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The sluggish redox kinetics of polysulfides under lean electrolyte conditions hinder practical applications of
lithium—sulfur batteries. Herein, a polar solid-state electrolyte, Li;oGeP,S1, (LGPS) whose ionic conductivity
is higher than that of highly concentrated polysulfide electrolytes (or catholytes), could greatly alleviate the
problem by providing pathways for lithium ions and attracting polysulfides to facilitate the conversion
reactions. The affinity of polysulfides to LGPS and the catalytic effect enhancing kinetics were confirmed
by density functional theory calculations and experimental results mainly from cyclic voltammetry and
potentiostatic discharge. The LGPS inclusion in the cathode has significantly improved the performances
of the cells showing a high areal capacity of 6.13 mA h cm™2 with an outstanding retention (70% at the
135th cycle) despite the extremely low electrolyte-to-sulfur ratio (E/S ratio of 2.9 uL mg™), a high sulfur
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Introduction

Lithium-sulfur (Li-S) batteries have garnered significant
attention as next-generation alternatives to lithium-ion (Li-ion)
batteries due to their remarkable theoretical specific capacity of
1675 mA h g~ " and exceptionally high energy density of 2567 W
h kg '.! Furthermore, sulfur offers several advantages as
a cathode active material, including abundance, low cost, and
environmental friendliness.> Unlike Li-ion batteries, which
operate based on an intercalation mechanism, Li-S batteries
function through electrochemical redox conversion. During the
discharge process, solid sulfur (Sg) in the cathode becomes
soluble polysulfide intermediates, such as Li,S, (4 = x =< 6).°
Then, a liquid-solid phase transition occurs resulting in solid
discharge products such as Li,S. Due to the multi-phase
conversion reactions, Li-S batteries suffer from sluggish
kinetics due to the increased viscosity of the soluble poly-
sulfides in the electrolyte as well as the polysulfide shuttling
causing side reactions with the lithium metal anode.* In addi-
tion, it is necessary to have thin and uniform depositions of the
solid products, such as Sg and Li,S due to their insulating
properties.>*
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, and a low ratio of anode to cathode capacity (N/P ratio of 2). Further research
and development could pave the way for practical and efficient energy storage solutions using
multifunctional solid-state electrolyte approaches.

The undesirable results from the aforementioned shuttling
have been greatly attenuated by various recent studies including
functional separators,” graphene composite separators,*® and
artificial solid-electrolyte interphase (SEI) layers on lithium
anodes to avoid direct contact of polysulfides with lithium
metal."™** To avoid thick and non-uniform deposition of the
solid products, porous structures with large surface areas were
employed such as porous carbon nanotubes**” and functional
groups to attract polysulfides on the host surface.*®*

Despite the recent progress, Li-S batteries are yet to be
attractive in practice, particularly due to the low energy density
under flooded electrolyte conditions and low sulfur loadings in
most of the literature studies. Considering the commercial Li-ion
batteries, the electrolyte/sulfur (E/S) ratio needs to be lower than 3
uL mg " with sulfur loadings higher than ~5 mg cm™2.2*?' Such
lean electrolyte conditions induce low sulfur utilization, large
polarization, and low ionic conductivity due to the increased
viscosity of electrolyte. Recent studies attempted interesting
approaches including the various cathode structures,”” elec-
trolyte components,***> and binders.*® A noticeable approach is
facilitating polysulfide conversion reactions by electrocatalysts or
promoters.*>** For example, Mn-based catalysts were tested with
alow E/S ratio of 4.6 pL, mg ™" with a high sulfur loading of 5.6 mg
cm 2% However, under ultra-lean electrolyte conditions corre-
sponding to an E/S ratio of 3 uL mg ™', most studies have only
demonstrated feasibility, and there are few papers reporting
operation beyond 100 cycles under these conditions. Lean-
electrolyte Li-S batteries not only show an overall low capacity,
but particularly make the Li,S nucleation process difficult,
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deepening the Li,S nucleation dip at the point where the second
discharge plateau begins due to the overpotential. Research has
been conducted to investigate the origin of the increased over-
potential under lean electrolyte conditions, which can be divided
into three factors: (1) interfacial charge transfer, (2) polysulfide
diffusion, and (3) ion conduction.*** Electrochemical impedance
spectroscopy-galvanostatic intermittent titration technique (EIS-
GITT) analysis has demonstrated that interfacial charge transfer
is the kinetic limiting factor in lean electrolyte Li-S batteries.>”**
However, the proportion of this overpotential varies depending
on the solvent used, salt concentration, type of anion, depth of
discharge and E/S ratio, and the proportion of overpotential
caused by polysulfide diffusion and ionic conduction is also
significant. Therefore, the influence of polysulfide diffusion and
ion conduction cannot be ignored,**' and we need a compre-
hensive solution that is not focused on just one factor. Another
challenge for practical Li-S batteries is the ratio of anode to
cathode capacity (so-called N/P ratio) as the literature often shows
results with unlimited supply of lithium. At low N/P ratios,
limited lithium sources cause considerable capacity fading due to
the side reactions of lithium with polysulfides. It was found that
the N/P ratio needs to be smaller than 3 to realize the high energy
density of Li-S batteries.*>*

