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The present investigation fits the reaction kinetics of a lithium—sulfur (Li—S) battery with polar electrolyte
employing a novel two-phase continuum multipore model. The continuum two-phase model considers
processes in both the liquid electrolyte phase and the solid precipitates phase, where the diffusion
coefficients of the Li* ions in a solvent-softened solid state are determined from molecular dynamics
simulations. Solubility experiments yield the saturation concentration of sulfur and lithium sulfides in the
polar electrolyte employed in this study. The model describes the transport of dissolved molecular and
ion species in pores of different size in solvated or desolvated form, depending on pore size. The Li-S
reaction model in this study is validated for electrolyte 1 M LiPFg in EC/DMC. It includes seven redox

Received 17th May 2024, reactions and two cyclic non-electrochemical reactions in the cathode, and the lithium redox reaction

Accepted 26th June 2024 at the anode. Electrochemical reactions are assumed to take place in the electrolyte solution or the solid
DOI: 10.1039/d4cp02061h state and cyclic reactions are assumed to take place in the liquid electrolyte phase only. The determina-

tion of the reaction kinetics parameters takes place via fitting the model predictions with experimental
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Introduction

Enormous research effort has been invested worldwide on Li-S
batteries but there are still challenges to overcome to realize the
high theoretical capacity and energy density at cell level and
ensure good cyclability and long lifetime.' Cathode host mate-
rials are targeted to accommodate maximum amount of sulfur
and its expansion while soluble polysulfides are trapped from
moving to the anode by physical restriction,”* high tortuosity
in 2D materials®”’ or functional groups that may also act as
electrocatalysts.®® Further research has focused on the devel-
opment of separators and interlayers to eliminate the shuttling
of soluble polysulfides and protect the anode’®™* and on the
optimization of the electrolyte.”® In order to design the micro-
structure and chemical structure of these materials for Li-S
batteries challenged by complex and competing processes,
multipore continuum models are needed beyond the classical
zero-dimensional (0-d) models encountered in the literature
which are used to fit electrochemical reaction kinetics, usually
two-step reactions for Li-S batteries.'***
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data of a cyclic voltammetry cycle with in operando UV-vis spectroscopy.

One-dimensional (1-d) models have been proposed for Li-S
batteries'®™*® and many incorporate multistage reactions. How-
ever, the fitted reaction kinetics parameters of such models are
microstructure dependent and functional groups dependent
with regards to the specific cathode and separator which were
used in the associated experimental study. Such reaction
kinetics parameters cannot be used universally for the design
of materials and schedule optimization of Li-S batteries with
different materials microstructure and functionalities.

Following the continuum multipore model developed and
validated for electrochemical double layer capacitors (EDLCs) by
our group,'®*° this model has been extended to Li-S batteries™
including a multistep reaction mechanism in the liquid electrolyte
phase only. A recent study employed this model to determine the
electrochemical reaction kinetics parameters of a six-step electro-
chemical reaction chain for a Li-S battery with a porous carbon
cathode host and electrolyte 1 M LiTFSI in DOL:DME 1:1 v/v.?
This reaction chain followed the order in discharge®: from S;, to
Li,Sg, to Li,Se, to Li,S,, to Li,S, and to Li,S, also from S, to Li,S, in
ultramicropores, with the reverse reactions and reaction chain
during charge. No physical and chemical processes were consid-
ered in solid state, although there is a considerable amount of
precipitated sulfur or sulfides in Li-S battery cells and a consider-
able amount of undissolved sulfur was predicted till the end of
slow discharge at 0.05C.>"**
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From a broader viewpoint, a typical electrolyte for Li-ion
batteries such as 1 M LiPFg in EC:DMC 1:1 v/v is of much
lower cost than the electrolyte 1 M LiTFSI in DOL : DME 1:1 v/v,
given the lower commercial cost of salt (500 US$ per kg for
LiPF, versus 650 US$ per kg by BASF>!) and the fact that LiPFg
has 1.9 times lower molecular weight than LiTFSI, which
combined with the slightly lower cost of the EC and DMC
solvents compared to DOL and DME result in 2.7 times lower
cost for the 1 M LiPFg in EC: DMC 1:1 v/v electrolyte. The high
dielectric constant of EC may offer higher sulfur solubility in
EC:DMC which would favor lean electrolyte battery cells,” a
major requirement in the targeted metrics of Li-S batteries.>®
In fact, this may be seen from the difference of the Hansen
solubility parameter § between sulfur and solvent:*’"2° where
dsuifur = 33.1 MPa'? (ref. 30) is closer to Opc:pmci:ivy =
22.9 MPa'? (with dgc = 29.6 MPa'? and dpyc = 18.7 MPa'?)
rather than dpor.pme1:1vy = 19.0 MPa2.3! Another advantage
of the carbonate-based electrolytes for Li-S batteries is their low
flammability due to the low volatility of these solvents com-
pared to DOL and DME.

