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Abstract

Graphitized-polymer-based sulfur cathodes have emerged as alternative cathode materials able to
overcome many of technical challenges that currently hinder lithium-sulfur (Li-S) batteries from their use
in long-term high-energy applications. However, even though graphitized-polymer-based sulfur cathodes
can be synthesized through a facile thermal procedure, and there is evidence of sulfur-carbon chemical
bonding, little is known about the electrochemical lithiation processes in these structures. So far, no
mechanistic study has followed the dynamics of the discharging process, and no theoretical study has
addressed why certain Li-S batteries based on graphitized-polymer-based sulfur cathodes have shown an
initial discharge capacity higher than the theoretical discharge capacity of sulfur (1672 mAh/g). Here we
use ab initio molecular dynamics simulations as a tool to follow the electrochemical lithiation processes
in a multilayer graphene nanosheet-based sulfur-carbon composite model embedded in a liquid 1,3-
dioxolane solvent phase. Our model reproduces the main structural motifs associated with graphitized-
polymer-based sulfur cathodes: chemical sulfur-carbon bonding and m-m stacking for the carbon
backbone. Our results indicate that sulfur-carbon bonding prevents sulfur from retaining its stable cyclical
structure before lithiation yielding a distribution of linear sulfur chains tightly bonded to the carbon
backbone. During lithiation, we observe a competing effect for the incoming electrons between the sulfur
atoms and the carbon backbone. This effect induces the partial reduction of the carbon backbone leading
to accumulation of additional lithium around it, favoring the lithiation process beyond a 2:1 Li:S molar
ratio. As a consequence, it also limits the formation of extended Li,S-like structures as final reduction
products. Finally, comparison of the calculated voltage discharge profile of our model shows close
agreement with reported experimental voltage profiles based on sulfur/polyacrylonitrile (SPAN) cathodes,
with the proposed mechanisms providing a plausible structural explanation for the additional discharge
capacity of SPAN-based cathodes compared to the theoretical discharge capacity of sulfur.

Introduction

Lithium-sulfur (Li-S) batteries offer great potential for high-energy applications, such as electric vehicles
and smart grids.® Theoretically, sulfur delivers a specific energy up to 2500 Wh/kg when coupled with
lithium metal, which is ten times higher than that of conventional Li-ion batteries, it is available at low-
cost, and it causes a low environmental impact.*®> However, several issues like the poor sulfur electrical
conductivity still challenge the successful commercialization of Li-S batteries, leading to the incomplete
sulfur utilization and its irreversible dissolution into the electrolyte in the form of long-chain lithium
polysulfides.¥® ® In an effort to overcome these issues, research efforts point to either the physical
confinement or the chemical sequestration of sulfur into conductive frameworks, such as metal sulfides-
sulfur composites, metal oxides-sulfur composites, and carbon-sulfur composites, among others.>® So far,
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physical confinement of sulfur into macro- and mesoporous-carbonaceous structures has shown
significant improvement concerning sulfur electrical conductivity and polysulfides trapping; however,
experimental measurements indicate that even though the physical encapsulation, sulfur remains in its
cyclic elemental state and eventually leaks out of the cathode in the form of long-chain lithium
polysulfides (Li PS).1° Regarding the sulfur encapsulation into microporous carbonaceous structures, cyclic
voltammetry measurements suggest hindered formation of long-chain Li PS, which has led to hypothesize
that sulfur is no longer in its Sgcyclic state but rather in the form of short linear chains of two to four atoms
due to its confinement into the narrow microscopic porous structure.'**2 However, no fundamental level
explanation has been provided to back up this proposed electrochemistry, and the Li-S battery still fades
in the long term even though the possible absence of long-chain lithium PS.

