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A B S T R A C T

In the latest years Lithium sulfur batteries (Li–S) have reached a wide interest in the research field as suitable 
candidate as post Lithium-ion batteries, due to their high theoretical specific capacity and potentially lower cost. 
However, their practical implementation is still hindered by several challenges principally related to the intrinsic 
chemistry of such system. Here is proposed a new modelling approach, a pseudo-one-dimensional (P1D) 
modelling framework is employed to investigate the role of polysulfides transport and precipitation kinetics as 
sources for reversible capacity losses, while guaranteeing low computational cost and avoiding mesh imple
mentation. The model is parameterized on a CR2032 coin cell and validated against experimental discharge data 
over a broad current range, starting from 0.1C up to 1C. The model faithfully reproduces the characteristic two- 
plateau discharge profile and the supersaturation point associated with peak internal resistance. Providing a 
capacity reduction above 250[mAhg− 1], primarily affecting the second voltage plateau, by increasing the current 
rate from 0.1C to 1C. Correlating the accumulation of intermediate polysulfides within the separator at high rates 
to reversible capacity losses, with concentrations up to five times higher compared to lower discharge rates. The 
framework discussed allows also to highlight the relationship between electrolyte viscosity, Li2S(s) precipitation 
kinetics, and internal resistance at different current intensity. Simulating an increase of the internal resistance of 
almost 50%, coupled also with a shift of the peak respect the state of discharge. The results proved the ability of 
the model to describe one of the major issues of lithium sulfur battery highlighting, at microscale level, its 
contribution on the precipitation kinetic, resistivity and its influence on the C-rate.

1. Introduction

In the latest years lithium–sulfur (Li–S) batteries have emerged as 
one of the most promising alternatives to conventional lithium-ion (Li- 
ion) technologies in order to supply a constant growing demand of clean 
and sustainable energy. Their major advantage lies in their exceptionally 
high theoretical energy density, approaching 2500

[
WhKg− 1] [1–4], 

which is significantly higher than that of currently commercially 
available Li-ion cells. The high theoretical energy density of the sulfur 
cathode, 1675

[
mAhg− 1] [5],coupled with a lithium metal anode, makes 

Li–S batteries a serious alternative as light weight energy device, suit
able for aerospace and electric vehicles [6]. Moreover, sulfur (S8) is an 
abundant, inexpensive and environmental friendly material making the 
Li–S chemistry an attractive candidate from both economic and sus
tainability perspectives, with the potential to develop low cost energy 

system exceeding 500[Whkg− 1] [7–9] in the future. However, despite 
their advantages, Li–S batteries face several challenges that have so far 
hindered their commercialization.

The most critical issue is the rapid capacity fading over repeated 
cycles, due to the so-called “shuttle phenomenon”, involving the long 
soluble chain polysulfides which are soluble into the electrolyte and can 
move freely inside the cell, reaching the lithium anode where they can 
reduce and precipitate on top of the electrode surface as insulating 
species, leading to both capacity loss and degradation of the solid 
electrolyte interphase (SEI) [10,11]. Nevertheless, severely advances 
and new approach has been made regarding metal-anode protection 
[12,13]. Furthermore, the conversion chemistry of sulfur cathode leads 
during discharge a volume change up to 80%, with detrimental conse
quence on the conductive matrix and the contact with the current col
lector [14,15]. Lastly both sulfur and its discharge products are electric 
insulators, which can precipitate on the cathode surface, reducing the 
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overall electric conductivity and increasing over polarization.
In the latest years, several efforts have been made to overcome these 

issues, using different carbon matrix, from doped graphene structure 
[16] or 3D porous matrix [17], in order to encapsulate as much as 
possible the sulfur within the cathode structure, reducing shuttling and 
at the same time sulfur utilization.

Regardless of the efforts made, the challenges mentioned above and 
the complex chemistry still represent a significant problem for future 
development and commercialization of Li–S batteries. In this scenario 
continuum modelling has become an essential tool in order to provide a 
wider understating and to accelerate the progress of Li–S batteries 
[18,19]. Inside continuum modelling a microscale approach can be used 
in order to break down each individual reaction step, focusing on the 
kinetic and transport processes that govern Li–S batteries to an 
elementary level, focusing on the kinetic of polysulfides conversion and 
diffusion within the computational domain. Such model scale provides a 
framework for quantifying and predicting the evolution of key species 
within the battery, offering a valuable insight into how design param
eters and operating conditions affect performance and lifetime. One of 
the earliest significant contributions to the theoretical modelling of 
Li–S batteries was proposed by Mikhaylik et al. [20], which developed a 
zero dimensional, 0D or lumped, model that captured the charge and 
discharge characteristics across different current densities, using a 
simplified two reaction scheme. The model qualitative matches the 
typical discharge profile of a Li–S battery, however, underestimate the 
complex chemistry and the kinetic within the cell, such as the role of 
polysulfides diffusion. Although, their work represents a first step for 
understanding the electrochemical behavior of Li–S systems, using a 
low computational expensive approach.

