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ABSTRACT
Lithium–sulfur (Li–S) batteries are emerging as promising next-generation chemistry due to their ultra-high energy density,

potential for improved safety and the promise of secure global supply chains. Unlike conventional Li–S systems, so-called

quasi-solid-state (QSS) Li–S batteries employ electrolytes that sparingly solvate polysulfide species suppressing the ‘shuttle effect’

and enhancing cycling stability. However, to date the practical deployment of QSS cells has been hindered by comparatively

sluggish kinetics and limited stability; furthermore, insights into the mechanism of operation of this cell type remain scarce.

Here, we demonstrate improved kinetics, through the incorporation of Li10GeP2S12. We explore this performance enhancement

by examining degradation pathways using in situ X-ray computed tomography imaging and complimentary electrochemical tech-

niques. We also propose a concise methodology to quantify the sulfur intermediate according to cyclic voltammetry profiles,

revealing the presence of sparingly soluble Li2Sx (x= 4.96) and QSS Li2Sy (y= 2.53) during cycling in our system.

Tomographic imaging clearly identifies morphological evolution during cycling suggesting microscale changes to the electrode

as a key cause of capacity decay. Protocols for electrode fabrication, electrolyte preparation, and cell assembly were established,

achieving a sulfur loading> 4mgS cm
−2, a capacity> 1200mAh gS

−1, and stability with 2.8% capacity loss over 100 cycles.

1 | Introduction

Lithium–sulfur (Li–S) batteries have emerged as a transformative
energy storage technology due to sulfur’s very high capacity of
1675mAh g−1S which, when coupled with a Li electrode, offers
the potential for practical energy densities that greatly supersede
those achievable using conventional lithium-ion batteries [1–6].
This advantage is primarily attributed to the multielectron redox
reactions of sulfur. Additionally, the low cost, natural abundance,
and environmental benignity of sulfur make Li–S an attractive
candidate for a next-generation battery technology [7]. Given

the potential for exceptionally high gravimetric energy density
of Li–S cells, alongside their comparatively low-rate perfor-
mance, initial beachhead applications for this chemistry are
expected to be in manned and unmanned aerospace sectors,
where weight is critically constrained [8, 9].

Practical deployment of conventional Li–S cells has been hindered
by several intrinsic performance challenges. The dissolution of
intermediate lithium polysulfides (Li2Sx, 2≤ x≤ 8) into the liquid
electrolyte is widely known to result in the “shuttle effect,” causing
active material loss and rapid capacity degradation [10–12]. It has
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been noted that the poor kinetics of Li2S6 conversion to lower-
chained polysulfides and rapid cross over of this species to the
anode are likely to result in capacity fade during cell operation
[13]. Furthermore, the need to dissolve sulfur into the electrolyte
has necessitated electrolyte volumes which are far larger than
those observed in Li-ion cells, often making up >40% of the mass
of the cell, which significantly impacts the realisable gravimetric
energy density of the cell [14]. In addition to this large electrolyte
volume, the insulating nature of sulfur and its end discharge prod-
uct, lithium sulfide (Li2S), requires the use of conductive additives,
further reducing the overall energy density [15]. To maximise the
potential of this chemistry, there is a need to stabilise the sulfur
species, ensure lean electrolyte operation and maximise the active
components in the positive electrode. Achieving this will enable
the deployment of a cell which exceeds those practically realisable
using conventional Li–S chemistry [16].

Previous advancements in battery materials science have intro-
duced a variety of solutions for mitigating the ‘shuttle effect’ and
stabilising polysulfide intermediates [15]. Composite positive
electrodes, for example, have emerged as a key focus area. By
incorporating conductive carbon frameworks, these positive elec-
trodes enhance electron transport and provide sites for the
adsorption of polysulfides, minimising their dissolution into
the electrolyte [17, 18]. Further innovations, such as the inclu-
sion of metal sulfides, oxides, or carbides as catalytic agents, have
demonstrated the ability to accelerate the redox reactions of sul-
fur species, thereby improving the overall efficiency of the battery
[2, 16, 19]. While positive electrodes employing high loadings of
elemental sulfur have shown exceptional energy densities, they
often suffer from low cycle life. In contrast, lithium–sulfur bat-
teries using sulfurised polyacrylonitrile (Li-SPAN) positive elec-
trodes offer significantly improved cycling stability and longevity.
This enhanced durability is largely attributed to the chemical
bonding of sulfur within the polymer matrix, which suppresses
the polysulfide shuttle effect and maintains structural integrity
during repeated charge–discharge cycles. However, despite these
benefits, SPAN-based positive electrodes impose a practical limit
on the maximum sulfur loading (≈40 wt%), thereby capping the
energy density achievable with this cell format and reducing
their competitiveness in applications where ultra-high energy
density is essential [20–23].

While conventional Li–S batteries utilise liquid electrolytes that
provide high ionic conductivity, they fail to effectively suppress
polysulfide migration. In contrast, all-solid-state electrolytes offer
excellent mechanical stability and mitigate the shuttle effect but
often suffer from limited ionic conductivity and compatibility
concerns with sulfur positive electrodes due to the large expan-
sion which occurs upon conversion of sulfur to Li2S [24, 25]. To
address these challenges [26], various materials have been
explored, including polymer-based electrolytes [24], ionic liquids
[27, 28], and sulfide-based solid electrolytes [29].

