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insights into sulfur immobilization
techniques on commercial carbon for lithium–
sulfur batteries

Yelena Shinkarova, a Malika Tursynbek,a Mukhammed Kenzhebek,bcd

Batukhan Tatykayev,c Zhazira Supiyeva,de Temirlan Kerimkul,ad Fail Sultanov*bcd

and Almagul Mentbayeva *b

Lithium–sulfur batteries (LSBs) are considered as some of the most promising next-generation energy

storage systems due to their high theoretical capacity and energy density. However, their practical

application is hindered by challenges such as the shuttle effect, low conductivity of sulfur, and volume

changes during cycling. A key factor to address these issues is the strategy used to incorporate sulfur

into the carbon host, which significantly affects the cathode structure and electrochemical performance.

In this study, we compare four distinct sulfur immobilization strategies – chemical precipitation (ChP),

ball milling infiltration (BM), dissolution-crystallization (DC), and melt diffusion (MD) – using acetylene

black (AB) as a conventional conductive carbon host. Each method yields AB@S composites with varying

sulfur distributions, loading efficiencies, and interfacial characteristics. Comprehensive morphological

and electrochemical characterization, including thermogravimetric analysis (TGA), scanning electron

microscopy (SEM), and X-ray diffraction (XRD), confirms differences in sulfur content, particle

morphology, and crystalline structure depending on the infiltration route. Electrochemical testing reveals

that the synthesis approach is critical in determining the redox kinetics, reversibility, and cycling stability

of Li–S batteries. Among the tested approaches, the AB@S cathode fabricated via the BM method

delivers the most balanced performance, showing a comparatively high initial discharge capacity of 816

mAh g−1 at 0.1C, improved coulombic efficiency, and enhanced long-term cycling stability, retaining

68% of capacity, unlike DC and MD (about 60%) and ChP (55%) cells.
1 Introduction

The growing demand for electric vehicles (EVs) and renewable
energy systems, and the rapid spread of various portable
devices, require engineers to develop and advance new battery
technologies.1–4 Despite their efficiency, modern lithium-ion
batteries (LIBs) are constrained by limited energy density and
service life, making them insufficient to meet the rapidly
growing energy demands of society in the near future. Conse-
quently, researchers are actively exploring novel chemical
processes and advanced materials aimed at signicantly
enhancing battery performance. Among the most promising
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alternatives for next-generation energy storage are lithium–

sulfur (Li–S) batteries, owing to their high theoretical energy
density and cost-effectiveness. With a high theoretical
discharge capacity of 1675 mAh g−1 and an energy density of
2600 Wh kg−1, Li–S batteries signicantly outperform conven-
tional LIBs, making them strong candidates for the develop-
ment of next-generation high-energy storage systems.

However, the complex electrochemical processes in Li–S
batteries pose signicant challenges for practical application
and commercialization. While sulfur is widely available, non-
toxic, and cost-effective, it has an insulating nature, which
limits its ability to function as an electrode material and effec-
tively conduct electric current. Problems with Li–S batteries also
include low cycle life due to dissolution of lithium polysuldes
(LiPSs) known as the shuttle effect,5–8 electrolyte compatibility
issues,9,10 and volume expansion during discharge, which in
turn leads to damage to the electrode and rapid fading of
capacity.11–13 Various strategies have been explored to overcome
these limitations, including developing a suitable sulfur host
material, separator modication, use of highly effective binders,
lithium anode protection, the investigation of alternative
absorption agents, and electrolytes.14–18 Among various
RSC Adv., 2025, 15, 33443–33455 | 33443
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components, particular attention is focused on the develop-
ment of efficient cathode materials. A well-designed host
structure can enhance sulfur utilization, improve electrical
conductivity, suppress polysulde dissolution, and mitigate
volume expansion, ultimately leading to improved cycling
stability and electrochemical performance.

Among the various classes of sulfur host materials investi-
gated for Li–S batteries, prominent examples include metal–
organic frameworks (MOFs),19,20 metal oxides (e.g., TiO2, Fe2O3,
MnO2),21–23 metal suldes (e.g., MoS2, CoS2),24–27 conducting
polymers (e.g., polyaniline, polypyrrole),28–31 and Mxenes.32,33

However, despite this broad range of options, the majority of
research efforts have focused on carbon–sulfur composites.
Carbon-based materials such as graphite, carbon nanotubes,
graphene, carbon-based aerogels, and various types of porous
carbon are widely employed as sulfur hosts due to their high
electrical conductivity, tunable porosity, and chemical
stability.34–40 These carbon matrices not only facilitate the
transport of electrons and lithium ions but also help mitigate
the dissolution of polysuldes through physical connement
and chemical interactions. Nevertheless, the electrochemical
performance of sulfur–carbon cathodes is inuenced not only
by the choice of host material but also critically by the method
of sulfur immobilization. The selected synthesis technique
determines the dispersion of sulfur, the nature of its interaction
with the carbon framework, and the structural integrity during
cycling, all of which signicantly impact the overall battery
performance. As a result, the development and comparative
evaluation of different sulfur incorporation strategies remain
a key area of interest. Advances in materials science and
electrochemical engineering have enabled a wide range of
sulfur loading techniques, including mechanochemical
synthesis via ball milling, melt diffusion, supercritical uid
impregnation, vacuum blending, chemical deposition,
solution-based crystallization, electrodeposition, and more
specialized methods such as microemulsion templating and
sulfate-mediated precipitation.41 Among these, four widely
adopted and representative methods are: chemical precipita-
tion (ChP), ball milling (BM), dissolution-crystallization (DC),
and melt diffusion (MD). These techniques differ signicantly
in terms of sulfur distribution, composite microstructure, and
resultant electrochemical behavior, warranting systematic
investigation and comparison.

