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ABSTRACT

The transition from liquid electrolytes to solid-state electrolytes represents a
key strategy for improving the safety and energy efficiency of lithium-sulfur (Li-S)
batteries. However, poor interfacial contact and high resistance at the electrode-
electrolyte interface remain critical barriers to commercialization. In this study,
we report an in situ coating approach, where a crosslinkable polytetrahydrofuran-
based solid polymer electrolyte (aPTHF-SPE) is directly formed on the surface of C@$S
cathodes via UV-curing. SEM and EDS analyses confirm the formation of a uniform
polymer layer with a thickness of 35-46 um, ensuring intimate interfacial contact and
reduced void formation. Electrochemical tests demonstrate that the in situ coated
cathodes deliver an initial discharge capacity of ~250 mA-h-g?, with subsequent
cycles exhibiting improved stability due to enhanced ionic transport and electrode
activation. Despite gradual fading after extended cycling, the strategy significantly
improves the electrode-electrolyte interface compared to uncoated cathodes. These
findings highlight in situ polymer electrolyte coating as a promising and scalable
method for addressing interfacial challenges in solid-state Li-S batteries, paving the
way toward safer and higher-performance energy storage systems.

1. Introduction

including insufficient ionic conductivity and high
interfacial resistance between the electrolyte and

The increasing demand for high-energy-density
rechargeable batteries highlights the need for in-
depth exploration of Li-S batteries, known for their
exceptional energy storage capability. Among them,
solid-state Li-S batteries stand out as a promising
next-generation technology, offering both high
energy density (~2600 Wh-kg?) and enhanced
safety [1, 2].

While solid-state Li-S batteries effectively
mitigate polysulfide dissolution, volume expansion,
and lithium dendrite formation, they still suffer
from low ionic conductivity and poor electrode-
electrolyte interface stability during charge/
discharge, limiting their practical application. The
transition from liquid electrolytes to all-solid-state
electrolytes is considered one of the most promising
strategies to enhance safety and reduce energy
losses in lithium-ion and lithium-sulfur batteries.
However, this transition poses several challenges,

electrodes. The unique interfacial characteristics
of the electrode/solid-state electrolyte (SSE)
interface, compared with those of the electrode/
liquid electrolyte interface, often lead to significant
interfacial resistance. Ideally, the electrode/
SSE interface should exhibit high chemical and
mechanical stability, enable efficient ion transport,
and maintain maximum contact area throughout
cycling [3-5]. Nevertheless, this interface remains
a major obstacle to the commercialization of all-
solid-state lithium-sulfur batteries (ASSLSBs). High
interfacial resistance at both the anode and cathode/
SSE interfaces is a common issue. To improve the
electrochemical performance of ASSLSBs, it is
essential to ensure optimal interfacial compatibility,
contact, and chemical stability [1, 6-8]

Polymer electrolytes can be classified into
different types, including solid polymer electrolytes,
gel electrolytes, and composite polymer electrolytes
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incorporating ceramic fillers. In Li-S batteries, gel
polymer electrolytes offer good ionic conductivity
and flexibility but may suffer from limited mechanical
strength and polysulfide dissolution. Polymer and
composite polymer electrolytes are widely explored
for Li-S batteries due to their potential to enhance
ionic conductivity, mechanical stability, and
interfacial compatibility.

However, pooriontransportat room temperature
and weak interfacial contact with sulfur cathodes
remain critical challenges that need to be addressed
worldwide. Numerous efforts have been made
to overcome these challenges, including polymer
matrix modifications, the incorporation of functional
additives, and the development of thin polymer
electrolytes [9].