A major disadvantage of carbonate solvents is their irrever-
sible reaction with polysulfide intermediates to form a sulfide
carbonate complex®>*® which consumes active material at the
expense of battery capacity and cycling life. Considering a Li-S
battery with a 50 wt% sulfur in Ketjenblack EC 600 JD based
cathode, cells with electrolyte 1 M LiTFSI in TEGDME were
compared to cells with electrolyte 1 M LiTFSI in EC: EMC 1:1 vv.*
The comparison revealed that whereas the cell with the
ether electrolyte exhibited a discharge capacity from 1280 to
800 mA h g~ ! after 10 cycles at 0.1C, the cell with the carbonate
electrolyte started with a low discharge capacity of 380 mA h gg™*
which fell to negligible capacity in the second cycle at 0.1C and
remained so after 10 cycles.*

However, this might be controlled and reduced: in a study
of Li-S battery with microporous carbon cathode host using
electrolyte 1 M LiPFg in EC/DMC,” sulfides were formed inside
the ultramicropores limiting their side reactions with the
carbonate solvents as well as their shuttling effects. This
improved the discharge capacity from an initial 1900 mA h gg™"
to 1000 mA h gg™! after 20 cycles at 0.05C for the electrolyte
1 M LiPFs in EC/DMC compared to an initial capacity of
1250 mA h g5 ' falling to 470 mA h g5 ' after 20 cycles at
0.05C for the electrolyte 1 M LiTFSI in DOL/DME.* Further-
more, researchers considering carbonate electrolytes for Li-S
batteries have been investigating solid-state reactions, such as
conversion from solid Sg to precipitate Li,S, and further con-
version to precipitates Li,S, and Li,S targeting the solid-solid
reactions on the surface of each precipitate,® or even direct
conversion from Sg to Li,S.>* The latter was revealed in Li-S cell
with 65 wt% S in Ketjenblack EC 600 JD based cathode with a
30 nm layer of alucone coating and electrolyte 1 M LiPF; in
EC:DEC 1:1 v/v which exhibited a single voltage plateau
around 1.8 V in discharge with a discharge capacity to 1 V of
650 mA h gg ™! in first discharge falling to 400 mA h g5~ " after
100 cycles.?® Trapping sulfur and sulfides in the microporous
cathode host and using a carbonate electrolyte yielded a single
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plateau discharge at low voltage, while in operando XANES
revealed direct conversion of Sg to Li,S in assumed solid-state
reaction.’® An alternative Li-S cell with cathode based on
BP2000 (black pearl carbon 2000) with a high proportion
of micropores of 0.7 nm (size of Sg allotrope) and 1M LiPFg in
EC/DEC electrolyte exhibited a discharge curve falling from
2 to 1 V with an initial capacity of 1200 mA h g5~ ' falling to
800 mA h gs ' after 100 cycles.*® These studies demonstrate
the need for optimized design of the cathode microstructure in
Li-S battery cells with carbonate electrolytes to maximize the
rate of Li" ion diffusion and redox reactions in semisolid or
solid state and avoid the parasitic reactions of sulfides with the
carbonate solvents in the liquid phase. Simulations based on a
physicochemical model would be very valuable for such opti-
mization, and hence, a physicochemical multipore continuum
model is needed taking into account processes in both
the liquid electrolyte phase and the solid (or semisolid)
precipitate state.

For the analysis and modeling of these reactions, data of
sulfur and sulfides solubility in carbonate solvents is needed.
Unfortunately, such data is missing from the literature. Hence,
the first task in this study is to detemine the saturation
concentration of sulfur and sulfides in a typical carbonate
solvent system employed for Li-ion electrolytes. Furthermore,
for the model to consider both reactions with Li* ions at solid
precipitate surface or in the bulk of the solid precipitate,
molecular dynamics (MD) simulations will be conducted to
determine the diffusion coefficient of Li* ions in solid or
semisolid, since semisolid sulfur or sulfides have been encoun-
tered in solubility studies from the diffusion of DME or DOL
solvents in the solid phase.***’

As we have already determined the electrochemical reaction
kinetics for Li-S batteries with electrolyte 1 M LiTFSI in DOL/
DME using a multipore continuum model,** this study focuses
on the determination of the reaction kinetics in Li-S batteries
using the higher dielectric constant electrolyte 1 M LiPF, in
EC:DMC 1:1 v/v. For such highly polar electrolyte solvent
system, cyclic (non-electrochemical) polysulfide reactions
between Sg>~ sulfides, to S¢>~ and Sg, and S;* radical anion
(from S¢>7) take place in the liquid electrolyte phase at the first
plateau during discharge, rather than the gradual change from
Sg>~ to S¢>~ to S, in the DOL/DME solution.?® Furthermore,
there is speculation on whether the electrochemical reactions
progress directly to S~ bypassing S,>~ or not, for either liquid
or solid phase reactions. Considering the solubility data of
sulfur and all above sulfides in carbonate solvent mixture to be
collected as the first task in this study, and also inputting the
diffusion coefficients of Li* ions in solid or semisolid phase
from MD simulations to be conducted in this study, reactions
will be considered in both liquid and solid phase in the novel
model to be developed in this study. Overall, we shall investi-
gate the reaction chain in this study for a carbonaceous cathode
host (without the presence of any electrocatalysts) via monitor-
ing the evolution of sulfides during the cyclic voltammetry (CV)
of a Li-S battery using in operando UV-vis spectroscopy.
We shall then employ our multipore continuum model,***
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after novel modifications to include the new reactions for the
electrolyte 1 M LiPFs in EC/DMC and physicochemical pro-
cesses in solid and semisolid phase, in simulations of the CV
test to fit the kinetics of these electrochemical and cyclic
reactions on the basis of experimental CV data and in operando
UV-vis data.

