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A B S T R A C T

Li-sulfur batteries represent a promising class of next-generation batteries with high theoretical gravimetric
capacity. Moreover, the absence of scarce elements such as nickel or cobalt makes them a sustainable
alternative to Li-ion batteries. However, it is well known that the main problem of Li-sulfur batteries is the
so-called polysulfide shuttle, which leads to self-discharge, capacity fading and low coulombic efficiency. In
recent years, several mitigation strategies have been developed for Li-sulfur batteries to reduce the polysulfide
shuttle effect. One promising approach is to covalently bond the sulfur to a polymer backbone. A well-known
class of materials is sulfurized poly(acrylonitrile) (SPAN), for which long cycle life and high specific capacities
have been reported. In this work, we present a novel continuum model for SPAN electrodes and demonstrate
its application in Li-SPAN batteries. Within our simulation framework we include both red/ox reactions of
covalently sulfur on PAN as well as transport and reactions of polysulfides in the solution. By combining
simulations and experimental data we analyze the discharge mechanism and provide guidelines for electrode
design.
1. Introduction

The electrification of aircraft promotes the development of sustain-
able and low-cost rechargeable batteries with high energy density and
long cycle life. In this context, sulfur as a lightweight element has
been widely investigated as a cathode material for post-lithium-ion
battery technology [1–3]. Compared to conventional lithium-ion bat-
teries (LIBs), lithium-sulfur (Li–S) batteries have a significantly higher
theoretical gravimetric capacity of 1672 mAh/gS, and a theoretical
specific energy density of 2500 Wh/kgS [4]. Most importantly, sulfur
is a very abundant raw material that promises to be a sustainable
and low-cost alternative to LIBs, which is compelling for large-scale
production.

Despite the attractive properties mentioned above, Li–S batteries
are still not produced in larger scale due to several problems. The
most vital challenge is the so-called polysulfide shuttle [5–7]. The
dissolved polysulfide species in the electrolyte are able to diffuse to
the anode and undergo parasitic side reactions [8]. This phenomenon
eventually reduces the capacity, coulombic efficiency, and cycle life
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of the cell [9,10]. Several polysulfide retention strategies have been
proposed and investigated to mitigate this shuttle effect. Most of the
approaches focus on the development of new cathode materials. Gener-
ally, one can distinguish between two different strategies for polysulfide
retention. The classical approach is based on the confinement of poly-
sulfide species. During electrode preparation the sulfur is essentially
impregnated in highly conductive carbon materials with micro- or
mesopores. Numerous materials have been reported in the literature
for this approach [7,11–16]. A second strategy involves the formation
of covalent bonds between sulfur and a cathode host material. In this
case, the sulfur is bound to a graphitized polymer backbone e.g., sulfu-
rized poly(acrylonitrile) (SPAN) [11,17–29]. This approach has shown
to deliver a remarkable battery cycle life as well as excellent rate
performance with high coulombic efficiency (>99%). These promising
results demonstrate the viability of this approach and, in particular, the
potential of SPAN as cathode material in Li-SPAN cells.

In order to exploit the favorable properties of this emerging class
of materials, suitable electrode and cell designs need to be developed
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Fig. 1. Schematic of a Li-SPAN cell consisting of a SPAN/C composite cathode, glass fiber separator, and Li metal anode. Sulfur (yellow color) is bound to the polymer backbone
as shown in the magnification. S2− is in solution during reduction and oxidation. At the end of discharge solid Li2S (green color) can form in the cell.
for Li-SPAN batteries. Continuum models are often used in the devel-
opment of LIBs to optimize electrode design [30–34]. In recent years,
several models for Li–S batteries have been reported in the literature
that can provide guidelines for battery development [35–44]. Numer-
ous atomistic investigations utilizing density functional theory (DFT)
have been documented in the literature regarding SPAN material [45–
49]. However, as far as we are aware, there is currently no literature
on continuum models specifically addressing Li-SPAN batteries.

In this work, we present a novel approach to model Li-SPAN batter-
ies. The model is parametrized and validated using experimental data
measured on Li-SPAN coin cells. On the basis of our model, we perform
first simulation studies to deduce the relevant parameters for cell design
and future optimization of Li-SPAN batteries.

In Section 2 we present the derivation of the model equations.
Model parameters are presented in Section 2.4 and measurements on
Li-SPAN batteries are described in Section 3. Finally, the simulation
results including a validation with experimental data and a parameter
study providing directions for electrode development are presented in
Section 4.

2. Theory

In this study, we present a novel model for the simulation of
Li-SPAN batteries. In the main part of this manuscript we focus on
the detailed description of the SPAN model and key assumptions.
A complete description of all governing equations in our simulation
framework is given in the supporting information.

2.1. General model description

A schematic of the geometry of the Li-SPAN cell is illustrated
in Fig. 1. The Li-SPAN cell consists of a Li metal anode, a porous
separator, and a porous cathode containing SPAN, conductive additives
and binder. The cathode and separator have a thickness of Lcat and
Lsep, respectively. The Li negative electrode is modeled as a metallic
surface at position Ltot = Lcat+ Lsep. The pore space of the cathode
and separator is soaked with the electrolyte solution. In this study we
simulate a common carbonate-based electrolyte comprising 1 M LiPF6
in EC/DEC (1:1). In our simulations, we calculate the distributions of
dissolved species, phases, and potentials within the positive electrode
and the separator domain. Both chemical and electrochemical reactions
2

take place at the electrode/electrolyte interface of the anode and
cathode, respectively. The SPAN reduction mechanism is schematically
illustrated in Fig. 2 and discussed in the paragraph below. Furthermore,
precipitation and dissolution of solid Li2S on the positive electrode
surface and its effect on reaction and transport are considered. The
transport of mass and charge in the electrolyte between the cathode and
the anode is described with an extension of concentrated solution the-
ory taking into account the diffusion and migration of S2− as illustrated
in Fig. 1.