Quasi-solid-state (QSS) Li–S batteries present a promising strategy
to tackle these challenges. By combining the benefits of liquid elec-
trolytes with high salt concentrations, pseudo-solid-state conver-
sion mechanisms of sulfur species can be induced. QSS systems
limit polysulfide dissolution while maintaining sufficient ionic
conductivity. This approach offers the highly attractive opportu-
nity to reduce the electrolyte loading in cells (commonly referred

to as the electrolyte to sulfur or E/S ratio) significantly, which, if
realised would enable ultra-high gravimetric energy densities, or
the freedom to reduce the sulfur loading in the positive electrode
by extension improving the electrical conductivity or incorporat-
ing alternative components. However, highly saturated electro-
lytes tend to have high gravimetric density due to high salt
content and the use of high concentrations of halogenated viscos-
ity modifiers. Whilst QSS technology is still in its infancy, recent
studies have shown that the design of composite positive electro-
des, and the optimisation of electrolyte formulations can yield
robust interfaces and enhance battery performance [30–32]. As
discussed previously, reports have suggested that the Li2S6 polysul-
fide is the dominant factor in the polysulfide shuttle in a conven-
tional Li–S cell, therefore a hypothetical design for a QSS cell
should focus on constraining the formation of this or accelerating
its further conversion to Li2S4 and avoiding its formation via any
disproportionation reaction which can occur within the cell [13].
To achieve this, the electrolyte is a critical component in QSS Li–S
batteries. The hybrid approach in QSS Li–S batteries employs
localised high-concentration liquid electrolytes to facilitate the
solid-state conversion of sulfur species, striking a balance between
ionic mobility and structural stability. Several such electrolytes
have been investigated [33, 34], although the kinetics reported
remain suboptimal and the fundamental operating mechanisms
are still ambiguous. Solid-state electrolytes such as lithium thio-
phosphate (LGPS) have garnered significant attention for their
high ionic conductivity and compatibility with sulfur-based posi-
tive electrodes [35]. A semisolid positive electrode concept com-
bining carbon, sulfur, and solid electrolyte was introduced to
ensure both electronic and ionic conductivity, while a dimethoxy-
ethane (DME)/LiFSI/hydrofluoroether-based electrolyte demon-
strated stability and compatibility in both coin and pouch cells
[34, 35]. However, the integration of LGPS into the positive elec-
trode for Li–S batteries, which could significantly enhance reac-
tion kinetics and capacity retention—thereby establishing QSS
batteries as a viable pathway for next-generation energy storage—
has been largely unexplored [35].

Besides, the success of QSS Li–S batteries hinges on a thorough
understanding of the sulfur redox reactions and the role of inter-
mediates like Li2SX, from a mechanistic perspective. These inter-
mediates are central to the electrochemical processes occurring
within the battery, dictating its capacity, efficiency, and stability
[36, 37]. Advanced characterisation techniques such as in situ
X-ray computed tomography (X-CT) and cyclic voltammetry
(CV) have provided valuable insights into these mechanisms,
visualising the distribution of sulfur species and monitoring
the formation and dissolution of polysulfides to track structural
changes in real time [38].

Using a reliable, commercially available, sulfur/carbon compos-
ite active material (S/C) provided by Gelion as a baseline for the
positive electrode, we performed a systematic investigation of
conversion mechanisms of sulfur species in QSS electrolytes.
The analysis in this study reveals that sulfidic species redistribute
in positive electrodes during cycling, even when QSS mecha-
nisms are observed electrochemically. It is believed that sulfur
redistribution contributes to capacity fading and spatial restric-
tions on viable conversion kinetics. By integrating experimental
data with theoretical insights, this study elucidates the critical
factors influencing battery performance and proposes strategies
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to overcome existing challenges. For example, by incorporating
10 wt% of LGPS into the positive electrode, the conversion reac-
tions can be driven even more to a ‘solid-to-solid’ type
mechanism and the kinetics of conversion processes for sulfur
species can be increased. The findings presented herein not only
advance the fundamental understanding of QSS Li–S batteries
but also pave the way for their practical implementation in
next-generation energy storage applications.