Kumaresan et al. [21] proposed a more extensive and physically 
detailed one-dimensional (1D) model that included a multi-step sulfur 
reduction scheme. Their approach divided the solid sulfur, S8(s) to S2−

conversion into five distinct electrochemical reactions, each corre
sponding to the formation and consumption of intermediate polysulfide 
species. Furthermore, their model accounts also for the precipitation and 
dissolution of four solid lithium polysulfides, including their role in the 
porosity evolution and, consequently, on the diffusion of dissolved 
species following a Bruggeman approach. However, their model has 
been discussed as not properly suitable to capture properly intrinsic 
behavior of Li–S batteries. In fact, even though, Kumaresan model 
stands as breakdown approach in the field of continuum modelling of 
Li–S batteries, as later studies [22,23] have pointed out, it does not fully 
capture the sensitivity of Li–S battery behavior to mass transport phe
nomena. Moreover, the model is based on 1D approach, making it more 

computationally demanding.
The diffusivity of polysulfides plays a critical role in the capacity 

delivered, leading to the introduction of reversible capacity loss, 
dependent on the current intensity. At high current densities, diffusion- 
limited transport of active species leads to inhomogeneous concentra
tion gradients, which shift the dissolved species far from the cathode, 
making the separator a sink/source of active material. Zhang coupled 
experimental and modelling approach to understand the role of the 
current intensity on the capacity delivered, highlighting the role of the 
limited kinetic of polysulfides diffusion within the computational 
domain, as source of reversible capacity loss [22]. Through modelling, it 
was proved that, at low current, the concentration profiles inside the 
cathode and at the anode separator interface were more homogenous. 
This is due to the mismatch between the electrochemical reduction and 
the diffusion, which is a significantly slower phenomenon, and therefore 
at smaller current intensity is less impactful, allowing the polysulfides to 
diffuse back in the cathode. Overall, the work of Zhang and co-authors 
proved that the diffusivity of polysulfides plays a critical role in the 
capacity delivered, leading to the introduction of reversible capacity 
loss, depending on the current intensity.

Nevertheless, Zhang model was developed in a 1D framework, 
making it more consuming from a computational perspective. While it is 
able to describe a microscale process, such as the role of mass transport 
on the capacity delivered, it completely neglects other phenomena, as 
the evolution of the electrolyte viscosity and the cathode structure de
pendences on the state of discharge [24–26]. Experimentally, several 
studies using different approaches have proved that the internal resis
tance of the cell significantly changes during discharges, reaching a 
maximum at the supersaturation point [26–29]. The internal resistance 
can be simplified as sum of two major contributions: the electrolyte 
viscosity and the cathode electric conductivity, both highly dependent 
on the SOD ([%]). To explore these phenomena, Zhang et al. [30] pro
posed a process based on five electrochemical pathways for sulfur 
reduction and a single precipitation/dissolution reaction for Li2S(s), 
treated as a non-Faradaic reaction. Their model focused primarily on the 
role of Li+ ion concentration on the electrolyte viscosity, and its effect on 
voltage loss. Li+ion was considered as and the main contributor to the 
evolution of electrolyte conductivity, as it can be assumed reasonably as 
the most relevant species present during all discharge process, reaching 
a concentration several order of magnitude higher than the other dis
solved species. The model was validated using experimental data ob
tained through potentiostatic electrochemical impedance spectroscopy 
(PEIS), to detect the evolution of internal resistance as function of the 
SOD ([%]). This model has been proved valuable for capturing a crucial 

Nomenclature

Symbols
Ci Concentration of the dissolved species i
Ci,ref Reference concentration of the dissolved species i
ε Porosity
rj Reaction rate for the electrochemical reaction j
Rj Reaction rate for the non-faradaic reaction j
Di,eff Effective diffusive coefficient for the species i
d Bruggeman coefficient
σele Electrolyte ionic conductivity
Rele Electrolyte ionic resistivity
σpos Cathode electric conductivity
Rpos Cathode electric resistivity
σpos,i Electric conductivity of the solid fraction i
Ej,ref Open circuit potential for the electrochemical reaction j
E0

j,ref Standard Open circuit potential for the electrochemical 

reaction j
i0j Activation current for the electrochemical reaction j
i0ref ,j Reference activation current for the electrochemical 

reaction j
ηj Activation overpotential for the electrochemical reaction j
nj Electron exchanged in the reaction j
a0

v Initial value of specific surface area
av Specific surface area for electrochemical reaction
F Faraday constant
T Temperature
R Gas constant
A Geometric area of the cell
Ni Flux for species i
zi Charge species i
I Applied current
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process in Li–S behavior with relatively low computational cost: 
However, due to its inherent lack of spatial resolution, it is not suitable 
to account for local concentration gradients or mass transport limita
tions, which are essential key to understanding performance under 
realistic operating conditions. Furthermore, the model neglects the 
contribution of insulating species on overall internal resistance.

