
8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022

Modeling and experimental validation of the discharge of lithium sulfur
batteries with nanoporous carbons (O-7AB)
D. Levitan1(**), P.M. Muñoz2(*),  C. A. Calderón3, R. Humana2, G. Correa2, E. P. M. Leiva3,4

1ITHES, Universidad de Buenos Aires, CONICET, Pabellón de Industrias, Ciudad Universitaria, Intendente Güiraldes 2160 , C1428EGA, Ciudad 
Autónoma de Buenos Aires, Argentina.
2CONICET - CREAS, Universidad Nacional de Catamarca - FACEN, Prado 366, K4700BDH, San Fernando del Valle de Catamarca, Argentina. 
3INFIQC, Departamento de Química Teórica y Computacional, Facultad de Ciencias Químicas, Universidad Nacional de Córdoba, CONICET, 
Ciudad Universitaria, X5000, Ciudad de Córdoba, Córdoba, Argentina.
4Instituto de Física Enrique Gaviola (IFEG), CCT Córdoba-CONICET, Facultad de Matemática, Astronomía y Física, Universidad Nacional de 
Córdoba (UNC), Av. Medina Allende s/n, Ciudad Universitaria, 5000 Córdoba, Argentina. 

(*) Pres. author: pedromu.ing@gmail.com (**) Corresp. author: dlevitan@fi.uba.ar

Keywords: Li-S Batteries, Modeling, Nanoporous Carbon

1. Introduction

Li-S batteries are a promising energy storage
technology for the future due theoretical energy density of
2600 Wh kg-1 and a maximum practically accessible energy
density of 600 Wh kg-1 [1–3]. Nevertheless, to reach
commercial viability some issues need to be solved. After
lithiation a sizeable volumetric expansion occurs due to the
specific volume difference of LiS, Li2S and S8, causing
strain-stress on the composite matrix, conductive materials
such as microporous carbon have been added as
composites to ensure good performance of sulfur
electrodes due to insufficient electrical conductivity.
Various intermediate polysulphides formed during
discharge are soluble in the electrolyte. The dissolved
higher order polysulphides diffuse to the anode, get
converted to lower order polysulphides and diffuse back to
the cathode where they can be reconverted to higher order
polysulphides. This shuttle mechanism for electroactive
long-chain sulfur intermediates contributes to an
irreversible capacity loss and is one of the obstacles for the
widespread deployment of Li-S batteries. Encapsulation of
sulfur within carbon matrices with high pore volume is one
of the most effective approaches to stabilize S cathodes
during prolonged cycling. Ultramicroporous carbon
possesses several properties which are different from bulk
carbon. For cells containing cathode structures with pore
sizes up to 2 − 3nm and electrolyte solvents such as
carbonates or fluorosulfonyl anion-based ionic liquids [4],
the voltage profiles differ from those commonly measured
for conventional Li–S composite electrodes. These voltage
profiles are characterized by a single galvanostatic
charge/discharge voltage plateau observed around 2.0 V vs.
Li/Li+. Only one reduction and oxidation peaks appear in
the cyclic voltammograms of these sulfur electrodes. This
type of behavior is explained to be derived from the
Quasi-Solid-State (QSS) Mechanism [5]. The complexity of
the Li-S reaction mechanism has been studied via
experimental [6, 7] and modelling [8, 9] works. There is a
combination of electrochemical and chemical disproportion
steps, though many of the intermediaries are still not
completely resolved. The choice of solvent and electrolyte

seems to have an effect on the overall chemistry. Cathode
structure has an effect as well. It has been found that Li2S2

is a metastable phase that should spontaneously
decompose into Li2S and α-S8. Li2S2 band gap is smaller than
Li2S or S8, suggesting that this phase should have a high
electronic conductivity [10]. The reaction of Li2S into Li2S2 is
known to be kinetically difficult, with nucleation and
hysteresis phenomena taking place. Efforts towards the
simulation of a Li-S cell are an aid to experimental work and
often offer insight into the underlying mechanisms and
laws that govern the electrochemical system. Simulations
focused on the continuum framework are particularly
relevant for the present work. Kumaresan et al. [9] and
Ghaznavi et al. [11] proposed the first such model, which
included a complete kinetic series of steps for S8 reduction.
This kinetic model was later reduced by Danner et al. [12]
in order to specialize the study into the electrode pore
structure and minimize the computational load.

