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Abstract

Keywords

Metal-sulfur batteries (Me-S) are one of the
most promising battery technologies and might
even outperform future Li-ion batteries. However, these systems generally still show a relatively fast capacity loss, low power density, and
fast self-discharge. Furthermore, the underlying
mechanisms are insufficiently understood, making it difficult to systematically improve cell performance. In the present study we use a pseudo2D continuum model to analyse the degradation
behavior during cycling of Li-S and Mg-S batteries. The simulations reproduce charge and
discharge curves of both systems and allow detailed investigations on the influence of material
properties on degradation mechanisms. Special
attention is paid to the redistribution of active
sulfur during cycling and its effect on long-term
stability. Finally, we demonstrate the application of the model for qualitative predictions
of battery performance and lifetime of cathode
designs with improved sulfur loading.

metal-sulfur, continuum modeling, polysulfideshuttle, degradation
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Introduction

Li-ion batteries are approaching their theoretical limits and in the long run only moderate
improvements, especially with regard to energy
density, are expected. Therefore, research is
focusing on future technologies. Lithium-sulfur
batteries (Li-S) have been discussed for a long
time as a potential next generation battery system. 1,2 In contrast to Li-ion batteries, they offer advantages in numerous aspects. Typically,
lithium metal is used at the negative electrode
which promises a very high energy density. At
the positive electrode, reduction of sulfur provides a very high theoretical capacity. In combination, Li-S cells provide a theoretical energy
density of 2800 Wh l−1 and 2500 Wh kg−1 . 3
Moreover, sulfur is abundant and non-toxic and,
thus, provides a very sustainable alternative to
state-of-the-art positive electrode materials in
Li-Ion batteries. However, there are still chal1

lenges which need to be overcome in order to
enable large scale commercialization.
Repeated plating and stripping of lithium leads
to the growth of dendrites, which can cause
short circuits and battery failure. 4,5 Magnesium
is discussed as alternative anode material since
the deposition of magnesium shows a lower tendency for dendrite formation. 6,7 Additionally,
magnesium is also interesting because it is considerably more abundant than lithium. This
is an important aspect taking into account the
expected increase in battery production due to
electric vehicles. In combination with sulfur,
magnesium-sulfur batteries (Mg-S) offer a very
high theoretical energy density of 3200 Wh l−1 3
which makes them interesting candiates for automotive application.
However, in both systems the positive sulfur
electrodes cause problems, especially with regard to dissolution and deposition of solid sulfur
during operation. 8 Dissolved polysulfides are
able to diffuse to the anode in a process called
polysulfide shuttle. 9 On the metal surface side
reactions occur which reduce the coulombic efficiency and lifetime of the battery. Reduction
products passivate the surface of the negative
electrode and simultaneously decrease the available sulfur at the positive electrode. 10–13
Aditionally, the successful concept of a protective SEI, as known from Li-S batteries, or
lithium batteries in general, 10–13 does not seem
to be easily transferable to Mg-S cells. 14,15 Recently, novel electrolyte and cathode concepts we
are able to improve the discharge capacity and
cycle life significantly, demonstrating the potential of the technology. 14–18 Despite the progress,
novel theoretical and analytical tools need to
be developed in order to gain mechanistic understanding of the limiting processes in Mg-S
batteries.
Therefore, we developed a novel continuum
framework for the simulation of metal-sulfur
(Me-S) batteries. The models couple the complex chemistry in Li-S and Mg-S batteries with
transport of dissolved species in the electrolyte
and microstructural properties of the electrodes
and separator. In particular, this approach allows simulation of the polysulfide shuttle. Similar model designs for the simulation of Li-S

batteries are presented in the literature, 19,20
however, have not been applied for degradation
studies. Moreoever, to the best of our knowledge there is no continuum model for charge
and discharge of Mg-S batteries published in
the literature.
In our previous work we applied this framework
to study self-discharge in metal-sulfur batteries. 21 The simulations werenused to analyze our
electrochemical measurements on structurally
similar Li-S and Mg-S batteries. Based on an
intensive parameter study we identified fast side
reactions of dissolved sulfur species at the anode as source for the fast self-discharge of Mg-S
batteries. Moreover, by fitting our model to the
experimental data we were able to determine kinetic parameters of polysulfide red-ox reactions
on the Li and Mg metal surface, respectively.
In this work we extend our approach and give
a detailed analysis of the degradation during
cycling of Li-S and Mg-S cells in the same setup.
A detailed description of the cells and electrochemical characterization is given in Section 2.1.
Additionally, a brief summary of the modeling
framework is provided in Section 2. Results of
the simulations and analysis of the experiments
is presented in Section 3.1. The simulations
provide mechanistic understanding on the impact of sulfur redistribution as well as initial
sulfur loading. These are important aspects for
future commercialization of the technology. Our
results aim to further extend the insights regarding the differences and similarities between Li-S
and Mg-S batteries to guide the research and development of these promising battery concepts.

2

Methods

In this work we use the same setup for our
measurements and simulations like in our previous publication on the self-discharge of Me-S
batteries. Therefore, a detailed description of
the experiments and simulation framework can
be found in Ref. 21 In this work we limit the
discussion to a brief overview of experimental
procedures and relevant model features.

2

2.1

with a short rest time (1 h) at open cell voltage
(OCV) right after cell assembly.
Li-S cells are cycled between 1.7 and 2.6 V
during discharge and charge, respectively. A
short constant voltage step (CV) of 5 minuntes
(or < 10 % current rate) is applied at the end of
the constant current (CC) charging step. Mg-S
cells in contrast are cycled between 0.05 and 2.6
V with an elongated CV step at 2.6 V (8 h or
< 10 % current rate).

