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Polysulfide Shuttle Study in the LYS Battery System

Yuriy V. Mikhaylik ** and James R. Akridge
Sion Power Corporation, Tucson, Arizona 85747-9108, USA

This work reports a quantitative analysis of the shuttle phenomenon in Li/S rechargeable batteries. The work encompasses
theoretical models of the charge process, charge and discharge capacity, overcharge protection, thermal effects, self-discharge, and
a comparison of simulated and experimental data. The work focused on the features of polysulfide chemistry and polysulfide
interaction with the Li anode, a quantitative description of these phenomena, and their application to the development of a
high-energy rechargeable battery. The objective is to present experimental evidence that self-discharge, charge-discharge effi-
ciency, charge profile, and overcharge protection are all facets of the same phenomenon.

© 2004 The Electrochemical Society.DOI: 10.1149/1.1806394All rights reserved.

Manuscript submitted November 14, 2003; revised manuscript received April 2, 2004. Available electronically October 27, 2004.

The Gibbs energy of the Li/S reaction is about 2600 Wh/kg, The total cell weight was-10 g. After sealing the cells in a foil
more than five times the theoretical energy of a Li-ion system. Dur-pouch, they were subjected to electrical test. Electrical testing was
ing last three decades, there has been a strong incentive to developparformed with a Digatron multiple battery tester MBT 01-05-16.
rechargeable Li/S battery. Two approaches have been explored to . )
incorporate sulfur into the cell: creating the cathode with solid el- Discharge Profile at Room Temperature
emental sulfur, and employing an electrolyte with sulfur completely  Typical ambient Li/S cell discharge curves consist of two
dissolved in the form of polysulfides 43, . The pioneering work of  plateaus-®®’During the first discharge, molecules of elemental sul-
RauH showed that electrolyte systems based on solvents with higHur (Sg) accept electrons, generating a chain of lithium polysulfides
basicity could dissolve a large amount of lithium polysulfides. In (Li,S,). Usually polysulfides withx ~ 6-8 are generated at a high
dimethy! sulfoxide or ethers like tetrahydrofuranhe sulfur solu- voltage plateay2.3-2.4 V), and further polysulfide reduction takes
bility as Li,S, can exceed 10 M. Spectroscopic and electrochemicalplace at a low voltage platedu-2.1 V). Our prismatic cell experi-
studies of polysulfides in nonaqueous solutions suggest that theimental data shows that the first discharge corresponds to accepting
dynamic equilibrium, redox chemistry, and kinetics are strongly af- 0.5 electron per one atom of sulfur at the high voltage plateau. The
fected by solvent complexatidr?. Further exploration of high sulfur  low discharge voltage plateau indicates acceptance of an additional
solubility electrolytes involved dioxoladend glyme solvenfs as one electron per sulfur atoffrig. 1).
more practical for rechargeable Li/S systems. High polysulfide solu-  Acceptance of 0.5 electron per sulfur atom at the high discharge
bility electrolytes enable the Li/S battery to operate as a liquid cath-plateau reduces cyclo-octasulfur moleculgsaS the starting cath-
ode system no matter how the starting sulfur active material wassde material to lithium tetrasulfide 4$,. The electrochemical re-
incorporated into the cell, solid ag ®r liquid as polysulfides. Bat-  action and the Nernst equation corresponding to this process are
teries with a liquid polysulfide cathode demonstrate a high rate ca

pability and a wide range of operating temperatdrésSoluble $ +4ae = 23421 [1]
polysulfides as well as soluble sulfur cause lithium corrosion and, RT [%]

because of their relatively high mobility, they create a polysulfide Ey = ES L n— [2]
shuttle phenomenon during the battery charge process. There are nuF [Sff]2

few papers connecting the shuttle phenomenon with Li/S cell per-
formance characteristics. Therg)?gers published describe the shuttiecceptance of 0.5 electron per sulfur atom also could be interpreted
mainly in a qualitative mannér"°There are no publications that to mean that the high plateau sulfyg; B8 represented bygSand all
connect Li/S battery self-discharge, charge-discharge efficiency, disforms of polysulfides & with x > 4. Based on Eq. 1, the high
charge capacity, and overcharge protection in a quantitative mannefateau sulfur specific capacity, is 419 MAh/g.
_ The low discharge plateau process, involving acceptance of an
Experimental additional electron per sulfur atom, is the reduction of lithium tetra-