MD simulations

ReaxFF molecular dynamics (MD) simulations using software
of the Ansterdam modeling suite (AMS) were carried out
employing the ReaxFF force field for the system of S and Li
atoms.*® A model of o-Sg allotrope of 128 S atoms was created in
a slit pore of slit size (‘a’ dimension) of 0.91 nm. This pore was
considered sufficiently large to accommodate the formation of
Sg during sulfur infiltration of the cathode host in a micro-
porous carbon host. Li diffusion was considered in this sulfur
structure by inserting 43 Li atoms (equivalent to the stoichio-
metry of Li,Se). The procedure of MD simulations in the AMS
software comprised the following steps: The model was
inported in the AMS software and the structure’s geometry
was optimized involving lattice relaxation under the LiS.ff
parameters of the Reaxff force field. Simulated annealing was
conducted to generate an amorphous system by heating from
300 K to 1600 K over 5000 fs, followed by simulated cooling of
1250 fs from 1600 K to 300 K. The amorphous system was
optimized as earlier by lattice relaxation. The diffusion coeffi-
cient of the Li atoms was computed by the AMS software via the
velocity autocorrelation function, over a period of 27 500 fs with
a sampling frequency of 5. Diffusion coefficients were com-
puted for several temperatures from which an Arrhenius plot
was constructed to extrapolate diffusion coefficients for differ-
ent temperatures, including room temperature at 21 °C. The
procedure was repeated for slit pore sizes of 0.85 nm (Fig. 1)
and 0.75 nm. For smaller slit pores, the y-Sg allotrope crystal
was used in the initial model, and the procedure of MD
simulations were repeated for slit pores of 0.69 and 0.63 nm.
Furthermore, the procedure was repeated to also determine the
diffusion coefficient of Li in the Li,S, cubic Fm3m crystal
structure in all slit pore sizes of 0.91, 0.85, 0.75, 0.69 and
0.63 nm. The values of the so determined diffusion coefficients
of lithium at 21 °C were in the range of 103! (pore of 0.91 nm)
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Fig. 1 Snapshots of the 128 S — 43 Li system in the 0.85 nm slit pore
during the 1600 K MD simulations.
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diffusion of Li" ions in the bulk of solid sulfur or solid sulfides
during the cycling of the Li-S battery, even at the slow rate
of 0.05C.

The next step was to consider the diffusion of Li* ions in
“softened” solids, ie. semisolid state. Considering solvent
diffusion coefficients in solid sulfur or lithium sulfides in the
range of 10~"> to 10~° m” s',>” DMC solvent molecules were
inserted into the above sulfur and lithium sulfide structures at
a molecular ratio of 50:50, and the same type of MD simula-
tions were repeated. This yielded a Li" ion diffusion coefficient
of (8.6 + 0.2) x 107" m> s ' of one Li* ion in “soft” Sg, (3.8 &
0.5) x 107" m”* s7" in the “soft” 43 Li - 128 S system
(equivalent to Li,Se) and (3.4 + 0.4) x 107> m* s~ " in “soft”
Li,S. These values have been averaged over all the examined slit
pore sizes (0.91, 0.85, 0.75, 0.69 and 0.63 nm).

Physicochemical model

On the basis of the findings via the MD simulations, a two-
phase reaction model is presented, covering: (a) reactions in the
liquid electrolyte phase with electron transfer in electrochemi-
cal reactions occurring at the solid-electrolyte interface; and (b)
solid-state reactions in the “soft” precipitate layer covering the
pore walls. A continuum multipore model is adopted based on
the volume-averaged species transport equations in the trans-
verse direction through the cell thickness for a Li-S battery cell
as in the schematic diagram in Fig. 2.

Each pore of size p from the local discretized pore size
distribution (PSD) contains a liquid electrolyte phase and a
solid precipitates phase. Every pair of point x through the
battery cell thickness and pore size p is characterized by the
cathode host or separator volume fraction, énesp, the liquid
electrolyte volume fraction which is equal to the pore fraction,
&, assuming electrolyte saturated porous medium,*® and the
solid precipitates volume fraction, &precipitatepy Where

€host,p + &p + Eprecipitate,p — 1 (1)

|
\
x=0 X =X

X=X
At x =0, Anode: At 0 < x < x5, Separator: At x = x,, Cathode:
N;=0, ¢,=0 i;=0, Ns,Separatur = Ns,Cathade N;=0, i = Iapp, i =0

Fig. 2 Schematic diagram of the Li—-S battery cell and the boundary
conditions for the numerical solution, where N; is the flux of species s
and /5, is the applied current density.
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Each phase may contain any of the species s, where these
species are molecules Sg or S, depending on pore size, sulfide
ions §?7, S,%7, 47, S¢27, Sg°~, radical anion S;*~, and electro-
lyte ions Li* and PF¢ . These are defined by species concentra-
tions Cy;, and Cs s, in the liquid and solid phase, respectively,
and corresponding species volume fractions, o;,, and o,
which are related via the equations:

= Cs,1pNaVs (2)

Cs,s,pNAVs (3)

where V; is the volume of ion or molecule of species s and N, is
the Avogadro number.