This study introduces a solid-state electrolyte, Li;oGeP,S1,
(LGPS) superionic conductor whose Li-ion conductivity is
107> S cm™" or higher,* as an additive to promote kinetics of
lean-electrolyte Li-S batteries. Due to its high ionic conduc-
tivity, LGPS has been reported as an electrolyte in solid-state
lithium-sulfur batteries. LGPS could provide a Li-ion trans-
porting pathway in highly concentrated catholytes (or poly-
sulfide electrolytes) whose ionic conductivity is considerably
lowered, facilitating liquid/solid polysulfide conversion reac-
tions. The affinity of polysulfides to polar LGPS, as confirmed by
the density functional theory (DFT) calculation, assists the
multi-phase reactions and the catalytic effect promotes kinetics
as presented in the cyclic voltammetry, potentiostatic discharge
and electrochemical impedance spectroscopy (EIS) results.
Specifically, we observed an increase in the Li,S nucleation dip
voltage, confirming that it significantly contributed to the
liquid/solid conversion process. Alleviating concerns about the
limited compatibility of sulfide solid electrolytes with solvents,
it was confirmed that LGPS remains stable in ether-based
electrolytes without showing a decrease in ionic conductivity
or other side effects, as evidenced by cycling tests, EIS, UV-vis
spectroscopy, and color change observations. The addition of
LGPS in the cathode led to a high areal capacity of
6.13 mA h cm > with outstanding retention (70% at the 135th
cycle) under lean electrolyte conditions (E/S ratio of 2.9 pL
mg ') despite a high sulfur loading of 8.1 mg cm > and a low N/
P ratio of 2.

Results and discussion

LGPS as a lithium transport pathway and polysulfide
immobilizer

Under lean electrolyte conditions with low E/S ratios, the cath-
olyte becomes viscous due to the increased polysulfide
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concentration, which diminishes its ionic conductivity,'
resulting in sluggish kinetics. As shown in Fig. 1b, the ionic
conductivity is inversely proportional to the sulfur concentra-
tion. For a typical E/S ratio of 15 uL mg ™" in the literature,* the
polysulfide concentration and conductivity are respectively
~2 M and 6.6 mS cm ™' in an ether-based electrolyte'® while
a lean electrolyte condition of ~5 pL mg™" (~6 M) significantly
decreases the conductivity to 2.30 mS cm™". When the catholyte
is more concentrated to the solubility limit level (~8 M cath-
olyte),***** the ionic conductivity is further reduced to 1.05
mS cm ™ '. Considering the relatively high conductivity of ~10
mS cm ! for conventional Li-ion batteries, such a low conduc-
tivity significantly reduces the kinetics of Li ions, leading to
poor rate capability and severe side reactions.

