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Abstract: The lithium—sulfur battery is an attractive option for  soluble polysulfides to mitigate their diffusion and the shuttle
next-generation energy storage owing to its much higher  effect, including confined carbon frameworks® electrode
theoretical energy density than state-of-the-art lithium-ion  additives,” and physical/chemical adsorptions.””! On the other
batteries. However, the massive volume changes of the sulfur  hand, much less attention has been paid to Li,S, and Li,S,
cathode and the uncontrollable deposition of Li,Sy/Li,S which count for three-quarters of the total theoretical
significantly deteriorate cycling life and increase voltage  capacity. The random deposition of insulating Li,S,/Li,S
polarization. To address these challenges, we develop an e-  causes large voltage polarization and suppresses continuous
caprolactam/acetamide based eutectic-solvent electrolyte,  reduction of polysulfides, which drastically reduces charge
which can dissolve all lithium polysulfides and lithium sulfide  capacity (Figure 1a). The massive volume change (infinite
(Li,Ss—Li,S). With this new electrolyte, high specific capacity
(1360 mAhg™) and reasonable cycling stability are achieved.
Moreover, in contrast to conventional ether electrolyte with a _aea sg— b A0 0 1 Sg_
a low flash point (ca. 2°C), such low-cost eutectic-solvent- P 2 e s Sg_
based electrolyte is difficult to ignite, and thus can dramatically vy Se es a . 2—
enhance battery safety. This research provides a new approach o Si_ oLt LA Z‘i
to improving lithium—sulfur batteries in aspects of both safety %, Il_’:sg'/“]_ti"g -4 522_
and performance. 7 TITE o WO/ S R
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Lithium—sulfur batteries are promising candidates for next-
generation energy-storage systems,!! as they have a high
theoretical specific energy density of 2500 Whkg™". In Li-S
batteries, sulfur undergoes a two-electron process, which
results in a high specific capacity of 1675 mAhg~'. However, :a
this two-electron process includes multiple steps, ranging ¢H
from solid sulfur to soluble long-chain polysulfides (Li,Ss, .g
Li,S, and Li,S,), and precipitation of solid Li,S/Li,S,.”) Such :C
a complicated process results in multiple mechanisms that
deteriorate cycling performance, such as the shuttle effect, F.igure 1 .a).ConventionaI !ithium—sulfur batteries with “dead” .LiZS/

.- . . . Li,S, precipitated none-uniformly. b) The proposed structure with all
rand0m3 de.I)OS.lt.lOIl of insulating LS, and large VOlane the lithium polysulfides/sulfide soluble. c) The CPL/acetamide mixture
Change'[ ! Significant efforts have been devoted to trapping  poynded by intermolecular hydrogen bond. d) A hypothetical dynamic

solvation structure which involves multiple solvent molecules to
dissolve Li,S. Dashed lines mark the intermolecular interactions.
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Herein we present a new eutectic solvent consisting of e-
caprolactam (CPL) and acetamide, which can dissolve all
polysulfides and sulfide (Li,Sg to Li,S) to address the above
issues (Figure 1b). A high specific capacity of 1360 mAhg™'is
achieved at 0.1 C (165 mAg™"), and the capacity remains at
1193 mAhg™' over 40 cycles. With further addition of TiO,,
capacity decay of only 0.15%/cycle over 200 cycles is
achieved. Moreover, this eutectic electrolyte does not ignite
in contact with fire, in contrast to immediate ignition of the
conventional  1,3-dioxolane/1,2-dimethoxyethane (DOL/
DME) electrolyte (flash point of 2°C!'). In addition, its
cost (ca. $2-3 kg™") is significantly less than nonflammable
ionic liquids and solid electrolytes.['"]