In this paper, a pseudo-one-dimensional approach (P1D) was 
implemented to provide a simplified model framework capable of 
describing the role of limited kinetic polysulfide diffusion as a source of 
reversible capacity loss, without the need to introduce any space- 
dependent equation, thereby reducing overall computational cost. The 
novelty approach here proposed consists of exploiting the in
homogeneity presents within a Li–S battery during discharge, simpli
fying the modelling domain in two distinct regions, the anode-separator 
interphase and the porous cathode. These two regions are treated as 
single points being able to exchange dissolved species and therefore 
mass. Li+ ions are continuously generated by the metal anode, mean
while they are consumed by Li2S(s) deposition at the cathode. The mass 
transport of dissolved species and Li2S(s) deposition are both phenomena 
characterized by a way slower kinetics in comparison to any of the 
electrochemical activities involved. Due to these kinetic discrepancies, 
the effect of such processes on the overall performances is highly 
dependent on the current intensity applied. Particularly, the diffusion of 
dissolved polysulfides between the separator and the porous cathode is 
mainly responsible for the reduced capacity delivered at high currents 
intensity. The P1D framework aims to implement such limitations in 
Lithium Sulfur battery and at the same time to reduce the computational 
cost of the model, as it is needed to solve only seven ordinary differential 
equations, ODE, for each domain. Nevertheless, the model here pro
posed has been proven to capture the relationship between reversible 
capacity losses ad current intensity, similarly to the model proposed by 
Zhang et al. [22], without needing to solve any PDE or account for the 
migration contribution derived from the electrolyte potential. Further
more, in this study is addressed the role of Li2S(s) deposition at high 
current density, aiming to characterize the kinetic mismatch between 
non faradaic reactions and the electrochemical process, focusing espe
cially on its role as source of voltage losses. The model framework was 
used in a wide range of current densities and deposition kinetics, 
demonstrating its flexibility and capability to cover several processes 
simultaneously. Lastly, the evolution of the internal resistance of the cell 
was investigated as a function of the current density, with a particular 
focus to the contribution of both the electrolyte and the cathode struc
ture. The model proved a strong dependance between the ohmnic drop 
and the current rate, crucial in conversion system as Lithium Sulfur 
batteries. In addition, the employed modelling framework allows to 
track the evolution of the major component of the internal resistance 
throughout the entire discharge, comparing and validating the model 
results against experimental data obtained by PEIS. The model here 
presented aims to provide an alternative approach for the investigation 
of mass transport phenomena without relying on PDE, while still 
allowing the evaluation of two interconnected domains. At the same 
time, the framework implemented can be considered a valuable tool to 
study the dependence of the system performance towards the applied 
electrochemical conditions, a crucial aspect for conversion system as 
Lithium Sulfur batteries.

2. Model development

2.1. Model frameworks

The model is based on a pseudo one dimensional approach, posi
tioned between a zero-dimensional (0D) and a one-dimensional (1D) 
scale, developed in COMSOL Multiphysics. It aims to describe the effects 
of active species diffusion within the electrolyte, which continuously 
move back and forward from the porous cathode, where the 

electrochemical reduction of polysulfides takes place. Typically, in 0D 
models the cell is modelled as a lumped system and therefore neglect 
any spatial variations, leading to the formation of concentration gradi
ents of polysulfides within the electrolyte. Consequently, this class of 
model is unable to capture the role of diffusion as source of reversible 
capacity loss, as previously highlighted by Zhang et al. [22]. On the 
contrary, by incorporating the effects of concentration gradients, the 
pseudo-dimensional model, similarly to a 1D model, can describe the 
role of diffusion and its effect on the cell performance without consid
ering the spatial dependence of each variable or implementing a 
geometrical mesh. Inside the P1D model was only considered the effect 
of Fick diffusion, generated by concentration gradient between the two 
domains in analysis. This substantially reduces both computational cost 
and simulation time. Furthermore, as pointed out by Parke et al. [16] in 
their review on continuum modelling, in order to provide a more ac
curate description of the discharge profile and to capture the various 
contributions to overpotential losses, the model needs to consider 
additional aspects. For this reason, our model includes the impact and 
evolution of electrolyte viscosity, which directly influences ionic 
mobility and transport resistance, as well as the dynamic processes of 
precipitation and dissolution of sulfur species within the porous cathode 
structure, and their effects on the electric conductivity.