The ChP method typically involves dispersing the carbon
matrix in deionized water or a surfactant medium, such as
cetyltrimethylammonium bromide (CTAB), or reacting it with
sulfur precursors (e.g., sodium thiosulfate) in the presence of
strong acids like HCl or H2SO4. Sulfur is precipitated in situ onto
the carbon matrix, followed by ltration and drying. This
method is known for providing ne sulfur dispersion and good
interfacial contact. For instance, Wang et al.42 achieved an
initial discharge capacity of 1232.5 mAh g−1, which decreased to
800 mAh g−1 aer 50 cycles. Sun et al.43 reported 1257 mAh g−1

for a ternary polyaniline/sulfur/acetylene black (AB) composite,
though capacity declined to 600 mAh g−1 over 100 cycles.
Similarly, Li et al.44 attained a uniform nanoscale sulfur distri-
bution on AB, but the specic capacity fell from 925 mAh g−1 to
33444 | RSC Adv., 2025, 15, 33443–33455
361 mAh g−1 at 100 cycles. These results highlight ChP's
potential for homogeneous sulfur dispersion, but also its
tendency toward capacity fading, likely due to polysulde
dissolution and poor long-term connement.

In contrast, the BM method allows for the preparation of
sulfur–carbon composites by mechanically blending the mate-
rials at high speeds (typically 300–500 rpm), which makes it
scalable and cost-effective. This technique offers simplicity and
uniform particle mixing, although it may not ensure deep sulfur
inltration or chemical bonding. Li et al.45 achieved 612.9 mAh
g−1 using S/Super-P composites, while Kaiser et al.46 demon-
strated capacities of 1200 and 1172 mAh g−1 for ball-milled
carbon black and activated carbon composites, respectively.
Xu et al.47 obtained 1265.3 mAh g−1 with graphite-based
composites. However, capacity fading and poor sulfur conne-
ment over long cycles are recurring challenges with this
method.

The DC inltration method involves dissolving sulfur in
carbon disulde (CS2), followed by mixing with carbon and heat
treatment at 155 °C for sulfur impregnation, then annealing at
200 °C under inert gas. This multi-step approach offers
improved sulfur connement due to recrystallization within
carbon pores. Zhang et al.48 demonstrated an initial capacity of
1015 mAh g−1 with good reversibility (908 mAh g−1 aer 100
cycles), indicating the effectiveness of this method in control-
ling active material loss.

MD remains the most widely used approach due to its
simplicity and efficacy. It involves heating sulfur and carbon at
150–160 °C, allowing molten sulfur to inltrate the porous
framework. Chen et al.49 employed MD to synthesize ordered
mesoporous carbon/sulfur composites, achieving 1138 mAh g−1

at 0.5C with stable cycling for over 400 cycles. Despite its
advantages, MD oen lacks precise control over sulfur particle
size and distribution, potentially leading to uneven electro-
chemical activity and sulfur migration.

Although these methods have been extensively explored,
a clear scientic gap remains. In most reported studies, the
focus is placed on tailoring host materials, while sulfur immo-
bilization is usually performed by a single, arbitrarily chosen
technique. Moreover, many comparative works differ in host
type, sulfur content, or testing protocols, or remain limited to
review-style theoretical discussions without systematic experi-
mental benchmarking.37,41,50–59 Only a few studies have attemp-
ted direct comparisons of immobilization techniques, but their
ndings remain inconsistent. For instance, Jiao et al.60

compared ChP and MD, Geng et al.61 reported superior perfor-
mance of ChP over BM, and Park et al.62 demonstrated the
advantage of DC over MD. Zhang et al.56 further investigated
three inltration routes using hierarchical porous carbon and
observed notable differences in sulfur distribution and cycling
stability, while Bonilla et al.63 concluded that MD is preferable
for highly porous carbons. These comparative studies oen
differ in key variables such as the type of carbon used (carbon
nanotubes, mesoporous carbon, graphene), synthesis parame-
ters (temperature, time, sulfur content), and electrochemical
testing protocols. Such inconsistencies hinder accurate assess-
ment and limit reproducibility. This lack of standardization
© 2025 The Author(s). Published by the Royal Society of Chemistry
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creates confusion and hinders rational selection of synthesis
strategies for practical Li–S batteries development.

To address this critical gap, our study systematically
compares ChP, BM, DC, and MD methods for sulfur immobi-
lization using a standardized approach. We deliberately
selected AB as a model host material because it is commercially
available, and commonly employed in Li–S research, thereby
minimizing variability related to host structure or surface
chemistry. By applying identical sulfur loading ratios (target
70 wt%), optimized synthesis conditions, and testing protocols,
this work isolates the impact of the immobilization technique
itself on sulfur dispersion, pore inltration, and electro-
chemical behavior.

Our comparative evaluation reveals that, among the four
investigated techniques, the BM method provides the most
balanced electrochemical performance and synthesis efficiency.
Specically, the BM composite shows the most homogeneous
sulfur distribution, and stronger sulfur connement compared
to composites of the other three methods. Electrochemical
testing further supports good redox reversibility and peak
stability of the BM electrode over repeated cycles. Besides, the
BM cell possesses the lowest charge-transfer resistance (Rct z
26 U) and the highest Li+ diffusion coefficient (1.39 × 10−11 cm2

s−1), correlating with its stable cycling. The BM cell also delivers
an initial discharge capacity of 816 mAh g−1 at 0.1C with 68%
retention aer 100 cycles, maintaining nearly 99% coulombic
efficiency. The data validate the BM method as a superior
synthesis technique for producing high-performance Li–S
cathodes.
2 Materials and methods
2.1 Chemicals

Sulfur powder (S, $99.0%), sodium thiosulfate (Na2S2O3), and
carbon disulde (CS2 anhydrous, $99.0%) were purchased
from Sigma-Aldrich. Conductive AB was purchased from the
MTI group. Argon (Ar (99.993%)) was purchased from Ikhsan
Gas Company. Ultrapure deionized (DI) water was used in all
experiments. All chemicals were used without further
purication.
2.2 Preparation of AB@S cathode material

Sulfur was immobilized into AB using four conventional
synthesis approaches – chemical precipitation (ChP), ball
milling (BM), dissolution-crystallization (DC), and melt diffu-
sion (MD). For all methods, a xed sulfur-to-carbon weight ratio
of 7 : 3 was maintained to ensure consistency in comparative
analysis.

