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The use of SPAN as a positive electrode for lithium-sulfur batteries (LiSB) has demonstrated that, the material
preserves a high specific capacity for several cycles. Through the recharging cycle, e.g. in Li-ion batteries,
overpotential reactions can occur and promote degradation of the electrode material. In this work, we investigate
the overpotential reactions that may occur in the presence of SPAN and cyclized-polyacrylonitre (cPAN). To

approach this, ab initio molecular dynamics (AIMD) was used, and depletion of electrons was created in the
system, thus inducing overpotential reactions in SPAN and cPAN. The simulations indicate that overpotential
reactions tend to degrade the system, enabling reactions between the polymer and the solvent, as well as
generating new branches in the polymer due to interactions with solvent radicals. The presence of different salts
can also impact the overpotential reactions either by reacting with the solvent or by necessitating higher

overpotential values.

1. Introduction

In contemporary society, electronic storage devices are become
predominant and serve a wide range of purposes, including laptops,
electric vehicles, toys, and renewable energy systems [1]. Among these
devices, lithium-ion batteries have emerged as the dominant commer-
cial solution for energy storage, which has led to numerous research
efforts and advancements in this field [2]. However, lithium-ion batte-
ries are approaching their theoretical capacity limit, prompting the
exploration of alternatives to enhance the specific capacity of batteries.
This involves considering the replacement of either the negative elec-
trode (e.g., lithium metal) or the positive electrode (e.g., conversion
electrodes) [3-7]. In the case of lithium batteries, sulfur cathodes have
emerged as a promising candidate for replacing lithium-ion batteries
due to their high specific capacity. Nevertheless, despite the higher
specific capacity offered by lithium-sulfur batteries, there are still
certain challenges that hinder their widespread commercial application.
The primary obstacles include self-discharge and degradation of the
anode, caused by the migration of polysulfides (PSs) within the battery
system [8-10].

The PSs are formed during the lithiation of the sulfur until the

precipitation of insoluble salts on the positive electrode (sulfur cathode),
which is LipS; and LipS. Until the sulfur chains are not completely
lithiated, the PSs can be soluble in the electrolyte. Thus, the shuttle of
the PSs are promoted by their solubility on the electrolyte and migration
to the negative electrode (lithium anode) [11,12]. Consequently, the
main strategies to reduce or eliminate the shuttle of PSs are: to confine,
hold or catalyze the PSs until it converts into Li,S inside the cathode.
Therefore, the common tactics are modifying the host material
(graphite): modifying the architecture of the graphite as a host material
[13-17], use of adatom on the graphite [18,19], adding additives on the
graphite [20-23], and using membranes to stop polysulfide migration
[24-27]. Graphite is used as host material because lithium sulfides do
not conduct electricity, however, the interactions between the graphite
and sulfur are through van der Waals interactions, therefore, weaker
than chemical interactions. A most sophisticated strategy is to replace
the use of graphite with sulfurized polyacrylonitrile (SPAN), in such a
way sulfur is chemically adsorbed and can conduct electricity [28-33].

The SPAN is produced from the synthesis of polyacrylonitrile with
a-sulfur at temperatures around 500 °C, where sulfur chemically bonds
to the polymer [34,35]. The synthesis is similar to the production of
carbon fibers from polyacrylonitrile, where a cyclized polyacrylonitrile
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(cPAN) is formed as an intermediary, and Hs is eliminated from the
process [36-39]. In presence of sulfur, SPAN is formed and HS; is
eliminated from the process. The structure of the SPAN backbone is
proposed as 7-conjugated, in a preferential stair-like backbone, with
sulfur chains attached to the polymer, in a such configuration that the
n-conjugated system allows the polymer to conduct electricity [40-43].

