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Lithium-sulfur batteries (Li-S) commercialization remains complex due to limited cycling
stability related to the solubility of polysulfide intermediates, specifically higher-order
polysulfides (Li»Ss to Li»Sg). Some studies have utilized microporous carbons with pores
<0.7 nm, which can accommodate only short-chain polysulfides (LiS;.4) to resolve the
challenge of polysulfide shuttling. Yet, the discharge products of long-chained polysulfides,
Li»Sg and Li,Sg¢ molecules with diameters of 0.84 nm and 0.76 nm, are not entirely confined in
the micropores due to the poor affinity of the carbon host and polysulfides. In this study, we
have created a micropore carbon (AC900) with a pore size (1.2 nm) that can accommodate
both long and short-chain polysulfides and infiltrated it with sulfur (AC900S). To mitigate
capacity fading, we further modified the carbon using urea (AC900NS) and nickel sulfate
(AC900S-Ni) treatments. The latter did not result in detectable Ni incorporation but induced
partial changes in carbon hybridization and surface structure. The synthesis-driven structural
adjustment in AC900S-Ni influenced solid-state conversion and improved electrochemical
stability compared to AC900S and AC900NS. The AC900S-Ni cathode demonstrated a capacity
retention of 72% with a capacity of 773 mAh/gs after 100 cycles and 1000 mAh/gs in the first
cycle at C/20, higher compared to AC900S and AC900NS. An improvement in capacity
retention of 96% was noted at C/10, with a discharge capacity of 722 mAh/gs after 100 cycles,
compared to 805 mAh/gs in the first cycle. The results isolate the factor contributing to
capacity fading in unmodified AC900S and demonstrate that chemical/structural modification
of microporous carbon combined with a carbonate electrolyte provides a promising pathway
for Li-S systems. This study offers a facile approach to tune carbon hosts and expand their

applicability in Li-S batteries.

Keywords:
Lithium-sulfur batteries; carbon surface modification; polysulfide shuttling; microporous

carbon; carbonate electrolyte.
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1. Introduction DO 10403 e Soans
In recent decades, the development of green and sustainable energy sources has accelerated
significantly. This progress has raised environmental concerns related to fossil fuels and the
growing consumer demand for large commercial electric vehicles, as well as in aerospace and
aviation.! Lithium-sulfur batteries (Li-S) have been considered a replacement for lithium-ion
batteries (LIB) in emerging high-power source devices due to their higher theoretical energy
density (2600 Wh/kg) compared to their counterpart (300 Wh/kg) and the eco-friendly
benefits of elemental sulfur.? However, the practical applications are limited by insufficient
capacity retention during prolonged cycling, caused by instability at the lithium metal
anode/electrolyte interface, structural instability of the sulfur cathode, and the diffusion of
soluble polysulfides (Li,S,) from the cathode to the anode.3

Engineering microporous carbon with a pore size tailored to precisely accommodate sulfur
molecules (C/S) is feasible, and an effective approach to confine the polysulfide intermediates
within the carbon matrix to a certain degree.® This provides a rapid ion/electron transfer
pathway, which improves sulfur utilization during the conversion reaction.” However, the
challenge of achieving both high capacity and prolonged cycle life simultaneously remained
largely unresolved.®? Given the non-polar nature of carbon and the corresponding weak

interactions, polysulfides can still migrate out of the microporous carbons, leading to the loss

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of active material during charging/discharging over prolonged cycling.® 1°

Metal-based compounds (transition metal oxides/hydroxides), which are characteristically

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

polar materials like TiO,,'1 Co0304,*2 Ni3(NOs),* and Co(OH),!* aid as chemical

trappers/blockers for polysulfides due to their strong surface polarity.?> ¢ This enhances their

(cc)

interaction with polysulfides, maintaining Li-S cycling stability. However, the strong adsorption
also results in the accumulation of inactive polysulfide species, which is fundamentally
amplified by their low electrical conductivity.!” This delays their ability to diffuse and
transform polysulfides, leading to sluggish redox reactions.'® Chemical modification of porous
carbons using transition-metal-based catalysts, surface functionalization with nitrogen, and
treatment with acid or alkaline solutions has proven promising.% 20

Catalysts enhance reaction kinetics through their strong chemisorption affinity for lithium
polysulfide species, thereby maintaining structural stability and improving sulfur utilization.?!
22, 23 However, the modification requires a robust design of the C/S composite, which is

essential to guarantee performance and prevent the formation of undesirable side reactions
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that may result in dendrite formation and structural degradation. Furthermore, material:

Al

production techniques and the compatibility of the C/S and chemical modifiers are essential
in attaining precise control over the composite structure and properties.?3

Additionally, state-of-the-art ether-based solvents exhibit higher solubility, supporting a
decent reaction kinetics of intermediate polysulfide species.?* However, the higher solubility
also results in polysulfide diffusion from the cathode to the bulk electrolyte and anode, where
they can react irreversibly. The increased polysulfide concentration increases the electrolyte
viscosity, thereby reducing lithium mobility, resulting in rapid capacity fading or immediate
cell death for lean electrolyte conditions (< 3 pL/mgs).2°> Using carbonate-based electrolytes in
combination with microporous carbons could, in theory, circumvent these problems. These
systems form a protective cathode electrolyte interphase (CEl) during the first discharge.?®
This prevents polysulfide dissolution and changes the conversion mechanism to a solid-state
S/Li,S conversion inside the micropore confinement. In a recent study, we hypothesized that
poor charge-transfer kinetics during solid-state conversion are one of the significant capacity
and rate-limiting factors.?” Atomic-scale or nanoscale catalysts could, therefore, substantially
improve performance, also during solid-state sulfur conversion in confinement.

In this study, we report a C/S composite electrode for Li-S batteries based on an optimized
microporous carbon (AC900) engineered with a pore size of approximately 1.2 nm, capable of
hosting both long- and short-chain polysulfides. Beyond structural optimization, we explored
the effect of two chemical treatments, urea and nickel sulfate, on the electrochemical
performance. We intended to deposit Ni on the carbon structure; however, the deposition
was unsuccessful and unexpectedly altered the sp?/sp3 hybridization of the carbon, leading to
significantly improved cycling stability. During synthesis, when nickel sulfate dissolves in
water, it dissociates into hydrated nickel(ll) ions and sulfate ions. Ammonia was used as a
ligand to bind the nickel ion. Ammonia molecules replace the water molecules surrounding
the nickel(ll) ions to form nickel ammine complexes. Different characterization techniques did
not detect Ni in our sample, suggesting that the complexes were removed during the washing
process and that the Ni was separated from the solution. Yet, it still affected the sp?/sp3 ratio,
which establishes the uniqueness of this study.

This work examines how these structural modifications affect sulfur confinement and
electrochemical behavior in a carbonate-based electrolyte. Through structural

characterization and electrochemical evaluation of AC900S, AC900NS, and AC900S-Ni, we
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identify how synthesis-induced changes to the carbon host can enhance longsterm HizS: 5 e
performance. The study provides new insight into microporous carbon design strategies and

outlines a practical approach for improving polysulfide control in Li-S cathodes.

2. Experimental

2.1.  Synthesis of material and electrode preparation

The cathode material used for Li-S was produced through a heat treatment process followed
by a simple chemical precipitation method. Firstly, YP50F (hereafter named ACO, from Kuraray
Chemicals Co., Ltd) was activated at 900 °C for 1 h (heating rate of 5 °C/min) using a CO, flow
of 100 mL/min in an aluminum-oxide tube furnace (Carbolite Gero). The tube was flushed with
100 mL/min of Ar during heating and cooling. The sample was abbreviated as AC900, and
sulfur infiltration was performed as reported in our recent work.?® The AC900 and sulfur
(Sigma Aldrich) were mechanically mixed at a mass% ratio of 1:1 and ground in a ball mill using
five balls (10 mm) at 300 rpm for 30 min. The mixture was then placed in a glass boat and
heated under vacuum in a closed Biichi-Glass oven at 155 °C for 5 h; the sample was named
AC900sS.

Secondly, to mildly modify the surface hybridization or alter the sp?/sp3 ratio on the carbon

surface of AC900S, nickel sulfate hexahydrate and an ammonia solution (a weak base) were

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

used, following the method adjustment reported by Niu et al.?° Here, 600 mg of AC900S and
95 mg of nickel sulfate hexahydrate were dispersed/dissolved in 90 mL of laboratory-grade

water and stirred for 10 min. Ammonia solution (conc. 28%) was added, and the mixture was

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

stirred for 1 h, followed by sonication for 30 min. After that, the sample was washed with

(cc)

deionized water (3 L) until the pH reached 7, then dried in an oven at 80 °C for 12 h. The final
sample was called AC900S-Ni.