Experiment

Electrode preparation The positive composite electrodes consisting of sulfur (99.5 %,
Alfa Aesar) and Ketjenblack EC-600 JD (Akzo
Nobel) are prepared by the widely used melt infiltration method. The resulting powder is mixed
with polyvinylidene fluoride (PVDF, Solvay
Solef 5130) binder and it then coated in a solution based process (DMSO, VWR ProLab Chemicals) on a carbon-coated aluminum foil. Electrode composition after drying is determined by
thermo gravimetric analysis to 48 wt.% sulfur,
42 wt.% carbon and 10 wt.% PVDF. This corresponds to a sulfur loading of approximately
0.75 mg cm−2 .
The negative electrode consists of a lithium
metal (99.9 %, 750 µm, Alfa Aesar) or magnesium metal foil (99.9 %, 250 µm, Goodfellow),
respectively. The magnesium foil is mechanically scraped prior to cell assembly to remove
the oxide layer on the surface. The lithium foil
is used as received.

2.2

Cell assembly Li-S and Mg-S cells are prepared in the same setup utilizing the same positive electrode and separator to avoid deviations in cell geometry between both systems.
Moreover, we use in both systems the same
solvent system consisting of a mixture of 1:1
vol. TEGDME (>99 %, Sigma-Aldrich) and
DEGDME (anhydrous, 99.5 %, Sigma-Aldrich)
without any additives.
The electrolyte for the Li-S cells contains 1 M
LiTFSI (99.95 %, Sigma-Aldrich). For Mg-S
cells 1.4 M Mg(HMDS)2 -AlCl3 was prepared according to literature 3 in the above-mentioned
solvent systems.
Finally, cells are assembled in Swagelok-type
setup with a diameter of 22 mm. Positive and
negative electrodes have a diameter of 18mm.
Between both electrodes we use a layer of glass
fiber separator (thickness 260 µm, 1.2 µm particle retention, Whatman) and add an electrolyte
volume of 150 µL.

Simulation

Figure 1: Schematic of a metal-sulfur cell where sulfur
is infiltrated into the porous carbon structure. The
coordinates of the macroscopic modeling domain (cell)
and of the microscopic particle are denoted by x and
r, respectively. Furthermore, the reaction mechanism
at the cathode, the polysulfide shuttle, and the loss of
active material due to side reactions at the anode are
indicated schematically. In addition, points on the x-axis
are shown for which species concentrations are shown
later.

Simulation domain Fig. 1 gives a schematic
overview of the cell geometry. As indicated by
the magnification of the carbon particle, the
multi-scale modeling domain includes both a
cell and a particle scale which are coupled in our
simulations. This approach allows us to model
the effects of a bimodal pore size distribution.
Namely, macropores between the carbon particles and micropores within particles. This is
important, because the pores on particle scale
contain the infiltrated sulfur.
The active surface within the particles is
schematically represented by the blue lines in
Fig. 1 and corresponding concentrations and

Electrochemical measurements For the
degradation tests we use a galvanostatic cycling
protocol at constant C/10 rate (167.2 mA g−1
S ))
3

volume fractions in the particles and close to
this surface are referred to as ’inside particle’ in
the discussion. On the other hand the surface
on the particles which is in contact with the
macropores is indicated by the red color in the
schematic image shown in Fig. 1.
The so-called cell model represents the entire
thickness of the cell from cathode to anode (xaxis). The cathode has a thickness Lcat = 40 µm
and consists of infiltrated carbon particles (16.3
vol-%) and binder (2.3 vol-%). We assume that
the pore space (81.4 vol-%) between particles is
totally filled with electrolyte. The color legend
along the x-axis in the cathode region shows the
spacing and distribution of our control volumes,
which we will refer to when showing concentrations and volume fractions. The separator
between x=Lcat and x=Ltot has a porosity of 80
vol-% and is also soaked with electrolyte. The
metal anode at x=Ltot is modeled as a flat electrode which has some surface roughness 22 not
resolved in our simulations.
The so-called particle model represents the processes within the porous carbon particles. This
model describes the concentrations and volume
fractions that are inside the particles and are
indicated by the blue region. In order to reduce
computational complexity we assume representative spherical particles with a radius of 340
nm. The particles consist of a carbon matrix
with 79.1 vol-% porosity or 20.9 vol-% solid
volume fraction, respectively. During material
preparation (cf. Sec. 2.1) the pore network is
infiltrated with 20 vol-% sulfur and we assume
that the remaining pore space is filled with liquid electrolyte (59.1 vol-%).
An overview of all structural parameters can be
found in Table S2.

potential in the pore space of the cathode, separator, and in front of the anode surface.
In our model we use a set of representative electrolyte species which participate in a reduced
set of chemical and electrochemical reactions
at cathode and anode (Eqs. 13 - 17), respectively. Note, that the species in our reaction
mechanism were also found in corresponding
in-operando studies and we are able to qualitatively reproduce experimental charge and discharge curves. 23,24 A detailed discussion of the
reaction mechanism is provided in SI section 1.
At this point it is important to mention that although our simulations show a semi-quantitative
agreement to experiments they are to be interpreted only qualitatively. The dissolved species
in the electrolyte have to be interpreted as representative species and their concentration is
the sum of several species in the electrolyte
which are not considered in our reaction mechanism. Therefore, corresponding concentrations
are higher than polysulfide concentrations reported in the literature. 3,23,25,26
Additionally, we follow the dissolution and precipitation of solid sulfur as well as Li2 S and
MgS, respectively. The distribution of these
solids is characterized by their volume fraction
(Eq. 18) and we use empirical correlations in
order to include their effect on transport (Eq.
4) and active surface areas (Eqs. 11 and 19).
We assume in our electrolyte a very high solubility for intermediate species e. g. MgS4 ,
neglecting precipitation of this phase which has
also not been reported in the literature. 3,23,25,26
However, there have been indications that other
species besides MgS could precipitate along the
reaction chain. Since, this is still part of the
current discussion, we have not considered it in
the study shown here. In Sec. 8 of the supporting information we show briefly what influence
a precipitation of a species along the reaction
chain could have.
The electrostatic potential in the cathode is calculated using a charge balance for electrons in
the carbon matrix (Eq. 20). Charge transport
in the anode is not resolved and we use a constant electrode potential due to the orders of
magnitude higher electrical conductivity of Li
and Mg metal.

