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ABSTRACT

Understanding the complex reaction mechanism and kinetics of sulfur reduction is prerequisite to de-
sign well performing lithium-sulfur batteries. Decoupling of individual polysulfide species is problem-
atic when only using experimental methods. Model supported electrochemical analysis together with
HPLC-MS analysis of the reacting species is used to compensate for this missing insight, as it enables
to analyze the underlying species, transport, kinetic and thermodynamic processes. Concentration mea-
surements confirm a strong prevalence of chemical equilibrium reactions that cause many species to be
present over a wide range of SoC. An EEC-mechanism represents the top-down view and yields the sim-
plest generic mechanism, that is able to reproduce the electrochemical behavior. Reduction of sulfur is
performed by two consecutive electron transfer reactions while a chemical reaction accounts for the de-
creasing cathodic-to-anodic peak ratio with decreasing scan rate. A physically motivated E3C4-mechanism
is shown to yield convincing results besides transport and kinetic parameters. Circular routes and chemi-
cal equilibrium are included to reproduce all characteristics of the experimental cyclic voltammogram. In-
fluence of kinetic and transport parameters are elucidated with a global sensitivity analysis. Peak currents
are almost exclusively influenced by electrochemical kinetics, while diffusion limited currents largely de-
pend on transport parameters. In addition, the E3C4-mechanism reveales the prominent role of chemical
equilibrium between polysulfides in the range of transport limitation. The revealed mechanistic com-
plexity leads to complex, non-intuitive behavior of sulfur electrodes and Li-S batteries. Thus it is highly
recommended to use the presented E3C4 kinetics and model for a more reliable interpretation of exper-
imental behavior, including the dynamic relaxation behavior, and for improved electrode and cell design
that takes chemical disproportionation into account.

1. Introduction

limited by surface passivation due to deposition of poorly soluble
products (e.g. Li,S,, Li,S) at the cathode and polysulfide reaction

Lithium-sulfur batteries (LSBs) practically obtain gravimetric
energy densities of ~600 Whkg~! on cell level [1]. They have the
potential to outperform current lithium-ion batteries in terms of
gravimetric energy density [2,3]| and are advantageous due to low
cost of raw active material, its high abundance and low toxicity.
It has a milder environmental impact and can be handled more
safely [4].

However, significant technical challenges persist. Among these
are the high solubility of polysulfide intermediates into the elec-
trolyte that causes the polysulfide shuttle phenomenon [5,6] re-
sulting in serious degradation on the electrodes, reduction of
coulombic efficiency and loss of active material. Cycle life is further
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with the electrolyte [7]. It is clear that the complex reaction mech-
anism involving electrochemical and chemical reactions, precipita-
tion and dissolution of solid species is central to all these prob-
lems and thus limits the power capability of present LSBs. It is ex-
perimentally extremely difficult to decouple individual polysulfide
species, so the elucidation of mechanistic steps is problematic [8].
In addition, the solubility and reaction mechanism of intermediate
sulfide ions depends on the solvent used in the electrolyte, and so
does the electrochemical behavior of the cell [9,10]. The reaction
pathways also change as a function of state of charge (SoC) [11].

Wild et al. [12] summarized several experimental and simula-
tion studies, deriving a representative reaction mechanism for the
discharge of a LSB. The experimentally observable high plateau at
>2.3V is characterized by a two step reduction:



The reduction of sulfur,

Sg + 2e~ + 2Li" — Li,Ss, (1

and the subsequent reductive dissociation,

Li,Sg +2e™ + 2LiT — Li;Se + LizS; (2)
or

LizSg +2e” + 2LiT — 2Li254. (3)

The low plateau at ca. 2.1V is suggested to be dominated by
chemical equilibrium of the LiS; radical (Eq. 4) as well as its re-
duction (Eq. 5).

Li,S¢ < 2LiS3- (4)
LiSs- + e~ + Lit — LiyS5 (5)
Li»S3 + LiS4 —LiySe + LinS (6)

Wild et al. [12] mentions diverse possible association and pre-
cipitation reactions as in Eq. 6, which are not covered in this
equation set. This represents the common reaction pathway of the
investigated studies. Still the exact pathway has not been pro-
posed by any of the examined studies. Therefore, all possible reac-
tions should be taken into account when investigating the reaction
mechanism, which can be summarized as discussed in our previ-
ous study [11].

S2+2e = Sh +Si, (7)

S 4 2(n/m—1)e” < (n/m)S% (8)

where {njneN,2>n<8}and {mmeN,1>m<7,m<n,m>1}.
The chemical disproportionation reactions are suggested to follow
the general reaction scheme:

Sa +Sm <= Sy + o 9)
where {nneN,2>n<7}, {mmeN2>m<7 m<n} and
{xlxeN,1>x<3,x<n-8,x<1-m}

Modeling of LSBs is a fundamental demand within development
and is vital for applications [12,13]. For example, capacity deter-
mination under current load is only possible through the applica-
tion of advanced battery modeling and estimation techniques to
determine current state and predict remaining useful life. In ad-
dition, battery modeling enables to ensure safe charging and dis-
charging, optimal utilization of batteries, fast charging and other
applications. Several modeling approaches have been made to en-
lighten different aspects of the LSB reaction mechanism, kinetics
and transport properties. For example temperature dependency of
state of charge [14], transport limitations [15], shuttle mechanism
[16] and precipitation/dissolution [17] have been investigated. An
important aspect that is mostly unattended so far is the reaction
mechanism. In general, a consecutive reduction of sulfur to in-
creasingly short polysulfides has been assumed in modeling [5,18—
20].

