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Xiao et al. develop a multi-functional electrolyte additive to enable efficient use of
sulfur and limit Li dendrite formation. The strong electrostatic interaction between
the cation and the short-chain polysulfide (PS) anion can promote the reduction of
long-chain PS to short-chain PS, and the cation lithiophobic protective layer can
also suppress the formation of Li dendrites effectively.
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Cationic surfactant for lithium-sulfur batteries

enables efficient use of sulfur

and limits lithium dendrite formation

Yinglin Xiao," %19 Zhongbo Liu,*? Jiachun Wu," Chang Liu," Yangiu Peng,* Yanchen Fan,’>
Jian Chang,' Zijian Zheng,® Wei Huang,>” Guohua Chen,?* and Yonghong Deng'*

SUMMARY

Lithium-sulfur batteries (LSBs) are promising energy-storage sys-
tems due to their high theoretical energy density. However, LSBs’
practical energy density is limited by a large electrolyte-to-sulfur
(E/S) ratio (>5 uL mg’1 S), and their reversible operation encounters
challenges from electrode passivation and Li dendrite formation.
Herein, we report a strategy for enhancing LSBs’ performance by us-
ing a cationic surfactant-based electrolyte additive: tetramethylam-
monium hexafluorophosphate (TAHP). The stronger electrostatic
interaction between the tetramethylammonium cation and the
short-chain polysulfide (PS) anion promotes the reduction of long-
chain PS to short-chain PS, inducing 3D particulate deposition of
Li,S and thus increasing both sulfur utilization and discharge poten-
tial, alleviating electrode passivation. Moreover, tetramethylammo-
nium cations can adsorb around Li protrusions to form a lithiophobic
protective layer that inhibits the formation of Li dendrites. As a
result, the TAHP lithium-sulfur pouch cell maintained an excellent
capacity retention ratio with 78.3% after 250 cycles under lean-elec-
trolyte conditions (4.5 uL mg " sufur [S]).

INTRODUCTION

The ever-growing demand for electric vehicles and portable electronics has
increased the need for high-energy-density rechargeable batteries. Among the
diversified electrochemical energy storage devices explored, lithium-sulfur batteries
(LSBs) are generally accepted as a promising candidate due to their high theoretical
specific capacity (1,675 mAh 971), low toxicity, environmental friendliness, and scal-
able manufacturing, given the high natural abundance of sulfur." > However, the
practical energy density of LSBs is limited by their large electrolyte-to-sulfur (E/S) ra-
tio (>5 pL mg_1 3),° high negative-to-positive (N/P) capacity ratio (>5 times excess),”
and high electrolyte-to-capacity (E/C) ratio (>5 uL mAh~").® Achieving lean-electro-
lyte-condition reactions (E/S < 5 uL mg~" S) will be critical for enabling the commer-
cial production of high-energy LSBs. However, several major challenges must be
overcome for operation in lean-electrolyte conditions: (1) decreased soluble lithium
polysulfide (LioS4, 2 < x < 8) dissolution results in sluggish reaction kinetics’; (2) the
discharge products of Li,S act as insulators, and their two-dimensional (2D) deposi-
tion mode causes electrode passivation, which decreases cycling performance for
LSBs®; and (3) lower electrolyte quantities facilitate imperfections in the interphase
between electrolyte and electrode that enable Li dendrite growth and cause persis-
tent loss of both Li and electrolyte, resulting in fast capacity degradation and even
catastrophic safety hazard.”"?
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One effective approach to enable efficient use of sulfur is enhancing the solubility of
sulfur redox species and Li,S and promoting solution-mediated sulfur redox reac-
tions. In this direction, electrolytes with a high Gutmann donor number (DN) can pro-
mote sulfur redox reactions and induce 3D particulate deposition of Li,S, alleviate
electrode passivation, and enhance the efficient utilization of sulfur."® However,
the application of the high DN electrolyte also results in accelerating dendrite forma-
tion and low coulombic efficiency. Moreover, high-DN electrolyte decreases the sec-
ond reduction plateau of LBSs, further compromising the energy density of the
LSBs. 1514

Herein, we report a new strategy for enhancing LSBs’ performance under lean-electro-
lyte conditions with a new electrolyte additive: tetramethylammonium hexafluoro-
phosphate (TAHP). Our additive encourages high utilization of sulfur and increases
the second discharge potential by promoting the electrochemical reduction reaction
of long-chain polysulfide (PS) to short-chain PS. TAHP also alleviates electrode passiv-
ation by inducing 3D particulate deposition of Li,S. Moreover, the additive limits the
formation of Li-metal dendrites by adsorbing around the Li protrusions to form a lith-
iophobic protective layer. An optimal additive level (3.75 wt %) of TAHP can greatly
enhance the efficient utilization of sulfur under lean-electrolyte conditions (4 pL
mg~" S), achieving an initiated capacity of 1,465 mAh g™, an average coulomb effi-

ciency of 99.4% over 90 cycles, and a sulfur loading of 5.32 mg cm™2.

