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A B S T R A C T

Lithium sulfur batteries (Li–S) have reached a growing interest in the research and industrial sector as reliable 
candidate as post-Lithium-ion batteries, due to their high theoretical specific capacity and the low cost involving 
the supply chain. However, their practical implementation faces several challenges due to the intrinsic 
complexity of a system based on conversion chemistry and the presence of dissolved active species in the 
electrolyte. In this work it is reported the effect of limited mass transport on reversible and irreversible capacity 
loss in a 1D framework. A parametric analysis was performed on different cases related to lithium diffusivity 
within the electrolyte, focusing not only on short- and long-term capacity but also on its effects on the potential 
curves and on the structural evolution of the cathode. The model has been proven able to simulate the experi
mentally observed consequences of shuttling, highlighting the necessity to look towards a common ground for 
the future optimization of Li–S batteries.

1. Introduction

Rechargeable batteries are a key technology enabling energy storage 
for many applications, since they can: accelerate the shift towards sus
tainable and smart mobility; help supply clean, affordable, and secure 
energy and mobilize industry for a cleaner, circular economy including 
full life cycle assessment (LCA). On the other side, it must be considered 
that LIBs are gradually approaching their theoretical energy-density 
limit, which is determined by intrinsic intercalation chemistry, after 
decades of improvements on all battery components and packing engi
neering. The interest is now focused on high-capacity electrodes to 
pursue higher energy density, as lithium anodes, sulfur, and oxygen 
cathodes. As sulfur is a very low cost and highly available resource, 
Lithium–sulfur batteries (Li–S) highlight a promising next generation 
energy storage system because of the large theoretical gravimetric en
ergy density of 2600[Whkg− 1] and volumetric energy density of 2800 
[WhL− 1] [1]. Li–S provides a multielectron redox couple at the sulfur 
cathode and therefore guarantees the large increase in discharge ca
pacity in comparison to intercalation systems. The high theoretical 
specific capacity of Li–S batteries arises from the multistep redox 
conversion reaction (S8 + 16 Li++16 e− → 8 Li2S(s)) that involves a 
series of “solid–liquid–solid” reactions: the long and complicated 

reduction reactions can be divided into two main steps with the 
respective voltage plateaus being located at 2.3 and 2.1 V versus Li+/Li. 
The first step is related to the conversion of solid S8 to liquid polysulfide 
intermediates (S8

2− , S6
2− , and S4

2− ) with a theoretical capacity of 419 
[mAhg− 1] according to the four electrons transferred per S8. The other 
step is the formation of final insulating products Li2S(s), which contrib
utes to a theoretical capacity of 1256[mAhg− 1] according to the 12 
electrons transferred per S8 [2,3]. The sluggish redox kinetics of multiple 
polysulfide solid/liquid conversion reactions present several dynamic 
challenges, and the unwanted shuttling of lithium polysulfides (LiPSs) 
intermediates makes it extremely difficult to achieve both high sulfur 
utilization and high cyclability and rate ability. It has been well estab
lished that the conversion from solid S8(s) to liquid polysulfide in
termediates (Li2Sx, 4 ≤ x ≤ 8) is a relatively easy process because of the 
low activation energy. Nevertheless, the subsequent liquid to solid Li2S2 

(s)/Li2S(s) reactions requires a much higher activation energy, and the 
solid-to-solid conversion of Li2S2(s) to Li2S(s) is the rate-determining step 
in sulfur chemistry [4,5].

However, the most critical issue of Li–S system is related to LiPSs 
dissolution. On one hand, dissolution of LiPSs is beneficial to achieve full 
active-material utilization because new bulk sulfur can be continuously 
exposed to the electrolyte and participate in the reaction. On the other 
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hand, the dissolved long chain polysulfides can diffuse out of the cath
ode and migrate towards the anode, where they directly react with 
metallic lithium creating nonconductive and insoluble Li2S(s) precipitate 
on its surface. This process is known as “polysulfides shuttle effect”, 
which results in both anode corrosion and irreversible loss of active 
material, with consequent low-capacity retention and low Coulombic 
efficiency. Moreover, during cell resting, sulfur reacts directly with 
lithium ions in the electrolyte producing soluble lithium polysulfides 
with consequent self-discharge of the cell. The relatively short cycle life, 
compared with conventional Li-ion technology, has its source in the use 
of a lithium metal-based negative electrode, especially in combination 
with highly reactive polysulfides.

Modeling can be a valuable tool for the future development of Li–S 
batteries, allowing for rapid and straightforward investigations without 
the time-consuming and costly experimental setup and control proced
ures. As mentioned above, LiS battery cells' chemistry is quite different 
from the typical Li-ion cells' chemistry, therefore, a new modeling 
approach must be followed. Y. V. Mikhaylik and J. R. Akridge published 
in 2004 one of the first article on mathematical models for charging- 
discharging of Li–S batteries [6]; in their zero dimensional (0D) 
model the reduction of sulfur was divided into two steps, corresponding 
respectively for the high and low voltage plateau, and employing 
Nernst-Planck equation. Their model precisely predicts the impact of 
shuttle on the cell. Indeed, as the current applied decreases or the shuttle 
phenomena become more relevant, the sulfur is not fully oxidized and 
therefore the cell will never be fully charged. However, the discharge 
profiles obtained did not accurately replicate the typical Li–S evolution, 
indicating that a single reaction for the high plateau is insufficient to 
fully represent the cell's electrochemistry. Moreover, the model over
looks the activation overpotential and the electrolyte's conductivity 
dependence on the ionic species' concentration, both of which influence 
the cell's voltage. Marinescu et al. [7] proposed an alternative 0D model 
for the assessment of the shuttle effect in their study, still based on a two- 
reaction scheme with an irreversible loss of active material expressed by 
a dimensionless loss rate. In Marinescu's model, the sulfur loss is not 
solely determined by the shuttle rate or dissolved sulfur, but also by the 
sulfur that has already been shuttled, effectively accounting for the 
aging effect on the cell's performance, thus accounting for an active 
sulfur loss, without specifying a particular location. A successive step on 
continuum modeling of shuttling was made by Kamyab et al. in 2020 
[8], which introduces a chemical approach to describe shuttling as 
source for irreversible losses. The model was developed in a one- 
dimensional (1D) framework, therefore allowing us to implement also 
mass transport limitations in the study. Kamyab model was able to 
provide a persistent capacity decay and an overall wider understanding 
of polysulfides shuttling. Nevertheless, the model was limited to a few 
cycles number and it oversimplifies the description of shuttling. At first, 
the reaction was treated as bulk reaction, which is instead limited at the 
anode/electrolyte interphase; furthermore, the reduction of polysulfides 
at the anode does not account the gradual formation of lower order 
polysulfides but assumes immediate losses, therefore neglecting poten
tial consequences on the concentration unbalance of the dissolved 
species.