2.2. Electrochemical/chemical reactions

During discharge, the solid sulfur, S8(s), is gradually dissolved into 
the electrolyte as dissolved sulfur (S8(l)

)
which is successively electro

chemical reduced to lower order polysulfides, following a complex 
multistep reaction pathway. Several reaction schemes can be used to 
describe the electrochemical conversion of sulfur [20,31–33], guaran
teeing both accuracy and simplicity. First it was assumed that the solid 
S8(s) volume fraction does not contribute to any electrochemical reac
tion, meanwhile the dissolved S8(l) is reduced according to the following 
scheme: 

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) 

This approach it was firstly introduced by Kumaresan et al. [21]
allowing a deeper description of the Li–S conversion chemistry. In 
particular, during discharge, S8(l) is gradually reduced into soluble pol
ysulfides following five different steps, meanwhile, at the anode side, the 
Li metal is oxidized according to Eq. 6: 

Li ↔ Li+ + e− (6) 

Li–S performance is characterized not only by the reduction chain of 
sulfur, but also by non-faradaic reactions, which are strongly influenced 
by the used electrolyte formulation. First, the concentration of S8(l)

changes not only as a consequence of the electrochemical reactions, but 
also for the gradual dissolution of solid sulfur inside the electrolyte: 

S8(s) ↔ S8(l) (7) 

Furthermore, it is theoretically necessary to account for the solubility 
limit of each dissolved polysulfide, which leads to the precipitation of 
Li2S(s) as insoluble insulating products on the porous carbon surface, 
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consequently affecting the electrode structure and its electrochemical 
performance. However, according to several studies [33–35], only 
Li2S(s) can be considered as major deposition species, and its formation 
can be expressed according to eq. 8: 

2Li+ + S2− ↔ Li2S(s) (8) 

2.3. Governing equations

The purpose of the P1D model is to describe the diffusion of active 
species between the cathode and the separator, considering only the 
effect of concentration gradient, without implementing migration 
contribution due to the electrolyte potential gradient. The electro
chemical reduction of sulfur typically occurs within the cathode, 
meanwhile, the separator can be considered as both reservoir and source 
for polysulfides. During discharge, a concentration unbalance between 
these two domains generates a flux of dissolved species. At the beginning 
the concentration mismatch shift the polysulfides towards the separator, 
until the unbalance is reversed in favour of the cathode, due to elec
trochemical activity. The mass balance for each variable can be sum
marized in the equation below, where rj,i is the electrochemical reaction 
rate for the specific reaction j and Rk,i stands for the non-faradaic 
contribution coming from the precipitation/dissolution reaction j: 
(Table 1) 

d(εCi)

dt
= − Di,eff

ΔCi

l2
+ rj,i +Rk,i (9) 

Di,eff = Di*εd (10) 

2.4. Kinetics and equilibrium potential

The relationship between the current intensity for each specific 
electrochemical reaction j and the overpotential is expressed through 
Butler-Volmer equation, assuming that the anodic and cathodic charge 
transfer coefficients are equal to 0.5: 

ij = 2i0j,ref sinh
(

njF
2RT

ηj

)

(11) 

The current intensity for the reaction j is dependent on the reference 
activation current (reported in Table 2), the gas kinetic constant and the 
temperature. Lastly the total applied current I is set as a boundary for the 
total volumetric current exchange within the cathode domain, which 
depends on the available active surface av and the geometrical proper
ties of the cell, such as the cross-section A and the cathode thickness lpos: 

av

∑

j
ij =

I
Alpos

(12) 

av = a0
v

(
ε
ε0

)6

(13) 

(See Table 3.)
Concerning the open circuit voltage, the Nernst voltage equation is 

implemented, accounting for the concentration of each dissolved species 
Ci involved in the electrochemical reaction j respect the reference con
centration. A correction factor of 1000 is applied to convert moles per 
litre to moles per unit: 

Ej,ref = E0
j −

RT
njF
∑

i
si,jln

(
ci,ref

1
[
mol L− 1

]

)

(15) 

For simplicity, the formation of Li+ was assumed to be ideal, hence 
any correlated overpotential can be neglected [28]. Therefore, the 
generation rate of Li+ derives directly from the charge balance conser
vation, in order to compensate the reduction of sulfur at the cathode: 

rLi+ =
av

F
∑

j
ij (16) 

2.5. Kinetics for non faradaic reactions

As mentioned above, during discharge, S8(s) is gradually dissolved 
into S8(l) inside the electrolyte: 

RS8(s) = kS8(s) εS8(s)

(
CS8(s) − Ksp,S8

)
(17) 

The precipitation of insoluble polysulfide species is considered only 
for the final product, Li2S(s). The precipitation rate depends on the solid 
volume fraction of already deposited Li2S(s), as implemented by 
Kumaresan et al. [22], to address the effect of a slower kinetic at the 
beginning of the discharge, and its linearly proportional to the kinetic 
constant kLi2S(s): 

RLi2S(s) = kLi2S(s)εLi2S(s)

(
[CLi+ ]

2
[
[CS2− ] − Ksp,Li2S

)
(18) 

The evolution of the free porous volume within the cell during the 
discharge is described Through the precipitation rate of the non-faradaic 
reaction, where Vk is the molar volume for the solid fraction k: 

dε
dt

= −
∑

k

VkRk (19) 

For simplicity it was assumed that non-Faradaic reactions can occurs 
only within the porous cathode domain.