RESULTS AND DISCUSSION

Cationic surfactant enables efficient use of sulfur

To research the effect of the TAHP electrolyte on LSBs’ electrochemical performance
under (10 pL mgf1 S) E/S ratio conditions, we used the galvanostatic intermittent
titration technique (GITT) to measure the equilibrium voltage of the whole discharge
and charge plateau. Significantly, the cells with a TAHP electrolyte show higher sec-
ond discharge plateaus (Figures 1A and 1B). Similar results can be obtained from
LSBs cycled under lean-electrolyte conditions (5 L mg~" S) (Figure S1). As previ-
ously reported, the initial stage of the second discharge plateaus (2.1-2.15 V) orig-
inates from the electrochemistry reduction reaction of long-chain PS to short-chain
S42~ and S35 PS species.“”18 Based on this, we hypothesize that TAHP is the
main influencing factor on the electrochemistry reduction reactions of long-chain
PSs to short-chain S4%~ and S3°~ species. To prove this, we installed a quartz vessel
Li-S cell device to compare the UV-visible (UV-vis) spectroscopy of Li,S,, and the cor-
responding digital images of the quartz vessel Li-S cells for both conventional and
TAHP electrolytes after discharge to 2.1V (Figure 1C). The TAHP electrolyte exhibits
strong absorption spectrums at 340 and 420 nm (which indicate the presence of S32~
and S,%7, respectively) and a weak absorption spectrum at 470 nm (which indicates
the presence of the S,%7)."7?" In sharp contrast, the conventional electrolyte shows
weak absorption spectrums at 340 and 420 nm and a stronger absorption spectrum
at 470 nm. Discharge profiles of quartz vessel lithium-sulfur cell in the conventional
electrolyte and the TAHP electrolyte discharged to 2.1V are shown in Figure 1D. The
discharge profiles also show a higher second discharge potential for the TAHP elec-
trolyte, indicating that TAHP can promote the reduction of long-chain S4?~ species
to short-chain $32~ and S,2~ species. The reactions of S t0 S, and S32 species
are shown in Equations 1, 2, and 3.

2S5 + 26 —>3S; (Equation 1)

ST 28, (Equation 2)
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Figure 1. TAHP promotes the electrochemical reduction reaction of long-chain PS to short-chain PS

(A and B) Galvanostatic intermittent titration technique (GITT) results for Li-S half cells in conventional electrolyte (A) and TAHP electrolyte (B). To
estimate the voltage curves, quasi-equilibrium potentials from the GITT experiment were connected (dashed lines).

(C) In situ UV-vis spectrum and optical coloration images of a quartz vessel lithium-sulfur cell system in conventional (black line) and TAHP (red line)
electrolytes, discharged to 2.1 V at a 0.05C current.

(D) Discharge profiles of quartz vessel lithium-sulfur cell in conventional electrolyte and TAHP electrolyte discharged to 2.1 V at current of 0.05C.

2S; +2e”—25% (Equation 3)

The potentials for those reactions are governed by the Nerner equations

3
RT, %~
E; =E) —=—In—% and (Equation 4)
TR 4
2
RT, %g-
E, =E2——Iln—, (Equation 5)
° 2F aé.a

where Eq and E; are the corresponding reduction potential of batteries, Eo' and Eg?
are the corresponding standard reduction potentials, F is the Faraday constant
(96,485 C mol™"), Ris the universal gas constant (8.314 J K" mol™"), Tis the absolute
temperature, and a. is the chemical activity of the relevant PS species relating to its
stabilization.?®?" Given that PF,~ is not a high-DN salt anion and that there are
scarcely any absorption spectrums at 618 nm (which indicates the presence of the
S3"7) (Figure 1C), this indicates that the S3"~ radical is unstable in both in the
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Table 1. Binding energies of LSB polysulfide anion with Li* and (CH3)4N* cations

Binding energy (eV)

Polysulfide anion Li* (CH3)sN™*
S 1.732 2.257
S,2 1.611 2.491
S32 1.599 2.77
S22 1.923 2.133
St 2.371 2.395
Sg2~ 2.265 2.839

conventional and THAP electrolytes, and the chemical activity of the S3"~ radical in
the TAHP electrolyte can be considered equivalent to that of the conventional elec-
trolyte. Therefore, the potentials of the reduction reactions in Equation 5 are deter-
mined by the stabilization of the S3°~ species.