The following volume-averaged equations describe all
species transport, production or consumption in the liquid
electrolyte phase, the Li" ion transport,>** production or
consumption in the solid precipitates phase (in fact, assumed
to be semisolid phase), and the solid species (other than Li")
production or consumption in the solid precipitates phase at
each position x through the cell and pore size p from the PSD
(indicated by subscript p in the different variables and terms):

88,,0(&/‘/, NAV 0
ot zAF ox

7] Oy,
= 6‘{(6PDA [[)FA Decay 9 /}7) (4)

Is,[}—l/p -
+ Ax

%s,1,p

%s,s,p =

(ler Decay sl pQs, Ip)

I
»/p+1 3
+ T'sp.lig.elect + T's,plig,cyclic + Rs,p

83precipitale,p°‘Li+7s.p . Na Vit OiLiy sol

ot L Oy 5)
5
0 . D OLiy 5p np
= — cipitate pLi+sp——( Li+,p,sol,elect
ay precipitate,p ay
agprecipilateﬁpa&,s‘p
T - rs,p.sol,elect - Rx,p (6)

The transport eqn (4) of any species s in the liquid electrolyte
phase includes the drift current term where i, is the current
density in the liquid electrolyte phase, z; is the number of
transferred electrons for species s and F is the Faraday con-
stant; the diffusion term, where Dy ;, is the diffusivity of species
s in the liquid electrolyte phase, given by a modified Stokes-
Einstein relation as a function of the species size, pore p
tortuosity and constrictivity relating the species s size to the
pore size p®'°>" and the electrolyte viscosity (see ref. 40 for
viscosity value of electrolyte 1 M LiPFs in EC:DMC 1:1 v/v,
changing during the electrochemical cycle as in ref. 21), and
ts1p is the transference number of species s in the liquid
electrolyte phase; the interpore fluxes I, ) — Is,p/pﬂlg’zo
assuming a hierarchical PSD. The species s size is that of the
solvated species s*' or for smaller pores it is the size of the
desolvated species s.** If the pore size p is even smaller than
the size of desolvated species s, no s species exists in this pore
size, in either the liquid or the solid phase. F; gecqy is a decay
factor applied to all flux terms in eqn (4) for each desolvated
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species s, expressing the probability of desolvation depending
on whether there is sufficient electrochemical energy to over-
come the desolvation energy required.®'*?® ry, jiq clece is the
rate of all the electrochemical reactions related with species s in
the liquid electrolyte phase, and 7y j, jiq.cyciic iS the rate of all the
cyclic chemical reactions related to species s in the liquid
electrolyte phase.

Only Li" ion transport may take place in the solid phase
according to eqn (5). The Li" ion transport eqn (5) in the solid
state considers transport of Li" ions through the y-direction
(transverse direction) of the solid precipitate layer lining the slit
pore walls (flat walls). It includes the drift current term, where
ii+ sol 1S the current density of Li" ions in the solid phase, and
the diffusion term, where Dy, 5, is the diffusivity of Li* ions in
the solid phase (assumed as semisolid phase in this study)
determined by the MD simulations.

Eqn (6) describes the production or consumption rate of any
other species s apart from Li" in the solid phase due to R;,
which is the net rate of species s precipitation or dissolution,
respectively (also appearing in the liquid electrolyte phase in
eqn (4)), and to 7 ol clece Which is the rate of the electroche-
mical reactions involving species s in the solid phase. ry, 5o clect
also appears in eqn (5) regarding all electrochemical reactions
involving Li" ions in the solid phase. R, is a function of the
concentration difference between C;;, and the saturation
concentration of species s, Cgat, in the liquid electrolyte."**
Data of Cgs for each species s considered in this study in
electrolyte solvent system EC/DMC 1:1 v/v is presented in
Table 1 as results of the solubility experiments conducted in
this study.

The walls of each pore are assumed to be lined with a solid
layer of sulfur or sulfides precipitates of volume fraction
Eprecipitate,p+ &py Eprecipitate,p aNd the thickness of the precipitate
layer, Hol1ayer,p, change as a function of the rate of dissolution
or precipitation of species according to the equations:

Z Ryp (7)

ds,,

dsprcuplmtc /)

ZR»p (8)

Table 1 Saturation concentration, Cqats data at 21 °C in EC/DMC 1:1 v/v,
in the format of molar concentrations (M) in S-mol L™}, and comparison
with Ceats data in DOL/DME 1:1 v/v*%”

Solute Csat,s, in Ec/pme (S mol L1 Csat,s, in Dor/mme (S mol LY
S 0.01 0.11

Li,Ss 0.044 6

Li,Se 0.037 5.5

Li,S, 0.033 5

Li,S, 0.027

Li,S, 0.012 0.5

Li,S 0.005 0.060

This journal is © the Owner Societies 2024
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<«—> Electrochemical reaction