Another benchmark for Li–S modeling was made by Kumaresan 
et al. [9] by developing the first 1D model. The model considers four 
different precipitated polysulfide species (n = 2, 4, 6, 8) and relies upon 
a five-step reaction scheme for sulfur reduction. These elements function 
as sinks and sources to describe the spatiotemporal variations in ionic 
species concentrations. The model successfully replicates the voltage 
profiles of Li–S batteries, capturing the key features. However, as 
Ghaznavi and Chen [10] have reported, it is not suitable for simulating 
the charging portion of the batteries due to the low saturation concen
tration of lithium polysulfide, even though it incorporates reversible 
terms. Zhang et al. [11] proved by coupling modeling and experimental 
activity that the 1D model developed by Kumaresan et al. underestimate 
the effect of limited diffusion kinetics as source of reversible losses. The 

model qualitatively aligns with experimental results; indeed, it can 
explain the decline in low-plateau capacity at high discharge rates. The 
slower diffusion of the polysulfides, coupled with the effect of Li+

diffusivity on the electrolyte potential, generates a significant driving 
force that pushes them away from the cathode, leading to accumulation 
inside the separator.

In this study, it is presented a 1D model developed using COMSOL 
Multiphysics to understand the role of limited mass transport kinetics as 
source of both reversible and irreversible losses. The model simulates 
four different scenarios of Li+ diffusivity to investigate its role on the 
polysulfides behavior and how it affects the performance on both short 
and long terms performances. Shuttling was described as a chemical 
irreversible reaction consisting of a series of reduction steps until a 
permanent deposition of lithium polysulfides at the anode/separator 
interface occurs. The adopted approach guarantees a more accurate 
description of the shuttling phenomenon, achieving good agreement 
with experimental observations reported in the literature. Moreover, it 
represents one of the few models reported to date that can simulate an 
extensive number of cycles under different operating conditions, 
thereby allowing a direct comparison between experimental and 
modeling results and providing a robust setup for future improvements 
in the field of Lithium Sulfur batteries.

2. Model development

The model is based on the porous electrode theory. The electrode is 
treated as a continuum domain where the ionic and electric transport 
processes occur in a porous framework, depending on the discharge/ 
charge state. The electrochemical activity of the dissolved species is 
described using Butler-Volmer equation, meanwhile the transport pro
cess is controlled by Nerst-Plank equations. The mass and charge bal
ance equation were solved in a 1D time-dependent domain, consisting of 
a porous cathode and separator, meanwhile the Li-metal anode is treated 
as a single point boundary, able to guarantee an endless amount of Li+

[8,10–12] The used framework allows to simulate the evolution of each 
dissolved species within the computational domain and their distribu
tion in a given time point. It was opted for an ideal dissolution 
description of the electrolyte, therefore the electric conductivity of the 
electrolyte is not negatively impacted by the Li+ concentration, differ
ently as it was discussed and proved by Zhang et al. [13]. The assump
tion of ideal electrolyte behavior therefore represents a simplification 
compared to more specific studies reported in the literature [14,15], 
where, depending on the ether type of solvent and sulfur to electrolyte 
ratio, significant variations during the single cycle can be observed. 
However, this assumption is motivated by the purpose of providing a 
general framework that is not restricted to a specific solvent system. 
Furthermore, incorporating modifications to the mass transport equa
tions to account for the evolution of ionic conductivity would increase 
the computational cost without guaranteeing numerical stability over 
long simulation cycles. Indeed, as reported in the literature, studies 
focusing on long-term cycling commonly adopt a simplified description 
of the electrolyte, as do investigations specifically addressing mass 
transport limitations [6–8,10,11]. For the model development, only the 
shuttling of polysulfides has been considered as source for all the irre
versible capacity losses. Shuttling was limited only during the charging 
phase, as during this step, the progressive buildup of high-order poly
sulfides within the electrolyte generates a concentration gradient that 
drives their diffusion from the cathode towards the anode. Upon 
reaching the lithium metal surface, these species are reduced due to the 
low electrochemical potential of lithium. Therefore, in agreement with 
previous studies, both experimental and modeling, reported in the 
literature [7,8,16–18], it was decided to limit shuttling at the charging 
step. Nevertheless, the model set up is still suitable to study shuttling on 
both charge and discharge. The reduction of dissolved polysulfides due 
to shuttling is confined at the anode/separator interphase and it is fol
lowed by an irreversible precipitation of Li2S(s). It was implemented a 
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pure chemical description [7,8,17], where the reduction rate is depen
dent on a fixed constant ks, so called shuttle constant, and the concen
tration of each polysulfide species at the interface with the Li-metal 
anode. The model set up was limited to 50 galvanostatic cycles at a fixed 
current intensity of 0.05C, without any rest between each cycle. 
Nevertheless, the model can be extended to a larger number of cycles, 
but in this study, it was limited at 50 cycles to minimize computational 
cost. An implicit solver was employed, using a backward differentiation 
formula, BDF, method for time integration. The resulting nonlinear 
system was solved via an automatically controlled Newton-Raphson 
scheme, with a minimum admissible damping factor of 10− 8.

2.1. Electrochemical/chemical frameworks

During discharge, the solid sulfur is gradually dissolved inside the 
electrolyte into S8(l) to be then electrochemically reduced following a 
cascade towards lower order polysulfides, therefore the reference initial 
concentration of S8(l) is controlled by the solubility limit reported in 
Table 3. Several reaction schemes can be used to describe the electro
chemical conversion of sulfur, accounting for both accuracy and 
simplicity; at first it was assumed that the solid S8(s) volume fraction 
does not contribute to any electrochemical reaction, meanwhile the 
S8(l) dissolved inside the electrolyte is reduced according to the 
following scheme [8,9]: 

1
2
S8(l) ↔

1
2
S2−

8 (1) 

3
2
S2−

8 ↔ 2S2−
6 (2) 

S2−
6 ↔

3
2
S2−

4 (3) 

1
2
S2−

4 ↔ S2−
2 (4) 

1
2
S2−

2 ↔ S2− (5) 

Two reaction approaches are widely used for its simplicity and less 
input parameters needed. However, a five reduction description was 
followed to guarantee a microscale description of the sulfur electro
chemical activity allows to going deeper in the conversion chemistry 
that characterized lithium sulfur battery [2]. During discharge at the 
anode side, Li metal is oxidized according to eq. 6: 

Li ↔ Li+ + e− (6) 

Lithium sulfur performances are dependent not only on the electro
chemical activity of the dissolved polysulfides, but also on non-faradaic 
reactions. Starting from S8(s) dissolution, during discharge the concen
tration of S8(l) is governed by its electrochemical reduction at the carbon- 
electrolyte interphase, and from the gradual dissolution of solid sulfur: 

S8(s) ↔ S8(l) (7) 

Theoretically, it's needed to account for the solubility limit of each 
dissolved polysulfides, as their precipitation leads to the deposition of an 
electric insulating solid phase on the cathode surface. However, in most 
studies, both experimental and modeling [7,13,19–21], only Li2S(s) is 
considered as the predominant precipitated products in system using 
ether based solvent, which formation follows the equation below: 