Within lithium-sulfur batteries (LiSB), the incorporation of SPAN as a
host material has shown to extend battery lifespan in comparison to
graphite hosts, as well as preventing the detection of polysulfides in
certain solvents [44-48]. Furthermore, various approaches have been
explored to enhance battery performance, particularly conductivity,
through the utilization of additives [49-52]. The synthesis process can
result in incomplete reactions between sulfur and the polymer, leading
to the formation of undercoordinated carbon (Cuc) [53]. Additionally,
the cleavage of C—S bonds during battery cycles can give rise to the
presence of Cuc within the polymer structure [54]. Due to its pseudo-
capacitance and semi-conductance [55], SPAN exhibits a greater spe-
cific capacity in comparison to traditional carbon/sulfur electrodes. This
increase in capacity is primarily attributed to the reduction of graphite
as a host material. Moreover, SPAN demonstrates a higher capacity than
the theoretically expected 1675 mAh g~!. The potential sources of this
specific capacity enhancement include increased lithiation through Li
ion intercalation [31,56], the adsorption of Li ions by the N atoms
[57,58], or the cleavage of C—S bonds. Notably, the initial capacity of
SPAN can achieve 1843 mAh g~! and retains over 1000 mAh g™! even
after 1000 cycles [54,59].

Based on our previous studies, we have observed that Cuc or a single
sulfur atom attached to Cuc can capture soluble polysulfides, and the
presence of Cuc tends to diminish during initial battery cycles as it reacts
with the solvent. This behavior is influenced by the structure of the
SPAN backbone [60,61]. Moreover, our simulations indicate a direct
correlation between the structure of SPAN and the battery's performance
[57,62]. In this research, our focus is to examine the impact of over-
potential on Lithium-Sulfur batteries (LiSB) when SPAN is employed as
the positive electrode during the battery's recharging process. The
overpotential has the capacity to induce reactions on the host material,
potentially leading to the formation of a cathode electrolyte interphase
(CEI). To shed light on the overpotential reactions, we have utilized
different salts within the same solvent, as well as different configura-
tions of SPAN.

During the battery charging process, two distinct half-reactions
occur at the positive and negative electrodes. In the negative elec-
trode, an electric field is applied to the system, compelling lithium ions
to deposit within the solid-electrolyte interphase (SEI), subsequently
migrate from the SEI to reach the metal/SEI interface, where they gain
electrons, resulting in the reduction of lithium ions to form lithium
metal. In the positive electrode, various competing phenomena take
place. These include the removal of lithium ions from the electrode, the
dissolution of lithium ions from sulfur into the electrolyte, and the
extraction of electrons from the system. In this context, the electric field
facilitates the extraction of both electrons and lithium ions from the
positive electrode. Therefore, our investigation focuses on the over-
potential reactions that arise due to a localized depletion of electrons in
the positive electrode, leading to the transfer of electrons from the
positive electrode to the negative electrode, based on the half-reaction
Li* + e =Li

2. Computational methods

The simulations used density functional theory (DFT) performed by
Vienna Ab initio Simulation Package (VASP), employing plane waves
basis set described by projector-augmented-wave pseudopotentials,
treated by the generalized gradient approximation functional proposed
by Perdew, Burke, and Ernzerhof (PBE), and energy cutoff of 400 eV.
The Brillouin zone was sampled with a Monkhorst-Pack mesh of 1 x 1 x
1 k-points, and van der Waals dispersion corrections were added using
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DFT-D3 approximation in the Becke-Johnson formulation. Ab-Initio
molecular dynamics (AIMD) are carried out in the canonical ensemble
(NVT) at 330 K using a time step of 1 fs, and all charge analyses were
calculated on the basis of Bader charges. All further parameters were set
by the default value [63-73].

To represent a continuous SPAN backbone immersed in the electro-
lyte, we used the periodic boundary conditions to connect the bottom
and top parts of the polymer backbone. Two different polymer struc-
tures, one representing cPAN, and another SPAN with two PSs (Li5S3)
attached to SPAN in their relaxed configuration. Then the electrolytes
were filled into the cell, maintaining the same density of the electrolyte
which is 1.06 g/cm?®. The electrolyte is composed of 1,3-dioxolane (DOL)
and the salt. Dissolved in the electrolyte 1 mol of lithium bis(trifluoro-
methane sulfonyl)imide (LiTFSI) or 2 mol of lithium bromide (LiBr)
were used as salt, due to the LiBr ability to produce a CEI [74]. The
simulations cell has a constant volume of 15.0 x 18.0 x 18.5 108, and
consequently, 4 different systems were built (Fig. 1): SPAN with LiBr,
SPAN with LiTFSI, cPAN with LiBr, and cPAN with LiTFSI, as indicated
on Table 1. The cPAN can be the symbol part of the polymer that has not
been reacted with sulfur. While the sulfur content within SPAN does
indeed influence battery performance [74], the arrangement of cPAN
and SPAN signifies not a precise sulfur content in the electrode, but
rather a representation of the localized polymer structures found in an
actual SPAN cathode. This representation accounts for regions with
sulfur and those devoid of sulfur.