LGPS is a solid-state electrolyte whose conductivity is
comparable to those of conventional liquid electrolytes. The
diameter of the LGPS particles ranges from hundreds of nano-
meters to several microns, as shown in Fig. S1.T The high ionic
conductivity of LGPS can be attributed to the fast diffusion of
lithium ions with one-dimensional diffusion pathways along
the c axis in its unique structure, including LiSe octahedra and
(Geo 5Py 5)S4 tetrahedra.** The ionic conductivity (2-5 mS cm™*)
of LGPS is higher than those of lean polysulfide electrolytes,
suggesting that LGPS could be effective in transporting Li-ions
(Fig. 1a). In particular, the concentration of polysulfides
increases near the CNTs where polysulfide redox reactions
occur as the CNTs are the main conduits for electron transfer.
More specifically, the conversion from solid-state Sg to liquid-
state Li,S¢ (during discharge) and from solid-state Li,S to
liquid-state Li,Ss (during charge) makes the polysulfide
concentration near the CNTs high, resulting in sluggish Li-ion
transport limiting further reactions. Here the invariant
conductivity of LGPS would provide better Li-ion diffusion
pathways and the affinity of polysulfides could noticeably
improve the reaction kinetics.

The cathode was fabricated by sandwiching the LGPS
powders between two slices of the CNT layer (Fig. 1a). The
porous CNT layer allowed the catholyte to be smeared, serving
as a host for the polysulfides. After the formation process with
the liquid catholyte, the LGPS powders dispersed because they
are small enough to be spread in the CNT layer whose pores are
several microns in size (Fig. 1c, S1 and S27). Even though LGPS
was originally placed between two CNT layers, these particles
were found on the outer surface of the sandwiched electrode
after cycling (Fig. 1c and S67). In the meantime, the CNTs were
mechano-chemically treated to create trenches on their walls
with polysulfide-philic carboxylic groups.’® Thus, the syner-
gistic effect of the functionalized CNTs and LGPS would facili-
tate the redox kinetics of lithium polysulfides particularly under
lean electrolyte conditions. In our experiment, sandwiching
LGPS between two CNT layers was more effective than incor-
porating LGPS into the CNT layer using a wet slurry coating
method because LGPS more or less reacted with conventional
solvents such as N-methylpyrrolidone, reducing ionic conduc-
tivity and thereby lowering sulfur utilization and specific
capacity*® (Fig. S4 and 5%).
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(a) The cathode was fabricated by sandwiching LGPS particles, followed by the application of a polysulfide solution onto the porous

structure. While lithium ions are readily transported through LGPS, their movement is sluggish through the lean polysulfide electrolyte. (b) The
ionic conductivity of 2 M, 4 M, 6 M and 8 M catholyte. (c) The scanning electron microscopy (SEM) image of a CNT/LGPS electrode with

distributed LGPS particles after cycling.

To understand the interactions between LGPS and poly-
sulfides, various adsorption configurations and corresponding
energies were calculated by DFT (Fig. 2, S7-S9 and Tables S1-
S37). The adsorption energy (E,qs) between the polysulfides and
LGPS (labeled as a substrate) was calculated using the following
formula.

Eads = Etotal - Esubstrate - EPS

1)

where Eiu, is the energy of the optimized configuration with
lithium polysulfides adsorbed, and Egsypsirate and Eps are the
energies of the pristine substrate and isolated lithium poly-
sulfides. For comparison, graphitic carbon as a substrate was
also evaluated. All the polysulfide intermediates (Li,S,, n = 8, 6,
4,2,1)and Sg on the LGPS (001) surface were examined (Fig. 2a).
According to the literature, the diffusion of Li ions is mainly
along the [001] direction.****** Thus, we used the LGPS (001)
surface to calculate the interaction between LGPS and poly-
sulfides. Compared to graphitic carbon, the LGPS (001) surface
showed stronger adhesion towards polysulfides with lower
adsorption energies of —1.18, —1.11, —0.88, —1.17, —1.40, and
—1.96 eV for S, Li,Sg, Li,Se, LiS4, Li,S,, and Li,S, respectively.
On the other hand, those of the graphitic carbon were higher,
which are —0.04, —0.07, —0.84, —0.46, —0.16, and —0.23 eV for
Ss, LiySg, LisSe, LisSs, LisS,, and Li,S, respectively (Fig. 2c). The
adsorption energies of Sg and Li,Sg with graphitic carbon are
close to zero. While LGPS formed bonding with polysulfides
whose lengths are 2.3-2.5 A (Fig. $91), the graphitic carbon
substrate does not appear to form a bond with polysulfides.
This clearly indicates that the polarity of LGPS plays a crucial