In this work a model of a quasi-solid-state
lithium−sulfur battery is derived from the work of Yin and
Franco [13], and its parameters are optimized to fit the
experimental results from a Li-S cathode obtained using
ultramicroporous carbon. Also a sensitivity analysis of the
model was carried out to investigate the relevance of each
parameter to the model capacity.

2. Model

The model of the half cell is based on the model of Yin
and Franco [13] with some adjustments made to take into
account the reversibility of the reaction steps, and possible
variations in the symmetry factor β.

The lumped-element model considers a uniform
cylindrical pore from a nanoporous carbon particle, initially
filled with S8.

The reactions considered for the discharge model are:

S8 + 8Li+ + 8e- ⟷ 4 Li2S2 (1)

Li2S2 + 2Li+ + 2e- ⟷ 2Li2S (2)

The model makes a series of assumptions:
1. The reactions take place in the C-S and C-Li2S2

interface, which advances as a uniform reaction
front from the top to the bottom of the pore. The
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reaction surface is limited by the maximum
electron tunneling distance across the sulfur
phase. The reaction takes place in a layered
fashion, there is a reaction front for each reaction
located in the S-electrolyte, S-Li2S2 and Li2S2-Li2S
interfaces.

2. The reactions occur following the quasi-solid-state
(QSS) mechanism. The Li+ concentration close to
the pore is considered to be constant, via a
sufficiently rapid diffusion of Li+ ions to-from the
bulk.

3. The diffusion of Li+ ions through the Li2S2 and Li2S
generates an overpotential due to ionic resistance.
The increase of thickness in those layers is
followed by a voltage decrease.

4. Both reaction steps, (1) and (2), are assumed to be
reversible.

5. The discharge model does not take into account
diffusion through the electrolyte, or double-layer
dynamics in the electrode-electrolyte interface.

3. Experimental

Elementary sulfur (Sigma Aldrich) without any previous
purification and ultramicroporous carbon provided by SAFT
Company (France) were manually mixed and heated to
155°C for 5 h followed by 30 min at 300°C in a sealed
evacuated vessel to infiltrate sulfur on the carbon porous.

To perform the electrochemical measure the
electrodes were prepared by mixing active material,
poly(vinylidene fluoride) (PVDF) and carbon super C65 in a
ratio of 8:1:1 weight respectively, with N-methylpyrrolidone
(NMP) as solvent. The obtained slurry was casted onto
carbon coated aluminum foil as current collector by doctor
blade technique. Electrodes with a surface area of 0.5 cm2
were cut, and dried at 50°C overnight before use.
Electrochemical experiments were done using coin cells
CR2032 assembled inside an argon-filled glove box with
Celgard 2310 as separator, metallic lithium as
counter-electrode and a solution 1M Lithium
hexafluorophosphate (LiPF6) in Fluoroethylene carbonate
(FEC): Dimethyl carbonate (DMC) (1:4) volume mixture as
electrolyte. Galvanostatic cycles were done between 3.00
and 1.00 V vs. Li/Li+ in a MACCOR 4200
galvanostat/potentiostat station.

4. Results

To fit the experimental data the pore length was set to
7.5 nm, and the radius to 0.5 nm. The parameters βx, kx and
⍴x were optimized to fit the experimental results of a
discharge at a rate of 0.1C. The discharge curves can be
seen in Fig. 1, and the parameter values are shown in Table
1.