The overpotential was simulated by removing one electron from the
system every 2.5 ps in a total of 10 electrons, and then one electron was
added to the system every 2.5 ps until neutralization of the system, to
posterior relaxation of the system for more 2.5 ps. The charge of the
system over time is shown in Fig. S1. Additionally, all-electrons DFT
calculations using def2-TZVP basis set and M062X method were per-
formed by Orca Software 5.1 [75,76].

3. Results

When an electron is extracted from the system to represent an
overpotential, the system's energy increases. This increase in energy
indicates an unfavorable thermodynamic behavior, and therefore the
removal of electrons depends on the anode half-reactions. In the case of
a lithium battery, it takes approximately 1.4 eV of energy to reduce one
electron in the lithium metal anode, as half-reaction of Li* + e~ = Li
[77]. If the energy required to remove an electron from the system ex-
ceeds 1.4 eV, it enters an overpotential regime. As shown in Fig. 2A, a
simulation time of 2.5 ps is insufficient to fully relax the system's energy,
causing the system's energy to scale faster. In a realistic overpotential
scenario, the system also tends to continually move out of equilibrium,
but our simulations may exhibit artifacts such as accelerated kinetic
reactions due to an excessive charge on the system. Furthermore, in DFT
simulations, the removal or addition of electrons tends to be distributed
throughout the entire solvent rather than restricted to a single molecule.
Therefore, the system requires more time or a higher charge to
decompose, as observed in the lithium-metal anode [78]. Nonetheless, it
is possible to observe differences in the energy required to release an
electron to the counter electrode between cPAN and SPAN (Fig. 2B).

In the presence of cPAN, it is necessary approximately 0.6 eV of
overpotential to remove one electron from the system, while it is
possible to remove electrons from SPAN system below the overpotential
limit. As mentioned in preview studies, the polysulfide transfers charge
to the polymer backbone [60,61], therefore the negative charge of the
polymer backbone could facilitate the removal of electrons from the
system. In the case of SPAN, the energy to remove one electron increases
proportionally to the number of electrons removed, and the energy to
remove electrons are below the overpotential reference (Li anode) up to
a total of 4 electrons removed from the system. The reference of 1.4 eV is
the half charge reaction to reduce Li ion, here used as counter-electrode.
This can be associated with the amount of Li atoms that were absorbed
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Fig. 1. System's representation, containing one type of salt (LiBr or LiTFSI) and the polymer backbone. A) SPAN is the polymer and B) cPAN is the polymer.

Table 1

Composition of each system simulated.
# DOL SPAN PAN LiTFSI LiBr
System 1 32 1 0 1 0
System 2 32 1 0 0 2
System 3 32 0 1 1 0
System 4 32 0 1 0 2

during the PS capturing process (4 Li atoms), representing a single
dissolution of the Li-ions. However, even after 4 electrons were removed
from the SPAN systems, the overpotential tends to be smaller than in the
presence of cPAN (Fig. 2B).

The salt also appears to produce an effect on the overpotential of the
system during the removal of electrons. Comparing LiBr and LiTFSI, the
system's energy tends to increase faster in the presence of LiTFSI than in
the presence of LiBr, although they have similar overpotential values
(~0.6 eV). Another difference is during the reneutralization period
(adding electrons) in the presence of SPAN, where the energy profile
change between the presence of LiBr and LiTFSI (Fig. 2A). This can be
observed after 30 ps of simulation (when 3 electrons are replaced in the
system containing SPAN), and in the presence of LiBr the energy of the
system increases, while in the presence of LiTFSI decreases until it be-
comes relatively constant. Because the energy of the system tends to
increase when electrons are reintroduced into the system, this indicates
that the system prefers to maintain positive charges. As indicated in
Fig. 2A, after ~32 ps for the electrolytes containing LiBr, and after 38 ps
for the electrolytes with LiTFSI, the total energy increases when elec-
trons are added to the cells during neutralization of the system. Due to
the reactions that take place during overpotential, the system tends to
favor the retention of positive charges during neutralization. The
products resulting from overpotential reactions will carry a charge,
thereby compelling the cathode to maintain a positive charge. As a
result, it is anticipated that the voltage of the battery will be influenced
following overpotential reactions.