Table 1 
Transport properties and Reference concentrations.

Specie (i) zi Di,0
(
m2s− 1) Ci,ref

(
molm− 3)

Li+ 1 0.88e− 11 1100
S8(l) 0 0.88e− 13 19
S2−

8 − 2 3.5e− 13 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

Table 2 
Kinetic and thermodynamic properties [30].

Reaction (j) ij,0,ref
(
Am− 2) Ej,0,ref(V)

1 2 2.38
2 1.5 2.24
3 1 2.15
4 0.6 2.05
5 0.3 1.94
6 Xx 0

Table 3 
Precipitation kinetics parameters.

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

)
Molar Volume Vk

(
m3mo.l− 1

)

S8(s) 5[s− 1] 19[molm− 3] 256.56
Li2S(s) 1.5e-4

[
m6mol2s− 1

]
1e3[mol3m− 9

]
45.95
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2.6. Internal resistance evolution

It has been experimentally observed that the cell resistivity is highly 
dependent on the SOD. In addition, it has been demonstrated that the 
electrolyte cannot be treated as an ideal solution. In fact, the gradual 
increase of Li+ causes an increase of viscosity leading to a reduction of 
the ionic conductivity until the supersaturation point. Then, due to the 
precipitation, the conductivity returns closer to its initial value. To 

describe this dependency a linear relationship between the electrolyte 
conductivity and the cation concentration was followed, furthermore 
the porosity of the cathode ε was also added to account for the effect of 
non-faradaic reactions: 

σele = ε
(

σele,0 − b
(

CLi+ − CLi+ref

)
(20) 

Rele =
lσele

A
(21) 

During discharge, the internal structure of the cathode undergoes 
continuous changes due to the dissolution of elemental sulfur and the 
precipitation of lithium sulphide (Li2S(s)), both of which are electroni
cally insulating materials. This dynamic transformation leads to a 
continuous variation in the effective electrical conductivity of the 
cathode. Even if such phenomena have been incorporated in several 1D 
models these are typically implemented using the Bruggeman-type 
correction, where the effective conductivity is assumed to depend 
exclusively on the volume fraction of the solid phase, without consid
ering its specific chemical composition [34,35]. In the present approach, 
the electric conductivity was defined as a production factor of the con
ductivity of each specific species (reported in Table 4), and their solid 
fraction at a specific SOD([%]), following the relationship: 

σpos =
∏

σfi
pos,i (22) 

Rpos =
lσpos

A
(23) 

Lastly, the cell voltage can be simply expressed as the difference 

Table 4 
Electric properties of solid/liquid phase.

Phase Symbol Conductivity
(
Sm− 1)

Electrolyte σele,0 6.8e− 2
S8(s) σS8(s) 5e− 14
Li2S(s) σLi2S(s) 10e− 13
Ketjenblack EC − 300JD σKJB 1000

Table 5 
Geometrical parameters.

Parameter Value

l 50e − 6[m]

lpos 25e − 6[m]

A 1.76e-4[m2]

av 1.5e5[m− 1]

εS8 0.155
εKJB 0.11
εLi2S 1e− 7

Fig. 1. Rate capability comparison of the P1D model: a) Voltage profile vs specific capacity for the three cases in analysis compared with experimental results b) 
S2−

6 concentration inside the separator vs SOD [%] c) S2−
4 concentration inside the separator vs SOD [%].
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between the equilibrium potential and the ohmic drops taking into ac
count also the activation overpotential for the sulfur reduction: 

Vcell = Ej,ref + ηj − ELi,ref −
(
Rele +Rpos

)
*I (24) 

3. Results and discussion

3.1. Polysulfides limited kinetic

The cell was modelled based on a coin cell CR2032, with all relevant 
details concerning the electrode manufacturing process and the cell 
assembling reported in the Supporting Information. The theoretical ca
pacity of the cell used in the model is 2.61 mAh, corresponding to an 
initial solid sulfur mass of 1.56 mg. The geometrical properties and 
composition of the cell are summarized in Table 5.

Fig. 1a shows the predicted specific discharge capacity at various 
current rates, 0.1C, 0.2C and 1C, which were considered more suitable 
for results comparison. The simulated cells were also compared with 
experimental results, represented with marked lines, obtained from coin 
cells with same properties as reported in Table 5 and tested under same 
currents intensity, all the details are reported in the supporting infor
mation. From the confront can be proven the ability of the model 
faithfully reproduce the typical discharge profile of a Li–S battery, 
including the higher voltage plateau associated with the reduction of 
high-order polysulfides, a supersaturation point corresponding to the 

peak in cell resistivity, and a lower-voltage plateau related to the for
mation of intermediate and low-order polysulfides. As the current rate 
increases, the voltage profile shifts downward due to higher over
potential losses, related to both activation and ohmic contributions. In 
addition, can a slight shift of the supersaturation point at higher capacity 
can be clearly observe, as previously reported in the model proposed by 
Mistry et al. [36]. Our modelling framework approach has been proven 
reliable in describing the reduction of the delivered capacity as a func
tion of the C-rate, due to the limited kinetic of polysulfide diffusion, a 
phenomenon reported both experimentally and through modelling by 
Zhang et al. [22].