2.2.1 AB@S cathode material preparation via ChP method.
The AB@S composite preparation via ChP involved the use of
AB and sodium thiosulfate (Na2S2O3) as starting materials. The
powder material masses were adjusted to achieve a composite
with a sulfur content of 70 wt%. Therefore, AB (0.16 g) was
dispersed in 2-propanol (150 mL) to create a stable suspension.
The mixture was stirred vigorously, ensuring uniform disper-
sion of the carbon particles. Na2S2O3 (5.33 g) was dissolved in DI
© 2025 The Author(s). Published by the Royal Society of Chemistry
water (200 mL) to form an aqueous solution. Then, the AB
suspension was gradually added to the Na2S2O3 solution under
continuous stirring. Aerward, 1 M hydrochloric acid (HCl, 2.5
mL) was added dropwise to the mixture to initiate a chemical
reaction and precipitate sulfur onto carbon.41 Aer the reaction
was complete, the mixture was transferred to a centrifuge. The
precipitated AB@S composite was separated from the acidic
reaction medium by centrifuging at 3500 rpm for 5 minutes.
The supernatant was discarded, and the remaining composite
was dried in a vacuum oven at 60 °C for 12 hours to eliminate
residual solvent and water.

2.2.2 AB@S cathode material preparation via BM method.
The cathodematerial prepared via the BMmethod was obtained
by initially mixing sulfur powder and AB in a mortar to ensure
uniform pre-blending prior to mechanical processing. The pre-
mixed powder (1.0 g) was then transferred to a BM jar con-
taining stainless steel milling balls with a ball-to-sample weight
ratio of 40 : 1. Pure ethanol (5 mL) was subsequently added at
the beginning as a process-control agent to promote uniform
mixing and suppress particle agglomeration. High-energy BM
was conducted at a rotational speed of 500 rpm for a total of 2
hours, applied as four 30-minute cycles, with intermediate rest
intervals to mitigate overheating. Upon completion, the result-
ing composite was dried in an oven at 60 °C for 12 hours to
evaporate residual ethanol. The dried material was then sieved
to separate the composite powder from the balls.

2.2.3 AB@S cathode material preparation via DC method.
To prepare a sulfur–AB composite containing 70 wt% by DC,
0.42 g of sulfur was dissolved in a mixture of CS2 and iso-
propanol (IPA (7 : 3 mL)) under magnetic stirring. Simulta-
neously, 0.15 g of AB was suspended in IPA (using a sufficient
volume to submerge the powder completely) and ultrasonicated
with a probe sonicator for 20 minutes. Aerward, the prepared
CS2/IPA solution was poured into the AB suspension. The
combined solution was stirred magnetically, followed by further
ultrasonication in a bath sonicator until the CS2/IPA solution
completely evaporated. The mixture was then subjected to heat
treatment in a tube furnace at 155 °C for 12 hours (heating rate
of 10 °C per minute) in an Ar atmosphere, followed by a 1-hour
annealing process at 200 °C for sulfur residue elimination from
the surface.

2.2.4 AB@S cathode material preparation via MD method.
The homogeneous mixture of commercial sulfur and AB was
prepared by mechanical mixing in the agate mortar. To prevent
oxidation and contamination, the mixture was placed into an
autoclave, which was sealed under an Ar atmosphere inside
a glovebox. The hermetic autoclave was heated in an oven at
155 °C for 15 hours, allowing the sulfur to melt and diffuse into
the carbon matrix. Aer the heating process, the autoclave was
removed and allowed to cool to room temperature before
opening.64 The resulting AB@S composite was collected for
further use.
2.3 Sample characterization

To comprehensively analyze the properties of the synthesized
materials, a suite of complementary characterization
RSC Adv., 2025, 15, 33443–33455 | 33445
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techniques was employed. Surface morphology and micro-
structural features were examined using a scanning electron
microscope (SEM) Crossbeam 540 equipped with energy-
dispersive spectroscopy (EDS) and a JEOL JEM-1400 Plus
transmission electron microscope (TEM), enabling visualiza-
tion of particle distribution and nanoscale architecture. Crys-
talline structures and phase compositions were analyzed
through X-ray diffraction (XRD) performed on the X-ray
Diffraction System – SmartLab (Rigaku) using CuKa radiation
(k = 0.15418 nm). Raman spectroscopy analysis was conducted
with a Raman spectrometer (LabRAM, Horiba, 473 nm excita-
tion wavelength). Thermogravimetric analysis (TGA) was con-
ducted on a Simultaneous Thermal Analyzer (STA) 6000 in
a nitrogen medium to assess thermal stability and sulfur
content. Elemental analysis for carbon, hydrogen, nitrogen, and
sulfur (CHNS) was performed using a Vario Macro Cube
elemental analyzer. The specic surface area and pore size
distribution were measured using a Nitrogen Porosimeter
(Autosorb iQ Series) based on the Brunauer–Emmett–Teller
(BET) method.
2.4 Electrochemical characterization

2.4.1 Cathode preparation. The cathode slurry was
prepared by mixing AB@S composite, additional AB, and poly-
vinylidene uoride (PVDF) binder in a weight ratio of 8 : 1 : 1. N-
Methyl-2-pyrrolidone (NMP) was added as a solvent. The
homogeneous slurry was then cast onto carbon-coated
aluminum foil using the Doctor Blade technique. Aer
coating, the cathodes were dried in a vacuum oven at 60 °C for
12 hours to remove residual solvent and ensure proper adhe-
sion. The dried cathode was then punched into circular discs
with a diameter of 15 mm. The sulfur loading in the cathodes
was controlled to fall within the range of 1.0–1.13 mg cm−2.