On the other side, the chemical sequestration of sulfur has achieved varying degrees of success.’**®

Compared to the physical sulfur impregnation into carbonaceous structures, which is performed at the
temperature yielding the sulfur lowest viscosity (159.4 °C), the chemical sequestration of sulfur requires
of high temperatures (300 °C or above) to promote the covalent bonding of sulfur to a graphitized
polymer-based backbone. Examples of this approach are the sulfur-poly(acrylonitrile) composite (SPAN),
the PAN/graphene/sulfur composite, and the PPM/PAN/sulfur composite.'® 1618 For the case of the SPAN
composite, it has been hypothesized that the high temperatures during synthesis allow that part of the
added sulfur dehydrogenates the structure (PAN) releasing H.S, promoting the PAN cyclization into a
conjugated rt- m system, and allowing the remaining sulfur to covalently bond to the formed carbonaceous
backbone in the form of short-chain sulfur species.'® !¢ Electrochemical measurements on Li-S batteries
based on graphitized-polymer-based composites have shown improved utilization of active sulfur,
extended battery cyclability, and a discharge profile with only one voltage plateau around ~1.5 Vv, 16
differing from the classical two-step voltage discharge profile observed in Li-S batteries.’® To explain this
particular discharging behavior, it is hypothesized that chemical bonding between sulfur and carbon
prevents sulfur aggregation in its stable cyclic 8-membered structure, limiting the formation of long-chain
lithium PS, and preventing the dissolution of intermediate lithium PS into the electrolyte where sulfur is
assumed to follow an all in-solid-state reduction path.’® However, so far no mechanistic study has
followed in situ the electrochemical lithiation dynamics of sulfur in cathode structures with sulfur-carbon
bonding, which makes harder to explain how sulfur could follow an all in-solid-state reduction path even
though when the experimental measurements suggest partial cleavage of sulfur-carbon bonds during
discharge.'® Even more, no theoretical study has explained so far why SPAN-based Li-S batteries have
reported an initial discharge capacity higher than the theoretical discharge capacity of sulfur,'* ** when
the cathode structure is the only source, with no any lithium PS or organosulfur compound added to the
electrolyte.?®

Herein, we aimed to a deeper understanding of the sulfur-carbon interaction by performing ab initio
molecular dynamics calculations (AIMD) on a multilayer graphene nanosheet-based sulfur-carbon
composite embedded in a liquid 1,3-dioxolane (DOL) solvent phase, explicitly designed to facilitate the
sulfur-carbon bonding throughout the graphene edges (hereafter-called SC composite). From our
calculations, we determined that a stronger sulfur-carbon interaction not only contributes to eliminate
the sulfur dissociation into the solvent phase but also leads to an alternative all in-solid-state sulfur
reduction path skipping the formation of long-chain Li-PS, which helps to explain the improved cycling
stability in graphitized-polymer-based cathode structures, like the SPAN composite.t% 1620
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Methodology

Computational Details

For the construction of the initial geometries, we used Materials Studio (version 8.00.843) and Vesta
(version 3.4.3); whereas for post-processing and visualization purposes we used homemade
computational routines and the open visualization tool OVITO (version 2.9.0).

We followed the system stabilization and lithiation dynamics with the AIMD method as implemented in
the Vienna Ab Initio Simulation Package VASP (version 5.4.4). All calculations performed with periodic
boundary conditions under the NVT ensemble at 300 K, the temperature oscillations controlled with the
Nosé mass parameter set to 0.5, and the hydrogen mass changed to the tritium mass to allow a longer
time step of 1 fs.2! The energy cutoff is set to 400 eV, with the Gaussian smearing parameter set to 0.05
eV and the Brillouin zone sampling done with the Monkhorst-Pack method at a k-point sampling density
of 1x1 x 1. In addition, we used the Perdew-Burke-Ernzerhof approximation (PBE-GGA) for the exchange-
correlation functional, and the Projector Augmented Wave Method (PAW) for treating the core-electron
dynamics, with the van der Waals corrections included to the Kohn-Sham energy through the DFT-D3
method of Grimme with Becke-Johnson damping.??% All AIMD simulations were at least eight
picoseconds (ps) long to allow the system stabilization down to an averaged energy oscillation less than
or equal to 0.01 eV/Atom.

Density functional theory optimizations (DFT) were also performed prior to any structural analysis using
the corresponding same simulation parameters from the AIMD simulations, whereas the electronic charge
calculations were performed using the grid-based Bader analysis proposed by Henkelman and
coworkers.?* The presence of spin polarized states at the zig-zag edges of nanographene has been
reported.?>2® Also the effect of spin polarization on the interlayer interactions ¥ was suggested to
produce horizontal interlayer displacements. In our simulations, the effects of chemical reactivity given
by the undercoordinated sites are evident. To verify how spin polarization would affect our results, we
performed calculations with and without spin polarization shown in Table S1 (Supporting Information).
The results showed negligible differences in total energy optimizations for three different lithium
contents. Therefore we did not consider spin polarization effects throughout this work.