As observable in Fig. 1a, the capacity mostly affects the second 
voltage plateau, while the first plateau is not severely affected. Indeed, 
as the current increases, the overall contribution follows a similar trend, 
starting 23% of the capacity delivered at 0.1C and 32% at 1C. The dif
ferences between simulation and modelling results can be partially 
attributed to experimental errors and uncontrolled factors occurring 
along the entire process, from electrode fabrication to cell assembly, 
which hinder the complete utilization of sulfur, consequently leading to 
a reduction of the capacity delivered. Nevertheless, the model success
fully reproduces the magnitude of the capacity decay with increasing 
current density, thereby demonstrating good fidelity to the experimental 
behavior. The reduction in capacity delivered is primarily attributed to 
the inability of polysulfides to move sufficiently fast between the cath
ode and the separator reservoir. The dissolved polysulfide species Si 

Fig. 2. Comparison between a P1D and an 0D model at 1C: a) Voltage profile vs specific capacity at 1C b) S2−
6 concentration inside the domains vs SOD [%] c) S2−

4 
concentration inside the domains vs SOD [%].
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during discharge is shifted by the concentration unbalance towards the 
separator, until a favourable profile towards the cathode is formed, 
however due to kinetic limitations, a portion of polysulfides remain in 
the separator. Since diffusion is a far slower process in comparison with 
electrochemical reduction, at high C-rate the delayed transport of pol
ysulfides become predominant, leading to reversible capacity loss. 
Fig. 1a clarifies the role of separator as sink for active material, showing 
that the concentration of S2−

6 and S2−
4 inside the separator increases as 

consequence of current rate. During discharge, the polysulfides move 
towards the separator due to a more favourable concentration gradient, 
before being attracted back to the cathode. However, the limited kinetic 
prevents a homogenous distribution, leading to residual dissolved spe
cies inside the separator, at the end of discharge.

To highlight the role of the limited kinetic of polysulfides diffusion, 
as source of reversible capacity loss, in Fig. 2a is reported a direct 
comparison between the P1D and a 0D model at 1C, coupled with the 
evolution of concentration of both S2−

6 and S2−
4 as function of the SOD 

([%]). As previously discussed, diffusion limitations have minimal 
impact on the first discharge plateau but significantly reduce the second, 
resulting in a notable loss in deliverable capacity. As polysulfides are 
generated during discharge, a concentration gradient is generated, 
driving their diffusion from the cathode towards the separator. When the 
driving force is reversed, due to the limited kinetics, these species cannot 
return efficiently to the reaction zone, effectively reducing the accessible 
capacity.

Therefore, this reversible loss mechanism results from the residual 
polysulfides which remain in the separator at the end of discharge. In 
contrast, the 0D model does not include any spatially resolved transport 
effects, hence is not able to capture this diffusion-limited loss. As a 

result, 0D model typically provides a higher sulfur utilization, unreal
istically independent from the current intensity and kinetic limitations 
[18].

The limited kinetic of Li–S batteries is not only related to polysulfide 
diffusion, but also to non faradaic reactions, which control the evolution 
of the solid fraction inside the cell, and therefore directly affecting both 
transport properties and electrochemical activity. Figs. 3 reports the 
concentration of both S8 and Li2S(s)vs the SOD ([%]). From Fig. 3a it is 
evident as the current intensity increases, the dissolution rate of solid 
sulfur is not sufficiently fast to keep up with the electrochemical 
reduction. As a result, the model shows a delayed sulfur dissolution 
relative to the overall state of discharge, which leads to a shift of the 
supersaturation point. A parallel delay is also visible for the deposition 
of Li2S(s), which starts above 30% of the SOD ([%]). This results in a 
lower overall solid fraction at the end of the discharge, highlighting the 
dependencies between the C-rate and precipitation kinetic, as previously 
verify through modelling [37].

