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ABSTRACT

We report the formation mechanism and compositions of the solid-electrolyte-interphase (SEI) on a microporous
carbon/sulfur (MC/S) cathode in Li-S batteries using carbonate-based electrolyte (1M LiPFs in ethylene carbonate
(EC) / dimethyl carbonate (DMC), v: v = 1: 1). Through characterizations using 1D and 2D solution-phase nuclear
magnetic resonance (NMR) spectroscopy, coupled with model chemical reactions and density functional theory
(DFT) calculations, we have identified two critical roles of Li* in steering the SEI formation. First, the preferential
solvation of Li* by EC in the mixed carbonate electrolyte renders EC as the dominant participant in SEI formation,
and second, Li*coordination to the EC carbonyl alters activation barriers and changes the reaction pathways relative
to Na*. The main organic components in the SEl are identified as lithium ethylene mono-carbonate (LEMC) and
lithium methyl carbonate (LMC), which are virtually identical to those formed on Li and graphite anodes of lithium

ion batteries but via a different pathway.
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INTRODUCTION

Lithium-sulfur (Li-S) batteries are of significant interest due to their potential in high energy density (a theoretical
value of 2600 Wh/Kg) coupled with the abundance, low-cost and non-toxicity of sulfur.®* The main electrolytes used
in Li-S batteries employ ethereal solvents,® 7 such as 1,3-dioxolane and 1,2-dimethoxyethane, in contrast to the
carbonate-based electrolytes used in commercialized Li-ion batteries.® ® The ether-based electrolytes are adopted
to avoid “parasitic reactions” that occur between discharged sulfur species and carbonate molecules.* 0 11 These
parasitic processes result in significant sulfur loss!%12 and incessant solid-electrolyte-interphase (SEI) formation on
the cathode surfaces.'>15 Effective approaches to mitigate these undesired reactions between sulfur and carbonates
and the associated capacity losses have been elusive and, as such, much of the Li-S battery research is confined to

ether electrolytes, whose sulfide “shuttling” problems have caused concerns for the Li-S full batteries.? 16

The reaction between discharged sulfur cathodes and carbonate solvents, as is indicated by our previous work,*?
turns out to be a double-edged sword. While it induces irreversible capacity loss in the first few battery cycles, it also
leads to the generation of SEl, which passivates the sulfur cathode surface and prevents further degradation
reactions.'>5 The battery reported in our previous work survived over 4000 cycles with nearly 100% coulombic
efficiency without noticeable capacity degradation after the initial formation of the SEI.12 The highly stable
electrochemical performance based on the similar battery designs has also been reported in other studies.t® 17-31
Figure 1 shows the electrochemical performance of the Li-S battery that employs a microporous carbon/sulfur
(MC/S) composite cathode, where sulfur molecules are trapped in microporous carbon, with 1M LiPFg in ethylene
carbonate (EC) / dimethyl carbonate (DMC) as an electrolyte (Coulombic efficiency data in Figure S1). The specific
capacity was calculated based on the mass of all materials on the current collector, which included the MC/S
composite, carbon black and binder (Na alginate) in a mass ratio of 70:15:15. In addition to superior cycling stability,
the battery displays two distinct features: 1) Single charge and discharge plateaus observed at ca. 1.9 Vand 1.7 V,
respectively, and 2) a precipitous capacity loss in the first discharge process. Whereas several other theories exist to
explain the electrochemical features,'? our previous work indicated that the 1.7 V plateau was due to reduction of
small sulfur molecules (e.g. S,) that are trapped in the microporous structure and sealed by SEl, while the capacity
loss after the 15t discharge was a result of SEI formation.?? Chemical/physical characterizations (CO, adsorption
isotherm, thermogravimetric analysis, X-ray photoelectron spectroscopy, X-ray diffraction (XRD), etc.) and
morphological analysis on the microporous carbon and / or the MC/S composite have been detailed in the previous

publication as well.12
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Figure 1. Cycling stability of the Li-S battery fabricated from the MC/S composite. The inset shows the 15t and 2"d

electrochemical cycles. The specific capacity is calculated based on the mass of all materials on current collector.

The importance of the SEl in the stable performance of Li-based anodes (graphite, Li metal, etc.) has been widely
recognized.® 3234 Historically the failure to comprehend the role of SEI has caused significant delay in the
development of Li-ion batteries.3> In our previous work, we have rectified a general misidentification of a major
organic species in the SEIl generated on graphitic anode in a typical carbonate electrolyte (1M LiPFg in EC/DMC). The
organic components are identified to be lithium ethylene mono-carbonate (LEMC, Figure 2) and lithium methyl

carbonate (LMC, Figure 2), instead of the widely accepted lithium ethylene di-carbonate (LEDC, Figure 2).36

0 o) 0
H HO
O\/\o)kou \/\o)ksu \o)ksu
LEMC LEMTC LMTC
i X X
e Lio
\o)kou ' ~ N0 oL "0 s
LMC (o) LEDC DLEMTC

Figure 2. Molecular structures of lithium ethylene mono-carbonate (LEMC), lithium ethylene mono-thiocarbonate
(LEMTC), lithium methyl thiocarbonate (LMTC), lithium methyl carbonate (LMC), lithium ethylene di-carbonate
(LEDC) and di-lithium ethylene mono-thiocarbonate (DLEMTC).

In contrast to Li-based anodes, SEI (or sometimes known as the cathode-electrolyte-interphase, CEIl) on cathodes
has been much less studied. When carbonate electrolytes are used in the Li-S battery systems, it is generally
accepted that SEl layers are formed on the sulfur-based cathodes resulting from reactions between discharged sulfur

species and the carbonate solvents.'? 13. 15 2437 The reactivity of highly nucleophilic sulfides towards electrophilic
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sites in carbonates!® ! and the observation of large irreversible capacity loss in the initial few battery cycles provide
evidence for SEI formation on sulfur cathodes.!? 13. 15 37 Scanning electron microscopy (SEM), energy-dispersive
spectroscopy (EDS), electrochemical impedance spectroscopy (EIS) and X-ray photoelectron spectroscopy (XPS)
have been employed to identify the general compositions and morphologies of the SEI.1% 14 15 37 Specifically,
researchers have recognized the important role of “quasi-solid-state” behavior of sulfur species in describing the
single plateau feature in Li-S batteries.!* 1> 26 37 However, the specific chemical compositions, mechanism of

formation and hierarchical structure of such unique SEI layers remain largely unknown.