CPL and acetamide have melting points of 68°C and
80°C, respectively. However, due to the breaking of intra-
molecular hydrogen bonds and subsequent reforming of
intermolecular hydrogen bonds,'? their mixture at a 1:1
molar ratio form a clear liquid with a low melting point of
—8°C (Figure 1c¢). These two solvents also have high dielec-
tric constants of 59 and 14 in the liquid state,™ respectively;
thus they have been used to dissolve various polar gas
molecules, such as H,S and SO, Solubility tests show that
up to 0.7M Li,S can be dissolved in this solvent at room
temperature, and the solution is stable even after two months
(Figure S1 in the Supporting Information). In contrast, the
solubility of Li,S in the DOL/DME electrolyte is negligible
(Figure S2). To exclude the possibility of forming Li,S
colloidal suspension, a Tyndall effect test was conducted on
both the pure and 0.4Mm Li,S dissolved eutectic solvent, with
0.2 mgmL~' graphene oxide dispersion as a control sample
(Figure 2a). Negligible scattering was observed in both
solutions (Figure S3). Besides Li,S, such solvent also shows
good solubility for Li,S, to Li,Sg with no precipitation over
400 hours (Figure 2b). The solubility of Li,S, is roughly
a constant (0.7M) based on the molarity of the anion
(Figure S4). This means that more sulfur can be dissolved
for polysulfides (up to 5.6 M for Li,Sg). The full dissociation of
Li-S is also supported by Raman spectra, where the signature
peak of Li,S at 375 cm ™' vanishes in 0.4M Li,S in the eutectic
solvent (Figure 2¢ and Figure S5).

To understand the dissolution of Li,S in the eutectic
solvent, we performed ab initio molecular dynamics (AIMD)
simulations for 0.4m Li,S in CPL/acetamide and in DOL/
DME (Supporting Information, Note 1). The results show
that the dissociation of Li,S can be attributed to both strong
interactions between S*~ and the amide hydrogen (N—H), and
between Li" and carbonyl oxygen atom in the eutectic solvent
(C=0; Figure 2d,e). Firstly, the intimate interaction between
sulfur and the amide hydrogen is reflected by a sharp peak at
2 A in the radial distribution function (RDF), which is absent
in DOL/DME (Figure 2d). The amide hydrogen is highly
electropositive, which can serve as a hydrogen bond donor
(Figure S6). These simulation results are consolidated by
Raman spectra, showing a new peak at 2572 cm™' corre-
sponding to the H—S stretching mode (Figure 2¢)."¥! The
formation of H—S bond as indicated by an NMR resonance
signal at 2.0 ppm™ is also observed (Figure2e and Fig-
ure S7).
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Figure 2. a) Tyndall effect test shows no precipitation or colloids in
0.4 m Li,S/CPL/acetamide solution. Pure CPL/acetamide and GO
dispersion are used as control samples. b) The dissolution of all
polysulfides and sulfide in CPL/acetamide. The concentration of S is
0.4 ™ in all samples. c) Raman spectra of pure Li,S, CPL/acetamide,
0.4 m Li,S/CPL/acetamide. d) AIMD simulations show the radial dis-
tribution functions between sulfur and the hydrogen in N—H for 0.4 m
Li,S in CPL/acetamide and C—H for DOL/DME. ) NMR spectra of
pure eutectic solvent, 0.2 m/0.4 M Li,S in eutectic solvent. The inset
shows spectral features indicating that the S—H bond forms and N—H
bond weakens.

The strong interaction between Li* and carbonyl oxygen
atom is reflected by the strong Li—O peak at 2 A in RDF,
much weaker in the Li,S/DOL/DME system (Figure S8). This
is likely a result of the carbonyl oxygen atom being more
electronegative than the oxygen atom in ethers (Figure S6).
The stronger interactions between S~ and N—H, and Li* and
carbonyl oxygen also lead to longer Li—S distance (Figure S9).
Due to limited computational power, Li—S does not dissociate
during the simulation period of 15 ps, but the Li—S distance in
eutectic solvent is indeed longer than that in DOL/DME, and
keeps increasing in the simulation (0.01 Aps’l), which proves
that the eutectic solvent can better dissolve Li,S.