In general, the influence of Li2S(s) precipitation kinetics on overall 
cell performance has been widely discussed in the literature, using an 
electrochemical approach [31] or describing the process as a chemical 
reaction [21,30,32]. In our model a simplified approach was used, 
following a chemical description of Li2S(s), mainly focusing on the effect 
of kinetic inhomogeneity as source of capacity loss. In particular, in 
comparison to the model proposed by Zhang et al. [30] which investi
gated the limited kinetic of Li2S(s)only in a limited current range 
(0.03–0.15C), the present model extends the range up to 1C. As can be 
seen in Fig. 3b, the concentration of S2− dissolved in the electrolyte, 
within the porous cathode domain, depends on the applied current in
tensity. The increase of S2− begins around the supersaturation point, 

Fig. 3. Effect of the current intensity on the solid fraction evolution and losses: a) S8(s) fraction vs SOD [%]b) S2−
2 concentration inside the cathode vs SOD [%] c) 

Li2S(s) fraction vs SOD[%] d) Activation overpotential η5 vs SOD[%].
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where also Li+ accumulates leading to an increase of electrolyte vis
cosity and so inducing voltage losses, as it has been demonstrated or 
implemented in several studies [31,36].

After the supersaturation point, the S2− concentration starts to 
decrease reaching a stable plateau due to the precipitation of Li2S(s). This 
trend continues until a sudden concentration increase is observed near 
the end of discharge, corresponding to a second overpotential step. 
Overall, at 1C the accumulation of S2− affects the local chemical equi
librium and results in higher activation overpotential, leading to an 
evident voltage drop.

3.2. Role of Li2S(s)deposition at high current

To better understand the influence of Li2S(s) precipitation kinetics, it 
was performed a parameter analysis at a fixed rate of 1C under three 
different kinetic conditions, expressed by the kinetic constant KLi2S. High 
current intensity was chosen, because as discussed and showed previ
ously, the difference between electrochemical and faradaic reaction is 
more evident.

Fig. 4a shows a comparison of the voltage versus specific capacity 
profiles for the three case studies. Firstly, the precipitation rate does not 
lead to a reduction of the overall delivered capacity, however a slower 
reaction rate shifts the supersaturation point at higher capacity. This 
trend is further confirmed in Fig. 1b, which shows the evolution of Li2S(s)

solid phase, where the initial formation of the precipitated solid phase is 
significantly delayed. Specifically, a slower kinetic leads to increased 
accumulation of S2− , which raises the voltage losses, leading to a 
downward shift of the second voltage plateau of over 0.1 V, in 

accordance with Ghaznavi et al. findings [23,32,37]. Under faster ki
netic conditions, the accumulation of lithium ions in the electrolyte is 
minimized, reducing the viscosity of the electrolyte helping to maintain 
high ionic conductivity.

Lastly, the framework used for the model, differently from a pure 0D 
model, also allows to provide information about the separator and the 
concentration of active species within it, ensuring a wider understand
ing of the role of mass transport limitations. Fig. 4d shows the concen
tration of S2− anions polysulfide in the separator. A slower reaction rate 
leads to higher concentration of S2− in the porous cathode, where they 
are generated, causing a stronger concentration gradient. This leads 
discharge products stored in a non-active region, which need to be 
recovered during charge.

3.3. Understand cell internal resistance

As highlighted by Zhang et al. [30] and supported by specific 
experimental studies [26–28], electrolyte viscosity plays a critical role in 
determining the bulk resistivity of Li–S cells. During discharge, the 
electrolyte becomes increasingly saturated with polysulfides and lithium 
ions, which are the dominant species throughout the process. This 
saturation leads to a gradual increase in viscosity, resulting in a devia
tion from ideal solution behavior and negatively affecting ion transport 
properties. The most common technique used to measure the internal 
resistance is PEIS [24], although as it has been proven by Lacey et al. 
[27] also intermittent current interruption, (ICI), can potentially pro
vide comparable results. However, as discussed by Lacey himself, this 
technique is affected by the variability associated with the choice of the 

Fig. 4. Study on the effect of KLi2S at high current intensity: a) Voltage vs specific capacity comparison at 1C b) Li+ concentration inside the cathode vs SOD [%] c) 
S2− concentration inside the cathode vs SOD[%] d) S2− concentration inside the separator vs SOD[%] e) Li2S(s) solid fraction vs SOD[%]For clarity, the legend is 
reported only in panel (a).
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time window used for linear regression, therefore introducing relevant 
uncertainty in the interpretation of the results. For this reason, a more 
established methodology was preferred, not only in the Lithium Sulfur 
field, but in electrochemistry in general. Nevertheless, the trends pre
dicted by ICI are also reported in the Supporting Information and 
compared with the one obtained using PEIS. Overall, the internal 
resistance can be simplified as the contribution coming from the ionic 
and electronic resistance, which in the model has been associated with 
the electrolyte and the cathode, respectively.

Despite its significance, many electrochemical models tend to un
derestimate or oversimplify the electronic insulation properties of sulfur 
and Li2S(s), focusing mostly on the impact of electrolyte ionic conduc
tivity as source of voltage losses. However, the insulating nature of the 
precipitated species is a key challenge for the future development of 
Li–S batteries. In the framework used for the model, as reported in eq. 
23, the electrical conductivity of the porous cathode was expressed as 
average of the electrical properties of each solid fraction present inside. 
During discharge the electrical properties of the cathode changes due to 
dissolution and precipitation process, which involves highly insulating 
species. By this way, it is possible to understand the impact of the C-rate 
on the cathode electric conductivity.