Herein, we identify the specific chemical compounds present in the SEI on sulfur cathodes and their formation
mechanisms in the Li-S batteries. Through the use of 1D and 2D NMR spectroscopy coupled with model chemical
reactions and direct analysis of SEl layers, we describe the critical role of Li* coordination to EC in directing the
chemical routes of SEI formation. Our work demonstrates that the SEI layer on the sulfur cathode contains the same
organic components (i.e., LEMC + LMC) as those on the graphite anode reported elsewhere,3® but are formed by
completely different chemical mechanisms. A model for the SEI formation is suggested, where an electrochemical
double layer (EDL) is generated on the surface of sulfur cathodes prior to the irreversible reaction between sulfide
and carbonate. DFT studies show that Li* coordination to the EC carbonyl alters the activation barriers and changes
the reaction pathway in the presence of Li* versus Na*. Unravelling the composition of the SEI components on the
sulfur based cathodes opens up new opportunities for artificial SEls that could significantly reduce / eliminate the
initial capacity losses associated with SEI formation while completely eliminating parasitic sulfur shuttling. In
addition, the unexpected link between Li/C anode SEI films and the sulfur cathode SEI films described here opens up

new possibilities for single-component thin films that serve as both solid-state electrolyte and SEI.

EXPERIMENTAL SECTION

General regents and instruments. All regents were purchased from commercial resources (Sigma-Aldrich,
Cambridge Isotope Laboratories Inc., Fisher Scientific, MP Biomedicals, Alfa Aesar) unless otherwise stated.
Sure/Seal anhydrous methanol and ethylene glycol were purchased from Sigma-Aldrich and used without further
purification. Prior to use, DMSO-d;s (99.9%) and Sure/Seal anhydrous DMC were dried by activated 4A molecular
sieves for at least 72 h. Acetonitrile, pyridine and DMSO were distilled over CaH,. Diethyl ether and THF were distilled

over Na benzophenone. LiPFg was dried under vacuum in a Schlenk line for 12 h at 50 °C.

NMR spectra were recorded on Bruker AV-400 MHz, Bruker DRX-500 MHz, or Bruker Ascend 800 MHz high resolution
spectrometers. All NMR spectra collected in DMSO-d; were referenced to DMSO-d; at 2.500 ppm for *H NMR and
39.52 ppm for 13C NMR. 'H NMR spectra collected in D,0 were referenced to EC at 4.500 ppm. NMR Chemical shifts
(6) were reported in ppm and multiplicities were indicated by s (singlet), d (doublet), t (triplet), g (quartet), m

(multiplet) and br (broad). Coupling constants J were reported in Hertz (Hz). X-Ray diffraction (XRD) patterns were
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collected on a Bruker C2 spectrometer, with all samples sealed in 0.5 mm capillaries under Argon. FTIR
measurements was carried out employing a Thermo Nicolet 670 spectrometer. Samples for FTIR measurements
were sealed in a diffuse reflectance (DRIFTS) cell under Argon. Battery and electrochemical tests were carried out in
either a button cell (CR2032) in a Landit electrochemical test station, or in a swagelock/beaker cell using a Wavenow
USB Potentiostat in an Ar-filled glovebox. ESI-MS was performed on a JEOL AccuTOF-CS mass spectrometer. More

experimental details on ESI-MS are in the supporting information.

SEl functionality revealed by H,0 extraction. Unless otherwise stated, all sulfur cathodes were cycled using 1M LiPFg
in EC/DMC (v: v = 1: 1) as the electrolyte and Li metal as the counter electrode. The sucrose-derived microporous
carbon, the MC/S composite and round % inch (in diameter) cathodes of MC/S were fabricated by following the
procedure reported by Xu et al.}?> Additional details of the cell design are given in Supporting Information. The
cathodes were cycled three times from 1.0 to 3.0 V in a Swagelock cell and recovered at their charged states.
Afterwards, the electrodes were carefully rinsed with DMC three times in a glovebox, or by 0.1 M HCl aqueous
solutions for 1 min in the air. The HCl rinse electrode was extensively dried under vacuum overnight at 60 °C to
remove residual moisture before being re-assembled into Swagelock cells for further electrochemical

measurements.

Extraction and analysis of Cathode SEI layers. To generate sufficient SEI materials for analysis, large-area sulfur
cathodes (~ 100 cm?), containing ~ 50 - 100 mg MC/S composites (Cathode MC/S) were fabricated. As a reference,
a sulfur-free microporous carbon cathode (Cathode MC), which only contained microporous carbon, carbon black
and binder, was also fabricated. Details regarding the fabrication of cathodes are in the Supporting Information. All
large-area cathodes were cycled between 1.4 to 3.0 V in a beaker in an Ar-filled glovebox. After cycling at least three
times, the cathodes were recovered at their charged states and rinsed with anhydrous DMC or acetonitrile. The
electrodes were dried under vacuum for 12 h, immersed in ~ 2 ml DMSO-d; for 3 h, or ~2 ml 0.1 M DCl in D,0 for

60 s to dissolve the SEI components.

Chemical synthesis and model chemical reactions. All experimental procedures were carried out under inert
atmosphere using Schlenk line techniques or in an Ar-filled glovebox. Details on the synthesis of lithium ethylene

glycolate (LiIOCH,CH,0H) and lithium tert-butoxide (LiOtBu) are in the Supporting Information.

