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The Radical Pathway Based on a Lithium-Metal-Compatible

High-Dielectric Electrolyte for Lithium—Sulfur Batteries

Ge Zhang!l, Hong-Jie Peng!*l, Chen-Zi Zhao, Xiang Chen, Li-Da Zhao, Peng Li, Jia-Qi Huang, and

Qiang Zhang*

Abstract: High-dielectric solvents are explored for enhancing the
sulfur utilization in lithium—sulfur (Li—S) batteries, but their applications
have been impeded by low stability at lithium metal anode. Herein, we
report a radical-directed, lithium-compatible, and strongly-polysulfide-
solvating high-dielectric electrolyte based on tetramethylurea. Over
200 hours of cycling was realized in Li | Li symmetric cells, proving
good compatibility of the tetramethylurea-based electrolyte with
lithium metal. The high solubility of short-chain polysulfides, as well
as the presence of active S;™~ radicals, enabled pouch cells to deliver
a discharge capacity of 1524 mAh g™' and an energy density of 324
Wh kg™'. This finding suggests an alternative recipe to ether-based
electrolytes for Li—S batteries.

The rapidly growing global energy demand appeals for advanced
energy storage systems beyond current lithium-ion batteries.
Lithium metal anode is regarded as the cornerstone of next-
generation secondary batteries."! To fully exert the virtue of high-
capacity lithium anode, high-capacity cathode materials like sulfur
are strongly preferred. Benefited from the multi-electron
conversion reactions, the sulfur cathode delivers a theoretical
capacity of 1675 mAh g™', and endows lithium—sulfur (Li-S)
batteries with a remarkable energy density up to 2600 Wh kg™,
far exceeding the theoretical limits of lithium-ion batteries.?!
Substantial efforts have been dedicated in the past decade to
addressing the issues of Li-S batteries such as the insulating
sulfur compounds and the “shuttle effect”.®! Despite these efforts,
there is still a huge gap between the practical energy density and
the theoretical value, owing to (1) low sulfur utilization, (2)
undesirable sulfur content, (3) low areal loading of sulfur, (4) large
excess of lithium anode, and (5) large electrolyte-to-sulfur mass
ratio (E/S ratio).! Among them, E/S ratio and sulfur utilization
have the most significant implications on energy density (Figure
S1).% Nevertheless, low E/S ratio is always counterbalanced by
the simultaneous decline of sulfur utilization in conventional ether-
based electrolytes. Therefore, understanding the interplay
between electrolyte and sulfur species and further rationalizing
the electrolyte recipe appears to be crucial and urgent to close the

gap.
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The counterbalance between low E/S ratio and high sulfur
utilization is essentially associated with the solvation of sulfur
species in electrolytes. Due to the medium polarity (a dielectric
constant, ¢ around 7 at 25°C), the most common
dimethoxyethane (DME)/dioxolane (DOL) electrolyte only allows
moderate solvation of polysulfides, always resulting in cathode
passivation via the early precipitation of low-solubility short-chain
polysulfides (Li>S,, n < 4) (Figure S2a).®! To circumvent this
dilemma, one approach is to decouple the reaction of elemental
sulfur from polysulfide dissolution through non-/sparsely-
polysulfide-solvating electrolytes (Figure S2b).1 Nevertheless,
the slow reaction and transport kinetics at room temperature are
the major challenges. Another approach is to enhance the
solvation of sulfur species by employing high-¢ solvents (Figure
S2¢).B19 Unfortunately, the poor stability of high-¢ solvents
hinders their applications in batteries. It is therefore highly
desirable to find a high-¢ electrolyte that is compatible with lithium
anode and high-loading sulfur cathode.