Sg — Sé’ — Sé’ — Sﬁ’ — S%’ — §%- (10)

Discrimination using steady-state curves is almost impossible due
to too many parameters with insufficient data. This can be done
by dynamic experiments. These allow to distinguish between slow
and fast processes. They also have not been used for sulfur re-
duction kinetic identification so far. However, dynamic methods
with comparison of experimental and modeling results have shown

great potential in identifying characteristics of reaction mecha-
nisms and kinetics in other context. For methanol oxidation using
electrochemical impedance spectroscopy [21], for oxygen reduction
using nonlinear frequency responses [22], or even microbial glu-
cose and acetate oxidation [23]. The latter study also presented a
parameter sensitivity analysis and parameter identifiability study
to identify parameter dependencies and reliability of the model
and model parameters. A similar approach should be followed in
this work to identify a credible mechanism and kinetics. This will
allow for better understanding of LSBs and interpretation of exper-
iments, e.g. relaxation phenomena. It allows to develop solutions
to tackle the challenges to LSBs mentioned in the intro of this pa-
per. Therefore, a model supported analysis of the reaction mecha-
nism using cyclic voltammetry (CV) in combination with sensitivity
analysis is used to give significant additional insights into the elec-
tron transfer and chemical reaction routes besides a robust kinetic
model.

We base our approach on our dynamic CV experiments that re-
vealed significant changes in the CV with SoC and scan rate [11].
A 1-d physicochemical model is used to show the interaction of
reaction and transport processes causing the experimentally ob-
served CV and species concentrations [11], and to identify a fea-
sible mechanism and kinetics of the Li/S electrode. The imple-
mented mechanism contains the results of latest published scien-
tific knowledge. We reveal reaction currents, concentrations and
reaction rates and their evolution over time and distance to the
electrode surface. In addition, a global sensitivity analysis is per-
formed to reveal the impact of transport and kinetic parameters
on the current, i.e. electrode performance [24-26].

We analyze two different scenarios, (i) an EEC;,-mechanism as
simple generic mechanism to evaluate its applicability to give in-
sights to the LSB mechanism and (ii) a physically motivated. E3C4-
mechanism to elucidate different aspects of the reaction mecha-
nism regarding reaction routes, transferred electrons and impor-
tance of transport in detail.

2. Model

The modeled system consists of a static graphite working elec-
trode immersed in a stagnant solution containing the electrochem-
ically active cyclic octasulfur (Sg) as well as an excess of supporting
electrolyte. The electron transfer reactions of Sg and polysulfides
take place at the surface of the working electrode. Chemical re-
actions take place in the electrolyte. Finally, the counter electrode
completes an electrical circuit with the working electrode.

A chemical gradient will exist as a consequence of the dif-
ferent concentrations of the electrochemically active species de-
pending on the distance to the electrode surface. The system will
respond in order to balance the concentration gradient with the
corresponding flux of material by diffusion. For typical electro-
chemical experiments, where a very large number of molecules are
involved, the diffusion process can be described by the statistical
Ficks laws [27] which accounts for the changes in concentration
with time and location. Compared to the thickness of the diffusion
layer § ~ /Dt where D is the largest diffusion coefficient and t is
the maximum simulated time, the area of the electrode is large,
therefore a one dimensional approach is applicable.

The problem is thus reduced to one spatial dimension, x, which
is the distance normal to the flat surface of the electrode. Also,
transport by ion migration in the electric field is eliminated by as-
suming an excess of electrolyte. In addition, the electrolyte is non-
reactive, the environment is isotherm and substrates have a homo-
geneous concentration at the beginning of the simulation. Fig. 1
illustrates the electrode with the underlying processes.
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Fig. 1. Illustration of modeled transport and kinetic processes implemented in the
1d-physicochemical model.

Modeling of electrode kinetics for CV simulation

An appropriate model for CV is required to obtain information
about more complex reaction kinetics where no analytical solution
is available. Current CV simulation programs, either commercial
[28-30] or open source [31-33], lack in functionality and flexibility
for the desired investigations. Therefore, a new implementation is
realized.

Cyclic voltammetry

At any time t on the forward sweep, the potential, E, is given
by
EZEinit—Vt (11)
with Ej,;; the initial potential and v the scan rate. At any time

t = towitch» the potential reaches the vertex potential E, where the
sweep direction reverses. For 2tgyitch > t > Lswitchs

E:Ev"f‘v(t_tswitch)- (12)

Kinetic and transport equations

In general, the conservation of mass equation to describe the
motion of charged chemical species in a fluid medium is described
by the Nernst-Planck equation. In this particular case, migration
due to electrostatic forces is neglected, and convection can also be
neglected because the fluid has no velocity. Therefore, transport is
described by diffusion. In addition to transport, a source term, S,
is added to account for chemical reactions in the electrolyte. This
yields the following mass balance for charged and neutral species:

aC,' _ 82(31'
ot lox2
with ¢; the concentration of species i, t the time, D; the diffusion
coefficient of species i. The time dependency of the source term
is only due to local chemical reactions. Volume specific chemical
reaction rates, r;, follow mass action law:

rj= kj_fl_[ C:)i'j — kj,b 1_[ C;}U (14)

led lpmd

D +S5; (13)

with k; the reaction rate constant of the forward (f) and back-
ward (b) portion of reaction j, v;; the stoechiometric coefficient
of species i in the reaction j participating as an educt of a reac-
tion (ed) or a product of a reaction (prod). The source term S; of
each species i will consequently be the sum of all reaction rates of
reactions where the species is participating:

R
=3 Ml (15)
j=1

AX

with Ax the size of the first element normal to the electrode sur-
face. The boundary condition contains the electron transfer reac-
tions at the electrode/electrolyte interface:

da) vy, b
<_D’3’<>xo R o

with i; the partial current density for electron transfer reaction j,
n the number of transferred electrons and F the Faraday constant.
The condition at the bulk boundary is:

8Ci _
<—D,-8X>x=8 =0. (17)

Applying Faraday’s law, the partial current density i; of multiple
electron transfer reactions is calculated by:

ij = —leFT'jVe] (18)

with n; the number of electrons transferred and r; the electro-
chemical reaction rate.