Model description A detailed derivation of
model equations is presented in our previous
publication. Table S1 provides an overview of
the governing equations and at this point we
summarize the key features of the model.
Within the simulation domain transport of all
dissolved species is described using porous electrode theory for dilute electrolytes (Eqs. 1 9). This gives access to the temporal and spatial evolution of concentrations and electrolyte
4
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As described in the previous paragraph our
multi-scale approach couples transport within
particles and on cell level using the same transport theory in the electrolyte on both scales.
Thereby, we are able to follow the redistribution
of sulfur species from cathode particles, through
the separator, to the anode surface. This intrinsically provides a description of the polysulfide
shuttle. 22 Inclusion of side reactions on the anode surface (see Fig. 1) reduces the coulombic
efficiency and battery capacity. Close to the anode surface we also calculate the volume fraction
of solid discharge products. Their passivating
effect is discussed in Sec. 3.1.2.
The governing equations summarized in Table S2
are implemented and solved in Matlab on a standard desktop computer. Using the discretization
given in Table S1 the simulation time for 10 consecutive charge/discharge cycles is around 2-4
hours but strongly depends on the choice of
parameters.

Results

In this section we compare simulation results of
Li-S and Mg-S batteries with the corresponding
experimental data. First, we use charge and
discharge simulations to interpret our measurements and to analyze battery degradation. With
the help of our simulations we postulate the major processes causing capacity fade and identify
differences between the two systems. Furthermore, we investigate the effect of elevated sulfur
loading which demonstrates application of the
model for the development of new materials and
electrode formulations.

3.1

Initial cycle

The simulations use the electrochemical characterization procedures described in section 2.1.
Results of the simulations and experiments in
the initial cycle are presented seperately for Li-S
and Mg-S cells in the paragraphs below.

Parameters Table S3 summarizes transport,
kinetic and thermodynamic parameters. The
list of parameters is considerable and, where applicable, we use data from the literature in order
to reduce the number of unknowns determined
by fitting experimental data.
Transport parameters of the sulfur species are
taken from the work of Kumaresan et al. 27 and
diffusion coefficients of the Li and Mg salts are
chosen to reproduce conductivity data in the
literature. 28–31
Parameters for side reactions at the anode are
adopted from our previous work 21 with minor
adjustments. Note, that the adjustments merely
improve model predictions of the capacity fade
and do not qualitatively change results of our
previous publication (cf. Fig. S2).
In this work we focus the model calibration on
kinetic and thermodynamic parameters of chemical and electrochemical reactions at the cathode
such that the simulated charge and discharge
curves reproduce the experimental data.
The corresponding sources of all model parameters are also given in Table S3.

3.1.1

Li-S cell

Electrochemical characterization Fig. 2
a) compares simulated (lines) and measured
(symbols) charge and discharge curves in the
initial cycle. In general we can report good
qualitative agreement between measurements
and simulations. During discharge the transition between the first and second plateau is
poorly represented in our simulations. This is
due to the reduced reaction mechanism which
neglects intermediate discharge products. Additional reaction steps will lead to a smoother
transition, 32 however, increases computational
complexity. The small dip at the beginning of
the second plateau is due to the nucleation of
Li2 S and subsequent precipitation.
Both the experiments and the simulations show
two voltage plateaus during battery charge. Despite our reduced reaction mechanism the simulations very well reproduce the transition between the plateaus.
Concentration and phase distribution
Fig. 3 a) and b) show the average concentration of dissolved species and volume fractions
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Figure 2: Charge and discharge curves of a) Li-S and b) Mg-S batteries in the 1st cycle at C/10 rate. Simulations
and experiments are represented by lines and crosses, respectively.

of solid phases during the first cycle. The distance along the x-axis is given from the cathode
current collector to the separator by the color
code introduced in Fig. 1 of the different lines.
Generally, we see minor gradients in species
concentrations between particle and cell scale
due to the rather low current density. Therefore,
we provide only average concentrations in the
cathode and at the anode surface. Additional
concentration distributions highlighting concentration differences between particle and cell
level can be found in Fig. S4.
The temporal evolution of species concentrations in Fig. 3 a) are key to understand the
processes taking place during discharge and
charge, as well as the resulting features in the
cell voltage. During the upper plateau of the
(l)
discharge curve, dissolved S8 is reduced, which
increases the concentration of S2−
4 . At the same
(l)
time the concentration of dissolved S8 remains
nearly constant at about 19 mol/m3 , which
corresponds to the assumed solubility limit of
(s)
S8 . Due to the dissolution of sulfur clusters,
the sulfur surface area and, thus, the dissolution
rate decreases. At around 2 hours reduction
(l)
of dissolved S8 is not sufficient to supply the
applied current density. After this point S2−
4
is reduced to S2− which can be recognized by
the short increase in S2− concentration. At the
same time this leads to a drop of the potential
to the lower plateau.