System Details

Our previous classical molecular dynamics studies 28 with a reactive force field showed us that a random
mixture of 8-membered sulfur rings and graphene nanosheets stabilizes into an arrangement of multiple
multi-layer graphene ensembles covalently bonded with linear sulfur chains of varying length through the
edges of the graphene nanosheets. In this work, we used a similar approach for modeling the sulfur-
carbon interaction, which promotes covalent bonding between the two species and reproduces a n-nt
stacking for the carbon backbone as shown below. Figure 1 shows our SC composite model made of a
three-layer graphene ensemble with a 61%-wt. sulfur loading, embedded in a liquid phase of DOL
molecules packed up to the solvent's density (1.06 g/cm?) in an 18 x 18 x 18 A cubic cell. Even though the
graphene sheets size, later in this report we show that the nanographene sheets arrange in stable
graphite-like layered stack structures throughout all calculations. On the other side, we should mention
that we do not conceive our ensemble of graphene nanosheets as a separated isolated structure
embedded in the liqui phase, but as a representation of an interconnected nanographene network
capable of enhancing the electronic conductivity of sulfur. Other authors have also pointed out that
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nanographene networks are essential for future energy storage application due to their high electron
conductivity.?®33

The solvent was added using the Materials Studio software built-in packing tool. Here we only use DOL
molecules even though we acknowledge that the electrolyte is a more complex mixture of solvents,
lithium salts, and other additives.® 3*3% For this work, we directed our attention to studying only the
interaction between the solvent molecules and the SC composite, and its effects on the lithiation
electrochemistry and the composite's capabilities for sulfur retention. In the same way, we did not include
the effect of doping the carbon structures with nitrogen (existent in PAN for example)®® because here we
are interested only in a better understanding of the sulfur-carbon bonding effects on the sulfur
electrochemical lithiation dynamics. Moreover, earlier works have reported no evidence of direct sulfur-
nitrogen bonding, but sulfur-carbon-nitrogen bonding instead, arguing that direct sulfur-nitrogen bonding
would significantly perturb the rt-it stacking of the carbon backbone.
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Figure 1: AIMD simulation cell displaying the Sulfur/multi-layer graphene ensemble and surrounding DOL molecules (61-%wt.
sulfur loading)

We followed the lithiation dynamics by randomly adding eight lithium atoms nearby the SC composite
every eight ps of AIMD simulation, making sure to maintain constant the DOL liquid density even though
the increasing lithium content and the limited cell size. Due to the periodic boundary conditions
employed, we made small adjustments to the cell size as the number of lithium atoms increased, allowing
us to guarantee minimal interactions of the SC composite with its nearby self-images while keeping an
acceptable tradeoff between system size and computational cost. Even though the lithium addition rate
used here leads to an ionic current significantly higher than the ionic currents reported experimentally
elsewhere, eight ps long simulations were long enough to bring the system to stabilization after every Li
addition, at which point we did not observe any further reaction taking place. In all AIMD simulations, the
maximum energy oscillation was less than or equal to 0.01 eV/Atom in the last two ps of simulations.
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Results

AIMD Stabilization of the SC Composite

Figure 2 shows the SC composite after eight ps of AIMD simulation at 300 K, and the radial distribution
functions (RDFs) averaged for the last two ps of simulation for the carbon-carbon, carbon-sulfur, and
sulfur-sulfur interactions. For the carbon-carbon interaction, the first three peaks at 1.40 A, 2.48 A, and
2.86 A correspond to the first-, second-, and third in plane-coordination spheres between carbon atoms
belonging to the same nanosheet. The fourth peak at 3.79 A corresponds to the separation distance
between successive nanosheets, and it locates between the reported interlayer spacing for graphite (3.4
A) and expanded graphite (4.3 A),3%3° suggesting that the carbon backbone of the SC composite holds a
ni-1t stacking configuration even in the presence of solvent molecules. The carbon-sulfur interaction shows
a first peak located at 1.745 A, suggesting chemical bonding between the two species, in agreement with
TGA, FTIR, Raman and XPS measurements reported earlier in SPAN composites.'> ¥ Evidence of sulfur-
sulfur bonding comes from both the sulfur-sulfur RDF and the structure of SC composite after the eight
ps of AIMD simulation. The sulfur-sulfur RDF shows a broad peak centered at 2.1 A, and the structure of
the SC composite complements this information with no evidence of cyclic sulfur structures. Instead, we
observe linear sulfur chains of varying length bonded to the graphene nanosheets edges through their
terminal sulfur atoms at either or both chain ends. This result is in close agreement with earlier DFT
calculations on lithium PS of varying lengths displaying sulfur-sulfur bonding lengths ranging from 2.01 to
2.39 A depending on the sulfur location within the chain structure.**!