Chemical reaction with
no electron transfer

Lie>Llit+e

ANODE =1
2 KBSte ©OUST
3;
1

i

j=
j=
i=

%S, +e &% S,E
(1): Sg €> S +1/4 S,
i=2(1): h S € S,
S +e ¢>1557
% Sg% + € 6> 5,7
%S +e S,
1/3S;" +e ¢>1/3S5,% + 1/3s*
%S +e &>

Fig. 3 Scheme of electrochemical reactions j and chemical reactions i
(without any electron transfer) considered in the model of this study.
Reactions i = 1 and 2 occur only in the liquid electrolyte phase; the
electrochemical reactions may occur in the liquid or the solid phase.

stol.layerAp AV
L — > R,
dr Asgr 5P (9)

N

Fig. 3 presents the reaction scheme adopted in the model of
this study according to the findings and proposed schemes by
Lu et al.*® The reaction scheme comprises the lithium redox
reaction at the anode, 7 redox reactions in the cathode and
2 cyclic reactions without any electron transfer. It is assumed
that the cyclic reactions take place in the liquid electrolyte
solution only, excluding any chance for reaction in the solid
state of any precipitated species s. The electrochemical
reactions are assumed to take place in the liquid electrolyte
phase and in the solid phase, depending on the local reactant
concentrations in each phase.

Ts p.lig.cyclic i €qn (4) denotes the rate of cyclic reactions i =
1,2 that take place only in the liquid electrolyte phase as
follows:

Py i 5,0
T's.p lig.cyclic = NV g m.x,i{ki,/' | | Cx,l]”,, - kiJ) | | C‘g/,p} (10)
i K

s

where k;rand k;, are the constants of forward and backward
reactions i, m;; is the stoichiometric coefficient of species s in
reaction 7, Ps; = —m,; and Qg; = my.

Ts pelect denotes the rate of all the electrochemical reactions j
occurring in the liquid electrolyte phase or the solid phase,
Ts,p,lig.elect and Ts,p,sol.elects feSPeCtiVelyi

my i
Fspelec = —Na VxAp ZL};[] (11)
7

where 4, is the specific area of the porous cathode in pore size p
and n; is the number of electrons transferred in reaction . i; , is
the current density due to electrochemical reaction j given by
the Butler-Volmer equation'®*"** as a function of 7, jrer (to be
determined via fitting in this study), the concentration of
species Cj, in the liquid electrolyte phase, C; ;,, or in the solid
phase, Cs;, (including the Li” ion concentration Cy ), and
the overpotential #; for reaction j which is given by:

nj= ¢sol - ¢€ - Ujrref (12)
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where ¢s, and ¢, are the potential of the solid and liquid
phase, respectively, and Uj ¢ is the open-circuit potential (OCP)
for reaction j at a reference concentration cs,ref:16

., RT Cs,ref
Ujret = U} — nF Z s, In (1000)

where R is the gas constant and T is the absolute temperature.

The system of equations is solved using the time implicit
finite volume/finite difference numerical method,**** with
boundary conditions as presented in Fig. 2, where I, varies
during the simulation of a CV test and is inputted from the
experimental data as in ref. 22.

(13)

Experimental
Solubility experiments

The first experimental stage was to determine the saturation
concentration values of sulfur and sulfides Li,Sg, Li,Se, Li»S4,
Li,S3;, Li,S, and Li,S in the EC:DMC 50:50 v/v solution.
Sulfides Li,Sy, x = 2, 3, 4, 6, 8 were prepared as a stoichiometric
mixture of Li,S and sulfur in the EC/DMC solvent system in test
tubes. After manual shaking (repeated periodically), the test
tubes were left at 21 °C in a BINDER environmental chamber
and monitored for solubility after the first 24 h and periodically
every few hours up to seven days for low solubility compounds.
The saturation concentration was thus determined as the
concentration above which precipitation started.

Fabrication

Activated carbon fabric (ACF) Kynol® ACC-507-15 (Kynol Eur-
ope GmbH, Hamburg, Germany) of 0.6 mm thickness, areal
density of 12 mg cm™? and specific surface area SSAgpr =
1461 m> g~ ' (ref. 44-46) was used as the cathode host. Follow-
ing the technique described in ref. 44 and 45 sulfur was
impregnated in the ACF by heating over its melting point to
33 wt% sulfur in the composite S-ACF cathode. The discretized
PSDs of the ACF host (from experimental data®’) and 33 wt%
S-ACF cathode as fabricated (from simulations in ref. 44 and 45,
given in ref. 22) were employed as initial condition of the
cathode microstructure in the current simulations.

The Li-S battery cell comprised a 5 x 5 mm S-ACF cathode,
an aluminium current collector (on the cathode side) with a
small central hole, Celgard 3500 separator, a 5 x 5 mm lithium
foil anode and electrolyte 1 M LiPF4 in EC: DMC (50:50 v/v).
The assembly was housed in a three-part case with a quartz
glass window on the side of the cathode, by the hole of
the aluminium current collector on the cathode as shown in
Fig. 4(a).

