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The advancement of miniaturized energy storage systems is essential for the next generation of electronics.

Lithium—sulfur (Li—S) microbatteries are able to offer exceptional theoretical capacity and energy density for

microdevices. However, their practical implementation is hindered by challenges in material stability and

electrode design. In this study, we introduced a spin-coated sulfur—carbon nanotube—Super P (S/CNT/
SP) cathode integrated with a spin-coated polyethylene oxide (PEO)/polyvinylidene fluoride (PVDF)/
lithium lanthanum zirconium oxide (LLZO) composite electrolyte. The spin-coating technique ensured

the formation of uniform electrode and electrolyte thin films, which could work without a separator. The

polymer-ceramic composite electrolyte with nanopores effectively suppressed polysulfide dissolution,

improved

ionic conductivity, and stabilized the electrode—-electrolyte

interface. Electrochemical

evaluation revealed that the quasi-solid-state Li—-S battery achieved near-theoretical capacity with
enhanced cycling stability, retaining approximately 1000 mA h g~ (60% of its initial capacity) after 150
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cycles across various C-rates. In a pouch-cell configuration, the cell retained 64% of its initial capacity

over 60 cycles. These findings underscore the potential of spin-coating and composite quasi-solid
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1. Introduction

The necessity for advanced energy storage solutions at the
microscale has become increasingly evident with the rapid
development of miniaturized electronic devices. Among various
battery technologies, lithium-sulfur (Li-S) batteries stand out
due to their high theoretical specific capacity, elevated energy
density, and cost-effectiveness." However, their integration into
microdevices remains in an early stage, largely due to chal-
lenges related to material stability, electrode design, and elec-
trolyte compatibility at the microscale.

Sulfur, with its exceptional theoretical capacity of
1672 mA h g~ and theoretical energy density of 2600 W h kg™,
emerges as a promising alternative to conventional cathode
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electrolytes in enabling high-performance, safe, and compact Li—S battery technologies for next-
generation energy storage applications.

materials such as layered transition metal oxides.” Nevertheless,
its practical application is hindered by several intrinsic limita-
tions, including poor electrical conductivity, dissolution of
intermediate polysulfides, and significant volume expansion
during cycling, leading to capacity fade and shortened cycle
life.>” The well-known ‘shuttle effect’ caused by the migration
of dissolved lithium polysulfides within the electrolyte exacer-
bates these challenges.*® Additionally, structural instabilities at
the solid electrolyte interface (SEI) further degrade battery
performance.>**°

State-of-the-art strategies addressing these issues include
modifications in cathode composition, anode protection layers,
electrolyte and separator engineering, and the incorporation of
catalysts or dopants."*> However, adapting these solutions to
microbattery applications introduces new challenges, primarily
due to the limited research on techniques suitable for micro-
scale sulfur-based cathodes. Magnetron sputtering has been
extensively employed for depositing cathode, electrolyte, and
anode materials in microbattery architectures, with efforts
focusing on sulfur-based thin films using physical and chemical
vapor deposition methods.**™** TiO,S,,'*'” TiS,,'**° FeS,,* Li,S,*
and MoS, (ref. 22) are among the thin-film S-based cathodes
explored for microbattery applications. Additionally, ALD,*
electrodeposition,*** ink-based printing,*** and slurry
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casting® have been investigated to fabricate thin-film S-
cathodes.

Spin-coating has emerged as a promising technique in the
fabrication of thin-film components for Li-S microbatteries.
This method enables precise control over film thickness,
uniformity, and morphology, making it highly suitable for
microscale applications. Compared to other deposition tech-
niques, spin-coating offers scalability, cost efficiency, and the
ability to produce defect-free films with tunable properties.™

The nanostructured sulfur with carbon nanotubes (CNT) and
Super P carbon additive form a conductive matrix that signifi-
cantly enhances electron transport, mitigates sulfur dissolu-
tion, and stabilizes the electrode structure during cycling.>*°
CNTs, with their high electrical conductivity and large surface
area, provide efficient charge pathways and mechanical rein-
forcement, reducing structural degradation caused by volu-
metric expansion. Super P, a high-surface-area conductive
carbon, further improves electronic conductivity and helps in
uniformly distributing sulfur within the cathode matrix. Addi-
tionally, nanostructured sulfur enhances electrochemical reac-
tivity and shortens lithium-ion diffusion paths, ensuring
improved sulfur utilization."