2.2. SPAN reaction mechanism

SPAN as cathode material for Li–S batteries has recently been
reported in several studies [11,17,19–23,23–26,26–29,50–55]. In this
work we refer to the reaction mechanism of the Li-SPAN system sug-
gested in Ref. [17,29], and [53]. The cathode material SPAN is pro-
duced by a reaction of sulfur with PAN at elevated temperatures. As a
result, sulfur (S8) is not found in elemental form as in classical Li–S bat-
teries. Instead, sulfur is bound in the form of oligo(sulfide)s to carbon
atoms in the PAN-derived backbone, which greatly reduces the issues
related to the polysulfide shuttle. During discharge, S2− anions are
cleaved from the oligo(sulfide) chains and form Li2S with Li+ cations
in the electrolyte. Kappler et al. [29] as well as Bertolini et al. [56]
have reported that the presence of nitrogen in the carbonaceous matrix
has a significant role in preventing the migration of polysulfide in
the electrolyte phase. Furthermore, Klostermann et al. [53] noted that
successive lithiation steps precede each detachment of Li2S, actively
impeding the cleavage of longer-chain polysulfides. The interaction
between polysulfides and nitrogen allows a unique reversible redox
mechanism of SPAN. Kappler et al. [29] and Warneke et al. [22]
have also demonstrated that the Li-SPAN battery exhibits exceptional
cycling stability with a carbonate-based electrolyte. The utilization of
carbonate electrolytes, known for their low polysulfide solubility [57],
facilitates the deposition of Li2S adjacent to the PAN backbone, thereby
mitigating the shuttle effect.

Fig. 2 schematically illustrates the assumed reaction mechanism.
Each oligo(sulfide) chain on the PAN-derived backbone has two dock-
ing sites at the two ends of the chain. Bertolini et al. [56] has demon-
strated via DFT calculation, that the motif of sulfur chain on the SPAN
influences the reversibility of Li-SPAN batteries. In their work, it is
proposed that the sulfur chain might have two docking sites creating
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Fig. 2. Schematic of the discharge mechanism of SPAN in a Li-SPAN battery.
a bridge. However, longer sulfur chains on SPAN could result in the
extraction of long polysulfide species, potentially leading to polysulfide
shuttling. The length of oligo(sulfide) chains depends on synthesis
conditions and can be tuned to optimize sulfur loading (long chains) or
cycling stability (short chains). Therefore, different chain lengths have
been reported in the literature [17,18,46,47,52,53] ranging from one
to seven sulfur atoms (S𝑥, 1 ≤ 𝑥 ≤ 7) in the PAN-derived structure. The
average length of the oligo(sulfide) chains is around four sulfur atoms
(S4). During the discharge process, the S4 oligo(sulfide) chain first
breaks preferentially between sulfur atoms 1 and 2. Both chain ends are
immediately coordinated by lithium ions, resulting in chains of length
S3 and S1. Upon further discharge, the S3 oligo(sulfide) is first reduced
to length S2 and then to S1 by cleaving an S2− anion in each step. At the
end of the discharge process, a sulfur atom is still to the carbon atom
of the backbone structure, acting as docking site for S2− anions during
charging. In our simplified mechanism, S2− anions are immediately
coordinated by Li+ cations in the electrolyte and eventually solid Li2S
is formed above the solubility limit of the electrolyte solution. This is in
agreement with the observations by Xiaofei et al. [51], who reported a
uniform coverage of their SPAN fibers with Li2S nanoflakes at the end of
the discharge. This finding is also supported by Klostermann et al. [53],
who mentioned that the nucleation of Li2S at the SPAN backbone is
energetically favored via Density Functional Theory simulations. In this
work, we focus on the discharge process, and a detailed discussion of
the charging mechanism will be presented in future work.

2.3. Model formulation

Model formulation is explained in the upcoming sections.

2.3.1. Model framework
The model outlined in this research builds on our previous theoret-

ical work on carbon-based Li–S batteries [6,41,43,58]. We formulate
and solve fundamental conservation equations governing mass and
charge of each species involved in both the electrolyte and solid phases
to predict Li–S battery performance at the cell level. Through this
method, we are able to track the distribution of local concentration
and potential in both electrode and electrolyte phases, as well as the
solid charge and discharge products. In the following sections, we
provide a detailed explanation and derivation of the simulation domain,
governing equations, and simulation parameters.

2.3.2. SPAN kinetic model
The SPAN reduction process follows a reaction pathway consisting

of two distinct steps. First, it involves the cleavage of the oligo(sulfide)
chain, which is represented as follows

1∕2 PAN-S4-PAN + 𝑒− + Li+ ⇌ 1∕2 PAN-S3Li + 1∕2 PAN-S1Li . (1)

Subsequently, it involves the stepwise reduction of PAN-S3Li, yield-
ing S2− within the electrolyte solution which can be formally expressed
by

1∕2 PAN-S3Li + 𝑒− ⇌ 1∕2 PAN-S2Li + 1∕2 S2−. (2)
1∕2 PAN-S Li + 𝑒− ⇌ 1∕2 PAN-S Li + 1∕2 S2−. (3)
3

2 1
Fig. 3. Open Circuit Voltage (OCV) of Li-SPAN battery determined from experiment.
The dashed line indicates the corresponding OCV 𝑈 eq,0

S𝑥
used in our model according

to Eq. (7).

In our model we employ an expression for the rate 𝑟S𝑥 of electro-
chemical reactions according to [59,60]

𝑟S𝑥 = 𝑘0𝑓,S𝑥𝑎
1−𝛼S𝑥
ed. 𝑎

𝛼S𝑥
prod.

(

𝑒−
𝛼S𝑥
𝑅𝑇 𝛥�̄�S𝑥 − 𝑒

1−𝛼S𝑥
𝑅𝑇 𝛥�̄�S𝑥

)

, (4)

where 𝑅, 𝑇 , 𝑘0𝑓,S𝑥 , and 𝛼S𝑥 are the ideal gas constant, temperature,
frequency factor, and symmetry factor of the reaction. The terms 𝑎ed.
and 𝑎prod.. represent the products of the activities of the active species
in the electrolyte according to

𝑎ed. =
∏

i=ed
𝑎
|𝑣𝑖,S𝑥 |
𝑖 and 𝑎prod. =

∏

prod
𝑎
|𝑣𝑖,S𝑥 |
𝑖 , (5)

where 𝑣𝑖,S𝑥 are the stoichiometric coefficients of the reaction (1), (2),
and (3). In our model we treat the liquid electrolyte as an ideal solution
and the activity is given by 𝑎𝑖 = 𝑐𝑖, 𝑐𝑖 = 𝑐𝑖∕𝑐ref

𝑖 assuming 𝛾𝑖 = 1. The
reference concentration of species 𝑖 is chosen as the initial condition.
Note, in the case of S2− this corresponds to the solubility product of
Li2S. The activity of the SPAN species follows the general form 𝑎S𝑖 =
𝛾S𝑖𝑐S𝑖 . The reference concentration is given by the concentration of
PAN-S4-PAN chains and PAN-S𝑥Li, respectively (see Fig. 3).