Over the past few decades, various research
groups have developed polymer electrolytes with
enhanced ionic conductivity and improved interfacial
contact for Li-S batteries. PEO is a widely used
polymer for polymer electrolyte fabrication due to
its mechanical stability and excellent film-forming
ability. However, its low ionic conductivity (107-10°
S/cm) at room temperature, caused by its crystalline
structure, limits its practical application in Li-S cells.
Previous studies have shown that incorporating
dual salts (LiTFSI/LiBOB), modifying the polymer
matrix, and adding various fillers can significantly
enhance ionic conductivity. Also different polymers
have been studied as polymer electrolytes for Li-S
batteries, including poly(ethylene oxide) (PEO)
and poly(ethylene-methylene oxide) (PEMO) [10] ,
poly(vinylidene  fluoride-co-hexafluoropropylene)
(PVDF-co-HFP) [11], and polyacrylonitrile (PAN)-
based ‘polymer-in-salt’ electrolytes [12], among
others. Nevertheless, the practical application
of polymer-based electrolytes is still hindered
by challenges such as low ionic conductivity at
room temperature, poor lithium-ion transport,
and instability at high voltages. Addressing these
issues requires further optimization of polymer
structure, composition, and electrolyte formulation
to enhance electrochemical performance and long-
term stability.

In this work, we aim to integrate the previously
studied solid polymer electrolyte [13] with a Li-S
battery, evaluating its ability to suppress polysulfide
shuttling and enhance cycle stability. This research
contributes to the field by addressing the critical
challenge of polysulfide dissolution, which
significantly hinders the long-term performance of
Li-S batteries.

2. Experimental part
2.1. Synthesis of polymer electrolyte

The solid polymer electrolyte based on
polytetrahydrofuran was synthesized following the
method described in [13]. Previously, PTHF was first
modified with acryloyl chloride, followed by the
addition of PEGDA and ETPTA crosslinkers. Polymer
electrolytes were fabricated by casting the mixture
of a-PTHF, PEGDA and ETPTA with LiTFSI salt, and
subsequently exposed to UV irradiation.

2.2. Synthesis of sulfur cathode

The synthesis procedure of the sulfur cathode
was described in detail in our previous work [14].
Sulfur was immobilized onto the porous graphene
composite (GPC) carbon matrix using a melt-
diffusion method. First, sulfur was dissolved in a
CS,/IPA (7:3) mixture under stirring, followed by the
addition of GPC powder (4:6 ratio). The mixture was
ultrasonicated for 20 min and stirred until solvent
evaporation. The obtained material was then heated
in an Ar atmosphere at 155 °C for 12 h (2.5 °C/min)
and further annealed at 200 °C for 1 h to remove
non-encapsulated sulfur. The obtained carbon-sulfur
composite was subsequently mixed with acetylene
black and PVDF (8:1:1) in NMP to form a slurry,
which was then cast onto carbon-coated aluminum
foil for C@S cathode fabrication.

2.3. In situ preparation of cathode-electrolyte
system

In our work, an in situ coating method was
employed to improve the contact between the
cathode and the solid-state electrolyte. For the in
situ coating, an C@S cathode and an aPTHF-based
electrolyte were used. The preparation of the aPTHF-
based solid polymer electrolyte (SPE) involved two
main steps: acrylation of polytetrahydrofuran (PTHF)
and subsequent processing to obtain the solid
electrolyte. In the first step, PTHF was acrylated by
converting its terminal groups into photosensitive
acrylate groups.

Inthe second step, the aPTHF-based solid polymer
electrolyte (SPE) was prepared by mixing a-PTHF
with ethoxylated trimethylolpropane triacrylate
(ETPTA) and polyethylene glycol diacrylate (PEGDA)
in a mass ratio of 8:1:1. This mixture was stirred
until homogeneous, after which lithium salt (LiTFSI)
was added to the solution. Additionally, 2-hydroxy-
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2-methylpropiophenone (HMPP) was added at a
concentration of 3 wt% as a photoinitiator. The
liquid polymer precursor aPTHF (200 ulL) was
applied onto the surface of the C@S cathode, then
sandwiched between two glass plates and subjected
to UV-curing (Spectroline, ENF-240C/FE, A,., = 365
nm) for 10 min. After curing, an aPTHF polymer
film was successfully formed in situ on the surface
of the C@S cathode (Fig. 1). The resulting structure
was then dried under vacuum for 48 h to remove
residual solvents. The entire procedure was carried
out under inert conditions in a glovebox to prevent
contamination.

2.4. Characterization

The surface characteristics and the thickness
of the prepared membranes of solid polymer
electrolytes were analyzed using field emission
electron microscopy (FESEM, SEM, JEOL JSM-7500F,
ZEISS Crossbeam 540, Jena, Germany).