Third, AC900 was also functionalized with urea, which was considered to serve as a nitrogen
source following an adjusted method reported by Schneidermann et al.3° to compare the
compatibility and performance of different modifications in the produced carbon. 1g of
AC900 and 5 g of urea were physically mixed and ball-milled at 300 rpm for 30 min. The sample
was pyrolyzed in an Xerion furnace using a quartz glass tube at 850 °C for 1 h with a heating
rate of 5 °C/min (Ar flow of 200 mL/min). The tube was flushed with 200 mL/min of Ar during
heating and cooling. The sample was named as AC900N. Sulfur infiltration was performed

using the previously described method,?® and the sample was designated as AC900NS. Sulfur
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infiltration was also performed in ACO and used as a reference. The four samples, ACOS, 5"
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AC900S, AC900NS, and AC900S-Ni, were used as cathode materials to study the influence of
pore modification using CO; activation, surface functionalization, and structural modification
on the prevention of polysulfide shuttling in lithium-sulfur batteries.

Electrodes were prepared by mixing a mass ratio of 8:1:1 for active material, conductive
carbon C65 (Imerys), and polyvinylidene fluoride (PVDF, molecular mass approx.
534,000 g/mol from Sigma Aldrich). N-methyl-2-pyrrolidone (NMP, Sigma Aldrich) was added
to prepare a slurry. The slurry was mixed with a ball mill at a speed of 300 rpm for 30 min and
then using the doctor blading with an automatic coater (MTI Mini Cast Coater MSK-AFA-
HC100) to spread the slurry on a carbon-coated aluminum foil and dried in the oven at 80 °C
for 12 h. The wet thickness was 200 um, and the dried electrode attained a thickness of 80-
90 um with a mass loading of 3.0-3.4 mg/cm? (normalized by 80% of the active material in a
10 mm in diameter circular disc punched with EI-Cut), which corresponds to a sulfur loading

of (1.6%0.2) mg/cm? and about 50 mass%.

2.2.  Material characterization

The porous structure of the synthesized samples was measured using Nitrogen gas sorption
analysis (GSA) at-196 °C, performed using an Autosorb iQ system (Quantachrome; now Anton-
Paar). Before analysis, the samples with an average mass of 0.03 g were degassed at 200 °C
under vacuum for 12 h. The quenched solid density functional theory (QSDFT) was utilized to
analyze the porosity, assuming a slit-shaped pore configuration. The average pore size was
determined by the dsp value, which is the pore size equivalent to half of the pore volume.3!
SAXS measurements of the bare AC900 microporous carbon, as well as surface-modified and
sulfur-infiltrated carbons (AC900N, AC900NS, and AC900S-Ni) were conducted on a Xeuss 3.0
laboratory SAXS system from Xenocs, equipped with Cu-Ka radiation (wavelength, A =
0.154 nm), and the single photon counting detector Eiger 2R 1M from Dectris. The 2D SAXS
intensities were azimuthally averaged and corrected for transmission, exposure time, and
primary beam intensity.

We used a D8 Discover diffractometer (Bruker AXS) equipped with a copper source (Cu Ka,
40 kV, 40 mA) for X-ray diffraction (XRD) analysis of the samples. The National Institute of
Standards and Technology (NIST) 1976b corundum was used as a standard material to

calibrate the X-ray beam before measurements. The measured signal was acquired using a 2D
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detector (VANTEC-500) and a Gobel mirror with a 1 mm point focus, in 0.02 ° 28 steps, With: s ooer
1 s per step. The powder was placed on an optical glass sample holder with a 0.5 mm deep
notch for sample preparation.

A Renishaw inVia Raman microscope using an Nd-YAG laser with a 532 nm excitation
wavelength and 0.5 mW power applied at the focal point of the sample using an objective lens
with a numeric aperture of 0.75 was used to perform the Raman analysis. The 10 s exposure
time was used to collect the spectra from 5 points per sample, which were accumulated 5
times. The spectra were treated with cosmic ray removal and normalized.

The surface micrographs were measured with a Zeiss Gemini 500 scanning electron
microscope (SEM) at an acceleration voltage of 1 kV. An aluminum stub and copper tape were
used as a substrate to attach the samples.

The carbon-sulfur samples were analyzed using XPS to investigate their surface properties.
XPS analysis was conducted using a Versa probe 3 AD (Physical Electronics) with an Al-Ky X-
ray excitation source (1486.7 eV), operating monochromatically at 46.0 W. Measurements
were performed at room temperature under high vacuum (107 Pa), and the spectra were
acquired by scanning a 1 mm? area with a beam size of 200 um. High-resolution spectra of
carbon (C 1s) and sulfur (S 2p) were collected for detailed analysis. The pass energy and energy

resolution were set to 27 eV and 0.05 eV for the core-level spectra. Voigt functions were used

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

for spectral deconvolution, using Ulvac-PHI Multipak software, with Shirley background
correction applied to all spectra. The binding energy scale was calibrated using Au 4f;, =

83.99 eV from pristine gold, which was sputtered for 7 min to remove possible impurities.