Cathodes containing elemental sulfur, acetylene black, graphiteSulfide, which generates a lithium sulfide and disulfide mixture. The

and a binder cross-linkable at elevated temperatures were coated ¢pW plateau reaction and Nernst equation are

an aluminized polgethylene terephthaladtePET) substrate. The 2— - - -

cathode slurry preparation and coating procedure are described by Si +ae 28" + 5 (3]
Cheng! The PET film was um thick. The aluminum layer thick- RT [Si7]

ness was~500 A, and the total cathode thickness was it E = Ef + —=Ih——— [4]
(double-sided coated measuremeAt50 pm thick lithium foil was koSS

used as the anode. The cathode, anode, and a porous polyolefin
separator were combined into a layered structure of cathodePractical discharge stops at this point due to lithium disulfide’s low
separator/anode that was wound and compressed, with the liquigolubility in the electrolyte solvents and its very slow electrochemi-
electrolyte filling the void areas of the separator and cathode to forncal kinetics. Acceptance of one electron per sulfur atom also could
prismatic cells with an electrode area of about 84F.chme elec- be interpreted to mean that the low plateau sulfuisSrepresented
trolytes were solutions of lithium bigifluoromethylsulfonylimide by all forms of polysulfides & with x < 4. Based on Eq. 3, the
LiIN(CF;S0;), in a 40:55 volume ratio mixture of 1,3-dioxolane low plateau sulfur specific capacity, is 837 mAh/g. The total
(DOL) and 1,2-dimethoxyethan®ME). Three lithium salt concen-  experimentally accessible high and low plateau specific capacity is
trations, 0.5, 1.85, and 218, were applied to make electrolytes 1, 2, 1.5 electron per sulfur atom or1256 mAh per gram of sulfur.
and 3. All cells contained-1 g of sulfur and~4 mL of electrolyte. ~ Acceptance of 1.5 electron in the DME/DOL mixture is close to
obtained in tetrahydrafuran-based electrdiya¢ a C/50 discharge
rate. It should be mentioned that the sulfur specific capacity of 1256
* Electrochemical Society Active Member. mAh/g typically could be achieved only for the first discharge of the
Z E-mail: yuriy.mikhaylik@sionpower.com fresh cell. For the cells with an unprotected lithium anode, the fur-



A1970 Journal of The Electrochemical Socigtys1 (11) A1969-A1976(2004

2.4

Voltage
Voltage

2.0 1

1 '8 ! ! ' 2.1 T T T
0.0 0.5 1.0 1.5 o 1000 2000 3000
e’/s mAh/g

Figure 1. Experimental first discharge profile at C/30 rate for cell with Fiqure 2. Simulated charge profiles at differ [ /1~ factors.
1.85m LiN(CF;S0,),. 9 ge p k[ Soral/ 1 ¢

) i Charge Profile and Shuttle
ther charge does not recover all capacity because of the polysulfide i .
shuttle. This phenomenon is analyzed in more detail. The high and low plateau Nernst equatidis. 1 and 3 com-

The discharge profile analysiig. 1) at low discharge currents ~ Pined with the shuttle equatioiEq. 7) permit the generation of cell
when the cell polarization is negligible as well as open-circuit volt- c_harge profiles. To do this, three additional condlt!ons related to the
age measurements allowed us to estimate the high and low plated/9h and low plateau charge processes are considered. The first re-
standard potentials @ = 2.33 V andE® = 2.18 V. lates to sulfur material balance and is represe_nted by Eq. 8. Equation

H L 8 says that the sum of all forms of polysulfide and sulfur always
Charge and Shuttle Equation equals the total amount of sulfur in the cell

The first recharge of a Li/S cell does not result in the polysulfides
transforming into elemental sulfur. During the second and following [Sowal = 2 X[Sd] (8]
charges, the higher-order polysulfides, which are generated at the

“sulf_ur’j electrode during the latter stages of the_charge_, d_iffus_e 10 The second condition is charge balance, and it requires that polysul-
the lithium electrode where they react directly with the lithium in a fides at the high and low plateau generate the whole cell accumu-

parasitic reaction to recreate the lower-order polysulfides. Thes . . h .
species diffuse back to the sulfur electrode to generate the higheeflated capacity. This capacis is presented by Eq. 9

forms of polysulfide again, thus creating a shuttle mechanism. If the Qac = [Sl(ay + ) + [S]aL [9]
rate of reduction of high polysulfides on the Li anode surface is
directly proportional to their concentrati¢i,], the total high pla-  The third condition relates to continuity of the charge-discharge
teau polysulfide dynamic could be expressed with the following dif- curve and says that all polysulfides on high and low plateaus are in
ferential equation(Eq. 5 including charge-discharge current and equilibrium. This condition is expressed by Eq. 10
shuttle phenomena