Addressing the critical challenges of sulfur batteries —
capacity loss during initial cycles and rapid degradation - has
led to increasing interest in polymer-based solid-state electro-
lytes. Gel-polymer electrolytes exhibit enhanced ionic conduc-
tivity, mechanical robustness, and electrochemical stability.>* A
polyethylene oxide (PEO)/polyvinylidene fluoride (PVDF)/
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) matrix is
particularly advantageous, as it not only increases efficiency of
a Li-S cell by reducing the sulfur shuttle but also improves
interfacial stability.*® PEO is valued for its ability to solvate
lithium salts, while PVDF helps maintain mechanical integrity
and suppresses lithium dendrite formation. LiTFSI, as a lithium
salt, further enhances ionic conductivity and electrochemical
performance.” However, achieving optimal performance
requires careful engineering of the interlayer composition with
ceramic fillers to increase conductivity and stabilize the inter-
faces between the anode, cathode, and electrolyte. A highly
effective strategy is to cross-link the polymer with oxide elec-
trolyte fillers, such as the well-known lithium lanthanum
zirconium oxide (Li;LazZr,0q,, LLZO).**?* Garnet LLZO as
a filler in the electrolyte membrane has demonstrated its
remarkable effectiveness, significantly enhancing ionic
conductivity at room temperature and mitigating lithium
dendrite growth. The combination of PEO, PVDF, LiTFSI, and
LLZO in a composite electrolyte ensures both high ionic
conductivity and structural stability, making it a promising
choice of electrolyte for solid-state lithium-sulfur batteries.

Leveraging a combination of advanced materials and pro-
cessing techniques, our study introduces an alternative para-
digm for Li-S microbatteries. We prepared an S/CNT/Super P
composite cathode using spin-coating techniques and encap-
sulated it with a PEO/PVDF-LTFSI-LLZO composite electrolyte.
This electrolyte holds a dual role, acting as a protective coating
in liquid cells and as an electrolyte in quasi-solid-state cells with
a small addition of liquid electrolyte. The liquid electrolyte was
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intentionally introduced to enable stable cycling at room
temperature. The integration of composite electrolyte structure
not only enhanced the overall electrochemical stability but also
improved sulfur utilization and suppressed the polysulfide
shuttle effect. These findings contribute to the advancement of
next-generation miniaturized energy storage systems, high-
lighting the crucial role of innovative material engineering in
developing compact and  high-performance  battery
technologies.

2. Experimental
2.1 Materials

The following materials were used in this study: polyethylene
oxide (PEO) with an average molecular weight of approximately
100 000, acetonitrile (ACN, anhydrous, 99.8%), lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI, =99.0%), polyvinylidene
fluoride (PVDF), 1,3-dioxolane (DOL), dimethoxyethane (DME),
lithium nitrate (LiNOj3), and sulfur (S), all purchased from
Sigma-Aldrich (Merck). Multi-walled carbon nanotubes (CNT)
and Super P (SP) were sourced from US Research Nanomaterials
and MTI Corp., respectively. Lithium lanthanum zirconium
oxide (LiyLazZr,0,,, LLZO), a commercial powder with a purity
of =99.99%, and carboxymethyl cellulose (CMC, =99.5%) were
obtained from MTI Corp. All chemicals were of analytical grade
and were used as received without further purification.

2.2 Electrode preparation

A schematic illustration of the cathode preparation process is
presented in Fig. 1a and b. The synthesis of the S/CNT/SP
composite precursor was carried out by grinding commercial
sulfur powder in ethanol using zirconium balls in a planetary
ball mill (Pulverisette 7, Germany) at 400 rpm for 6 hours.
Subsequently, CNT and Super P were mixed and milled ina 1:2
weight ratio under identical conditions for 3 to 6 hours to
obtain a fine mixture of a conductive agent. This agent was
mixed with the resulting sulfur nanopowder in ethanol and
further milled under the same conditions to ensure homoge-
neity of the mixture. The final composite maintained a sulfur-
to-carbon additive weight ratio of 7: 3.

The sulfur cathode slurries were carefully prepared by
sequentially mixing the components using a magnetic stirring
bar in a controlled environment (Fig. 1a). Carboxymethyl
cellulose (CMC) served as the binder and was dissolved in 4 mL
of deionized water by mixing for 6 hours. The process began by
blending the S/CNT mixture into the CMC solution for 1 hour
using a Planetary Vacuum Mixer (Model: ARV-310CE, Thinky,
Japan) at 1200 rpm to obtain a homogeneous slurry.

The sulfur cathode slurry was then spin-coated (Fig. 1b) onto
ultra-high vacuum (UHV) aluminum foil (from All-foils, Inc.).
The spin-coating process was optimized with a rotation speed of
10 000 rpm, acceleration of 1000-2000 rpm per second, and
a duration of 1 minute to prepare a uniform and dense coating
with a minimal thickness. The UHV Al foil was chosen for its
rough surface, which improves slurry adhesion. After spin-
coating, the coated slurries were dried in an oven at 60 °C for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Fabrication process of spin-coated S/CNT/SP cathode: (a) wet ball milling of sulfur, CNT, and Super P to achieve a well-dispersed active
material mixture; (b) spin-coating of cathode slurry onto Al foil substrate; (c) schematic illustration of preparation of PEO/PVDF/LITFSI/LLZO
composite electrolyte layer by stirring polymer and ceramic components to achieve a homogeneous electrolyte mixture and its spin-coating
onto Al foil with a precoated S/CNT/SP cathode, followed by vacuum drying at 80 °C.

