS, layers to achieve
practical discharge rates. The transport mechanism under non-
equilibrium conditions encompassing the injection (or
extraction) of polarons and Mg** from the positive electrode
material is also investigated using ab initio molecular dynamics
(AIMD).

Our study reveals that MgS, can achieve electronic
conduction in the form of double electron polarons beyond
3 um under practical battery operational conditions (typically
at discharge rates of 1 C). This conduction mechanism enables
further reduction and eventually the formation of MgS. In
contrast, we demonstrate that MgS cannot hold any type of
practical electronic or ionic conductivity. Our study highlights
the importance of preventing the further oxidation of MgS, to
MgS, encouraging the design of experimental strategies that
can mitigate this undesired electrochemical process.

B METHODOLOGY

Computational Details. Spin-polarized first-principles calcula-
tions within the DFT approximation were performed using the
Vienna Ab initio Simulation Package (VASP).'®'® The commonly
used PBE functional’® is known to severely underestimate the
bandgaps of semiconductors and insulators as well as not predicting
the charge localization reliably (i.e, the charges are often
delocalized).”” Therefore, to predict the formation energies and
migration barriers of defects, we used the Heyd—Scuseria—Ernzerhof
(HSE06) screened hybrid functional.”>** Forty percent of the exact
Hartree—Fock exchange was set to reproduce accurately the bandgap
values from accurate GW-level calculations.”*>® The wave functions
were expanded in terms of plane waves with a kinetic energy cutoff of
520 eV. The projector-augmented wave (PAW) method was used to
account for the core—valence interactions.”” The convergence of
electronic minimization was set to 10 eV. The atomic positions were
relaxed until the stress on the cell and forces acting on each atoms fell
below 1072 eV A7,

The predictions of the bandgap and dielectric constant of MgS and
MgS, were based on the primitive unit cells. The sumo software
package was used to plot the band structures and density of states of
selected models.”® The primitive unit cells of Mg, MgS, MgS,, and S
are used for the calculation of chemical potentials. For these systems,
the first Brillouin zone was sampled with a dense I'-centered k-point
mesh with a minimum k-point density of 4 A~". The calculations of
the defect and mobility of the prevalent defects were carried out using
a2 X 2 X 2 supercell of the conventional cell, and the total energy was
integrated at the I" point.

Formation Energy of Native Defects. The likelihood of the
defect formation was evaluated using the formation energy (E;) of
defect X. The E; of X with charge q (X?) was estimated according to

E((X1) = E(X") - E, - Z np; + g&¢ + Epny (1)

where E, and E(X?) are the total energies of the pristine cell and the
cell containing a point defect with charge g, respectively. n; is the
number of atoms of species i removed while creating the defect. The
value of n; becomes positive (negative) when a species is added to
(removed from) the cell during the defect creation. y; denotes the
chemical potential of species i and is determined directly from the
phases that are in direct thermodynamic equilibrium with the material
at OK. & is the Fermi energy referenced to the valence band
maximum, and Egpyy is the Freysoldt—Neugebauer—Vanderwall
(FNV) correction for charged systems.”” The FNV correction
requires a dielectric constant of the material investigated, which was
calculated using a self-consistent response of the material to a finite
electric field.

The Python Charge Defects Toolkit (PYCDT) package®® was used
to generate the input structures and VASP setting files for the point
defect calculations. The input structures of the polaron models were
prepared manually by distorting the local geometry of the region
where polaron localization is anticipated.

The concentration of defects, ¢(X?), was calculated using

«X9) = N exo] ZE£
6y =n XP[kBT] (2)
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where N is the number of equivalent sites of the defects, ky is the
Boltzmann constant, and T is the temperature. The ionic mobility of
the defect (M) was calculated using the transition state theory:

2
M= vqa exp( Eb]

kyT kyT 3)
where v is the frequency of the hopping, a is the hopping distance,
and Ey, is the migration barrier. The attempt frequency (v) was taken
as 10"*s7! for both S and Mg.*' The hopping distance (a) is the
distance between the initial and final locations of the defects taken
from the relaxed structures obtained via DFT. The migration barrier is
predicted using the nudged elastic band (NEB)* method, as
implemented in the atomic simulation environment (ASE) package.33
The equilibrium conductivity of the defects (6) was derived from
¢(X%) and M as

o = qc(X)M (4)

The maximum diffusion length of a migrating defect (e.g., vacancy,
interstitial, polaron, etc.) (L) is calculated using

L =Dt ()

where D is the diffusion coefficient (D = MkyT/q) and t is the time
for charging or discharging of the battery.