RT [S RT (S]]

d | EQ+ —| =EP+ —In———
% = o IS [5] Y S A R T

[10]

is a hiah polvsulfid . lized Based on Eq. 1, 3, 7, and 8-10, charge profiles at various values of
[Su]isa ”|g Ipo ysulfide ?mogntr?r qonc?ntraﬁon Eorma |zed_ 10 @ charge current and shuttle constant were generated. To simplify the
certain cell volume or surface,is the time,| Is the charge or dis-  gn5\ysis, ohmic, interfacial charge transfer, and diffusion cell polar-

charge current normalized to a certain surface or volupes the  jzation were not considered. The cell voltage included only concen-
sulfur specific capacity related to the high voltage plateaukaimsl  tration polarization based on Nernst equations. It was also assumed
the heterogeneous reaction constant or shuttle constant. that the charge efficiency at the low plateau was 100%, indicating
The value of current is positivé, = |, for the charge process very slow Li corrosion with low polysulfides. The charge profiles
and negative for the discharge procdss; —Ip. generated are shown in Fig. 2. There are two different charge be-
The general solution of the differential equatidy. 9 is haviors depending on the ratio of charge current high plateau
| — qukdSy] sulfur specific capacity)y, total sulfur concentratiofS,], and
o RS TH ok [6] shuttle constankg. This ratio is represented by the charge-shuttle
I — qukd S Factor (f¢)
[Sﬂ] is a high plateau polysulfide concentrationtat 0. K[ Stotal — [11]
If the charge started at fully discharged conditions when lc ¢
[ﬁ] = 0, the high polysulfide concentration could be expressed
with Eqg. 7 At KQu[Spwal/Ic < 1, when the charge current is high enough or
the shuttle constant is low, the cell could be charged completely,
[S4] = I_C(l ) [7] showing a sharp voltage increase. W[ Sewl/lc > 1, the gell
kg never reaches complete charge and shows a voltage leveling. The

larger the value of -, the lower the leveled voltage. Charging at
tc is the charge time at the high plateau. Equation 7 is an integrathese conditions could proceed infinitely, demonstrating high over-
form of the charge-shuttle equatidgq. 5. charge protection. The criteria of overcharge protectionlds
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range from 20-400 mA, givindc values greater and lower than 1.
Figure 4 represents charge profiles at a constant charge current of
200 mA. The salt concentration in the electrolyte was varied from
0.5 to 2.5min a mixture of DOL and DME. The salt concentration
increase from 0.5 to 2.5 m allowed reduction of the shuttle constant
and allowed us to obtaifi: values above and below 1 at constant
charge current. Both Fig. 3 and 4 demonstrated good agreement
between the simulate@Fig. 2) and experimental data.

Shuttle, Accumulated Capacity, and Overcharge

The high plateau accumulated capa€3f°is proportional to the
amount of generated high plateau polysulfifi€] and the high
plateau sulfur specific capacity,. The value off Sy] can be esti-

21 T T T K .
0.0 0.5 1.0 15 2.0 mated using Eq. 7. At constant current and charge titgg, (the
Ah high plateau accumulated capacity can be derived from Eq. 12
Figure 3. Experimental charge profiles at different currents for cell with acc _ |_c 1 _ ekt 12
1.85m LiN(CF5S0y),: (1) 20 mA, f = 4; (2) 50 mA, fc = 1.6; (3) 100 no= [Salan = -(1 = e [12]