16 hours to stabilize the cathode structure. Following this, an
additional 16 hours of vacuum drying removed any residual
solvent, ensuring a solvent-free cathode that enhances both
battery performance and stability. Finally, the prepared cath-
odes were roll-pressed to achieve uniformity and density of the
film. The mass loading of the composite material in the elec-
trode was measured using a ultra-precise microbalance

(MSE2.75-000-DM, Sartorius) and was around 0.5 mg cm >,

2.3 Composite electrolyte preparation

The ionically conductive protection layer was prepared by dis-
solving PEO, PVDF, LiTFSI, and LLZO in acetonitrile, as shown
in Fig. 1c. The components PEO : PVDF : LiTFSI (7: 3 :2) were
thoroughly mixed with controlled heating (50-70 °C) and rota-
tion speed (300-450 rpm) for 24 hours. The ratio was chosen to
balance the benefits of PEO for ionic conduction, PVDF for
mechanical stability, and LiTFSI for high ionic dissociation. The
effects of increasing the amount of PVDF or LiTFSI were
considered to avoid compromising the electrolyte's conductivity
and stability.** The LLZO was incorporated in varying amounts
(0-25 w%) due to its ability to drastically change the ionic
conductivity. The resulting slurry was then spin-coated onto the
prepared S/CNT cathode using a rotation speed of 5000-
7000 rpm, acceleration of 1000-2000 rps, and a duration of 45
seconds.

The prepared samples were dried in a vacuum oven for 16
hours at 80 °C. To optimize the electrochemical properties of
the composite electrolyte, various compositions with different
LLZO contents (ranging from 0 to 25 wt% of the total composite
mass) were prepared and tested electrochemically. Through this

© 2025 The Author(s). Published by the Royal Society of Chemistry

process, the optimal LLZO content was identified. Once the
optimal composition was determined, the mixture was thor-
oughly stirred and applied to the cathode-coated substrate
(UHV Al foil) via spin-coating using the same parameters as
described for the electrode. This ensured a uniform distribution
and effective integration of the solid electrolyte within the
polymer matrix.

2.4 Material characterization

Material characterization was performed using a variety of
techniques to assess the structure and morphology of the
samples. Scanning electron microscopy (SEM) (ZEISS Cross-
beam 540) and transmission electron microscopy (TEM, JEOL
JEM-1400 Plus) were used for morphology analysis, operating at
80 kv. X-ray diffraction (XRD) (SmartLab, Rigaku) with Cu Ko
radiation (Acukon = 1.54056 A, Acuxaz = 1.54439 A) in Bragg-
Brentano reflection geometry was employed for crystallographic
analysis.

2.5 Cell assembly and electrochemical testing

The electrochemical performance of the cells was evaluated
with the thin-film S-cathodes prepared in this work, Celgard
2400 separator or the prepared composite electrolyte, and
lithium foil. The assembly of CR2032 coin cells was carried out
in a glove box (MBRAUN, LABMaster Pro Glovebox, Germany) in
a high-purity Ar atmosphere with <0.1 ppm O, and <0.1 ppm
H,O0 to avoid moisture and oxygen contamination. A composite
electrolyte, consisting of a PEO/PVDF/LiTFSI/LLZO and a drop
(15 uL) of 1 M LiTFSI in DOL : DME (1 : 1) with 0.1% LiNO;, was
used without separator.

RSC Adv, 2025, 15, 11537-11548 | 11539
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Electrochemical testing was performed using cyclic voltam-
metry (CV, VMP3, BioLogic, France) and galvanostatic charge-
discharge cycling with a multichannel battery testing system
(Neware Co., Shenzhen, China). The ionic conductivity of the
electrolyte was measured via electrochemical impedance spec-
troscopy (EIS) in a frequency range from 1 Hz to 1 MHz with
a potential amplitude of 10 mV at room temperature using
a potentiostat/galvanostat (Autolab PGSTAT204, Metrohm,
Switzerland). The data presented obtained for dry composite
electrolyte without liquid electrolyte.

The system long-term cycling performance was evaluated at
a 0.1C rate within a potential range of 1.6 to 2.8 V vs. Li'/Li. Rate
performance tests were conducted to assess the electrochemical
stability of the electrode under high current between 0.1 and 2C
rate. The specific capacities of the cells were calculated based on
the sulfur loading, ensuring that the reported capacities re-
flected the actual performance of the active material. Consistent
sulfur loading (0.5 mg cm™?) across all cells was maintained to
facilitate a fair comparison of their electrochemical behaviour.
All tests were conducted at room temperature under controlled
environmental conditions for reliable and reproducible results.

For the post-mortem analysis, the electrodes were carefully
retrieved from the cycled coin cells in Ar-filled glovebox with
minimized exposure to ambient conditions to prevent
unwanted side reactions. The cathodes were gently rinsed with
anhydrous dimethyl ether (DME) to remove any residual elec-
trolyte and loosely bound lithium polysulfides, dried and
transferred to SEM in an inert atmosphere to prevent surface
change and contamination.