The electrochemical potential difference of this electrochemical
reaction (Eq. (4)) [41] can be generally written as

𝛥�̄�S𝑥 = 𝑛𝐹 (𝜙elode − 𝜙elyte − 𝑈eq
S𝑥
) . (6)

where 𝑛 is the number of moles of electrons transferred in the reaction.
Following the reactions given in Eqs. (1)–(3), we use the value of 𝑛 = 1
𝑈eq

S𝑥
is the equilibrium potential of the SPAN reaction according to

𝑈eq
S = 1

(

𝛥𝜇0
S + 𝑅𝑇 ln𝛾S𝑥 (𝑐S𝑥 ) + 𝑅𝑇 ln

(

𝑐ed
))

. (7)

𝑥 𝑛𝐹 𝑥 𝑐prod
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Based on the measured open circuit voltage we assume a linear
dependence of the second term on the right hand side of Eq. (7) on the
local reaction coordinate 𝜁S𝑥 of the three SPAN reactions implemented
n our model. We can rewrite Eq. (7) according to

eq, ref
S𝑥

=
𝛥𝜇0

S𝑥
𝑛𝐹

+ 𝑅𝑇
𝑛𝐹

ln𝛾S𝑥

(

𝜁S𝑥

)

= 𝑈eq,0
S𝑥

− 𝑏S𝑥 ⋅ 𝜁S𝑥 , (8)

where 𝜁S𝑥 is defined as 𝜁S𝑥 = 1 − 𝑐S𝑥 . Note, that 𝛾𝑆𝑥
is the ratio of

he products of activity coefficients defined in Eq. (5). The resulting
oefficients 𝑈eq,0

S𝑥
and 𝑏S𝑥 are extracted by the corresponding OCV

easurements in Table 3.

.3.3. Li2S formation
In our model we take into account the formation of Li2S during

ischarge. The precipitation reaction is written as

Li+ + S2− ⇌ Li2S(S) . (9)

Using the same formalism to describe the reaction rate

𝑟Li2S = 𝑘0𝑓,Li2S
(

𝑎Li+𝑎S2−
)𝛼Li2S

(

𝑒−
𝛼Li2S
𝑅𝑇 𝛥�̄�Li2S − 𝑒

1−𝛼Li2S
𝑅𝑇 𝛥�̄�Li2S

)

. (10)

The chemical potential difference of the reaction Eq. (9)given by

𝛥�̄�Li2S = �̄�Li2S − 2�̄�Li+ − �̄�S2− , (11)

= 𝜇0
Li2S − 2𝜇0

Li+ − 𝜇0
S2−

− 𝑅𝑇 ln(𝑎2Li+𝑎S2− ) . (12)

This expression can be reformulated making use of the solubility
product 𝐾sp

Li2S resulting in

𝐾sp
Li2S = exp

⎛

⎜

⎜

⎝

𝛥𝜇0
Li2S

𝑅𝑇

⎞

⎟

⎟

⎠

, (13)

𝛥�̄�Li2S = 𝑅𝑇 ln𝐾sp
Li2S − 𝑅𝑇 ln(𝑎2Li+𝑎S2− ) . (14)

In our model we consider the precipitation of Li2S(S) on cathode sur-
faces only.

2.4. Parameterization

In this section we summarize the parameters defining geometry,
electrochemistry, transport properties, and thermodynamics of the Li-
SPAN cell.

2.4.1. Geometric parameters
The geometric parameters of the simulation domain describing the

experimental setup are summarized in Table 1. Relevant geometric
parameters are the thickness of the separator and the electrode, the
volume fractions of SPAN, conductive additive, binder (CB), and Li2S,
as well as the corresponding surface areas between them. An important
geometric parameter of the porous electrodes and the separator is also
the tortuosity of the electrodes. Note that in the case of the Whatman
glass fiber separator, the thickness and porosity of the separator when
compressed in the Swagelok cell must be considered. Several methods
have been used to estimate the porosity of this separator [61–63]. For
our model, we use the thickness and porosity of the separator reported
by Raccichini et al. [64]. In our framework, we use the Bruggeman
correlation to compute the effective transport parameters. For the
cathode and separator, we assign values of 1.5 and 1, respectively.
Additionally, in Section 4.5, we evaluate the impact of the cathode
Bruggeman coefficient on the performance of the battery.

2.4.2. Transport
Electrolyte. In this paper we simulate Li-SPAN batteries using a stan-
dard carbonate based electrolyte. The concentration dependent diffu-
sion coefficients of Li+ (𝐷Li+ ) and PF−6 (𝐷PF−6

) ions are calculated based
on the parameters measured by Lundgren et al. [65]. The diffusion
coefficient of S2− is assumed to be concentration independent and
we choose a value in the order of magnitude reported by Ghaznavi
4

et al. [36]. In Table 2 we report values at the initial conditions.
Table 1
Geometrical parameters defining the simulation domain. The values of concentrations,
volume fractions, and surface areas are initial values and change during the simulations

Cathode

Thickness 𝐿cat 100 μm
Specific surface area 𝑎𝑣SPAN 1⋅107 m−1

Phases
Carbon & Binder (CB)

Volume fraction 𝜀CB 0.032
CB density 𝜌CB 1810 kg/m3

SPAN
Volume fraction 𝜀SPAN 0.0945
SPAN density 𝜌SPAN 1440 kg/m3

Li2S
Volume fraction 𝜀Li2S 1 ⋅ 10−5

Li2S density 𝜌Li2S 1659 kg/m3

Surface exponent 𝜉 1.5
Porosity 𝜑cat 0.87

Separator

Thickness 𝐿sep 618 μm (2 × 309 μm)

Phases
Whatman Glass Fiber

Volume fraction 𝜀sep 0.11
separator density 𝜌sep 254 kg/m3

Porosity 𝜑sep 0.89

Anode

Thickness 𝐿an 1 mm (Alfa Aesar)

Phases
Li metal

Volume fraction 𝜀an 1
Li density 𝜌Li 530 kg/m3

Table 2
Transport parameters of species in electrolyte and solid phases.