To further elucidate the effect of TAHP on the dissolution and stabilization of PS, we
employed UV-vis spectroscopy and discovered that the concentration of S3%~ spe-
cies was higher in the TAHP/DME solution (Figure S2) than in the DME solution.
According to a previous report,’” we attributed TAHP's stabilization of the short-
chain $32~ species to a stronger electrostatic interaction between the (CH3)4N™ cat-
ions and the short-chain $32~ anion. To verify this hypothesis, we calculated the bind-
ing energies of Li* and (CH3)4N™ with the PS anion (Table 1). As anticipated, the
binding energies of (CH3)sN* with S42~ and S32~ are significantly stronger than
the binding energies of Li* with the PS anion, especially S32~. However, we found
that the binding energy of (CH3)4sN* with S, is almost equal to that of Li* with
Se%~, so we theorize that the stronger binding energy of the (CH3)4N* anion with
S,2~ and S3°~ may increase the stability and reduce the chemical activity of these
PS anions. The nearly equivalent binding energies of (CH3)sN* and Li* with S,2~ indi-
cate that (CH3)4sN™ has little impact on the chemical activity of the S~
which suggests that the TAHP electrolyte enables a higher reaction voltage in the

species,

second discharge plateau, as indicated by Equations 4 and 5. To further evaluate
the electrostatic interaction between the (CH3)sN™ and Li* cations with the S3%~
and S, anion, we calculated their respective solation energies (Table 2) and
observed a lower solvation energy for (CH3)4N™ in the TAHP electrolyte, indicating
a stronger cation-anion electrostatic interaction between (CH3);N* and §327/5,27.17

To further explore the interactions between additive, cations, anions, and solvent,
molecular dynamics (MD) simulations of 0.5 M S3°~ in electrolytes both containing
and not containing TAHP have been performed (Figures 2A-2C). Compared with
the conventional electrolyte, more S3>~ were distributed in the interior of the
TAHP electrolyte (Figures 2A and 2B) and clustered together with (CH3)4N™ cations
(Figure 2C), indicating the presence of a stronger cation-anion electrostatic interac-
tion between (CH3)4N* cations and S3°~. Nuclear magnetic resonance hydrogen
spectroscopy (HNMR) of the electrolyte was carried out to investigate the effect of
TAHP on the electrolyte (Figure 2D). After adding TAHP, the hydrogen peaks of
the conventional electrolyte showed a positive shift, suggesting that PF,~ anions
distributed in the periphery of 1, 3-dioxolame (DOL) and ethylene glycol dimethyl
ether (DME), and the formation of F-H bonding resulted in a deshielding effect by
showing the positive change of the chemical shift. However, when Li,S, was present
in the conventional electrolyte, the hydrogen peaks of the conventional electrolyte
showed a negative shift. This is due to Li" cations distributed in the periphery of DOL
and DME molecule, and the formation of O-Li bonding caused a shielding effect,
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Table 2. Solvation energies of the cations Li* and (CH3),N*

Solvation energies (kcal/mol)
Li* 78.73
(CH3)sN* 64.35

thus showing the negative change of the chemical shift. After adding TAHP to the
conventional electrolyte containing S,2~, the hydrogen peak of the conventional
electrolyte showed a further negative shift, indicating more Li* cations shifted to
the periphery of the DOL and DME molecules. This may be because the strong in-
teractions between (CH3)4N™ cations and S,%~ anions caused $,2~ to move away
from the DOL and DME molecules, and thus more Li* cations moved around the pe-
riphery of these molecules.

To further verify the efficacy of TAHP in lean-electrolyte conditions (4 uL mg ™" S), we
assembled full LSB cells (both conventional and TAHP) with high sulfur loading. The
TAHP LSB cells exhibited more than four times the initiated capacity (1,465 mAh g™
at 0.05C) of the conventional electrolyte LSB cells (326 mAh g~ " at 0.05C) (Figure S3).
The result authenticates that TAHP can enable efficient utilization of sulfur. The sol-
ubility of sulfur redox species is another critical factor for enabling operation of LSBs
under lean conditions, so we evaluated the respective dissolution enthalpies (AHg;s)
of the lithium sulfide species (LiSx, x = 1, 3, 4) and the tetramethylammonium sulfide
species ((N(CH3)4)2S«, x =1, 3, 4) (Table 3). Each of the tetramethylammonium sulfide
species had much lower dissolution enthalpies than the lithium sulfide species, indi-
cating that the tetramethylammonium sulfide species are more soluble than the
lithium sulfide species in TAHP electrolytes and that the tetramethylammonium
cation can increase the solubility of sulfur redox species. These results further explain
the TAHP electrolyte’s fast kinetics for redox reactions, which enables a more effi-
cient utilization of sulfur.”” We also note that solvents with high PS-anion solubility
can induce 3D particulate deposition of short-chain PSs and thus alleviate electrode
passivation.??