Ab Initio Molecular Dynamics. The dynamics of the low-energy
barrier defects under non-equilibrium conditions were evaluated using
AIMD simulations. The molecular dynamics (MD) calculations were
performed in a canonical ensemble (NVT) at 350K, which was
maintained by a Langevin thermostat as implemented in ASE with a
friction coefficient of 0.05 atomic unit. The MD simulations used the
same VASP settings but with adoption of the semilocal PBE
functional to make the MD calculations possible. A preliminary step
of equilibration of 0.5 ps was used for all cases, unless it is explicitly
mentioned otherwise.

B RESULTS AND DISCUSSION

Crystal Structure and Bandgaps. The crystal structures
of MgS and MgS, are illustrated in Figure S1. MgS exists as a
rock-salt crystal structure (space group Fm3m), where the
Mg*" cations are octahedrally coordinated by S*>~ anions. The
cubic pyrite structure (space group Pa3) is reported to be the
most stable structure for MgS,,>* which is a modified rock-salt
structure in which the S>~ anions of the rock-salt MgS are
replaced by S,*~ dianions (S dimer). The calculated lattice
constant a for MgS, using HSE06, is ~5.17 A, in excellent
agreement with the experimental value of 5.17 A*° The
calculated lattice constant for MgS, using HSE06 is 6.07 A.
There is no experimentally measured value of MgS, to the best
of our knowledge.

We computed the fundamental bandgaps of MgS and MgS,
at three different levels of theory: GyW, GW,, and hybrid
functional DFT HSE06. Wave functions generated with the
PBE functional are used as the starting point for the GyW, and
GW, calculations using the structures (atom coordinates,
shape, and volume) obtained from HSE06 calculations. The
GW, approach yielded bandgaps of ~4.52eV for MgS and
~4.33 eV for MgS,, whereas the GyW,, approach yielded lower
values of ~4.29 and ~3.88 eV for MgS and MgS,, respectively.
Previously, Shishkin and Kresse noted that the GW, approach
best describes the bandgaps of semiconductors and insu-
lators.”® Thus, we take the bandgaps calculated using the GW,
approach as a baseline to calibrate the amount of Hartree—
Fock exchange in the definition of the HSE06 functional from
its original value of & =0.25 to a =0.4, reproducing adequately
the GW, bandgaps (Figure S2). The bandgaps obtained from
the HSE06 (a = 0.4) calculation are ~4.49 and ~4.34 eV for

MgS and MgS,, respectively. The calculations using all three
methods exhibit indirect bandgaps for both MgS and MgS,.
The band structures of MgS and MgS, are shown in Figure S3.
Our results agree with those of previous theoretical studies
employing hybrid functionals,>®*’ reporting an indirect
bandgap in the range of approximately 4.0—4.8 eV for MgS.

Localization of Polarons in MgS and MgS,. A polaron
is formed when a localized charge (electron or hole) induces
the polarization of the surrounding environment in the crystal,
causing a lattice distortion in the vicinity of localized charge.
Here, we aimed to localize four types of polarons: (i) a single-
hole polaron (h*), (ii) a double-hole polaron (h**), (iii) a
single-electron polaron (e’), and (iv) a double-electron
polaron (e”).

In MgS, we successfully localized the h*® polaron. The sulfur
atom in MgS has an oxidation state of —2. The removal of two
electrons from MgS should, in principle, change the oxidation
states of two adjacent sulfur atoms from —2 to —1. These S
ions bearing a reduced formal charge experience weaker
electrostatic repulsion, resulting in the formation of an S dimer
as shown in Figure 2a. The formation of the h*® polaron

a__ . o b ___ )
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ﬁﬁ%ﬁ}f h&?#

S
MgS - double hole MgsS, - single
polaron (h**) electron polaron (e')

o
=

MgS, - double
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Figure 2. I point frontier orbitals of (a) h*® localized in MgS, (b) e’
localized in MgS,, and (c) e” localized in MgS,. Numbers in each
panel show the S—S distances in angstroms. Isosurfaces indicate the
unoccupied ¢* orbital in panel a) and occupied o* orbitals in panels
b) and c). The details regarding the bond length and occupation of
the orbitals for these three cases are shown in Figure S4.