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

Three regions were analyzed for each sample to ensure statistical accuracy and avoid potential

(cc)

single-point interpretations.

The bright-field scanning transmission electron microscope (BF-STEM) and high-angle annular
dark-field scanning transmission electron microscope (HAADF-STEM) from JEOL, Tokyo, Japan,
were used to analyze the structure and composition of carbon/sulfur samples. TEM samples
were prepared by dispersing 0.1 mg of each powder in 4 mL of ethanol using an ultrasonic
bath for 1 h, followed by the placement of 20 uL of the suspension on a copper TEM grid. The
elemental mapping was performed by energy-dispersive X-ray spectroscopy in STEM mode
(STEM-EDX). For these analyses, a probe aberration-corrected JEM-ARM200CF equipped with
JEOL Centurio 100 mm? EDXS detector and JEOL STEM detectors (JEOL, Tokyo, Japan) was

employed.
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Thermogravimetric analysis (TGA) was performed using the Netzsch TG-209-1 Libra systelti ity 0

Al

a temperature range of 30-550 °C at a heating rate of 10 °C/min, with Ar gas used to analyze
mass changes and measure sulfur loading. The ranges were selected as sulfur sublimates when
heated to 450 °C at ambient pressure. The empty ceramic crucible container was weighed to
determine its weight, which was then subtracted from the measurement to obtain the exact
amount of the sample. After that, the powder was placed in the container for sample
preparation and measurements.

The chemical composition of the samples was examined by CHNS-O analysis utilizing a Vario
Micro Cube system (Elementar Analysenssteme). After combustion, the samples were
measured in a combustion tube under an oxygen atmosphere at 1150 °C. A sulfanilic acid (C:
41.6 mass%, H: 4.1 mass%, N: 8.1 mass%, and S: 18.5 mass%) was used to calibrate the CHNS-

O analyzer measurements.

2.3.  Electrochemical analysis

Li-S cells were fabricated using CR2032 coin cells (PI-KEM) to investigate the electrochemical
performance of the as-synthesized cathode materials. Cells were assembled in an Ar-filled
glove box (MBraun with O, and H,0 <0.1 ppm) using Li metal foil (MTI Corporation, 11 mm
diameter, and 0.025 mm thickness) as counter electrode and reference electrode with Celgard
2320 separator (16 mm diameter). During cell assembly, 40 uL/mgs of carbonate-based
electrolyte; 1 M LiPF¢ in fluoroethylene carbonate (FEC): dimethyl carbonate (DMC) (1:4 by
volume) (LiPFg, FEC (99.99%) and DMC ( = 99%) were from Sigma Aldrich). The galvanostatic
charge/discharge experiments were performed to investigate the cycling stability in Biologic
VMP-300 potentiostat/galvanostat at C/20 in a voltage range of 0.5-3.0 V vs. Li/Li* for five
formation cycles and then C/10 in a potential range of 1.0-3.0 V vs. Li/Li* in the subsequent
cycles (1 C = 1672 mAh/gs). Further experiments were carried out at C/20 and C/10 (1C =
1672 mAh/gs) independently in a voltage range of 1.0-3.0 V vs. Li/Li* for prolonged cycling to
determine the effect of the C-rate on these cathodes. The galvanostatic intermittent titration
technique (GITT) was performed with the following steps: a current (C/30) was applied for 15
min, followed by a relaxation time of 4 h. All electrochemical experiments were performed in
a climate chamber held at 251 °C. Unless specified otherwise, we calculated the capacity
values based on the active material (sulfur). The Coulombic efficiency (CE) was calculated by

dividing the discharge capacity by the previous charge capacity. Cyclic voltammetry was
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conducted within a potential range of 1.0-3.0 V vs. Li/Li* at a scan rate of 0.1 mV/s_In contiast, s o0
electrochemical impedance spectroscopy (EIS) was carried out at open-circuit voltage (OCV)
over a frequency range from 10 kHz to 10 mHz. The cells were allowed to rest for 2 h prior to

the EIS measurements.