2.6 Pouch-cell microbattery assembly

A pouch-cell microbattery was assembled using spin-coated S/
CNT/SP cathode and composite PEO/PVDF/LiTFSI/LLZO elec-
trolyte. The assembly included a 1.5 x 1.5 cm electrode, a 1.3 x
1.3 cm nickel mesh, and rolled 1.3 x 1.3 cm Li foil (0.35 mm
thick, from MTI Corp.), with designated contacts for each cell
component. Notably, the electrolyte layer eliminated the need
for a conventional separator. A minimal amount (15 pL) of 1 M
LiTFSI DOL : DME (1 : 1) with 0.1% LiNO; liquid electrolyte was
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introduced to facilitate the sulfur-lithium electrochemical
kinetics. The entire assembly process was performed in an Ar-
filled glove box, followed by evacuation and sealing of the
pouch-type microbattery.

3. Results and discussion

As it was reported before," the PEO matrix facilitates primary
Li" transport through segmental motion, while the LLZO
particles provide secondary conduction pathways via their bulk
and grain boundaries. Additionally, the interfaces between the
polymer matrix and LLZO act as high-conductivity regions for
Li" hopping. Although PVDF mainly contributes to mechanical
stability, its integration with PEO ensures the structural integ-
rity of the composite without significantly hindering ion
mobility, as illustrated in Fig. 2a. This multi-pathway Li"
transport mechanism, enabled by the optimized preparation
process, results in a composite electrolyte with high ionic
conductivity and robust electrochemical performance.

Building on this, the incorporation of LLZO solid electrolyte
plays a crucial role in further enhancing the ionic conductivity
of the composite electrolyte.***” By careful adjusting the LLZO
concentration, it is possible to tailor the ionic transport prop-
erties and strike the balance between conductivity and
mechanical strength of the electrolyte. The presence of LLZO
not only provides additional percolation pathways for lithium-
ion movement but also helps to suppress the polymer crystal-
linity, thereby increasing segmental motion of the PEO chains
for better Li-ion mobility.**

To evaluate the influence of LLZO content on ionic conduc-
tivity, a series of composite electrolytes with the LLZO concen-
tration ranging from 0 to 25% were prepared and investigated
using electrochemical impedance spectroscopy. As shown in
Fig. 2b, the Nyquist impedance plots reveal a clear trend for the
studied systems. The results indicate that increasing the LLZO
content up to an optimal level significantly reduces the cell
impedance, confirming the contribution of LLZO to enhanced
Li" conduction. However, beyond certain concentrations,
excessive LLZO loading may lead to particle agglomeration and
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Fig. 2

(a) Schematic ion transport pathways diagram within composite electrolyte; (b) EIS results for spin-coated composite thin-film elec-

trolytes PEO/PVDF/LITFSI/LLZO at room temperature; (c) ionic conductivity dependence of composite thin-film solid electrolyte on LLZO

concentration in polymer matrix.
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disruption of the polymer matrix continuity, which negatively
impact the overall ionic mobility. This highlights the impor-
tance of compositional tuning in achieving high-performance
solid-state electrolytes.

To better understand the electrochemical processes, the
impedance spectra were fitted using an equivalent circuit model
shown in the inset of the Nyquist plot in Fig. 2b. This model
consists of several components that represent different resistive
and capacitive contributions: bulk resistance (R,), which
accounts for the intrinsic resistance of the polymer electrolyte,
influenced by both the polymer matrix and LLZO filler; capac-
itance (C), which reflects charge storage at the interfaces;
interfacial resistance (R,), associated with charge transfer at the
electrode—-electrolyte interface; and constant phase element
(CPE), which models non-ideal capacitive behaviour due to
surface roughness, heterogeneity, or inhomogeneous particle
distribution.

The trends in the Nyquist plot confirmed that moderate
LLZO content (up to 15%) significantly lowers both bulk and
interfacial resistance, thereby improving ionic conductivity.
However, beyond 15% LLZO, the impedance begins to rise,
indicating the negative effect of further increase of the LLZO
content. This effect is likely due to particle agglomeration or
disrupting the polymer-ion interactions at higher LLZO
concentrations, which hinders lithium-ion mobility.

The ionic conductivity (¢) was determined using the
equation:

o = dIR:S,

where d is the electrolyte thickness, R, represents the total
resistance, and S denotes the cross-sectional area.

The conductivity plot in Fig. 2¢ further supports these find-
ings, showing a steady increase in total ionic conductivity as the
LLZO concentration increases from 0% to 15%. At this
composition, the electrolyte achieves an optimal balance
between polymer matrix flexibility and ion transport efficiency,
maximizing lithium-ion mobility. However, above 15% LLZO,
the conductivity declines sharply, reinforcing the idea that an
excess of ceramic filler obstructs ion conduction rather than
facilitating it.