Cell testing

Electrochemical testing of the Li-S cell was conducted using a
Gamry Interface 1010E potentiostat and involved a CV test of
one cycle of discharge/charge at a scan rate of 0.041 mV s~ .
In operando UV-vis spectroscopy was conducted during this CV

cycle on the cathode window using a portable StellarNet system
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Fig. 4 Experimental set up for the Li—S battery testing: (a) three-part cell
case with o-ring and top with a small hole in the middle under which a
25 x 25 mm square quartz glass plate is placed over the battery cathode;
(b) schematic diagram of the in operando UV-vis system monitoring a Li—-S
battery cell.

presented in Fig. 4(b), which comprised a SL1-SL3 Combo
deuterium and halogen light source of 200-2300 nm range, a
BLK CXR UV-VIS spectrometer of 273-900 nm range and a
R600-8-UVVIS-SR reflectance probe. The reflectance spectra
were recorded every 10 minutes.

Results and discussion
Solubility data

The obtained saturation concentration, Csy s, data in the car-
bonate system EC/DMC at 21 °C are presented in Table 1,
together with a comparison of the corresponding data for the
DOL/DME solvent system.>®?” It is clear that the sulfur and
sulfides are almost insoluble in the EC/DMC solvent system,
with all solubilities even lower than the solubility of Li,S in
DOL/DME. Hence, it might be assumed that any reactions
occur either at the surface of the solid precipitates (sulfur or
sulfides) or in the bulk of the precipitates with Li" ions that may
diffuse through the solid bulk or a semisolid bulk, comprising a
softened precipitate with diffused solvent.

It is well known that each solution may contain a mixture of
sulfides in addition to the main sulfides. Cyclic reactions
between soluble sulfides*® would ultimately lead to the produc-
tion of sulfur precipitates, which might explain the seemingly
negligible solubility of all sulfides in EC/DMC. Reactions of the
sulfides with the carbonate solvents also create precipitates of
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irreversible side products®*** and this is another reason to
explain the low solubility values in EC/DMC displayed in
Table 1. On the other hand, the EC/DMC mixture might well
be a poor solvent system at least for the sulfides. It is surprising
that it is also a poorer solvent for sulfur than the DOL/DME
system, despite its estimated Hansen solubility parameter
being closer to that of sulfur than the estimated Hansen
solubility parameter of DOL/DME.

Electrochemical and in operando UV-vis test data of Li-S cell

Fig. 5 presents the experimental CV curves (Fig. 5(a)) and the
reflectance spectra from the in operando UV-vis monitoring
during the first CV cycle of the Li-S battery cell, including the
expected wavelength position for the absorbance peaks of the
lithium sulfides from experimental data in the literature.*”

The color of each spectrum in Fig. 5(b) and (c) corresponds
to the appropriate voltage according to the voltage color scale in
each plot. The intensity of the reflectance valley (i.e. the intensity of
absorbance) is assumed to be proportional to the concentration of
the corresponding lithium sulfide identified by its wavelength,
with the wavelength positions of each sulfide indicated in Fig. 5(b)
and (c) as follows: Li,Sg at 560 nm; L,Se at 460 nm; Li,S, at 405 nm;
Li,S; at 630 nm; and Li,S, at 365 nm. A small gap in the reflectance
spectra in Fig. 5(b) (between a blue and a green spectrum) is due to
an interruption in the automatic saving of the in operando UV-vis
spectra (while the CV test was still going on and the CV data were
being saved), with the in operando UV-is periodic recording
restarted by the operator and the time gap (translated to voltage
gap) of the interruption taken into account in plotting the data
in Fig. 5(b).

Fig. 6(a) and (b) display the in operando profiles of the UV-vis
absorbance peaks related to Li,S,, Li,S3, Li,Ss, Li,Se and Li,Sg
concentrations, superimposed with the corresponding CV
curves during discharge and charge, respectively. The presence
of Li,S, in the UV-vis spectra clarifies that the step of Li,S,
formation is part of the reaction chain.*

In Fig. 5(b) and 6(a), at the start of discharge, there is very
little amount of Li,Sg, some Li,S¢ and substantial Li,S,. There
are two reasons that might explain this. From the results of the
simulation of sulfur infiltration under heat into the ACF during
cathode fabrication,*"** a considerable amount of sulfur has
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Fig. 5 Electrochemical test data from the first CV cycle of a Li-S battery cell: (a) CV curves in discharge (blue) and charge (red) at 0.041 mV s~ In
operando UV-vis spectra during (b) discharge and (c) charge, including the expected position for the absorbance peaks of the lithium sulfides.
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Fig. 6 In operando profiles of the absorbance peaks related to lithium

sulfides detected from the UV-vis spectra, superimposed with the corres-
ponding CV curves during (a) discharge and (b) charge from the first CV
cycle of a Li-S battery cell.

infiltrated pore sizes 0.46 and 0.58 nm in the form of S, and
pore size 0.69 nm in the form of S¢. Pores greater than 0.7 nm
up to 1.3 nm contain Sg. When electrolyte is added, some
amount of these sulfur allotropes dissolve in the electrolyte
and appear in the UV-vis spectrum in Fig. 5(b) and 6(a) at the
start of discharge at 2.6 V. Cyclic reactions also occur at this
stage, as will be explained shortly. At the end of discharge, the
absorbance peaks of these sulfides have been reduced as
expected due to the formation and precipitation of Li,S.
Another reason might be that the reactions in the semisolid
state bypass the formation of high order sulfides Li,Sg and
Li,Se, and instead form directly low order sulfides.**

Fig. 5(c) and 6(b) present the reflectance UV-spectra during
charge: they depict the continuous decrease of the Li,S, and
Li,S, through their absorbance peak (increase of its reflectance)
and formation of Li,Sg, specially towards the end.