3. Results and discussion

3.1.  Textural/structural properties

The nitrogen gas sorption analysis (GSA) performed at -196 °C on AC900, AC900N, AC900S,
AC900NS, and AC900S-Ni samples is shown in the Supporting Information, Figure S1A and
Figure 1A. All samples confirmed micropore dominance, with AC900 possessing a larger pore
volume than ACO (Supporting Information, Figure S1B-C). Figure 1A presents the pore size
distributions calculated using the QSDFT model assuming slit pores at equilibrium (Table 1).
The DFT-specific surface areas (SSA) measured for ACO and AC900 were 1610 m?/g and
2057 m?/g. ACO has an average pore size of 0.8 nm (total pore volume 0.74 cm3/g), which
increased to 1.2 nm (total pore volume 1.12 cm3/g) after CO, activation (AC900). The CO,
activation was intended to produce a microporous carbon with a pore size that can
accommodate both long-chain polysulfides (LiSg-0.84 nm and Li;Se-0.76 nm) and short-chain

polysulfides (Li>S;2.4-<0.5 nm). The DFT SSA and pore volume of AC900 decreased to 186 m?/g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and 0.15 cm3/g after sulfur infiltration, indicating that sulfur occupied all the pores. This
decrease demonstrates the adsorption and retention of elemental sulfur in the micropores of

AC900S.32
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Despite the ability of micropores in combination with carbonate-based electrolytes to confine
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polysulfides, with extended cycling polysulfide species can still migrate out of the pores and
cause capacity fading due to poor charge transfer kinetics during solid-state conversion.?’- 33
To avoid this, we attempted to modify the surface of our micropore carbon (AC900) using two
different chemical processes: urea, used as a nitrogen source (AC900NS), and nickel sulfate
(AC900S-Ni). The purpose is to understand the performance behavior of polysulfide
suppression in prolonged cycling for this carbon and its compatibility with different chemical
or surface structural modifications. The nitrogen was introduced into the surface of the
micropores to increase the adsorption of polysulfides, boost electrical conductivity®*, and
potentially charge transfer across the carbon / active material interface. Due to its chemical

adsorption properties, nickel sulfate was used as a catalyst to modify the micropore surface,
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facilitating electrochemical reactions.?> The DFT SSA of the nitrogen-modified, saftiple s oo

Al

(AC900N) was 1799 m?/g (total pore volume 0.98 cm3/g), which is less than that of AC900
(2057 m?/g vs. 1.12 cm3/g). The pore volume was reduced after sulfur infiltration to
0.12 cm3/g (AC900NS). The sample, which was attempted to be modified with nickel sulfate
(AC900S-Ni), presented a DFT SSA and pore volume of 31 m?/g and 0.03 cm3/g (less than
AC900S with 186 m?/g vs. 0.15 cm3/g; Table 1).

SAXS analysis was carried out to verify changes in the nanopore structure upon surface
modifications and sulfur infiltration. Figure 1B displays the SAXS intensity as a function of the
scattering vector length g of AC900, AC900S, AC900N, AC900NS, and AC900S-Ni samples. The
pronounced hump in the SAXS intensity of the empty activated carbon is characteristic of its
nanopore structure.3® The AC900 and AC900N samples show identical SAXS intensities with a
pronounced shoulder around 2 nm™ - 3 nm, indicative of the mean pore size around /q ~
1.2 nm'L. The decreasing SAXS intensity of the sulfur-infiltrated samples (AC900S, ACO00NS,
and AC900S-Ni) provides evidence that the sulfur effectively blocks the carbon nanopores.3”
Upon sulfur infiltration, the scattering-length-density contrast between the pore and the
carbon matrix decreases, leading to the disappearance of the nanopore shoulder.
Interestingly, the AC900N (nitrogen-modified sample) shows no statistically significant effect
on the nanopore structure, whereas the sample attempted to be modified with nickel sulfate
(AC900S-Ni) exhibits a visible shoulder around 1 nm, indicative of the structural change
within the pores.?’