2Li+ + S2− ↔ Li2S(s) (8) 

2.2. Governing equations

The material balance for each single dissolved species inside the 
computational domain is controlled by the transport process inside the 

separator and the porous cathode. Meanwhile electrochemical and non- 
faradaic reactions act as sink/source terms. The separator domain is 
referred to with the subscript m = sep meanwhile the cathode with the 
subscript m = cat. The material balance is therefore summarized as 
follows: 

d(εmCi)

dt
= − ∇ • Ni + ri +Ri (9) 

where Ri derives from non-faradaic reaction, ri represents the contri
bution given by electrochemical activity meanwhile: 

ri = a
∑ si,jij

njF
(10) 

εm is the porosity fraction inside the domain m, meanwhile Ci stands 
for the concentration of each dependent variable inside the electrolyte. 
The flux of each dissolved species, in agreement with the dilute solution 
theory, is dependent on the corrective diffusive coefficient, Di,m,eff , the 
charge number of each species, zi,and the liquid phase potential φl: 

Ni,m = − Di,m,eff
dCi

dx
−

ziDi,m,eff

RT
FCi

dφl

dx
(11) 

The effective diffusion coefficient Di,m,eff of the species i is expressed 
as function of the porosity of the domain m, following the Bruggeman 
expression: 

Di,m,eff = Di,m,0*εb
m (12) 

Although the experimental Bruggeman coefficient b is extrapolated 
assuming diffusion in an isotropic spheric domain, which does not fit the 
actual porous structure of the sulfur‑carbon cathode [11]. The transport 
properties and the reference concentration for each dissolved species 
have been taken from literature [11] and reported in Table 1

2.3. Kinetics and equilibrium potential

Butler-Volmer equation is used to define the current density for the 
individual electrochemical reaction j at the solid/liquid interface: 

ij = i0,ref*

{
∏

i

(
Ci

Cref
i

)pi,j

exp
(

αa,jF
RT

nj

)

−
∏

i

(
Ci

Cref
i

)qi,j

exp
(
− αc,jF

RT
nj

)}

(13) 

The overpotential for each electrochemical reaction is calculated as 
follows: 

nj = φs − φl − Uj,ref (14) 

Concerning the open circuit voltage, the Nernst voltage equations are 
implemented, accounting for the concentration of each dissolved species 
Ci involved in the electrochemical reaction j with respect to the refer
ence concentration, corrected with the factor 1000 to move from moles 
per liter to moles per unit: 

Uj,ref = U0
j −

RT
njF
∑

i
si,jln

[ ci,ref

1000

]
(15) 

Table 1 
Transport properties and Reference concentrations [11].

Specie (i) zi Di,0
[
m2s− 1] Ci,ref

[
mol m− 3]

Li+ 1 0.88e-11 1001
A− 1 -1 3.5e-12 1000
S8(l) 0 0.88e-11 19
S2−

8 − 2 3.5e-12 0.18
S2−

6 − 2 3.5e-12 0.32
S2−

4 − 2 1.75e-12 0.02
S2−

2 − 2 0.88e-12 5.23e-6
S2− − 2 0.88e-12 8.27e-8
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According to equation, the total liquid-phase current density il, is 
dependent on both liquid phase potential and concentrations: 

il = F
∑

I
ziNi (16) 

Meanwhile, the solid-phase charge transfer, is, inside the porous 
cathode domain is defined by the Ohm's Law, with the major assumption 
of a constant electric conductivity through cycling: 

is = − σ∇φs (17) 

The following equation is used to guarantee the exchange of current 
inside the liquid phase only through electrochemical reaction: 

∇il = a
∑

j
ij (18) 

where a stands for the specific surface area of the cathode, corrected as 
function of the empirical parameters ξ and for the available interface 
between the electrolyte and the conductive network, as it is assumed 
that both the precipitated S8(s) and Li2S(s) are not electrochemical 
conductive: 

a = ao

(
εcat

εcat,o

)ξ

(19) 

Lastly, the charge conservation inside the porous electrode, which 
means that the charge leaving a phase must be compensated, as follows 
(Table 2): 

∇ • is = ∇ • il (20) 

2.4. Kinetic for non-faradaic reaction

As mentioned above, during discharge S8(s) is gradually dissolved 
into S8(l), and soluble polysulfides inside the electrolyte. The kinetic 
description of such reaction should be able to account the reversible 
nature of the process and so describe both dissolution and precipitation. 
Therefore it was decided to implement the approach employed by 
Kamyab et al. in their model [8]: 

RS8(s) = kS8(s)εS8(s)

(
CS8(s) − Ksp,S8

)
+ 1*10− 10kS8(s)

CS8(l)

εS8(s)

(21) 

As mentioned above, it was considered only Li2S(s) as unsolvable 
products derived from polysulfides reduction: 

RLi2S(s) = kLi2S(s) εLi2S(s)

(
[CLi+ ]

2
[
[CS2− ] − Ksp,Li2S

)
(22) 

As a result of precipitation and dissolution processes arising from 
non-Faradaic reactions, the structure of both the cathode and the 
separator evolve over time. This structural evolution is reflected in 
changes in porosity, whose time derivative within the domain m can be 
expressed as: 

dεm

dt
= −

∑
VkRk (23) 

2.5. Modeling polysulfide shuttling

Shuttling can be summarized as a degradation process based on the 
diffusion of polysulfides towards the anode, the dissolved species can be 
then gradually reduced until the last oxidation state. At this point, or 
they can precipitate on the anode surface, leading to a degradation of the 
interphase or diffusing back towards the cathode, decreasing the 
coulombic efficiency. During charge, the Li-metal anode acts as a sink 
point, forming an unfavorable concentration gradient, which contrib
utes to the Fick diffusion of the polysulfides. At the same time, the 
migration contribution, which is related to the electrolyte potential, acts 
in the opposite direction, generating a driving force towards the cath
ode. Experimentally, shuttling is observed as an irreversible capacity 
decay coupled with a deviation from ideal coulombic efficiency. The 
model framework was developed trying to provide a qualitative 
description of shuttling, aiming to a monotonic irreversible capacity 
decay and a reduction of the coulombic efficiency dependent on time. 
Therefore, shuttling was described as a chemical reaction using the same 
scheme to model the electrochemical activity of polysulfides and Li- 
metal. The reaction rate for shuttling is assumed to be proportional to 
a time constant ks, which for the model was chosen arbitrarily, and the 
concentration of polysulfide at the anode-electrolyte interface, CSi . The 
equations set up is reported below. 

