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Post-lithium-ion batteries are designed to achieve high energy density and high safety by modifying their
active material and cell configuration. In terms of the active material, lithium—sulfur batteries have the
highest charge-storage capacity and high active-material utilization because of the use of a conversion-
type sulfur cathode, which involves conversion between solid-state sulfur, liquid-state polysulfides, and
solid-state sulfides. In terms of the configuration, solid-state batteries ensure high safety by using
a solid-state electrolyte in between the two electrodes. Herein, we use a lithium lanthanum titanate
(LLTO) solid-state electrolyte in the lithium—sulfur cell with a polysulfide catholyte electrode. The LLTO,
which replaces the conventional liquid electrolyte, is a solid-state electrolyte that offers smooth lithium-
ion diffusion and prevents the loss of polysulfides, while the highly active polysulfide electrode, which
replaces the solid-state sulfur cathode, improves the reaction kinetics and the active-material utilization.
The material and electrochemical analyses confirm the stabilized electrodes exhibit long-lasting lithium
stripping/plating
electrochemically smooth interface between the solid-state electrolyte and catholyte enables fast
charge transfer in the cell, which demonstrates a high charge-storage capacity of 1429 mA h g%, high
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Introduction

With the rapid development of the functions and sizes of elec-
trical devices since 1991, the demand for energy-storage
systems has been boosted by the commercialization of
lithium-ion batteries. The high energy density of these batteries
results from the lithium cobalt oxide cathode with a theoretical
charge-storage capacity of 274 mA h g and ~50% electro-
chemical utilization, resulting in a high specific capacity of
140 mA h g '. After a 30 year development, the material
combination and component design of lithium-ion technology
have reached maturity, and the progress of the lithium-ion
battery concerning its theoretical performance has almost
reached a standstill, while the price keeps increasing.'™
Therefore, post-lithium-ion battery systems now attract wide-
spread attention. In terms of cell electrochemistry, conversion-
type electrochemical lithium-sulfur batteries, which have
a high charge-storage capacity of 1675 mA h g~ contributed by
sulfur to offer a high theoretical energy density of
2600 W h kg™ ', nontoxicity, and low material cost (USD 100 per
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rate performance, and high electrochemical efficiency.

ton for sulfur), are regarded as the most promising candidates
for next-generation energy-storage devices.>” In terms of the cell
configuration, solid-state electrolytes, with wide operating
voltage windows, excellent chemical stability, and superior
safety, are under study for use in advanced rechargeable
batteries.*®*** However, as the future mainstays of battery
materials and configurations, respectively, lithium-sulfur
batteries and solid-state electrolytes face several challenges that
will impede commercialization until they are overcome.****
For the lithium-sulfur battery, the insulating nature of solid-
state sulfur (and sulfide at the discharge stage), the generation
of liquid-state polysulfides during cycling, and the solid-liquid-
solid conversion of the active material together lead to sluggish
reaction kinetics, fast loss of active material, and unstable
transition between phases, respectively. These materials short-
comings give rise to a common perception of lithium-sulfur
cells as being blighted by low electrochemical utilization, effi-
ciency, and stability.*® Additionally, polysulfide is highly
soluble in liquid electrolytes, making it difficult to restrain its
diffusion to the anodic area. Once the polysulfide diffuses to the
anodic area and reacts with the lithium anode, it generates
insulating lithium sulfide and deposits on the surface of the
lithium electrode, leading to irreversible active-material loss
and corrosion of the lithium anode.>” This problem has been
intensively addressed using strategies such as the application of
porous materials,>”*® modified separators,*”'® or multi-layer
electrolytes®*”'” as sulfur hosts or polysulfide barriers to
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mitigate polysulfide diffusion. The stabilized polysulfides in the
cathode region of the cell would contribute their high reaction
activity to the conversion reaction of cathode, which results in
the high active-material utilization and reaction kinetics. Thus,
polysulfides have been adopted as the novel catholyte system for
high-performance lithium-sulfur cell.’*"® However, these
strategies have demonstrated limited effectiveness. It is neces-
sary to expedite the development of innovative and reliable
methods for the high-energy-density application of the lithium-
sulfur battery.*>'>* In sum, despite its many merits, the
development of the lithium-sulfur battery is still hindered by
the insulating nature of solid-state sulfur/sulfide and the
generation of liquid-state polysulfides during cycling.>”