Li,S dissolved in CPL/acetamide catholyte can be com-
bined with lithium metal, but its viscosity (12 Pas) is too high
to demonstrate high electrochemical performance (Support-
ing Information, Note 2). Therefore, this eutectic solvent is
mixed with DOL/DME at a weight ratio of 1.55:1 to obtain
a balance between Li,S solubility, viscosity, and non-flamma-
bility, and Li,S is 0.2M in the final catholyte. The addition of
DOL/DME into the eutectic solvent does not affect the
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solubility of Li,S, inside the eutectic solvent (Figure S10).
1.2m lithium bis(trifluoromethanesulfonyl) imide (LiTFSI)
and 0.1m LiNOs; are also added to enhance ionic conductivity
and passivate lithium surface, respectively. The acquired
catholyte (Catholyte,,) has a viscosity of 1.4 x 10~* Pas and
a conductivity of 2.5 x 107> Scm ™!, together with high stability
(Figure S11).

The Catholyte,,, is difficult to ignite even with separator
presented, demonstrating its low flammability (Figure 3 and
Supporting Video). Thermogravimetric analysis shows that

Figure 3. Flammability tests of polypropylene/polyethylene separators
soaked with different electrolytes. a) A separator soaked with pure
DOL/DME can be readily ignited. b) A separator soaked with the
Catholyte,,; shows low flammability. See Supporting Video for more
details.

the Catholyte,, evaporates slowly upon heating, which is the
key to their high resistance to ignition (Figure S12 and
Supporting Information, Note 3). The Catholyte,,, also shows
reasonable stability against lithium metal. A Li/Li cell with
Catholyte,,, shows steady cycling for over 500 hours at
0.3 mAcm? without increased overpotential (Figure S13),
and no dendrites were observed after cycling (Figure S14). X-
ray photoelectron spectroscopy proves the existence of
a double-layer solid electrolyte interphase (SEI) structure
which can protect the lithium metal and minimize the shuttle
effect (Supporting Information, Note 4 and Figure S15). In
addition, the catholyte without Li,S shows no redox activity
between 1.8 and 2.8 V versus Li/Li", indicating electrochem-
ical stability in this voltage window (Figure S16).

Next, the Catholyte,,, was tested with lithium metal to
evaluate battery performance. Since the solubility of Sg in
eutectic solvent is only 0.12m, the charging cut-off voltage is
2.7V to keep the amount of generated sulfur below this
solubility and avoid the precipitation of solid sulfur, which has
adverse effects on cycling performance. The voltage profile
shows two plateaus corresponding to high-order polysulfides
and Li,Sy/Li,S (Figure4a). At 0.1 C (165mAhg™), the
specific capacity based on sulfur mass reaches 1258 mAhg™!
in the first cycle, then slowly increases to 1360 mAhg™'
(Figure 4b). The average discharge potential is 2.21V,
90 mV higher than that of Li,S¢s in conventional catholyte
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Figure 4. Electrochemical performance of 0.2m Li,S in the Catholyte,,,
for Li-S batteries. a) Charge/discharge voltage profiles and b) Cycling
performance at 0.1, 0.3 and 0.5 C. c) Electrochemical impedance
spectroscopy of the cell charged to 2.3 V at Tst, 5th, 20th, and 40th
cycles, corresponding to Li,S, phase. 1 C=1650 mAg™' sulfur for all
data. d) Rate performance test. e) Cycling performance of the TiO,
coated carbon current collector at 0.3 C.