1) Synthesis of LMTC. Carbonyl sulfide gas (COS) was synthesized through the reaction of KSCN and H,SO, following
literature protocols (see Sl for details).>-% To a stirred solution of anhydrous methanol (20 ml) at 0 °C was added 2.5
M n-BuLi/hexane solution (10 ml, 25 mmol) dropwise. The reaction was warmed to room temperature and further
stirred for an additional 30 min. Afterwards COS gas was bubbled through the CH;0Li/MeOH solution for 3 h using
a gas infuser. The reaction was exothermic. The methanol solvent was removed in vacuo at room temperature
yielding a highly viscous LMTC/MeOH solution. The viscous solution was rinsed repeatedly with anhydrous diethyl

ether, and subsequently dried in vacuo for 48 h to obtain a light-yellow powder of LMTC (1.86 g, yield 76% based on
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n-BuLi). IH NMR (500 MHz, DMSO-d¢) & 3.270 (s). 3C NMR (126 MHz, DMSO-d¢) & 183.32, 51.07; IR (KBr, DRIFTS)
2995, 2946, 2849, 2795, 1672, 1491, 1439, 1378, 1201, 1128, 1059, 830, 735, 690 cm'L. HRMS (ESI) m/z: [LMTC - Li]
Caled for C,H;0,S 90.9854, found 90.9561.

2) Synthesis of LEMTC. Lithium ethylene glycolate LIOCH,CH,0OH (300 mg, 4.4 mmol) was suspended in anhydrous
CH5CN (15 ml). COS(,) was bubbled through the vigorously stirred suspension for 3 h, during which time period the
white suspension gradually turned light yellow in color. The CH3;CN solvent was removed in vacuo to obtain a light-
yellow powder of LEMTC (462 mg, yield 82% based on LiOCH,CH,0H). *H NMR (600 MHz, DMSO-d;) 6 4.603 (s), 3.779
(s), 3.744 (t,J = 5.8 Hz), 3.416 (t, J = 5.8 Hz), 3.364 (s). 13C NMR (151 MHz, DMSO-d;) 6 183.47, 183.27, 65.71, 62.91,
62.85, 60.10. IR (KBr, DRIFTS) 3305, 2966, 2928, 2875, 1644, 1522, 1456, 1401, 1360, 1314, 1254, 1223, 1166, 1073,
925, 889, 825, 724, 684 cm™X. HRMS (ESI) m/z: [LEMTC - Li] Caled for C3H503S- 120.9959, found 120.9762.

3) Synthesis of DLEMTC - x DMSO. LEMTC (220mg, 1.72 mmol) was dissolved in anhydrous DMSO (5 ml) to give a
yellow solution, followed by the addition of lithium tert-butoxide (150 mg, 1.87 mmol, 1.1 equiv.) and stirred for 2
h. Anhydrous THF (40 ml) was subsequently added, which instantly generated a white precipitate. After the
suspension was stirred for 3 h, the precipitate was collected by centrifugation, rinsed with anhydrous THF and dried
in vacuo. NMR studies showed the powder to contain primarily DLEMTC - x DMSO (x ~ 5) with small amounts of
LEDTC (10 — 30 %). White/light yellow powder, 78 mg. 'H NMR (500 MHz, DMSO-ds) & 3.748 (t, J = 6.0 Hz), 3.421 (t,
J=5.8 Hz). 3C NMR (126 MHz, DMSO-d¢) & 183.20, 65.32, 59.94.

4) Chemical reactions of Li,S with EC and/or DMC. All reactions were conducted in a glovebox filled with Ar at room
temperature. To stirred solutions of 1M LiPFgin EC/DMC (v: v=1:1, 2 g), or 1M LiPFg in EC (152 mg LiPFg + 1.3 g EC)
was added finely ground Li,S powder (50 - 100 mg) to give white-colored suspensions. The reactions were allowed
to stir for ca. 1 week, after which the precipitates in the suspensions were isolated by centrifugation, rinsed with
anhydrous DMC (for EC/DMC reaction) or anhydrous acetonitrile (for EC reaction), dried under vacuum for 12 h and

dissolved in D,0 or extracted into DMSO-d, for NMR analysis. Additional details are given in the SI.

5) Chemical reactions of thiocarbonates with EC and/or DMC. To a vial charged with a stirred solution of 1M LiPFg
in EC/DMC (v:v=1:1,1.0-2.0 g), 1M LiPFg in DMC (1.0 — 2.0 g), or 1M LiPFg in EC (152 mg LiPF¢ + 1.3 g EC) was
added LMTC (50 mg, 0.50 mmol), LEMTC (64 - 100 mg, 0.50 — 0.78 mmol) or DLEMTC - x DMSO (20 — 30 mg). The
thiocarbonates showed little to moderate solubilities in the carbonate solutions. The reactions were allowed to stir
for 15 - 48 h, the precipitates collected by centrifuge, rinsed by anhydrous CH3;CN, dried under vacuum and
dissolved/extracted into DMSO-d; for NMR analysis. Reaction supernatants were also analyzed by NMR

spectroscopy. Additional details are given in the SI.

Theoretical Simulations. DFT calculations were performed to determine the reaction barriers and energy changes
associated with the reactions between EC and two sulfur containing species: Li,S and Na,S. Various reaction paths

were constructed and compared, with the use of two sets of DFT functionals, software, and solvation model

6
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protocols to cross-check the predictions. One applied the G09 suite of programs,3® the PBEO functional,®’-%® a 6-
31+G(d,p) basis, and the SMD solvation model®® with a dielectric constant of 70. The simulation cell contains either
one or five EC molecules and the sulfur species. If five EC molecules are present, optimization was performed using
the 6-31G(*) basis followed by a 6-31+(d,p) single point energy calculation; otherwise 6-31+G(d,p) was used
throughout. The vibrational frequencies were computed using harmonic analysis, and finite temperature entropy
contributions were added to the energies predicted. The other set of calculations applied DMOL3 implemented in
Materials Studio,*® PW91,7° and COSMO solvation method’* with a dielectric constant of 70. PBEO generally predicts
higher reaction barriers than PW91, therefore comparing the two sets of predictions gives important trends
regarding the accuracy of predicted barriers. Additional computational details are given in the Supporting

Information.