For the solid-state electrolytes, the poor lithium-ion
conductivity of the material itself as compared to that of
liquid electrolyte and the high interface impedance when
combined with a solid electrode to form a solid/solid interface
are the major challenges.**>™* Among the solid-state electro-
lytes studied to date, the solid-state oxide electrolyte has
a higher in-cell stability than the solid-state polymer electrolyte
and a higher in-atmosphere stability than the solid-state sulfide
electrolyte."*™ Specifically, among solid-state oxide electrolytes,
lithium lanthanum titanate (LLTO) has the highest lithium-ion
conductivity (1 x 107> S em™ ") and high chemical stability;
thus, it has attracted intense research interest in the past
decade.'*?°>2 However, the bulk of research into LLTO has been
limited to lithium-ion battery systems and few lithium-sulfur
battery systems have been reported. Moreover, comprehensive
electrochemical analyses and long-term cycling performance
tests are rarely reported.***'**** Thus, despite the potential of
solid-state electrolytes to alleviate the risk of explosion during
cycling and promote the application of derived solid-state
batteries with outstanding safety, the high interface resistance
between cathode and electrolyte and limited understanding of
solid-state electrolytes in cells greatly impede charge transfer
and the coordination of electrolyte and electrode. These further
slow the component integration of solid batteries as well as
their interface analysis and device optimization.****

In this research, we integrate an electrochemical lithium-
sulfur cell with a solid-state electrolyte to demonstrate the possi-
bility of a lithium-polysulfide cell with a LLTO solid-state elec-
trolyte. In this cell configuration, the polysulfide catholyte offers
high reactivity and generates a smooth liquid/solid interface
between the cathode and electrolyte, which result in a high elec-
trochemical utilization of sulfur above 85%. Meanwhile, the LLTO
electrolyte blocks the fast polysulfide diffusion, enables rapid
lithium-ion transfer, and stabilizes the lithium anode, which
ensures the electrochemical and cycle stabilities of the resulting
cell. The cell, therefore, demonstrates long-lasting lithium
stripping/plating stability, a high charge-storage capacity of
1429 mA h g, and a good rate performance of C/50 - C/3 rates.

Experimental
Material preparation and analysis

The lithium lanthanum titanate (LLTO) solid-state electrolyte
was prepared directly using commercial LLTO ceramic powder
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(NEI Corporation). Specifically, 0.3 g LLTO powder was pressed
into a mold with a diameter of 12 mm under a force of 4 metric
tons for 1 minute. The pressed green sample was cold isostat-
ically pressed and sintered at 1200 °C for 12 hours in a high-
temperature furnace (CTF 12/75/700, Carbolite-Gero) with
a ramp rate of 5 °C min~* from room temperature (25 °C) to
1000 °C and 2.5 °C min~ " from 1000 °C to 1200 °C. The as-
prepared sintered LLTO pellet had a thickness and a diameter
of 800-900 um and 10 mm, respectively. The LLTO pellet was
subsequently polished to a thickness of 500 pm to remove
possible surface impurities and decomposition products. The
resulting LLTO solid-state electrolyte was dried in a vacuum
oven and stored in a vacuum chamber. The relative density and
crystalline structure of the LLTO pellet were investigated using
a gas pycnometer (Ultrapyc 5000 Micro, Anton Paar) and an X-
ray diffraction (XRD) spectrometer (D8 Discover with GADDS,
Bruker AXS GmbH). The morphology and elemental distribu-
tion were analyzed using a field emission scanning electron
microscope (SEM, SU8000, Hitachi) and an energy-dispersive X-
ray spectrometer (EDS, XFlash Detector 5010, Bruker). The
surface chemical analysis was analyzed using a X-ray photo-
electron spectrometer (XPS, PHI 5000 VersaProbe, Ulvac-phi)
and the data were fitted using CasaXPS software after sub-
tracting the Shirley-type background. The cross-sectional
surface investigation of the cycled LLTO solid-state electrolyte
was performed using a secondary ion mass spectrometer (SIMS,
IMS-7f, Cameca), providing evidence on the precise chemical
composition distribution from the top surface to the cathode-
facing side of the LLTO solid-state electrolyte.