The -1t stacking configuration observed for the carbon backbone, and the different bonding mechanisms
suggested from the RDFs analysis closely agrees with the structural characterization proposed to explain
the enhanced sulfur retention capabilities of Li-S batteries with graphitized polymer-based sulfur
composites like SPAN, PAN/graphene/sulfur, and PMM/PAN/sulfur.!> 118 Moreover, the -1t stacking
configuration observed here promotes the formation of a delocalized network of electrons that is thought
to improve the electrical conductivity of the SC composite,* which contributes to explaining the improved
sulfur utilization evidenced during discharge of Li-S batteries based on SPAN-cathodes.!®
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Figure 2: a) SC composite after eight ps AIMD simulation (DOL molecules not shown for clarity), b) RDF pair distribution function.



Journal of Materials Chemistry A

Table 1 shows the Bader electronic charge distribution of the SC composite and the DOL molecules after
the AIMD simulation. For the 40 DOL molecules representing the solvent phase in the simulation cell, we
observe an accumulated electronic charge transfer of -0.1163 |e|, which means that each DOL molecule
gets a negligible negative charge of -0.003 |e|. Conversely, the SC composite shows an electronic charge
depletion of 0.1158 |e|, split between the graphene nanosheets and the sulfur atoms as -2.9317 |e| and
3.0475 |e], respectively. Although the fractional charges are not observables, and the actual values are
a result of the charge estimation procedure, they reflect the calculated electron distribution. The low
electronic charge exchange between the solvent phase and the SC composite indicates no interfacial
chemical reactions between the DOL molecules and the SC composite at open circuit. On the other hand,
the electronic charge transfer from the sulfur atoms to the graphene nanosheets not only confirms the
sulfur-carbon chemical bonding but also suggests that the graphene nanosheets might also modify the
electrochemical dynamics of sulfur during lithiation, as we discuss later.

Table 1: Calculated electronic charge distribution at open circuit conditions

Structure Total electronic charge |e|
DOL phase -0.1163
SC composite 0.1158
Sulfur atoms 3.0475
Graphene nanosheets -2.9317

Figure 3 shows a more detailed view of the electronic charge distribution in one of the graphene
nanosheets of the SC composite (NS # 1). The colored mapping of the Bader electronic charge shows that
the sulfur atoms bonded to the nanosheet edges contribute the most to the electronic transfer towards
the graphene nanosheets, with little to no contribution from the sulfur atoms exclusively involved in
sulfur-sulfur interactions. Moreover, Figure 3 also shows the electronic charge transfer between the
graphene nanosheets and the sulfur atoms, calculated based on the Equation 1 by subtracting the
graphene (pParaphene nanosheets) and sulfur electron densities (psufr) from the entire SC composite (psc
composite),*> With the cyan and yellow isosurfaces representing the electronic density accumulation and
depletion, respectively. Further evidence of the sulfur-carbon chemical bonding comes from the charge
accumulation at the nanosheets edges with a significant increase between the carbon and sulfur atoms
separated a distance centered around 1.745 A, in agreement with earlier TOF-SIMS and FT-IR
measurements in SPAN composites, indicating the existence of sulfur-carbon chemical bonding with no
evidence of sulfur in its orthorhombic Sg state.*> 16

Ap = Psc composite — pGraphene nanosheets — PSulfur ECI 1
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Figure 3: SC composite after eight ps AIMD simulation: (a) structure of graphene nanosheet labeled as NS # 1, (b) colored mapping
of the Bader electronic charge distribution (see color bar), (c) charge energy difference. Cyan regions indicate a loss of charge,
yellow regions a gain. DOL molecules not shown for clarity.