decreases the interatomic distance between the two S atoms
from ~3.65 to ~2.3 A. The necessary condition to form the h**
polaron requires an initial local geometry indicating that one of
the S—S bonds in the structure is shortened. The absence of
such an initial distortion drives the delocalization deviating
from the localization of a polaron. The localization of h**is also
evident from the plot of the density of states (DOS) in Figure
SS. The delocalization energy (ie. the difference in total
energy between the structures with delocalized and localized
charges) for h** in MgS is calculated to be approximately
—0.21 eV. A negative delocalization energy indicates that it is
thermodynamically favored to have h®® in the system than to
have delocalized charges. A previous study of MgO, which has
a rock-salt structure similar to that of MgS, demonstrated that
h* is formed in that material.*® Although a h* could be
localized on a single O atom in MgO,"’8 we were not able to
obtain a stable structure for the single-hole polaron in the
sulfur analogues (MgS).

For MgS,, we were able to localize e’ and e”. Unlike the
formation of h*® in MgS, the excess electron introduced into
the cell forms e’ spontaneously without any initial structural
distortion of the lattice. This points out the stability of this
defect. On one hand, Figure 2b shows the localization of ¢’ on
an S dimer, which causes an increase in the S—S bond distance
from ~2.05 to ~2.57 A. On the other hand, the formation of
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Figure 3. Predicted defect formation energies in MgS and MgS,. The equilibrium Fermi energy is shown as a vertical dashed—dotted line.

Table 1. Predicted Defect Concentrations, Energy Barriers, Mobilities, and Electronic Conductivities at 300 K for the Most

Prevalent Defects in MgS and MgS,”

System Defect Formation energy (eV) Concentration (cm™)
Mg$ VVvie 128 9.79
Mg 133 9.79
MgS, e’ 1.83 3.48 x 107°
Vg 2.17 6.65 x 10713

Migration barrier (eV)

Mobility (cm? V™' s7!) Conductivity (S cm™)

1.42 1.38 x 107* 271 X 1072
1.01 837 x 10718 1.64 x 10716
0.53 1.06 x 107° 3.69 x 1078
1.73 1.18 X 107% 1.58 X 107%

“The values in the table are derived from the defect formation energies of the S-rich region, which has a higher concentration of the prevalent

defects.

e” requires an initial structural distortion in which the bond

distance of an S—S pair is increased. Note that the calculations
with two extra electrons without any initial distortion result in
the formation of two separate e’. The formation of e” drives a
significant increase in the S—S distance to ~3.15 A as
illustrated in Figure 2c. The DOS plot shown in Figure S6
confirms the localization of ¢’ and e” in MgS,.

Native Defects in MgS and MgS,. Figure 3 depicts the
energy of formation of defects in MgS and MgS, as a function
of Fermi energy. The formation energy is calculated using eq 1
where the chemical potentials, 4, for Mg and S are defined for
each region of the phase diagram in which the investigated
material is in thermodynamic equilibrium. The chemical
potential varies with the chemical environment of the system;
i.e., the chemical nature of the reservoir defines the chemical
potential that is qualitatively given as a Mg-rich region (S-poor
region) or a Mg-poor region (S-rich region). The phases at
thermodynamic equilibrium are determined using the data
from the Open Quantum Materials Database (OQMD).””

In particular, the phases in thermodynamic equilibrium with
MgS at 0K are Mg (Mg-rich or reducing conditions) and
MgS, (Mg-poor or oxidizing conditions). Likewise, Mg$, is in

thermodynamic equilibrium with MgS and S. Thus, the
limiting values of chemical potential for calculating the defect
formation energies in MgS are defined by the Mg—MgS (Mg-
rich) and MgS—MgS, (Mg-poor) pseudobinaries. Similarly for
MgS,, the limiting chemical potential value is pinned by the
MgS—MgS, (Mg-rich) and MgS,—S (Mg-poor) regions.