Electrochemical characteristics and analysis

The electrochemical characteristics of the LLTO solid-state
electrolyte were measured using a lithium/lithium symmetric
cell and a lithium-polysulfide cell. The lithium electrode
(Sigma-Aldrich) was polished and rinsed using a blank elec-
trolyte to remove the surface oxidation products and generate
a passivation layer on the lithium electrode to ensure good
experimental control.>**¢ The lithium/lithium symmetric cell
was set in an EL-cell for electrochemical impedance spectros-
copy (EIS) analysis and lithium-ion conductivity measurement
using an electrochemical workstation (SP-150, Biologic) at
temperatures of 25, 30, 40, 50, 60, and 70 °C and frequencies
from 1 MHz to 0.1 mHz. A lithium-polysulfide cell was subse-
quently prepared with polysulfide catholyte as the starting
active material. The polysulfide catholyte was prepared by dis-
solving sulfur and lithium sulfide (Li,S) at a stoichiometry of 1:
5 in a blank electrolyte at 70 °C to form a 0.1 M Li,Se polysulfide
catholyte. The polysulfide catholyte was drop-casted onto
a carbon substrate to form a polysulfide cathode. The blank
electrolyte was prepared by adding 1.85 M LiN(CF5SO,), salt
(Sigma-Aldrich) and 0.5 M LiNO; co-salt (Sigma-Aldrich) to
a mixture of 1,3-dioxolane (Alfa Aesar) and 1,2-dimethoxyethane
(Alfa Aesar) at a volumetric ratio of 40 : 55.>>*° The as-prepared
lithium-polysulfide was used for cyclic voltammetry (CV)
measurements, using an electrochemical workstation (BCS-800
workstation, Biologic) at a potential sweeping rate of 0.010 mV

© 2024 The Author(s). Published by the Royal Society of Chemistry
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s " in the voltage range of 1.5-3.0 V (versus Li/Li"). Its cyclability,
rate performance, and galvanostatic discharge-charge voltage
profiles were performed using a battery test system (CT-4008-5
V-10 mA, Neware) in the range of 1.8-2.8 V at the cycling rates
of C/50 - C/3. The cycling rate was calculated with 1C set as
1675 mA g~ * based on the material's theoretical capacity and
the capacity is calculated based on the mass of sulfur in the
polysulfide cathode.

Results and discussion

Material and electrochemical characteristics

Fig. 1a and S11 show that the sintered LLTO pellet was stable
and retained the same crystalline phase as the parent
commercial powder, as evidenced by the XRD pattern with
peaks matching those of Ligj3Lag s5;TiO; (LLTO). Minor Li,-
La,Ti;0;, impurity phase was found in both LLTO commercial
powder and the sintered pellet. Lij33Lao5,TiO; (LLTO) and
Li,La,TizO;o were thus used for the modelling of Rietveld
refinement. Fig. S1a and b} show approximately 20% and 19%
of impurity phase in the commercial powder and the sintered
pellet, respectively. The observation of the Li,La,Ti;O;, phase
might result from the inhomogeneous mixing of raw powder in
the early stage if the amount of TiO, is less.”” Fig. 1b and c show
the morphology and microstructure of the LLTO ceramic
inspected from the surface and from the cross section, respec-
tively. The broad-survey and high-magnification scanning
electron microscopy (SEM) images show the dense structure
and high-density trait of the LLTO ceramic, respectively. The
density of the sample was almost 98%, making it suitable for
application as a battery electrolyte. Accordingly, we made the
lithium-polysulfide cell with the LLTO as the solid-state elec-
trolyte and retrieved the cycled LLTO solid-state electrolyte to
observe the anode and cathode sides of cycled the sample.
Fig. 1d and e show the anode and cathode side SEM inspection
of the cycled LLTO, respectively. Both surfaces of the LLTO were
covered by a layer of solid-state electrolyte interlayer, while the
formation layers were smooth and had no conglomeration of
the cycled by-products.***° Moreover, the SEM/EDS inspection
of the corresponding cycled LLTO solid-state electrolyte facing
the lithium electrode and facing the polysulfide electrode
showed no and very low elemental sulfur signals, respectively
(Fig. S21). This indicates that the use of solid-state electrolyte
well stabilized the polysulfide in the cathode as the catholyte. In
addition, Fig. 1f and g show the X-ray photoelectron spectros-
copy (XPS) analysis of the cycled LLTO solid-state electrolyte
facing the lithium electrode and facing the polysulfide elec-
trode. No lithium sulfides or sulfur were found on the anode
side of LLTO (Fig. 1f), while polysulfides and sulfides based
compounds were found on the cathode side of LLTO (Fig. 1g).
The XPS results further evidence that the LLTO solid-state
electrolyte successfully blocks the diffusion of active material
from the cathode to the anode.