The electrochemical reaction rate constants show an exponen-
tial dependence with the applied potential, according to the Butler-
Volmer model. Only one electron can be transferred at a time to
calculate the current density i [34]. Hence, for a given reaction,
n=1 is assumed in the exponent. Therefore, in case of electron
transfer reactions the reaction rate constant of the forward reac-
tion k; ¢ and the backward reaction k;y, o are defined as:

aF
Kj el =K o €XP (RJT(E —Esp j)) (19)

(1—aj)F

Kjb.el =K1 €Xp | — T (E—Ero;)

with o the charge transfer coefficient, R the molar gas constant, T
the temperature, E the potential and Eg i the formal potential. As
a result, the reaction current i; can be determined by:

. o iF ;
ij=—n;F k}f.f,el exp (RJT(E — Ef,o;)) Hc;)x.J (20)

led

(1—aj)F
5 J Vi j
“Kiper@xp | =g (E~ Eroy) | [T"
iprod
The sum of partial current densities yields the total current
density i:

R
i=3i (21)
j=1

Initial concentrations

At the initial state, all involved species are in equilibrium. The
concentrations can be obtained by solving an equation system of
Nernst equations for each electron transfer reaction for the initial
potential:

RT N
Ej=Epo; + T1n]‘[cl.”'~f. (22)
i

Unequally spaced grid

An exponentially expanding grid with smaller grid size close to
the electrode was used to account for larger gradients close to the
electrode/electrolyte interface [35]. Expansion is defined according
to:

Xfg = AXggW
Axgg = Axpow! (23)



with Ax; the size of modeled volume element, w the growth factor
and q the volume element (q =1 at the interface). w is restricted
by the distance between electrolyte and bulk, L:

Q
L= Z Aqu
q=1

with Q the total number of volume elements.

(24)

Solving the partial differential equation system

In order to solve the ordinary differential equation system, the
CVode solver, which was first introduced by Cohen et al. [36] and
implemented by Hindmarsh et al. [37] in the Suite of Nonlinear
and Differential/Algebraic Equation Solvers, is applied. The most
suitable numerical integration method for this set of equations
are the Backward Differentiation Formulas [38]. The generalized
minimal residual method [39] is used as linear solver type. Abso-
lute tolerances are 1 x 1016 while relative tolerances are 1 x 105,
Convergence of the solution, especially regarding grid parameters
was confirmed as refining the parameters lead to no visual changes
of the CVs. The programming interface for Python of this solver is
provided by the Assimulo package [40].

Sensitivity analysis

To evaluate sensitivities of the CVs to parameters, a variance-
based global sensitivity analysis was applied [24,25]. Through this
global sensitivity analysis, the variance of the output of the system
is decomposed into fractions, which can be attributed to model
parameters or sets of model parameters. These fractions, so called
Sobol indices, are directly interpreted as values of sensitivity that
are measured across the whole input space [26]. This method also
allows to reveal correlations between parameters. The first-order
sensitivity index, ®;, measures the direct variance-based sensitiv-
ity. This is the contribution to the output variance of the main ef-
fect of an examined parameter, therefore it measures the effect of
varying this parameter alone, but averaged over variations in other
input parameters. It is normalized by the total variance to provide
a fractional contribution. The sum of first-and higher-order inter-
action indices ®; j, ®; ;. ... implicates that,

d d
Zq)i+zq)i.j+'-~+¢l,2...d =1. (25)
i=1 i<j

In order to calculate the variance, the number of samples is cal-
culated by N(2D + 2), with D the number of model inputs, where
in this study the argument N is set to be 1000 [24-26]. The Python
implementation of the sensitivity analysis is realized in the SALib
package [41].

3. Experiment

Here we complement the experimental CVs [11] with measure-
ments of chemical composition of the solution in the same setup
to motivate the chosen mechanism and species. With high per-
formance liquid chromatography (HPLC) polysulfides are separated
depending on their chain lengths and each dimethyl polysulfide
can be identified based on the monotonoeus relationship between
retention time and chain length [42-47]. Except for sulfide (S2), all
polysulfide ions and elemental sulfur can be separated and identi-
fied by HPLC-mass spectrometry (MS) after derivatization [43,48].

Experimental set-up

A lithium sulfur cell was established using the experimen-
tal setup by Schon et al. [11]. A glassy carbon electrode with

a flat round tip with an area of 0.196cm? (Pine Research In-
strumentation, Durham, NC) was used as working electrode. The
counter electrode was prepared using lithium (Li) foil (99.9%,
Merck KGaA). The electrodes were immersed in 15mL liquid
electrolyte consisting of lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) (SigmaAldrich) 1mol in a 1:1 mixture of 1,3-Dioxolan
(DOL) (SigmaAldrich)/1,2-dimethoxyethan (DME) (SigmaAldrich).
Cyclic octasulfur (99.9%, Merck KGaA) was added as active ma-
terial with a concentration of 4mmol. Galvanostatic discharge is
used to investigate the discharge at a constant current density
of 3.57Am~2, until a potential of 0.6V is reached to ensure deep
discharge. A Gamry Reference 3000 is used as galvanostat. After
reaching this limit the discharge was terminated. 200uL of elec-
trolyte is taken out of the cell at different SoC, at 100%, 87.1%,
40.3% and 0% SoC. The second sample is taken at the higher
potential discharge plateau and the third at the lower poten-
tial discharge plateau (see Fig. A.12). Immediate derivatization us-
ing the established method of Kamyshny et al. [49] is performed
by adding 350uL methanol and 50uL methyl trifluoromethansul-
fonate (MeOTf) (99.9%, Sigma Aldrich). The occurring reaction fol-
lows Eq. (26):

S2= 4+ 2CFKS03CH3 — (CH3)2S;, + 2CF3503~ (26)

Experimental results

The chromatogram at 100% SoC (Fig. 2a) shows two peaks. The
first peak with a retention time of 21.2min is identified as DOL and
the second peak with a retention time of 35min is identified as Sg.
The absence of other peaks assures that no polysulfides are present
at the beginning of galvanostatic discharge. Analyzing the chro-
matogram at 87.1% SoC, seven additional peak are observed and
generation of polysulfides can therefore be confirmed. Except for
the fourth and the last peak, all peaks are present until the end of
discharge, as seen in Fig. 2c and d. In addition, an increase in these
peaks area can be observed throughout galvanostatic discharge. At
the same time the Sg peak decreases in peak area (Fig. A.12).