Already shortly after the beginning of the reduction to S2− the concentration drops again due
to the precipitation of Li2 S. The drop in concentration also causes an increase in potential,
which results in the well-known feature in the
cell voltage sometimes referred to as nucleation
dip.
As mentioned above concentration gradients in
the electrolyte are minor and anode concentrations generally follow the concentrations in the
cathode. Only the S2− concentration is slightly
higher at the anode. This is caused by the side
reactions of polysulfides at the metal surface.
This effect favors a continuous, although very
slow growth of solid Li2 S at the anode. Note,
that we also observe an increased precipitation
of Li2 S in the particles compared to precipitation on the particle surface despite rather similar
concentrations (cf. Fig. S4). This interesting
behavior is described in detail in Sec. 3.4.
During charging of the cell, the processes described above take place in reverse order. Due
to the polysulfide shuttle and the corresponding
reduction of polysulfides on the lithium surface,
the charge process takes longer than discharge
at the same C-rate. This effect reduces the
coulombic efficiency of the cells. However, at
the end of the charge process most of the solid
sulfur can be found within cathode particles.
Only Li2 S which precipitates at the anode can
not be dissolved again and causes an irreversible
6
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Figure 3: a) average concentration inside cathode particles (solid lines) and at the anode surface (dashed lines).
The color code of the cathode concentrations relates to the color legend as introduced in Fig. 1 on the x-axis of Fig.
1. The anode concentration given by the orange region in Fig. 1 is given by the dashed orange line. b) the first two
panels show the volume fractions during the first cycle of a Li-S battery in the cathode domain. The solid blue and
red lines indicate the phase distribution inside the particles and on the particle surface following the color coding
introduced in Fig. 1. The lower panel shows the volume fraction at the anode (cf. orange region of Fig. 1) of the cell
model. The vertical dotted line denotes the transition from discharge to charge.

capacity loss.
One aspect, which will receive more attention
in the paragraphs below, is the concentration
gradient along the x-axis caused by the polysulfide shuttle. This gradient has a direct effect on
dissolution and deposition processes in the cell
and will be discussed in detail in Sections 3.3
and 3.4.
3.1.2

is some debate if formation of solid phases, in
particular MgS or MgS2 occurs in Mg-S batteries. 23,33 Our simulations demonstrate that
formation of solid discharge products is possible
despite the missing characteristic feature in the
cell voltage. Precipitation of other polysulfide
species such as MgS4 has not been reported
in the literature. We will discuss this effect in
more detail in the paragraph below.
In comparison to our previous work 21 the position of the second plateau is in qualitative
agreement with the experimental data. Based
on our storage experiments at OCV we determined an equilibrium potential of the second
plateau to around 1.1 V. During the C/10 discharge the cell voltage is lower in the second
plateau indicating a significant overpotential
due to sluggish kinetics of the electrochemical
reactions. In our simulations we take this effect
into account by using a low frequency factor for
corresponding reactions.
Again, the voltage step between the upper and
lower plateau is much more pronounced in our
simulations compared to the experiments. Still,
the length and the voltage of the two plateaus,

Mg-S cell

Electrochemical characterization Fig. 2
b) shows the experimental and simulated charge
and discharge curves of Mg-S batteries. Typically only half of the theoretical capacity is
reached during discharge of Mg-S batteries.
This capcaity loss can be perfectly reproduced
in our simulations by including the effects of
the polysulfide shuttle mechanism.
In the Mg-S battery simulations we model nucleation and growth of solid phases in the same
way as in Li-S batteries. Still, we do not see a
feature in the cell voltage at the beginning of the
second plateau. This is in qualitative agreement
with the experiments where this nucleation dip
also cannot be observed. In the literature there
7

as well as the overall discharge capacity, are in
good agreement with the experimental data.
During battery charge the differences between
experiments and simulations are much more
distinct. As a result, we do not reach the voltage
level at which the experiment switches from CC
to CV. To be able to reproduce the experiment
as accurately as possible, we switch in our simulations to CV operation (dashed line) after
reaching the highest voltage. This procedure
is also used in the further course. Additionally,
we include simulations with a constant current
(CC) protocol (solid line) in Fig. 2 b)
However, this indicates that the reactions during
charge are much slower compared to discharge,
which might be attributed to the formation of
solid degradation products or additional side
reactions. This is also in line with one of our
previous studies on the polysulfide shuttle in
Li-S batteries. 22 Another possibility is the passivation of the Mg surface due to solid reaction
products or the desolvation of Mg-ions during
plating. We investigate this process at the end
of this section.

During the upper discharge plateau we observe
higher S2− concentrations which are identical at
the anode and cathode. In this stage reduction
to S2− occurs only by side reactions at the anode
surface. Even before the cell voltage drops to
the lower plateau we see a minimum in S2−
concentration due to the precipitation of MgS.
The complex concentration evolution of S2− can
be explained by nucleation and growth kinetics,
which was described in detail in our previous
publication. 21
In contrast to the Li-S system, the major amount
of MgS precipitates uniformly in the particles
and on the particle surface during the lower
plateau. A detailed analysis is given in Sec.
3.4. At the anode the fast kinetics of the side
reactions cause a much stronger precipitation
of MgS compared to Li2 S in the Li-S battery.
While in the upper plateau the concentration of
S2− in the cathode and at the anode are similar,
differences can be seen in the lower plateau.
This can be explained by the consumption of
S2− due to fast precipitation of MgS at the
anode causing a relatively thick film on the Mg
surface.
During charge the parasitic side reactions prevent hardly any oxidation of polysulfide species
at the cathode. This process, eventually causing the infinite charging phenomenon, can be
explained by analyzing the concentrations and
volume fractions. Continuous reduction of dissolved polysulfides on the Mg surface causes
a constant precipitation of MgS at the anode.
As discussed above for the Li-S system, this
causes irreversible loss of active material. On
the other hand, concentrations of longer polysulfides build up very slowly. Therefore, only a
(s)
small amount of S8 precipitates in the cathode.
Fig. S5 shows the volume fractions of S8 in even
more detail. However, in contrast to the Li-S
system, this precipitation occurs uniformly in
the particles and on the particle surface (see
Sec. 3.3). After 8 hours of CV phase the cell
is still not fully charged. In our simulations we
still see a relevant concentration of S2−
4 species,
as well as some residual MgS in the cathode.
Similar to Li-S batteries we see small concentration gradients for all species across the
cell thickness causing a redistribution of sulfur