Fig. 2a and b illustrate the lithium-ion conductivity of the
LLTO solid-state electrolyte. To keep good control of the elec-
trochemical analysis with the lithium electrode, we rinsed the
commercial lithium ribbon with the blank electrolyte, which
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Fig. 1 Material characteristics of lithium lanthanum titanate (LLTO)
solid-state electrolyte: (a) X-ray diffraction (XRD) pattern; scanning
electron microscopy (SEM) observation with low (left) and high (right)
magnifications of (b) surface morphology, (c) cross-sectional micro-
structure, (d) cycled sample facing the lithium electrode, and (e) cycled
sample facing the polysulfide electrode; and X-ray photoelectron
spectroscopy (XPS) analysis of cycled sample (f) facing the lithium
electrode, and (g) cycled sample facing the polysulfide electrode.
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also formed a passivation layer on the clean lithium surface for
protection.?*?*2%?° The electrochemical impedance spectra (EIS)
data collected from room temperature (25 °C) to 70 °C were
used for Arrhenius-plot analysis, which indicated the high
lithium-ion conductivity of 1.2 x 107 S em ™" to 3.9 x
10~* S em ™. The ionic conductivity of our LLTO was very close
to the values of approximately 1.0 x 10> S cm ™' reported in the
literature.>*** Fig. 2c shows the lithium stripping/plating anal-
ysis using the lithium/lithium symmetric cell equipped with the
LLTO solid-state electrolyte. The lithium stripping/plating data
indicate the high stability of the cell during the lithium disso-
lution and deposition processes, which maintained a low
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overpotential of 0.2 V at 0.05 mA cm > for a long period of 600
hours and 0.5 V at 0.1 mA cm > for another long period of 400
hours. These analytical results indicated that the LLTO solid-
state electrolyte sustained stable cycling performance under
high lithium plating/stripping rates, showed sufficient
compatibility with lithium and a strong mechanical structure,
and avoided the occurrence of a short-circuit. Moreover, the
stable lithium stripping/plating processes revealed the high
interfacial stability and sufficient compatibility between LLTO
and passivated lithium, as well as the robustness of the LLTO
solid-state electrolyte.>*>*29-3
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Fig. 2 Electrochemical characteristics of LLTO solid-state electrolyte: (a) electrochemical impedance spectroscopy (EIS) analysis from 25 °C to
70 °C, (b) lithium-ion conductivity, and (c) lithium stripping/platting analysis of lithium/lithium symmetric cell; and EIS analysis (d) before and (e)
after cycling, and (f) cyclic voltammetry (CV) profile of lithium—sulfur cell.
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The fast and stable lithium-ion transfer in the LLTO ceramic
allowed us to adopt it as the solid-state electrolyte in a lithium-
polysulfide cell. In the cell configuration, the LLTO solid-state
electrolyte blocked the diffusion of the polysulfide catholyte
and protected the lithium electrode, while the conventional
solid sulfur cathode was replaced by a polysulfide catholyte
absorbed into the cathode substrate*®*** to create a wetted
interface between the solid-state electrolyte and liquid-state
catholyte for a close interface connection and strong
reactivity.’*** Fig. 2d and e show the EIS analysis of the lithium/
LLTO/polysulfide cell before and after cycling. The cycled cell
maintained a similar resistance to that before cycling, which
suggested that no polysulfide diffusion or sulfide re-deposition,
which often causes high resistance in lithium-sulfur cells, had
occurred. Normally, the high and middle frequency ranges
reflect the effects of charge-transfer impedance and interface
impedance, respectively.”*>* The use of a polysulfide catholyte
that was blocked by LLTO solid-state electrolyte might have
enabled the relocation of the polysulfide by diffusion within the
cathode to an electrochemically favorable position featuring
a close connection with the carbon substrate.**** The interface
impedance also decreased after cycling, which suggested the
existence of a smooth liquid/solid interface that was conducive
to charge transfer.”***” Fig. 2f shows the cyclic voltammetry
(CV) profile of the lithium-polysulfide cell in the voltage
window of 1.5-3.0 V. The LLTO solid-state electrolyte enabled
the resulting cell to undergo a standard lithium-sulfur elec-
trochemical reaction. The profile, therefore, displayed two
cathodic peaks and one anodic peak, which together repre-
sented the reversible solid-liquid-solid redox reaction of sulfur.
The first cathodic peak, located at 2.10 V, can be attributed to
the reduction of solid-state sulfur to liquid-state polysulfides (Sg
— Li,S, g). The second cathodic peak, located at 1.60 V, can be
attributed to the reduction of polysulfides to sulfide (Li,S; g —
Li,S,/Li,S), a liquid-to-solid transition. The anodic peak, located
at 2.80 V, can be attributed to the oxidation of lithium sulfide to
lithium polysulfides and sulfur (Li,S,/Li,S — Li,Sg/Sg).*®
During the repeated CV scanning, the CV curve showed no
additional redox peaks, which confirmed the stable electro-
chemical reaction involving only the reversible discharging and
charging reactions of sulfur. As a result, the material and elec-
trochemical characteristics indicate the use of LLTO solid-state
electrolyte as the solid-state electrolyte in the lithium-sulfur cell
would offer stable electrochemical reactions. The passivated
lithium electrode would have stable lithium-ion diffusion. The
stabilized polysulfide cathode would contribute high and stable
charge-storage capacity through the smooth electrolyte/
catholyte interface.