The coin cells were assembled with an C@S
cathode (the mass loading of 2.5 mg-cm?), with
aPEP as the solid electrolyte, and Li metal as the
anode to evaluate the electrochemical performance
of the novel materials. Cyclic voltammetry (CV) was
performed 1.3 V to 3.0 V at a scan rate of 0.1 mV-s™
with the cell configuration Li/SPE-C@S at 80 °C.
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3. Results and Discussion

Scanning electron microscopy (SEM) was
employed to evaluate the interfacial layers of the
in situ coated C@S cathode and the solid polymer
electrolyte (SPE). SEM images were obtained for the
carbon-coated aluminum foil current collector, C@S
cathodes before and after roll-pressing, as well as for
the C@S cathode with the in situ coated SPE. Based
on these SEM images, the thickness of the coatings
was measured, revealing that the average thickness
of the in situ coated polymer ranged from 35 to 46
pm. The SEM image of the unrolled C@S cathode
on the current collector showed poor adhesion with
visible gaps at the interface. In contrast, the roll-
pressed C@S cathode demonstrated a well-bonded
and tightly connected interface with the current
collector.

The morphology and elemental distribution of
the electrode-electrolyte interface were examined
using cross-sectional SEM and EDS mapping (Fig. 2
a-c and Fig. 3 a-f).

The carbon-coated Al foil exhibits a smooth and
dense morphology with an average thickness of
~18 um (Fig. 2a). Only minor surface scratches are
visible from the rolling process, and the EDS analysis
confirms a dominant Al signal with negligible
impurities. This indicates the high purity of the foil

Amax =365 nm

UV-irradiation for 10 min

C@S cathode

stirring at room tempexarule
LiTFSI was dissolved in THF 1:2 /

2-hydroxy-2-methylpropiophenone (HMPP)
a photoinitiator
3 wt% of total solution

——

m-situ coated C@S  cathode

Fig. 1. Schematic illustration of the in situ preparation of the cathode-electrolyte system.
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10pm

Fig. 2. (a) Al foil, (b) cathode C@S-roll pressed on the Al foil, (c) in situ coated aPTHF-based solid polymer electrolyte layer.

and its suitability as a stable current collector. After
roll-pressing, the C@S composite cathode forms
a porous, granular layer with thicknesses ranging
from ~16.08 um to 19.20 um (Fig. 2b). The interface
with the Al foil appears well adhered, suggesting
strong mechanical contact induced by roll pressing.
The porous microstructure is advantageous for
electrolyte penetration, which can improve ion
transport during cycling. However, slight variationsin
thickness indicate the need for further optimization
of coating and pressing conditions. The in situ coating
process results in a continuous polymer electrolyte
film covering the cathode, with a thickness varying
between ~35.6 um and ~46.7 um depending on
the cross-sectional position (Fig. 2c). The SPE
layer exhibits a dense and crack-free morphology,
indicating good film-forming capability and strong
interfacial adhesion. The conformal coating not
only encapsulates the cathode particles but also fills
interfacial voids, thereby improving physical contact
between the cathode and electrolyte.

Elemental maps further confirm the successful
integration of the multilayer structure (Fig. 3).
Aluminum (Al, blue, Fig. 3g) is localized at the
bottom current collector layer without diffusion
into the overlying layers. Sulfur (S, magenta, Fig.
3b) is homogeneously distributed throughout the
C@S cathode region, while carbon (C, red, Fig. 3c)
and oxygen (O, green, Fig. 3d) signals are present in
both the cathode and polymer electrolyte, reflecting
contributions from the RHG matrix and the aPTHF-
based polymer. The uniform elemental distribution
demonstrates that the cathode maintains its

composite integrity and that the SPE forms a
conformal coating over the entire cathode surface
(Fig. 3 e, f). The combined SEM and EDS results reveal
that the Al foil remains intact and uncontaminated,
acting as a reliable current collector. The C@S
cathode forms a well-adhered, moderately porous
layer on the Al foil, providing pathways for ionic
transport. The in-situ coated aPTHF-based polymer
electrolyte establishes a uniform and defect-free
overlayer, ensuring strong interfacial contact and
homogeneous element distribution.