The identification of polysulfides is done by the combined re-
sults of three different techniques: (i) comparison of the retention
times of standards, (ii) confirmation that polysulfides are present
via MS, (iii) correlation of retention times with polysulfide chain
lengths [42-47].

The Sg peak area decreases from 100% to 33.2%, while the rela-
tive area of different polysulfides increases during the galvanostatic
discharge. CV validates, that the electron transfer reaction of Sg to
octasulfide (Sg2") and further to tetrasulfide (S42°) have a high for-
mal potential. This results in a fast consumption of Sg at the higher
potential discharge plateau, which can also be confirmed by mea-
suring the concentrations. Finally, Sg concentration is still decreas-
ing, when the electron transfer reactions yield a much lower mixed
potential. This proves the presence of chemical reactions that con-
sume Sg at the lower potential discharge plateau.

Concentrations of polysulfides cannot be quantified because
standards are unavailable. Multiple short chain polysulfide ions are
produced during electrochemical reduction of Sg, of which trisul-
fide (S32°) and S42- are the main products. Fig. A.13 shows that the
decrease of Sg and increase of polysulfides is highest at the be-
ginning and is slowing down during the experiment. This supports
the assumption of the important role of disproportionation reac-
tions. The polysulfide increase is higher at the higher potential dis-
charge plateau compared to the lower potential discharge plateau,
indicating that S** was produced at the end of the higher potential
discharge plateau, which is not analyzed by HPLC-MS. Overall, the
results of the chemical analysis confirms the assumptions of the
reaction mechanism from Schoén et al. [11].
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Fig. 2. Chromatograms of separated polysulfides at different states of charge.

4. Reaction mechanisms and governing equations

Two reaction mechanisms are evaluated in the following to-
wards their applicability to reproduce the experimental electro-
chemical behavior. The first mechanism represents the simplest
generic option to reproduce the main characteristic features of
the CV from a top-down view, with only the electrochemical re-
sult as foundation, and is an EEC;-mechanism. The second is
named E3C4-mechanism containing three electron transfer and
four chemical reactions, which allows to analyze all character-
istics of the CV, but at the expense of higher complexity. The
chemical and electron transfer reactions implemented in the E3C4-
mechanism were chosen bottom-up with the foundation of physi-
cal plausibility.

EEC-mechanism

In the first scenario, the experimental CV data is analyzed by a
mechanism containing two reversible electron transfer steps fol-
lowed by an irreversible chemical reaction, which is known as
EEC;r-mechanism. This mechanism is derived from the experimen-
tal results, where two phenomena are obvious: (i) Two cathodic
peaks that originate from at least two electron transfer steps, and
(ii) a decreasing anodic to cathodic peak current ratio with de-
creasing scan rate. The two cathodic peaks lead to the assumption
of two electron transfer reactions with different formal potentials.
For the total electron transfer in the potential window of 3.8V to
1V, Lu et al. [10] propose a transfer of 5.4e~ mols_sl. This is applied
to the first electron transfer reaction Ia. The second electron trans-
fer reaction Ila causes the second reduction peak, where two elec-
trons are assumed to be transferred, giving the correct current re-
sponse for the second peak. The decreasing peak ratio is assumed
to be caused by a chemical reaction that consumes reactants that
otherwise oxidize by the anodic electron transfer reaction. The ir-
reversible step can indicate precipitation reaction of S*. As the re-
actions are empirically derived, X and Y are used instead of Sg and
polysulfide species. As a result the reaction mechanism is defined
as:

—5.4e~

X e ... 28 x>

(Ia)

XA = B X (Ila)

+7.4Li%
ST Y

X4 (11la)

Reduction of X results in the product X>#~ by consecutively
transferring 5.4e~ from the electrode to the species. The amount
of 5.4e~ is the accumulated sum of electrons that are transferred
per mole of X. Here, underlying consecutive elementary reaction
steps with single electron transfer are assumed with the last step
being rate limiting. The same assumption holds for the reduction
of X>#~ to X4, where only the slower of the two one-electron
transfer reactions defines the reaction rate. Reversing the scan di-
rection, does not change the hypothesis since these electron trans-
fer steps are assumed to be reversible. This leads to the mass bal-
ances and kinetic equations system in Tab. 1 according to the de-
scribed physicochemical model.

E3C4-Mechanism

A majority of literature publications propose electron trans-
fer reactions, where four electrons are transferred during two
consecutive electron transfer steps, reducing Sg (reaction Ib) and
Sg%" (reaction IIb) [10,43-45,50]. This finding is confirmed by
the conducted CV studies [11] and the HPLC studies described
in the previous section. In this context it seems quite unrealis-
tic, that 5.4e~/mols, transfer always jointly as assumed in the
EEC;,,-mechanism. And as the mechanism cannot cover the va-
riety of identified species, the more physically motivated E3C4-
mechanism is investigated. Compared to the EEC;,-mechanism,
less electrons are transferred during the first two reduction steps.
The missing electrons per mole Sg, that would therefore deliver a
lower current, are supposed to be compensated by circular routes
due to chemical reactions forming new Sg (reaction Vb) [51]. The
relaxation behavior of the investigated cell during open circuit po-
tential (OCP) measurement [11], as well as the decreasing Sg con-
sumption at lower SoC during discharge, which is measured by
HPLC (Fig. A.13), confirms the presence of such reaction. Chemi-
cal reactions of short chain polysulfides that mainly involve S42-
to disulfide (S,2) in reaction VIb and VIIb are also included tak-
ing into account the main products of HPLC analysis. The broad CV
peaks at lower SoC [11] result because S4%~ which is responsible
for the reduction at the lower potential discharge plateau (Illb), is
strongly involved in these chemical reactions (IVb, Vb, VIb), that



Table 1

Mass balances and kinetic equation system of the EEC;,-mechanism.