2 | Materials and Methods

2.1 | Fabrication of Positive Electrodes

The fabrication of positive electrodes and coin cells followed a
standardized protocol in which polyvinylidene fluoride-co-
hexafluoropropylene (PVDF-HFP, Sigma–Aldrich, 99%) was
dissolved in ethyl acetate (EA) at 60°C, followed by the gradual
addition of hexane-based solvent (HB) at the same temperature in
a 1:1 volume ratio (EA:HB). Subsequently, conductive carbon and
PVDF-HFP were dispersed in EA at a mass ratio of 8:1:1 under
continuous stirring for 2 h using a magnetic stirrer (Camlab) at
60°C. After the active material was incorporated and thoroughly
mixed, the resulting slurry was coated onto aluminium foil (MSE
Supplies) at a wet gap thickness of 30 μm and dried at 60°C for
≈30 min. Once dried, the electrodes were cut into circular discs
(14 mm in diameter) and assembled into coin cells within an
inert glovebox environment, using standard coin cell casings
(MTI, Al-Clad CR2032). All fabrication steps were conducted
in a dry room. For all cells, Celgard 2000 separators, lithium chips
(MTI; thickness: 0.6 mm, diameter: 16 mm, purity: 99%), a single
wave spring (MTI, Al-Clad stainless steel for CR2032/CR2016
casings), two stainless steel spacers (MTI; 15.8 × 1.0 mm), and
60 μL of electrolyte were employed.

2.2 | Fabrication of S/C/LGPS Positive Electrodes
and Coin Cells

For the S/C/LGPS positive electrode, an additional 10 wt% of
LGPS (MSE Supplies, 99%) instead of S/C was thoroughly mixed
with positive electrode composite powder at the initial stage to
enhance electron transport and improve polysulfide retention.
LGPS was incorporated into select samples as a performance-
enhancing additive with a similar procedure to that described
above used. A new localized high-concentration liquid electrolyte
formulation was developed, precisely controlling the ratios of
diethylene glycol dimethyl ether (G2), 1,1,2,2-tetrafluoroethyl
2,2,3,3-tetrafluoropropyl ether (TTE), and LiTFSI. The optimised
composition (G2:TTE= 1:1 by volume and G2:LiTFSI= 1.5:1 by
molar ratio) successfully facilitated the QSS conversion of sulfur
species in QSS Li–S batteries.

2.3 | Fabrication of Pouch Cells

Pouch cells were constructed using semiautomated facilities in a
dry room (Figure S1) using two single-sided positive electrodes
and one double-sided negative electrode in a sandwich-like con-
figuration, which is more commercial relevance to multilayer
pouch cells. The negative electrode consisted of a copper foil

current collector with lithium foil inlaid on both sides. The elec-
trodes measured 55 × 42 mm. To accommodate the welding lugs,
sections of the positive electrodes were partially scraped off using
a razor blade. Pouch cell assembly was conducted manually in a
controlled dry room environment, where the dew point was
maintained below −40°C. Each layer was precisely aligned to
ensure uniform contact and minimize the risk of short circuits.
Lugs were welded using an ultrasonic metal welder (MTI MSK-
4200W, PI-KEM, UK), with aluminium used for the positive elec-
trode (welding time: 0.08 s) and nickel for the negative electrode
(welding time: 0.06 s). The electrodes were then sealed within
aluminium-plastic films, leaving sufficient space to accommo-
date gas evolution during cell formation. Electrolyte (1.5 g)
was injected using a vacuum injector (MTI MSK-113-CP, PI-
KEM, UK). Following sealing, the cells underwent initial activa-
tion in a glovebox to stabilize interfacial properties and establish
ionic conductivity. After this activation was conducted, excess
cell housing material which accommodated gas was removed
using a vacuum sealer (MTI MSK-115A-LS, PI-KEM, UK).

2.4 | X-CT Analytical Techniques

Advanced characterisation methods were employed to analyse the
structural and compositional evolution of the electrodes. X-CT
enabled 3D imaging of the electrode morphology, revealing the
spatial distribution of sulfur and lithium sulfide particles. In situ
X-CT experiments were conducted at the EIL using micro CT sys-
tem (X-radia Versa 520) to capture real-time changes during
cycling. Micro-CT projections were reconstructed using a filtered
back-projection algorithm (XMReconstructor, Carl Zeiss Inc.). The
resulting datasets were imported into Avizo 2023.2 (Thermo Fisher
Scientific) for segmentation and visualization. A nonlocal means
filter was applied to enhance the signal-to-noise ratio.

2.5 | Physicochemical Properties

To assess the stability of LGPS in various common solvents, 1 g of
the material was immersed in different solutions for 24 h, fol-
lowed by complete solvent evaporation. The stability of LGPS
in G2-TTE electrolyte was verified by X-ray diffraction (XRD).
The samples were then sealed with Kapton tape inside a glovebox
to prevent exposure to air. XRD (Stoe STADI-P) was performed
on the powder samples (sealed with Kapton tape) using Mo Kα
radiation (λ = 0.0709 nm), with data collected over a 2θ range of
2°–40°.