These findings validate the effectiveness of the
fabrication strategy and highlight the potential of the
in situ coated aPTHF-based solid polymer electrolyte
to stabilize the electrode-electrolyte interface,
suppress polysulfide dissolution, and enhance long-
term cycling stability in solid-state battery systems.

The CV profiles (Fig. 4a) of the RHG@/aPTHF-
based SPE/Li cell display characteristic redox peaks
associated with the reversible conversion of sulfur
species during cycling at 80 °C [15]. In the 2nd-6th
cycles, the cathodic peaks corresponding to the
reduction of sulfur to long-chain and subsequently
short-chain polysulfides are well defined, while
the anodic peaks related to the re-oxidation of
polysulfides to elemental sulfur are also evident.
The nearly overlapping CV curves after the 3rd
cycle indicate good electrochemical reversibility
and stable redox kinetics within the electrode—
electrolyte system [9]. This suggests that the
conformal polymer coating contributes to improved
interfacial stability and efficient utilization of active
sulfur species.
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Fig. 3. SEM images: (a) ,cross-sectional image of in situ electrode-electrolyte interface (b) S, (c) C, and (d) O, (e) Energy-
dispersive X-ray spectroscopy (EDS) analysis was performed on the C@S cathode with in situ coated SPE on carbon-

coated aluminum foil, (f) F, (g) Al

The charge-discharge curves at 80 °C (Fig. 4b)
show two distinct discharge plateaus, consistent
with the multistep reduction process of sulfur, while
the charge process exhibits a corresponding plateau
associated with sulfur reformation. The initial cycles
demonstrate a higher specific capacity of about 250
mA-h-g, which gradually decreases to 75 mA-h-g.
However, the subsequent cycles become more
stable, indicating electrode activation and improved
ionic transport within the solid polymer electrolyte.
After 47 cycles, the specific capacity drops sharply.
This capacity fading can be attributed to the
deterioration of the electrode-electrolyte interface
[16].The capacity retention over multiple cycles
remains relatively stable, highlighting the ability of
the aPTHF-based electrolyte to suppress polysulfide

shuttling and maintain efficient electrochemical
reactions. The nearly constant coulombic efficiency
(>95% in most cycles) further supports the strong
interfacial compatibility and high reversibility of the
system. The performance of the in situ coated aPTHF-
based solid polymer electrolyte at room temperature
was limited due to its low ionic conductivity and
insufficient interfacial contact with the electrode
surfaces. The restricted segmental motion of the
polymer chains at ambient conditions further
hindered efficient ion transport, resulting in higher
interfacial resistance and poor electrochemical
performance [17]. Below are the preliminary cyclic
voltammetry (CV) results for C@S cells with in situ
coated aPTHF-based electrolyte | Li, along with the
corresponding charge/discharge curves (Fig. 4).
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Fig. 4. Ellectrochemical performance of C@S/SPE/Li at 80 °C: (a) CV profile, (b) Ch/dCh curves.

The combined CV and charge-discharge results
confirm that the in-situ coated aPTHF-based solid
polymer electrolyte effectively stabilizes the sulfur
redox processes, reduces interfacial resistance, and
promotes reversible electrochemical cycling. These
findings demonstrate the potential of the designed
electrode-electrolyte configuration for achieving
improved performance in solid-state lithium-sulfur
batteries.

4. Conclusion

The one-step in situ coating method of coating
C@S cathode with solid polymer electrolyte
was improved. The combined structural and
electrochemical analyses confirm the successful
fabrication of the C@S cathode integrated with
the in-situ coated aPTHF-based solid polymer
electrolyte. SEM and EDS analyses confirmed the
formation of a dense, conformal polymer layer
with a thickness of ~35-46 um, providing strong
adhesion to both the current collector and the
cathode while eliminating interfacial voids. This
structural integrity facilitated efficient ion transport,
as reflected in the well-defined redox peaks and
overlapping CV profiles, which indicate stable and
reversible sulfur conversion reactions at 80 °C. The
characteristic charge-discharge plateaus and high
coulombic efficiency (>95%) further highlight the
strong interfacial compatibility and suppression of
polysulfide shuttling. The initial cycles demonstrate
a higher specific capacity of about 250 mA-h-g?,
which gradually decreases to 75 mA-h-g. Although
gradual capacity fading was observed during
extended cycling, the overall performance of the
cell highlights the effectiveness of the in situ coating
strategy in enhancing interfacial stability, improving
sulfur utilization, and advancing the development of
high-performance solid-state Li-S batteries.
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In situ noKpbITUE KaToAa TBepAbIM NOIMMEPHbBIM 3N1EKTPOIMTOM ANA INTUA-CEPHDBIX aKKYMYNATOPOB
H. XXymawesa?, ®. CyntaHoB?, b. TaTbikaes?, XK. Llanabaes?, A. benrubaesa?, A. llaynetbaii’, 3. Hyprasuesa®”