Parameter Value Meaning Ref.

Electrolyte
𝐷LiPF6

2.52 ⋅ 10−10 m2/s Li+, PF−
6 diffusion coefficient [65]

𝐷S2− 4.7 ⋅ 10−10 m2/s S2− diffusion coefficient [36]
𝑡Li+ 0.1625 Li+ transference number [65]
𝜅0

LiPF6
0.796 S/m Electrolyte conductivity [65]

(

1 + 𝜕ln𝑓𝑒
𝜕ln𝑐𝑒

)

1.6 Thermodynamic factor [65]

𝑐0Li+ 1000.02 mol/m3 Li+ initial concentration a

𝑐0PF−
6

1000 mol/m3 PF−
6 initial concentration a

𝑐0
S2− 0.01 mol/m3 S2− initial concentration a

Solid
𝜅SPAN 1 S/m Electronic conductivity a

𝛽cat 1.5 Cathode Bruggeman coefficient a

𝛽sep 1 Separator Bruggeman coefficient a

cDL 0.1 F/m2 Double layer capacity a

Z𝐶𝐶 0.025 Ωm2 Cathode contact resistance a

a Assumed parameter.

Solid phases. In the SPAN electrode, we primarily consider the trans-
port of electrons using an effective electronic conductivity of the ma-
terial. Due to the relatively high conductive additive content, the
conductive pathways are mainly through the conductive carbon, result-
ing in a high effective conductivity of 1 S/m. In our measurements we
see a high potential drop at high currents which we mainly attribute to
a contact resistance (𝑍𝐶𝐶 ) between the current collector and the posi-
tive electrode layer. We find the best agreement with the experimental
data at 0.035 Ωm2.

2.4.3. Kinetic parameters
The kinetic and thermodynamic parameters of chemical and electro-

chemical reactions are calibrated against experimental data or taken
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Fig. 4. Results of Galvanostatic Simulations. (a) Discharge curves of pseudo-OCV simulations (1/20 C = 0.05 mA/cm2) using transport parameters of 1 LiPF6 in EC:DEC and 1
LiPF6 in EC:DMC solvent in simulation. (b) Discharge curves at various C-rates.
from the literature. A summary of the parameters can be found in
Table 3.

SPAN kinetics. The kinetic and thermodynamic parameters of the SPAN
reactions are the open circuit voltage (OCV) 𝑈eq,0

S𝑥
, pre-exponential fac-

tor 𝑘0𝑓,S𝑥 , and the symmetry factor (𝛼 = 0.5). In this study we determine
a quasi-OCV as a function of the SOC by measuring the discharge curve
at C/20 rate. Details of the experimental setup are described in the
following paragraph. The pre-exponential factor was determined by
fitting discharge curves at different C-rates. In general, we found a
relatively low sensitivity to this parameter in our simulations (Figure
S1). Detailed investigations of SPAN kinetics are planned for future
work.

Li2S precipitation and dissolution. In our simulations we model the
precipitation of solid Li2S in the cell. A decisive parameter is the solu-
bility product. The solubility of polysulfides was found to be lower in
carbonates than in ether-based solvents. Therefore, we use a solubility
product of 𝐾sp

Li2𝑆
= 10. Other kinetic parameters are taken from our

previous publications [41,43].

Li metal kinetics. Parameters for Li plating and stripping are taken from
our previous work [41,43] and are used here without modification.

2.5. Simulation methodology

The model in this work was implemented in MATLAB and solved
using ode15s. The system of partial differential equations was dis-
cretized using a finite volume scheme. For all simulations in this
work, both cathode and separator were discretized using 20 and 10
discretization elements, respectively. The higher spatial discretization
for cathode was chosen to ensure the accuracy of the simulation results.
The simulation time of a galvanostatic discharge was in the order of a
few minutes depending on the operation conditions. The higher spatial
discretization for cathode was chosen to ensure the accuracy of the
simulation results.

3. Experiments

The details of the electrode preparation, cell assembly, and elec-
trochemical characterization of Li-SPAN cells are explained in this
section.

3.1. SPAN cathode

The PAN material (Mn = 36,500 g/mol) was purchased from Merck
and stored at room temperature in an Ar-filled glove box. Active
material SPAN inside the positive electrode was prepared via a two-step
reaction. First, circa 1 g of PAN powder was mixed homogeneously with
excess (15 g) sulfur powder inside a high-temperature resistant quartz
5

glass tube and was heated up to 150 ◦C under Ar. The tube was then
cooled to room temperature after all the sulfur was completely molten
and put inside a furnace. The oven temperature was set initially at
150 ◦C and was held for 30 min. The temperature was increased grad-
ually to 550 ◦C over 3 h and then held for 5 h. Then the furnace was
cooled down overnight and the tube was removed. To remove excess
sulfur, the SPAN was extracted in a Soxhlet apparatus using hot toluene
for 2 days until no further sulfur could be extracted. The obtained SPAN
compound was further dried in vacuum overnight and then manually
ground using a mortar and a pestle to reduce the particle size of the
SPAN particles. The SPAN particles were sieved by a 63 μm sieve to
ensure a homogeneous particle size distribution. Elemental analysis
of SPAN showed the following elemental composition: C, 44.08%; H,
1.048%; N, 13.66%; S, 38.32%.

The positive electrode was prepared with a weight ratio of SPAN:
Carbon Black:Binder of 70:15:15 with poly(vinylidene difluoride)
(PVDF) as binder material. The weight ratio of N-methyl-2-pyrrolidone
(NMP): SPAN was set to 10:1. The dispersion of SPAN, conductive
material, the binder and NMP were mixed at 20,000 rpm for 6 min.
Next, the slurry was coated on a graphite foil and dried on a vacuum
plate at 60 ◦C under air suction for several hours. As the coating
was almost dry, it was placed in an oven at 60 ◦C to continue the
drying process. Round chips with 12 mm in diameter were punched out.
The sulfur content of our SPAN material was 43.6-wt-% resulting in a
theoretical specific capacity of 728.12 mAh/gSPAN. To avoid breakage
of S-C bonds we limited the lower cut-off voltage to 1 V which reduces
the maximum practical capacity. We assumed that the average sulfur
chain length was around 4. In this case the usable practical capacity
is 75% of the theoretical capacity (546.09 mAh/gSPAN). The average
sulfur content was 0.6 mg/cm2 per cathode (SPAN loading of 2.91
mg/cm2), corresponding to an areal capacity of 0.6 mAh/cm2.