2.6 | Electrochemical Testing

Electrochemical characterisations were performed on both coin
and pouch cells to assess their performance under various condi-
tions. CV was conducted at a scan rate of 0.1mV s−1. Charge–
discharge profiles were acquired at C/10 (1C= 1675 mA g−1)
within a voltage window of 1.0–4.0 V to analyse the redox behavior
of sulfur species. To further investigate the electrochemical mech-
anisms, electrochemical impedance spectroscopy (EIS) experi-
ments were conducted to determine lithium-ion diffusion
coefficients within the cathode material and the kinetics of sulfide
conversion reactions. All the electrochemical characterisation
was performed using a BioLogic battery test system (BCS-805,
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BioLogic). Cell cycling was conducted within a voltage range of
1.0–4.0 V, with an initial cycle at C/20 before transitioning to stan-
dard cycling at C/10. Potentiostatic EIS measurements were per-
formed using a Gamry potentiostat (Interface 1010E), with a
frequency range of 0.1–1.0× 106 Hz and a voltage perturbation
of 5mV. For EIS of the LGPS, 0.5 g of dried solid was pressed into
a small cell (0.8mm diameter) to form a 5mm pellet, with lithium
chips placed at both ends. EIS measurements were conducted
using a Gamry potentiostat (Interface 1010E). The surface mor-
phology of the positive electrode was examined using a digital
microscope (Keyence VHX-X1).

3 | Results and Discussion

3.1 | Electrochemical Performance of Coin Cells

Figure 1a presents optical images of the S/C positive electrode
with LGPS added along with its binder and carbon additives.

Following standard mixing, coating, and drying procedures, this
positive electrode achieves a high sulfur loading exceeding
4mgS cm

−2, a crucial parameter for high-energy-density Li–S bat-
teries (Figure 1b) [14]. The representative X-CT image of this pos-
itive electrode (Figure 1c) reveals a composite morphology
comprising flakes and particles, with the latter identified as sul-
fur species. This morphology aligns with the structures within
the same series of S/C electrodes (Figures S10–S13), exhibiting
comparable diameter, sphericity, and a median particle size of
≈5 μm (Table S1).

The CV profiles of the standard S/C positive electrodes exhibited
well-defined reduction and oxidation peaks, indicative of effi-
cient sulfur conversion and reversible redox reactions. The incor-
poration of LGPS significantly enhanced the reaction kinetics, as
evidenced by the reduced potential gap and increased peak cur-
rent densities. The Coulombic efficiency of cells containing LGPS
remained consistently above 99%, demonstrating rational degrees
of sulfur/lithium sulfide conversion during cycling. As shown in

FIGURE 1 | (a) The optical image of a S/C positive electrode; (b) the well-coated S/C positive electrode with a thickness of >4mgS cm
−2; (c) a typical

X-CT image of a standard S/C positive electrode; (d) the CV profile of QSS Li–S battery with a standard S/C positive electrode; (e) the cycling profiles for a

standard S/C positive electrode in a QSS Li–S battery at a scan rate of 0.1 mV/s; (f ) The charge–discharge profiles for S/C positive electrode at C/10;

(g) the Gaussian fitting of a CV curve for reduction and oxidation peaks; and (h) calculation of x and y value for the Li2Sx and Li2Sy intermediates during

reduction.
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Figure 1d, the CV curve of the S/C standard positive electrodes
deviates significantly from that of conventional Li–S batteries
with liquid electrolytes. During the discharge process, two closely
spaced reduction peaks appear, in contrast to the well-separated
reduction peaks observed in liquid-electrolyte Li–S batteries
[19, 39], which typically exhibit a voltage gap of ~200mV.
Additionally, only a single oxidation peak is present during
charging, differing from the two oxidation peaks characteristic
of conventional Li–S systems. These observations suggest that
sulfur conversion occurs via a different mechanism to conven-
tional batteries, which may be described as a QSS process,
given the single oxidation step. Moreover, these cells achieve
exceptional long-term cycling stability for Li–S batteries.
Specifically, the initial discharge capacity of 1134.6 mAh g−1

remains at 1102.6 mAh g−1 after 100 cycles (Figure 1e), retaining
over 97% of its initial capacity. This remarkable stability further
indicates that the QSS sulfur conversion mechanism is effective
at suppressing long-chained polysulfide formation likely avoid-
ing the production of Li2S6, and by extension minimising poly-
sulfide shuttle.

To elucidate the mechanism of sulfur reduction in QSS Li–S bat-
teries, it is crucial to figure out the intermediate lithium polysul-
fide species (Li2Sx and Li2Sy) formed during the reduction
process. The initial and final sulfur species are well established
as S8 and Li2S2/Li2S, respectively, and the ratio of Li2S2 to Li2S
can be estimated from the ratio of the observed (practical) capac-
ity to the theoretical capacity (1675 mAh/gS). The S/C positive
electrode exhibits a practical capacity of ≈1300 mAh/gS at C/
10 (Figure 1f ), indicating incomplete conversion to the final
product, Li2S. We define the parameter b as the actual number
of electrons transferred per S8 molecule relative to the theoretical
maximum of 16 for complete conversion to Li2S. By comparing
the practical and theoretical capacities, the b value is determined
to be 12.4.

The formation of Li2Sx and Li2Sy is closely associated with the
number of electrons transferred during the first and second
reduction steps. To probe this relationship, the reduction peaks
in the CV curves (Figure 1g) were fitted using Gaussian decon-
volution after baseline correction, where the baseline was attrib-
uted to non-Faradaic capacitance. The CV measurements were
performed at the same scan rate as the preceding charge–
discharge experiments (Figure 1f ) to ensure consistency in the
final product composition. The reduction peaks were designated
as Peak 1, Peak 2, and Peak 3, and the integrated areas of these
peaks collectively match the corresponding oxidation peak
area, indicating excellent electrochemical reversibility of the
reduction–oxidation processes.