Results

SEl functionality revealed by H,O extraction. The importance of the SEl on the MC/S cathode performance and the
impact of SEI formation on capacity are evidenced in the initial charge-discharge cycles of the Li-S battery. The
electrochemical experiments in Figure 3 show that the SEI allows Li* ion transport but prevents the confined sulfur
in the microporous carbon from reacting with the carbonate electrolytes. This functionality is illustrated by cycling
the MC/S cathodes in Li-S batteries with and without the protective SEI layer. To accomplish this task, we removed
the SEI from a pre-cycled MC/S cathode (3 cycles) by rinsing the cathode with 0.1 M HCl aqueous solution and
compared the electrochemical behavior before and after the rinse. During the rinse of the cathode in its charged
state, care was taken to avoid the loss of active materials. After the HCl rinse, residual water from the extraction
process was removed under extensive vacuum. A control experiment employing a rinse with anhydrous DMC was
also conducted for comparison. For simplicity, the capacities for all electrodes are normalized to their capacities
before rinsing. The black curves in both figures demonstrate typical discharge characteristics for a MC/S cathode
with a single discharge plateau at ~ 1.7 V. The red curves in Figure 3a display charge and discharge plateaus after
the electrode is rinsed with dry DMC solvent. As expected, due to the insolubility of the SEl in DMC, the rinse does
not affect the cycling behavior. However, rinsing the MC/S cathode with 0.1 M HCl aqueous solution leads to major
changes in MC/S cathode behavior. The previous discharge plateau at ca. 1.7 V is missing and, in its place, a
substantially lower plateau at ca. 1.3 V is observed (blue curve in Figure 3b) while the overall capacity is maintained.
The subsequent charge process shows a large capacity loss (ca. 70%). We attribute this observation to the following
chemistry. After the pre-formed SEl is removed by the HCl rinse, the active sulfur material (elemental sulfur in the
charged state) is completely exposed to electrolyte when the cell is reconstituted. The lithium sulfides formed during

subsequent battery discharge can now react with carbonate molecules and generate new SEIl coverage. In this
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process, the sulfide anions are transformed into SEI components that are electrochemically deactivated in the

following battery cycles, as is evidenced by the additional precipitous capacity drop.

3.0 3.0
27 (a) DMC rinse 270 (b) 0.1 M HCl rinse
24 —— Before rinse _ 24 —— Before rinse
> 21 — After rinse > — After rinse
o 2 < 2.1
g18 g8}
£15 L 15}
1.2 1.2}
09 : > v
0 20 40 60 80 100 0 20 40 60 80 100
Capacity retained after rinse (%) Capacity retained after rinse (%)

Figure 3. Battery cycling performance after the cycled cathodes are rinsed by (a) DMC and (b) 0.1 M HCl aqueous
solutions. The black curves in both figures show a typical discharge behavior of SEl-protected cathode. Capacities of

all cathodes are normalized to the capacities before rinse.

To determine the identity of the chemical components and reveal the mechanism of SEl formation, we have
extracted the SEl layer components into deuterated dimethyl sulfoxide (DMSO-ds) and D,0 and performed 1D and
2D NMR spectroscopic measurements. In addition, we also synthesized authentic model compounds to reveal the
reactivities and identities of the molecular components present in the SEI. Studies on the model chemical systems

are described first.

Reactions of Li,S with EC/DMC. Previous studies on the parasitic reactions of sulfides with carbonate-based
electrolytes have focused on the reactivity of polysulfides S,% (where x > 1), which undergo nucleophilic addition to
a carbonyl carbon (Path A in Scheme 1, red arrows),'* or an alkyl carbon (Path B of Scheme 1, blue arrows) of the
carbonate molecules.® The reactivity of monosulfides (e.g., Li,S), however, is much less understood, perhaps due to
their limited solubility in common aprotic solvents including EC/DMC. Our investigation shows that the reactions of
S with EC and DMC can follow Path A or Path B depending on which cation species (Li* vs. Na*) is present in the
electrolyte. Reactions of Li,S with EC and DMC primarily follow Path A chemistry, generating intermediate
compounds di-lithium ethylene mono-thiocarbonate (DLEMTC, Figure 2) and lithium methyl thiocarbonate (LMTC,
Figure 2), respectively (Scheme 1). These intermediates are not stable in EC and / or DMC, and react with the
carbonate solvents to give LEMC or LMC as the final products (Scheme 1). In our model systems, we assume that
LiS is the initial sulfide nucleophile in reactions with the carbonates as it is the first ionization product formed from
Li,S dissociation (Li,S = Li* + LiS) and bare S* is too highly charged and reactive to stably exist in solution. We cannot
exclude molecular Li,S complexes or heterogeneous reactions as initial steps of the process. However, experimental data
suggest that Li* and LiS are the reactive species. Molecular simulations demonstrate the importance of Li*-EC

coordination in steering the chemical routes.
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1
2
3 1 Because the SEI by definition is insoluble in electrolyte solutions, our model systems focused on the insoluble
4
5 2 precipitates formed in chemical reactions between sulfur nucleophiles and carbonate solvents. The analysis of the
? 3 soluble components is given in the supporting information (Figure S2). In a typical reaction, finely ground powders
8 4 of Li,S were added to the corresponding carbonate solvents and stirred for several days at room temperature in an
?O 5 Ar-filled glovebox. The insoluble precipitates were isolated, rinsed with anhydrous acetonitrile / DMC, extracted into
11 6 DMSO-dg and evaluated by *H NMR spectroscopy (Figure 4). The reaction products and pathways are given in Scheme
g 7 1. Product identifications were made through comparisons with authentic standards whenever possible.
14 . -
15 8 Scheme 1. Path A and Path B of EC and DMC reacting with Li,S.
16
17 DLEMTC O LiPFg + EC LEMC j\
18 ?& LiO\/\O SLi Absence of DMC O\/\o OLi
o} x
; g g 5 X ? wrc
- C p.
s o o "o D07Vl et
21 NG 4
_/ )
29 G o o / . Q /\ 7
EC %\& LTDEDC & Ut «_Co___ LS
23 %g s SOoTTOL - - o Wt
24 9 LIOZCO/\/ \/\OCOZLI LMC Path DMC
25
27
28
29 LEQc‘l o ‘
LEMC (a) LixS + LiPFg/EC
30 -~ |
31 LIDEDC. I)Mt | LIDEDC L/
32 N b b
33
34 (b) LizS + EC/DMC
35 QM_Q‘ Lmc ﬁ
36
37 . J I\
39 11 PpPm 4.0 3.8 3.6 34 3.2 3.0 2.8 2.6
2(1) 12 Figure 4. '™H NMR spectra (DMSO-dg, 25 °C) of the precipitates from model chemical reactions of (a) Li,S with LiPFs/EC

42 13 and (b) Li,S with EC/DMC (v: v = 1: 1). Spectra (a) and (b) were collected at 500 MHz and 400 MHz, respectively.