!National Laboratory Astana, Hasapbaes YHuBepcuteT, yi. KabaHbait 6atbipa, 53, AcTaHa, KasaxcTaH
ZNHCTUTYT akKyMynaTopos, Hasapbaes YHusepcuTerT, ya. KabaHbalt 6aTtbipa, 53, ActaHa, KasaxcraH

AHHOTALMNA

Mepexos OT XUAKUX K TBePA0DA3HBIM 3/IEKTPOIMTAaM PACCMATPMBAETCA KaK K/t0UYeBan CTpaTerns Ajs nosbiwe-
HMA 6e30NacHOCTU U 3HEProadGEeKTUBHOCTU NUTUIN-CcepHbIX (Li-S) akkymynsaTopos. OgHaKo NA0X0M MeXpasHbii
KOHTAKT M BbICOKOE CONPOTMBAEHME HA FPAHULLE N1EKTPOL-3/IEKTPONT OCTAOTCA KPUTUYECKMMM NPENATCTBUAMM
ONA KOMMepunanusaumm. B gaHHoM paboTe npeacTaBieH MeToZ in Situ NOKPbITUA, MPU KOTOPOM CLUMBAEMbIN
Ha CBETY TBEPAbIN NOJIMMEPHbIN 3NEKTPOINT HAa OCHOBe nonuteTparngpodypaHa (aPTHF-SPE) dopmupyetca He-
nocpeacTBEHHO Ha NOBEPXHOCTM KaTogoB C@S metogom Yd-oTtBepKaeHua. AHanmsbel SEM n EDS noateepaumnm
obpa3oBaHMe PaBHOMEPHOrO MOJIMMEPHOrO C/1I0A TOAWMHON 35-46 MKM, obecneymBatoWwero nNaOTHbIM Mmexdas-
HbI KOHTaKT U YMeHbleHne 06pa3oBaHMA NyCTOT. INEKTPOXMMUYECKME UCTMbITAHUA NOKA3aau, YTo KaToAbl C in
Situ NOKPbITUEM AEMOHCTPUPYIOT HaYaibHYIO pPa3pALHY0 eMKOCTb 0Koso 250 mA-4-Tt, npu aTom nocnegyowme
LMKbl XapaKTePU3YIOTCA YAYYLWEHHOM CTabUAbHOCTbIO Baarogapa YCUAEHHOMY MOHHOMY TPAHCMOPTY M aKTUBaA-
LMW aNeKTpoaa. HecmoTpa Ha NocTeNeHHOe CHUXEeHME eMKOCTU NPU ANNTENIbHOM LMKANMPOBAHUM, NPeA/iOXKeHHan
CTpaTerva 3HauYnTeIbHO yayylaeT MHTepdENC 31eKTPOA-3NEKTPO/IUT MO CPABHEHMUIO C HEMOKPbLITBIMU KaTo4aMMU.
Mony4yeHHble pe3yabTaTbl MOAYEPKMUBAIOT, UTO in Situ MOKPLITUE MNOMMEPHbBIM 3/IEKTPO/IMTOM ABNIAETCA MepCcnek-
TUBHbIM Y MacliTabnpyembiM METOAO0M A/1A pelleHua MexKdasHbIX Npobaem B TBEPAOTENbHbIX Li-S akkymynsTo-
pax, OTKpbIBasA NyTb K 6onee 6€30NacHbIM N BbICOKOIDEKTUBHBIM CUCTEMAM HAaKOMNAEHUA SHEPTUN.