4454 | J Mater. Chem. A, 2025, 13, 4452-4459

role in polysulfide adsorption. As shown in Fig. 1a, it is observed
that Li,Se and Li,Sg create more intricate bonding arrange-
ments with LGPS. In Li,Se, the sulfur and lithium atoms form
bonds with the lithium and sulfur atoms in LGPS, respectively.
Notably, the sulfur atom of Li,S¢ bonds with two lithium atoms
of LGPS. Li,Sg exhibits a comparable bonding pattern but with
an asymmetrical arrangement. In addition, a visualized
adsorption experiment of LGPS was carried out with poly-
sulfides using a 5 mM Li,Ss solution (Fig. 2d). When 20 mg
LGPS was added to 3 mL of the polysulfide solution, the reddish
color of the solution became greenish, and the corresponding
ultraviolet-visible (UV-vis) spectra show significant reductions
in the absorbance peaks corresponding to the polysulfides. This
experiment also shows that LGPS does not decompose in the
catholyte based on 1,3-dioxolane (DOL) and 1,2-dimethoxy-
ethane (DME). In contrast, in the case of other polar solvents,
new peaks generated by decomposition were observed in the
UV/vis spectra, but this was not the case with our catholyte.*® In
polar solvents, the addition of LGPS indicates chemical
decomposition and a significant decrease in ionic conductivity,
as evidenced by the solution turning blue.*® The color change of
the solvent can be used as an indirect indicator of LGPS
degradation. However, in 1M LiTFSI in DOL/DME electrolyte, no
color change or dissolution was observed even after a day (Fig.
S111). The stability of LGPS in ether-based electrolytes has been
reported in several studies through unchanged X-ray diffraction
(XRD) patterns and ionic conductivity.”**> Wan et al. demon-
strated the compatibility of LGPS with ether-based solvents by
reporting a solid-liquid hybrid electrolyte using LGPS with

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta07639g

Open Access Article. Published on 30 December 2024. Downloaded on 1/25/2026 2:07:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry A
(a) Li,S Li,S, Li,S, Li,Sg Li,Sg Sg
oo ) CRC o o=
pe -, ° 0,80, - 0. ®.0 G800 55 o) Q L
X X QRA, ,,Rmo.é.i. R R ¢ § AR QOB
TR CTRRAEP CRAE P CTRAK P OO LS OO O
(b) )
o o 9 ’O_‘A' |
© (%] o S ¥ o O
c
Ou © ce Q- s oc
b a
(c) 2.0 (d)
[ LGPs (001) Se%) S5 —e—Li,S,/LGPS
~ B Graphitic carbon ——Li,S,
(2
; 151 = S, 8., S,
2 s
c @
2 10
2 2
g
2 05 S
©°
<
Li,S; Li;S, LiS, LiS 300 400 500 600 700

Sy LiySg

Wavelength (nm)

Fig. 2 The adsorption configuration of lithium polysulfides and Sg on (a) LGPS (001) and (b) graphitic carbon. (c) Adsorption energies of lithium
polysulfides on LGPS and graphitic carbon. (d) UV-vis spectra of a 5 mM Li,Sg solution before (black line; left photo inset) and after (red line; right

photo inset) immersion of LGPS in the solution.

LiTFSI-Mg(TFSI), in DME.* To evaluate the stability of LGPS in
a highly concentrated catholyte, we mixed 100 mg of LGPS with
2 mL of 6M catholyte (Fig. S12t). After two days, the catholyte
was washed off, and the LGPS precipitates were separated from
the catholyte. The whitish LGPS appeared to be the same as the
original powders, as shown in Fig. S12(c).t XRD measurements
further confirmed that LGPS remained stable throughout the
experiment, as displayed in Fig. S13.1