3.2. Cell assembly and test procedure

The battery cells were assembled in a glove box under argon at-
mosphere. Cycling tests and measurements of discharge–charge profiles
were made on Swagelok type cells comprising an SPAN cathode (12 mm
diameter), two Whatman glass fiber separators, and a lithium metal
anode (12 mm diameter).

The quasi-OCV measurements were carried out using 1M LiPF6 in
EC:DMC solvent (1 : 1) at a C/20 rate. All rate tests were performed
using 1M LiPF6 in EC:DEC (1 : 1) as solvent. The discharging and
charging tests were performed at constant currents of 0.05 mA/cm2,
0.1 mA/cm2, 0.2 mA/cm2, and 1 mA/cm2. The cells were cycled
between 1.0 – 3.0 V to avoid decomposition of the electrolyte at higher
voltage [66]. The cycling data was recorded on a BasyTec XCTS-LAB
system.
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Table 3
Kinetic parameters for electrochemical and chemical reactions.
Parameter Value Meaning Ref.

Electrochemical reactions
SPAN cathode
1∕2 𝐏𝐀𝐍-𝐒4-𝐏𝐀𝐍 + 𝐋𝐢+ + 𝑒− ⇌ 1∕2 𝐏𝐀𝐍-𝐒3𝐋𝐢 + 1∕2 𝐏𝐀𝐍-𝐒1𝐋𝐢
𝑘0𝑓,S4

1 ⋅ 10−2 mol/m2 s Frequency factor of reaction b

𝛼 0.5 Symmetry factor of transition state b

𝑈 eq,0
S4

2.2 V Parameters for the calculation of the SPAN OCP b

𝑏S4
0.3 V b

1∕2 𝐏𝐀𝐍-𝐒3𝐋𝐢 + 𝑒− ⇌ 1∕2 𝐏𝐀𝐍-𝐒2𝐋𝐢 + 1∕2 𝐒2−
𝑘0𝑓,S3

1 ⋅ 10−2 mol/m2 s Frequency factor of reaction b

𝛼 0.5 Symmetry factor of transition state b

𝑈 eq,0
S3

1.9 V Parameters for the calculation of the SPAN OCP b

𝑏S3
0.28 V b

1∕2 𝐏𝐀𝐍-𝐒2𝐋𝐢 + 𝑒− ⇌ 1∕2 𝐏𝐀𝐍-𝐒𝐋𝐢 + 1∕2 𝐒2−
𝑘0𝑓,S2

1 ⋅ 10−4 mol/m2 s Frequency factor of reaction b

𝛼 0.5 Symmetry factor of transition state b

𝑈 eq,0
S2

1.66 V Parameters for the calculation of the SPAN OCP b

𝑏S2
0.62 V b

𝑐0S4
598 mol/m3 PAN-S4 initial concentration b

𝑐0S3
1⋅10−5 mol/m3 PAN-S3Li initial concentration b

𝑐0S2
1⋅10−5 mol/m3 PAN-S2Li initial concentration b

𝑐0S1
1⋅10−5 mol/m3 PAN-SLi initial concentration b

𝑐S4 ,ref 598 mol/m3 PAN-S4 reference concentration b

𝑐S3 ,ref 598 mol/m3 PAN-S3Li reference concentration b

𝑐S2 ,ref 598 mol/m3 PAN-S2Li reference concentration b

𝑐S1 ,ref 1196 mol/m3 PAN-SLi reference concentration b

Li anode
𝐋𝐢+ + 𝑒− ⇌ 𝐋𝐢
𝑘0𝑓,Li 3.94 mol/m2 s Frequency factor of reaction [43]
𝛼 0.5 Symmetry factor of transition state [43]
𝑈 0

eq 0 OCP at reference condition [43]

Chemical reaction
2𝐋𝐢+ + 𝐒2− ⇌ 𝐋𝐢2𝐒
𝐾sp

Li2S 1 ⋅10 Solubility a

𝑘0Li2S 2 ⋅ 102 mol/m2 s Growth factor a

a Assumed parameter.
b Fit to experimental data.
. Results and discussion

In this section, the simulation results of the Li-SPAN cell model are
resented. The novel model is used to study the electrochemical prop-
rties of Li-SPAN batteries and the relation to the design parameters
elevant for upscaling and cell optimization.

.1. Model validation

In Section 2.4 we provide a description of the parameterization
rocedure of our model. Parameters have been adjusted on the basis of
edicated measurements as well as data published in the literature. In
his section, we will validate our model by comparing the simulations
o the rate tests measured on the Li-SPAN cells shown in Fig. 4.

First, we compare our simulation results to the measurements
t C/20 rate serving as input for the SPAN equilibrium potentials
eq, ref
S𝑥

. Note that these quasi-OCV measurements were made in Li-
PAN cells using EC:DMC electrolyte. Simulations in the main part
f the manuscript are all done using electrolyte parameters for 1 M
iPF6 in EC:DEC which is the electrolyte system used in subsequent rate
ests. Still, we can report a good agreement between measurements and
imulations at the C/20 rate. Simulations comparing the predictions of
he C/20 charge and discharge curves using transport parameters of 1

LiPF6 in EC:DMC [67] and 1 M LiPF6 in EC:DEC [65] are shown in
Fig. 4a.
6

The simulated discharge curves at varying C-rate (Fig. 4b) of our
newly developed Li-SPAN model are in good agreement with the ex-
perimental data. At moderate C-rates, the cell voltage of both measure-
ments and simulations show negligible overpotentials resulting in very
similar discharge curves. However, at a high 1 C rate, we observe a
significant increase in overpotential.

In our model, we assume that a contact resistance between the
SPAN cathode and current collector causes this significant loss in
performance. However, the kinetics of the electrochemical reactions or
transport in the electrolyte can cause similar performance losses. We
will analyze the different contributions in the following sections.