Fitting the reaction kinetics model

The first step of fitting the reaction kinetics parameters was to
use the UV-vis profiles in Fig. 6 to fit the parameters of
chemical reactions i = 1,2 (independently from the electroche-
mical reactions j) as:

kif=0.0918"k ;=9 x 10°° m*”® mol ** 57!
kyp=0.0119 m"° mol *° s 7'k, ;, = 4.767 x 10 * s~

and these values were used as initial guess in the trial-and-
error procedure of fitting the reaction kinetics parameters. The
trial-and-error procedure was conducted manually, determin-
ing the relative error between predictions and experimental
data of the CV test at the end of each trial on the basis of
the least squares method, until the average relative error fell
below 1%.

Fig. 7 depicts the predictions from the simulation of the first
CV cycle, with the inputted best fitted parameter values pre-
sented in Table 2, against the corresponding experimental data.
The good agreement between simulation and experiment jus-
tifies the use of the 10-reaction model in the volume-averaged
continuum multipore model of Li-S batteries with Li-ion
electrolyte in the EC/DMC solvent system.

Fig. 8 presents the predicted concentration profiles of sulfides
in the liquid electrolyte solution and in the precipitated solid

This journal is © the Owner Societies 2024
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phase during discharge and charge of the first CV cycle, averaged
over all pore sizes. After checking the predicted concentration
profiles at different positions in the cathode, no significant
variation was observed through the cathode thickness, indicating
that the low solubility of sulfur and lithium sulfides in EC/DMC
eliminated the migration of sulfides through and away from the
cathode, unlikely what is usually observed in an DOL/DME-based
electrolyte and predicted in ref. 22 for the same cathode, where
DOL/DME is a much better solvent system than the EC/DMC
system as demonstrated in Table 1.

The next step is a comparison between the predicted
concentration profiles of Fig. 8 and the experimental UV vis
absorbance peak profiles in Fig. 6. One might conclude that the
experimental profiles represent the sulfides in the solution in
the macropores and any precipitated sulfides in the solid phase
on or near the surface of the AC fibers of cathode and have
missed any species in the pores deeply in the AC fibers. Hence,
the experimental data do not represent the full picture of the
predicted results.

Fig. 8 illustrates the importance of the solid phase in the Li-
S battery cathode with Li-ion electrolyte in EC/DMC solvent
system, where in fact the model assumes this phase to be a
semisolid phase in terms of the Li" ion diffusivity values
employed. Species concentrations are of several orders of
magnitude higher in the ‘“solid” phase (Fig. 8(b) and (d))
than in the liquid electrolyte solution (Fig. 8(a) and (c)),
where the species concentration is limited by the saturation
concentration given in Table 1, and precipitation occurs for
concentrations above the saturation concentration. Electroche-
mical reactions also occur in this “solid” phase, with local
concentration of the transported Li' ions steadily around
7700 mol m* during discharge, about 10 times lower than
the Li" ion concentration in the liquid phase.

During discharge electrochemical and mainly cyclic reac-
tions create a constant presence of Li,Sg, Li,Ss and Li,S; in the
liquid electrolyte phase in Fig. 8(a) which is up to their satura-
tion concentration, with precipitation to the solid phase there-
after. However, the solid phase with no upper concentration
limit illustrates the progress of the electrochemical reactions in
the production and consumption of Li,Sg and Li,S,. The model
does not include any cyclic reactions in the solid phase which
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Table 2 Values of the parameters of electrochemical reactions () and chemical reactions (i) after the best fitting of the CV predictions to the CV

experimental data

Electrochemical reaction j U (V) lojret (A Mm™?)
j=1 Li & Li'+e” 0 0.394

j=2 % Sgte o % Sg>~ 2.56 1.972

j=3 1s,+e” o1, 2.41 1.9 x 1073
j=4 S~ +te o 1.5S8,> 2.35 24.0

j=5 %s£*+e*«»sﬁ* 2.14 1.9 x 10>
j=6 Ig2te” & 8, 1.93 1.97 x 1072
j=7 IS3* +e o 18,2 +1g> 1.85 1.97 x 102
j=8 38 +e o §7 1.80 1.97 x 1072
Chemical reaction 7 kiy kip

i=1 Sg”~ « S +1g 9.1 x 10357t 9 x 107° m®”® mol %?° s *
i=2 187 o 5% 0.0119 m*® mol > s~ ! 4.767 x 107 *s7!
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Fig. 8 Predicted concentration profiles of the lithium sulfides in the
cathode during (a) and (b) CV discharge and (c) and (d) CV charge of the
first CV cycle of Li—S battery cell; (a) and (c) concentration profiles in liquid
electrolyte phase, (b) and (c) concentration profiles in the solid phase.