Since the CV measurements were performed at a constant scan
rate (0.1 mV s−1), the number of electrons transferred in each
step is directly proportional to the integrated areas of Peak 1,
Peak 2, and Peak 3, highlighted in yellow, purple, and blue in
Figure 1g. The associated chemical processes are summarized
in Figure 1h, where the electron transfer numbers following
Peaks 1 and 2 are expressed as functions of x and y. The final
products, Li2S2/Li2S, after Peak 3 can be determined using the
previously defined b value. Based on stoichiometric considera-
tions, the electron transfer numbers are given by 16/x for
Peak 1, 16/y−16/x for Peak 2, and b−16/y for the final reduction

step. By relating these values to the integrated areas of Peaks 1–3,
x and y can be expressed in terms of their ratios, denoted as k1, k2,
and k3, yielding the following relationship

x = 16 k1 + k2 + k3ð Þ= k1 × bð Þ

y= 16 k1 + k2 + k3ð Þ= k1 + k2ð Þ× b½ �

where x and y represent the stoichiometric sulfur number in Li2Sx
and Li2Sy, and k1, k2, k3 correspond to the integrated areas of Peak
1, Peak 2, and Peak 3.

Thus, the integrated area ratios of Peaks 1, 2, and 3 in the CV
profile can be used to determine the values of x and y.
Generally, when x or y > 2, the intermediate polysulfide species
(e.g., Li2S3, Li2S4, Li2S5, Li2S6, and Li2S8) exhibit partial solubility
in the electrolyte, whereas when x or y ≤ 2 (e.g., Li2S and Li2S2),
the species remain insoluble, resulting in a solid–solid conversion
pathway [40]. In conventional Li–S battery systems, the primary
long-chain intermediates (e.g., Li2S6) are highly soluble in 1,3-
dioxolane/DME electrolytes, promoting polysulfide shuttle and
associated capacity loss [19]. However, in this study, using the
G2-TTE electrolyte, the integrated areas of Peaks 1, 2, and 3
in the CV curve (Table S2) for sulfur reduction are ≈0.00822,
0.00786, and 0.01553mW, respectively, yielding an x value of
4.96. This suggests that the mixture of Li2S4 and Li2S6 (Li2S4 dom-
inated) might be the main intermediate species between Peaks 1
and 2. Notably, Li2S4 exhibits sparing solubility in G2-TTE elec-
trolyte and will be rapidly converted into short-chain polysulfides
in subsequent steps [40]. The y value for the following interme-
diate stage is 2.53—only slightly above the ideal value of 2—
indicating a QSS sulfur conversion mechanism after Peak 2.
Although some soluble intermediates (Li2S4/Li2S6 mixture with
Li2S4 dominating) are generated in the G2-TTE system, they are
swiftly converted into Li2S2/Li2S in the subsequent stage, as
evidenced by the fitted CV curves. This CV-based approach pro-
vides a quantitative measure of x and y for Li2Sx and Li2Sγ inter-
mediates and is broadly applicable to Li–S battery systems.
Importantly, the CV scan rate should match the charge–
discharge C-rate to ensure accurate determination of the b value
for this quantitative analysis.

3.2 | Structural Evolution Observed via
In Situ X-CT

In situ X-CT experiments revealed dynamic morphological
changes in the electrode during charge and discharge as mecha-
nistic context. The redistribution of sulfur species and the growth
of lithium sulfide (Li2S) particles were closely monitored, provid-
ing critical insights into the interaction between active materials
and the electrolyte. These findings highlight the importance of
optimising electrode architectures to mitigate structural degrada-
tion during cycling. A 0.8 mm Swagelok cell was employed to
achieve sufficient X-CT resolution (Figure S4a) [39]. The initial
OCP of the cell remained stable at ≈2.85 V (Figure S3), confirm-
ing its electrochemical integrity. While absolute dimensions
differ from the standard coin cells, the observed sulfur redistri-
bution and crack evolution reflect intrinsic chemo-mechanical
responses of the electrode. X-CT imaging provided detailed visu-
alisation of the electrode’s structural evolution, enabling the
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isolation and 3D reconstruction of sulfur-related particles
(Figure 2a). Comparing the charge (Figure 2b-i) and discharge
(Figure 2b-ii) states of the first cycle, the sulfur distribution
had already changed with a slight reduction in particle size after
discharge, which is associated with an activation process partic-
ularly in high-loading sulfur electrodes. Notably, a decrease in
sulfur loading and substantial redistribution were observed after
200 cycles (Figure 2b-iii), indicating considerable active material
loss. This loss is most evident when comparing the sulfur density
in the first charge state (Figure 2b-i) to that in the 200th open-
circuit potential (OCP) state (Figure 2b-iii) and fully charged
state (Figure 2b-iv), which demonstrates pronounced sulfur
depletion after prolonged cycling. More pronounced morphologi-
cal changes in sulfur particles are evident in the enlarged images
presented in Supplementary Figure S5. Optical images of the pris-
tine separator, as well as those retrieved from S/C and S/C/LGPS
coin cells after 200 cycles, are shown in Supplementary Figure S20.
Notably, only a slight yellowing is observed after cycling compared
to the initial state, indicating very limited formation of soluble sul-
fur species during long-term operation. Given that sulfur conver-
sion follows a QSS process, as previously discussed, we attribute
this sulfur loss primarily to detachment from the electrode due to
redistribution and volume changes rather than dissolution into the
electrolyte. Crack formation within the electrode was identified
(Figures 2c and S4b), which suggests the need for improved
mechanical stability to maximise lifetime. To ensure proper