Overall, these results suggest that incorporating LLZO into
the polymer electrolyte enhances its ionic conductivity up to an
optimal concentration of approximately 15%. Beyond this
point, the negative effects of excessive filler content outweigh
the benefits, leading to increased resistance and reduced
conductivity. This finding is particularly relevant for solid-state
lithium-sulfur batteries, where optimizing the ceramic-polymer
composition is crucial for achieving high-performance electro-
lyte systems.

All the studies samples were thoroughly analyzed using
arange of characterization techniques to assess their structural,
and morphological properties. The samples’ thickness and
morphology were observed using scanning electron microscopy.
Fig. 3a and b display the sulfur powder before and after ball
milling, respectively, revealing a significant reduction in
particle size from approximately 20 um to nanoscale. Fig. 3¢

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shows the SEM image of the S/CNT/SP mixture, clearly illus-
trating the uniform dispersion of the composite components.
Energy dispersive X-ray spectroscopy (EDS) analysis, shown in
Fig. 3d, confirms the presence and even distribution of sulfur
and carbon elements within the composite. Fig. 3e presents
a transmission electron microscopy (TEM) image of the CNT
after interaction with sulfur, highlighting the substantial pres-
ence of sulfur and indicating the size of sulfur particles to be up
to 50 nm. Such a small particle size is critical for ensuring
efficient electrical conductivity throughout the composite
material. Fig. 3f and g show cross sectional SEM images of the
cathode before and after coating by the ionically conductive
PEO/PVDF/LIiTFSI/LLZO layer. Fig. 3f reveals the cross-section of
the cathode (after roll-press) with the thickness of around 3 um.
In Fig. 3g, a cross-sectional SEM image clearly demonstrates
a uniform and well-adhered PEO/PVDF/LIiTFSI/LLZO coating,
which made the total thickness of the cathode approximately 8
um. These results confirm that the thin-film PEO/PVDF/LiTFSI/
LLZO-electrolyte-coated S/CNT/SP cathode has successfully
been prepared. Finally, Fig. 3h presents the morphology of the
coated cathode, which appears smooth and free of significant
microcracks or defects. However, in the magnified image, tiny
pores are visible within the coating, which may facilitate Li-ion
penetration through the polymeric scaffold during cycling,
enhancing the cell performance.

The CV curves of the Li-S cells with S/CNT/SP cathode in
Fig. 4a and b reveal distinct electrochemical behaviour differ-
ence of the cathode without the PEO/PVDF/LiTFSI/LLZO coating
and with it. In the uncoated configuration (Fig. 4a), where
a conventional separator and electrolyte are used, the redox
peaks are broader and less defined across the cycles. The first
cathodic peak, associated with the reduction of sulfur to higher-
order polysulfides, appears around 2.3 V, followed by the
second peak around 2.0 V related to the further reduction to
Li,S,/Li,S. The corresponding anodic peak, which reflects the
reverse oxidation process, is centered broadly around 2.4 V. A
relatively large separation between the anodic and cathodic
peaks indicates significant polarization and sluggish kinetics.
This peak separation, along with evolving current responses
over the first few cycles, suggests limited reversibility and
increasing cell resistance, possibly due to poor ionic transport
and polysulfide shuttle effects. Meanwhile, the coated configu-
ration (Fig. 4b), where no separator is used and ionic conduc-
tion is provided by the porous solid-state layer, shows sharper
and more symmetric redox peaks. These features indicate
reduced polarization, reflecting improved charge transfer
kinetics and more efficient redox reactions, suggesting that the
PEO/PVDF/LIiTFSI/LLZO coating supports effective lithium-ion
transport along with mitigating the diffusion of polysulfides.
The porous structure likely enables better electrolyte infiltration
and contact with the active materials, leading to more stable
electrochemical operation over repeated cycling.

Galvanostatic charge-discharge profiles offer crucial under-
standing of electrochemical behaviour of the investigated
systems (Fig. 4c-i). The charge-discharge profiles of bare elec-
trode in Fig. 4c and that of coated counterpart in Fig. 4d high-
light distinct differences in their electrochemical behaviour.

RSC Adv, 2025, 15, 11537-11548 | 11541
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Fig. 3 SEM images of (a) fresh commercial sulfur and (b) sulfur after ball-milling; (c) SEM images of S/CNT/SP; (d) EDS of S/CNT/SP, (e) TEM
image of S/CNT; cross-sectional SEM of S/CNT/SP cathode (f) without and (g) with coating; (h and i) top SEM view of PEO/PVDF/LITFSI/LLZO on

cathode surface.