Cell performance and characteristics

The lithium/lithium symmetric cell and the lithium-polysulfide
cell with the LLTO solid-state electrolyte exhibited steady
lithium-ion transfer and stable electrochemical reactions of the
lithium-sulfur battery cathode. Fig. 3 summarizes the cell
performance of the lithium-polysulfide cell with the use of the
LLTO solid-state electrolyte. Fig. 3a and b show the cyclability

© 2024 The Author(s). Published by the Royal Society of Chemistry
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analysis and discharge-charge voltage profiles of the lithium/
LLTO/polysulfide cell cycled at a C/50 rate. The successful
long-term cyclability confirmed the stability of the LLTO solid-
state electrolyte and of the interface between the electrodes.
Normally, lithium-sulfur cells with a solid-state electrolyte
suffer from low electrochemical utilization and high interfacial
resistance. However, the polysulfide catholyte possessed high
reactivity and formed a smooth interface with the LLTO solid-
state electrolyte. Thus, the cell with the LLTO solid-state elec-
trolyte attained an excellent discharge capacity of
1429 mA h g7, corresponding to a high electrochemical utili-
zation of sulfur over 85%. The cell maintained a high reversible
capacity of 540 mA h g~' and discharge-charge efficiency of
99% after 50 cycles. The corresponding discharge-charge
voltage profiles confirmed the improved electrochemical
reversibility and cycle stability (Fig. 3b). The use of a solid-state
electrolyte inevitably resulted in a cell with high resistance.
Nonetheless, the cell with the LLTO solid-state electrolyte
maintained good cyclability, indicated by its stably completing
the discharging reaction and showing two distinct discharge
plateaus. The first discharge plateau occurred at 2.2-2.3 V,
indicating the reduction of solid-state sulfur to liquid-state
polysulfides (Li,S;_g), and the second occurred at 2.0-2.1 V,
indicating the reduction of polysulfides to solid-state lithium
sulfide. The reversible charging reaction from 2.25 V to 2.8 V
completed the sulfide-polysulfide-sulfur conversion.** During
cycling, the discharge and charge curves overlapped, which
indicated good stability of the material chemistry and cell
electrochemistry.