Kinetic effects of LGPS in the cathode

To investigate the kinetic effects of LGPS in the cathode, cyclic
voltammetry (CV) and potentiostatic discharge experiments
were performed using two different CNT cathodes with and
without LGPS. As shown in Fig. 3a, Sg was reduced to Li,S, (C1)
ataround 2.1-2.3 Vvs. Li'/Li and to Li,S (C2) at around 1.8-2.0 V
vs. Li'/Li. Two anodic peaks are attributed to the oxidation
process of Li,S to short-chain polysulfide (A1) and further
oxidation to S (A2). Compared with the electrode without LGPS,
the reduction peaks of CNT/LGPS shifted positively, while its
oxidation peaks moved negatively, indicating that LGPS can
reduce electrochemical polarization with enhanced redox
reaction kinetics. In addition, CNT/LGPS exhibits sharper peaks
with increased current density, which is related to the Tafel

This journal is © The Royal Society of Chemistry 2025

slope and the diffusion coefficient. The Tafel slopes for the
cathodic CV peaks of C1 and C2 are displayed in Fig. 3b. As for
the C1 peak, the addition of LGPS leads to a smaller Tafel slope
(165.6 mV dec ') than that of CNTs only (233.5 mV dec ).
Similarly, the Tafel slopes of the C2 peak were 208.2 and
318.4 mV dec " respectively for the cathodes with and without
LGPS. This implies that LGPS effectively accelerates the reduc-
tion of polysulfides.

Based on the Tafel slope, the relative activation energies were
calculated by using the following equation.>*>*

E=E - @)
where E, is the activation energy of the reduction process; E%is
the intrinsic activation energy; ¢ is the peak potential of the
reduction process in the CV curve; b is the slope of the Tafel
plot; R is the gas constant; T is the absolute temperature (see
details in Note S1, ESIt). Using the relationship between the
electrode potential, the Tafel equation, and activation energy,
the difference in activation energy between CNT/LGPS and
CNTs can be estimated. The activation energy of CNT/LGPS for
the reduction of elemental sulfur to long-chain polysulfides was
reduced by 10.8 k] mol™" compared to that of CNTs. For the

J. Mater. Chem. A, 2025, 13, 4452-4459 | 4455
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Fig.3 (a) The CV profiles of the cathodes with and without LGPS at a scan rate of 0.02 mV s~2. (b) Tafel plots corresponding to the reductions of
elemental sulfur to Li,Sn (upper) and LiSn to LisS (lower). J is the current density in ‘a’. (c) The diffusion coefficients of Li-ions corresponding to
C1, C2, and A in the CV results. (d) Potentiostatic discharge curves at 2.09 V to initiate the nucleation and growth of Li,S.

reduction of long-chain polysulfides to short-chain polysulfides,
the activation energy of CNT/LGPS was decreased by
9.1 k] mol™! compared to that of the CNT cathode without
LGPS. This implies that LGPS exhibits a catalytic effect,
reducing the activation energy and promoting reaction
kinetics.

We also found the diffusion coefficient (D) of Li-ions using
the Randles-Sevcik equation whose parameters were found

from the CV cycles at scan rates of 0.03-0.05 mV s~ " (Fig. 3c,
S14-16 and Table S4t).
1
nFvD\2
i, = 0.4463nFAC 3
lp n ( RT ) ( )

where i, is the peak current; n is the number of electrons
transferred; A is the electrode area; C is the concentration of Li-
ions; F is the Faraday constant; v is the scan rate of voltage. The
diffusion coefficients of Li-ions in the cathode with LGPS are
higher than those without LGPS. It appears that the Li-ion
diffusion (C2) through the lean catholyte during the discharge
reactions covering the major portion of the capacity has been
doubled. At a low scan rate of 0.02 mV s, the anodic peak
appears as two distinct peaks, but as the scan rate increases,
they merge into a single peak (Fig. S15t). Therefore, when
calculating the diffusion coefficient, the combined A peak was
used instead of separating it into A1 and A2 peaks. During the

4456 | J Mater. Chem. A, 2025, 13, 4452-4459

charge process, Li" diffusion has greatly increased, suggesting
that the liquid-solid conversion can be improved.

The influence of LGPS on Li,S nucleation and growth was
identified by potentiostatic discharge experiments (Fig. 3d) with
the following equations, calculating the effective rate constant
for the coverage of the carbon host surface by Li,S, Nok?.59761

- el 405

where J and ¢ represent the current density and time, respec-
tively; and the subscript m indicates their maximum current
and the corresponding time values.