Figure 1C represents the X-ray diffractograms of AC900, AC900S, AC900N, AC900NS, and
AC900S-Ni. All samples exhibited two disordered carbon peaks at 24° and 43° 26,
corresponding to the diffraction at the (002) and (100) planes, respectively (PDF number 41-
1487).38 The incorporation of nitrogen in the AC900 carbon leads to a slight decrease in the
peak intensity of the 24° 26 value of the AC900N (Figure 1C). Sulfur infiltration increases the
intensity around 24° 26 due to the superposition of the carbon at the 002 planes and an
amorphous sulfur peak. AC900S-Ni exhibits a slightly more pronounced peak around 24° 26.
The fact that sharp crystalline sulfur peaks indicate that amorphous sulfur is confined in the
micropores.>®

The samples were further analyzed by Raman spectroscopy, as presented in Figure 1D. The
Raman analysis for AC900, AC900S, AC900N, AC900NS, and AC900S-Ni revealed the D band,

indicating a disordered aromatic structure of sp3-bonded carbon, and the G band related to

10
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the sp? stretching bond of graphite (Supporting Information, Table $1).%° The D- and, G-Hand,:s o
together with their full width at half maximum (FWHM), were obtained by fitting the spectra
using Voigt peak profile analysis. The AC900 presented a D band at 1344 cm™ with a FWHM of
126 cm™ and a G band at 1596 cm™ with a FWHM of 74 cm™L. The defect created by sulfur
infiltration into AC900 was revealed by the decreased intensity of the D band for AC900S at
1340 cm™ and FWHM of 115 cm™ (G band: 1599 cm™; FWHM: 68 cm™), indicating sulfur was
infiltrated into the micropore carbon. The AC900N displayed a D band at 1345 cm™ with a
FWHM of 116 cm™ and a G band at 1601 cm™* with a FWHM of 69 cm™. There is no significant
change after sulfur infiltration, as the AC900NS recorded almost similar values (D band:
1344 cm™; FWHM: 116 cm™®; G band: 1601 cm™; FWHM: 69 cm™). However, the introduction
of nitrogen into the micropores of AC900 results in small structural distortion*?, as confirmed
by the decrease in FWHM (Supporting Information, Table S1, AC900: 126 cm™ vs. AC900N:
116 cm™). In addition, the AC900S-Ni recorded a D band at 1339 cm™ with a FWHM of 120 cm-
and a G band at 1591 cm™ with a FWHM of 75 cm™L. The defects created by nickel sulfate
modification were indicated by a slight increase in the FWHM of AC900S-Ni, at 120 cm™
compared to AC900S at 115 cm* (Supporting Information, Table S1)*2.

The same characteristics and behavior of the absence of sulfur in the XRD analysis in Figure 1C

were also confirmed in the Raman analysis in Figure 1D. Further confirmation was observed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

in the scanning electron micrographs in Supporting Information, Figure S2A-E. The images
show comparable morphologies, with the same shape and size for AC900, AC900S, AC900N,
AC900NS, and AC900S-Ni, despite chemical modification and sulfur infiltration. This also

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

confirms that sulfur was integrated into the micropores.
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Both XRD and Raman demonstrate that no new peak associated with nickel was formed for
the AC900S-Ni; however, structural changes in the carbon framework, indicative of modified
sp? (graphitic) ordering, were observed due to the wet-chemical nickel sulfate treatment on
the AC900-S. This was confirmed by XPS analysis of the AC900-S, AC900NS, and AC900S-Ni.
High-resolution C 1s spectra for the AC900S, AC900NS and AC900S-Ni samples are presented
in Supporting Information, Figure S3A,C,3E. Seven distinct peaks can be identified*3, the peak
at 284.7 eV corresponds to sp? hybridized graphitic carbon, while the peak at 285.0 eV is
attributed to sp3 hybridized carbon or C-H bonds. Four additional peaks are associated with
various oxygen-containing functional groups, and a final peak at 292.2 eV corresponds to the

n-rt* transition.** The relative contributions of each species are summarized in Table 2. The
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most notable difference between the two samples lies in the sp?/sp3 carbon_ratios. e o