Several types of defects such as magnesium vacancies (VMg) ,
magnesium interstitials (Mg;), sulfur vacancies (V), sulfur
interstitials (S;), hole polarons, and electron polarons with
different charge states were considered. The Kroger—Vink
notation is used hereafter to represent the defect types and
their charge states. The charges of the defects are denoted in
the superscript (e.g., ® for positive, ' for negative, and x for
neutral defects). Double symbols represent two positive or
negative charges. The slope of each line in Figure 3 defines the
charge state of that defect. In other words, a region of the curve
with a positive (negative) slope represents a formation energy
of positively (negatively) charged defects. In contrast, a neutral
defect has a slope of zero (horizontal line).

The equilibrium Fermi level (Eg.;) is determined using the
charge neutrality condition (}.c;q; = 0) and is shown as a
vertical dashed—dotted line in Figure 3. Defects with low
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S, species, and the other disulfide ion at the interface breaks into two distinct S> ions. (h) The transient S, ion joins the MgS, polysulfide forming
a longer MgS$,,, polysulfide. (i) The two electrons at the interface migrate toward the carbon electrode. Note that the electron migrations within
MgS, in steps ¢ and i are the same but in opposite directions.

® Yo “0o Yo ® e “o
+++++H+H +++++++++++
Carbon Carbon

+++++++++++
Carbon

+++++++++++
arbon

formation energies at Eg,, are considered as the thermody-
namically dominant defects. The concentrations of the two
most prevalent defects at 300K are listed in Table 1. The
remaining defects are significantly less thermodynamically
favourable and not considered further in this work. Note that
the neutral defects are not taken into consideration as they do

not contribute to either electron or hole transport.

Panels a and b of Figure 3 illustrate the formation energies of
the defects in MgS for the Mg—MgS and MgS—MgS, regions,
respectively. The defect with the lowest formation energy is V§
for the MgS—MgS, region, but it is not considered for further
analysis because the neutral defects do not contribute to charge
transport. V”y,, and Mg * are the most favorable charged
defects with the lowest defect formation energies for the Mg-
rich (reducing) and S-rich (oxidative) regions, resulting in a
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high defect concentration of ~9.78 cm™>. Note that we

investigated three distinct interstitial positions for Mg and S
in MgS, and only the Mg and S interstitial defects with the
lowest formation energies are shown in panels a and b of
Figure 3. The interstitial sites are searched and found using
interstitial finding tool in the PYCDT package.

The defect formation energies for MgS, are shown for the
MgS—MgS, and MgS,—S regions in panels c and d of Figure 3,
respectively. The neutral S vacancy, Vi, has the lowest
formation energy for the Mg-rich (reducing) and S-rich
(oxidative) regions, which do not make any contribution to
charge transport. ¢’ is the most dominant charged defect in
MgS, with a defect concentration of 3.4 X 107 cm™. The
second most prevalent defect is V”; it has a slightly higher
defect formation energy compared to that of e’ but has a
substantially lower concentration (~6.6 X 107'°cm™). The
interstitial defects in MgS, exhibit a very high formation energy
with a defect formation energy of >3 eV.

Mobility and Conductivity of Prevalent Defects in
MgS and MgS,. The energy barriers associated with the
migration of most prevalent defects in MgS and MgS, are
calculated using the NEB method to gain deeper insight into
their contribution to charge transport. Figure 4a depicts the
minimum energy path (MEP) for the two most prevalent
defects in MgS. The calculated mobility and conductivity
values at 300 K are summarized in Table 1. V" exhibits a
very high migration barrier of 1.42 eV, which is consistent with
a very high activation energy for ionic conduction reported on
the basis of the experimental measurements.'* Our migration
barrier is higher than the previously reported value of ~0.9 eV
obtained using a similar methodology and the PBE exchange-
correlation functional.'”” The deviation can be most likely
attributed to the use of different exchange-correlation func-
tionals. In summary, the results of our study and Chen et al.
show high values of migration barriers. The migration barrier
of the other dominant charged defect, Mg,*® is also
characterized by a high migration barrier of ~1eV. The
mobilities of V”y;, and Mg;* calculated using eq 3 are 1.38 X
1072 and 8.35 X 107"¥ cm? V™' s}, respectively. Despite the
predicted high concentrations of V", and Mg"® defects, the
estimated low mobility values originate from the high
migration barriers. The low mobility, in turn leads to the
poor conductivity values (see eq 4) of Mg,** and V", which
are computed to be ~2.71 X 107> and ~1.64 X 10_16gS cm™,
respectively.