mA, fc = 0.8; (4) 200 mA, fc = 0.4; (5) 400 mA, fc = 0.2.
The shuttle phenomenon reduces the charge efficiency at the high
plateau. For charge-shuttle factors higher than 0 but below 1, an
< kOu[Seal. When f¢ is exactly equal to 1, the high plateau overcharge is needed to reach complete polysulfide oxidation into
charge process is represented by a linearly increasing voltage curvelemental sulfur. At complete polysulfide oxidation, a sharp voltage
(Fig. 2. However, it is unlikely for the conditions to be stable for increase on the charge curve could be obser¥eg. 2-4. Under
the entire charge process. Minor fluctuations of temperature due tohese conditions, high plateau sulfi8,] reaches its maximal value
cell self-heating could slightly increase the shuttle constant andequal to the total amount of sulfur in the cg8,]. The maximal
move the voltage curve down. The curves with equal to 0.99, high plateau charge time corresponding to full conversion of
1.00, and 1.01 in Fig. 2 show that small differences can cause drapolysulfide into elemental sulfur can be found from Eq. 13
matic changes in the charge profiles. This phenomenon is analyzed
in more detail. gmax_ _ (1 9Kl Soral
Experimental charge profiles corrected for IR-drop are presented ¢ kg lc
in Fig. 3 and 4. The experimental charge profiles in Fig. 3 and 4
represent spectra of charge-shuttle factors, exceeding 1 and signififhe applied high plateau charge capacity is simply proportional to
cantly below 1, with a sharp voltage increase and with voltage lev-the charge time
eling. The whole range of experimental charge-shuttle factors was i
generated in two ways: with the shuttle constant fixed and varying QEPPied = | ¢ [14]
the charge currents, and with the charge current fixed and applying
different electrolytes and shuttle constants. Figure 3 represents thehe high plateau overcharge corresponding to these conditions can
cells with the same electrolyte and the same shuttle constant bue found as a relative difference between the applied and accumu-
charged at different currents. Figure 4 represents the cells charged gited capacityEq. 15
constant current but with different electrolytes and shuttle constants.

[13]

The estimation of shuttle constants and charge-shuttle factors is de- Qgprlied _ qyace kde
scribed in the next section. Generally, the shuttle constant is a func- Hoc = pvs = — 1 [15]
tion of the electrolyte component’s chemical properties and concen- H 1-e

tration. All charge profiles in Fig. 3 relate to cells with the same _ o

electrolyte,i.e., 1.85m salt, meaning that the shuttle constant for For charge-shuttle factors below 1, the maximal charge time is fi-

these cells was the same. The cells were charged at currents in thute, and the overcharge is limited by this time. Whgr= tZ®, the
overcharge can be expressed by Eq. 16

26 Hoc = —fim(l —fo -1 [16]
. c
257 #2 For full charge conditions, the high plateau overcharge is a simple
function of the charge-shuttle factor. The overcharge simulation
o 24 based on Eq. 16 is presented in Fig. 5
g At a charge-shuttle factor between 0.1-0.2, an insignificant over-
§ 23] charge is needed to reach full charge conditions. At higher values of
: #1 fc corresponding to higher values of the shuttle constant or lower
charge currents, the overcharge could exceed 100%. The closer to 1
2.2 the value of the charge-shuttle factor, the higher the overcharge
needed for complete charge. When flefactor exceeds 1, the high
polysulfides are never completely converted into elemental sulfur,

2'10_0 05 10 15 20 regardless of how long the charge proceeds. For long charge times
whenkgtc > 1, Eq. 12 for the accumulated high plateau capacity

Ah can be simplified

Figure 4. Experimental charge profiles at 200 mA charge current for cells |
with different LIN(CF;SO,), salt concentrations(#1) 0.5 m, fc = 1.11; Qu = [Sylay = c [17]
(#2) 1.85m, fc = 0.4; (#3) 2.5m, fc = 0.21. Ks
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Figure 6. Relative high plateau discharge capacity as function of discharge-

Figure 5. High plateau overcharge as a function of charge-shuttle factor. shuttle factor.

Under these conditions, at very effective shuttle or very low charge keQace

currents, the high plateau accumulated capacity is directly propor- fo = SH [23]
tional to the charge current but is still below its maximal value I

qH[Stotal]-

In the region of very low charge currents, a simple experimental ~ The discharge capacip, from Eq. 20 and 21 can be measured
method of shuttle constant estimation exists. The first derivative ofexperimentally. Analysis of Eq. 21 shows that the high plateau dis-
the high plateau capacity gives the reciprocal value of the shuttlecharge capacity can reach its maximal value equal to the charge

constant accumulated capacity only when the discharge-shuttle factor is close
to zero. More than 90% of the accumulated capacity could be gained

dQy 1 atfp below 0.2. Experimentally, such conditions could be reached at

d_lc = k_s [18] a high enough discharge current or a low shuttle constant. On the

opposite side of the experimental conditions, at very low discharge

) i ] L charge capacity. Under these conditions, the experimental high pla-

The experimental high plateau discharge capa@yis not al-  teay discharge capacity must be significantly lower than the accu-