The reactions observed in the system containing SPAN and LiBr are
summarized in Fig. 3, and the charge distribution is in Table 2. At 15.2
ps of simulation, DOL will release one H atom to react with the edge of

the sulfur chain, forming a 2-hydro-1,3-dioxolane (HDOL) and
hydro-sulfurized-polyacrylonitrile (HSPAN) at 15.4 ps of simulation, as
described by the schematic Reaction 1. At 20.2 ps in a system charged
8.0 |e|, DOL reacts with Br to obtain HBr and HDOL as products (20.4
ps), as proposed by Reaction 2. Similar to Reaction 1, at 20.8 ps in a
system charged 8.0 |e|, a DOL supplies one H atom to the second sulfur
chain, forming dihydro-sulfurized-polyacrylonitrile (H2SPAN, see
Fig. 3), as proposed by the Reaction 3. During the regime that electrons
were reintroduced into the system, between 39.4 and 39.5 ps (system
charge of 3|e|), HDOL bonds to the polymer backbone, forming a new
ramification named DH2SPAN (see Fig. 3), as proposed by Reaction 4.
When a new electron is added to the system (time and charge of 40.5 ps
and 2|e| respectively), one sulfur chain is completely removed from the
system as suggested on Reaction 5, forming a solvated HS3 and one a
polymer backbone with 1 sulfur chain attached and 1 HDOL also
attached, therefore named DHSPAN (see Fig. 3). Also, at 41.5 ps in a
system charge of 2 |e|, the other sulfur chain is partially detached,
creating a solvated HS,, and maintaining the polymer backbone with
one sulfur atom, here named DSPAN (see Fig. 3) as proposed by Reaction
6. Finally, at 41.8 ps (system charge of 2 |e|), another HDOL bonds to the
sulfur in the polymer backbone, henceforth named D2SPAN (see Fig. 3),
as suggested by Reaction 7. No further reactions were observed during
the simulation, even when electrons were added until the system
became neutral.

Reaction 1) DOL + SPANT = HDOL" + HSPAN
Reaction 2) DOL + Br~ = HDOL' + HBr

Reaction 3) DOL + HSPAN = HDOL™ + H2SPAN
Reaction 4) HDOL" + H2SPAN3~ = DH2SPAN?~
Reaction 5) DH2SPAN®~ + e~ = HS3 + DHSPAN>~
Reaction 6) DHSPAN®~ = HS; + DSPAN?~
Reaction 7) DSPAN?™ + HDOL" + e~ = D2SPAN 2
Reaction 8) SPAN = SPAN NS™ + e~

The Bader charge of Li and Br as ions can oscillate but tend to be
constant over time, where each Li ion tends to have a charge of 0.87 |e|
and each Br ion of —0.75 |e|. The removal of electrons is distributed
between the solvent and the polymer backbone. It could be expected
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Fig. 2. Overpotential energy profile over time. A) Initial state as energy reference (E[i] — E[0)]; and B) last state energy frame as reference (E[i] — E[i — 1]).

Fig. 3. Reactions frames over time, in the system containing SPAN and LiBr. Color code: H is white, C is gray, N is blue, O is red, S is yellow, and Br is brown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Charge evolution of the molecules over time in a system containing SPAN and LiBr.