explains the absence of Li,S¢ and Li,S; in the predicted
concentration profiles in the solid phase during discharge.
Li,S, production is predicted to a small extent due to cyclic
reactions in the liquid phase during discharge, from the
beginning of discharge. However, there is clearly a peak in
the concentration of Li,S, in the liquid electrolyte phase just
after the low voltage CV valley and in the solid phase during the
whole width of the low voltage CV valley during discharge in
Fig. 8(a) and (b) attributed to the electrochemical reactions.
A small amount of Li,S production is also predicted in the
liquid electrolyte phase at low voltages during discharge in
Fig. 8(a). The experimental data of Fig. 6(a) may be seen as a
combination of the predicted corresponding species concentra-
tions in the liquid and solid phases in Fig. 8(a) and (b) during
CV discharge.

Similar mechanisms in terms of the predicted effects of
cyclic reactions are observed in the predicted concentration
profiles of Li,Sg, Li,Ss and Li,S; in the liquid electrolyte phase
during charge in Fig. 8(c), with a low amount of precipitated
Li,S; in Fig. 8(d). The small amount of Li,S in the liquid phase

19254 | Phys. Chem. Chem. Phys., 2024, 26,19247-19256

is predicted to be converted to Li,S,, with the predicted Li,S,
concentration profile in the liquid phase during charge reflect-
ing the Li,S, profile predicted in discharge (Fig. 8(a)), although
maintaining higher predicted concentration levels during
charge. Net Li,S, production is predicted in the liquid electro-
Iyte phase during charge with a concentration peak at the high
voltage plateau. The solid phase in Fig. 8(d) displays predicted
Li,S, production around only the low voltage peak during CV
charge and predicted concentration plateaus for Li,S;, Li,Sy,
Li,Se and Li,S; attributed to continuous precipitation from the
liquid phase (electrochemical and cyclic reactions) and selected
electrochemical reactions in the solid phase. The predicted
Li,Sg concentration profile in the solid phase curves down
towards the end of charge due to its consumption in the
electrochemical reaction for the production of Sg.

Conclusions

This study fitted the parameters of a multiple reaction model of
Li-S battery with a polar Li-ion electrolyte, which is of interest
to Li-S batteries due to its lower cost and flammability com-
pared with the typical electrolyte of 1 M LiTFSI in DOL: DME
1:1 v/v. The first stage of investigations concluded that sulfur
and sulfides exhibited much lower solubility in this Li-ion
electrolyte in the polar solvent system EC: DMC 1:1 v/v, which
directed the research efforts in the development of a novel
continuum multipore model for metal-sulfur batteries with
physical and chemical processes taking place in both the liquid
electrolyte phase and the solid phase of precipitates. MD
simulations yielded reasonable values for the diffusion coefti-
cient of Li" ions in semisolid precipitate state of sulfur and
lithium sulfides, where the solid phase has softened by the
presence of solvent molecules which are assumed to have
diffused in the solid state according to the values of solvent
diffusion coefficients in the solid sulfur and sulfide state
determined in previous experimental study.>” Hence, these
values of the diffusion coefficient of Li" ions were inputted in
the simulations, assuming that the “solid” phase is in fact in
semisolid state.

Simulations of the first CV cycle of a Li-S battery cell with
ACF cathode host revealed very little transport of sulfur and

This journal is © the Owner Societies 2024
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sulfides away from the cathode, which was attributed to the low
solubility of sulfur and sulfides in the polar electrolyte, which
has proven beneficial in almost eliminating the ‘“shuttling”
effect.

According to past studies of Li-S batteries with polar elec-
trolyte and evidence of the presence of different sulfides from
in operando UV-vis characterization during the CV test in this
study, a reaction model of 8 electrochemical reactions in both
the liquid electrolyte phase and the solid phase, and 2 cyclic
reactions in the liquid electrolyte phase only was constructed.
The two cyclic reactions observed in electrolytes with carbonate
solvents in Li-S batteries are generally considered parasitic
consuming active material. The liquid-solid phase continuum
model of this study predicted the positive role of the high
precipitation rate in this electrolyte which limited the degree of
such reactions.

The reaction kinetics parameters determined from the fit-
ting of the CV simulation predictions to experimental data are
most valuable as they are valid for Li-ion electrolyte in carbo-
nate solvents, such as EC:DMC 1:1 v/v, and any cathode host
without any functional groups, as the liquid-solid phase, con-
tinuum model of this study takes into account the PSD of the
cathode host and the cathode. The benefit of this model is that
the electrochemical and chemical reaction constants and para-
meters fitted in this study can be used universally for the design
of the microstructure and geometry of cathode and separator
materials of Li-S batteries with a polar electrolyte, or for the
optimization of the operating schedule of this type of Li-S
batteries. This may encourage the further development of Li-S
batteries with low cost polar electrolytes beyond the currently
typical electrolyte 1 M LiTFSI in DOL/DME.
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