Rs,i = kS
[
CSi

]
(1 − θ)e− θ (24) 

The variable θ is a dimensionless variable, which expresses the 
irreversible Li2S(s) precipitated on the Li-metal surface. As polysulfides 
are consumed at the anode/electrolyte interface, an unsolvable and non- 
electrochemical active layer is deposited on the surface, limiting further 
reduction. The purpose of implementing such formulation to describe 
shuttling is to describe a non-linear, monotonic decrease in capacity 
followed by stabilization. Each chemical reaction acts as both sink and 
source for the individual polysulfides until the last reduction state, S2− , 
which precipitation on the surface was assumed irreversible, following a 
similar approach employed by K. Yoo et al. [17]: 

RLi2S(l) = kLi2S(s)

(
[CLi+ ]

2
[
[CS2− ]

)
(25) 

dθ
dt

=
RLi2S(l)

1[molm− 3]
(26) 

where l is referring to the lost Li2S(s), precipitated at the anode surface, 
and considered as irreversibly lost.

2.6. Boundary conditions

2.6.1. Cathode/current collector interface
The cathode current collector stands as physical barrier for the 

diffusion of the dissolved species, therefore the flux of each species i 
must be set equal to zero at this point: 

Ni|x=lsep+lpos
= 0 (27) 

Furthermore, the current at the interface is imposed equal to the 
external current density applied and it's carried out only by the solid 
phase, therefore the liquid-phase current is equal to zero: 

is|x=lsep+lpos
= Iapp (28) 

il|x=lsep+lpos
= 0 (29) 

2.6.2. Separator/cathode interface
Concerning the mass transport side of the model, at the interface 

between the separator and the cathode, the continuity of the flux for 
each species dissolved inside the electrolyte has to be guaranteed: 

Table 2 
Kinetic and thermodynamic properties [11].

Reaction (j) ij,0,ref
[
A m− 2] Ej,0,ref [V]

1 2 2.41
2 5e-2 2.35
3 5e-2 2.23
4 2e-4 2.03
5 2e-6 2.01
6 0.5 0
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Ni,sep|x=lsep
= Ni,cat|x=lsep

(27) 

Meanwhile, the current at the interface is carried out by the liquid 
phase and, as it was done for the flux, has to be set the continuity be
tween each domain. Therefore, the solid current is imposed equal to 
zero: 

il,sep|x=lsep
= il,cat|x=lsep

(28) 

is|x=lsep
= 0 (29) 

2.6.3. Anode/separator interface
The only active species at the anode/separator interfaces are Li+ ions 

derived from the electrochemical reduction and oxidation from lithium 
metal chip. Therefore, for all the dissolved species, except Li+, the flux is 
set equal to zero. The liquid phase current is related only to Li+ flux, 
meanwhile the solid potential is set to zero: 

Ni|x=0 = 0 (30) 

NLi+|x=0 =
iLi+

F
(31) 

il|x=0 = FN (32) 

φs = 0 (33) 

3. Results and discussion

The purpose of this study is to understand the potential effect of Li+

diffusivity on the performance of Li–S battery, going from single 
discharge to galvanostatic cycling. Therefore, four arbitrary scenarios 
for DLi+ were chosen, all reported in Table 4. The study comprehends a 
wide characterization for different set-up and parametric conditions to 
verify the ability of the model to capture the complex behavior of Li–S 
batteries. Focusing on how polysulfides mass transport and its effects are 
correlated with Li+ diffusion kinetic. The selection of the lithium 
diffusion coefficients DLi+ investigated in this work is based on the wide 
range of values reported in the literature, obtained from both experi
mental measurements, such as cyclic voltammetry, electrochemical 
impedance spectroscopy, and GITT, and from previously developed 
modeling studies [11,12,22–24].

The model was developed based on a Li-ion cell CR2032 with a 
theoretical capacity of 2.01[mAh], which corresponds to a mass of 
active sulfur of 1.2[mg], assuming as counter electrode a lithium metal 
foil and as separator Celgard 2500. All the parameters used for cell ge
ometry and structure are reported in Table 5.

3.1. Li+ diffusivity as source of reversible losses

In lithium‑sulfur batteries, capacity fading arises from a combination 
of reversible and irreversible processes. Reversible losses are typically 
associated with the dissolution of lithium polysulfides, and all that 
comes within a conversion system, where the active species can be easily 
dissolved and move within the electrolyte. Polysulfides can move freely 
between the porous electrode and the separator, therefore they cannot 
be easily confined inside the cathode as they are constantly shifted by 
concentration gradient and electrolyte potential. Leading to marginal
ized residual material inside non electrochemical active region. 
Although the intensity of these reversible losses, as the material can still 
be recovered in future cycle, can change significantly depending on the 
properties of the system and the condition at which is subjected. 
Therefore, here is conducted a sensitivity analysis on the effect of Li+

diffusivity on reversible losses, accounting both for voltage and specific 
capacity.

The presence of active dissolved materials that can migrate freely 
inside the electrolyte is what causes shuttling. In essence, shuttling 
causes irreversible active material losses coupled with the degradation 
of the anode/electrolyte interphase, leading to both capacity decay and 
polarization losses. However, as pointed out by Zhang in his paper on 
reversible losses in Li–S batteries [11]. The mass transport process 
involving the diffusion of polysulfides is not only responsible for irre
versible capacity losses, but also for a limited sulfur utilization, espe
cially at high current intensity [10,25,26]. Zhang proved that the major 
kinetic limitations with Li–S batteries are not purely related to elec
trochemical activity but rather dependent on the mass transport of the 
dissolved species. In the ideal case, polysulfides should be trapped 
within the porous cathode domain without the possibility to diffuse 
towards anode. However, in a real case polysulfides are constantly 
shifted between the cathode and separator, and their distribution is 
dependent on concentration gradient and migration. During discharge, 
polysulfides are produced inside the cathode due to the electrochemical 
reduction of sulfur, creating a concentration gradient that is unbalanced 
with respect to the separator, allowing their diffusion according to Fick's 
law. However, this imbalance is not persistent during discharge and 
changes depending on the state of discharge (SOD). In parallel, a second 
contribution to mass transport is generated by electrolyte potential, in 
particular the potential gradient within the electrolyte. As the poly
sulfides are negatively charged species, they lean towards higher po
tential, and this behavior is responsible for migration contribution in the 

Table 3 
Precipitation kinetics parameters [8,11].

Precipitate (k) Rate constant(kk) Solubility product
(
ksp,k

)
Molar volume Vk

[
m3mol− 1

]

S8(s) 5[s− 1] 19[molm− 3] 256.56
Li2S(s) 1e-4

[
m6mol2s− 1

]
1e5[mol3m− 9

]
45.95

Table 4 
Li+ diffusivity case study [11,12,22–24].

Scenario DLi+
[
m2s− 1]

1st 0.88e − 10
2nd 0.88e − 11
3rd 0.88e − 12
4th 0.44e − 12

Table 5 
Geometrical parameters [11].