4.2. Discharge mechanism of SPAN

The cell simulations allow us to study the kinetics and discharge
mechanism of the SPAN material. The measured discharge curve does
not exhibit the typical two-stage profile of conventional Li–S batteries,
which confirms the absence of dissolved polysulfides in the electrolyte.
Instead, we observe a rather continuous decrease of the cell voltage
during discharge. In our model we link this to the reduction and extrac-
tion of S2− from the oligo(sulfide) chain followed by the precipitation
of solid Li2S. Therefore, only S2− can be found in the electrolyte.
Concentrations are generally low and determined by the solubility in
the carbonate based electrolyte system.

Fig. 5a shows the evolution of sulfur chains with different length
during discharge at 1/10 C rate (0.1 mA cm−2). At the beginning of
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Fig. 5. Galvanostatic discharge simulation at 1/10 C (0.1 mA cm−2). (a) Cell voltage (black line, left axis) and corresponding PAN-Sx concentrations (right axis) as function of
specific capacity, (b) Li2S volume fraction 𝜀Li2S (left axis) in the cathode and average species (Li+, PF−

6 , S2−) concentration (right axis) in the cathode.
discharge, most of the oligo(sulfide) chains have a length of 4 sulfur
atoms with each end connected to the PAN matrix. During discharge,
the concentration of PAN-S4 oligo(sulfide) chains 𝑐S4 is reduced while
shorter oligo(sulfide) chains (PAN-S3Li and PAN-SLi) are formed. Note
that during operation at practical rates, a mixture of oligo(sulfide)
chains of different length coexist, resulting in a mixed potential due
to the different SPAN reduction reactions. This is indicated by the
continuous increase of 𝑐S3 and 𝑐S before all PAN-S4 chains are reduced.
As the discharge continues, the concentration of PAN-S3Li chains de-
creases, followed by an increase of shorter (PAN-S2Li, PAN-SLi) chains.
At the end of the discharge, almost all available sulfur atoms have been
extracted, leaving only chains with one sulfur atom on the polymer
backbone (PAN-SLi). Note that this is the minimum we assume and that
is required for stable cycling. Therefore, not all possible oligo(sulfide)s
are reduced during discharge, resulting in a reduced capacity, which is
also observed in the experiments.

Fig. 5b shows the evolution of Li2S volume fraction and the average
concentration of dissolved species (Li+,PF−6 ,S2−) in the SPAN cathode
during discharge. In the first discharge phase, which mainly involves
the reduction of PAN-S4, the Li2S volume fraction is negligible. In the
second phase we model the formation of PAN-S2Li which also causes
an increase of S2− concentration in the electrolyte. Due to the low
solubility product of Li2S, the S2− concentration rapidly reaches the
solubility limit of around 10−5 mol/l. At this point the Li2S volume
fraction begins to grow and we observe a linear increase in the second
and third discharge phases.

Our simulation results suggest that the S2− concentration in the
electrolyte varies within a very small range during discharge. There-
fore, the concentration of Li+ and PF−6 is close to the initial value of
1000 mol/m3 to maintain electroneutrality. The effect of Li2S solubility
and kinetics will be discussed in Section 4.6. In our model we do not
take into account side reactions of the polysulfides at the anode due to
the very low polysulfide solubility in the carbonate based electrolyte.
However, incorporation of the polysulfide shuttle is straight forward
and has been investigated for conventional Me-S batteries [6,58].

4.3. Effect of SPAN kinetics

An interesting feature in the rate test are the large overpotentials
observed at high currents. To understand the limiting factors for bat-
tery performance, we vary the exchange current density of the SPAN
electrochemical reactions. Fig. 6a shows discharge curves for different
values of the kinetic prefactor 𝑘0𝑓S𝑥

. In order to isolate the effect of
SPAN kinetics, we set the contact resistance 𝑍CC equal to zero. During
parameterization 𝑘0𝑓S𝑥

was adjusted to 10−4 to reproduce the discharge
curve at 1/10 C rate. Fig. 6a shows that there is quite a discrepancy
between our simulation result and the experiment for a current of 1
C. However, this discrepancy cannot be resolved even by reducing the
7

kinetic prefactor by orders of magnitude. The cell voltage consistently
decreases with decreasing prefactor. However, the prefactor reduces
the cell voltage for both 1/10 C and 1 C rate. Therefore, we conclude
that the observed overpotential at high C rate is not due to SPAN
kinetics.

4.4. Effect of contact resistance

In the previous paragraph we studied the effect of SPAN kinetics.
Although sluggish kinetics generally result in significant overpotentials,
the resulting charge transfer resistance is contradictory to the good
rate performance of SPAN material reported in the literature. Other
relevant parameters are the electrical contact or, more general, the
electrical conductivity of the SPAN cathode. Due to the high amount of
conductive additives, the latter property is unlikely to affect the battery
performance. Therefore, we focus on the influence of contact resistance
𝑍CC on battery performance. Fig. 6b shows discharge simulations with
varying contact resistance between SPAN and the current collector.
We observe that for simulations with low C rate, the cell voltage
does not deviate much despite an increasing contact resistance 𝑍CC.
However, for simulations at higher C rate, the overpotential increases
significantly as we increase 𝑍CC, providing a good agreement with the
experimental data at 𝑍CC = 0.025. On the basis of these results, we
conclude that the significant overpotential of the SPAN cells at higher
C rate is a result of the electrical resistance between SPAN cathode
and the cathode current collector. This might be due to the mechanical
properties of the SPAN material that allows only moderate compression
or calendering of the material.

4.5. Effect of ionic resistance

The electrodes investigated in this work have a SPAN content of
only 10 vol-% (Table 1) which corresponds to a sulfur loading of 0.6
mg/cm2 (0.8 mAh/cm2). The electrode tortuosity or its corresponding
Bruggeman coefficient 𝛽elyte, affect the ion transport in the porous
SPAN cathode. Since the SPAN electrode is highly porous, the reduction
of effective transport parameters is not significant. Therefore, the effect
on electrochemical processes is minor. Figure S2 shows the simulated
cell voltage at low 1/10 C and high 1 C current rate for different values
of the positive electrode tortuosity [19,68]. Even for high tortuosity
values, no effect on cell voltage can be observed, which suggests that
ion transport in the electrolyte is not limiting in the lab scale electrodes.