The MEP for the dominant defects in MgS, is shown in
Figure 4b. Analogous to MgS, the V", migration barrier in
MgS, is also very high at ~1.73 eV. In contrast, ¢’ exhibits a
relatively low diffusion barrier with the barrier height of ~0.53
eV. The relatively low energy barrier of e’ leads to a decent
mobility at 1.06 X 10~ em? V57, which is several orders of
magnitude higher than that of V", (1.18 X 1072 ecm? Vs
. However, due to the low concentration of e’ its estimated
conductivity is negligible (~3.69 X 107'® S cm™). Because of
the high mobility of e/, its maximum diffusion lengths (i.e., the
thickness of MgS, that can be traversed by the polaron)
calculated using eq S are 3, 7, and 10 um for discharge rates of
1, 0.2, and 0.1 C, respectively. This implies that the mobility of
e’ is sufficient to traverse layers of MgS, and penetrate the
cathode material, which is not the case for other defects in
both MgS and MgS, due to their much lower mobility.
Therefore, a way to improve the conductivity in MgS, is to

enhance the concentration of e’, which can be achieved out of
equilibrium at sufficiently high currents (>50 mA cm™2).

Polaron Kinetics in MgS,. So far, the analysis has been
focused on the transport mechanism of the intrinsic defects
formed under thermodynamic equilibrium conditions. How-
ever, the cathode material is not under equilibrium conditions
during practical battery operations. Specifically, electrons from
the external circuit and Mg ions from the electrolyte move into
the cathode during discharge (Figure Sa—d). Conversely,
electrons from MgS, move into the external circuit, Mg*" ions
become dissolved in the electrolyte, and S,>” ions merge with
the polysulfide in the electrolyte during charge (Figure Se—i).
As shown in panels ¢ and i of Figure S, electron transport is
clearly important in both scenarios.

We note that the electron transport mechanisms in panels ¢
and i of Figure S are similar but occur in opposite directions.
Notably, the electron transport during discharge is much easier
to simulate than the transport during charge. The reason is that
during discharge, the presence of an added Mg** ion close to
the electrolyte—MgS, interface acts as the driving force for
electron migration, and the simulation supercell remains
neutral. In contrast, the simulation of the charging process
would require a charged supercell with a positive potential
applied at the bottom of the MgS, model, which introduces a
number of technical difficulties. Thus, we will focus on
modeling the process of electron transport during discharge.
Note that the transport during discharge is completely
equivalent to that occurring during charge, except only for
the direction of transport within the MgS, thin film. We
analyzed electron transport during discharge by employing
three distinct AIMD setups to comprehend the magnesiation
process in MgS,.

The migration of the Mg®* ion from the electrolyte into MgS
is accompanied by two electrons coming from the external
circuit during charge and maintains the charge neutrality of the
system. The final goal is simulating a thin decomposition film
of MgS, in which electrons come into the material from one
side (that of the current collector), while Mg>" ions come from
the side of the electrolyte. Subsequently, we study the
mechanism of recombination of Mg** and electrons in MgS,.
To gain a better understanding, we tackle the problem in three
steps. (i) We run AIMD simulations of electron polarons in
bulk MgS,. (ii) We run an AIMD simulation of a MgS, thin
film with an electron polaron added on one side of the film and
a Mg*" ion on the other without explicitly including electrolyte
molecules. (iii) We repeat step ii, but now including electrolyte
molecules in the simulation.