ways equal to the accumulated capacity. When the discharge processulated charge capacity. The simulation presented in Fig. 6 shows
starts, two parallel paths exist for hlgh pOlySUlﬁde reduction: first the discharge Capacity as a fraction of accumulated Capacity for a
simple electrochemical reduction due to the discharge current, angide range of discharge-shuttle factors.
second, reduction of polysulfides on the Li anode that depends on  Generally, for the wide range of discharge currents, the high
the shuttle constar(Eg. 5. plateau capacity must increase from zero at very low currents and
If a discharge process at currehy starts immediately after then reach a leveling maximum corresponding to the charge accu-
charge, the beginning amount of high plateau polysulf[&éﬁ and mulated capacity.
accumulated capacity can be found from Eq. 12 describing the An experimental evaluation of discharge current influence on
charge process. Equation 6 with a negative value for the currenhigh plateau capacity was performed with cells containing 0.5, 1.85,
represents a discharge process startéaﬂtand accompanied with and 2.5m salt electrolytes. The cells were _charged at a constant
a shuttle. The discharge ting corresponding to reduction of high ~current of 200 mA to a voltage of 2.8 V if the charge process
polysulfide concentration from starting Iev[eﬁ] to O resulting showed a sharp voltage incred4eB85 and 2.5 m salt concentrations

; ; or to a total charge capacity of 2000 mAh if the cell showed voltage
from the preceding processes can be derived from Eq. 19 leveling. The cells were subjected to discharge immediately after

1 kgul
tp = —|ni1 + KAl [19]
ks \ ID
Finally, the high plateau discharge capacity as a function of dis-
charge current is presented by Eq. 20
| k
QF = Iptp = —Dln(1 + Mi [20]
ks l D
Equation 20 can be transformed into a simpler form
In(1 + f
Qf - ot~ o) [21]
fo
h he ch lated L 19 . T . . "
where the charge accumulated capacity is 0.0 0.2 0.4 0.6 0.8 1.0 1.2
acc _ [%]QH [22] Discharge capacity, Ah

Figure 7. Cell discharge profiles for cell with 1.85 m L{BFRSG,), at
andfp is the discharge-shuttle factor different current values(l) 10, (2) 20, (3) 50, (4) 100, and(5) 350 mA.
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Figure 8. Discharge profiles at 350 mA discharge current for cells with Figure 10. Experimental discharge profiles for cell with 1.8%&
different salt concentrationgi) 0.5, (2) 1.85, and(3) 2.5m. LiN(CR;S0,), electrolyte. Discharge 350 mA. Charge currefif; 20, (2)
50, (3) 200, and(4) 800 mA.

charge at currents from 10 to 1000 mA. Figure 7 represents selected
discharge profiles at different discharge currents for cells with 1.85example, Fig. 10 represents experimental discharge profiles for a
m salt electrolyte. Figure 8 represents discharge profiles at constargell with 1.85m salt concentration electrolyte after charge at differ-
discharge current 350 mA for cells with three different electrolytes. ent currents.
The high plateau discharge capacity was extracted from the dis- The high plateau discharge capacity was extracted from experi-
charge profiles and plotteds. discharge current in Fig. 9. mental discharge profiles and plottes. charge current in Fig. 11.
Generally all experimental data in Fig. 9 follow the theoretical Theoretical curves are also presented in this figure. The values of
lines based on Eqg. 20-23. The different maximal capacity levelingfor simulation were obtained in the range of low charge currents
values for 0.5, 1.85, and 215 salt concentration electrolytes corre- where the high plateau discharge capacity was linearly proportional
spond to different charge efficiencies and, as a result, different acto the charge currer(Eq. 18. A shuttle constant corresponding to
cumulated charge capacities. The high plateau discharge capacitye charge process for the three tested electrolytes has been used for
reached its maximal value at a discharge current equal to or exceedimulation of high plateau discharge capacity for the total range of
ing 350 mA for all tested electrolytes. This discharge current wasapplied charge currents based on Eq. 12. The inflection point on the
applied for experimental evaluation of charge current influence onsimulated curves corresponds to the transition from charge with lev-

high plateau capacity. eling voltage - > 1) to sharp voltage increaséq < 1).
. . . Simulations are in agreement with experimental data for the full
Discharge Capacity as a Function of Charge Current range of charge currents for the cells with l/Salt concentration in