2.4.2 Coin cell assembly. CR-2032-type coin cells were
assembled in an argon-lled glovebox to avoid contamination
and degradation of the components. The assembly process
involved several steps. Firstly, a 15 mm diameter cathode was
placed onto the stainless steel base of the coin cell. The elec-
trolyte used consisted of 1 M lithium bi-
s(triuoromethanesulfonyl)imide (LiTFSI) with 2 wt% lithium
nitrate (LiNO3) dissolved in a solvent mixture of 1,3-dioxolane
(DOL) and 1,2-dimethoxyethane (DME) in a 1 : 1 v/v ratio.
Approximately 20 mL of this electrolyte was dispensed onto the
anode surface. Then, a 19 mm diameter polypropylene-based
separator was positioned over the cathode. The separator was
pre-wetted with the electrolyte to ensure good ionic contact.
Aer that, a lithium metal disc of 16 mm diameter was placed
on top of the separator as the anode. The components were
covered with a stainless steel spacer and spring before sealing
the coin cell using a hydraulic crimping machine.

2.4.3 Electrochemical testing. The electrochemical
behavior of the assembled coin cells was investigated using
cyclic voltammetry (CV). The CV measurements were conducted
at a scan rate of 0.1 mV s−1 over a voltage range of 1.6–2.8 V
versus Li/Li+ using a VMP3 potentiostat/galvanostat (Bio-Logic
Instruments). The coin cells also underwent galvanostatic
33446 | RSC Adv., 2025, 15, 33443–33455
charge–discharge tests using a Neware Battery Tester (BTS
7.5.4). These tests were conducted to evaluate the specic
capacity, coulombic efficiency, and cycling stability of the
cathodes. The EIS tests were performed using a VMP3
potentiostat/galvanostat over a frequency range of 100 kHz to 10
mHz with an amplitude of 5 mV to analyze the resistance
contributions from the electrolyte, electrode interface, and
charge transfer processes.

3 Results and discussion
3.1 Characterization of the AB@S cathode material obtained
by different methods

The sulfur content in the AB@S composites was evaluated using
TGA, with the results shown in Fig. 1a. A gradual mass loss was
observed between 200–300 °C, corresponding to the evapora-
tion of elemental sulfur. Beyond 300 °C, the mass remained
stable for most samples, indicating complete sulfur removal.
Notably, the composite prepared by the BM method exhibited
continued sulfur loss up to ∼340 °C. This delayed release is
primarily attributed to the more homogeneous distribution of
sulfur and its effective incorporation into ne pores of the
carbon framework, which strengthens physical connement
and adsorption of sulfur species within the host.65 Nevertheless,
the possibility of structural changes induced by the mechano-
chemical process requires careful consideration. Previous work
has demonstrated that even under harsher BM conditions
(800 rpm, 12 h), no evidence of C–S bond formation between
sulfur and AB was observed by XPS.66 Since studies specically
on AB are limited, we also examined reports on other sulfur–
carbon composites, which similarly indicated that high-energy
BM does not result in stronger C–S interactions than those
observed in composites prepared by other methods.63 However,
it cannot be fully excluded that, even at 500 rpm, the intensive
mechanical forces might partially disrupt the cyclic S8 structure
and promote the formation of chain-like polysulde species,47

which could also contribute to the shied sulfur volatilization
temperature in the TGA prole. TGA also revealed that the
initial sulfur loading in composites prepared by ChP and DC
methods was signicantly below the target of 70 wt%, equaling
only 45 wt% and 59 wt%, respectively (Fig. S1), possibly due to
inevitable sulfur loss during the processes frequently occurring
in these methods.61,62 To overcome this, the synthesis protocols
were optimized through experimental calibration. For the DC
method, a sulfur-to-carbon mass ratio of 7.4 : 2.6 was found to
result in 70.4 wt% sulfur content. Similarly, for the ChP
method, a sulfur-to-AB mass ratio of 9 : 1 was required to reach
the same sulfur loading. These ndings highlight a key limita-
tion of both methods: achieving the desired sulfur content
requires signicant empirical adjustment, indicating poor
stoichiometric predictability and limited control over sulfur
incorporation. Additionally, CHNS elemental analysis (Table S1)
conrmed the sulfur incorporation trends observed in the TGA
results (pure AB exhibited a high carbon content of 98 wt%).
Aer stoichiometric correction to achieve the target sulfur
loading, the sulfur content in all composites ranged between
the lowest 69.8 wt% for DC and the highest 74.5 wt% for ChP,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) TGA results; (b) XRD patterns, (c) low temperature N2 adsorption/desorption isotherms, and (d) pore size distribution for AB@S cathode
materials synthesized via four different methods.
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which is consistent with the TGA data, taking into account the
measurement errors. In the AB@S composites, the carbon
content ranged from 23.4 wt% to 30.2 wt%. Minor amounts of
oxygen, hydrogen, and nitrogen were also detected, likely orig-
inating from precursor materials or surface functionalities
introduced during synthesis.

The phase structure of elemental sulfur, AB, and sulfur–
carbon composites (AB@S) synthesized via different immobili-
zation methods was characterized by X-ray diffraction (XRD), as
shown in Fig. 1b. All AB@S composites exhibit distinct
diffraction peaks corresponding to crystalline sulfur (JCPDS 01-
078-0188), conrming the successful incorporation and reten-
tion of sulfur in its crystalline form across all synthesis routes.
The XRD pattern of pristine AB reveals two broad peaks at
approximately 23° and 44°, attributed to the (002) and (100)
planes of disordered graphitic carbon, respectively. These
features remain present in the composites, indicating that the
structural framework of AB is preserved during synthesis. A
closer examination of the sulfur peak intensities showed
notable differences between the four methods, with BM and
ChP composites exhibiting sulfur peaks that were approxi-
mately 10 times more intense than those for DC and MD
composite materials. It is important to note that the intensity
scale for BM and ChP was adjusted (multiplied by a factor of 10)
in Fig. 1b to allow meaningful visual comparison. This notable
contrast in peak intensity is possibly due to a larger fraction of
sulfur residing either on the external surface or weakly attached
© 2025 The Author(s). Published by the Royal Society of Chemistry
to the carbon framework,67 while for DC and MD, the smaller
sulfur particles are infused into the pores of the AB matrix.68