(Catholyte.,,,, Supporting Information, Note 5). The open-
circuited voltages of Li,S, (x=1,2,3,4,6) in Catholyte,, are
also plotted in Figure S17, which are higher than those in
DOL/DME. Moreover, the voltage plateau transition hap-
pens around Li,S;, different from DOL/DME. This is
probably caused by the full dissolution from Li,Sg to Li,S,
while in DOL/DME the solid-liquid transition may change
the redox potential. After 40 cycles, the capacity remains at
1193 mAhg™!, 948% compared to the first cycle. Such
retention is higher than 78.8% of Li,S¢ in conventional
DOL/DME catholyte as our strategy alleviates the random
deposition of dead Li,S/Li,S, and voltage polarization (Fig-
ure S18). Electrochemical impedance spectroscopy shows
that the charge transfer resistance slightly decreases over
cycles (Figure 4c), which could arise from better wetting
between Catholyte,,, and carbon electrode. The dissolution of
Li,S and Li,S, in cycling is further confirmed by energy
dispersive X-ray spectroscopy and SEM. No precipitation of
Li,S was observed on the carbon substrate after cycling
(Figure S19), compared to the random Li,S deposition in the
conventional DOL/DME catholyte (Figure S20). Such per-
formance is better than the previous study using ammonium
salt to dissolve Li,S," and other studies without nanoscale
electrode modifications.?* 792161
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At higher rates of 0.3 and 0.5 C, the initial capacities are
953 and 531 mAhg', with capacity retentions of 90.3% and
94.8% after 40 cycles, respectively (Figure 4b). Longer
cycling data is presented in Figure S21. The average coulom-
bic efficiencies of all three rates are above 99 % (Figure S22),
which proves that shuttle effect barely takes place. The
shuttling effect is not worse compared to the DOL/DME
electrolyte since Li,S is already the most reduced states and
the SEI on lithium surface is stable in eutectic solvent
(Supporting Information, Note 4). Figure 4d shows that the
capacity gradually steps down with increasing current density.
At 1 C, the capacity is only around 215 mAhg™!, which is
inferior to conventional lithium—-sulfur batteries.**!*!"l This
may originate from the catholyte’s high viscosity and low
conductivity (Table S1). Such issues can be addressed by
further optimizing the electrolyte, or electrode designs to
reduce its tortuosity.*

The electrochemical performance can be further
enhanced by adding electrode additives to confine the
dissolved species, which could minimize side reactions with
the lithium anode.’'! As a demonstration, TiO, nanoparti-
cles are coated onto the carbon current collector through
a previously reported dip-dry method.F! The initial capacity
is 710 mAhg™ at 0.3 C (495mAg™). After a stabilization
period of 20 cycles, the capacity drops slowly from 636 to
482 mAhg™' from cycle 20 to 200, representing a decay of
only 0.15 %/cycle (Figure 4 ¢). The corresponding average CE
is 99.5 % without shuttle effect. Such results indicate that the
system can be further optimized to enhance cycling perfor-
mance.

In conclusion, we have developed a new safe electrolyte
based on e-caprolactam/acetamide for rechargeable Li-S
batteries. Such an electrolyte can dissolve all sulfide and
polysulfide species. Therefore, major issues associated with
Li,S/Li,S,, such as volume expansion, uncontrollable deposi-
tion, and voltage polarization, can be mitigated. Li-S
batteries with this new electrolyte reach a capacity of
1360 mAhg! at 0.1 C with 94.8% capacity retention after
40 cycles. Moreover, this new electrolyte shows high stability
against fire to improve the safety of Li-S batteries, which is
important but rarely discussed in the Li-S system. Further-
more, CPL/acetamide is only one example of a eutectic
solvent.?»®l Other combinations (e.g. CPL/imidazole and
acetamide/tetrabutylammonium bromide) are all capable of
dissolving Li,S (Figure S23). It should be noticed that our
studies are based on polysulfide/sulfide electrolyte, which is
suitable for semi-flow Li-polysulfide batteries as grid-level
energy storage, but further studies with high-mass-loading
solid sulfur electrode and lean electrolyte are needed to
evaluate the performance for Li-S batteries with high energy
density. This provides a large space for developing new
electrolytes to increase the solubility of all sulfur species, and
to improve safety, energy density, and cycling performance of
Li-S batteries.
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Full Dissolution of the Whole Lithium
Sulfide Family (Li,Sg to Li,S) in a Safe
Eutectic Solvent for Rechargeable
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Electrolyte my fire: A new safe eutectic
solvent of e-caprolactam/acetamide can
act as an electrolyte for lithium—sulfur
batteries. It shows strong resistance to
fire, and can dissolve the whole lithium
sulfide family (Li,Sg—Li,S). It is low-cost
and environmental friendly. By using this
eutectic solvent, capacitance retentions
of 68 % over 200 cycles and 95 % over
40 cycles were achieved with and without
electrode modification, respectively.
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