Concentration and phase distribution
Fig. 4 a) and b) show the concentrations of
dissolved species and volume fractions of solid
phases in the initial cycle. During discharge
(l)
qualitative trends of S8 and S2−
4 concentrations
are very similar to Li-S batteries discussed in
Section 3.1.1. Although the S2−
4 concentration
is slightly higher in the Mg-S battery the order
of magnitude is quite similar. In the literature
solubility data of polysulfides is relatively scare.
However, in some sources solubilities of up to
250 mol/m3 are reported. This is close to values simulated here and as discussed above our
concentrations are representative for several
longer polysulfides. Therefore, we are not able
to draw a final conclusion on the precipitation
of intermediate species along the reaction chain
and neglect any precipitation. Nevertheless,
in the supporting information in Sec. 8, we
address this issue and highlight possible effects.
However, the S2− concentration clearly shows
different behavior, which can be explained by
the much more pronounced polysulfide shuttle.
8
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Figure 4: a) average concentrations inside cathode particles (solid lines) and at the anode surface (dashed lines).
The color gradient of the cathode concentrations relates to the color gradient on the x-axis of Fig. 1. Similarly, the
anode concentration of the orange region of Fig. 1 is shown. b) the first two panels show the volume fractions during
the first cycle of a Li-S battery within the cathode for the particle and cell model as described in Sec. 2.2. The lower
panel shows the volume fraction at the anode (see orange region of Fig. 1) of the cell model. The vertical dotted line
denotes the transition from discharge to charge.

species. A more detailed discussion of this effect
is given in the following sections.

side products are insulating materials. Therefore, the formation of solid phases passivates
the metal surface. To correlate the simulated
volume fractions with the active surface area
we provide here a first phenomenological model
considering the passivation of the magnesium
surface by MgS. 14 Note, that this blocking layer
of MgS can be regarded as representative for
the effect of other insulating side products on
the Mg metal surface. This phenomenological
expression is based on our previous work 22

Anode passivation As outlined above the
anode is of central importance for Me-S systems. While limiting processes in the cathode
definitely deserve more research, several sources
in the literature report that the low coulombic
efficiency of the cells can be mainly attributed
to the anode kinetics. 24,34 Therfore, a detailed
model for anode processes is needed, especially
for Mg based battery chemistries. 35,36 Chadwick
et al. 37 are the first to report a continuum model
for plating and stripping of Mg. They found
a symmetry factor for the reaction of only 0.1
resulting in preferential stripping of Mg. This
observation is in line with generally higher overpotentials during battery charge. However, in
our simulations adjusting α had only a minor effect on the charging voltage. The corresponding
results can be found in Fig. S3. This indicates that the sulfur species on the electrode
surface amplify kinetic limitations during battery charge. This is in line with experimental
data in the literature. 4,5,8
It is generally accepted that MgS and other

!

f (εMgS ) =

εMgS,block − εMgS
,
εMgS,block

(1)

where εMgS,block and εMgS,solid are the limiting
and simulated volume fraction of MgS, respectively. Typically, the maximum distance for
electron tunneling corresponding to a limiting
film thicknes is in most materials around 2-3 nm.
This is also in line with studies on various SEI
materials in lithium based batteries. 13 Therfore,
we can safely assume passivation of the surface
if the thickness exceeds 4 nm corresponding to 9
layers of MgS molecules. 38 The volume fraction
of MgS can be converted to a layer thickness
taking into account surface roughness and ho9

respectively. Moreover, advanced models to
study the processes on the Mg metal surface
need to be developed which is also in the focus
of our activities. 39
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we also study the cycling behavior of Li-S and
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Figure 5: Influence of a blocking anode surface with
different values for εblock of equation 1.

mogeneity of the deposits. For a uniform film on
a perfectly smooth surface the limiting volume
fration in our simulations is εblock = 8 · 10−4 .
To investigate the effect of inhomogeneous deposits and increasing surface roughness due to
plating and stripping of Mg we perform charging simulations with different limiting volume
fractions εblock . A sumary of the results can be
found in Fig. 5.
Generally, we see only a minor influence of
the anode passivation on the discharge capacity.
Similarly, for εblock larger than 0.18 the passivation of the surface area has barely any effect
on the charge process. However, with decreasing limiting volume fraction the cell voltage
reaches the upper cut-off voltage at 2.6V and
the charge process continues with the CV phase.
At very small εblock the cell voltage immediately
jumps to 2.6V and we can report qualitative
agreement with the experimental data given by
blue crosses in Fig. 5. This indicates that εblock
between 0.06 to 0.08 is a suitable range for this
phenomenological parameter. Below εblock =0.06
charging of the battery at C/10 is not possible
due to complete passivation of the surface.
Note, that the parameter range discussed above
is around two orders of magnitude larger than
the estimated limiting volume fraction for uniform deposits on a smooth surface. This indicates that it is important to study the morphology of the Mg surface, including the structural
properties of the deposits, the surface roughness,
and partial surface activation or deactivation,