Experimental evaluation of the high plateau discharge capacity a& DOL and DME mixture and relatively low shuttle constant. How-
different charge currents has been performed at a constant dischargwer, for lower concentration electrolytes and higher values of the
current of 350 mA and at charge currents in the range of 20-1000huttle constant, the experimental data showed a substantially lower
mA. The cells with 0.5, 1.85, and 2.5 salt concentration in a  high plateau capacity compared with theory. The differences in-
mixture of DOL and DME were charged to 2.8 V provided the creased with higher charge currents. This means the shuttle constant
charge process showed a sharp voltage increase or to a total chargé the high charge currents was bigger compared with that at low
capacity of 2000 mAh if the cell showed voltage leveling. As an

500
0.5 3
o — < 400 l [ ] [
< 04 ﬁ
g —o—T S 300 | o °
a 0.3 2 °
S 5
3 < 200
[} ¢ L
202 v :g * o+ o
-
g S 10087 1 ¢ .
T 0.1 T
0 : T T T
0.0 r r r . r 0 200 400 600 800
0.0 0.2 0.4 0.6 0.8 1.0 Charge current, mA

Discharge current, A
Figure 11. High plateau capacity as a function of charge current for cells

Figure 9. High plateau capacity as a function of discharge current for cells with different LIN(CF;SO,), salt concentrations in 40:55 volume ratio mix-
with different salt concentration electrolyte€) 0.5 m, ¢ is experimental ture of DOL and DME electrolyteg1) 0.5m, 4 is experimental data, line is
data, line is simulation &g = 0.45 h'%; (2) 1.85 m,® is experimental data, ~ simulation atks = 0.53 h'%; (2) 1.85 m, @ is experimental data, line is
line is simulation aks = 0.14 h'; (3) 2.5m, W is experimental data, lineis  simulation atkg = 0.19 h'%; (3) 2.5m, W is experimental data, line is simu-
simulation atkg = 0.095 h'%, lation atkg = 0.10 h't.
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Table I. Model parameters.

Parameter Symbol Value = 0.2 ¢

High plateau sulfur specific capacity Oy 419 mAh/g <. *

Low plateau sulfur specific capacity q. 837 mAh/g %‘

High plateau standard potential EE' 233V S

Low plateau standard potential E° 218V 3

Total sulfur mass in the cell S - 19 S ¢

otal < 0.1

Cells mass m 10g 2

Cell heat-transfer coefficient a 0.038 W K1 '—;_

Cell heat capacity ch 1.65J gtk £

Shuttle activation energy A 0.56 eV T

o-o T T T T

current conditions. The capacity decrease could be explained by a 0.0 0.2 0.4 0.6 0.8
cell self-heating phenomenon. It was shown that the shuttle trig- Charge current, A

gered cell self-heating at high plateau chaf@ée higher the shuttle . . . . .
constant, the higher is the current fraction leading to self-heating. A'9uré 12. Simulated and experimental high plateau capaesy charge
higher cell internal temperature increases the rate of polysulfide reSU"ent: Simulation - parametersky(To) = 0.53 h=, To =298 K,
action with the lithium anode and the shuttle constant, respectively” = 0-56 €V, andx = 0.038 W K™
This positive feedback relation between shuttle constant, charge cur-

rent, and internal temperature leads to lower accumulated and dis- ) . . .
charge capacity. comparable with the total charge time. In this case, the high plateau

voltage could pass through a maximum. This would be a rare event,
Shuttle and Cell Self-Heating because it requires specific and very narrow combinations of charge
nd heat dissipation parameters. Figure 13 demonstrates the charge
rofile for the cell placed in a polyethylene bag. The bag reduced the
eat dissipation rate by a factor 6f2.5.

The cell in Fig. 13 under hindered heat dissipation conditions
showed a voltage maximum and eventually a tendency to voltage
leveling at end of charge. The sister cell, which dissipated heat faster
(Fig. 3, curve 4 showed sharp voltage increase and lower over-

All 1 charge. The cell behavior of Fig. 13 can be explained as follows.
ko(T) = k(To)ex;{ ——(— — —” [24] The cell started high plateau charge at a temperature close to
R\T Ty, . . .
ambient temperaturd,,. During charge, the cell gradually increases
whereA is the shuttle activation energy volte_lge and hegt generation because of an increasing concentration
If the charge time is long enough thé cell can reach heat stead of high polysulfides and shuttle current. Heat generated due to the
state conditions. At this point internél heat generation is equal to th shuttle current exceeds the heat dissipated due to the temperature
heat dissipated due o the te}nperature gradient. The following equ‘%rament. Equation 26 represents the internal temperature change due