As it can be seen in FIg. 1. the model shows a good fit
to the experimental data, having a root-mean-square error
of 67 mV, and a maximum error after 20 mAh/g (when the
potential plateau is reached) is 95 mV. Thus, it can be
argued that this model is able to capture the
electrochemical behavior of the system during the
discharge with a reasonable quantitative fit .

Fig. 1. a) Experimental and Model potential curves at 0.1C and b)
Model species thickness evolution during the discharge.

Table 1. Optimized parameter values.

Parameter Value

β1 0.1

β2 0.5

k1 1·10-11 mol/(s·m2)

k2 6.31·10-15 mol/(s·m2)

ρ
𝐿𝑖

2
𝑆
2

3.98·10-11 Ω·m

ρ
𝐿𝑖

2
𝑆 1.99·10-12 Ω·m

A sensitivity analysis of the capacity was performed to
the model with the following parameters using 50 equally
spaced values in the specified intervals varying the
discharge rate between 0.1C and 1C:

● β1∈ [0.1,0.9] (using linear scale).
● β2∈ [0.1,0.9] (using linear scale).
● k1∈ [1x10-16,1x10-8] (using log scale).
● k2∈ [1x10-16,1x10-8] (using log scale).
● ρLi2S2∈ [1x109,1x1012] (using log scale).
● ρLi2S2∈ [1x1010,1x1014] (using log scale).
● L ∈ [5x10-9,5x10-9] (using linear scale).
● r ∈ [0.25x10-9,1x10-9] (using linear scale).
Where βx are the symmetry factor of reaction 1 and 2,

kx are the kinetic constant, ⍴x are the Li+ resistivity of each
species, L is the length of the pore, and r is the radius. The
expansion of each layer is taken following [18].

Sensitivity results were calculated for every parameter
as follows:
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Sensitivity analysis results can be found in Fig. 2, while

the capacity reached while varying each parameter
individually at different C-rates is shown in Fig. 3.

It can be found that for every discharge rate the most
sensitive parameters are the Li+ resistivity of the Li2S2 and
Li2S, followed by the pore length, the kinetic constant of
Li2S2 reduction and the kinetic constant of S8 reduction,
respectively.

Also, looking at Fig. 3, it can be observed that there is a
considerable effect of the C-rate in the pore capacity,
almost halving capacity when going from 0.1C to 0.2C
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Fig. 2. Sensitivity results for each parameter at different C-rates

5. Discussion
As is shown in Fig. 1 there is an increase in the Li2S2

phase during the first half of the discharge, until the
potential has been lowered enough for reaction 2 to begin
and Li2S begins to form. This new phase increases the total
resistivity of the pore provoking an increase in the
discharge slope at around 450 mAh/g.

Fig. 3. Capacity reached varying each parameter individually at
different C-rates.

As is shown in Fig. 3 there is a noticeable effect of both
kinetic rate constants on the total system capacity, giving
insight into possible temperature effects on Li-S batteries.
The first reaction step is shown to increase capacity with
increased rate constant, and this effect is particularly
important for lower C-rates. The kinetic rate constant for
Reaction 2 diminishes capacity as it is increased.

On the other hand, while increasing resistivity of both
Li2S and Li2S2 are shown to decrease total capacity, as
shown in Fig. 3, the effect is more noticeable for Li2S.

It is found that decreased pore radius below 0.6 nm
show no modification for the capacity of the system, while
there is a sharp decrease for larger pores, particularly for
the lowest C-rate of 0.1. The effect of pore radii on the
behavior of the system has been shown to be critical [14].

6. Conclusion
A model was produced and validated with

experimental data focused on the discharge characteristics
of a Li-S battery using microporous carbon. There are still
several unknown physical and chemical parameters that are
a limiting factor for a more thorough modeling of the
discharge phenomenon in carbon micropores. The larger
resistivity of both Li2S2 and Li2S with respect to S8 found for
the model validation is consistent with what was found in
[13] and previous experimental results. Further insight into
the QSS mechanism inside the micropores could be gained
by expanding the model to include transport phenomena,
double-layer dynamics and the development of the charge
mechanism and its model.
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