4.6. Effect of Li2S solubility and kinetics

The electrochemical reactions of SPAN during discharge affect the
concentration of S2− in the electrolyte. The maximum concentration of
S2− is governed by the solubility of Li2S in the electrolyte. Above the
solubility limit we model the formation of the solid discharge product

Li2S. The decisive properties and parameters of this process are the
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Fig. 6. (a) Discharge simulation for 1/10 C and 1 C (1/10 C = 0.1 mA cm2−) with varying SPAN kinetics (𝑍CC = 0). (b) Discharge simulation for 1/10 C and 1 C (1/10 C =
0.1 mA cm2−) with varying contact resistance (𝑍CC).

Fig. 7. Left column: Galvanostatic discharge simulation (1/10 C) with varying precipitation kinetics 𝑘0Li2s. (a) cell voltage, (c) Li2S volume fraction, (e) average S2− concentration
in the electrolyte (cathode only). Right column: Galvanostatic discharge simulation (1/10 C) with varying solubility product (𝐾𝑠𝑝

Li2s : b) cell voltage, (d) Li2S volume fraction, (f)
average S2− concentration in the electrolyte (cathode only).
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solubility product 𝐾sp
Li2S and kinetic factor 𝑘0Li2S. In this paragraph we

study the effect of these parameter operations. Fig. 7 gives an overview
of the simulation study. The effect of Li2S precipitation kinetics is
depicted in the left column and the effect of Li2S solubility is shown
in the right column.

Li2S kinetics. - The left column of Fig. 7 depicts galvanostatic discharge
simulations with varying Li2S precipitation kinetics. During discharge,
Li2S precipitates in the electrolyte and consumes S2−, which is extracted
from oligo(sulfide) chains on the PAN material. Based on our simulation
study, the precipitation kinetics have no significant effect on the cell
voltage. Fig. 7c shows that for all precipitation rates, the formation
of Li2S is not significantly affected. Yet, with faster precipitation rates
(>10−1) the S2− concentration is close to the solubility limit of 10−5

mol/m3 given by the Li2S solubility product of 𝐾sp
Li2S = 10.

In the present study, we do not incorporate charging mechanism in
our model. Nevertheless, it is worth acknowledging that these aspects
will be significant for our future research, as the kinetics of Li2S
dissolution may potentially limit the charging rate of the Li-SPAN cells.
If the dissolution rate is slower than the SPAN conversion rate, the
supply of S2− limits the capacity of the cell.

Li2S solubility. - The right column of Fig. 7 shows galvanostatic dis-
charge simulations with varying Li2S solubility in the electrolyte using
a constant kinetic factor 𝑘0Li2𝑆

of 2 ⋅ 102. Fig. 7b shows discharge curves
for different values of the solubility product. In general, the solubility
has no significant effect on the cell voltage, with the notable exception
of the region between 400–700 mAh/g𝑆 where a small overpotential
is observed. The overpotential in the cell voltage is related to the
concentration of S2− anions in the electrolyte (Fig. 7f) as given by
Eq. (7). Note that initially the concentration of lithium ions is given by
the salt concentration of 1000 mol/m3. However, during operation the
local concentration of lithium ions may vary, affecting the maximum
local S2− concentration.

In an electrolyte with a low solubility(𝐾sp
Li2S < 105), the S2− con-

centration rapidly approaches the solubility limit. As a consequence
Li2S precipitates almost instantaneously (Fig. 7d) and grows linearly
during discharge. At high solubility products (𝐾sp

Li2S > 105) the con-
centration of S2− needs considerably longer to approach the solubility
limit. Consequently, the formation of Li2S is delayed. However, the
initial increase in Li2S volume fraction is faster for high solubility
products due to faster kinetics favored by higher concentrations in the
electrolyte. After the nucleation phase, the S2− concentration in the
electrolyte decreases rapidly due to the growth of Li2S before reaching
a steady-state, resulting in a linear increase in the Li2S volume fraction.

Finally, if the solubility product is sufficiently large no Li2S precipi-
tation is observed, resulting in a continuous increase of S2− concentra-
tion in the electrolyte. Note that the Li2S precipitate reduces both the
active surface and the pore volume for electrolyte transport. However,
in the current cell design the sulfur loading is not sufficient to have a
significant impact on battery performance. We will revisit this aspect
in Section 4.7.

4.7. Perspective on Li-SPAN development

The purpose of our work is to provide theoretical tools for the
development and commercialization of Li-SPAN batteries. Hence, we
aim to bridge the gap between cells that are developed in research
and academia to cell designs targeting at commercialization. One of
the most important aspects for the commercialization of Li–S batteries
is the energy density of the cells.

To provide predictions of the influence of electrode and cell de-
sign on specific energy we first define electrode and cell parameters
targeting at cells with high energy density. We use an optimized
electrode formulation of 90 wt-% SPAN and 10 wt-% carbon black
and binder and fix the thickness of the electrode and separator to
9

Fig. 8. Bar chart providing cell level of theoretical specific energy for a projected,
optimized cell design (see Table S3 and S4) as function of electrode density, represented
by the volume fraction of SPAN material. Blue and red color represent an electrolyte
content of 1.5 and 3 g/Ah, respectively.

100 μm and 20 μm, respectively. Moreover, we assume a balancing
factor of negative to positive electrode capacity of 1.2. Another decisive
factor in LiS development is the electrolyte content. The target of cell
development is a low electrolyte contents of 1.5 g/Ah [69] which is
similar to the values reported for LIBs. Note, that such lean electrolyte
conditions might be detrimental for the cycle life [70] of the lithium
metal cells. Therefore, we provide estimates of the theoretical capacity
with a higher electrolyte content of 3 g/Ah. Additionally, we assume
in all cases a minimum electrolyte content for full wetting of the
available pore volume. In the LiS community it is common to relate the
electrolyte content to the sulfur loading. 1.5 and 3 g/Ah correspond to
approximately 2 and 4 ml/gS, respectively. Details of the calculations
are summarized in the supporting material.