Electrochemical Lithiation Dynamics

After the AIMD stabilization of the SC/solvent system we proceeded to analyze the lithiation dynamics of
the SC composite by randomly adding eight lithium atoms every eight ps nearby the lithiated SC composite
(hereafter-called SC-Li composite).

Figure S1 (Supporting Information) shows the AIMD energy profile for an initial lithium loading of eight
lithium atoms, equivalent to a 0.25:1 Li:S molar ratio. After 6 ps of simulation, the system stabilizes with
no energy oscillations above 0.01 eV in the following two ps of simulation. Moreover, after eight ps the
lithiated structure shows the Li atoms interacting preferentially with S atoms bonded to a C atom, with
neither formation of long-chain Li PS nor Li PS dissolution into the liquid DOL phase, even though the low
lithium contents. The absence of 8-membered ring sulfur structures before lithiation in the AIMD
stabilized SC composite, plus the formation of short-chain Li PS at the at low lithium contents, suggest an
electrochemical lithiation path alternative to the proposed solid-liquid-solid reaction path going from
elemental sulfur to long-chain Li PS Li,S, (4 < n <8) and then to Li,S,/Li,S.* % This result agrees with earlier
hypotheses on the absence of a two-step voltage plateaus during discharging of Li-S batteries based on
SPAN composites or microporous carbonaceous materials, where sulfur is either suggested to be
covalently bonded to the carbon backbone or confined into micrometric pore sizes in other forms
different than Ss, respectively.'® %

Figure 4 shows the principal axes of rotation of the SC-Li composite (0.25:1 Li:S molar ratio) calculated
based on the weight distribution of the graphene nanosheets only. The structure alignment around the
A; axis confirms the ordered stacking of the carbon backbone with the S and Li atoms surrounding it
radially with no diffusion of either species into the space between nanosheets.
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Figure 4: Principal axes of rotation of the SC composite at a Li/S molar ratio of 0.25.

Figure 5 shows the SC composite at increasing lithium contents up to a 2:1 Li:S molar ratio, with the
principal axis of rotation As; pointing out of the paper in all cases. At lower than 1:1 Li:S molar ratios, the
S reduction with Li takes place at the graphene nanosheets edges exclusively, with no significant
disordering of the m-it stacking. However, at higher lithium contents the stacking disordering of the carbon
backbone increases due to Li accumulation, with some Li atoms penetrating into the space between
graphene nanosheets. Moreover, this is revealed by Figure 6 that plots the lithium and sulfur distribution
around the As axis at Li:S molar ratios of 0.25:1 and 2:1. Even though this Li accumulation lowers the
carbon backbone stacking ordering, we observe that the sulfur reduction product keeps tightly attached
to the carbon backbones with no formation of extended domains growing into the liquid phase. Formation
of extended reduction products like Li,S; and Li,S is generally associated with irreversible capacity facing
during battery cycling.3*

Page 8 of 18



Page 9 of 18

Journal of Materials Chemistry A

Figure 5: SC-Li composite structure with increasing lithium contents
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Figure 6: Lithium and sulfur distribution around the As axis at (a) 0.25:1 and (b) 2:1 Li:S molar ratio

Figure 7 shows further structural insights for the SC composite at a 2:1 Li:S molar rate. Based on Equation
2, the electronic charge density difference between the SC composite and lithium atoms not only shows
charge accumulation around the sulfur atoms but also between lithium and the carbon atoms located at
the graphene edges.

The charge accumulation around sulfur is expected (Figure 7a), and it evidences the electrochemical
reduction of sulfur, in agreement with the sulfur-sulfur RDF function (Figure 7b) showing no sulfur-sulfur
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interactions shorter than 3 A, suggesting no sulfur-sulfur bonding. The electron accumulation between
lithium and carbon indicates possible bonding between the two species and explains the lithium
accumulation close to the carbon backbone. On the other side, the lithium-oxygen RDF function (Figure
7b) shows an intense peak around 2 A, indicating strong interactions between lithium and the oxygen
atoms from the DOL solvent molecules.? The lithium interactions with carbon and oxygen suggest a
competing effect between the carbon backbone and the liquid solvent in determining the morphology of
sulfur reduction products. Earlier studies have reported the possible impact of the carbon backbone
structure and the solvent properties, like the donor number and Li PS solubility, in minimizing the
formation of insulating sulfur-containing films,3* and eliminating the lithium PS shuttling during
discharge.®