Al

AC900S-Ni sample exhibits 73 atom% sp? carbon, representing a 16 atom% increase compared
to the AC900S sample. This enhancement is primarily due to a corresponding 16 atom%
reduction in sp® content, indicating a significant degree of graphitization induced by the nickel
sulfate washing procedure. In contrast, the relative abundance of oxygenated species remains
nearly unchanged between the two materials. Besides, the interpretation of the AC900NS is
not straightforward due to the overlap with nitrogen-containing species. Specifically,
contributions from C-H and C-N (pyridinic N), C-O and C=N (pyrrolic N), and C=0 with N-CO
(graphitic N) can complicate peak assignment. To resolve this, high-resolution N 1s spectra
were also acquired (Supporting Information, Figure S4). Three main peaks are observed: one
at 398.5 eV corresponding to pyridinic N, another at 400.2 eV assigned to pyrrolic N, and a
third at 401.9 eV attributed to graphitic nitrogen species.*> 4 However, the latter could also
be associated with oxidized N, given the uncertainty caused by the signal-to-noise ratio in the
spectrum. In addition, the high-resolution S 2p spectra for the AC900S, AC900NS and AC900S-
Ni samples are shown in the Supporting Information, Figure S2B,D,F, indicating the presence
of C-S (~163 eV — 164 eV), S-O species (166 eV - 169 eV), and elemental sulfur (~164 eV).33 4
The absence of nickel and structural modification caused by the nickel sulfate washing process
was further confirmed by the BF-STEM and HAADF-STEM analyses performed on AC900S and
AC900S-Ni samples. The BF-STEM was used to provide information about the morphology,
porosity, crystal structure, and the arrangement of carbon and sulfur in the samples.*® At the
same time, HAADF-STEM was employed to identify the elemental composition and
distribution within the sample, as well as its morphology.*® Figure 2A-B and Figure 2D-E
display the BF-STEM images at low and high magnification of AC900S and AC900S-Ni,
respectively. The morphology consisted of disordered graphitic layers, characterized by
closely packed, frizzy carbon layers that enclosed coordinated pores. The dark area (carbon)
and bright area (sulfur) of the HAADF-STEM image on AC900S (Figure 2C) and AC900S-Ni
(Figure 2F) confirm the sulfur distribution and dispersion within the carbon matrix. The
AC900S-Ni shows a more uniform sulfur distribution when compared to AC900S, as heavier
elements in the sample appear brighter than lighter ones based on Rutherford scattering,
which intensifies with an increase in atomic number (Z).>° The TEM-EDS elemental mapping
(Supporting Information, Figure S5A,E) shows the presence of carbon, oxygen, and sulfur in

AC900S (Supporting Information, Figure S5B-D) and AC900S-Ni (Supporting Information,
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Figure S5F-H). The TEM-EDS spectra for AC900S and AC900S-Ni (Supporting Informdtidn;: o
Figure S51) show similar elemental compositions with no presence of nickel in AC900S-Ni. The
most distinctive feature between the two samples is that sulfur is more evenly distributed in
AC900S-Ni (Supporting Information, Figure S5H) compared to AC900S (Supporting
Information Figure S5D). This also agrees with the HAADF-STEM image of AC900S-Ni
(Figure 2F).

In general, to elucidate the structural changes caused by the nickel sulfate treatment, we
observe that transient exposure to Ni®* ions can enhance graphitic ordering, even when no
residual Ni is found in the final material. In situ investigations have revealed that Ni promotes
the transformation of amorphous carbon into a domain rich in sp? bonding via dissolution-
precipitation and carbide-mediated mechanisms.”! This process involves the formation and
subsequent breakdown of transient NisC upon heating, thereby promoting the development
of graphitic layers at comparatively low temperatures and leaving no residual nickel in the
final material.>® Transition-metal ions, including Ni%*, are known to temporarily bind to
oxygen- and sulfur-containing surface groups, thereby reducing the activation barriers for
local carbon rearrangement and favoring short-range ordering toward sp2-rich domains during
subsequent drying or mild heating.>> Furthermore, Ni?* can interact with defect sites and

regions rich in heteroatoms, thereby enabling partial defect repair and restoring conjugated

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

carbon networks, thereby increasing the sp?/sp3 ratio. The transient formation of Ni-S or Ni-O

coordination complexes may further modify the carbon-sulfur interface; their removal during

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

washing results in a more ordered carbon structure.”? These catalytic activities and defect-

reconstruction pathways are consistent with the broader observation that Ni layers or Ni-

(cc)

containing intermediates accelerate graphitization by enhancing carbon mobility and enabling
the reorganization of disordered carbon networks into more ordered graphitic structures.>3
These provide a mechanistic explanation for the observed enhancement in sp? character,
despite the absence of detectable Ni in the final composite.

The sulfur content infiltrated in the micropores was determined by TGA measurements
performed in the 30-550 °C range using argon gas (Supporting Information, Figure S6). At and
beyond 450 °C, the sulfur was expected to be fully vaporized. Still, it did not appear that way,
as it was trapped in the microporous carbon and required more energy for assembly and
evaporation. The defect created on the surface of the micropores by nickel sulfate

modification (AC900S-Ni) was also observed in the TGA analysis, where the complete
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evaporation begins at 500 °C, compared to 470 °C for AC900S and AC900NS. The gézrlg%%%g&‘e Online

Al

1:1 and the sulfur content recorded was 47 mass%, 48 mass%, and 47 mass% for AC900S,
AC900NS and AC900S-Ni, respectively. This amount was also confirmed by CHNS-O analysis
(Table 3) to be around 50 mass% for all samples. AC900S, AC900NS, and AC900S-Ni showed a
mass-loading for sulfur with 51 mass%, 49 mass%, and 48 mass%, respectively. The oxygen
content was below 3 mass% for AC900N, AC900NS, and AC900S-Ni. The nitrogen content

measured in the samples was approximately 2 mass% for AC900N and AC900NS.