Parameter Value

lsep 25e − 6 [m]

lpos 20e − 6 [m]

A 1.76e-4 [m2]

av 1e5 [m− 1]

εS8 ,sep 1e − 7 [− ]
εS8 ,cat 0.14 [ − ]

εLi2S,sep 1e − 7 [ − ]

εLi2S,cat 1e − 7 [ − ]

ε0,sep 0.55 [ − ]

ε0,cat 0.7 [ − ]

σ 1 [Sm− 1]
ξ 1.5
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Nernst-Planck equation.
Galvanostatic discharge was modelled, at different constant current, 

going from to 0.1C, 0.5C and 1C with a cut-off voltage of 1.8[V], to 
provide a wider understanding on how a limited lithium diffusivity can 
play a role on sulfur utilization. All the four-case scenario for Li+

diffusivity were taken in consideration to understand how the several 
order magnitudes can actually influence the final performance at 
different current intensities. Hence in Fig. 1a,c and e are reported the 
comparison of the voltage profile vs. specific capacity at 0.1C,0.5C and 
1C, which correspond respectively to a current density of 1.192, 5.96 
and 11.92[Acm− 2]. Firstly, the model is able to reproduce the typical 
discharge behavior of a Li–S battery, regardless of the current intensity 
applied, consisting of two distinct plateau and a supersaturation point in 
between, label for clearness, with the first voltage plateau associated to 
the reduction of long chain polysulfides and the second with 

intermediate and short. In the case of low applied current, as shown in 
Fig. 1a corresponding to a rate of 0.1C, the effect of lithium diffusivity on 
the discharge profiles is marginal. The delivered capacities nearly 
matched each other, with no remarkable differences observed along the 
discharge, except for a more pronounced polarization in the case of 
lower lithium diffusivity in the second plateau. For a more compre
hensive analysis, the distribution of the electric potential of the elec
trolyte within the separator is also reported in Fig. 1b, d, and f. As can be 
observed the lower lithium diffusivity of lithium leads to a more pro
nounced electrolyte polarization, which consequently affects the 
migration term in the mass transport equations. At intermediate C-rates, 
such as 0.5C, differences in both the discharge profiles and the delivered 
capacity can be noticed. While cases 1st and 2nd, characterized by 
higher diffusivity, still show an overlapping profile, a reduction in 
lithium diffusivity by one order of magnitude results in a capacity loss of 

Fig. 1. Understanding the effect DLi+ on reversible capacity losses at different current intensity: a,c,e) Voltage profile vs Specific Capacity respectively at 0.1,0.5 and 
1C. b,d,f) Electrolyte potential profile vs length inside the separator at 25% SOD[%] respectively at 0.1,0.5 and 1C.
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approximately 100[mAhg− 1], meanwhile for the lowest diffusivity case, 
this reduction exceeds 200[mAhg− 1]. This capacity loss primarily affects 
the second plateau, thus involving intermediate and short chain poly
sulfides, while a strong electrolyte polarization induced by the higher 
applied current is still observed, leading to higher potential losses. In 
contrast, during the first plateau, the main difference is associated with a 
voltage drop that causes a noticeable shift in the dissolution of solid 
sulfur and the subsequent formation of long-chain polysulfides. At 
higher current rates, such as 1C, Fig. 1e and f, the role of lithium 
diffusivity becomes dominant in determining sulfur utilization. In these 
conditions, the delivered capacity is nearly reduced by half compared to 
cases with more favorable transport properties, with the reduction 
affecting both discharge plateaus. This behavior is further analysed in 
Fig. 2, where the evolution of intermediate polysulfide species (S2−

4 ) is 

reported for both the cathode and the separator. A slower Li+ diffusivity 
therefore corresponds to a reduction of sulfur utilization, leading to a 
limited capacity, introducing the so-called reversible losses.

The reason behind the reduction of the delivered capacity is related 
to the inhomogeneous distribution of active dissolved species within the 
computational domain. In Fig. 2 is reported the evolution vs. SOD[%] of 
the average concentration[molm− 3] of S2−

4 inside the cathode and the 
separator [11,24]. It was chosen S2−

4 as it is an intermediate polysulfide 
present during both the first and second plateau. Fig. 2a, c, and e, cor
responding to current rates of 0.1C, 0.5C, and 1C, respectively, report 
the evolution of species concentrations within the cathode during 
discharge for all the four cases under investigation. Consistently with the 
discharge profiles, lithium diffusivity does not play a significant role at 
low current rates. Indeed, the concentration profiles largely overlap. The 

Fig. 2. Understanding the effect DLi+ on reversible capacity losses at different current intensity a,c,e) Average S2−
4 concentration inside the cathode vs SOD 

respectively at 0.1,0.5 and 1C. b,d,e) Average S2−
4 concentration inside the separator vs SOD respectively at 0.1,0.5 and 1C.
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higher sulfur utilization at low currents, corresponding to an increased 
specific capacity, is correlated by a negligible residual amount of poly
sulfides inside the separator at the end of discharge. During discharge, 
the combined effect of concentration gradients and electrolyte potential 
gradients governs the mass transport behavior of dissolved polysulfides 
[11]. Due to their negative charge, polysulfides tend to migrate towards 
regions of higher electric potential leading to their accumulation within 
the separator. As for system with lower Li+ diffusivity, in order to 
maintain the overall electroneutrality of the electrolyte, polysulfides 
migrate to compensate for the localized accumulation of lithium ions. 
Subsequently during discharge, the concentration gradient reverses, 
driving polysulfides back towards the cathode, by Fick diffusion, to 
complete their electrochemical reduction. As the applied current in
creases, the reduction in delivered capacity can be directly correlated 
with the corresponding concentration profiles. The effect of lithium 

diffusivity leads to both a progressive decrease in concentration levels 
and a shift towards higher states of discharge. This behavior will be 
further discussed in Fig. 3, where the evolution of solid-phase fractions 
are analysed as a function of current intensity and lithium diffusivity. A 
crucial observation is the increasing amount of intermediate chain 
polysulfides remaining inside the separator at the end of discharge as the 
current rises. Although this polysulfides are not irreversibly lost and 
remain, in principle, electrochemically active, they could not be 
exploited due to kinetic limitations associated with reduced lithium 
diffusivity. In particular, at 1C, Fig. 2f, the residual polysulfides con
centration in the lowest diffusivity case is approximately four times 
higher than in kinetically favorable conditions, leading to what can be 
described as reversible capacity losses.