(4)

n = (27Noi?) 2 5)

where N, represents the areal density of Li,S nuclei; k gives the
rate constant of lateral growth of Li,S. It was found that LGPS
accelerates Li,S nucleation with a higher rate constant of 5.01 x
1077 72 at 2.09 V, which is more than four times higher than
that of the cathode without LGPS (1.18 x 10 ° S7?).

Electrochemical performances of lean Li-S batteries

The cell performances with LGPS (E/S ratio of 7.8 uL. mg ™) were
tested with 4 M catholyte. The addition of LGPS to the cathode
increased the specific capacity from 1099 mA h g ' to
1172 mA h g™ ! after two activation cycles at 0.2C (Fig. S187).

This journal is © The Royal Society of Chemistry 2025
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with a sulfur loading of 4.6 mg cm™2 and E/S ratio of 5.1 uL. mg ™. (b) Enlarged profiles marked with a square in ‘a’. (c) The cycling performances of
the three cases at 0.1C, showing the outperforming case from the CNT/LGPS cell. (d) The comparison of the charge transfer resistance with and
without LGPS at the 1st, 50th, and 100th cycles. (e) The areal capacity of the LGPS cell at 0.05C with a high sulfur loading of 8.1 mg cm™2 under
very lean electrolyte conditions (E/S ratio of 2.9 pL mg™?). (f) The total energy throughputs over the course of the cycles at the 135th and 200th
cycles (capacity retention of 70% and 60%, respectively) as a function of the E/S ratio along with those in the literature with sulfur loadings of 4 mg

cm~2 and higher.

Furthermore, the rate capability was consistent with the
kinetics study that LGPS further improved kinetics of the
cathode (Fig. S18-S201). The LGPS-containing cell showed
1187 mA h g ! at 0.8C, but the capacity without LGPS was very
small, indicating sluggish polysulfide conversion kinetics.
When the E/S ratio was 7.8 uL mg~ ', LGPS enhanced sulfur
utilization and improved rate capability. However, the nucle-
ation barrier of Li,S may not be substantially beneficial because
the ionic conductivity of the 4 M catholyte (~7.8 uL mg™ ') is
similar to that of LGPS. As the E/S ratio further decreases, the
kinetics of nucleation and growth of Li,S become more sluggish
with lowered ionic conductivity, posing a significant challenge.
In this context, the relatively higher ionic conductivity of LGPS
under leaner electrolyte conditions is more effective in boosting
the kinetics.

To assess the influence of the relatively high ionic conduc-
tivity of LGPS compared to that of the polysulfide electrolyte, we
tested Ta-doped Lig4LasZr, 4Tay 601, (LLZO) solid-state elec-
trolyte, which has a lower ionic conductivity than LGPS, under
lean electrolyte conditions (E/S ratio of 5.1 uL mg ™) with 6 M
polysulfides (molarity is based on S rather than Li,Se). Since the
ionic conductivity of LLZO is 0.1-1 mS ecm™*,°>% which is lower
than those of liquid electrolytes, it would play a smaller role in
transporting lithium ions. As shown in Fig. 4a, the CNT/LGPS
cell shows higher specific capacity compared to CNTs and
CNT/LLZO cells. The CNT/LGPS cell displayed a high initial
specific capacity of 1038 mA h g~ with a capacity retention of

This journal is © The Royal Society of Chemistry 2025

91% at the 100th cycle (Fig. 4c). In contrast, the addition of
LLZO did not improve the capacity of the reference cell using
only the CNT electrode. The more rapid capacity fading with
LLZO suggests that the inferior ion conduction through LLZO
may have hindered Li-ion transport and the diffusion of poly-
sulfides. A noticeable difference with the addition of LGPS was
the discharge voltage profile at the nucleation dip of Li,S
(Fig. 4a and b). The nucleation voltage was increased with LGPS
(2.025 V vs. Li'/Li) from 1.892 V, lowering the overpotential of
liquid-solid conversion. The rate capability results (Fig. S217)
indicate that LGPS promotes reaction kinetics showing
a capacity of 889 mA h g~ ' at 0.3C where the capacity is close to
zero without LGPS. A two times higher LGPS loading (3 mg
cm™ 2, 40 wt%) did not noticeably increase the specific capacity
compared to the case of 1.5 mg cm > (Fig. S22), suggesting that
polysulfide diffusion is another important factor for consider-
ation. The loading of LGPS in the CNT/LGPS cells is 1.5 mg
cm 2 unless otherwise specified.