To investigate the growth behavior of short-chain PSs in the conventional electrolyte
and the TAHP electrolyte, we used scanning electron microscopy (SEM) to provide
the morphologies of the discharging electrode in TAHP and conventional electro-
lytes after 50 cycles under lean-electrolyte conditions (E/S = 5 uL mg~" S). In the
TAHP electrolyte, 3D nanoscale Li,S particles are deposited on the surface of the
electrode (Figure 3A), and the 3D particulate deposition of Li,S on the surface of
the cathode can delayer electrode passivation during discharge. In contrast, in the
conventional electrolyte, we observed a 2D-film-like Li,S deposition morphology
(Figure 3E). The insulating 2D deposition Li,S covered the electrode interfaces, hin-
dering the electrochemical reaction and causing electrode passivation. Such results
further corroborate that TAHP can alleviate passivation issue in LSBs. We also em-
ployed chronoamperometry (CA) to analyze the electrode passivation. We began
by pre-discharging all batteries at 2.15 V for 6 h to eliminate the long-chain LiPSs
and recorded the current responses by applying a step potential of 2.05 V. The cur-
rent signals from the Li,S electrodeposition show a peaking behavior. Initially, the
current decreases because of the Faradaic reaction of the residual long-chain
PS?*; thereafter, the current increases as the Li,S deposition progresses, peaking
at a maximum value. At that point, the nucleation, growth, and overlap of Li,S
passivate the electrode surface, causing a drop in current.”” In this regime, the
maximum current (l,) and its corresponding time (t,,) can be used to interpret the
relative speed of passivation layer formation under different electrolyte systems.

Cell Reports Physical Science 4, 101658, November 15, 2023 5
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Figure 2. MD simulations investigate the interactions between additive and electrolyte components
(A-C) MD simulate electrolyte structure of S42~ distributing in electrolytes without TAHP (A) and with TAHP (B and C).
(D) HNMR of conventional electrolyte, THAP electrolyte, conventional electrolyte-Li,Ss, and THAP electrolyte-Li,Se.

Specifically, the duration of the TAHP LSB full cells (t,: 1,100 s) was more than twice
that of the conventional LSBs (t,: 375 s) (Figures 3B and 3F), indicating that TAHP
alleviates the passivation issue in LSBs. To further investigate the deposition
behavior of Li,S varied by TAHP, we obtained similar results via X-ray photoelectron
spectroscopy (XPS) of C 1s (Figures 3C and 3G) and S 2p (Figures 3D and 3H). The C
1s peaks at 284. 5 eV correspond to C-C bonds from the carbon host,” and C 1s
peaks at 286.5 eV and S 2p peaks at 164 eV correspond to C-S bonds binding be-
tween host and sulfur. The C-S bonds could be formed through the S3*~ radical to
the unsaturated carbon-carbon double bonds of Ketjenblack.®?* The sulfur elec-
trode of the conventional electrolyte shows relatively weak C-C (Figures 3C and
3D) and C-S peaks (Figures 3D-3H), suggesting that the carbon host surface was
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Table 3. Dissolution enthalpies of tetramethylammonium sulfide and lithium sulfide species

Species Dissolution enthalpy (kcal/mol)
Li,S 31.20

[N(CH3)4]2S 9.40

Li>S3 43.06

[N(CH3)a]2S3 12.63

LioSa 49.41

[IN(CH3)al2S4 3.48

covered by the reaction products after the discharging process, which can deterio-
rate the interface and cause electrode passivation.” The same result is also obtained
from XPS of C 1s and S 2p at 200 cycles (Figure S4). This result is also confirmed by
electrochemical impedance spectroscopy (EIS) of LSBs in the TAHP electrolyte and
the conventional electrolyte (Figure S5). Improved interface impedance in the TAHP
electrolyte indicates decreased electrode passivation.