3.2.1

Li-S cell

Fig. 6 a) shows simulated discharge curves of
the first 10 cycles of a Li-S battery. The simulated loss in capacity over 10 cycles is in good
agreement with the experimental data. Our
simulations confirm that the anticipated loss of
active sulfur from the cathode in an irreversible
precipitation reaction of Li2 S at the anode surface can be one reason for the capacity fading.
The increasing volume fractions of Li2 S on the
anode surface is shown in Fig. 7 a). The precipitation of the solid phase ist almost continuous
during discharge and charge. It only stops at
the very end of the charging process when all
sulfur species are almost completely oxidized. In
this case the side reactions at the anode are too
slow to supply a significant amount of S2− . This
leads to a slow but almost continuous growth of
Li2 S on the anode surface resulting in a moderate capacity fade during cycling.
Interestingly the length of the first plateau is
almost constant while the length of the second
plateau gradually decreases. Our simulations
suggest that the stability of the first plateau is
due to a redistribution of active sulfur within
the cathode towards the current collector. This
effect results in a suppression of the polysulfide
shuttle during the first plateau. However, it
should be mentioned that the upper plateau in
the first cycle of our experiments is somewhat
shorter compared to the following cycles. Most
10

(a)

(b)

Figure 6: Comparison of experimental and simulated discharge behavior at C/10. Every second discharge from 1st
to 10th is shown for representative a) Li-S and b) Mg-S cells.

likely the battery has not been completely equilibrated after the short rest period of only one
hour following cell assembly. The redistribution
of active sulfur is discussed in more detail in
section 3.3.
3.2.2

in the model, whereby species belonging to the
upper plateau are formed directly during charge,
whereas species of the lower plateau are formed
first in the experiment.
However, an important reason for the dramatic
loss of capacity from first to second cycle is
the incomplete re-oxidation of sulfur during
charge due to the pronounced polysulfide shuttle. The corrsponding concentration profiles are
discussed in Section 3.1. This causes qualitatively different kinetics for the formation of solid
degradation products on the metal surface in LiS and Mg-S batteries, respectively (cf. Fig. 7).
While we simulate a slow but continuous growth
of Li2 S in Li-S batteries, our simulations predict a rapid irreversible growth of MgS during
the first cycle in Mg-S batteries. In subsequent
cycles the average volume fraction is rather constant around 0.3 and we see only minor growth
during discharge and dissolution during charge.
Since there is no continuous growth of the film
on the anode, as in the case of the Li-S battery, it is clear why a rapid drop in capacity
is only observed between the first and second
cycle. Further loss of capacity due to growth
of MgS on the anode is at least not observed in
the simulations. However, it is very likely that
further, albeit greatly reduced, precipitation of
MgS occurs in the experiment providing another
explanation for the continuous loss of capacity.
Furthermore, in comparison to the Li-S system

Mg-S cell

For the Mg-S system the discharge curves of the
first 10 cycles are shown in Fig. 6 b). Again,
some agreement can be seen between the simulation and the experiment. However, it is not as
good as with the Li-S system shown previously.
While the rapid drop in capacity between the
first and second cycle is well reproduced, other
features cannot be represented by the model. In
the experiment, the capacity continues to decrease after the second cycle, albeit at a much
slower rate. In the simulations the discharge
capacity stabalizes and we observe only minor
capacity fade. The change in the shape of the
discharge curve, which can be seen in the experiment, is also not reproduced by the model. One
plausible explanation is that in the experiment
the fast polysulfide shuttle suppresses the formation of any solid sulfur which is still observed to
some extent in our simulations. Therefore, the
upper plateau is very short before it vanishes
completely. On the one hand, side reactions not
described by the model may be responsible for
this. However, it is also possible that the reason
for this is the simplified reaction pathway used
11
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Figure 7: Comparison of the solid discharge product Li2 S and MgS at the Anode. a) Li2 S and b) MgS. The shaded
areas show the discharge phases whereas the unshaded areas show the charging phases.

the length of the first plateau also decreases after the first cycle. Although a redistribution of
sulfur takes place in a similar way as in the Li-S
system, this is not sufficient to compensate the
polysulfide shuttle. This effect is also discussed
in more detail in Section 3.3.

3.3

rent collector after recharging the battery. The
reason for this, is the aforementioned concentration gradient of dissolved polysulfides due to
an external current as shown in Fig. 3. Higher
polysulfide concentrations close to the cathode
current collector favor the inhomogeneous precipitation of sulfur.
As a result the average diffusion length of residual polysulfide species increases during cycling.
As indicated above this effect mitigates the polysulfide shuttle. Still, we observe a reduction of
the average sulfur volume fraction within cathode particles which becomes pronounced after
the fifth cycle. This increased utilization of sulfur compensates the capacity loss due to the
precipitation at the anode and leads to a stable
length of the first plateau. With increasing cycle
number we expect that the precipitation on the
anode will also reduce the first plateau. The
exponential growth of Li2 S on the anode surface
as seen in Fig. 7 a) also points in this direction.
Another interesting observation is that our
model predicts negligible precipitation of S8 on
the particle surface as seen in Figure 8 b). This
is due to the incomplete utilization of sulfur
during discharge. In our model the growth of
existing sulfur clusters is favored compared to
nucleation of new clusters on the carbon matrix.
This effectively suppresses the precipitation of
sulfur on the particle surface. Therefore, the
solid sulfur confined within the particle pores