Experimental data showed in Fig. 5, confirm a stabilization in the 
internal cell resistance during discharge, even though the lithium-ion 
concentration decreases significantly due to Li2S precipitation. This 
can be explained by the progressive deposition of Li2S(s)on the 
conductive carbon structure, which decreases the overall electronic 
conductivity of the working electrode. This reduced conductivity 
counteracts the reduction of viscosity and contributes to the observed 

stabilization of internal resistance.
To further investigate this behavior, the dependence of cell re

sistivity on C-rate was also analyzed. Consistent with Zhang's findings 
[28], resistivity increases with higher current rates, which also impacts 
the position of the peak, that is slightly shifted towards higher SOD 
([%]). As previously discussed, the primary driver of this trend is the 
electrolyte viscosity, which rises due to rapid polysulfide accumulation, 
indeed the contribution linked to the ionic conductivity almost overlap 
with the total resistivity. Additionally, at higher currents, the rate of 
Li+ generation at the anode overcome the rate of Li2S(s)precipitation at 
the cathode, leading to accumulation of lithium ions in the electrolyte 
and further increasing resistivity. This is corroborated by the evolution 
of cathode resistivity shown in Fig. 4, where slower discharge rates 
allow for a more homogenous and complete Li2S(s) deposition, in 
agreement with Zhang et al. [30]. This leads to a higher solid-phase 
volume fraction of insulating Li2S(s), ultimately resulting in increased 
bulk resistivity at the end of discharge.

Overall, the model provides an useful tool to understand the role of 
Li2S(s) precipitation rate and its relationship with the current rate on the 
overall internal resistance. As it was showed the effect is doubles and in 
contradiction, at high current the over concentration of dissolved spe
cies leads to a peak in the electrolyte viscosity, however at the same 
time, specially at the end of discharge, lower current intensity leads to 
higher accumulation of insulating Li2S(s).

4. Conclusion

The results here presented proved that the modelling framework 

Fig. 5. Study on the effect of the C-rate on the internal resistance: a) Experimental vs modelling contribution at 0.1C b) Internal resistance vs SOD [%] for 3 different 
current intensity c) Electrolyte ionic resistance contribution vs SOD[%] d) Cathode electric resistance contribution vs SOD[%].
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used in this work provides a comprehensive description of the interplay 
between the several interconnected kinetics within Li–S batteries. The 
model highlight how the limited kinetics of polysulfide transport is 
responsible for the limited sulfur utilization at high discharge currents. 
The difference in delivered capacity when increasing the current rate 
from 0.1C to 1C exceeds 250[mAhg− 1], corresponding to more than 
10% of the total theoretical capacity. By simultaneously tracking the 
evolution of active species concentrations in both the separator and the 
cathode, the adopted model framework allows to link the reduction of 
sulfur utilization with the residual concentration of intermediate poly
sulfides, as S4

2− , at the end of discharge in the separator, that under 1C 
current rate is nearly five times higher than that obtained at 0.1C and 
more than twice that at 0.2C. These results were achieved without 
implementing any PDE and considering only the contribution of Fickian 
diffusion generated by concentration gradient, and therefore neglecting 
the electrolyte effect. While the first voltage plateau remains relatively 
unaffected, the second plateau suffers from pronounced capacity loss, 
due to the inability of polysulfides to redistribute efficiently between the 
cathode and the separator. Furthermore, the study demonstrates that the 
precipitation kinetics of Li2S(s) plays a critical role on both the voltage 
profile and the internal resistance of the cell, affecting overpotential 
losses, phenomena reported in literature only at limited current in
tensity, proving that the framework used guarantee high flexibility to
wards different conditions. The model here discussed shows, with 
increasing current density, a shift of the peak of the system internal 
resistance, which can be reached at almost half of the SOD([%]). Due to 
the kinetic mismatch between Li2S(s) deposition and electrochemical 
activity, this behavior may lead to an increase in internal resistance from 
slightly above 11[Ω] up to almost 16[Ω], corresponding to an increase 
of nearly 50%. For future development and optimization in the Li–S 
field, it is crucial to address the Li2S(s) deposition process, as highlighted 
by the model. The model here presented provides a different approach to 
understand the role of the internal resistance of the cell and its different 
contribution, highlighting a duality between cathode and electrolyte. 
Moreover, the flexibility of the framework makes the P1D model dis
cussed here a valuable tool for combined experimental and simulation- 
based studies, in a simple and less expensive approach.

Overall, the framework used for the model has been proved a valid 
tool to provide a wider understanding on the role of limited kinetics of 
diffusion and precipitation, and its consequences on the electrochemical 
performance of Li–S cells.
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