41.8 ps

41.5 ps

40.5 ps

39.5 ps

39.4 ps

21.1 ps

20.8 ps

20.4 ps

20.2 ps

15.4 ps

15.2 ps

0.18 HDOL 0.86 DOL 0.40 HDOL 0.90 DOL 0.13 HDOL 0.87 HDOL 0.51 DH2SPAN  —-2.49 DHSPAN —-2.77 DSPAN -2.39 D2SPAN -1.99

DOL

—0.57
5.22

HS2
Li

HS2 —0.49
Li 5.24

—0.52
5.19

HS3
Li

—-2.92 -

5.25

H2SPAN

Li

H2SPAN  0.24
5.23

Li

0.41
5.28

HSPAN
Li

0.04
5.29

HBr
Li

—0.45
5.26

0.63
5.22

HSPAN
Li

1.05
5.26

SPAN
Li

5.21

Li

Li

—0.63

0.69

Br -0.72 Br
1.09

—0.70
0.93

Br

—0.72
1.10

Br —-1.42 Br —-0.71 Br —-0.78 Br —-0.80 Br —-0.82 Br —-0.67 Br
0. 2. 2. 2. 2.45 1.00
0.03

—1.46
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solvents*

HBr
HS3

Solv.** Solv.*

Solv.**

Solv.*

Solv.**

96

Solv.**

05

89 Solv.*

Solv.*

70

Solv.

Solv.

—-0.20
—0.53

-0.11
—0.63

HBr

-0.14

HBr

—0.09

HBr

-0.17

HBr

0.60 HSPAN  0.50 HBr 0.03 HBr

HSPAN

HS3

System 6.00 System 8.00 System 8.00 System 8.00 System 8.00 System 3.00 System 3.00 System 2.00 System 2.00 System 2.00

System 6.00
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that removing one electron without inducing a reaction is an artifact of
the method used because the electron is not confined in the orbital of the
same molecule. The charge of the solvent (Solv., Table 2) also contains
ions (e.g. Solv.** contains two HDOL™), thus one DOL molecule tends to
decompose when the change of the solvent tends to 1.0 |e|. Comparing
the charge of the solvent and the DOL molecule that decomposes at 15.2
ps, the solvent is charged, but DOL tends to be neutral. When the first
reaction occurs with SPAN at 15.2, the polymer has a positive charge of
1.05 |e|, but after this, the charge of the polymer continuously decays,
becoming negative, which indicates that the polymer is a reservoir of
electrons. The Li ions absorbed in the SPAN also contribute to the
amount of electrons inside of the polymer backbone. In this case, the
increase of energy below the overpotential values indicates to be due to
Li-ions solvation. Considering the SPAN as a reservoir of electrons, a
higher charge cathode tends to be less reactive against the overpotential
effect than a more discharged cathode.

When the system contains LiTFSI and SPAN, overpotential reactions
between DOL and SPAN can occur, but the LiTFSI does not participate in
the reactions, as summarized in Fig. 4. Additionally, the system starts to
react after a longer time of simulation when compared with LiBr and
SPAN systems (23.3 vs 15.2 ps). The first observed reaction that happens
is the enclosure of the sulfur ring to the polymer backbone and forming a
NS bond (Reaction 8), during this time, the system has 9 electrons
removed. After the first electron is removed from the whole solvent, the
DOL supplies one H to the SPAN, creating an HS bond, similar to Re-
action 1. At 37.5 ps of simulation in a charging system of 4 |e|, the
enclosed sulfur chain breaks by cleavage in the SS bond. When the
system has a charge of 1 |e|, at 42.4 ps, the H is transferred on the SPAN
backbone, from S to N, breaking a HS bond to create a HN bond. Finally,
when the system is neutral, at 46.9 ps of simulation, HDOL gets attached
to the SPAN in a reaction similar to Reaction 4. In the system that
contains SPAN and LiBr, tree HDOL were formed during simulation,
while in the system that contains SPAN and LiTFSI, only one HDOL
appears; additionally, no PS was removed from the polymer structure.

The charge variations of different structures of the system that
contain SPAN and LiTFSI are shown in Table 3. When the reaction is a
modification in the structure of the polymer, there is no change in
charge from the reactant (SPAN) to the product (SPAN!). The salt (TFSI)
and Li ions had constant charges during the whole simulation, where the
TFSI has a charge of —0.93 |e|. Independent of the salt used in the
simulations, the electrons extracted from the system will be removed
from the polymer and the solvent. In other hand when the salt is LiBr, in
the presence of LiTFSI, the solvent can accumulate positive charge up to
4 |e| without decompose. Since LiTFSI does not participate in the re-
actions or transfer charge, the reactivity could be correlated with the
solvation structure. Similarly in the presence of LiBr, in the presence of
LiTFSI, the electrons were removed from the SPAN, and later the poly-
mer gained electrons while the system went back to neutrality.