Ap = Psc-Li composite — pGraphene nanosheets/sulfur — PLithium Eq 2
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Figure 7: (a) charge density difference at 2:1 Li:S molar ratio: yellow regions indicate charge accumulation (some circled in red),
charge depletion regions not shown for easier visualization. Isosurface level = 0.00498; (b) S-S and O-Li RDF functions; (c) SC-Li
composite (Liz.00S) / solvent interactions

The Bader charge analysis in Figure 8 shows no significant electronic exchange between the DOL solvent
molecules and the SC-Li composite. It also reveals further insights on how the electrons distribute
between the sulfur and carbon atoms during lithiation. The electrons coming into the cathode structure
not only go to the sulfur atoms but also go into the carbon backbone, confirming the above charge
difference analysis and suggesting the carbon backbone also reduces during the electrochemical lithiation
process. The lithium-carbon interaction evidenced by both the charge density difference and the Bader
charge analyses suggests an alternative reduction path where the carbon backbone not only improves the
cathode electronic conductivity but also reduces during the electrochemical process.

10
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Figure 8: Total electron charge associated to (a) lithium atoms, DOL liquid phase, and lithiated SC composite, (b) electron charge
distribution in the lithiated SC composite.

Figure 9 plots the coordination numbers for each sulfur atom with either carbon or lithium along with its
corresponding Bader electron charge at Li:S molar ratios of 0:1, 2:1 and 2.25:1. We defined the carbon-
and lithium-sulfur coordination cutoffs as 20% larger than the corresponding interaction peaks from the
RDF analysis, allowing us to take into account possible structural distortions due to the m- m stacking of
the carbon backbone. Before lithiation (0:1 Li:S), one out of 32 sulfur atoms (blue line) coordinates with
two carbon atoms; 27 sulfur atoms coordinate with one carbon atom, and the four remaining sulfur atoms
participate only in sulfur-sulfur bonding interactions without coordinating with any carbon atom.
Moreover, the average Bader electronic charge associated with sulfur atoms is 0.095 |e| with no
significant variation between two-, one-, or non-carbon coordinated sulfur atoms. After lithiation, ata 2:1
Li:S molar ratio, no sulfur atom coordinates with two carbon atoms, the number of one-carbon
coordinated sulfur atoms (blue line) goes down to nineteen, and the number of non-carbon coordinated
sulfur atoms goes up to thirteen. This behavior suggests that the sulfur reduction with lithium not only
goes through sulfur-sulfur bond scissions but also induces partial cleaving of sulfur-carbon bonds, as
suggested in earlier works on SPAN composites.®

In most cases the non-carbon coordinated sulfur atoms bear an average Bader electronic charge of -1.604
|e| and coordinate with 5 to 6 lithium atoms, whereas the one-carbon coordinated sulfur atoms
coordinate with 3 to 4 lithium atoms with each sulfur atom getting an average Bader electron charge of -
0.815 |e|. Even though we did not observe any sulfur atom coordinating with eight lithium atoms, as
expected from crystalline Li,S,*® earlier works have also reported lowered sulfur-lithium coordination in
nanometric Li,S clusters.*’*® The more negative electron charge in the non-coordinated sulfur atoms
suggest earlier formation of Li,S-like structures, compared to the one-coordinated sulfur atoms. The
charge difference isosurfaces and Bader electron analysis discussed above suggest that the carbon
backbone competes with sulfur in the electrochemical lithiation process, dragging electrons into its
structure and accumulating lithium around it. We hypothesize that this behavior might allow the SC
composite to accept lithium beyond a 2:1 Li:S molar ratio. To explore our assumption, we performed an
AIMD simulation at a 2.25:1 Li:S molar ratio. Figure 9 (bottom) shows that the excess of lithium atoms
induces further sulfur-carbon bond cleavage and enhances the sulfur coordination with lithium, with more
sulfur atoms coordinating with six lithium atoms, and even one sulfur atom coordinating with seven
lithium atoms, indicating that the SC-Li composite gets even closer to the formation of Li,S-like structures
as final reduction products.