. o : o the processes described above

tion represents the steady-state conditions
dT

1
IV = a(T = To) [25] At ma KMASHIVy — a(T = To)l [26]

Cell self-heating increases the rate of polysulfide interaction with&
the lithium anode and leads to an increase of the shuttle constanE
Typically, a charge process starts when the cell is at temperagure
with shuttle constankg(T,). At the end of charge, the cell internal
temperature increases 19 and the shuttle constant at this point is
represented by an Arrhenidgq. 29

The left side of Eq. 25 represents the internal heat generation as
proportional to the shuttle current and high plateau voltage. Thewherekg(T) is the shuttle constant depending on temperature ac-
right side of 25 is heat dissipation in whichis the cell heat transfer  cording to Eq. 24mis the cell mass, anc, is the cell heat capacity.
coefficient. At a certain temperature, the shuttle constant became high enough

If the charge proceeds long enough and shows voltage leveling,
the accumulated capacity can be derived from Eqg. 17, taking into
account the changing shuttle consté®d. 24 and heat balancéEq. 2.8
25). Accumulated capacity simulation based on Eq. 17, 24, 26 and
the model parameters in Table I, as well as experimental data are
presented in Fig. 12. The experimental high plateau capacity was
taken from 0.5m salt concentration in DOL and DME electrolyte
cells discharged at 350 mA. These cells consistently showed voltage
leveling for the range of charge currents, thus allowing application &,
of Eg. 17. At these conditions, the whole electrode stack was con- £
sidered as a lumped mass with uniform temperafur€onsider- S
ation of self-heating effects leads to much better agreement betweer 2.4 -
the theoretical and experimental ddfg. 12 vs. simulations for
isothermal conditiongFig. 11).

It was shown that the applied cell design could reach thermal
steady-state conditions during times exceedirids min. This time 22
corresponds to a heat transfer faator- 0.08 W KX and could be 0.0 05 1.0 15 20
achieved under force convection conditions. Without force convec-
tion, the heat transfer coefficient is lower0.038 W K1 (Fig. 12.
Under these conditions, heat dissipation proceeds slowly and regjgyre 13. Experimental cell charge profile with 1.88 salt concentration
quires a longer time. If the heat transfer is stalled significantly, thein mixture of DOL and DME electrolyte, 200 mA charge current. The cell
time corresponding to establishment of thermal equilibrium could bewas placed in a polyethylene bag.
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Figure 14. Simulated charge profile at different heat transfer coefficients: Figure 16. Discharge profiles for cell with 1.85 salt LIN(CF;SQ,), in
(1) 0.016,(2) 0.01470,(3) 0.01466, and4) 0.01450 W K™ mixture of DOL and DME electrolyte at different storage timés:0, (2) 2,
(3) 4, (4) 6, and(5) 24 h.

and the shuttle current began exceeding the charge current and re-
duced the amount of high polysulfides, thus reducing the cell volt-different charge currents and a constant heat transfer coefficient of
age. Eventually, due to continuous heat dissipation, the cell came t6.01466 W K 1. These simulations clearly show very high system
a steady-state condition where the shuttle current is equal to theensitivity to current density fluctuations.
charge current and the internal temperature stabilized. .

A simulation of the charge process with dynamically changing Shuttle and Self-Discharge
cell internal temperature and shuttle constant is presented in Fig. 14. The Shuttle equatiofEq. 5 taken with current equal to zero
The lumped-heat-capacity method has been used for numericalepresents cell shelf storage conditidaslf-discharge procesdJn-
simulations'* Differential shuttle equatiofEq. 5 bounded with Eq.  der shelf storage conditions, the amount of high plateau s@fur
26 and 24 was used to describe the high polysulfides and temperayas to show exponential decay with storage tize
ture dynamic. Equation 8-10 have been used to describe the cell
voltage dynamic. The cell mass was taken as 10 g, and the cell heat [S4] = [ﬁ]e*k/t [27]
capacity of 1.65 J g* K~ was calculated based on the heat capaci-

ties of all cell components. The simulated charge current was 20qf the discharge current is high enough diag< 1, the experimental

mA. high plateau discharge capacity is simply proportional to the remain-
The simulated charge profiles in Fig. 14 show a sharp voltage ghp g pactly Py prop