To explore the stability of LGPS during cycling, the electro-
chemical impedance spectroscopy (EIS) analysis was conduct-
ed. As shown in Fig. 4d and S23,} the addition of LGPS lowered
the charge transfer resistance and catholyte resistance consis-
tently through 100 cycles, displaying the stable catalytic effect of
LGPS. We also conducted XRD measurements on the electrode
after cycling to investigate whether the structure of LGPS
changed. Even after cycling, the CNT/LGPS electrode retained
the peaks of LGPS, as shown in Fig. S24,T indicating that there
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was no phase change of LGPS in the liquid electrolyte under the
cycling conditions. Under very lean conditions (E/S ratio of 2.9
uL mg~ ") with a high sulfur loading of 8.1 mg cm ™2, the LGPS
cell has a maximum areal capacity of 6.13 mA h cm™? (Fig. 4e).
The extremely lean electrolyte condition (2.9 uL mg ") neces-
sitated 25 cycles for full activation due to the highly concen-
trated catholyte and additional sulfur. After the activation
process, normal operation was observed, showing a capacity
retention of 70% at the 135th cycle. The total energy through-
puts over 70% capacity retention (135th cycle) and 60% reten-
tion (200th cycle), which represent the total amount of energy
utilized over the course of the cycling (i.e., the area under the
cycling curve in Fig. 4e), are 891 and 665 mA h cm™2, respec-
tively. As displayed in Fig. 4f, these values are high among the
reported values in the literature under lean electrolyte condi-
tions (E/S ratio of 2-5 pL. mg ™" and sulfur loading of 4 mg cm >
or higher), particularly at an extremely low E/S of 2-3 uL mg ™"
In fact, a very limited number of papers are available with
a lifespan greater than 100 cycles at an E/S ratio of ~3 pL mg ™.
The poor cycling performance can be attributed to the aggra-
vated passivation of irreversible solid-state elemental sulfur and
Li,S due to sluggish kinetics on the surface of the CNT host
where the liquid-solid phase conversion occurs.*® The LGPS in
this study could offer Li-ion pathways to alleviate the unwanted
reactions. Additionally, it is worth mentioning that the N/P ratio
in our cells is 2, which is much lower than typical values in the
literature as a small N/P ratio is important for increasing the
energy density.* The energy density of our cell shown in Fig. 4e
is 251 W h kg™ ' at the maximum capacity when the cathode,
anode, separator, and electrolyte except for the casing are
considered (see details in Note S2, ESIt). The energy density
value was calculated based on the actual masses of the
components used without assumptions.

Conclusions

In summary, this study demonstrates that LGPS is effective in
providing Li-ion pathways and facilitating redox reactions. DFT
calculations show the affinity of polysulfides to LGPS, and UV-
vis spectra suggest adsorption of polysulfides on LGPS. The
polysulfide conversion kinetics have been improved according
to the results from the cyclic voltammetry and potentiostatic
discharge profiles. The addition of LGPS to the cathode
increased the specific capacity as well as rate capability as
a result of improved Li-ion diffusion and the conversion rate
constant. We found that the conductivity of the solid-state
electrolyte needs to be higher than that of catholyte to effec-
tively improve the performance. Another solid-state electrolyte,
LLZO whose ionic conductivity is inferior to that of LGPS dis-
played smaller capacity values and a deeper voltage dip, indi-
cating the sluggish polysulfide conversion reactions. Despite
a kinetically harsh condition (E/S ratio of 2.9 uL mg™" and
a high sulfur loading of 8.1 mg cm™?), our Li-S batteries with
LGPS displayed a high areal capacity of 6.13 mA h cm™> with
a capacity retention of 70% at the 135th cycle. These findings
highlight the critical role of LGPS in enhancing the

4458 | J Mater. Chem. A, 2025, 13, 4452-4459

View Article Online

Paper

performance of Li-S batteries, paving the way for their practical
application in energy storage solutions.
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