When sulfur is not present in the structure of the backbone, the
solvent will react with the polymer backbone (Figs. S2-S3), supplying H
atoms to form HN bonds on the cPAN and HDOL dissolved in the elec-
trolyte. Because S is not present in the system, N atoms in the polymer
will react with the H atoms from the solvent or with the solvent missing
one H atom. In the presence of LiBr, the salt will also react with the
solvent to form HBr, while LiTFSI does not react. Also, in the presence of
HDOL after the charge is equilibrated, the molecule tends to attach to
the polymer backbone, forming a new ramification on the polymer. This
ramification can occur on the N or C of the cPAN backbone. Addition-
ally, similar to in SPAN, reactions tend to occur in a short simulation
time in the presence of LiBr compared to the time in the presence of
LiTFSI (4.8 vs 10.0 ps). Reactions also tend to be faster in the presence of
cPAN than in SPAN, which can be associated with the different amounts
of Li ions present in the simulation. The polymer tends to behave as a
reservoir of electrons and the presence of Li increases the amount of
electrons in the polymer. Thus, the simulations suggest that over-
potential tends to reduce reactions in more lithiated stages of the
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Fig. 4. Reactions frames over time, in the system containing SPAN and LiTFSI. Color code: H is white, C is gray, N is blue, O is red, S is yellow, and Br is brown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

discharge process. Moreover, once one electron is removed from the
DOL, the reaction to supply H atom to the Br is thermodynamically more
favorable than the supply of H atoms to the polymer (—81.7 vs —62.6
kcal/mol).

4. Discussion

The overpotential in batteries can lead to the decomposition of the
electrolyte and irreversible phase transformation and failure of the
cathode. Some salts such as LiBr under the conditions of overpotential
can react with the solvent, promoting the formation of a cathode elec-
trolyte interphase (CEI) [79,80]. In our simulations, the salt will also
have relevance in the overpotential reactions with the solvent, e.g. LiBr
removes H atoms from the DOL, while LiTFSI does not react with the
solvent or the polymer backbone. Experimental analyses should be
investigated to better understand the behavior of LiBr in SPAN. Never-
theless, in the presence of LiTFSI, overpotential reactions also occur, and
the solvent supplies H atoms to the polymer backbone. In preview
studies, we observed that removal of H from the solvent happens pref-
erentially in specific sites of the solvent structure, and also deprotona-
tion is more favorable in solvents than in the SPAN [57]. This work is in
agreement with preview studies, here the DOL is only deprotonated in
the same H location, therefore forming HDOL, while the polymer (cPAN
and SPAN) receives hydrogen from the solvent. Additionally, over-
potential reactions can be reduced by replacing the solvent, and using
solvents that are more resistant to deproteination. Overpotential is a
mechanism of solvent decomposition and cathode degradation, pro-
duced by oxidative reactions in different solvents that can induce
hydrogen transference [81-83].

In our preview simulations, we observed that N in cPAN adsorbs Li
atoms from the polysulfide [60-62]. Because of the overpotential, DOL
supplies H to the polymer, forming N—H bonds, this result suggests that
overpotential tends to irreversibly degrade the positive electrode and
also reduce the specific capacity of the battery. The sites available to
lithiation tend to permanently disappear when an overpotential reaction
occurs, forming N—H bonds. In this perspective, salts such as LiBr may
protect or reduce SPAN during an overpotential, where Br protonates
instead of the polymer. While LiTFSI indicates to reduce the probability
of the solvent react due to changes in the solvation structure. Further-
more, when the system is again neutralized and the overpotential is
reduced, HDOL can react with the polymer, creating new ramifications
on the polymer structure. This ramification on SPAN may act as a site for
absorbing Li-ions, a site for capturing PSs, and also is a way to confine
dissolved PSs inside the cathode, however this should be further veri-
fied. The presence of HDOL and it reactions with SPAN are indications
that a CEI should be formed in the presence of overpotential.