44 14 The reaction of Li,S with the solvent mixture EC/DMC yields LMC as the major product (Figure 4b and Figure S3),
46 15 while the reaction with EC (in absence of DMC) generates LEMC (Figure 4a). The presence of LEDC observed in the
47 16 NMR studies (Figure 4a) results from a secondary equilibrium reaction that occurs when LEMC is extracted into
49 17 DMSO-d, for NMR studies (i.e. the chemical reaction of Li,S and EC does not give LEDC). This equilibrium relationship
50 18 has been discussed in detail in a previous publication3® and shown in eq (1) below. In the next section, we discuss

52 19 the formation mechanisms of these products (LEMC and LMC) through chemical synthesis of Path A intermediates.
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Scheme 2. Synthesis of (a) LEMTC and DLEMTC - x DMSO and (b) LMTC.
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The syntheses of the thiocarbonate intermediates (i.e., LMTC, LEMTC and DLEMTC) were accomplished by
nucleophilic addition of alkoxides to carbonyl sulfide (COS) gas (Scheme 2). Specifically, LIOCH3/CH3;0H solutions
react with COS to generate LMTC dissolved in CH30H. Removal of the solvent under vacuum gives a white/light-
yellow polycrystalline powder LMTC in 76% yield (Scheme 2b). Likewise, LIOCH,CH,0OH/acetonitrile suspensions
react with COS to give LEMTC as a light-yellow polycrystalline solid in 82% yield (Scheme 2a). Characterization data
for the thiocarbonate compounds (solution NMR, Fourier-transform infrared (FTIR), electrospray ionization mass
spectroscopy (ESI-MS) and powder XRD) are given in the experimental section and in the Supporting Information
(Figure S4 — S9). The compounds are air / moisture sensitive and react with protic solvents and impurities. LMTC and
LEMTC are soluble in anhydrous DMSO, dimethylformamide (DMF) and pyridine. In all the three aprotic solvents
(i.e., DMSO, DMF and pyridine), LEMTC disproportionates into lithium ethylene di-thiocarbonate (LEDTC) and
ethylene glycol (EG) according to eq 2, which is similar to the equilibrium behavior of LEMC previously described (eq
1 above).?®* The NMR data were collected from analytically-pure LEMTC and all LEDTC and EG observed in the NMR
analyses (Fig. S4) are generated through the disproportionation reaction (i.e. LEDTC and EG are not present in the
powder samples). Deprotonation of LEMTC by lithium tert-butoxide in DMSO generates DLEMTC- x DMSO (Scheme
2a), which can be precipitated from solution upon addition of tetrahydrofuran (THF). However, the THF addition
always leads to the co-precipitation of DLEMTC - x DMSO together with ca. 10 — 30 % LEDTC due to the equilibrium
established in DMSO solutions (eq 2). Currently, we are unable to obtain pure DLEMTC and the synthesized powder

mixture is amorphous (Figure S7).
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Aprotic solvents

Q
&3 HO\/\OJ\SLE (DMSO, DMF or pyridine)

LEMTC 25°C
X
LS. O HO
o sl T oH
o} LEDTC EG 2)
T 9 T T
Y I
\O/C\S, + \\\‘O/C\O/ - \O/C\S/ + \O/C\O_
LMTC DMC LMc  (3)

In all cases, LMTC, LEMTC and DLEMTC react with EC or DMC to give their sulfur-free carbonate analogs (LEMC and
LMC). The reaction results are summarized in Table 1, Scheme 1 and Figure S10 — S15. DMC dominates these
reactions to generate LMC whenever present. In the absence of DMC, DLEMTC reacts with LiPF¢/EC to form LEMC.
1H and 13C NMR studies on the DMC reactions suggest a mechanism proceeds through nucleophilic addition of
thiocarbonate anions to DMC alkyl carbons (eq 3 and Figure S11 - S15). The EC reaction, on the other hand, seems
to proceed through a nucleophilic addition of alkoxide to the EC carbonyl, followed by a secondary nucleophilic

addition (Figure S10). Similar reactions of LiOMe with EC have been previously reported.3® 32

The above results of thiocarbonate reactivities indicate that the reactions of Li,S very likely follow Path A chemistry
(Scheme 1). DLEMTC is indeed generated as an intermediate in the reaction of Li,S with EC (in the absence of DMC),
but is subsequently consumed to yield LEMC as the final product (Figure 4a). When DMC is present in the reaction,
as is the case of Figure 4b, all Path A intermediate products (DLEMTC, LEMTC and LMTC) preferentially react with
DMC to give LMC as the only product.

The reaction of Li,S with ECin 1M LiPFg (Figure 4a) shows a minor path B product, lithium thiodiethylene di-carbonate
(LTDEDC, Scheme 1). The proposed mechanism for LTDEDC formation is nucleophilic addition of S* to alkyl carbons
of the EC that is uncoordinated by Li*in the 1M solution. This reaction acts as a competing process with Path A that
is catalyzed by the Li* coordination to EC. The analysis is based on the molecular simulations (see below) in
comparisons with corresponding Na* electrolytes, where we demonstrate the critical role of cation-EC coordination

in steering the preferred chemical route.

11

ACS Paragon Plus Environment



oNOYTULT D WN =

O 00 N o v b

10
11
12
13
14

15
16
17
18
19
20
21
22
23
24
25
26

Chemistry of Materials

Table 1. Summary of the reactions of thiocarbonates with EC/DMC.

Reactant Reactant Reaction Products
(powder) (liquid solution) time/h
LEMTC 1M LiPFg in EC/DMC 24 LMC
LEMTC 1M LiPFg in DMC 24 LMC
LMTC 1M LiPFg in DMC 24 LMC
LMTC 1M LiPFg in EC/DMC 15 LMC
DLEMTC 1M LiPFg EC/DMC 24 LMC
DLEMTC 1M LiPFg DMC 48 LMC
DLEMTC 1M LiPFg in EC* 48 LEMC

* Mixture of 152 mg LiPFg with 1.3 g EC forms a clear solution at ~ 26 °C in an Ar-filled glovebox.