(b) 1. Di-anion generation
Sg+2e — S
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-4 o 2. Radical generation
[9®]" S «» 28,"
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S +e =87
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Figure 1. (a) Schematic illustration of the solvation-mediated radical
pathway for Li-S batteries with a TMU-based electrolyte. Arrow: red
solid: electrochemical reduction; black solid: chemical dissociation of
S¢2” into S3” and their disproportionation; black dashed:
dissolution/precipitation equilibrium. (b) Proposed radical pathway
adopted from Cuisinier et al.’s operando X-ray absorption near edge
spectroscopic (XANES) study.®

In this contribution, we explored a radical-directed, lithium-
compatible, and strongly-polysulfide-solvating electrolyte based
on a high-¢ aprotic solvent of tetramethylurea (TMU) to resolve
the conflict between reducing electrolyte amount and obtaining
high capacities (Figure 1a). High-¢ solvents such as dimethyl
sulfoxide (DMSO), dimethyl acetamide (DMA), and dimethyl
formamide reported in early studies have been suggested to
effectively stabilize a highly active intermediate, S; radical,
directing a reaction pathway toward high sulfur utilization (Figure
1b).8- 1% TMU exhibits a comparable ability to solvate Sz radicals
but possesses better anodic stability against metallic lithium. With
DOL as the co-solvent that assists to passivate the lithium, the
DOL/TMU (v/v = 1:1) electrolyte enabled a mediated reaction
mechanism at electrolyte-starved conditions. Practically, 20%
higher capacities were yielded in Li—S coin cells and a high energy
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density of 324 Wh kg™ was achieved in a pouch cell employing
TMU-based electrolyte.

TMU was selected due to its high € and relatively low viscosity
that are comparable to previously validated high-¢ solvents of
DMSO and DMA, as well as low vapor pressure and high flash
point for safety concerns (Table S1). By directly measuring the
solubility, we found that TMU could dissolve 10.5 mol L™" (M) Li,Ss
(in sulfur) even when diluted to 50% by DOL (denoted as
DOL/TMU), which was more than twice the solubility in DOL/DME
(Figure 2a). More importantly, 4.0 M of Li,S4 (a representative of
short-chain polysulfides) can be dissolved in DOL/TMU, in
contrast to no more than 0.10 M in DOL/DME, consistent with
previous literatures.[®! The solubility of Li,Ss in DOL/TMU even
exceeded the reported value in DMSO, suppressing the early
passivation of electrode.®® The high ¢ contributes to reducing the
electrostatic interaction between Li* cations and polysulfide
anions, leading to such an unprecedented solubility of
polysulfides, especially the short-chain ones.
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Figure 2. Properties of TMU-based electrolyte. (a) Solubility of Li,Sg
and Li;S4 in DOL/TMU vs. in DOL/DME. (b) Ultraviolet-visible light
(UV-vis) spectra of 2 mM[S] Li,Se-solution. Inset: optical photographs
of the corresponding solutions. (c) Raman spectra of 200 mM [S]
Li,Se-solution. (d) Chronoamperometry profiles in two electrolytes.
Scanning electron microscopy (SEM) images of carbon fibers
discharged in (e) DOL/TMU and (f) DOL/DME for 60000 s.

Besides the solubility, TMU also alters the polysulfide
speciation significantly compared to DME. The existence of S3™~
was indicated by the light blue color of a dilute Li,Se-DOL/TMU
solution, different from the light yellow Li,Sg-DOL/DME solution
(Figure 2b, inset).l®! Spectroscopic evidence corresponds well
with our visual observation: the characteristic peaks of S~ (625
nm for UV-vis and 535 cm™' for Raman spectrum) possess high
intensity in DOL/TMU, whereas in DOL/DME they are hardly
observable (Figure 2b, ¢).['%-'2 The stabilization of S3~ radicals is
attributed to the larger dipole moment of TMU than DME to afford
stronger solvation effect towards Li* cations in lithium polysulfide
clusters.

As demonstrated previously, high-¢ solvents are featured with
S5 radicals.® 9 Nevertheless, the implication of radicals on the
reaction kinetics has rarely been investigated. In this sense,
chronoamperometry =~ was  performed to probe the
electrodeposition kinetics of lithium sulfide (Li>S) (Figure 2d).[3 14
Driven by an identical overpotential of 60 mV vs. the equilibrium
potential determined by galvanostatic intermittent titration
technique (GITT) (Figure S3), the nucleation and growth of Li,S
in DOL/TMU exhibited significantly different characteristics from
in DOL/DME. There are two peaks for the chronoamperometry
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curve of DOL/TMU: one at 320 s and the other at 2200 s (denoted
as peak 2 and 3, respectively); while for DOL/DME, there is only
one peak at 660 s. Since S3™~ only exists in DOL/TMU, we attribute
the prior peak 2 to the reduction of S5 its higher activity than di-
anions.® 19 And the peak 3, i.e., the only peak in DOL/DME, is
ascribed to the conversion of di-anions (e.g., S427) to Li,S. Fan et
al. explained the current peak as the point when the
carbon/electrolyte/Li,S triple-phase boundary possessed the
longest length.!"® According to the Avrami equation and a two-
dimensional (2D) nucleation/growth model, the time (fn) at which
the maximum current density occurs can be described as:

tn = (TAK2/2)13

where A and k are nucleation and growth rates of Li,S,
respectively. The term Ak? thereby indicates the deposition
kinetics of Li,S. For DOL/DME with a di-anion reaction pathway,
Ak? = 2.22x107° s73; while for DOL/TMU, the radical (peak 2) and
di-anion (peak 3) pathways render a Ak?> of 1.98x107® and
6.87x107"" s73, respectively. Such a difference in kinetic
parameters corresponds well with the previous predication and
observation.['® ¥ The lower ionic conductivity explains the later
peak 3 of DOL/TMU than DOL/DME (i.e., smaller Ak?) (Figure
S$4); while the kinetically faster radical-to-Li2S conversion yields
smaller nucleus size and larger nucleation density.'®!

By comparing the chronoamperometry curves derived from
2D Avrami equation (see Supporting Information), it was found
that the experimental curves were biased from ideal ones,
especially for DOL/TMU (Figure S5). Since Avrami equation is a
simplified description, the observed bias, mostly derived from
post-peak profiles, can be ascribed to an Ostwald ripening
process.['l Li,S clusters deposited at the triple-phase boundary
were prone to dissolve and diffuse, transforming the 2D Li,S
deposits to larger particles with smaller surface energy and
thereby postponing the cathode passivation. In DOL/DME, the
negligible solubility of S?° impeded this transformation,
maintaining a 2D deposit morphology with few post-grown
particles (Figure 2e). While in DOL/TMU, the soluble S?
facilitated the post-growth on existed Li,S rather than at the triple-
phase boundary, resulting in thicker, denser, yet porous
precipitates (Figure 2f). The precipitation capacities for DOL/DME
and DOL/TMU were calculated as 146 and 343 mAh g7',
respectively, corresponding well with the capacity of the second
plateau (Qiow, in against to Qnign referring to high-plateau capacity)
in galvanostatic discharge (Figure S6).

To validate the above peak assignment during
chronoamperometry analysis, differential galvanostatic discharge
profiles (dQ/dV) with Li>Se/DOL-X electrolytes (X represents the
solvent, including DME, DMA, DMSO, and TMU) were plotted
(Figure S7). It is shown that unlike DME, of which the dQ/dV only
contain two cathodic peaks at approximately 2.35 and 2.08 V
(denoted as peak 1 and 3), respectively, high-¢ electrolytes based
on DMA, DMSO, and TMU all exhibit an extra peak at 2.1-2.2 V
(denoted as peak 2). Since it is a common characteristic, it is
deduced that the peak 2 is related to distinct S3™ radicals in high-
¢ electrolytes, which is also in accordance with the observation by
Cuisinier et al. from operando XANES.® Therefore, as illustrated
in Figure 1b, high-¢ electrolytes based on TMU enable a solvation-
mediated radical pathway toward high sulfur utilization.['. 171

Although the radical pathway is promising toward high sulfur
utilization, the high-¢ electrolytes suffer from severe issue of
incompatibility with lithium metal due to the high reactivity.[® 9 To
evaluate the anodic stability, Li | Li symmetric cells were
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constructed with various Li;S¢/DOL-X electrolytes (hereinafter
referred to the X co-solvent) (Figure 3a). The addition of Li,Sg and
lithium nitrate co-salt synergistically contribute to a stable solid
electrolyte interphase (SEI) and suppression of lithium dendrite
growth;!"® while the DOL co-solvent can further reinforce the SEI
via ring-opening oligomerization.['! As demonstrated in Figure 3a,
Li | Li symmetric cell with TMU exhibited highly reversible lithium
stripping/plating for over 200 h. The cycling stability was
comparable to that of DME despite the larger voltage polarization.
In contrast, the overpotential of DMA cell increased rapidly after
only 80 h, and the cell impedance was essentially infinite after 100
h possibly because of electrolyte dry-up. Unlike DMA, the DMSO
cell exhibited no progressively increasing polarization, but the
voltage-time profile kept fluctuating during the initial 100 h,
implying unstable interfaces.