In the first step, we determine whether the two electrons,
required to neutralize a Mg** ion can exist in the electrode bulk
as either two separated e’ entities or as an e”. The computed
defect formation energies suggest that the electrons used to
neutralize an intercalating Mg”* organize more favorably as two
separated e’ entities than a combined e”. However, the
mechanism of Mg>* neutralization can differ significantly under
non-equilibrium conditions that govern battery operation. In
general, in regimes of thermodynamic equilibrium, the defect
concentration is low, and thus, it is most likely that e’ will
remain apart from each other avoiding the formation of e”.
However, in a realistic scenario, under non-equilibrium
conditions, the concentration of the e’ can be high enough
for them to lie closer. On the basis of these considerations, our
first AIMD model simulates the evolution of two nearby e’ in
the bulk of MgS,, which is modeled using a 2 X 2 X 2 supercell
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Figure 6. Snapshots of AIMD simulation for bulk MgS, with electron polarons at 350 K. The isosurface indicates the occupied o* orbital.
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Figure 7. (a) Minimum energy path for e” migration in MgS,. (b) Snapshots of MD simulation of the MgS, bulk at 1000 K highlighting the
localization of the point defects as they migrate in MgS,. The isosurface indicates the occupied 6* orbital.

of the conventional unit cell with 96 atoms. The system is
equilibrated for 500 fs, while two e’ entities are localized at two
S dimers in the bulk crystal structure (the atomic coordinates
of the S dimers with e’ are kept fixed during equilibration).

Snapshots of the AIMD simulation after equilibration are
shown in Figure 6. Upon equilibration, it is clear that the
electrons remain as two separate e’ entities. The e’ induces the
structural distortion, as seen in the MD snapshots at 500 fs,
where the S dimers with the e’ have an S—S bond distance of
2.62 A. In subsequent MD runs, the two e’ entities merge to
form e” and localize on one S dimer; i.e., we observe a single
dimer completely broken, with the two sulfur ions separated by
3.1 A, while the other dimer completely recovers its disulfide
nature (the S—S distance is restored to 2.1 A). After the two e’
entities merge, we do not observe further migration of e” in the
AIMD simulations.

As no migration of e” is observed, we performed a NEB
calculation to assess its migration characteristics. The
migration of e” from one site to an adjacent (but equivalent)
site happens via an intermediate step at which e” splits into
two e’ entities, as shown in Figure 7a. The initial and final
images of the NEB have e” localized in one S dimer, while this
dimer splits into two distinct e’ entities in the middle image.
The energy barrier for the formation of two e’ entities from e”
is estimated to be as high as ~0.52 eV. This high activation
energy is consistent with the fact that the migration of e” is
also not observed in our MD simulation at 350 K.

To provide further insight into the kinetics of defect
recombination, we performed a subsequent AIMD simulation
at a high temperature (1000 K), where it is expected to observe
a migration event for an ~0.52 eV barrier. Note that the
simulation is performed at a higher temperature to accelerate
the occurrence of rare events. The snapshots of the AIMD
simulation are shown in Figure 7b. The two e’ entities

combine to form e” during the initial steps of the MD
simulation, which is similar to the MD simulation results at
350 K. However, the e” starts to diffuse into the lattice by
splitting into two e’ entities, in agreement with our NEB
calculation results. Consequently, we conclude that the
electrons from the external circuit migrate through the
electrode in the form of e”.

Now we can answer the question posed in the introduction
about the charge transport mechanism in MgS, that enables
the formation of MgS. Because the migration barrier for e” in
MgS, is virtually the same as that of e’, we can conclude that
their maximum diffusion length will also be similar. Thus, at a
rate of 1 C, MgS, thin films up to 3 ym thick may be formed
on the cathode, and e” will be able to reach the film surface in
contact with the electrolyte, where they will recombine with
Mg2+ ions, starting to nucleate MgS.

From the AIMD simulations in the bulk, we can anticipate
that, for sufficiently high currents (>50 mA cm™2),
electrons coming from the current collector will initially
combine to form e” in a MgS, film, before they migrate toward
Mg** species within the material. Under this assumption, we
built a second MD model slab of a (001) MgS, surface to
study the magnesiation process in MgS,. In this model, a slab
thickness of ~18 A is separated from its replicas by ~16 A of
vacuum. The system is subsequently equilibrated for 500 fs
with the e” localized on one of the S—S bonds located near one
side of the slab, while we place a Mg (metallic) atom on the
opposite side of the slab model. Note that during the AIMD
equilibration, the atomic coordinates of the Mg atom and the S
atoms with the e” localized are kept fixed. A dipole correction
(average correction of ~—1.87 D) is applied in the direction of
the surface to compensate for the dipole moment that arises
from the asymmetry along the nonperiodic (z) direction.
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Figure 9. Snapshots of AIMD at the (001) surface of MgS, in contact with a THF solvent (top) and a boron nitride sheet (bottom) at 350 K. The

isosurface indicates the occupied o* orbital.