Theoretical simulations. Molecular simulations were performed to gain a better understanding of the reactions
between Li,S and EC. Reactivities of Na,S were also investigated to illustrate the influences of different cation
species. Two different computational methods were applied, which give similar results consistent with our
experimental observations. The inclusion of additional solvent molecules in the Gaussian 09 (G09) simulations3®
provides more accurate analysis of activation barriers and reaction energy changes resulting in the reaction profiles
in Figure 5b, while the lower number of solvent molecules in the DMOL3 simulations®® enables the calculation of
transition state structures (Figure 6). Additional details on simulations are described in the Supporting Information
(Figure S23-S26, Table S1). To maintain charge balance and a neutral starting point, our simulations employ Li,S (and
Na,S) as the initial reactants for reactions with the organic carbonates. These molecular salts ionize into Li* and LiS
(or Na* and NaS°) during the early stage of reaction. In solution, the ionized species (Li* and LiS’) may be the intial

reactants but both approaches give the same endpoints.

The main conclusions of the computational studies are as follows: (1) For the reaction of EC with Li,S and Na,S, both
path A and B are exothermic, with path B thermodynamically favored in all cases. However, the lower activation
barriers make path A kinetically favored in all cases. (2) For path A reactions, the presence of Li* leads to a lower
energy barrier than Na*. The calculated activation energies for the Li* reactions are solvent dependent with the G09
simulation giving a small 0.27 eV barrier (Figure 5b) whereas the DMOL3 simulation was almost barrierless (0.05 ev,
Figure 5a). A detailed examination of the molecular configurations on the transition states (Figure 6) indicates a
much stronger Li-O interaction with the carbonyl group (Li-O distance 1.933 A) than the sodium case (Na-O distance
3.393 A). The strong coordination of Li* to O enables a resonance stabilized transition state that lowers the reaction
barrier of Path A. In contrast, Path B reactions for both Na* and Li* have quite similar activation barriers (~ 0.6 eV)
and transition state geometries (Figure 6). These data suggest that the presence of Li* ions in solution will promote
Path A chemistry over Path B chemistry, which is consistent with experimental observations. While the Path A

activation energy for Na,S is larger than that of Li,S, the AE,,,, is much smaller for Na,S (-0.43 eV) than for Li,S (-0.92
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eV) (Figure 5b). The Path A reaction for Na,S should be reversible at room temperatures whereas the -0.92 eV
exothermicity for the Li,S reaction renders it irreversible. This finding suggests that while Path A is kinetically favored

in reactions of Na,S with EC, the reversibility of the Path A reaction in the Na,S system facilitates the accumulation

oNOYTULT D WN =

of the thermodynamically favored Path B products. These findings are consistent with the experimental results that
show the exclusive formation of Path A products in SEls generated in the presence of Li* ions (See below). In contrast,

SEls formed from Na*-derived electrolytes give large fractions of Path B products, as is outlined in the Supporting

N oo o BN

Information (Figure $16) and will be described in a subsequent publication.

15 —®-LiS+EC —@-NaS+EC | M- Li,S +EC @ Na,8 +EC
9
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Figure 5. Relative energy of reactions of (black) Li,S + EC and (red) Na,S + EC in different reaction states calculated

28 10 with (a) DMOL3 and (b) G09 simulations.

30 11

39 (a) Li,S, Path A (b) LS, Path B

43 6‘2:616_.

i @ °

12 (¢) Na,S, Path A (d) Na,S, Path B

49 13 Figure 6. Transition states (DMOL3 simulations) for Path A and Path B of EC reacting with Li,S and Na,S.

52 14 Compositions of SEI layers in Li-S batteries. Determining the chemical composition of authentic SEls is of high
53 15 importance but difficult due to their nanometer-scale thickness, insolubility, amorphous nature, and high sensitivity

55 16 to air and moisture.® 3341 Various techniques have been employed to characterize SEl layers on different electrodes,

13
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such as FTIR, XPS, Raman and solid-state NMR spectroscopy.3*41->* While these studies provide valuable insight into
the functional groups present in the SEl layers, the identity of the specific chemical compounds is difficult to ascertain
by these methods. To yield precise chemical structures of SEIl components, we resorted to solution-phase 1D and 2D
NMR spectroscopy, which were conducted by extracting SEls into DMSO-ds or 0.1M DCI/D,0 (Figure 7). To ensure
sufficient quantities of SEI compounds were generated on the cathode surface, we fabricated large cathodes (~ 100
cm?) from sulfur-free, bare microporous carbon (Cathode MC) and the MC/S composite (Cathode MC/S). Two types
of electrolytes were used, namely 1M LiPFg in EC/DMC (v: v =1: 1) and 1M LiPFg in neat EC. The cathodes were cycled
vs. Li from 1.4 to 3.0 V to generate SEls and the electrochemical data are shown in Figure S17. As expected, the
sulfur-free Cathode MC shows very limited capacity and no sulfur-based plateau (Figure S17a). This observation
shows that the electrolyte, 1M LiPFg in EC/DMC, is electrochemically stable in the voltage range, which agrees well
with previous studies.>® Figure S17b shows electrochemical performance (15t and 2" discharge and charge processes)
of Cathode MC/S in a Li-S battery, which is similar to Figure 1, but with much higher total capacity. The large
difference in specific capacity between the MC/S cathode and the blank MC cathode (Figure S17 a and b) indicates
that the Li storage capacity of the MC/S cathode almost entirely originates from sulfur redox and not from the carbon

support.