(a) Li,Sy-LiND,/DOL-"X" solvent
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Figure 3. Lithium metal compatibility. (a) Voltage vs. time profile of Li
| Li symmetric cells at a current density of 0.25 mA cm™ and a
capacity of 0.25 mAh cm™2. SEM images of lithium surfaces after 10
cycles in symmetric cells with (b) DME, (c) DMA, (d) DMSO, and (e)
TMU based electrolytes.

After washing the electrolyte residue off, dense and flat
surface was observed for lithium cycled in TMU and DME
electrolytes (Figure 3b, e). On the contrary, the lithium surface
was rough and pulverized with a plenty of mossy lithium deposits
after cycling in DMA and DMSO electrolytes (Figure 3c, d). Mossy
lithium whiskers were reported to form through a stress
buildup/release process when solvent decomposition rate was
high enough to compete with lithium deposition; whereas dense
lithium clusters were observed in the opposing situation.?]
Therefore, TMU, unlike DMA and DMSO, may enable the
reversible cycling of lithium through either a stable SEI that
effectively blocks the solvent molecules or a lower decomposition
rate than lithium ion reduction rate under our experimental
conditions. X-ray photoelectron spectroscopy further suggests
that SEl induced by TMU contains the highest amount of inorganic
compounds that are beneficial to SEI reinforcement and ion
conduction (Figure S8 and S$9).?" 22 Besides, TMU also
contributes greatly to the suppression of salt decomposition due
to its low Gutmann acceptor number (AN) for anion solvation (see
Supporting Information).

Li | polysulfide cells using carbon paper as cathode current
collectors were evaluated to examine each LiSg/DOL-X
electrolyte. DME served as a standard reference, which enabled
stable cycling for 180 cycles at 0.1 C with an average Coulombic
efficiency (CE) of 99.5% after the initial 5 cycles (Figure 4a).
However, the capacity was no more than 380 mAh g~'. The low
capacity can be attributed to the incomplete conversion of Li»S4 to
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Li,S, as the short low voltage plateau indicated (Figure 4b).
Among three high-¢ electrolytes, DMSO was troubled by severe
polarization, delivering very low capacities. More importantly, the
CE of DMSO cell was extremely fluctuating (Figure S10). An
ultralow CE of 20%, along with severe overcharge, was recorded,
suggesting an uncontrolled shuttle effect. The cell with DMA
offered an initial discharge capacity of 407 mAh g', but the
capacity decayed rapidly after 100 cycles with only 54% retained
atthe end. The CE also continuously dropped to around 90%. The
fast capacity and CE decay was attributed to the high reactivity of
DMA toward lithium, as well as the resultant electrolyte depletion.
In sharp contrast, the cell with TMU achieved the highest
reversible capacity (ca. 500 mAh g', 32% higher than DME),
stable CE of 99.6% in average, and the least capacity loss over
180 cycles, demonstrating the superior compatibility of TMU for
Li—S batteries than other high-¢ solvents.
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Figure 4. Battery applications. (a) Cycling performance of Li |
polysulfide coin cells at a current density of 0.1 C. (b) Galvanostatic
discharge-charge voltage profile for the first cycle. () Qiow/Qnign Of
each Li-S cell. " refers to the pouch cell shown in (d). (d) Galvanostatic
discharge-charge profile for the first cycle of a pouch cell with TMU
electrolyte (sulfur loading: 2.5 mg cm™).