Schematic illustration of TAHP effect on LSBs

Figure 4 summarizes the influences of the (CH3)4N™ cations on the electrochemical
reaction process of LBSs’ and discharge products’ deposition morphology (Fig-
ure 4A). To evaluate the effect of TAHP on the LSB anode, the lowest unoccupied
molecular orbitals (LUMOs) for (CH3)4sN*, DOL, DME, NO3~, PFs~, and TFSI~ were
calculated by density functional theory (DFT). (CH3);N* showed the lowest LUMO
energy level (Figure 4B), suggesting that (CH3)4N* reduction would occur at a poten-
tial higher than the other electrolyte components. This is confirmed by the cyclic vol-
tammetry (CV) measurements of the TAHP electrolyte and the conventional electro-
lyte on stainless-steel electrodes (Figure S6). Considering its azote-containing
structure of (CH3)4N™, one would expect abundant LisN content in the solid-electro-
lyte interphase (SEI) on the lithium electrodes. XPS was performed on Li-metal elec-
trodes recovered from LSBs after 200 cycles, which provide information regarding
surface element species (Figure S7). Compared with the conventional electrolyte,
the TAHP electrolyte exhibits stronger absorption spectrums at 65 eV nm corre-
sponding to the C-Li bond originating from LisN. Earlier research indicated that
LizN was beneficial to form uniform, mechanically durable, electrochemically stable,
high-flexibility interphases, which can suppress Li dendrite growth effectively. More-
over, lithium nitrate was used as an electrolyte additive to improve the electrochem-
ical performance of LSBs by forming an inorganic-rich SEIl on the surface of the Li
anode that suppresses Li dendrite growth.Zé’28 The combined action of (CH3)4N*
and NO3;~ would cause the SEI to have more stability. However, the large volume
expansion of the Li anode during the discharging-charging process could cause
the SEl to crack or break, allowing Li dendrites to protrude into/across the
SEL??3% In contrast, with the TAHP electrolyte, if the SEI cracks/breaks, the unde-
composed (CH3)4N* ions adsorb around nascent Li protrusions, forming a lithiopho-
bic protective layer under the action of electric field force and surface tension. This
lithiophobic protective layer drives the Li* away from Li protrusion regions, mini-
mizing dendrite formation.’'*? In addition, TAHP can effectively suppress Li
dendrite growth; a schematic of the synergistic effect of TAHP and LiNO3 on sup-
pressing Li dendrite growth is shown in Figure 4C.

Cationic surfactant limits Li dendrite formation

To evaluate the stability of the Li metal in TAHP LSBs and to optimize the quantity of
TAHP for LSB performance, we performed Li-Cu cell tests with different TAHP ratios
(2.50, 3.75, and 5.00 wt %) at a current density of 1 mA cm™2 and a deposition
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Figure 3. TAHP alleviates electrode passivation

(A and E) SEM images of the fully discharged cathodes after 50 cycles for the TAHP electrolyte (A) and conventional electrolyte (E).

(B and F) CA of the TAHP electrolyte (B) and conventional electrolyte (F).

(C, D, G, and H) XPS analysis of C 1s (C, G) and S 2p (D, H) spectra of the TAHP cathodes (C and D) and conventional cathodes (G and H) after 50 cycles at
charge state.

capacity of 1 mAh cm 2. Our results suggest that 3.75 wt % TAHP enabled the best
LSB performance (Figure S8), so we used 3.75 wt % TAHP to investigate the electro-
chemical performance of the TAHP LSB. The resulting coulombic efficiency (CE) tests
of Li-metal plating/stripping in the TAHP and conventional electrolytes were per-
formed at two current densities: 0.5 and 1 mA cm™2. The conventional Li-Cu cell
failed within 390 cycles at a current density of 0.5 mA cm™2 with a fixed capacity
of 0.5 mAh cm™2; in sharp contrast, the TAHP Li-Cu cell survived 780 cycles of con-
stant current cycling without failing under the same conditions (Figure 5A). At the
higher current of 1 mA cm™2 with a fixed capacity of 1 mA cm™2, the conventional
Li-Cu cell failed at 160 cycles, while the TAHP Li-Cu cell was still performing after
380 cycles (Figure 5B). The results clearly demonstrate that TAHP is critical to the sta-
bilization of the Li-metal anode.

To further evaluate the effects of TAHP on the anode, we assembled Li-Li symmet-
rical cells and compared the voltage profiles of the TAHP and conventional electro-
lytes at a galvanostatic of 1 mA cm~2 with deposition capacities of 1 (Figure 5C) and
4 mAh cm~2 (Figure 5D). In TAHP electrolytes, the overpotential of Li plating/strip-
ping remained stable when the cell was polarized at 1 mA cm~2 with a deposition
capacity of T mAh cm~2 for 2,000 h. In sharp contrast, the overpotential of the con-
ventional electrolyte aggravated monotonously after 900 h. When the deposition
capacity is increased to 4 mAh cm™2, the overpotential of Li plating/stripping that
remains is also far more stable for the TAHP electrolyte (780 h) than for the conven-
tional electrolyte (225 h). To better explain this discrepancy, we took EIS measure-
ments to illustrate the kinetics of the Li anode (Figure S9) and discovered that the
interface resistance of the TAHP electrolyte is slightly higher than that of the conven-
tional electrolyte after 1 cycle, probably due to the adsorption of surfactant mole-
cules on the surface of the Li anode, which acts as a physical barrier that hinders
Li* transport.33 Nevertheless, after 50 cycles, the interface resistance for TAHP Li-
Li symmetrical cells is much smaller than that of conventional Li-Li symmetrical cells
due to the stable solid-liquid interface created by TAHP.** Similar results were
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Figure 4. Schematic illustration of TAHP effect on the electrochemical reaction process and
cathode and anode interfaces