The low-temperature N2 adsorption–desorption isotherms of
the AB@S composites (Fig. 1c) correspond to a type IV isotherm
with H3-type hysteresis loops at high relative pressures (P/P0 >
0.8), as classied by IUPAC.69 This behavior is indicative of
mesoporous structures and capillary condensation within
mesopores. The presence of these features conrms that the
porosity of the AB matrix is largely retained aer sulfur incor-
poration, although its characteristics vary depending on the
synthesis route. Among the samples, composites prepared via
BM and MD exhibit the highest adsorption volumes at elevated
P/P0, reecting a greater total pore volume (Fig. 1d) and more
developed porous structures. BET analysis reveals a clear trend
of decreasing specic surface area and increasing average pore
size following sulfur immobilization, due to pore lling by
sulfur. Pristine AB exhibited a surface area of 76.7 m2 g−1, an
average pore size of 11 nm (Table S2). Aer sulfur incorporation,
these values declined signicantly across all samples (Fig. S2),
with the most pronounced decrease observed for composites
synthesized via ChP and MD, which displayed surface areas of
only 7.3 m2 g−1 and 9.8 m2 g−1, respectively. In contrast, the BM
and DC composites retained relatively higher surface areas of
16.1 m2 g−1 and 16.2 m2 g−1, suggesting incomplete pore lling
or partial sulfur dispersion. These two samples also exhibited
the highest total pore volumes, ranging from 0.063 to 0.074 cm3

g−1 (Table S2). Pore size distributions calculated by the BJH
RSC Adv., 2025, 15, 33443–33455 | 33447
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method conrm that all AB@S composites maintain meso-
porous character (2–50 nm), with average pore widths spanning
from 9 to 16 nm. The BJH desorption pore widths also differed
among the AB@S. The ChP composite had 24.2 nm, while MD
and DC had 19.4 nm and 20 nm, respectively. The BM
composite displayed the smallest pore width of 18.9 nm. This
smaller value suggests efficient sulfur encapsulation within ne
mesopores. Besides, this smaller pore size contributes to the
higher sulfur evaporation endpoint observed in the TGA prole
of BM.70 These structural features are of particular importance
for Li–S battery applications. The high surface area enables
efficient sulfur reduction into Li2S, while the presence of
interconnected mesopores and sufficient pore volume is crucial
for accommodating sulfur, facilitating lithium-ion transport,
and mitigating polysulde dissolution.71 Therefore, the
observed differences in porosity and surface area among the
composites may have a direct impact on their electrochemical
behavior and long-term cycling stability.

Raman spectroscopy (Fig. 2) provides further insight into the
structural and compositional characteristics of the AB@S
composites. The spectra display two prominent bands: the D
band at about 1340 cm−1, associated with disordered carbon
(sp3 hybridization), and the G band at about 1578 cm−1, cor-
responding to graphitic carbon (sp2 domains). However, the
shi of the G band in the DC composite toward a lower wave-
number (1550 cm−1) compared to other samples indicates
possible lattice stretching of the carbon framework or the
presence of double bonds that resonate at lower frequencies.72

Aer sulfur immobilization, the intensity ratio of the D-band to
G-band (ID/IG), related to the degree of disorder or defects in the
Fig. 2 Raman spectrum of AB@S cathode materials (a) by ChP; (b) by B

33448 | RSC Adv., 2025, 15, 33443–33455
carbon structure, decreases from 1.096 for AB due to sulfur
distribution within pores. Similar trends have been reported in
previous studies, where a decrease in the ID/IG ratio aer sulfur
incorporation was also observed, conrming that sulfur
impregnation into the pores can reduce the defect density of the
carbon framework and increase structural ordering.73,74 The
ratio is highest for the AB@S composite by BM and equals 1.034
(Fig. 2b) and the lowest for the MD composite (Fig. 2d), sug-
gesting fewer defects in the structure. The higher degree of
structural disorder in the BM sample can be explained by the
high-energy mechanical treatment during the BM process,
which is able to introduce defects into the carbon structure,
particularly at the edges.66 The presence of defects and active
sites in the BM composite also ensures better polysulde trap-
ping and electrochemical performance.63,66 For the ChP sample,
the mild chemical precipitation conditions do not induce the
same level of structural defects as observed for BM,75 while the
thermal methods, such as MD and DC, do not provide sufficient
defect generation in the AB matrix. Together, the XRD and
Raman analyses provide clear evidence that all four immobili-
zation techniques successfully incorporate sulfur into the AB
matrix, but they differ in terms of sulfur crystallinity and
interaction with the carbon support, factors that may critically
inuence the resulting electrochemical performance.

The morphology and microstructure of AB and the synthe-
sized AB@S composites were examined using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). SEM images of pristine AB (Fig. S3) and AB@S
composites (Fig. 3) reveal insights into particle shape and
distribution. Across all samples, spherical particles with
M; (c) by DC, and (d) by MD.

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05694b


Fig. 3 SEM and EDS mapping of AB@S obtained (a) by ChP; (b) by BM; (c) by DC, and (d) by MD.

Fig. 4 TEM images of AB@S cathodematerials obtained (a) by ChP; (b)
by BM; (c) by DC, and (d) by MD.
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nanometer-scale dimensions (∼100 nm) are observed. Notably,
the composites obtained via ChP and DC methods exhibit
a well-developed porous structure, which is favorable for sulfur
hosting. In contrast, the BM method results in the formation of
bigger sulfur–carbon particle aggregates, likely due to
mechanical compaction during high-energy milling. The MD
sample shows moderate agglomeration, though to a lesser
extent than the BM sample. These morphological differences
reect the inuence of each synthesis method on sulfur
dispersion and composite architecture.