11
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Figure 10 shows the discharge voltage profile based on sulfur weight (AV vs. Li/Li*) calculated with the
Equation 3, which is a simple relationship based on the difference in chemical potentials between our SC-
Li composite and metallic lithium. The Equation 3 also assumes negligible enthalpic and entropic
contributions, and it is defined as the total energy change (AE:otal) due to the Ax lithium insertion into the
system, where Epcc(Li) corresponds to the energy per atom of crystalline body-centered cubic lithium.*

AV = '[Etotal(Li(x+Ax)S32C54)‘[EtotaI(Lix532C54)+AX Ebcc(Ll)]]/ Ax Eq 3

Figure 10 illustrates qualitative agreement between the calculated voltage and the experimental data,
showing one voltage plateau around ~1.5 V with no significant differences between the two experimental
curves even though the EC/DEC- and the DOL/DME-based mixtures used as electrolytes. The agreement
between our results and the experimental data provides a first-principles-based confirmation to the
hypotheses outlined in earlier works for the unusual single-plateau voltage discharge. The sulfur-carbon
bonding prevents sulfur from retaining its cyclic Ss structure, eliminates the formation of long-chain
lithium PS during discharging and promotes an all in-solid-state sulfur reduction pathway with no
dissolution of lithium PS into the liquid phase.

Moreover, we observe a positive voltage discharge of 1.41 V Li*/Li at a 2.25:1 Li:S molar ratio, which
indicates the SC-Li composite is thermodynamically favorable beyond a 2:1 Li:S molar ratio. This result
provides a plausible explanation for the additional discharge capacity of 171 mhA/g above the theoretical
value of 1672 mAh/g for the SPAN-based LiS battery with EC/DEC and the additional discharge capacity of
100 mhA/g for the case of the SPAN-based LiS battery with DOL/DME.'* ¢ The sulfur-carbon bonding
improves the overall cathode electronic conductivity. It allows the electron transfer into the carbon
backbone itself; favors lithiation processes beyond a 2:1 Li:S molar ratio by delaying the formation of Li,S-
like structures at low lithium contents, and promotes chemical retention of the sulfur reduction products
even though the partial sulfur-carbon bond cleavage.

We believe that a stronger sulfur-carbon chemical bonding, as is also evidenced in sulfur cathodes based
on graphitized polymers, might not only facilitate complete utilization of active sulfur during discharging,
but also may eliminate the irreversible loss of active sulfur, and prevent the formation of extended Li,S
domains at the end of discharge. Further calculations will aim at elucidating the possibility of hidden
reduction mechanisms during the electrochemical lithiation processes in SC composites based on
nitrogen-dope multilayer graphene ensembles, to evaluate the effect of carbonate-based electrolytes on
the sulfur reduction processes, and to studying possible recovering of sulfur-carbon chemical bonding
upon charging.16>°

12
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Figure 10: Voltage discharge profiles based on sulfur weight during sulfur reduction: voltage discharge calculated with Eq. 3
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curve), voltage discharge for a SPAN Li-S battery with ethylencarbonate/diethylcarbonate (EC/DEC) as electrolyte.
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Conclusions

The AIMD simulations performed in this work brought us to a more in-depth understanding of the
electrochemical lithiation processes in a multilayer graphene nanosheet-based sulfur-carbon composite
model (SC composite) embedded in a liquid DOL solvent phase, representative of a graphitized-polymer-
based sulfur cathode. The results show that the sulfur-carbon chemical bonding in the SC composite
prevents sulfur from retaining its stable cyclic Sg structure, which leads to an electrochemical reduction
path without formation of long-chain lithium polysulfides. The SC composite followed an all in-solid-state
lithiation mechanism with both sulfur and carbon actively participating in the reduction process. The
electrochemical lithiation dynamics promoted partial sulfur-carbon bond cleavage, with non-carbon-
coordinated sulfur atoms coordinating with more lithium atoms than carbon-coordinated sulfur atoms.
The calculated voltage discharge profile indicated that the SC composite lithiation is thermodynamically
favorable beyond a 2:1 Li:S molar ratio, which provided a plausible explanation for the additional
discharge capacity evidenced in earlier works with SPAN-based LiS batteries: the sulfur-carbon bonding
improves the overall electronic conductivity, allowing the electronic transfer into the carbon backbone,
and delaying the formation of Li,S-like structures around the carbon-coordinated sulfur atoms.
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