The potential plateaus correspond to the multi-step conversion
of sulfur species during lithiation and delithiation and matches
with the trends in the CV scans. The bare electrode shows well-
defined discharge plateaus at ~2.3 V and ~2.1 V, indicating the
stepwise reduction of sulfur to lithium polysulfides Li,S,, and
ultimately to Li,S. The electrode initially delivers a discharge
capacity of 1162 mA h g ' and a charge capacity of
1008 mA h g~ . However, a rapid decline in capacity is observed
during the initial cycles. As cycling progresses, the potential
plateaus during both discharge and charge exhibit notable
shifts, with the discharge plateau (initially at ~2.3 V) gradually
shifting to the lower potentials and the charge plateau moving
to the higher potential values. This increasing potential gap
between charge and discharge plateaus indicates rising polari-
zation, which can be attributed to side reactions, loss of active
material, and reduced electrolyte conductivity due to the poly-
sulfide shuttle effect. Moreover, upon extended cycling, these

1542 | RSC Adv, 2025, 15, 11537-11548

plateaus become shorter, likely due to the polysulfide dissolu-
tion and electrode degradation.

In contrast, the separator-free cell utilizing the electrolyte-
coated electrode exhibits more stable and well-defined
plateaus (Fig. 4d), indicating enhanced sulfur redox kinetics
and more complete conversion reactions. A gradual delithiation
observed in this system results from diffusion-limited lithium-
ion transport through the porous PEO/PVDF/LiTFSI/LLZO
layer, which effectively moderates the redox kinetics and
suppresses the sharp phase transitions inherent to Li-S
batteries. As a result, smoother CV curves (Fig. 4b) and sloped
potential profiles (Fig. 4d) without distinct plateaus emerge.
Moreover, the coating likely mitigates polysulfide shuttling,
promoting more uniform and continuous electrochemical
reactions. While some plateau shifting is still noticeable during
prolonged cycling, it is significantly less severe than in the case
of bare electrode (Fig. 4c). The relatively modest increase in
polarization over cycles points to improved reaction kinetics

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bare and (i) coated S/CNT/SP. All tests were performed at RT.

and efficient charge transport, which is particularly notable
given the reduced liquid electrolyte content. As a result, the
initial discharge and charge capacities reach 1829 mAh g "' and
1845 mA h g ', respectively, corresponding to an initial
coulombic efficiency exceeding 98%. This marked enhance-
ment in cycling stability can be attributed to the improved
interfacial contact, suppressed polysulfide diffusion, and the
composite electrolyte's dual role in offering mechanical stability
and facilitating ion conduction—further aided by the presence
of nanopores that maintain ion accessibility throughout the
film.

Fig. 4e illustrates the cycling performance of the bare spin-
coated S/CNT/SP electrode without use of the composite elec-
trolyte coating. Despite the initial rapid fade, the capacity
stabilizes at approximately 600 mA h ¢~ and remains relatively
unchanged up to 150 cycles. These results suggest that the spin-
coated thin-film electrode itself exhibits stable long-term
performance, maintaining capacity retention beyond the
initial decline phase. Meanwhile, the S/CNT/SP electrode coated
with the PEO/PVDF/LIiTFSI/LLZO electrolyte in Fig. 4f and g
demonstrates significantly enhanced electrochemical perfor-
mance. To assess the impact of the composite electrolyte, the
rate capability tests were performed across a range of current
densities from 0.1 to 2C (Fig. 4f). The discharge capacities at

© 2025 The Author(s). Published by the Royal Society of Chemistry

increasing rates were recorded as 1810, 1616, 1221, 921, and
647 mA h g at 0.1, 0.2, 0.5, 1, and 2C, respectively. A notable
feature in the rate-dependent cycling behaviour is the fluctua-
tion in CE when transitioning between different C-rates. This
behaviour can be attributed to lithium stripping/plating effects,
which become less controlled at higher currents, potentially
leading to lithium loss and side reactions. Conversely, when the
rate is lowered back to 0.1C, the CE temporarily dips as the
system readjusts before stabilizing in the 92-99% range.
Importantly, after the rate capability tests, the capacity
successfully recovers to 1640 mA h g~ upon returning to 0.1C,
demonstrating the robustness of the composite electrolyte in
preserving electrode integrity and maintaining lithium-ion
transport. Further long-term cycling at 0.1C revealed a gradual
capacity decline (Fig. 4g), with a final capacity of approximately
1000 mA h g~ after 150 cycles.

A particularly intriguing aspect of the cycling behaviour of
the cells is the presence of an excess capacity upon the initial
few cycles, exceeding the theoretical limit. Looking at the
descending discharge profile in the initial five cycles at 0.1C
(Fig. 4d), one can notice that the plateau of sulfur lithiation
ends at around its theoretical capacity value, after which an
additional small plateau appears at around 1.95 V. Moreover, it
becomes more pronounced at the 5th cycle, indicating that
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some redox reactions take place. At the charge-discharge curves
of the bare S/CNT/SP cathode (Fig. 4c), we can also notice the
same plateau, indicating that such a reaction happens in both
cathodes, suggesting that it is unlikely to be primarily attributed
to the solid electrolyte. From the literature, a similar phenom-
enon has been observed for LiNO; additives in Li-S batteries
and assigned to the reduction of LiNO;, resulting in slowing
down the electrode reaction kinetics and a permanent loss in
the reversibility of the Li-S cell. It was even suggested that deep
discharge must be avoided for a long cycle life Li-S battery when
LiNO; is used as an additive or a co-salt in the electrolyte
solution.***” It is worth noting that the uncoated cell contained
more liquid electrolyte and exhibited a longer plateau
compared to the coated cell. This suggests that the excess
capacity of the cell may be attributed to LiNO;, which was
present in the liquid electrolyte. However, as shown in Fig. 4d,
this plateau gradually diminishes over subsequent cycles, and
the excess theoretical capacity is no longer observed.