(A) TAHP promotes the reduction of long-chain SPs to short-chain SPs and induces 3D particulate
deposition of discharge products.

(B) LUMO energies of (CH3),N™, DOL, DME, NO3~, PFs~, and TFSI™.

(C) Synergistic effect of TAHP and LiNO3 on suppressing Li dendrite growth.

obtained from the plating/stripping profiles for Li-Cu cells in the TAHP electrolyte
and the conventional electrolyte (Figure S10). SEM images of the Li metal from
Li-Li symmetrical cells show that, after cycling with TAHP, the Li-metal surface ap-
pears smooth and dense after 10 (Figure 5E), 50 (Figures 5F and 5G), and 750 cycles
(Figure S11), with no dendrite formation. After similar cycling with the conventional
electrolyte, Li protrusions are clearly visible on the surface of the Li electrode after
only 10 cycles (Figure 5H), with obvious dendritic whiskers visible after 50 cycles
(Figures 5 and 5J). We obtained similar results by imaging the surface of the Li elec-
trode from TAHP and conventional LSBs (Figure S12) and by taking in situ optical
photographs of Li-Cu cells with TAHP (Figure 5K) and conventional (Figure 5L) elec-
trolytes during the lithium-plating processes. The video of in situ Li-Cu cells with the
TAHP electrolyte shows no growth of the lithium dendrite during the whole plating
lithium process (Video S1). In contrast, lithium dendrite with the conventional

Cell Reports Physical Science 4, 101658, November 15, 2023 9



¢? CellPress

OPEN ACCESS

Cell Rer_)orts )
Physical Science

j With TAHP
90 4 Without TAHP

05mAcm 2

05 mAhcm?

With TAHP
Without TAHP

1o " 200 300  abo  sbo  e0 | 700
Cycle number

80 120 160 200 240 280

Cycle number

320 360

With TAHP

250 252 254 256 258 260
Time (h)

0 100 200 300 400 500
E
H
K
30 min
L

10 Cell Reports Physical Science 4, 101658, November 15, 2023

Time (h)

10 um

10 um,

60 min

60 min

100 1lo 120 130 140 130




Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

Figure 5. TAHP limits the formation of Li-metal dendrites

(A and B) CE tests of Li-Cu cells at current densities of 0.5 (A) and 1 mA cm~2 (B) in TAHP and conventional electrolytes.

(C and D) The voltage profiles of Li-Li cell during Li plating/stripping at a current density of 1 mA cm~? and fixed capacities of 1 (C) and 4 mAh cm~2(D)in
TAHP and conventional electrolytes (C and D).

(E-J) SEM of symmetric Li-Li cells after 10 cycles (E and H) and 50 cycles (F, G, |, and J) using TAHP electrolyte (E-G) and conventional electrolyte (H-J).
(K and L) In situ digital photographs of Li-Cu batteries in conventional electrolyte (K) and TAHP electrolyte (L) during the lithium-plating process. The
digital photographs of (K) and (L) originate from Videos S1 and S2, respectively.

electrolyte is formed gradually at the same conditions (Video S2). Again, the TAHP
electrolyte images show thin, uniform Li particle deposition, while the conventional
electrolyte images show Li whiskers on the Cu surface within 30 min and significant
whisker growth after 60 min. Collectively, these characterizations confirm that TAHP
effectively suppresses the formation of Li dendrites in LSBs.