Mass balances in the electrolyte:
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Partial currents of electron transfer reactions Ia and Ila
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Table 2
Mass balances and kinetic equation system of the E3C4-mechanism.
Mass balances in the electrolyte: Reaction rates:
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Partial currents of electron transfer reactions Ib, IIb and IlIb:
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have been previously proposed [43,44]. The proposed
is as follows:

Sg +2e = S3~

Si+2e Sy

Si 426 253

Se~ -

g < 2S;

38y <= Sg+S3 +257

283 = Si 453

283 S+ 5%

This reaction mechanism leads to the mass balances
equation system in Tab. 2.

mechanism 5. Parameterization

(Ib) EEC-mechanism
Following the experimental conditions, the starting concen-
(1Ib) tration of reactant X is 4mmol, and initial concentrations of
X>4=, X74~ and Y are zero. The temperature is set to 293.15K.
The diffusion parameters are taken from Lu et al. [10] where
(l1b) rotating ring-disk electrode measurements revealed a value of
2.6 x 10719 m2 s~1 for sulfur in 1:1 DOL:DME with 1M LiTFSL
(IVb) Charge transfer coefficients for each of the electron transfer reac-
tions are chosen to be 0.5. Following the experimental procedure,
CV is simulated for two cycles in a range between 3.8V to 1.0V
(Vb) whereas the evaluated part of the CV is the second cycle. At poten-
tials lower than 1.8V the experimental results show undesired side
(VIb) reactions of the electrolyte, that are not included in the model. Dif-
fusion coefficients Dys4-. Dy74-, Dy, as well as reaction constants
ViIb ki, and kj,, formal potentials Ef 1o and E?" of the electron trans-
( ) fer reactions and the reaction constants of the chemical reaction

ke jj1q and ky, 14 are identified using a least square approach on the
experimental CV at 100mVs~!. They are given in Tab. 3.

and kinetic



Table 3
Identified parameters for the EEC;,-mechanism.

Dx Dyss Dyra Dy

m?s! m?s! m?s! m?s!
2.60e-10 7.6e-10 1.25e-9 3.64e-10
Erra Ef11q kia kia

\% \% ms~! ms~!

2.44 2.20 5.73 x 10-10 1.64 x 1010
ke 1ira kp ita

s1 s1

1.13x107% 0

Table 4
Identified parameters for the E3C4-mechanism.
Ds, Dy Dy, Dg;
m?s~! m?s~! m?s~! m?s~!
2.6 x 1010 2.6 x 1010 2.6 x 1010 7.6 x 1010
Dg, Dg Dg Et b,
m?s! m?s! m?s! \Y%
9x10°10 1.25x 10710 1x10°1 2.44
Etum Ky, ke b Ky b
ms~! ms~! (m3mol~1)ms~!
23 2x10°6 7 x 108 7 x 108
ke b Ky tvp keyp kpvp
51 m3mol-'s~! (m*mol~')2ms~!  (m3mol-1)2ms~!
3.75 15 1 4
keyip kyvi ke K vib
(m3*mol~")ms~!  (m?*mol~")ms~!  (m3*mol-1)ms! (m3mol~")ms~!

0.5 0.5 1 1

E3C4-mechanism

The starting concentration of Sg is set to 4mmol, and initial
concentrations of the remaining species are set to zero. The tem-
perature is set to 293.15K. The diffusion parameter of Sg is taken
from Lu et al. [10] with 2.6e-1m?s-1. Charge transfer coefficients
for each of the electron transfer reactions are chosen to be 0.5. Fol-
lowing the experimental procedure, CV is simulated and recorded
for two cycles in a range between 3.8V to 1.0V whereas the eval-
uated part of the voltammogram is the second cycle. At poten-
tials <1.8V, the experimental results show undesired side reactions
not included. Diffusion coefficients of all polysulfides as well as
reaction constants, formal potentials of the electron transfer re-
actions and the reaction constants of the chemical reaction are
identified to reproduce the experimental data at 100mVs~!. They
are given in Tab. 4. A local availability of S¥ is integrated at the
electrode/electrolyte interface by choosing an artifically low diffu-
sion coefficient for this species to account for its precipitation at
the surface, which is not included in the model. For the here pre-
sented reaction kinetic modeling, integrating intricate inhomoge-
neous precipitation processes would heavily complicate the model
and would distract from the focus of identifying the reaction kinet-
ics. To assure quasi steady state of surface and solution, the second
scan is used both in experiment and simulation.

6. Results and discussion

In the following, the two proposed kinetic models and their
ability and shortcoming to describe the experimentally observed
CV is discussed and a parameter sensitivity analysis elucidates
the parameter impact. This procedure is first implemented for the
EEC;r-mechanism and then repeated for the more complex, physi-
cally motivated E3C4-mechanism.
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Fig. 3. Cyclic voltammetry results of the EEC;,-mechanism for a scan rate of v =
100mVs~'. Points A to F indicate significant states of the system (a) Simulated CV
compared to experimental results of the 2nd cycle from Schon et al. [11]. (b) Con-
centrations at the surface of the electrode x; = Omm during the forward scan and
(c) the backward scan.

EEC;,.-mechanism

In Fig. 3a the simulated CV of the model with EEC;, kinetic
is shown in comparison to the experiment. In addition, charac-
teristic points in the experimental graph are marked from A to
F, where B, C and E are points in time which correspond to
oxidation and reduction peaks. It can clearly be seen, that the
EEC;r-mechanism matches the experiment in good agreement re-
garding all points except at low potential point D. The behavior
at point D deviates significantly which is expected, because it is
caused by electrolyte degradation, which is not included in the
model. However, two parts of the simulated CV show a different
characteristic. First, directly after point C the cathodic current de-
creases too fast compared with the experiment. The reason for this



behavior is, that in the experiment more electrons per mole of
substrate are transferred after the peaks. Second, during the posi-
tive scan at a potential of 2.0V, a current approaching zero is ex-
pected which can also not be reproduced by the EEC;;-mechanism.
Here, the EEC;.-mechansim exhibits a diffusion limited current,
while the experimentally observed drop to zero indicates that sul-
fur (X) is not available at the surface for reduction despite suffi-
cient sulfur concentration in the bulk. This in turn suggests that
the mechanism misses a chemical reaction that consumes the reac-
tant in experiments before it reaches the surface. In the following,
reactions and concentrations are correlated to elucidate the origin
of the CV features and dominant processes.