3.8 3.7 3.6 3.5 3.4 3.3 3.2 31 3.0
= (b) 'H NMR, 0.1 M DClin D;O

pMC \
T — |
|
MJU'W Wl . - ‘\-ww
37 36 35 34 33 32 31 30
EC
LLAG LEMC (€) *C NMR, DMSO-d;

LMC

66 64 62 60 58 56 54 52 50 48 46

Figure 7. IH NMR spectra of SEl layer from Cathode MC/S extracted into (a) anhydrous DMSO-d; and (b) 0.1 M DClI
in D,0. (c) 3C NMR spectra of SEI layer on Cathode MC/S extracted into anhydrous DMSO-ds. EGBMC: ethylene
glycol bis(methyl carbonate). * Unidentified peaks. Spectra (a) and (c) were collected at an 800 MHz NMR
spectrometer while (b) at 500 MHz at 25 °C.
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After cycling at least 3 times, the cathodes were recovered in their charged state, the soluble components (e.g.,
residual EC and LiPFg) removed via a DMC or acetonitrile rinse, dried under vacuum and the insoluble SEI components
extracted into DMSO-d; and D,0 for NMR analysis. As a control experiment, Figure S18 shows the *H NMR spectrum
of the SEI extraction for the sulfur-free Cathode MC. Only residual EC is observed in the spectrum without any sign
of solvent decomposition, indicating that the electrolytes are electrochemically stable in the voltage range of 1.4 V

to 3.0V, consistent with prior knowledge of EC/DMC electrolytes.>>-?

1D and 2D NMR spectra of DMSO-ds and D,0 extractions from cycled Cathode MC/S are shown in Figure 7, Figure
$19 and S20. When EC/DMC is used as the electrolyte, NMR spectra of the DMSO-d; extraction (Figure 7a) indicate
the presence of numerous compounds, including LEMC, LEDC, EG, LMC, ethylene glycol bis(methyl carbonate)
(EGBMC) and methanol (MeOH), as well as residual EC and DMC. The identities of these compounds were confirmed
through addition of synthetic standards (LEMC and LMC) into the DMSO-d; solutions. Moreover, the absence of the
thiocarbonates (LEMTC and LMTC) was also confirmed through comparisons with the synthetic standards (Figure
S21 and S22). EGBMC is formed through non-electrochemical process, as described elsewhere38 5% 60 and in Scheme

S1.

Our previous work has revealed complex equilibria/interconversions between these compounds in DMSO solutions,
including (1) equilibrium of LEMC with LEDC and EG (Scheme 3a) and (2) reactions of LEMC with DMC to give LMC
(Scheme 3b and Scheme S2).3% These equilibria and interconversions present a significant challenge to the accurate
determination of SEI compositions by solution NMR spectroscopy (i.e. were the compounds present before DMSO-
ds extraction). To circumvent this issue, we conducted parallel experiments in which the SEI compounds formed
from EC/DMC electrolytes were hydrolyzed in 0.1 M DCI/D,0 solution. The spectrum (Figure 7b) indicates the
presence of the alcohols EG and MeOH, which are formed through hydrolysis of LEMC and LMC, respectively
(Scheme 3 c and d). We have previously shown that the interconversions observed in DMSO are precluded in the
acidic aqueous solution and therefore, the presence of both alcohols indicates that both EC-derived products (e.g.
LEMC) and DMC-derived products (e.g. LMC) exist in the SEl layers on the sulfur cathode.3® When pure EC (no DMC)
is used as the electrolyte solvent, NMR spectra (Figure S19) of the SEI extracts show the presence of LEMC. The
observed LEMC most likely comes from reactions of DLEMTC with EC, as is demonstrated in the chemical model
experiments described in the previous section (See Table 1). These spectroscopic studies and control experiments

strongly suggest that LEMC and LMC are quite likely the major organic components in the sulfur cathode SEls.
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Scheme 3. (a, b) equilibria/interconversions of LEMC and (c, d) hydrolysis of LEMC and LMC.
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DISCUSSION

Combining the model chemical reactions with the direct analysis of authentic SEls provides valuable insights
into the mechanism of SEI formation on the MC/S cathodes. The presence of LEMC as a major SEl component on
Cathode MC/S is suggestive of a highly ordered electrochemical double layer (EDL) at the MC/S cathode-electrolyte
interface (Scheme 4). Previous molecular simulations and experimental studies clearly show preferential solvation
of Li* by cyclic carbonates (e.g., EC) over linear carbonates (e.g., DMC) in binary solvent mixtures (e.g., EC/DMC).51
65 This solvation preference leads to the formation of Li*(EC), (n = 3-5) complexes as the major species present in
EC/DMC electrolyte solutions.?>%7 To balance the negative charges of the sulfides formed in the cathode during cell
discharge, the solvated Li*(EC), cations migrate to the MC/S cathode and accumulate at the polarized liquid-solid
interface (see Scheme 4). Similarly structured EDLs at polarized electrodes have been proposed in previous studies.5®
89 This ordering process generates an EC-rich region at the electrode-electrolyte interface and effectively removes
DMC from the charged liquid-solid interface, which leads to EC being the primary organic reactant in the SEI
formation. The EC at this interface is also activated towards nucleophilic attack due to the coordination to the Li*

cations.

We attribute the presence of LEMC in the MC/S cathode SEI to a direct result of the highly order EDL. Under
such circumstances, the S ions formed at the surface of the cathode during the initial discharge would only be
exposed to an inner-Helmholtz layer that is heavily populated by Li*-activated EC molecules. This proposal is based

upon the following experimental facts.

(i). Our model chemical reactions indicate that the reactions of Li,S with the carbonate electrolyte, whenever DMC
is present, always lead to the formation of LMC as the exclusive product. No LEMC is detected under these

circumstances.
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(ii). Similarly, model chemical reactions of carbonate electrolyte with the thiocarbonates (LMTC, LEMTC and
DLEMTC), which are the intermediate products from Path A chemistry of Li,S, also only generate LMC whenever

DMC is present in the reaction. Again, no LEMC is detected.

(#if). We can only detect LEMC formation in a DMC-free reaction, as is the case in the reaction of Li,S + EC (Fig. 4a)

and DLEMTC + EC (Fig. S10 and Table 1).