functionality, the cell underwent one full charge–discharge cycle
prior to X-CT analysis, as the assembly success rate for the 0.8 mm
Swagelok cell is low, making prevalidation essential. Figure 2c
presents the morphology of the standard S/C electrode after the
initial cycle, revealing the presence of cracks. Following an addi-
tional discharge for lithiation, these cracks became slightly nar-
rower due to the volumetric expansion of Li2S relative to
sulfur. However, after 200 cycles, significant crack enlargement
was observed under both de-lithiated (4.0 V, Figure S4c) and
OCP conditions. This deterioration is attributed to repeated expan-
sion and contraction of the electrode during cycling, which is
expected to be an important factor contributing to active material
isolation or dislocation and by extension capacity loss. The mor-
phological changes are more pronounced in the side-view X-CT
images (Figure 2d). Focusing on a specific region (yellow rectangle
in Figure 2d top left), the sulfur particles become noticeably
smaller after a single discharge cycle (blue rectangle in
Figure 2d top right). However, their ‘charged-state’ morphology
remains largely unchanged after 200 cycles (yellow rectangle in
Figure 2d bottom left), suggesting that sulfur particles tend to
aggregate and recover their initial structure during charging,
despite being dispersed into smaller particles during discharge.
Notably, Li2S particles exhibit continuous growth throughout
cycling, which correlates with the observed capacity fade (blue
solid rectangle in Figure 2d bottom right). A consistent trend is
also observed and independently validated in Figure S4c. This

FIGURE 2 | (a) The separation of sulfur from standard S/C positive electrode in X-ray CT imaging; (b) the sulfur distribution of X-CT images for S/C

positive electrode after: (a) 1 discharge and 1 charge @4.0 V; (b) 1 discharge and 1 charge followed by 1 discharge @ 1.0 V; (c) 200 cycles @4.0 V; (d) 200

cycles @2.56 V (OCP); (c) the top view and (d) side view of X-CT images for S/C positive electrode after: (top left) one discharge and one charge @4.0 V;

(top right) one discharge and one charge followed by one discharge@ 1.0 V; (bottom left) 200 cycles @4.0 V; (bottom right) 200 cycles @2.56 V (OCP). All

scalebars 0.1 mm.
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indicates that sulfur redistribution occurs more prominently dur-
ing discharge rather than charge, further underscoring the chal-
lenges of maintaining electrode integrity in QSS Li–S systems.
This is in keeping with the formation of intermediate polysulfide
species observed during discharge and discussed previously.

The morphology and elemental distribution of the Gelion S/C
positive electrode were investigated by scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectroscopy (EDS). As
shown in Figure 3a, the electrode exhibits a heterogeneous
microstructure composed of carbon flakes, carbon nanotubes,
and sulfur agglomerates, forming an interconnected conductive
network. The corresponding EDS elemental mapping (Figure 3b)
reveals a homogeneous spatial distribution of carbon, sulfur, and
the fluorine-containing binder across the electrode. The EDS
spectrum (Figure 3c) confirms that C, S, and F are the dominant
elements, while trace amounts of O (≈0.5 keV) and Si (≈1.7 keV)
are also detected, which are likely associated with minor addi-
tives or background contamination. The individual elemental

maps of C, S, and F (Figure 3d–f ) further corroborate their uni-
form dispersion throughout the electrode matrix.

As shown in Figure 3g, the optical image of the S/C positive elec-
trode exhibits a smooth surface even under high sulfur
loading> 4mgS cm

−2, indicating that the presence of LGPS does
not interfere with the coating process. The fabrication protocol for
this S/C electrode was optimised using a PVDF-HFP binder and
ethyl acetate as the solvent (optimisation details provided in
Figure S2) due to the polar nature of n-methyl-2-pyrrolidone
which reacts with LGPS. Coated electrodes with lower sulfur load-
ing (2mgS cm

−2) also exhibit a similarly smooth surface (Figures
S7, S8), indicating that the optimised protocol is a promising
approach for incorporating polar-solvent-sensitive materials into
electrodes and is comparable to the previously established stan-
dard protocol.

The sulfur distribution was inferred from contrast differences in
X-CT based on known density and attenuation characteristics.