KnioueBble cnosa: TBepAble NosMMepHble 31eKTpoanTbl, PTHF, in situ NnoKpbiTMe, NonepeyHblit aHaus, INTUR-cep-
Hble aKKYMYIATOPbI.

JINTURA-KYKIPT aKKyMynaTopaapbl YWiH in situ KaTTbl NONIMMEPi 91eKTPONAUTNEH KaTOATbI KanTay

H. Xymawesa?, ®. CyntaHoB'?, b. TaTtbikaes!, XK. LWana6aes!, A. benribaesa?’, A. flaynet6air’, 3. Hyprasmesa®

!National Laboratory Astana, Hasapbaes yHuBepcuteTi, KabaHbali 6aTbip 4., 53, AcTaHa, KasakcTaH
ZAKKYyMynAaToOpAap MHCTUTYThI, Hasapbaes yHusepcuteti, KabaHbali 6aTbip 4., 53, ActaHa, KasakcTaH

AHOATNA

CylibIK 3/1EKTPOIUTTEPAEH KATTbl 3/IEKTPOIMTTEPrE KLy NUTUI-KYKIPT (Li-S) akKymynaTopaapbiHbIH, Kayincisairin
YKOHe aHeprusa TMiMAiNIriH apTTblpyAbIH HETi3ri CTpaTernanapbiHbIH 6ipi 601bIN caHanaabl. Ananga sNeKTpPoa-3/1eKTPO-
JIUT WeKapacblHAaFbl HAWap XaHacy XKaHe KoFapbl Keaepri 0N1apAbl KOMMepLMAaHAbIpyAaFbl 6acTbl Kegeprinepait,
6ipi 6onbIn Kana 6epeai. byn }ymbicTa in situ KanTay a4ici ycbiHbINaAbl: POTOCIYIEMEH TOpP/IaHFaH NOAUTETParnapo-
dypaH HerisiHaeri KaTTbl nonumepni anekTponnt (aPTHF-SPE) C@S KaToabliHbIH, 6eTiHae Tikenen YK-caynenengipy
d4ici apKbl/ibl OTbIpFbI3blnagbl. SEM kaHe EDS Tangaynapbl KanbiHabiFbl 35-46 MKM BipTeKTi nonMmep KabaTbiHbIH
TY3i/lyiH pacTafbl, ON Tbifbl3 LUEKAPaA/bIK ¥KaHACyAbl KAMTAMACbI3 eTefi KoHe KybICTapablH naraa 6onyblH asan-
TaAbl. INEKTPOXMMUANBIK CbIHAKTAP in Situ KanTanfaH KaToaTapAblH 6acTanKkbl paspas CblibIMAbIbIFbl LIAMaMeH
250 MA-caf T eKeHiH KepcCeTTi, a/l Keneci UMKAAEepP MOHAAPAbIH TacbiMangaHybIHbIH, KYLIEi MEH 3/1EKTPOATbIH aKTUB-
TEHYiHiH, apKacblHAA TypaKTbipak 6onabl. ¥3aK UMKAAEeYAe CbIMbIMAbINbIKTbIH, BipTiHAEN TOMeHAeyiHE KapamacTaH,
YCbIHbI/IFAH CTpaTerMa Kanta/iMafaH KaToATapMeH Ca/ibiCTblpFaHAa 3/1eKTPOL-3N1EeKTPONAMUT LWeKapacbiHbIH, CanacblH
anTapNbIKTalM KakcapTagbl. ANbIHFaH HaTUXKenep in situ NoAMMepPANi aNEKTPOAUT KanTay a4icCiHiH KaTTbl Kyhni Li-S
aKKYMYNIATOPNAPbIHAAFbI SNIEKTPOSIUT-3IEKTPOL, KabaTTapbIHbIF KaHacy macesnenepiH wewyaeri 6onawasbl 30p api
ayKbIMAbl 34iC eKeHiH KepceTeai, byn Kayincis api TMiMAi aHeprus cakTay XylhenepiHe o awaapl.

TyiiH cesgep: KaTTbl NonMmMmepni anektTpoautrep, PTHF, in situ KanTtay, KMma Tangaybl, IMTUR-KYKIPT aKKyMynaTop-
napebl.