maximum compared with a broad maximum for the experimentalIng amount of high plateau sulfur
cell in Fig. 12. This difference could be caused by an uneven distri- _ _ —kit
bution of thermal field and charge current for the experimental cell. Qu = [Sulaw = Que [28]
It does not mean that the temperature or current distribution is un-_, ) ) ) ) )
even, it means that the system at a certain combination of charge arfdn iS the starting high plateau capacity angis the storage time.
thermal parameters became extremely sensitive to minute fluctuaEduation 28 allows us to estimate the shuttle constant based on the
tions. The heat transfer differences for curves 2, 3, and 4 in Fig. 141gh plateau self-discharge data. .
are below 1%; however, this caused a dramatic change in the charge EXperimental evaluation of the high plateau self-discharge was
profile shape. Such heat transfer fluctuations could be expected for Berformed with cells containing 0.5, 1.85, and 2.5 m salt electro-
real cell because it does not have the shape of an ideal sphere andlges. The cells were charged at 200 mA to a voltage of 2.8 V if the
always placed in a nonisotropic compartment. chargt_a process sho_wed a sharp voltage increase or to total charge
Figure 15 represents simulations similar to those in Fig. 14 atcapacity 2000 mAh if the cell showed voltage leveling. The charged
cells were stored for different times and discharged at 350 mA. As
an example, Fig. 16 represents experimental cell discharge profiles
stored for different times under charge conditions for 1.85 m salt
concentration. For all three electrolytes, only a high plateau capacity
2.7 A 1 decay was observed for a storage time range from several hours to
several days. This rapid high plateau capacity fade is caused by a
higher reactivity of high polysulfides L%, with x > 4 and has been
observed in earlier papets:®>° The low plateau capacity was very
251 stable for several weeks.
Experimental high plateau capacities extracted from discharge
3 profiles and self-discharge data at 25°C are presented in Fig. 17 as a
function of relative changes of high plateau discharge capacity de-
2.3 scribed by Eq. 29

Voltage

= - ksts [29]

I Qn
n 0
H

21 T T T T
0.0 0.5 1.0 15 2.0

Charge capacity, Ah . . . L S
ge capacity. The experimental logarithmic presentation is linear with time, con-

Figure 15. Simulated charge profile at different current valu@s:201, (2) sistent with Eq. 29. The slope of the curves in Fig. 17 is equal to the
200, and(3) 199 mA. shuttle or self-discharge constday
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Table 1l. Shuttle constant at 25°C derived at different experi-
mental conditions.

Shuttle constantgg (h™%)

s
1)

Method ofkg evaluation

LIN(CRS0,), High plateau  High plateau High plateau

Ln(QH/QHO)
5

concentration vs.charge vs.discharge  vs.storage time
(m) current current self-discharge
-1.5 0.50 0.53 0.45 0.22
1.85 0.19 0.14 0.12
2.50 0.10 0.095 0.08
2.0 : \— AN : \ .
0 5 10 15 20 25
Time , h Different electrolytes demonstrated different shuttle constants.

. . . o o Electrolytes with higher salt concentration showed lower rates of Li
Figure 17. Experimental high plateau capacitg.time for cells with differ- 4 55j0n with polysulfides and a lower shuttle constant. The mecha-
ingt;a;tn%c(gcgngr;nons in mixture of DOL and DME electroly@$0.5, (2) nism of salt concentration influence on shuttle constant is not yet

R T fully understood. For further understanding of this phenomenon, at

least three factors should be taken into theoretical and experimental
consideration: salt concentration influence on Li/electrolyte interface
dinQy _ _ [30] and on the rate of heterogeneous reaction of polysulfides with the
dtg s lithium surface, salt concentration influence on the polysulfides
solubility and equilibrium, and salt concentration influence on elec-
The lowest rate of self-discharge akglvalue were observed for the trolyte viscosity and polysulfide mobility.

cells with the highest concentration of salt equal tor®.5 his trend Generally, the consistency of experimental and theoretical depen-
is consistent with shuttle constant data obtained on discharge andencies as well as the consistency of shuttle constant values derived
charge current experiments for this electrolyte. from different experimental techniques show that features of the

) charge process, discharge capacity, charge-discharge efficiency, and
Conclusions self-discharge are all facets of the same phenomenon.
Consideration of the shuttle phenomenon impact on Li/S cell
performance has been performed based on an application of thg

basic shuttle equatiofEq. 5 for various cell test conditions. Previ-

ous sections showed consistency of theoretical and experimental References
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