The model framework also allows us to investigate how the Li+

diffusivity can impact on the dissolution of S8(s) and the precipitation of 

Fig. 3. Understanding the role of DLi+ on non faradaic reaction: a,c,e) Solid fraction profile vs SOD, left y-axis S8 right y-axis Li2S, respectively at 0.1,0.5 and 1C. b,d, 
f) Li2S(s) distribution vs length inside the cathode at the end of discharge respectively at 01,0.5 and 1C.
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Li2S(s). Indeed, as severally reported in literature through modeling 
studies [10,27,28], the performance of Li–S batteries are dependent 
also on non-faradaic reactions, which have a distinct kinetic in com
parison to the electrochemical activity of dissolving polysulfides. Li2S(s) 
has been discussed to play a critical role on both short- and long-term 
performance. Facilitating the precipitation of S2− polysulfides within 
the cathode domain could be beneficial not only to exploit more sulfur 
but also to limit the concentration inside the electrode, reducing the 
losses for shuttling and also reducing potential losses [13,26,29,30]. In 
agreement with the results previously reported in Figs. 1 and 2, at low 
current densities the effect of lithium diffusivity is marginal on the 
deposition and dissolution kinetics. Under these conditions, the profiles 
nearly overlap, indicating a negligible role played by transport limita
tions. As the current density increases, the dissolution reaction of sulfur 
with respect to the state of discharge becomes progressively slower, 
leading to a shift in the complete dissolution to values beyond 20% of 
SOD, becoming more relevant as the diffusivity on Li+ is hindered, 
justifying the shift in concentration reported in Fig. 2. Moreover, despite 
a comparable average solid fraction of Li2S(s) deposited within the 
cathode structure, Fig. 3b shows that, when moving towards systems 
characterized by lower lithium diffusivity, therefore limiting the 
possible amount of available Li+ within the cathode, a less homogeneous 
distribution of the precipitate within the cathode matrix is observed, and 
this become more remarked as the current rate increases Fig. 3d and f. A 
similar behavior was reported by Ghaznavi and Chen in their study on 
the rate constant for Li2S(s) [12]. Their model predicted that the porous 
cathode leans towards a more uniform structure at the end of discharge 
when the set-up shifts towards faster kinetics. Thus process is typical of 
conversion system such as Li–S batteries where electrochemical process 
and faradaic reaction are interconnected, and so are involved phenom
ena with different kinetic [12,26]. However, a more pronounced effect is 
observed on Li2S(s) deposition with an increase of the current intensity. 
Where, by moving towards higher current and system with lower Li+

diffusivity, there is compressive reduction of the total amount of Li2S(s) 
precipitated within the cathode structure. A reduction of the precipitate 
leads to an increased accumulation of short chain polysulfides. As ter
minal reaction products, these species induce a shift in the equilibrium 
potentials, resulting in enhanced polarization of the system, as evi
denced by the discharge profiles in Fig. 1. For the system with lowest 
diffusivity, the evolution of the distribution and peak intensities is 
clearly non-linear. At 0.1C, the system exhibits overall homogeneous 
deposition with a relatively higher amount of precipitate closer to the 
cathode-separator interphase. At 0.5C, although the total deposited 
amount decreases, more localized and intense peaks emerge. Finally, at 
1C, the peak intensity becomes comparable to the 0.1C case, but with 

markedly stronger spatial inhomogeneities. These phenomena also 
impact the morphological properties of the cathode. Indeed, the depo
sition process is accompanied by a reduction in porosity, which in turn 
deteriorates transport kinetics. Consequently, the relationship between 
diffusion and these processes is not simply proportional. For complete
ness, the evolution of the effective diffusion coefficient, corrected ac
cording to Eq. (12), is reported in the Supporting Information.

3.2. Shuttle implementation in the model and sensitivity analysis

Before starting to investigate the effect of Li+ diffusivity on long 
cycle performance, it is important to verify that the framework used is 
able to capture the major effect of shuttling: a) a monotonic source of 
irreversible capacity losses and b) reduction of coulombic efficiency. 
Shuttling is a time dependent process, increasing the charging or 
enhancing the reaction time provides more time to the polysulfides to 
diffuse towards the anode and so facilitating the irreversible capacity 
decay. Similarly, by enhancing the degradation reaction, for a given 
time the corresponding effect on the voltage profile will be amplified 
[6,16,17]. To verify the accuracy of the model, in Fig. 4a a parameter 
analysis, performed by discharging and charging the cell with the same 
current intensity of 0.1C, is reported. The purpose is to investigate the 
effect of the shuttling constant ks during charge, expecting a gradual 
increase of the charging time with constant use. As expected, the ca
pacity needed to fully recharge the cell increases with ks, until the 
theoretical threshold is exceeded. However, interestingly a non-linear 
behavior is present. As mentioned above, during charge the migration 
field drives the polysulfides towards the cathode to be recovered, 
meanwhile the anode acts as sink. As the kinetic constant increases, the 
polysulfides losses are enhanced, strengthening the concentration 
unbalancing, and so limiting the migration effect.

Furthermore, the cell was galvanostatic discharged until the voltage 
cut-off of 1.8[V] at a constant current of 0.1C to be then immediately 
charged without any rest time in between until a voltage cut-off of 2.6 
[V] was reached at four different current intensity to investigate the rate 
dependency of shuttling. A wide range of charging current density was 
chosen to verify the capability of the model to capture the effect of 
charging time. In summary, were used current density J of 
0.358,0.596,1.192 and 2.384[Am− 2] were used, corresponding respec
tively to a current rate of 0.03,0.05,0.1 and 0.2C. During charge, the first 
noticeable difference is the shift of the plateau as the current increases, 
leading to a gradual increase of the voltage and a visual over- 
polarization. The model used a dilute description for the electrolyte 
properties, therefore the plateau shift can be justified to an increase of 
the activation current, and so electrochemical limitations. The charging 

Fig. 4. Parameter analysis on shuttling, using 2nd case of DLi+ : a) Charge and discharge Voltage profile vs specific capacity at 0.1C with different shuttle constant 
ks[s− 1] b) Charge and discharge Voltage profile vs specific capacity at different current intensity, using ks = 1e-9[s− 1].
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plateau starts to gradually stretch as the current intensity decreases, 
until at 0.03C, which corresponds to a current density J of 0.358[Am− 2], 
the specific capacity needed exceeds the theoretical one. In the approach 
followed, shuttling is described as a chemical reaction with a defined 
kinetic constant. By decreasing the charging current, the diffusion of 
polysulfides, which is a significantly slower process in comparison to 
electrochemical activity is facilitated. Allowing higher concentration 
towards the anode, corresponding to higher losses and limited 
coulombic efficiency.

In parallel with single charge-discharge studies performed over an 
individual cycle; the setup was used under continuous cycling in order to 
assess the model sensitivity over a larger number of cycles. Specifically, 
galvanostatic cycling was carried out without rest periods at a current 
rate of 0.05C, corresponding to a current density J of 0.596[Am− 2], for a 
total of 15 cycles. This operating current was chosen to match the time 
dependent scale of shuttling. As shown in Fig. 5a, in the case of low 
reaction kinetic constants, even at very low current intensities, condi
tions that would typically enhance the shuttling effect, the resulting 
capacity retention profiles remain relatively flat. This behavior arises 
from, as discussed in the previous section, reversible losses become 
significant at higher current intensities. However, in the range of a 
shuttling constant ks between 10− 10and 10− 9, more pronounced differ
ences begin to emerge, also coupled with the evolution of the coulombic 
efficiency. In particular, for the case study with a kinetic constant of 5×

10− 9, a substantial capacity loss is already evident from the first cycle. 
This loss remains significant but gradually decreases over subsequent 
cycles. This trend reflects a progressive reduction of the active lithium 
surface area available for further reactions. This interpretation is further 
supported by the evolution of the parameter θ, as reported in Fig. 5c, 

where the marked differences in orders of magnitude are consistent with 
the predicted trends in both capacity retention and coulombic efficiency.