Further insights into the electrode stability and reaction
kinetics are obtained from the differential capacity (dQ/dV)
plots of the S/CNT/SP electrodes with and without the

¢) | fresh bare S/CNT/SP
postmortem S/CNT/SP

View Article Online
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composite electrolyte (Fig. 4h and i). The CV behaviour of both
electrodes in Fig. 4a and b are mirrored in their dQ/dV plots in
Fig. 4h and i. Both electrodes exhibit similar peak positions,
indicating comparable reaction pathways. The bare cathode in
Fig. 4h demonstrates irregular and somewhat noisy peaks,
especially around 2.2-2.4 V, indicative of side reactions or
interface instability. For the cell with the PEO/PVDF/LiTFSI/
LLZO-coated cathode, the peaks in the dQ/dV plot are more
distinct and stable, showing consistent lithium insertion/
extraction processes. The coated electrode also displays
slightly higher redox potentials, suggesting better ionic
conductivity and reduced resistance. Overall, the coating
significantly improved the electrochemical performance by
enhancing stability, reducing polarization, and ensuring more
reversible lithium-sulfur reactions.

The SEM analysis was conducted to evaluate the morpho-
logical evolution of the thin-film cathodes after 150 charge/
discharge cycles (Fig. 5a-d). Fig. 5a presents the morphology
of the bare S/CNT/SP cathode, whereas Fig. 5b shows the same
cathode but coated with the PEO/PVDF/LiTFSI/LLZO layer. In
the bare cathode, the surface reveals significant agglomeration
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Intensity

| [N

10 15 20 25 30

postmortem electrolyte-coated S/CNT/SP

| Sulfur (01-078-1888)
| Aluminum (01-081-9826)
| LLZO (01-080-7219)

WJWULNLMJ I

I

35 40 45 50 55 60

2 O, degree

Fig.5 Results of post-mortem analysis of electrodes after 150 cycles: (a) bare S/CNT/SP electrode; (b) S electrode with PEO/PVDF/LITFSI/LLZO;
(c) XRD spectra of bare and electrolyte-coated S/CNT/SP electrodes before and after cycling.
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of micron-sized particles and formation of microcracks, which
can contribute to structural degradation, delamination and loss
of electrical connectivity of the electrode. These observations
are consistent with the galvanostatic cycling results, where the
bare cathode exhibited significant polarization growth and
capacity decay over cycling. The development of microcracks in
the bare cathode could lead to excessive electrolyte penetration,
exacerbating side reactions and irreversible loss of the active
material.

The second image (Fig. 5b) presents the electrolyte-coated
electrode after 150 cycles. Compared to the fresh electrode
(Fig. 4f), initially uniform polymer surface has roughened, and
distinct agglomerations were formed. This suggests that pro-
longed cycling leads to structural changes, potentially caused by
polymer degradation, redistribution of sulfur species, or partial
loss of contact between the components. However, compared to
the uncoated electrodes, the electrolyte-coated cathode retains
its mechanical stability, exhibiting no delamination. This
improved structural integrity likely contributed to better cycling
stability by suppressing polysulfide dissolution and maintain-
ing electrode cohesion.

To further understand the structural evolution of the cath-
odes, XRD analysis of both electrodes was conducted before and
after cycling (Fig. 5c¢). In the uncoated electrode, the fresh
sample displays sharp and well-defined peaks corresponding to
crystalline S and Al (current collector), indicating the presence
of highly crystalline active material. However, after cycling, the
postmortem spectrum shows a noticeable reduction in sulfur
peak intensity and sharpness. This suggests a loss of crystal-
linity, likely due to polysulfide dissolution and structural
degradation, which are common issues in Li-S batteries. The

)
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<
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overall intensity decrease indicates a partial loss of active
material and/or electrode degradation.

In contrast, the coated electrode maintains a significantly
better structural stability. The fresh sample exhibits strong S
and Al peaks, along with additional peaks corresponding to
LLZO, confirming the presence of the lithium-conducting
electrolyte. After cycling, the postmortem spectrum shows that
the sulfur peaks remain more pronounced and well-defined
compared to the uncoated counterpart. This indicates better
retention of the active material and reduced structural degra-
dation. The coating effectively suppresses polysulfide dissolu-
tion and enhances the stability of the cathode, leading to
improved electrochemical performance and longevity.