The voltage profiles reveal that the difference in specific
capacity is mainly due to Qiow, Which is closely related to the Li,S
precipitation (Figure 4b). Herein, the ratio of Qw/Qnign is employed
to evaluate the conversion efficiency to Li,S and summarized in
Figure 4c. The Qiow/Qnigh of each cell is in order of DMSO (0.55) <
DME (0.64) < DMA (1.7) < TMU (1.9). Generally, high-¢
electrolytes (DMA and TMU) possess a high Qiow/Qnign Since the
radical pathway leads to more Li,S precipitation as indicated in
Figure 2. The only exception is DMSO, which possesses an even
lower Qow/Qnigh than DME. The inferior kinetics of DMSO is
probably ascribed to its higher viscosity (2.24 cP) than other
solvents, which retards the diffusion of solvated Li,S clusters to
form larger precipitates (Table S1). Its highest AN also renders
strong polysulfide anion solvation, yielding additional energy
penalty from desolvation before reduction.

Due to the relatively low surface area of carbon paper, the full
conversion to Li>S was hindered. Therefore, Li—S coin cells with
high-surface-area carbon nanotube (CNT)/S composite cathode
were fabricated, realizing a CE over 98% and an initial discharge
capacity of 1134 mAh g™" at 0.1 C with TMU electrolyte (Figure
S11). Compared to the capacity of DME cell (943 mAh g™), the
TMU cell exhibited 20% enhancement, and such an enhancement
was mainly due to the increase in Qow (Figure $12).
Correspondingly, the Qiow/Qnigh reached 2.1 and 2.4 for DME and
TMU electrolytes, respectively (Figure 4c). Note that the TMU coin
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cell exhibited considerable kinetic polarization as GITT indicated
(Figure S13). Thus, decreasing the current density to 0.05 C
rendered better cyclability (Figure S8).

The effectiveness of TMU electrolyte was further examined in
Li—S pouch cells at an electrolyte-starved condition (E/S mass
ratio: 3), demonstrating an ultrahigh initial capacity of 1524 mAh
g at 0.05 C (Figure 4d). The TMU-based pouch cell also
survived at a limited cycling condition (Figure S14). Due to the
simultaneous decrease in electrolyte amount and increase in
sulfur utilization (91%), a high energy density of 324 Wh kg™
based on the full cell was achieved (Figure 4d). The most distinct
cell feature with a limited amount of TMU electrolyte is the
unusually long lower plateau (1350 mAh g™"), resulting in a
Qiow/ Qnigh Of 7.7 and exceeding the maximum capacity in ether
electrolyte (1256 mAh g™' by assuming Li;Ss-to-Li,S full
conversion). This feature is desirable for practical electrolyte-
starved Li—S batteries because the generation of solid products is
much earlier than in DOL/DME, thereby demanding for less
electrolyte to dissolve polysulfides. It is interesting to notice that
the onset of liquid-to-solid conversion in TMU is even earlier than
the point at which all Sg could be reduced to S3*~. That may be
explained as the prior saturation of S;~ to drive the
disproportionation at an electrolyte-starved condition. Mechanistic
insights are required with the assist of advanced in-situ or
operando characterization.

In conclusion, we proposed a high-¢ electrolyte for Li-S
batteries based on lithium-metal-compatible TMU, enabling a
solvation-mediated radical pathway to achieve high sulfur
utilization. TMU exhibited favorable Li,S deposition kinetics and
better compatibility toward lithium anode than other high-¢
solvents. At an electrolyte-starved condition, the Li—S pouch cell
realized a high sulfur utilization of 91% and a high energy density
of 324 Wh kg™, offering a promising route toward practical high-
energy Li-S batteries. However, extended cycling was still
hindered due to the electrolyte depletion at harsh conditions.
Therefore, decreasing the E/S ratio for Li-S batteries must also
consider the electrolyte consumption at the anode. Ongoing
efforts in developing the radical-directed concept for electrolyte-
starved and high-energy Li-S batteries could be (1) tuning the
cation/anion couples for radical stabilization rather than high-¢
solvents that are more aggressive toward lithium,!?¥ (2) localizing
the reactive high-¢ solvents through high salt concentration and
co-solvent engineering,? and (3) protecting the lithium via
artificial SEI.[?'- 25! Besides, in-situ or operando characterization is
required for sulfur speciation and mechanism validation in
working cells with extreme operating conditions that simulate the
reality.["!. 28]
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