Overall, the framework used provides a valid and accurate descrip
tion of shuttling, in accordance with the available literature, being able 
to capture its dependence on the charging time and its role on limiting 
the coulombic efficiency.

3.3. Long cycle studies on Li+ diffusivity and irreversible capacity losses

The model was constantly galvanostatic charged and discharged at a 
constant current of 0.05C to investigate the role of Li+ diffusivity on the 
irreversible decay generated by shuttling. As explained above, given the 
time dependency of shuttling, it was chosen a small current to reduce the 
contribution of reversible capacity losses [11]. In Fig. 6a is reported the 
comparison for the specific capacity evolution vs the number of cycles 
between all the cases under analysis, coupled also with the coulombic 
efficiency. Meanwhile, in Fig. 6b is also reported the evolution of the 
factor θ to describe the gradual degradation of the anode-electrolyte 
interphase and provide a more accurate look on the irreversible losses. 
It is also reported for a better understanding that the comparison be
tween charge and discharge capacity for each single case under study, 
and also in Table 6 are reported the initial and final values, coupled also 
with the absolute and relative losses.

The diffusivity of Li+ does not play a significant role in the capacity 
delivered at small current intensity, as discussed above, indeed the 
difference at the beginning is minimal, with all the four cases almost 
overlapping. The kinetic mismatch between diffusion and electro
chemical activity is enhanced at higher currents, leading to the intro
duction of so-called reversible losses. Vice versa, at lower current 

Fig. 5. Sensitivity analysis on the role of shuttling constant, ks, using 2nd case of DLi+ , using a current rate of 0.05C: a) Specific capacity vs number cycles b) 
Coulumbic efficiency vs number c) θ irreversible losses vs number cycles, y-axis in log scale.
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intensity the polysulfide has more time to diffuse back guaranteeing a 
higher sulfur utilization. However, the capacity decay becomes more 
predominant as the diffusivity of Li+ increases, as was also reported by F. 
Lama and his colleagues in an experimental study on diffusional features 
of microporous carbon [22]. Proving that shuttling is not only deter
mined by the time available for the parasitic reaction to occur, but also 

on the mass transport behavior of the dissolved species. Indeed, simi
larly to what happens during discharge, the slower Li+ diffusivity causes 
stronger potential gradient within the electrolyte, enhancing migration, 
which facilitates the trapped polysulfides in the separator to diffuse 
towards the cathode. A slow Li+ diffusivity reduces irreversible losses 
and also guarantees a higher coulombic efficiency, as can be observed in 
Fig. 6b, in systems characterized by high lithium diffusivity, a variation 
of one order of magnitude does not lead to any significant difference in 
performance. In contrast, when moving towards lower orders of 
magnitude, while still remaining within the same diffusivity range, a 
noticeable difference emerges in the amount of lithium polysulfides 
irreversibly deposited at the interface. This accumulation directly con
tributes to the degradation of the lithium metal anode, leading to a 
progressive reduction of the active charge-transfer interface. As a 
consequence, increased interfacial resistance arises, ultimately resulting 

Fig. 6. Comparison specific capacity evolution using ks = 1e-9[s− 1] at constant current rate of 0.05 a) Discharge specific capacity and coulombic efficiency vs 
number of cycles b) θ irreversible losses vs number cycles, y-axis in log scale c) Discharge, Charge and coulombic efficiency vs number of cycles 1st case of DLi+ d) 
Discharge, Charge and coulombic efficiency vs number of cycles 2nd case of DLi+ e) Discharge, Charge and coulombic efficiency vs number of cycles 3rd case of DLi+ f) 
Discharge, Charge and coulombic efficiency vs number of cycles 4th case of DLi+.

Table 6 
Long cycling comparison.

Case 1st cycle [mAhg− 1] 50th cycle [mAhg− 1] ΔQ [mAhg− 1] ΔQ [%]

1st 1467.9 1315.3 152.6 10.39
2nd 1467.8 1322.3 145.5 9.89
3rd 1467 1322.4 144.6 9.85
4th 1465.8 1328.5 137.3 9.36
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in more pronounced overpotentials during cell operation. Beyond the 
work of Lama and co-workers, the role of lithium diffusivity emerges as a 
crucial factor in the engineering of electrolytes for Li–S batteries. 
Variations in electrolyte viscosity, in particular, can significantly influ
ence sulfur utilization and overall cell performance. Lower-viscosity 
configurations generally promote higher lithium diffusivity, which en
hances sulfur utilization, especially at high C-rates. Conversely, more 
viscous electrolytes tend to suppress parasitic phenomena, leading to 
improved capacity retention. Indeed, dedicated studies on electrolyte 
systems with varying concentrations of LiTFSI salt have shown that low- 
concentration electrolytes, characterized by higher lithium diffusivity, 
are associated with improved sulfur utilization, particularly under high 
current conditions. On the other hand, increasing the salt concentration 
results in more viscous electrolytes, where the primary benefit lies in 
enhanced capacity retention. This improvement is mainly attributed to 
the mitigation of the shuttling effect, as reduced the mobility of Li+

affecting consequently the migration of soluble polysulfides 
[21,25,31,32].

These findings highlight the intrinsic trade-off between transport 
properties and electrochemical stability: while high diffusivity favours 
reaction kinetics and active material utilization, increased viscosity 
contributes to the stabilization of the system by reducing detrimental 
side reactions.

Fig. 7 shows the concentration of S2−
4 at the anode electrolyte 

interphase during both charge and discharge for the 1st,30th and 50th 
cycle for each case scenario. During discharge, as discussed in detail in 
the previous section, polysulfides are pushed by migration far from the 
cathode in order to compensate for the accumulation of Li+ at the anode- 
electrolyte interphase, and so guarantee the charge neutrality of the 
system. This generates a favorable condition for the accumulation of 
dissolved polysulfides at the Li-metal anode, causing a difference in the 

capacity delivered, as reported in Table 6. Therefore, even at small 
current intensity, the Li+ diffusivity plays a role in the mass transport 
behavior of polysulfides. Meanwhile, the migration contribution facili
tates during charge the prevention from shuttling, limiting their con
centration near the anode, despite a less favorable condition in 
discharge. Reducing shuttling and so guaranteeing at the end a higher 
capacity retention. However, as the number of cycles increases the dif
ference gradually becomes less remarkable, especially during charge. As 
shown in Fig. 6, the capacity decay is not purely linear, indeed the 
specific capacity shows almost a plateau as the number of cycle in
creases. Justifying a mitigation of shuttling effect on the transport pro
cess of polysulfides.