FIGURE 3 | (a) The typical SEM image of Gelion S/C positive electrode; (b) the sum elemental distribution of C, S, and F elements; (c) the EDS

analysis of Gelion S/C positive electrode; the elemental distribution of (d) C, (e) S, and (f ) F element; (g) the optical image (1 cm per line segment) of

high loading Gelion S/C positive electrode coated on Al foil with a sulfur loading > 4 mgS cm
−2; (h) the X-ray CT imaging of Gelion S/C positive

electrode for sulfur distribution and morphology; and (i) the charge–discharge profiles for S/C positive electrodes w/wo addition of LGPS in various

of binders and electrolytes [(the optimised one with addition of LGPS (red) displays a 200 mV decrease for overpotential compared to the standard

one (blue)], where the overpotential is defined as the voltage difference between the charge and discharge plateaus at half of the normalized

capacity.
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The grey area (cropped in the large view) shows the Celgard sep-
arator, which is not parallel to the current collector and therefore
cuts through the electrode slices. The particles highlighted in yel-
low were identified as active sulfur species within the electrode in
its predischarge state (Figure 3h). To further enhance the reac-
tion kinetics of QSS Li–S batteries, LGPS (10 wt%) was incorpo-
rated into the standard S/C positive electrode to improve Li-ion
conductivity. The charge–discharge profiles, recorded within a
voltage range of 1.0–4.0 V and normalized for direct comparison,
are presented in Figure 3i. Notably, the addition of LGPS, along
with binder and electrolyte optimisation, reduces the overpoten-
tial by ≈200 mV when compared to the standard electrode with
similar loading to one with LGPS incorporated. The presence of
LGPS improves local Li+ transport and interfacial charge trans-
fer, leading to earlier activation of the oxidation reaction (nor-
malized capacity of 0.1) at a higher apparent voltage. This
reduction is particularly evident during the charging process,
while the discharge profile exhibits a single plateau, further sup-
porting the QSS conversion of sulfur species. This improvement
is attributed to the enhanced ionic conductivity and catalytic
activity provided by LGPS, which facilitates the rapid transforma-
tion of sulfur intermediates.

The long-term cycling performance of cells incorporating LGPS
in a G2–TTE electrolyte demonstrates reasonable stability, with
capacity retention exceeding 60% after 100 cycles (Figure S17a).
Although this is lower than that of cells without LGPS, the
reported capacities are not optimised and should not be inter-
preted as the upper limit of the proposed electrode architecture.
However, the rate performance of the LGPS+Gelion2 S/C
electrode surpasses that of the electrode without LGPS, particu-
larly at higher current rates such as 1C. At this rate, the LGPS-
containing electrode delivers a capacity ≈200mAh g−1 higher
than that of the Gelion2 S/C electrode (Figure S17b). This result
suggests that LGPS enhances ionic transport and represents a
promising strategy for improving kinetics in solid-state batteries.

The cell with LGPS in Gen2 electrolyte shows lower stability
compared to the G2-TTE electrolyte, likely due to the gradual
degradation of LGPS in the Gen2 electrolyte (Figure S18). This
degradation may also arise from the potential window in which
the cell was cycled, which requires further optimisation for long-
term stability and performance. The CV profiles provide further
insight into the enhanced redox kinetics upon the incorporation
of LGPS (Figure S19). During the cathodic scan (Figure S19a),
both electrodes exhibit a similar first reduction peak at ~2.2 V,
corresponding to the conversion of elemental sulfur to long-
chain polysulfides (Li2Sn, n ≥ 4), indicating that LGPS has a lim-
ited effect on this initial step. In contrast, the second reduction
peak at lower potentials, associated with the further conversion
to short-chain species (Li2S2/Li2S), shows a pronounced differ-
ence. The Gelion S/C + LGPS electrode displays a broader
and higher-intensity peak, suggesting accelerated kinetics and
enhanced utilization of active sulfur species in this stage.
During the anodic scan (Figure S19b), the LGPS-containing elec-
trode exhibits a lower onset potential and a higher oxidation peak
current compared to the pristine Gelion S/C electrode, indicating
reduced polarization and facilitated oxidation of Li2S/Li2S2 back
to higher-order polysulfides and sulfur. The shift toward lower
overpotential and the increased peak intensity collectively dem-
onstrate improved charge–transfer kinetics. Overall, these results

confirm that the incorporation of LGPS effectively promotes both
reduction and oxidation processes, particularly enhancing the
kinetics of short-chain polysulfide conversion, thereby contribut-
ing to improved electrochemical performance.

Electrochemical impedance spectroscopy (EIS) was employed to
further elucidate the effect of LGPS on interfacial charge–transfer
behavior (Figure S20). In the fresh cells (Figure S20a), the
LGPS+Gelion S/C electrode exhibits a noticeably smaller semi-
circle in the high-to-medium frequency region compared to the
pristine Gelion S/C electrode, indicating a reduced charge–
transfer resistance (Rct). This suggests that the incorporation
of LGPS facilitates faster electron/ion transport across the
electrode–electrolyte interface. After cycling (Figure S20b), a sim-
ilar trend is maintained, with the LGPS-containing electrode still
showing a lower Rct than the Gelion S/C counterpart. Although
the impedance increases for both electrodes after prolonged
cycling due to interfacial evolution, the LGPS-modified system
demonstrates a more moderate increase, implying improved
interfacial stability and sustained charge–transfer kinetics.
Overall, the consistently lower Rct values before and after cycling
confirm that LGPS effectively enhances interfacial charge trans-
port and contributes to improved electrochemical kinetics in the
Li–S system. The coin cells were disassembled, and the separators
from GELION S/C coin cells with and without LGPS were exam-
ined. Only limited polysulfide deposition was observed (Figure
S21), indicating the QSS conversion of sulfide species.