Overall, these findings demonstrate that incorporation of the
PEO/PVDF/LIiTFSI/LLZO composite layer significantly improved
the electrochemical and structural stability of the cathode. The
reduction in microcracks, suppression of polysulfide dissolu-
tion, and preservation of interfacial stability collectively
contribute to the observed enhancement in cycling perfor-
mance, evidenced by the lower polarization and higher capacity
retention.

3.1 Pouch cell-assembly

To move close toward miniaturized and wearable applications,
following successful evaluation of the electrochemical perfor-
mance of the designed sulfur cathode, the next step was the
fabrication of a microbattery prototype. Designing an efficient
pouch-cell configuration for a Li-S microbattery presents both
a technical challenge and an opportunity to advance energy
storage technology. Utilizing the developed S/CNT/SP cathode
in combination with a quasi-solid PEO/PVDF/LiTFSI/LLZO
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electrolyte, a pouch-type Li-S microbattery with sandwich
structure was successfully assembled without separator
(Fig. 6a). The initial open-circuit voltage (OCV) was measured at
approximately 2.67 V, as depicted in Fig. 6b. Notably, the pouch-
cell structure exhibited flexibility, a feature that could be highly
advantageous for future applications in wearable and portable
electronic devices.

To evaluate the electrochemical performance of the Li-S
microbattery, the pouch cell was subjected to charge-discharge
cycling within a potential range of 1.6 to 2.8 V at a current
density of 20 pA ecm 2. The cycling data, presented in Fig. 6c,
reveal the evolution of specific capacity over cycling at room
temperature. The microbattery initially exhibited an areal
capacity of approximately 110 pA h em > (577.6 mA h g~ ). Over
the course of 60 cycles, the capacity gradually declined, stabi-
lizing at around 70 pA h cm™? (367.5 mA h g '), effectively
retaining 64% of its original capacity.

Despite a lower performance compared to a traditional coin-
cell configuration, likely due to a less compact packaging
structure, the pouch-cell format maintained a stable CE of
approximately 97%, indicating a highly efficient charge-
discharge process. The assembly of a pouch-type Li-S micro-
battery with stable electrochemical performance marks a first
step toward practical miniaturization of Li-S energy storage
devices. Although further optimization is necessary to increase
mass loading and enhance capacity retention, the demon-
strated flexibility and efficiency position this technology as
a viable candidate for next-generation portable and wearable
electronics.

4. Conclusion

In this study, we successfully developed and characterized an
advanced spin-coated thin-film S/CNT/SP cathode and quasi-
solid PEO/PVDF/LiTFSI/LLZO electrolyte for Li-S micro-
batteries. The incorporation of LLZO into the PEO/PVDF/LiTFSI
composite electrolyte significantly enhanced the ionic conduc-
tivity and electrochemical performance of the solid-state elec-
trolyte system. The results demonstrated that moderate LLZO
loading (up to 15%) optimizes the balance between ionic
transport and mechanical stability by creating additional
conduction pathways and reducing polymer crystallinity. EIS
and conductivity measurements confirmed that these compo-
sitional tuning lowers bulk and interfacial resistance, facili-
tating more efficient lithium-ion transport. Beyond the optimal
LLZO concentration, however, agglomeration effects and poly-
mer matrix disruption hinder conductivity, highlighting the
importance of precise ceramic filler content control. SEM
images confirmed the presence of nanopores in the PEO/PVDF/
LiTFSI/LLZO layer, which facilitated lithium-ion penetration
through the polymeric scaffold during cycling, enhancing
performance.

The electrochemical tests further validated the superior
performance of the PEO/PVDF/LiTFSI/LLZO-coated S/CNT/SP
cathode in Li-S batteries. The solid-state electrolyte layer
improved charge transfer kinetics, reduced polarization, and
suppressed polysulfide shuttling, leading to enhanced cycling
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stability and higher capacity retention. Galvanostatic cycling
and CV tests revealed more distinct and stable redox peaks,
lower potential hysteresis, and reduced side reactions in the
coated system compared to the bare cathode. This enabled the
cell to maintain a capacity of approximately 1000 mA h g~ even
after 150 cycles across various C-rates. Furthermore, post-
cycling analysis revealed that the coated cathode preserved its
morphological integrity and structural stability.

Furthermore, we demonstrated the Li-S pouch-type micro-
battery with a sandwich structure, which was able to maintain
an areal capacity of approximately 70 pA h cm™?
(367.5 mA h g~ 1) after 60 cycles at 20 uA cm™ > Indeed, further
optimization is needed to achieve a higher energy density, but
the proved electrochemical performance of the developed
cathode and electrolyte make it promising for next-generation
portable and wearable electronics.

Overall, this research highlights the critical role of advanced
composite cathode materials and quasi-solid composite elec-
trolytes in enhancing the performance of Li-S microbatteries.
The promising results of this work provide a strong foundation
for further optimization and development of safe, high-energy-
density, long-lasting microbattery solutions. These findings
pave the way for next-generation miniaturized energy storage
systems, emphasizing the importance of innovative material
engineering in the pursuit of compact, high-performance
battery technologies.
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