During the sweep to lower potentials, sulfur (X) is reduced to
the intermediate X>#~ and this intermediate gets consecutively re-
duced to X”*#~. The respective change of concentration is shown in
Fig. 3b. The concentration of sulfur (X) at the electrode/electrolyte
interface drops to zero, while the concentration of X>4~ increases
and then it decreases again in favor of the final reduction prod-
uct X”4~. Reduction of sulfur (X) starts and causes a cathodic cur-
rent when the potential approaches the formal potential of reac-
tion la, which is 2.44V. Similarly, the formal potential of reaction
lla of 2.20V is the potential at which reduction of X>4~ starts and
current increases to form the second cathodic peak. At B and C, the
concentrations have the highest gradient with respect to potential
change. Here, reaction rates are maximal, resulting in the cathodic
current peaks. When approaching point D, the concentrations at
the surface are nearly constant, indicating a diffusion limitation of
X to the electrode/electrolyte interface. At the surface sulfur (X)
entirely reacts to X”4~, which diffuses away from the surface with
the same magnitude.

When surpassing the formal potential of reaction Ila during the
backward scan, the rate of X>4~ conversion to X”4~ decreases, re-
sulting in two effects that are displayed in Fig. 3c. Firstly, the con-
centration of X”4~ at the electrode/electrolyte interface diminishes
because of diffusion. Secondly, the concentration of X>4~ is in-
creasing because the reaction rate Ia is still high at this potential.
Reaching point E, reaction Ia stops and the concentration gradients
for sulfur (X) and X>*~ with respect to potential pass their maxi-
mum resulting in the anodic peak. Finally, when approaching point
F, the concentrations at the surface are nearly constant and only
few reduced species still exist and diffuse to the surface causing a
diffusion limited current.

To elucidate the above seen important role of diffusion in the
CV, distinctive concentration profiles of species X, X>4~ and X74~
vs. distance from the electrode/electrolyte interface are observable
from Fig. 4. Sulfur (X) has a concentration minimum between the
electrode/electrolyte interface and the bulk, because X is produced
from X>* by reaction la at the end of cycle one and it is suf-
ficiently available in the bulk. After point C, the current is dic-
tated by the delivery of additional X via diffusion from the bulk
solution causing a decrease till point D. Due to diffusion the layer
at the electrode/electrolyte interface containing the reduced X4~
and X’ continuously grows throughout the scan. Fig. 4 shows,
that during dynamic operation reacting species are always in mix-
ture with other species. Therefore, the system behavior always de-
pends on multiple reactions and to the best of our knowledge,
analytical solutions are not possible in this case. The courses of
concentrations of sulfur (X), X>*~ and X”#~ are almost identical at
point A and F indicating the good reversibility of the mechanism
at this scan rate.

Chemical reaction Illa is slow compared to the electron transfer
reactions Ia and Ila. This results in a CV that appears reversible.
Consequently, the concentration of Y throughout the experiment
at all places is negligible, as it can be seen in Fig. 4. The amount of
Y produced in the chemical reaction Illa increases as the scan rate
of the experiment decreases, thereby creating a more irreversible
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Fig. 4. Concentration profiles of the EEC;,-mechanism during CV simulation with
optimized parameters with a scan rate v = 100mVs~' at points A to F. Results are
shown for the second cycle.

response of the system. The ratio of the anodic to cathodic peak
currents decreases because the reduced species X”4~ is consumed
by the subsequent chemical reaction, resulting in fewer species to
oxidize on the anodic scan, see Fig. 5.

The sensitivity of each model parameter on the observed cur-
rent during a CV is displayed in Fig. 6; for direct correlation of
the sensitivities with the current at a given potential, the current
is also displayed (red line). The sum of all single parameter sensi-
tivities at a given potential sums up to 1, and we thus the single
parameter sensitivities (colored bars) stacked on each other. Each
parameter sensitivity value represents the relative impact the pa-
rameter has on the current at the given potential. Over a wide
range of the scan, diffusion of sulfur (X) has the largest impact.
When reaching the formal potential of reaction Ia, kinetic parame-
ters dominate and the current gets significantly influenced by the
reaction rate constant of reaction Ia, until the first cathodic peak is
reached. At the second cathodic peak, the sensitivity of the current
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to the reaction rate constant of reaction Ila is much lower, because
only a small share of the total current is added by reaction Ila. The
bigger amount is added by reaction la, which explains the remain-
ing strong significance of sulfur (X) diffusion.

In contrast during the backward scan, the anodic peak, dis-
played in Fig. 6b, is influenced by both reaction rate constants la
and Ila, because these reactions overlap. The second reaction influ-
ences the beginning of the increase, therefore the current is most
sensitive to ky,. When X’ concentration rapidly decreases at the
surface at ~2.4V, the electron transfer reaction Ia takes over and
the sensitivity of kj, is dominant.

In conclusion, the EEC;,.-mechanism is able to achieve qualita-
tive agreement with the experimental data. Pure analytical inves-
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tigation of such mechanisms without the here presented macroki-
netic modeling is limited as peaks and profiles are overlapping and
lead to complex patterns. Therefore, simulation and identification
of the parameters, as demonstrated here, is the only way of gaining
a complete insight and understanding of the complex interaction of
thermodynamic, kinetic and transport properties of the sulfur re-
action mechanism through CV. Yet, parts of the experimental CV
characteristics are missing. In particular, the EECj,.-mechanism ex-
hibits diffusion limitation, when chemical reactions should be in-
fluencing the current. In the following section, a more physically
motivated mechanism will be applied to see how the species and
reactions proposed in literature interact and, together with diffu-
sion, are able to explain CV behavior of sulfur electrodes.