Figure 8 depicts snapshots taken from the AIMD
simulations. During the AIMD equilibration, one can see
that the e” is effectively localized at the bottom of the slab
model, which quickly is transferred to the top surface as the
Mg** approaches the MgS, surface from the opposite side. The
process of charge transfer is directly reflected by a decrease in
the interatomic distance of the S dimer, in which the charge
was originally localized. The S—S distance of the S dimer at
which the polaron is localized at the beginning of the AIMD
simulation decreased from ~3.32 to ~2.13 A. In contrast, the
interaction with Mg>" elongated the S—S distance (of the S
dimer) at the surface from ~2.13 to ~3.37 A. An increase in
the S—S distance upon the interaction with Mg>* can be
understood as the formation of MgS at the surface. From a
closer inspection of our AIMD simulations, we could not
detect any gradual charge transport; indeed, the localized
charge at the bottom of the slab abruptly shifts toward the top
surface when Mg”* begins the approach with the Mg$, surface.
This scenario resembles an electron tunneling mechanism, but
it is not. Electron tunneling cannot be modeled in AIMD
simulations because this computational framework is com-

pletely adiabatic (i.e, for each nuclear arrangement, the
electrons are in their ground state, without considering the
electron density of the previous time step). Indeed, it is an
artifact of our model approach. The electric field created by the
added Mg** ion on the top surface makes it more favorable to
localize electrons in a disulfide unit close to it than in the
dissociated disulfide that we enforced on the bottom surface.
To study the non-adiabatic effect, we should use Ehrenfest
dynamics, which is prohibitively expensive considering the size
of the supercell used in this study.

We carried out additional AIMD simulations. In particular,
we build a model in which the liquid electrolyte is considered
explicitly. We expected that the addition of the solvent
molecules could screen the strong electric field created by the
added Mg*" ion and thus allow us to observe the diffusion of
polarons through the thin film. In practice, in these new AIMD
simulations, we filled the ~16 A of vacuum with tetrahy-
drofuran (THF) molecules, a commonly used electrolyte
solvent in magnesium batteries. Using GROMACS," 18 THF
molecules are added to match the experimental density of
~0.88 gcm™ at ~298 K.*' In addition, a layer of a wide-gap
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semiconductor, boron nitride (BN), is introduced on the
opposite side of the slab model to prevent the leakage of
charge from the lower surface of the slab into the electrolyte.
Following the preliminary relaxation at 0K, the electrolyte is
further equilibrated at 350 K for 0.5 ps while keeping the rest
of the system (slab and boron nitride layer) frozen.
Subsequently, every atom in the system except the BN layer
is equilibrated for 1 ps to establish the interaction between the
cathode and the electrolyte. Figure 9 shows snapshots of the
AIMD run.

Notably, we observed a similar process of magnesiation as
seen in the AIMD simulations, but in the absence of an
electrolyte. These findings suggest that effects associated with
electrolyte screening are still unable to prevent the artificial
abrupt shift of the electron toward the electrolyte—MgS,
interface.

B CONCLUSION

In summary, using first-principles calculations and ab initio
molecular dynamics, we studied the two experimentally
observed solid discharge products in Mg—sulfur battery
cathodes, i.e. MgS and MgS,. We unveiled that MgS, can
hold electronic conduction through a mechanism entailing the
migration of double electron polaron species. Despite the very
low concentration of electron polarons in thermodynamic
equilibrium in MgS,, the non-equilibrium conditions during
battery operation (typically at a discharge rate of 1 C) and the
relative fast polaron migration (migration barriers around 0.5
eV) enable the electronic conduction up to 3 um in MgS,
deposits.

During discharge, the polaron electronic conduction in
MgS, allows the redox process to progress to the formation of
MgS. However, we observe that a very slow migration of
charged defects and/or polarons in MgS curbs the redox
process and severely hinders the cyclability of the battery.
Contrary to previous reports ascribing the poor cyclability of
Mg—sulfur batteries to the formation of both MgS, and MgS,"*
we demonstrate the importance of preventing the further
oxidation of MgS, to MgS. These findings encourage the
design of experimental strategies that include the oxidation of
MgS,.
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