The theoretical specific energy as function of SPAN content is shown
in Fig. 8. On the basis of these calculations, Li-SPAN cells are potentially
able to achieve a very high specific energy close to 450 Wh/kgcell
on cell level. The electrolyte content has a significant effect on the
theoretical specific energy. However, even with 3 g/Ah the projected
cell designs allow for specific energy above 300 Wh/kg. The graph
demonstrates that increasing the SPAN content generally increases the
specific energy of the SPAN cell. However, along with SPAN content
the electrode capacity and electrolyte content increase. For high SPAN
contents the electrolyte significantly increases the mass of the cell, re-
sulting in negligible improvements in specific energy despite high areal
capacity (see Fig. 9). In particular, the calculations indicate that SPAN
contents exceeding 60 vol-% provide no significant improvements in
specific energy. Nevertheless, the calculations show that SPAN is a
promising material for future application in the mobility sector.

Based on this assessment, we simulate discharge curves using the
optimized electrode formulation and cell design described above. Note,
that the electrolyte-to-sulfur (E/S) ratio is a critical factor for conven-
tional Li–S batteries when going from coin cells to pouch cells. The
amount of liquid electrolyte influences the dissolution of intermediate
polysulfide species. In Li-SPAN cells with carbonate-based electrolytes
the solubility of Li2S is generally low. Therefore, effects on SPAN
discharge is minor. Still, limited supply of electrolyte has a negative
impact on cycle life as discussed in previous paragraphs.

The left column of Fig. 10 shows results of 1 C discharge simulations
for SPAN cathodes with varying SPAN volume fraction (𝜀SPAN). In all
cases the Bruggeman coefficient, which represents the tortuosity of
the electrode, is set to 1.5. This corresponds to the value of an ideal
packing of spherical particles [71]. The corresponding discharge curves
are shown in Fig. 10 (a). For SPAN contents between 20 and 60 vol-%,
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Fig. 9. Bar chart providing theoretical mass contribution and total cell mass density for a projected, optimized cell design represented by the volume fraction of SPAN material
for electrolyte content of (a) 1.5 and (b) 3 g/Ah, respectively.

Fig. 10. Simulation results for the projected high specific energy cell design. All graphs show results of a 1 C discharge process. The left column presents a variation in the SPAN
content at a constant Bruggeman coefficient 𝛽elyte = 1.5. The right column presents the effect of increasing electrode tortuosity at a constant electrode density given by the SPAN
content of 60 vol-%. The first row shows (a), (b) discharge curves (c), (d) lithium ion concentration in the electrolyte from cathode current collector (0 μm) to lithium metal
surface (120 μm) at the end of discharge (1 V) (e), (f) SPAN utilization in the cathode at the end of the discharge (1 V).



Electrochimica Acta 497 (2024) 144571E.K. Simanjuntak et al.

c
i
a
c
F
t
b
g
t
h

%
a
t
o
%
(
t
a
t
d
a
v
i
c
(
c
s
S
m
h
a
i
e
r

5

S
p
c
5
N
p

b
d
d
d
d
r
a
c
c
p
o
t
a

f
o

t
i
a

the effect on the discharge curves and discharge capacity is moderate.
However, at 70 vol-% SPAN in the electrode, the discharge capacity
drops to 800 mAh/g𝑠. Our simulations indicate that ion transport limits
ell performance at high electrode densities. Fig. 10 (c) shows a signif-
cant drop in lithium concentration in the cathode at 70 vol-% SPAN
t the end of the discharge. The significant gradient in the lithium ion
oncentration limits the utilization of SPAN near the current collector.
ig. 10 (e) shows the relative utilization of the SPAN material given by
he remaining local capacity normalized to the initial capacity at the
eginning of the discharge. The graph shows that SPAN utilization is
enerally lower at high electrode densities. In addition, the region near
he CC is less utilized compared to the region near the separator with
igh lithium ion concentration.

The simulations indicate that volume fractions greater than 60 vol-
of SPAN are limited by ion transport in the electrolyte, even for

low electrode tortuosity (𝛽elyte = 1.5). Higher tortuosity values are
ypically reported in commercial electrodes [72,73]. The right column
f Fig. 10 shows 1C discharge simulations of electrodes with 60 vol-

SPAN content and varying Bruggeman coefficient 𝛽elyte. Fig. 10
b) shows the corresponding discharge curves. Our simulations show
hat the electrode tortuosity is a sensitive parameter that significantly
ffects electrode performance. As the Bruggeman coefficient increases
he capacity drops below 300 mAh/gS. A limit for the presented cell
esign seems to be a Bruggeman coefficient of 2.5, which still results in
reasonable rate performance and should be a target for electrode de-

elopment. Fig. 10 (d) shows the concentration distribution of lithium
ons in the cathode. Above a Bruggeman value of 2.5, the lithium con-
entration in the cathode is close to zero at the current collector. Fig. 10
f) shows that these conditions prevent full utilization of the SPAN
apacity. Our simulations underscore the importance of a detailed
tructural analysis to determine the effective transport parameters of
PAN materials [19]. The structure or morphology of the cathode
aterial plays a crucial role in the development of SPAN cells with
igh energy and power density. Similarly, Lebherz et al. [19] report
correlation between SPAN cathode tortuosity and its cycling stabil-

ty. Thus, it is clear that increasing electrode density without proper
lectrode or cell design will not result in improved cell performance at
elevant current densities.

. Conclusions

SPAN is a promising cathode material for future Li–S batteries.
ulfur is bound to a polymer-derived backbone, which mitigates the
olysulfide shuttle resulting in high coulombic efficiency and long
ycle life. Moreover, our calculations indicate that specific energies of
00 Wh/kg can be achieved in optimized electrode and cell designs.
ovel design tools are needed to avoid compromising the good rate
erformance reported on lab scale.

In this work we present for the first time a model of a Li-SPAN
attery. We parameterize and validate the model against experimental
ata. The simulation results are in good agreement with measured
ischarge curves. On the basis of the simulations we investigate the
ischarge mechanism of the SPAN material and analyze the impact of
ifferent parameters and processes on cell behavior. Our simulation
esults suggest that the large overpotentials observed in the lab cells
t high current densities are a result of a contact resistance between
urrent collector and SPAN cathode. Moreover, we found that in the
urrent electrode design transport in the electrolyte is not limiting cell
erformance. However, in cell designs targeting high energy density
ur simulations demonstrate that the morphology and microstructure of
he SPAN cathode will be crucial to attain C-rates relevant for practical
pplications.

The newly developed SPAN model can be regarded as a design tool
or Li-SPAN batteries. Thereby, it will be able to guide the development
11

f new materials and the up-scaling of electrode and cell concepts.
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