Effect of the TAHP electrolyte on electrochemical performance of LSBs

To test the stabilization of the Li-metal anode and the efficient utilization of sulfur
in LSBs, we constructed full cells with high sulfur loading (Li-metal anode in 10%
excess of the sulfur cathode). The TAHP LSBs dramatically outperformed the con-
ventional LSBs at 0.05 C (1C = 1,675 mA g’1) (Figures 6A-6D) and 0.1C
(Figures 6E and 6F) under lean-electrolyte conditions. With a sulfur loading of
5.32 mg cm~2, the TAHP LSBs achieved an initial capacity of 1,465 mAh g’z,
fading to 560 mAh cm™2 after 90 cycles, with an average 99.4% CE under lean-
electrolyte conditions (4 uL mg™' S). Even under sparse electrolyte conditions
(3 uL mg™" S), with a sulfur loading of 4.4 mg cm~?, the TAHP LSB achieved
an initial capacity of 1,375 mAh g, fading to 560 mAh g2 after 140 cycles
(42% retention) with an average 98.7% CE. Compared with previous reports,
this work shows a lowest E/C ratio at 0.1C (Table S1), indicating that TAHP has
significant potential for application in LSBs. Under both conditions, the TAHP
LSB radically outperforms conventional LSBs, which fail almost immediately under
both lean-electrolyte conditions (initial capacity of 326 mAh g~', sulfur loading of
5.14 mg cm~?) (Figures 6C-6F) and sparse-electrolyte conditions (initial capacity
of 1.51 mAh g’1) (Figures 6A and 6B).

To demonstrate the broad utility of TAHP, we also obtained similar results by testing
half cells under lean-electrolyte conditions (Figure S13), where the TAHP LSBs show
significant improvement for capacities and cycling stability at 0.05C, 0.1C, and 0.5C.
We further verified these trends by measuring and comparing the cycling perfor-
mances of TAHP and conventional LSB full cells (Figure S14) under excessive-elec-
trolyte conditions (15 uL mg™"); even then, TAHP improved the stabilization of the
Li-metal anode and enabled efficient sulfur utilization.

To further evaluate the effects of TAHP on extreme-condition LSBs, we assembled
pouch cells with high sulfur loading (5.31 mg cm™?) and a Li-metal anode in 200%
excess of the sulfur cathode (Figure 6G). Compared with the conventional LSB full
cells, the TAHP LSB pouch cells show improved cycling stability, with an initial
charging capacity of 217 mAh, a charging capacity of 170 mAh after 250 cycles
(78.3% retention), and a higher median voltage (Figure S15) under lean-electrolyte
conditions (4.5 pL mg_1 S). Even TAHP LSB pouch cells show excellent electrochem-
istry performance under lean-electrolyte conditions of 3.5 uL mg™" S (Figure 6H). We
also assembled a larger-capacity TAHP LSB full cell (~3 Ah) and carried out cycling
performance tests at 15°C for 30 cycles and 30°C for 80 cycles (Figure S16). The
TAHP LSB showed outstanding applicability at low temperature and excellent
cycling performance at room temperature.

Cell Reports Physical Science 4, 101658, November 15, 2023 1
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(A-F) Full cell cycling performance and corresponding initial discharge/charge profiles of LSBs with TAHP (red) and conventional (gray) electrolytes

under lean-electrolyte conditions at 0.05 C (A-D) and 0.1 C (E and F).

(G) Pouch cell cycling performance of LBSs in conventional electrolyte and TAHP electrolyte under electrolyte condition of 4.5 uL mg~' S at 0.1 C.
(H) Pouch cell cycling performance of LBSs in TAHP electrolyte under electrolyte condition of 3.5 pL mg™" S at 0.1 C.

In summary, LSBs’ practical application is limited by large electrolyte usage, Li
dendrite formation, and electrode passivation. Herein, we report the performance
of an electrolyte additive: TAHP for LSBs. The TAHP LSBs consistently outperform
conventional electrolyte LSBs via three mechanisms: (1) by promoting the reduction
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of long-chain PS to short-chain PS, TAHP enables high discharge potential and the
high utilization of sulfur under lean-electrolyte conditions; (2) by inducing 3D partic-
ulate deposition of Li,S, TAHP alleviates electrode passivation; and (3) because
TAHP’s (CH3)4N™ ions adsorb around the Li protrusions, they form a lithiophobic
protective layer that completely suppresses the formation of Li dendrites. TAHP
LSB pouch cells with high sulfur loading (170 mg) show improved cycling stability,
with an initial charging capacity of 217 mAh and a charging capacity of 170 mAh after
250 cycles (78.3% retention) under lean-electrolyte conditions (4.5 pL mg’1 S).Ina
much broader context, this new additive also shows significant potential for applica-
tion in alkali metal-sulfur batteries or any batteries that employ Li-metal anodes.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Yinglin Xiao (xylin2015@126.com).

Materials availability
The study did not generate new unique reagents.

Data and code availability
The authors declare that the data used are available upon request from the lead con-
tact and in the supplemental information.