Sulfur redistribution

In addition to the formation of solid phases
on the anode surface, the polysulfide shuttle
also affects the local composition and electrolyte
concentrations in the cathode. In particular, we
discuss in this section the spatial redistribution
of active sulfur in the cathode and its impact
on electrochemical performance and cycle life.
3.3.1

Li-S cell

As shown in Fig. 6 a) the length of the first
plateau of the Li-S battery discharge curve remains the same during cycling while the overall
discharge capacity decreases. Fig. 8 a) and b)
show the spatial distribution of the simulated
volume fraction of solid sulfur in the cathode
along the x-axis in the particles and on the
particle surfaces, respectively. Starting with a
homogeneous distribution throughout the electrode the simulations predict a redistribution
of sulfur during battery charge. As shown in
Fig. 8 a) we observe higher volume fractions of
sulfur within particles close to the cathode cur12
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Figure 8: Comparison of simulated volume fractions of S8 . a) and b) show the volume fractions inside (blue line in
Fig. 1) and on the particle surfaces (red line in Fig. 1) of the Li-S system and c) and d) show the volume fractions
inside and on the particle surfaces of the Mg-S system, respectively. The solid red line indicates the average volume
fraction at the beginning of discharge. Distances are given from the cathode current collector along the x-axis in
direction of the separator. The shaded areas show the discharge phases whereas the unshaded areas show the charging
phases.

contributes to the long term stability of the Li-S
cell.
3.3.2

small amount of S8 is able to form. This contributes to the strong capacity fading during
cycling as discussed in 3.2.
Similar to the Li-S system our simulations predict a redistribution of solid sulfur as a result of
the concentration gradient of dissolved polysulfide species.
Another distinctive difference between Li-S and
Mg-S cells is the formation of sulfur on the particle surface. Due to the full dissolution of sulfur
within the particles as seen in Fig. 8 c) no
peferential nucleation sites remain inside particle micropores. Therefore, we see comparable
volume fractions in the particles and on their

Mg-S cell

Fig. 8 c) and d) show the simulated distribution
of solid sulfur volume fraction of solid sulfur in
the cathode particles and on the particle surfaces in a Mg-S battery. The most important
information in Fig. 8 c) is the rapid loss of
sulfur to the macroscopic pore space and the
very low sulfur precipitation within particles
during charge. The polysulfide shuttle prevents
re-oxidation of sulfur during charge and only a
13

surface as shown in Fig. 8 c) and d). Note, that
precipitation on the surface of the particles is increasing in the first cycles before the polysulfide
shuttle consumes an increasing share of the sulfur inventory. Analoguos to the inhomogeneous
sulfur distribution in x-direction within the particles we observe that mainly sulfur close to the
separator contributes to this loss mechanism.
In order to provide a better picture for the redistribution we calculate the corresponding layer
thickness of sulfur for some simulated volume
fractions in the particles and on the particle
surface. For example, at the beginning of the
first cycle, when all S8 is in the pores of the
particles, the thickness of a uniform layer in the
pores is about 1 nm. At the beginning of the
second discharge, however, the layer thickness
in the particles is only around 0.05 nm. On the
particle surfaces, in contrast, a layer thickness
of up to 10 nm of solid sulfur forms after a few
cycles. However, in the experiments sulfur particles form instead of uniform sulfur layers 40 if
non uniform morphologies or particles are observed. Therefore, the expected particle sizes
are larger than the thickness of uniform layers
calculated here. 32

3.4

particles and on the particle surfaces it is apparent, that most of the Li2 S indeed precipitates
inside the particles. The dissolution of sulfur,
also during the second plateau, provides a continuous supply of dissolved polysulfides inside
the particles. The polysulfides are reduced directly within the particles and precipitate on the
walls of the micropores. Therefore, only smaller
amounts of polysulfides are able to leave the
particles, reducing the precipitation of Li2 S on
the particle surface.
Additionally, we observe an inhomogeneous precipitation of Li2 S on the particle surface (cf. Fig.
9 b)). The polysulfide shuttle provides a continuous supply of S2− from the anode surface
as shown for the first cycle in Fig. 3 a). Even
at the beginning of charge the amount of Li2 S
increases near the separator due to polysulfides
from the anode. During the first discharge this
supply causes a higher amount of Li2 S in the
cathode particles and on the particle surfaces
near the separator.
3.4.2

The distribution of discharge products in Mg-S
cells is very different compared to the distributions in Li-S cells discussed above. The volume
fractions of MgS inside the particles and on the
particle surfaces are shown Fig. 9 c) and d),
respectively. Due to the fast dissolution of sulfur there is no comparable mechanism which
promotes MgS precipitation inside the particles.
Therefore, we observe almost the same average
amount of MgS inside the particles and on particle surfaces during discharge. Moreover, since
the side reactions on the anode surface consume
a significant share of the active sulfur, the overall amount of MgS also reduces. Almost no
precipitation of MgS is visible after the fourth
cycle.
Additionally, our simulations predict a significant spatial gradient of MgS along the x-axis.
This gradient, however, is opposite to the gradient of Li2 S observed in Li-S batteries. This is
due to the fast consumption of S2− in the side
reactions at the Mg surface. Consequently, we
observe lower S2− concentrations at the anode
current collector than in the cathode (cf. Fig.