Lastly, in Fig. 8 is reported for each case scenario the voltage vs 
specific capacity profile for the 1st,30th and 50th cycle for each case 
study, which overall show a similar behavior. Regardless of the cycle, all 
the profiles match the one expected from a Li–S batteries, showing two 
distinct plateau and a supersaturation point which decreases intensity 
with the number of cycles. Furthermore, it can be noticed a significant 
over polarization during both charge and discharge, increasing the 
overall voltage hysteresis. Those model predictions are in agreement 
with experimental and modeling studies on shuttling, also reported in
side the supporting information, which predicted or reported an overall 
over polarization with the number of cycles [16,22]. The over polari
zation of the voltage profile follows a similar trend with the capacity 
decay, getting less predominant with the number of cycles. As the 
number of cycles increases, the number of available materials for elec
trochemical activity is reduced, leading to higher activation losses. As 
can be seen, both first and second plateaus are affected by the reduction 
of the capacity delivered, which as shown before becomes less pre
dominant over cycling.

Fig. 7. Comparison point concentration at the anode electrolyte interphase for S2−
4 using ks = 1e-9[s− 1] a) 1st cycle b) 30th Cycle c) 50th Cycle.
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4. Conclusion

The results here discussed proved the ability of the modeling 
framework to supply a wide perspective on the mass transport behavior 
of the dissolved species present in Lithium-Sulfur batteries, extending 
the study for several numbers of cycles in a 1D domain. The model has 
been used to perform a wide parametric analysis on the role of Li+

diffusivity on the transport behavior of polysulfides and its conse
quences on both reversible and irreversible capacity losses, highlighting 
also its effect as source for potential losses, which are crucial in a system 
with such short voltage window. The model's results show that at even 
relative low current intensity, such as 0.5C, a significant reduction of the 
capacity delivered is observable by reducing the diffusivity of Li+, which 
is not dependent on irreversible process but only on the limited diffusion 
of dissolved polysulfides due to the electrolyte potential state. Such 
losses become more predominant as the current rate increases, reducing 
the capacity delivered by almost half at 1C. Furthermore, the model 
allowed to investigate the role of Li+ diffusivity on the structure evo
lution within the cathode structure, crucial in a conversion system as 
Li–S batteries, highlighting overall a reduction of the average solid 
Li2S(s) deposited and a less homogenous distribution, with following 
consequence on the mass transport properties of the dissolved species. 
Proving also the flexibility of the model framework to be used in 
different conditions and set up properties. In this study was provided a 
valid approach for the implementation of shuttling in 1D domain, 
guaranteeing fidelity with experimental studies, capturing the time de
pendencies of such degradation phenomena and its effect on the 
coulombic efficiency. The long cycling analysis proved the positive ef
fect of slow Li+ diffusivity to prevent irreversible capacity losses and 

increase the coulombic efficiency. The migration contribution of poly
sulfides prevents their accumulation at the anode/separator interphase, 
limiting the irreversible losses regardless of the current applied or the 
available time. Proving that at low current intensity, reducing the 
diffusivity of Li+ within the electrolyte can be beneficial to mitigate 
shuttling without reducing significantly the capacity delivered.

Overall, the framework used for the model has been proved an 
interesting approach to describe shuttling, showing how there is not a 
single approach for the future development of Lithium-Sulfur batteries, 
and how its crucial to look for a trade off between single and long-term 
results.
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Appendix A

Table 7 
Acronym/parameter list.

Symbol Physical/value meaning Reference

Ci Concentration of the dissolved species i
Ci,ref Reference concentration of the dissolved species i [11]
ε0,m Initial porosity of domain m [11]
rj Reaction rate for the electrochemical reaction j
Rj Reaction rate for the non-faradaic reaction j
Di,m,eff Effective diffusive coefficient for the species i
Di,m,0 Diffusive coefficient for the species i [11,12,22–24]
σ Cathode electric conductivity [11]
a0 Specific initial active area [11]
Ξ Corrective coefficient specific active area [11]
kS8 Rate constant sulfur dissolution/precipitation [11]
kLi2S Rate constant lithium polysulfide dissolution/precipitation [8]
Ksp,S8 Solubility product sulfur [8,11]
Ksp,Li2S Solubility product lithium polysulfide [8]
VS8 Molar volume sulfur [8,11]
VLi2S Molar volume lithium polysulfide [8,11]
ks Shuttle constant
Uj Equilibrium potential for the electrochemical reaction j
io,ref,j Reference activation current for the electrochemical reaction j [11]
nj Activation overpotential for the electrochemical reaction j
θ Irreversible losses
F Faraday constant
T Temperature
R Gas constant
∝c,a Cathodic/anodic electron transfer [11]
qi,j Butler Volmer anodic transfer coefficient
pi,j Butler Volmer cathodic transfer coefficient
Ni Flux for species i
zi Charge species i [11]
φs Solid phase potential
φl Liquid phase potential

Table 8 
Governing equation.

Equation Number

d(εmCi)

dt
= − ∇ • Ni + ri + Ri

(9)

ri = a
∑ si,j ij

njF
(10)

Ni,k = − Di,m,eff
dCi

dx
−

ziDi,m,eff

RT
FCi

dφl
dx

(11)

Di,m,eff = Di,m,0*εb
m (12)

ij = i0,ref *

{
∏

i

(
Ci

Cref
i

)pi,j

exp
(

αa,jF
RT

nj

)

−
∏

i

(
Ci

Cref
i

)qi,j

exp
(
− αc,jF

RT
nj

)} (13)

nj = φs − φl − Uj,ref (14)

Uj,ref = U0
j −

RT
njF
∑

i
si,j ln

[ ci,ref

1000

] (15)

il = F
∑

I
ziNi (16)

is = − σ∇φs (17)
∇il = a

∑

j
ij (18)

a = ao

(
εcat

εcat,o

)ξ (19)

∇ • is = ∇ • il (20)

RS8(s) = kS8(s) εS8(s)

(
CS8(s) − Ksp,S8

)
+ 1*10− 10kS8(s)

CS8(l)

εS8(s)

(21)

RLi2S(s) = kLi2S(s) εLi2S(s)

(
[CLi+ ]

2[ [CS2−
]
− Ksp,Li2S

)
(22)

(continued on next page)
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Table 8 (continued )

Equation Number

dεm

dt
= −

∑
VkRk

(23)

Rs,i = kS[CSi ](1 − θ)e− θ (24)

RLi2S(l) = kLi2S(s)

(
[CLi+ ]

2[ [CS2−
] ) (25)

dθ
dt

=
RLi2S(l)

1[molm− 3]

(26)

Table 9 
Boundary conditions.

Equation Number

Ni|x=lsep+lpos
= 0 (27)

is|x=lsep+lpos
= Iapp (28)

il|x=lsep+lpos
= 0 (29)

Ni,sep|x=lsep
= Ni,cat|x=lsep

(30)
il,sep|x=lsep

= il,cat|x=lsep
(31)

is|x=lsep
= 0 (32)

Ni|x=0
= 0 (33)

NLi+|x=0
=

iLi+

F
(34)

il|x=0
= FN (35)

φs = 0 (36)

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.est.2026.122660.

Data availability

No data was used for the research described in the article.
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