Material and electrode preparation
The C/S composite and working electrodes were prepared according to the previ-

ous method.?* The half cells were assembled with sulfur loading of 0.7-3 mg cm™2

on an aluminum (Al) foil collector and an electrolyte/sulfur ratio of 315 uL mg™"
S. 3D current collector electrodes were prepared according to the previous
method,** with sulfur loading of 4-6 mg cm™2 with an electrolyte/sulfur ratio of 3—

5 uL mg™" and a low N/P capacity ratio (<1.2 times excess).

Preparation of electrolytes

The base electrolyte with 1.0 M LiTFSI and 4 wt % LiNO3 in DOL and DME (1:1 by
volume) was purchased from Suzhou Duoduo Chemical Technology. TAHP was pur-
chased from J&K Scientific. The TAHP electrolyte was prepared by dissolving
different ratios of TAHP (2.50, 3.75, and 5.00 wt %) in conventional electrolyte.

Electrochemical testing

Full battery and half battery cycling performance tests were carried out on a Neware
battery tester in the voltage window of 1.8-2.5 or 1.7-2.6 V versus Li*/Li, respec-
tively, and all tests were performed at 30°C. For the CA measurements, cells were
pre-discharged at 2.15 V for 6 h to reduce the long-chain PS anion. After that, the
current responses were recorded by applying a static potential of 2.05 V. EIS spectra
were collected using a PARSTAT4000A (Princeton Applied Research, Oak Ridge,
TN, USA) electrochemical workstation in the frequency range of 1 MHz-100 Hz
with an alternating spectrum (ac) perturbation of 10 m at open circuit potential.
CV measurements of conventional and TAHP electrolytes were carried out on a
PARSTAT4000A electrochemical workstation using stainless-steel electrodes at a
scan speed of 5 mV s to confirm the electrochemical stability window of TAHP.
GITT tests were carried out on a Neware battery tester between 1.7 and 2.8 V versus
Li*/Li, using Li-S half cells with sulfur loading of 1.0-1.5 mg cm 2. The GITT exper-
iments consist of a series of pulse currents at 0.1C for 20 min, each followed by a
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120 min open circuit period. A galvanostatic Li plating/stripping test was conducted
using a lithium-copper (Li-Cu) cell and a symmetric lithium-lithium (Li-Li) cell. For the
lithium-copper cell, a commercial Cu current collector was cut into a disk (@18 mm).
Alithium metal foil (®16 mm) and a Celgard 2400 PP membrane (®19 mm) were used
as a negative electrode and a separator, respectively, and a 40 pL electrolyte was
assembled. The cells were cycled from 0 to 1.0 V with current densities of 0.5 and
1 mA cm 2 and fixed capacities of 0.5 and 1 mAh cm 2, respectively. For the sym-
metric lithium-lithium (Li-Li) cell, the cell was assembled with 40 pL electrolyte,
and we used lithium metal foils (®14 mm) as negative electrodes, Celgard 2400
PP membranes (®19 mm) as separators, and Cu foil (®18 mm) as the counter elec-
trode. The symmetric lithium-lithium cells were first discharged to deposit Li metal
with capacity of 10 mAh cm 2 on Cu foil at a current density of 0.1 mA cm 2. After
that, the cells were cycled and fixed at capacities of 1 and 4 mAh cm 2 at a current
density of T mA cm™2.

Li»S, dissolution experiment

S and Li,S with a mole ratio of 5:1 (32 and 9.2 mg) were added into 10 mL DME sol-
vent. After that, samples stood for 48 h under 60°C temperature. Then, the prepared
solution was diluted to 2 mM, and 3.75 wt % TAHP was added into the solution as a
contrast sample. Finally, UV-vis spectroscopy of the diluted Li;S¢ in the DME
solution and the TAHP solution was measured on a UV-vis spectrophotometer
(Lambda 750s).

In situ cell testing

The in situ cell was assembled in a micro-quartz cuvette with 2 mL volume; a cop-
per foil or sulfur electrode was used as the cathode electrode, and Li metal was
used as the anode. Celgard 2500 (Hefei Kejing Materials Technology) was used
to insulate the cathode from the anode. The electrolyte with the same volume
was injected to the micro-quartz cuvette for in situ cell testing. The pouch cell
was provided by Shenzhen Qichen New Energy Technology. The digital photo-
graphs of the whole quartz vessel Li-S cell system and pouch Li-S cell are provided
in Figure S17.

Characterizations

SEM studies of electrode morphologies were performed on a scanning electron mi-
croscope (JSM-6360). The surface chemistry of electrodes were collected by an XPS
system (Thermo Scientific, Waltham, MA, USA). HNMR of the electrolyte was carried
out on an NMR spectrometer (Bruker Avance [l HD 400MHz). For further informa-
tion, see the supplemental experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101658.
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