To further investigate the distribution of sulfur and carbon
within the AB@S composites, EDS mapping was performed
(Fig. 3). The EDS elemental maps provide detailed insights into
the homogeneity of carbon (C) and sulfur (S) across the different
samples. The composite synthesized via the BM method
exhibits the most uniform and nely dispersed sulfur distri-
bution, due to the strong mechanical forces involved in the
milling process, which effectively break down sulfur particles
and embed them into the porous carbon matrix. The MD
sample similarly demonstrates homogeneous sulfur dispersion,
with minimal aggregation, indicating efficient sulfur inltra-
tion into the porous structure. In the case of the ChP method,
sulfur is relatively well-distributed on the surface of the AB
particles; however, localized sulfur agglomerates are present,
which may reduce active material utilization. The DC composite
displays a coarser morphology with evenly distributed sulfur
and small, fused particle clusters.

The TEM images in Fig. 4 provide detailed insight into the
microstructure of the AB@S cathode material. Similar to pure
© 2025 The Author(s). Published by the Royal Society of Chemistry
AB (Fig. S4), a distinctive chain-like arrangement of AB nano-
particles is observed within the sulfur matrix, forming inter-
connected pathways that facilitate efficient electron ow.76 This
structure is benecial for improving the electrical conductivity
of the composite, as it allows for rapid electron transport across
the material.65 Upon closer inspection, the TEM images reveal
ne sulfur particles (dark particles) uniformly dispersed on the
RSC Adv., 2025, 15, 33443–33455 | 33449
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carbon surface (gray particles). Besides, the analysis revealed
a greater number of sulfur particles visible in the ChP and BM
samples (Fig. 4a and b), indicating their presence on the surface
of the carbon matrix, especially a lot in the ChP composite,
while DC and MD methods effectively encapsulated sulfur into
the pores of carbon.57 This nding is also conrmed by the XRD
patterns, which exhibit more intense peaks in the ChP and BM
samples. Thus, in the BM composite, sulfur is located both
inside the pores of the carbon and on its surface. Together, the
TEM and XRD results collectively indicate that the degree of
sulfur connement within the porous carbon host varies
signicantly with the immobilization techniques.
3.2 Electrochemical performance of the AB@S cathode
materials obtained by different sulfur immobilization
methods

The electrochemical behavior of the AB@S electrodes was
evaluated using CR-2032-type coin cells. Fig. 5 shows the CV
prole of AB@S cells by ChP, BM, DC, and MD obtained at the
scan rate of 0.1 mV s−1 within the voltage range of 1.6–2.8 V. All
four electrodes display two reduction peaks at approximately
2.3 V and 2.0 V. The rst cathodic peak at 2.3 V corresponds to
the reduction of elemental sulfur to long-chain LiPSs (Li2S8/
Li2S4), while the second represents the further reduction of
polysuldes to insoluble Li2S2/Li2S. The broad anodic peak near
2.4 V is attributed to the reverse oxidation of Li2S/Li2S2 back to
long-chain polysuldes and eventually elemental sulfur.
Comparing electrodes on the rst cycle, the DC cathode
demonstrates the smallest potential gap between the reduction
and oxidation peaks, suggesting lower polarization.70 Besides,
DC and MD electrodes have sharper peaks, showing higher
electrochemical activity77 and faster kinetics of lithium sulfur
formation.75 However, the MD cell demonstrates the largest
potential gap and hence, increased polarization. The BM and
ChP cathodes exhibit moderate redox performance on the rst
cycle, indicating balanced but less pronounced electrochemical
kinetics compared to DC.

The CV over ve consecutive cycles was also used to evaluate
the electrochemical stability and reversibility of the four
Fig. 5 CV curves of AB@S cathode obtained by ChP, BM, MD, and DC
methods.

33450 | RSC Adv., 2025, 15, 33443–33455
cathodes (Fig. S5). Notably, the DC cathode's oxidation peaks
gradually decrease and shi toward higher potential during
cycling (Fig. S5c), suggesting increased polarization and
a decline in redox kinetics over time. Similarly, the MD elec-
trode displays a noticeable loss in peak intensity and consistent
potential shis, indicating a loss of active material and
decreasing capacity. In both cases, the lack of signicant peak
overlap across cycles points to limited electrochemical stability
and reduced reversibility, despite promising initial perfor-
mance. In contrast, the BM cell showed the best degree of
overlap (Fig. S5b), denoting excellent stability, high redox
reversibility, and effective “shuttle effect” mitigation. The
minimal changes in peak shape, intensity, and position also
suggest that sulfur was homogeneously inltrated into AB
pores.75 The ChP electrode ranked second in terms of stability,
demonstrating similarly good performance, though with
a distinct drop in peak intensity between the rst and second
cycles. This behavior is likely associated with electrolyte wetting
during the rst cycle, aer which the electrode stabilizes.

The cycling performance of AB@S cathodes at a current rate
of 0.1C is depicted in Fig. 6a. To ensure an accurate comparison,
the sulfur content of the composites was rst evaluated by TGA.
The analysis conrmed that all samples contained 70± 2.4 wt%
of sulfur. To minimize the effect of small variations, the specic
capacity values were normalized to the actual sulfur content of
each composite. The areal sulfur loading of the electrodes was
in the range of 1.0–1.13 mg cm−2, thereby ensuring a compa-
rable evaluation. The results show that the cell with the ChP
cathode exhibits the highest initial discharge capacity of 948
mAh g−1, which signicantly decreases during the rst few
cycles. Aer 100 cycles, the value drops to 443.89 mAh g−1,
retaining only 55% of the initial discharge capacity, if calculated
from the third cycle. The coulombic efficiency is also relatively
low, averaging around 75%. The rapid decline may be attributed
to the uneven distribution of sulfur and the formation of
agglomerates, as well as the presence of sulfur mainly on the
carbon surface, so it is easily dissolves in the electrolyte, causing
rapid active material loss, low coulombic efficiency, and
capacity fading.78 On the contrary, the BM-derived cathode
shows the best performance retention at 68%, decreasing from
798 mAh g−1 in the third cycle to 549 mAh g−1 aer 100 cycles.
The discharge capacities for MD and DC cells is retained at
around 60%, falling to 480.15 mAh g−1 and 422.13 mAh g−1,
respectively. The coulombic efficiency of BM, DC, and MD
approaches 99% during charge–discharge cycling. The galva-
nostatic charge–discharge prole (Fig. 6b) for the 10th cycle of
the cell with ChP, BM, DC, and MD cathodes at 0.1C displayed
a charge plateau at around 2.4 V and two reduction plateaus at
about 2.3 V and 2 V, consistent with the CV measurements. The
BM cell shows a promising discharge capacity of 810 mAh g−1,
unlike ChP, DC, and MD cells that display 630, 582, and 669
mAh g−1, respectively. Besides, the smallest potential gap
between the charge–discharge plateaus in the BM cell (215 mV)
indicates less polarization and improved kinetics, resulting in
enhanced cycle stability and exceptional rate performance.68 In
contrast, the DC showed the largest potential gap (263 mV) by
the 10th cycle, although it initially exhibited the smallest gap in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Cycling performance at 0.1C current rate of the AB@S cathodes; (b) galvanostatic discharge/charge curves in the 10th cycle of the
cathodes with sulfur loading of 1.0–1.13 mg cm−2 at 0.1 C.
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the CV measurements, suggesting worsening electrode kinetics
and increased polarization over cycling. To put our work in
context, previous studies have also evaluated AB-based sulfur
cathodes for their electrochemical performance, as summarized
in Table S3. Although these investigations focused on indi-
vidual composites rather than a direct comparison of sulfur
immobilization methods, our results fall within – or in some
cases surpass – the ranges reported, supporting the reliability
and relevance of our ndings.