Fig. 3c shows that the cell cycled at a C/20 rate, which
attained a high peak charge-storage capacity and maintained
a high reversible capacity of 1178 mAh g " and 628 mA h g/,
respectively, with a high electrochemical discharge-charge
efficiency of 99%. As the current density increased, the cell
continued to undergo a complete redox reaction with high
electrochemical stability and reversibility (Fig. 3d). These
experimental and analytical results suggest that the lithium-
polysulfide cell with the LLTO solid-state electrolyte has good
potential to serve as an advanced solid-state cell with high
stability and safety. In the cell, the LLTO solid-state electrolyte
restrained the rapid diffusion of liquid-state polysulfides, which
would otherwise have harmed the cathode, and overcame the
instability and unsafety issues faced by the lithium electrode.
Moreover, although solid-state electrolytes have higher lithium-
ion resistance than liquid electrolytes and therefore generate
high interfacial resistance when connected to electrodes, the
use of a polysulfide catholyte addressed this issue and enabled
strong reactivity to boost the electrochemical utilization of the
cell.3***

Fig. 3e shows the rate capability of the LLTO solid-state
electrolyte in the lithium-polysulfide cell with a wide range of
cycling rates from C/50 to C/3. The cell attained high charge-
storage capacities of 1,434, 768, 512, and 150 mA h g’1 at
cycling rates of C/50, C/20, C/10, and C/3, respectively, and
exhibited a stable discharge-charge efficiency approaching
99%. After completing the fast C/3-rate analysis, the cell was set
back to the C/20 rate for an additional 50 cycles. When the
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05937e

Open Access Article. Published on 29 January 2024. Downloaded on 10/27/2025 12:22:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

~~
)
N

~ 9
2 1600 -1oo%
< LLTOC/50 |go 3
£ 1200 =4
z (60 3
S 800 =
Q r40 o
3 2
o 400+ 20 &
o S
E ~
< 0 . y ’ . 0

2 0 10 20 30 40 50

Cycle Number

—~
O
~—
g
o

IS FLLS - L5S /'S

2.5-
S /,; '5/’“ """ 7
§, \ S — Li;Sys
3 209 BN S| LS. —
> WA\ \ \ \ Li,Sy/ Li§

— 125 10—20—30
15 4050
) 400 800 1200 1600

Specific Capacity (mAh g™')

o
N

O
"o 16004 R
< LLTO C/20 180 3
£ 12001 g
> +60 m
S 800+ 2
Q F40 @
3 3
< 400+ L20 S
2 &
£ o ; . , . 0
2 0 10 20 30 40 50

Cycle Number

View Article Online

Paper

S
[}
=
s
o
>
\ \ \ \
—1—2—5--10—20—30
40— 50
1.5 v T v T
0 400 800 1200 1600

Specific Capacity (mA-h g”)

~~
D
N

2 1600 1 o iy | 008
2 o
' LLTO (80 2
E 1200 2
> 60 m
= =3
S 800 S
g st 40 e
O (2]
4 400 oo =
(=) B
2 o0
2 0 10 20 30 40 50 60 70 80 90 100
e] Cycle Number

~~
—
N
w
o

__25] [ J
?, A 7 7 "o
s R
£ \ S
AR R e
‘ \
1.5 - - v .
0 400 800 1200 1600

Specific Capacity (mAh g”)

Fig. 3 Cell characteristics of LLTO solid-state electrolyte in a lithium—polysulfide cell: (a) cyclability at C/50, (b) discharge—charge curves of (a),
(c) cyclability at C/20, (d) discharge—charge curves of (c), (e) rate performance, and (f) discharge—charge curves of (e).

cycling rate was set back to C/20, the cell displayed a high
reversible capacity of 694 mA h g~ ', equivalent to a high
retention rate of 99%, which indicated a negligible capacity loss
during the rate-performance analysis. This confirmed the key
function of the LLTO solid-state electrolyte in stabilizing the
active polysulfide catholyte in the cathode for high electro-
chemical utilization. In the subsequent 50 cycles, the cell
maintained a high reversible discharge capacity of
631 mA h g, which demonstrated excellent cycle stability,
characterized by a high capacity retention of 91% and a high
discharge-charge efficiency value of 99.5%. Fig. 3f summarizes
the complete discharge and charge voltage profiles at each
cycling rate and confirms the high utilization and outstanding
stability of the active material brought about by the LLTO solid-
state electrolyte. In addition to the improved cyclability and rate
performance, the cyclability and  rate-performance