(iv). In our SEI extraction experiment, we repeatedly find LEMC as the major SEl component, even when there is
equal volume quantities of DMC in the electrolyte (EC: DMC = 1:1, v: v). Since our model chemical systems in (i) — (ii)
show that the presence of DMC will always preclude LEMC formation, the “survival” of LEMC in our SEI strongly
suggests that the SEl formation must occur in a DMC-free region, and we attribute this to the presence of the ordered
electrical double layer discussed above (Scheme 4). The SEI formation mechanism agrees well with our model
chemical system described in (iii), the EDL models proposed in the literature,®® % as well as the “dictation” of SEI

formation by Li* solvation structure reported previously.53 64 70,71

In our model, before a complete SEI coverage, we expect some degree of solvent penetration (Li*-EC
complex) into the outer layer of the MC/S composite, leading to a partial solvation of S* by EC. The subsequent fast
chemical reactions of S? with surround Li*-EC confined in the near-surface region of the MC/S cathode (see Scheme
4) generate SEI. The initial nucleophilic addition between the sulfide and the activated EC molecule gives rise to
DLEMTC, which further reacts with a second activated EC molecule to give LEMC (Scheme 1, path A). This SElI
formation consumes significant quantities of sulfur at the near-surface region of the cathode (ca. 40% of active
sulfur), but once the SEl is established in the first few charge-discharge cycles, further sulfur reactions are completely
shut down. This chemical stability is evidenced by near 100 % coulombic efficiency for thousands of cycles.!? As
such, the LEMC-based SEI completely blocks the corrosion process and prevents any shuttling of sulfides between
cathode and anode. Such stability is only obtained through a combination of the LEMC based SEI and the use of the
5 A microporous carbon to entrap the redox active sulfur species. While the microporous carbon does not contain
rigorously monodisperse pore sizes, the pore size distributions are relatively monodispersed.’? Multiple works have
shown that this pore structure is critical to the cathode stability in that larger and less-uniform pore structures
produce significantly less stable cathodes (e.g., “polysulfide shuttling”).2 3 10 With the 5 A microporous carbon
support, the status of entrapped sulfur (which we believe to be S, and not Sg) and lithiation/dethiation mechanism

(the “quasi-solid-state” mechanism, see below) should be quite uniform throughout the MC/S cathode.

In addition to LEMC, LMC is also present as a minor component in the SEI structure. The formation of LMC
results from a heterogeneous and sluggish reaction between DMC; and LEMC,) that has been documented
elsewhere.3® Since LEMC has relatively high Li* conductivity (10° S/cm) but LMC is Li* insulating, Li* transport through

the SEl is presumably facilitated by LEMC, while incorporation of LMC in the SEI may have detrimental influences.
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These results also show that the Li* ions are completely desolvated after entering the SEI. If residual solvent
molecules were transported through the SEI into the active MC/S electrode, sulfur would continually be consumed,
coulombic efficiencies would be less than 100% and cycle life would be limited. The observed stabilities and high
coulombic efficiencies show that these subsequent corrosion reactions are not occurring and only Li* ions
enter/leave the active MC/S cathode. As such, sulfur lithiation in the microporous carbon host occurs through a
solid-solid transition, which is consistent with the “quasi-solid-state” mechanism reported previously.!* The
mechanism features a single phase transition (solid-state neutral S° to solid-state S*) without any solvation of
intermediates, and gives only one discharge/charge plateau. This feature is in contrast with the multi-plateau

behavior observed in ethereal Li-S batteries.!

Sulfur is known to suffer from large volume changes upon battery charge/discharge. However, in the
present case, volume change does not appear to significantly affect cathode performance since the sulfur is
entrapped in carbon host, which serves as a “buffer” for the volume changes of S + 2e” <> S$%. The sulfur loading in
the MC/S composite is relatively low (ca. 20% by mass) compared with other C-S composites, further alleviating the
volume change issue. We reason that this “buffering functionality” may be critical for the superior cycling stability
of the Li-S battery based on the SEl-covered MC/S composite. The long-term cycling stability of these cathodes

provides evidence for this stability.!?

Finally, we note that lithiation of sulfur in the micropore cavities of the carbon host can give Li,S in the
completely discharged state but the limited pore volume of the carbon micropores would preclude the formation of
“bulk” Li,S crystallites. While the stoichiometry of the fully lithiated state would be Li,S in the microporous structure,
the S ions could not achieve the cubic coordination environment with eight nearest neighboring Li* (Lig--S) present
in the bulk Li,S phase.”? Such under-coordination of the S* ion (i.e. Lig,~-S where x = ca. 2-4) results in diminished
stabilization of the negative charge on the sulfide ion, which results in anomalously low 2p sulfur binding energies
in the XPS spectra of the discharged MC/S cathodes.'? Due to the sub-nano confinement, we expect the as-formed
Li,S is amorphous with aggregates of 2-3 Li,S molecules held together by the ionic interactions between Li*, S and
the surrounding carbon wall. As such, the S?- ions have fewer than 6 Li*ions in their coordination sphere and cannot

form the bulk Li,S structure.
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1
2
3 1 Scheme 4. Schematic representation of the EDL structure of a polarized MC/S cathode in a Li-MC/S battery during
4
5 2 initial discharge and SEI formation.
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22 5 Conclusions
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24 6 Through the combination of model chemical reactions, DFT simulations and direct analysis of authentic SEls by NMR
25
26 7 spectroscopy, we have shown that the primary organic components of the MC/S cathode SEI are LEMC and LMC
27 8 formed through multi-step chemical reactions. The roles of Li* in directing the formation of these SEl components
28
29 9 are identified. The presence of an ordered EDL structure in cathode-electrolyte interface consisting of preferential
go 10 solvation of Li* by EC excludes DMC from participating SEI formation, while Li*-EC interaction favors nucleophilic
1
32 11 attack of sulfide at the carbonyl carbon of the coordinated EC molecules (Path A of Scheme 1). The major organic
gi 12 species of the SEls on the sulfur cathode are virtually identical to those on graphitic anodes, but the SEls on the two
35 13 electrodes are generated through completely different mechanisms. The entrapment of the small sulfur molecules
g? 14 in the 5 A micropores of the microporous carbon hosts and the coating of the LEMC/LMC SEI provides remarkable
38 15 cycling stability through the complete elimination of corrosion reactions and sulfur shuttling once the SEl is formed.
ig 16 While SEl is likely to be formed with other sulfur cathodes employing EC/DMC electrolytes, cell stability seems to
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