E3C4-Mechanism

The E3C4-mechanism is primarily characterized by three elec-
tron transfer reactions occurring at two different formal potentials:
2.44V for reaction Ib and IIb and 2.3V for reaction IlIb. Compared
to the EEC;;;-mechanism, the electrons directly transferred by elec-
tron transfer reactions differ by 1.4e~ mols_;. To compensate this
missing charge, chemical reactions Vb, VIb and VIIb are introduced
that are able to produce additional Sg. In Fig. 7a the simulation re-
sults are shown in comparison to the experiment. A comparison
to different scan rates is shown in Fig. A.10. It can clearly be seen,
that also this mechanism matches the experiment in good agree-
ment regarding all relevant points. Point F deviates because of ex-
perimental electrolyte degradation, as explained earlier. In contrast
to the EEC;-mechanism, the E3C4-mechanism better reproduces
the two previously missing features: (i) the slow current decrease
directly after point C and (ii) zero current when increasing voltage
to 2V.

During the forward scan from 3.8V to 1.0V, Sg reduces to Sg*
via Sg2- when passing the formal potential of reaction Ib and
IIb. The intermediate is only present for a short time period, see
Fig. 7b. Reactions Ib and IIb overlap, as indicated by the single re-
action currents displayed in Fig. 8a. Reaction Ib and IIb are related
to the upper potential discharge plateau with a potential >2.3V
during galvanostatic discharge. Because of the fast chemical reac-
tion IVb between Sg% and S, (Fig. 7c), these species exhibit a
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Fig. 6. First order sensitivity results for each parameter influencing the current of the EEC;,-mechanism. The values are stacked as they sum up to 1. The current (red line)
is displayed for better correlation to the CV results. 16000 simulations were recorded varying the parameters by +10%. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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similar course in concentration over potential. In addition, the in-
fluence of the circular route through reaction Vb is obvious at a
potential of 2.4V. Chemical reaction Vb converts S42° back to Sg
and to the smaller molecules S,2° and S%°. In addition, chemical
reactions VIb and VIIb run backward consuming more S42- to pro-
duce more Sg. This drives the system to a more reduced state. The
here discussed quite complex interplay of the chemical reactions
causes the negative and positive reaction rates displayed in Fig. 8b.
We thus deduces that the occurring reactions at the higher poten-
tial discharge plateau of a LSB can be summarised as follows:

Sg+2e” — S3” (Ib)

Sa +2e — Sg (1Ib)
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Fig. 8. (a) Reaction currents of the implemented electron transfer reactions of the
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reactions for the backward scan at the electrode surface.

Sg — 2S5~ (IVb)
3837 — Sg+ 537 + 258+ (Vb)
2837 < S7 4S5 (VIb)
2557 « SE 4 5% (VIIb)

The mechanism also clearly explains the usually observed slow
but strong relaxation behaviour in LSBs. Though the mechanism
is complex, it agrees well with the large range of polysulfides de-
tected by HPLC analysis starting at 87.1% SoC (Fig. 2).

In the following, the behavior at lower potential is discussed. At
~2.2V, the third electron transfer reaction IlIb of reducing S42- to
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S,% kicks in (Fig. 8a). As S42° concentration decreases, the com-
peting chemical reaction Vb and so Sg rapidly decreases. When
diffusion diminishes in addition the S42° concentration reaction Vb
even changes direction and consumes Sg before it reaches the elec-
trode/electrolyte interface. With both, Sg and Sg* concentration
being strongly diminished, electron transfer reactions Ib and IIb no
longer contribute to the total current when reaching a potential of
~1.8V. In addition to the reversal of Vb due to missing S,%, the
reactions VIb and VIIb which convert S, with S,2- and $%" are re-
versed as well. In summary, the lower potential discharge plateau
starts, when Sg is no longer present at the electrode/electrolyte in-
terface, and there is a radical change in the mechanism. The only
electron transfer reaction that continues is reaction IlIb. A circu-
lar route is formed that produces S,% for the electrochemical re-
duction, which is an explanation for the broad CV peaks during
the lower potential discharge plateau [11]. This leads to the fol-
lowing reduction mechanism at the electrode/electrolyte interface
which will prevail during the lower potential discharge plateau of
Li-S cells:

S3 42 — 253 (1IIb)
282 S2 4 s% (VIb)
255" — S¥ 4 s* (VIIb)

In addition, further away from the electrode/electrolyte inter-
face, Sg is consumed by reaction Vb, which produces new reactant
for reaction IlIb:

3837 « Sg+S37 +25% (Vb)

This mechanism is much simpler than at high potential but can
still explain also the observed relaxation behavior at open circuit
voltage [11]. At point D, the reversal point, the system reaches
a steady state condition with constant polysulfides compositions,
diffusion and constant reaction rates (Fig. 7). In the following we

analyze the positive scan, i.e. the sulfur electrode behavior during
charge.

Approaching 2.6V, the electrochemical oxidation sets in, first of
reaction IlIb, then IIb and Ib (see Fig. 8a). The reaction rate con-
stant of reaction Illb is significantly lower than that of reactions
Ib and IIb. Thus, the anodic peak potentials of all three electron
transfer reactions are close, resulting in one anodic peak. In addi-
tion, the chemical reactions Vb, VIb and VIIb support the formation
of the oxidizable species S,2" and therefore ensure more complete
oxidation of the system.This can be seen in the large amount of
S,%" over a wide potential range with decreasing S;2- (Fig. 7c) and
the strongly negative rate of VIIb and positive rate of Vb (Fig. 8c).
Note that also the S2- decrease is slow due to reproduction by re-
action Vb. Following Fig. 8c, the complete set during oxidation at
the sulfur electrode is thus:

Sg+2e « S5~ (Ib)
Si 42 «Sg (1Ib)
Si+2e <253 (11b)
Sg < 2S; (IVb)
385" — Sg+S3 4257 (Vb)
2837 - ST +S3 (VIb)
2557 « SE 4 5% (VIIb)

Similar as for the EEC;;;-mechanism, the concentration profiles
of Sg and polysulfides in the electrolyte depend on the potential
applied in course of time, see Fig. 4. The concentration of Sg drops
to zero at and close to the electrode/electrolyte interface after the



second reduction peak (points C and D) as Sg is more rapidly con-
sumed than diffusing from the bulk (compare Fig. A.11).