4030 | RSC Adv, 2024, 14, 4025-4033

measurements showed that the cells cycled at a C/50 rate had
a high electrochemical utilization rate, while the cells cycled at
a C/20 rate had a better capacity retention rate and cycle
stability. This may be due to the C/50 rate, which allows
a complete conversion reaction for high capacity; however, it
also causes the formation of a large amount of insulating solid-
state active materials. This results in a relatively rapid decrease
in the high initial capacity achieved by the cells cycled at a low
rate. Overall, Fig. 3 summarizes the lithium-sulfur cell charac-
teristics and affirms the promising cyclability, stability, and rate
capability of the LLTO solid-state electrolyte and the lithium/
LLTO/polysulfide cell. This cell design exploits the advantages
of the two most important cell components (i.e., the lithium-
sulfur battery cathode and the electrolyte) to address the
drawbacks of each, which results in the high electrochemical
utilization and stability of the cell.®%%7%®
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Fig. 4 Electrochemical/material analysis of the interface of the cycled
LLTO solid-state electrolyte: (a) SEM cross-sectional microstructure,
(b) energy-dispersive X-ray spectroscopy (EDS) elemental mapping
results, and (c) secondary ion mass spectroscopy (SIMS) analysis of the
cathode side.

In order to understand the concept proposed with a solid-
state electrolyte and a polysulfide catholyte, the cycled LLTO
solid-state electrolyte was retrieved from the cell for the
elemental and corresponding morphological analyses (Fig. 4).
In Fig. 4a and b, the cross-sectional SEM/EDS inspection of the
cycled LLTO solid-state electrolyte from the cathode-facing side
(left) to the anode-facing side (right) clearly revealed a change in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the elemental sulfur signal, with a large amount of sulfur within
the cathode region but only trace amounts in the LLTO and the
anode-facing side, whereas there were no changes in the tita-
nium and oxygen contents. These microstructural and
elemental findings confirmed that the LLTO solid-state elec-
trolyte retained sulfur within the cathode and that there was
a smooth interface between the catholyte and the electrolyte.
Moreover, Fig. 4c shows the results of secondary ion mass
spectroscopy (SIMS) analysis of the cycled LLTO solid-state
electrolyte. The intensity of the elemental sulfur signal
decreased as the depth increased from the top cathode-facing
surface to the cathode-facing side of the cycled LLTO solid-
state electrolyte. The elemental lithium signal was much
stronger than that of sulfur and maintained the same high
intensity throughout the solid-state electrolyte. The precise
intensity difference between elemental sulfur and lithium
confirms the inhibition of polysulfides in the cathode region for
high electrochemical stability and the formation of the smooth
interface between polysulfide and LLTO solid-state electrolyte
for the reduced interface impedance. Moreover, surface and
cross-sectional microstructural and elemental analyses confirm
that the LLTO provides the cell with two key benefits: high
polysulfide retention and stable lithium-ion transfer.

As a short summary, the findings summarized in Fig. 4
confirm the strong polysulfide-diffusion blocking capability of
the solid-state electrolyte and the formation of a polysulfide/
LLTO interface, which contributed to the excellent polysulfide
retention and low interface resistance. The LLTO solid-state
electrolyte itself maintained good chemical stability and also
assisted the stabilization of the electrodes. Taken together,
these findings highlight the lithium/LLTO/polysulfide cell as
a desirable cell configuration for the development of advanced
lithium-sulfur cells with a solid-state electrolyte for a high
electrochemical stability and safety.

Conclusions

In this study, we demonstrated the use of a polysulfide catholyte
with strong reactivity and an LLTO solid-state electrolyte with
high lithium-ion conductivity to fabricate an integrated lithium/
LLTO/polysulfide cell configuration. The integrated optimiza-
tion of these two post-lithium-ion technologies exploited the
polysulfide catholyte's high redox-reactivity within a cell with
a solid-state oxide electrolyte. The enhanced electrochemical
utilization and stability contributed by these materials gave rise
to a high charge-storage capacity of 1429 mA h g™, high rate
performance at C/50 - C/3 rates, and high electrochemical
efficiency above 99%. The LLTO solid-state electrolyte contrib-
uted to fast lithium-ion transfer and the restriction of poly-
sulfide diffusion. The cross-sectional morphological analysis
and elemental analysis confirmed that the LLTO solid-state
electrolyte was sufficiently stable to block the diffusion of pol-
ysulfide out of the cathode and form a smooth liquid/solid
interface for fast charge transfer. These results underline the
promise of the configurational and material design of two post-
lithium-ion technologies to equip energy-storage devices with
improved energy density and safety.
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