The rate performance of the cells was evaluated by
measuring the discharge capacities at various current densities
(0.1, 0.2, 0.5, and 1C). As shown in Fig. 7a, at a current rate of
0.1C, the BM cell exhibited the highest initial discharge capacity
of 802mAh g−1, followed by DC at 754mAh g−1, ChP at 708mAh
g−1, and MD at 705 mAh g−1. However, as the current rate
increased, the performance trends changed. The BM sample
maintained relatively stable capacities across all current
densities, demonstrating good rate capability. The uniform
sulfur distribution in the carbon matrix achieved by the BM
composite ensures good contact between sulfur and AB, and
hence, lower charge transfer resistance and enhanced elec-
tronic conductivity of the electrode,68,75,79 while partially defec-
ted carbon with a large surface area facilitates rapid Li+

transport by providing abundant active sites and shortened
diffusion pathways.66 However, the limited capacity recovery of
the BM cell suggests the dominance of irreversible degradation
mechanisms. The BM cell only recovered to 536 mAh g−1 at
Fig. 7 (a) Rate performance, (b) EIS curves of the cells with AB@S cathode
u−0.5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
0.1C, corresponding to a permanent loss of 33% from its initial
value. In contrast, both MD and DC showed better recovery
behavior, with capacities rebounding to 635mAh g−1 at the nal
0.1C step. The cathode structure and sulfur connement
remain sufficiently stable aer the heat treatment, which
enables the capacity values to successfully recover to high levels.
However, the DC sample delivered a signicantly lower capacity
at high current rates, reaching approximately 350 mAh g−1 at
1C. Possibly, the DC sample sulfur is more deeply embedded
into the pores compared to the MD sample, so the electro-
chemical reactions become strongly diffusion-limited at high
current rates. The ChP sample exhibited the poorest rate
performance, with a sharp capacity drop to 454 mAh g−1 at 0.2C
and further down to 303 mAh g−1 at 1C. Its capacity recovery
was also the lowest, achieving only 487mAh g−1 when switching
back to 0.1C. The weak connement and large crystalline sulfur
aggregates in the composite formed by ChP are prone to poly-
sulde dissolution and rapid loss of active material, leading to
the active drop in capacity.

Besides, the EIS measurements were carried out for cells
before cycling between 100 kHz and 10 mHz. Fig. 7b shows
Nyquist plots of AB@S cathodes prepared by four methods. The
semicircle indicates the charge transfer resistance (Rct), gener-
ated at the electrode–electrolyte interface, while a straight line
in the low-frequency region is attributed to Warburg impedance
(W), arising due to the diffusion of Li+ ions within the elec-
trode.60,76 Comparing the cells, the Rct value for MD is the
s prepared by four differentmethods, and (c) the linear figure of Re(Z) at

RSC Adv., 2025, 15, 33443–33455 | 33451
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Fig. 8 Comparative radar chart of synthesis parameters and corre-
sponding electrochemical characteristics for sulfur immobilization
methods.
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highest (37 U), then DC, ChP, and BM cells experience 27, 15,
and 7 U, respectively, indicating that the BM electrode has
a good electrolyte penetration and enhanced reaction kinetics.
This can be attributed to the more uniform sulfur distribution,
as evenly distributed sulfur promotes charge and electron
transfer.76

To compare the lithium-ion diffusion coefficients of four
methods among the sulfur immobilization methods, the low-
frequency region of the EIS spectra was analyzed.

Zre = Rs + Rct + swu
−0.5 (1)

Eqn (1) establishes the linear dependence of Re(Z) on u−0.5

in the low-frequency region, as illustrated in Fig. 7c, where the
slope corresponds to the Warburg coefficient (s, U s0.5). This
parameter is then used in eqn (2) to calculate the lithium-ion
diffusion coefficient (D).80–83

D ¼ R2T2

2A2N4F 4C2sW
2

(2)

where R is the gas constant (8.314 J mol−1 K−1); T is the absolute
temperature (298 K); A is the surface area of the electrode (A =

1.77 cm2); N is the number of electrons involved in the redox
reaction (N = 2); F is Faraday's constant (96 485C mol−1); C is
the concentration of the lithium ions in the electrolyte (C =

1.28 mol L−1).
The corresponding impedance parameters and D values are

summarized in Table 1. Among the samples, the BM cathode
demonstrated the lowest total resistance (7 U) and smallest s
(5.587 U s0.5), resulting in the highest diffusion coefficient (1.39
× 10−11 m2 s−1). By contrast, DC and MD showed signicantly
larger resistances and s values, leading to much lower D (2.27 ×

10−12 and 2.80 × 10−12 m2 s−1, respectively). The ChP electrode
displayed intermediate behavior with a D of 5.56 × 10−12 m2

s−1. These results demonstrate that the BMmethod favors more
efficient lithium-ion transport at the electrode/electrolyte
interface, consistent with its improved cycling performance at
moderate rates, while the lower D values of ChP, DC, and MD
imply sluggish ion transport that limits their electrochemical
behavior.