Thus also in this physicochemical motivated mechanism, diffu-
sion an even more chemical reactions in the bulk play a significant
role in explaining the experimentally observed behavior in CV, and
will have non negligible and complex impact on sulfur electrode
behavior during charge. This will always lead to extremely complex
behavior of sulfur electrodes during charge and discharge. Whereas
the suggested set of electrochemical and chemical reactions may
not be the only possible set explaining the CV, it explains the HPLC
and relaxation behavior well, and is thus a robust and suitable
choice for analyzing, modeling and understanding typical behavior
of sulfur electrodes in DOL/DME electrolyte.

Analyzing the sensitivity of the diffusion coefficients and reac-
tion rate constants of each species and reaction on the current,
the result is quite different from the EEC;,-mechanism as it is
much more affected by chemical reactions, see Fig. 9. In the ki-
netic limited area of the reduction reaction from 3.8V to 2.6V,
the current is most sensitive to the diffusion of substrate from
the bulk to the electrode/electrolyte interface, in this case Sg. In
addition, we observe a notable sensitivity of the diffusion coeffi-
cients of the short chain polysulfides, S42°, S32- and S,%", as oxida-
tion of the short polysulfides still takes place. When reaching the
first cathodic peak, the electron transfer reactions Ib and IIb show
the highest sensitivity impact. This emphasizes, that the current
is mainly influenced by these reactions. However as expected, the
peak current is almost exclusively sensitive to the Sg diffusion, as
it strongly depends on fresh substrate to be delivered to the elec-
trode/electrolyte interface. The peak current of the second cathodic
peak is more affected by diffusion of S42- and chemical reactions
(kpyb—vip)- These are also important when reaching diffusion lim-
itation. During the reverse scan, in the voltage range of 2.0V to
2.3V, the current’s sensitivity on kinetic parameters is very high.
This supports the earlier findings, that the introduction of multi-
ple chemical reactions is necessary to reproduce and explain the
experimental behaviour of the sulfur electrode. The anodic peak
current is strongly affected by chemical reactions, which explains
its scan rate dependence that was demonstrated by the irreversible
reaction when analyzing the EEC;;-mechanism (Fig. 5). Possible ir-
reversible processes to be included in the future are the precipi-
tation of S,2° and S%". Introducing chemical irreversibly of either
reaction Vb-VIIb does not lead to the desired result, because the
equilibrium of the reaction mechanism gets disturbed.

In summary, the proposed mechanism including electron trans-
fer reactions summarized by Wild et al. [12], and circular routes
including the reproduction of Sg [9-11] shows good agreement of
the CV. Compared to the EEC;-mechanism, introducing a circular
route enabled the current increase to zero at 2.0V during the for-
ward scan. This indicates the Sg consumption before reaching the
electrode/electrolyte interface. In addition, the circular route com-
pensates for the missing charge because only 4e~ per Sg are trans-
ferred by electron transfer reactions Ib and IIb compared to 5.4e~
for the EEC;-mechanism. In general, the current is greatly influ-
enced by the chemical reactions Vb, VIb and VIIb.

7. Conclusion

In this study the reaction mechanism and kinetics at the sul-
fur electrode of LSBs is analyzed by physicochemical simulation of
CV. Two mechanisms were introduced to evaluate the influence of
diffusive transport and interaction of electron transfer and chemi-
cal reaction kinetics on the resulting current in a CV experiment.
First, the kinetic model based on the EEC;-mechanism results in
the desired reduction and oxidation peaks. It fails reproducing the
diffusion limiting current directly after the second cathodic peak
and exhibits a cathodic current that is not measured in the exper-

iment when crossing 2.0V during the reverse scan. Nevertheless,
this mechanism can be used to replicate general sulfur electrode
characteristics, which are two reduction steps and rate dependency
due to chemical reactions. However, the application of this mech-
anism should be restricted to models, where an exact electrolyte
composition is irrelevant. Studies of the shuttle mechanism or S
precipitation should use the physically motivated reaction mecha-
nism to simulate real LSB behaviour.

The second reaction kinetic model uses a more realistic and
complex reaction mechanism that incorporates results of several
prior research studies from literature. In addition to three elec-
tron transfer reactions, chemical reactions of short chain polysul-
fides have a significant impact on the behavior of the system.
Throughout all SoC states, the important role of disproportiona-
tion is pointed out while the direction of different reactions and
the influence of the reactions on the current varies. Strongly dif-
ferent prevailing reactions on the different discharge plateaus and
between reduction and oxidation of the system can be seen, i.e.
discharge and charge.

An important feature of the mechanism is the circular route
that converts shorter polysulfides to Sg. It leads to a more re-
duced state of the products of the higher potential discharge
plateau that could not be reproduced by the EEC;-mechanism.
The presence of diverse polysulfides in the electrolyte as seen by
the HPLC measurements can only be represented by the complex
E3C4-mechanism, which is particularly suitable for more exact in-
vestigations of the LSB limitations like the shuttle mechanism or
insulation of the electrode by Sg or S?- precipitation. Our stud-
ies emphasise that profound knowledge of the reaction mecha-
nism and its kinetics needed to understand and control the com-
plex electrode behavior and is therefore key to further improve
LSB performance. It is proven, that implementation of solely elec-
tron transfer reactions in LSB models is not sufficient to reproduce
the real behavior of a LSB. Future model-supported studies will
exceedingly benefit when dealing with degradation, optimization
of electrolyte composition or prevention of passivizing surfaces. In
addition, improvements in cell control can be expected, with over-
all higher voltages and better sulfur utilization, which directly in-
creases the cell capacity. However, more work has to be done to
gain comprehensive results of different LSB systems, where vari-
ous electrolytes and electrode materials are used. And thus other
reactions may prevail and cause different effects.
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