The morphological evolution of the LGPS-containing S/C elec-
trode was further examined using both SEM (Figure S22) and
X-CT (Figure S23) to establish a direct correlation with electro-
chemical behavior. SEM images of the pristine electrodes show
that the incorporation of LGPS does not significantly alter the
initial morphology, as both electrodes exhibit comparable parti-
cle distribution and surface features. After cycling, however, the
LGPS-containing electrode displays a more compact and fused
structure, suggesting pronounced structural rearrangement
and volume expansion. Consistent with these observations,
X-CT analysis reveals that the pristine electrode possesses a rel-
atively uniform sulfur distribution, whereas the cycled electrode
shows clear densification accompanied by a substantial reduction
in sulfur content, indicating severe sulfur loss. This combined
evidence explains the electrochemical trends: although LGPS
improves ionic transport and reduces polarization—leading to
enhanced rate capability—it also accelerates structural evolution
and active material depletion, resulting in inferior cycling stabil-
ity. These findings establish a clear relationship between mor-
phological changes and electrochemical performance in the
LGPS-containing system.

3.3 | Pouch Cell Performance

Pouch cells were fabricated in a dry room, with the assembly pro-
cess optimised from manual to automated stacking. The fabrica-
tion process began with the preparation of the S/C/LGPS positive
electrode ink, which was uniformly coated onto Al foil under dry-
room conditions (Figure 4a). The coated foil was then precisely
cut into the designed electrode shape using a cutter (Figure 4b),
and the active material mass was determined by measuring the
weight difference between bare and coated electrodes. For the
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anode, lithium foil was laminated onto both sides of a copper foil
current collector, leaving a designated area for tab welding
(Figure 4c). Once the electrodes were prepared, the battery core
was assembled by stacking the electrodes. Automated stacking
significantly improved alignment, reducing the risk of short cir-
cuits and increasing fabrication efficiency (Figure 4d). The
assembled battery core was then encased in an aluminium–

plastic composite pouch (Figure 4e), with an additional smaller
compartment designed to accommodate gas evolution during the
first-cycle formation process. After vacuum sealing, excess pouch
material was trimmed, resulting in a compact and final pouch
cell was pressed in a module for testing (Figure 4f ). Following
process optimisation, pouch cells were fabricated with and with-
out LGPS in the S/C positive electrode. The OCP of the S/C
pouch cell without LGPS was measured at 2.396 V, while the
addition of LGPS increased the OCP to 2.521 V (Figure S24).
Electrochemical testing confirmed a reduction in overpotential
by ≈200mV in LGPS-containing cells, consistent with results
observed in coin cells (Figure 4g). The cycling stability of the
pouch cells was evaluated under galvanostatic conditions at
C/100 to fully realize the available capacity. The S/C/LGPS
pouch cells were functioning for 19 cycles with rational
Charge/Discharge profiles (Figure S25) and then failed due to
electrolyte leakage. Cells incorporating LGPS exhibited an
improved performance (800 mAh/g with addition of LGPS vs.
600 mAh/g without addition of LGPS), characterised by higher
capacity retention and lower polarization. These findings vali-
date the scalability of the standard S/C system and highlight
the potential of LGPS to enhance the performance of practical
Li–S battery configurations in pouch cells [40–43].

4 | Conclusion

The study provides insights of the QSS mechanism in Li–S bat-
teries, highlighting the critical role of sparingly soluble Li2Sx
(x= 4.96) and Li2Sy (y= 2.53) intermediates in influencing elec-
trochemical behavior and mitigating the shuttle effect. LGPS was
found to be pivotal in enhancing reaction kinetics and improving
sulfur utilisation. The reduced overpotential observed in LGPS-
containing cells indicated significantly higher lithium-ion diffu-
sion coefficients within the positive electrode. This improvement
is attributed to the superior ionic conductivity and catalytic
properties of LGPS, which facilitate the rapid conversion of
QSS discharge products. It is also apparent that the cycle stabil-
ity of the S/C/LGPS cell is slightly reduced due to the imperfect
compatibility between the current binder and electrolyte, which
necessitates further investigation. These findings offer valuable
insights for optimising the design and composition of QSS Li–S
batteries. This work advances the fundamental understanding
of QSS Li–S battery mechanisms while demonstrating the
potential of LGPS to accelerate kinetics and suppress polysul-
fide dissolution. Additionally, the successful fabrication and
testing of pouch cells represent a crucial step toward scalability.
Future research will focus on enhancing cycling stability and
employing in situ diagnostic techniques to further refine these
systems.
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