As visualized in the radar chart (Fig. 8), the BM method
exhibits the most favorable combination of synthesis and
electrochemical characteristics. For clarity, the synthesis
parameters in the radar chart were dened as follows: sulfur
immobilization ability – the degree of sulfur retention in the
carbon matrix, calculated as the match between actual sulfur
loading from TGA and the theoretical stoichiometry; sulfur
Table 1 Impedance parameters of the Li–S cells

Battery
(Resistance (Rct +
Rs)), U Wa

ChP 15 8.
BM 7 5.
DC 27 13.
MD 37 12.

33452 | RSC Adv., 2025, 15, 33443–33455
immobilization time – the duration required for sulfur incor-
poration into the carbon host (several hours for BM and ChP,
12–15 hours heating for DC and MD); composite porosity – the
BET surface area, reecting the pore volume and accessibility
for sulfur and electrolyte; and sulfur distribution homogeneity –
the uniformity of sulfur dispersion in the composite, evaluated
by EDS mapping. The electrochemical parameters included
coulombic efficiency (ratio of discharge to charge capacity per
cycle, indicating reaction reversibility), charge transfer
conductance (inverse of charge transfer resistance from EIS,
with higher values indicating better conductivity), performance
at different current rates (capacity retention under various C-
rates and recovery aer high-rate cycling), initial discharge
capacity (third-cycle capacity at low rate), and capacity retention
(capacity aer prolonged cycling, normalized to the value at the
third cycle). All parameters were scaled on a 0–10 range, with
higher values corresponding to better performance, and the
concentric circles in the radar chart indicate relative levels: Low
(inner), Medium (middle), and High (outer).

The BM immobilization method ranks high in uniform
sulfur distribution, capacity retention, charge transfer conduc-
tance, and coulombic efficiency, reecting its excellent sulfur
connement and stable cycling behavior. Additionally, the BM
method achieves a strong initial discharge capacity and
a moderate sulfur immobilization time, making it practical for
rburg coefficient (sw), U s0.5
Diffusion coefficient
(D), (m2 s−1)

816 5.56 × 10−12

587 1.39 × 10−11

807 2.27 × 10−12

428 2.80 × 10−12

© 2025 The Author(s). Published by the Royal Society of Chemistry
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scalable fabrication. While some methods outperform BM in
isolated categories, for example, MD shows better performance
at different current rates, BM stands out as the most balanced
approach.

Beyond the laboratory-scale performance parameters, the
BM approach also demonstrates several practical advantages
that strengthen its relevance for industrial applications.
According to literature reports, BM is widely recognized as
a scalable, low-cost, and environmentally friendly technique for
the preparation of sulfur–carbon composites.47,66,84,85 All these
attributes further support the BM method as a promising and
practically feasible way for Li–S battery cathode fabrication.

4 Conclusion

In this study, four conventional sulfur inltration methods –

ChP, BM, DC, and MD – using AB as the traditional conductive
carbon host were performed and compared. The results clearly
demonstrate that the synthesis technique affects sulfur distri-
bution, interaction with the carbon matrix, pore structure, and,
consequently, the electrochemical performance of the resulting
AB@S cathodes. Thus, the thermal analysis conrmed
successful sulfur incorporation (∼70 wt%) across all samples.
Although ChP and DC required mass adjustments due to
incomplete sulfur uptake, BM and MD methods ensured
superior control on sulfur loading. Notably, the BM composite
showed a delayed sulfur evaporation up to ∼340 °C, suggesting
strong sulfur connement in pores, which can be attributed to
the better incorporation of sulfur into the carbon matrix, and
possible polysuldes formation. XRD and Raman spectroscopy
conrmed the presence of crystalline sulfur and the disordered
carbon structure across all composites, with the BM composite
showing the highest ID/IG ratio due to the presence of defect-
rich edges, which enhance polysulde adsorption and electro-
chemical activity. Morphological studies further conrmed that
the BM composite achieved exceptionally uniform sulfur
dispersion, contributing to faster ion/electron transport and
better electrode kinetics. The relatively high specic surface
areas and total pore volumes of BM and DC composites and the
smallest pore size in the BM composite ensure efficient sulfur
connement and effective prevention of polysulde dissolution.
During galvanostatic cycling at 0.1C, the BM cell demonstrated
the best capacity retention (68%) and lowest charge–discharge
plateau gap (215 mV) at the 10th cycle, outperforming ChP, DC,
and MD cells. While the ChP method initially delivered the
highest discharge capacity (948 mAh g−1), it suffered from
severe capacity fading due to sulfur agglomeration and high
polysulde dissolution, as reected in its lower coulombic
efficiency (75%). The DC and MD methods provided moderate
results, demonstrating acceptable capacity retention of 60% but
higher charge transfer resistance and lower initial discharge
capacities. The rate performance at different scan rates further
conrmed the excellent capacity of the BM cell at 0.1C, followed
by a consistent decrease as the C-rate increases, although
a moderate recovery aer high-rate cycling. The BM cell also
demonstrated moderate performance in CV, characterized by
separated redox peaks and current intensities, and excelled in
© 2025 The Author(s). Published by the Royal Society of Chemistry
EIS, showing the lowest charge transfer resistance (7 U) and the
most efficient lithium-ion transport.

Overall, the BM method stands out among other immobili-
zation approaches due to its superior control and efficiency. It
allows for easy and precise loading of sulfur, relying on expen-
sive solvents or prolonged heating, unlike ChP and DC or MD.
The relatively slow, but highly effective, mechanical action of
the BM process ensures excellent sulfur distribution
throughout the carbon matrix. Given that BM is already a well-
established industrial process, this method is not only cost-
effective and eco-friendly but also the most promising
approach for sulfur cathode preparation in Li–S batteries.
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