Nevertheless, the formation of C—S between the reaction of HDOL and
SPAN is an indication that part of the sulfur can be permanently lost in
the formation of new ramifications on the SPAN backbone. The forma-
tion of radicals contain S and H is an indications that overpotential re-
actions could possible deliver the formation of HsS, which is a toxic gas
that could be released if the battery is damaged.

The formation of N—S bonds was detected in SPAN after synthesis
and by DFT calculations [56,84,85]. Here we observe the formation of
N—S bonds due to the presence of overpotential. Although the over-
potential, that creates N—S, should also affect the voltage of the battery.
When the overpotential occurs, during charge and discharge, the re-
actions may be reversible, where the formation of Li3S or N—S bonds
can reversible be formed [85].

In presence of the sulfur chains attached to the polymer, therefore
comparing SPAN and cPAN, the edge of the PSs will be a preferential site
to chemisorb H eliminated from DOL during the overpotential reactions;
while in cPAN, the N will be the preferential site. The overpotential will
also facilitate the formation of PSs dissolved in the electrolyte because,
after the chemisorption of H, the sulfur chain is removed from the
polymer chain. Nevertheless, as observed in previous works, the dis-
solved PSs can be captured by the SPAN backbone [60-62]. Conse-
quentially, during an overpotential reaction, the formation of a PS can
be used as a sacrifice against the irreversible degradation of the polymer
backbone.

The nature of the solvent would probably affect the overpotential
reactions. First, because of different solubility of the PSs in different
solvents, e.g. in carbonate solvents PS formation was not detected during
cycles of SPAN. Second, because of the capacity of the solvent to supply
hydrogen to SPAN in the presence of an overpotential.

5. Conclusion

During the recharge process, when electrons are extracted from
SPAN and cPAN due to overpotential voltage, the system can undergo
overpotential reactions. These reactions occur when the change in en-
ergy surpasses the overpotential threshold and involve interactions be-
tween the solvent and salt, or the solvent and polymer. As electrons are
depleted, the solvent provides hydrogen (H) atoms to the polymer or salt
(LiBr). These H atoms then react with the sulfur chain in the polymer or
the nitrogen (N) atoms in the polymer backbone. These reactions reduce
the available sites for lithiation, remove sulfur from the polymer, and
degrade the polymer. The decomposed species of the solvent (HDOL)
have a tendency to react with the polymer backbone, leading to the
formation of new ramifications during system neutralization. In general,
overpotential reactions in SPAN and cPAN are expected to negatively
impact the battery's cyclability. However, the formation of new
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Table 3

Charge evolution of the molecules over time in a system containing SPAN and LiTFSIL

47.1 ps

46.9 ps

42.5 ps

42.4 ps

38.0 ps

37.5 ps

26.0 ps

25.8 ps

23.5 ps

23.3 ps

1.46 SPAN(SNS) 1.74 SPAN 1.46 HSPAN 1.32 SPAN(SNS) —0.66 SPAN(NS) —1.58 HSPAN(HS) —2.24 HSPAN(HN) —2.34 HSPAN —3.54 DHSPAN -3.31

SPAN(SS)

—0.09
—0.96
4.35

Solv.

0.27

HDOL
TFSI
Li

Solv.* 0.93

0.80

Solv.*

1.19

Solv.*

1.22

Solv.*

0.80

HDOL
TFSI
Li

41

0.

DOL
TFSI
Li

3.75

Solv.

4.04

Solv.

TFSI

—0.95
4.35

—0.95
4.36

TFSI
Li

—0.95
4.38

TFSI
Li

—0.95
4.35

TFSI
Li

—0.93
4.36

TFSI
Li

—0.90
4.42
2.

—0.91

4.42
2.62

—0.91
4.42

TFSI
Li

~0.90
4.41

TFSI
Li

-0.13

Solv.

36

Solv.

Solv.

System 0.00

System 3.00 System 2.00 System 2.00 System 0.00

System 4.00

System 8.00

System 8.00

System 9.00

System 9.00
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ramifications in the polymer could have a positive effect.

LiBr acts as a sacrificial salt against polymer decomposition by
reacting with the solvent to produce HBr, which in turn leads to the
creation of HDOL and the formation of new ramifications on the poly-
mer. This process helps in the formation of a CEIL. Additionally, LiTFSI,
another salt, appears to reduce the likelihood of overpotential reactions
occurring.
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