Discharge product distribution

To reduce the shuttle effect a precipitation of
discharge products inside the particles is preferable. In our study we do not use functionalized
materials and we do not expect preferential nucleation sites within the cathode or even within
cathode particles. Therefore, the formation of
precipitate depends only on the solubility and
distribution of dissolved polysulfides. As already
discussed in section 3.3 the concentration of polysulfides is strongly influenced by the polysulfide
shuttle and the effect on spatial distribution of
discharge products will be discussed below.
3.4.1

Mg-S cell

Li-S cell

Fig. 9 a) and b) show the simulated volume
fractions of Li2 S inside cathode particles and on
the particle surface, respectively. By comparing
the average volume fraction of Li2 S inside the
14
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Figure 9: Comparison of the solid discharge product Li2 S and MgS. a) Li2 S inside the particles (blue line in Fig.
1), b) Li2 S on the particle surfaces (red line in Fig. 1), c) MgS inside the particles d) MgS on the particle surfaces.
The red solid line indicates the average volume fraction at the end of discharge. Distances are given from the cathode
current collector along the x-axis in direction of the separator. The shaded areas show the discharge phases whereas
the unshaded areas show the charging phases.

4 a)). This causes a flux of S2− to the anode
and higher MgS volume fractions close to the
cathode current collector.

3.5

mercialization we increase the sulfur loading in
our simulations from 0.75 mg cm−2 to 1.5 mg
cm−2 . Although this is a significant increase in
sulfur loading we have to mention that at least 3
mg cm−2 are needed to be competitive to Li-Ion
batteries.
The particles of the carbon materials in our
studies exhibit a porosity of 80 vol-%. The
sulfur volume fraction of 20 vol-% corresponds
to the aformentioned sulfur loading of 0.75 mg
cm−2 . Theoretically, this leaves room for much
higher sulfur concentrations within the particles.
Since the energy density is crucial for practical
applications we increase the sulfur loading in
our simulations to 40 vol-% on particle level

Increased sulfur loading

The motivation of our work is to provide theoretical tools for the development and commercialization of Me-S batteries. Therefore, we want
to bridge the gap between cells used in research
and academia and design targets for commercialization. An important parameter for the
commercialization of Me-S batteries is the sulfur loading of the composite cathode. In order
to provide predictions for cells closer to com15

this effect. Fig. S6 shows that even with an
increased sulfur loading, complete dissolution of
the sulfur takes place in our simulations.
However, this advantage reduces in subsequent
cycles. Still, it is important to notice that higher
sulfur loadings do not seem to have a negative
effect on the cycle life. This is a promising first
result for the upscaling of the technology since
the corresponding volumetric capacities of electrodes with high sulfur loadings outperform the
electrodes with lower sulfur content (cf. Fig.
10). Future studies in novel electrolyte systems
will be performed to shed some more light in
this topic.
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Figure 10: Comparison of the first 10 cycles of a simulated Mg-S battery with a sulfur loading of 40 vol% to
the simulation results with a sulfur loading of about 20
vol%.

4
corresponding to our design target of 1.5 mg
cm−2 . The thickness of the cathode remains
unchanged.
Fig. 10 shows the first ten cycles charge and
discharge curves of a Mg-S battery with a loading of 1.5 mg cm−2 . Simulation results of our
standard setup are also included as dashed line
for reference. In the simulations the external
currents are adjusted to the sulfur loading and
in both cases we use a C/10 rate.
Due to the higher currents the cell voltage is
a few mVs lower in the cell with higher sulfur
loading. An increased sulfur loading would also
lead to a lower electrical conductivity and thus
increase the overvoltage. Interestingly, the capacity in the first cycles even increases showing
a beneficial effect of higher sulfur loadings and
corresponding currents.
The reason for the initial increase in discharge
capacity is that the increase in sulfur reduces
the electrolyte volume. Therefore, during discharge, concentrations of dissolved species increase faster, resulting in earlier precipitation of
MgS and thus increased nucleation seeds. This
leads to a suppression of the shuttle effect. It can
also be assumed that the higher currents compared to the lower loading help to suppress the
shuttle effect. It is also possible that higher sulfur loading leads to more nucleation sites during
cycling due to incomplete dissolution. However,
at least in our simulations, we did not observe

Conclusion

Me-S batteries are promising candidates for the
next generation of batteries. We want to contribute to this development by providing advanced models for analysis of electrochemical
measurements and design of new electrode and
cell geometries.
In our modeling framework for Li-S and MgS batteries we explicitly take into account the
polysulfide shuttle including side reactions at
the anode surface. By comparing to experimental data we are able to demonstrate qualitative
agreement between simulations and measurements of Li-S and Mg-S batteries within the
first 10 cycles.
In a next step we use our model to analyze the
charge and discharge process. Our simulations
indicate that side reactions and the formation of
passivating films on the Mg surface in Mg-S batteries cause large overpotentials during charge.
We provide a first phenomenological model for
surface passivation to investigate this effect. The
results show that more sophisticated models and
surface analysis are needed to resolve the origin
of the extremely high overpotentials. 6,14,30,33,34
Furthermore, we investigated the redistribution
of sulfur species during cycling. In Li-S batteries we found that undissolved sulfur, which is
undesirable due to lower capacities, can act as
precipitation center during charge and improves
the cycle life of the battery.
In agreement with our previous study we con16

clude that side reactions are dominant in Mg-S
batteries with Mg(HMDS)2 -AlCl3 electrolytes
and cause very poor cycling stability. Specifically, we see that infiltrated sulfur rapidly leaves
the host structure and causes significant film
growth on the Mg surface. Moreoever, the polysulfide shuttle prevents complete oxidation of
sulfur species in the electrolyte during charge.
Finally, we demonstrate application of our model
for the development of sulfur-carbon composite
cathodes with suitable sulfur loadings for commercial applications. Our simulations indicate
that higher sulfur loadings might actually be
beneficial for the capacity density of Mg-S cells
without compromising the cycle life. Still, the
capacity decay in our simulations is significant
and the sulfur loading is still too low for most
applications. Improvements from material to
cell level are needed to make Mg-S batteries
competitive with state-of-the-art battery technologies.
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