3.2.  Electrochemical analysis of lithium-sulfur batteries
3.2.1. Influence of CO; activation on the pore structure for small and large-chain polysulfide
confinement

Figure 3A-D presents the electrochemical measurements of ACOS and AC900S performed
using 1 M LiPFg in FEC/DMC (1:4 by volume) carbonate-based electrolyte. The ACOS and
AC900S were cycled using C/20 (1 C = 1675 mAh/gs) in a potential range of 0.5-3.0 V vs. Li/Li*
for 5 formation cycles to attain equilibrium after the CEl formation, followed by C/10 in a
potential range of 1.0-3.0 V vs. Li/Li* for the proceeding cycles. The absence of two distinct
voltage plateaus and the general shape of the charge/discharge profile clearly speak for solid-
state S/Li;S conversion.?” The ACOS recorded a discharge capacity of 1018 mAh/gs,
909 mAh/gs, 841 mAh/gs, and 788 mAh/gs for cycles one to four at C/20 (Figure 3A). The
discharge capacity decreased to 631 mAh/gs once switched to a higher cycling current (C/10),
and a discharge capacity of 261 mAh/gs remained after 100 cycles (Figure 3C). The AC900S, on
the other hand, displayed a discharge capacity of 1142 mAh/gs, 1088 mAh/gs, 1056 mAh/gs,
and 1032 mAh/gs for cycles one to four at C/20 (Figure 3B). The discharge capacity decreased
to 850 mAh/gs once switched to a higher current (C/10), and 342 mAh/gs discharge capacity
remained after 100 cycles (Figure 3C). These values are shown in the Supporting Information,
Table S2. The AC900S recorded a higher initial discharge capacity (1142 mAh/gs-C/20 vs.
850 mAh/gs-C/10) compared to the ACOS (1018 mAh/gs-C/20 vs. 631 mAh/gs-C/10). The
higher performance of AC900S is also reflected in its volumetric capacity, as shown in the
Supporting Information, Figure S7B. It also attained better cycling stability than its counterpart
(Figure 3C). Our data indicate that the additional activation step on ACO enhances the AC900
properties for efficient sulfur conversion. This could be the polarity, surface functional groups,

and hydrophobicity.”* The additional pore space from CO, activation likely improves the
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transport of solvated electrolyte and lithium ions, which is crucial for sustaining the Righ: 70
reversible capacity of the sulfur cathode.>®

Despite the micropore ability to reduce side reactions®® and confined reactions between
polysulfide species and carbonates, a continued capacity fading was observed during the
extended cycling of AC900S. This suggests that the AC900S has a weak chemical affinity with
polysulfides, and therefore, it cannot entirely trap them and prevent capacity fading.33 Since

the AC900S possesses micropores that can accommodate both long- and short-chain

polysulfides, it still experiences capacity fading. We first investigate the effect of cycling

conditions on the capacity fading. This was analyzed in the next section.

3.2.2. Effect of cycling conditions on the polysulfide shuttle suppression

As the AC900S displayed an initial discharge of 850 mAh/gs once switched to a higher cycling
current of C/10 (1.0-3.0 V vs. Li/Li*), it was expected to cycle around 800 mAh/gs for the
subsequent cycles; however, it experienced continued capacity fading in the following cycles.
To understand this phenomenon in our cathode (AC900S), we performed two independent
measurements at C/20 and C/10 (1 C= 1675 mAh/gs) in a potential range of 1.0-3.0 V vs. Li/Li*.
The purpose is to determine if switching to a higher current and potential simultaneously,

once the CEl has formed and the cathode has stabilized, contributes to continuous capacity

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

fading.
Figure 3D shows the cycling stability of AC900S performed at C/20 and C/10 without switching

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

the currents and potential. The effect of the cycling condition is observed between the

cathode (AC900S-C20/C10) measured by switching the current and potential (C/20 with 0.5-

(cc)

3.0V vs. Li/Li* for 5 formation cycles, followed by C/10 with 1.0-3.0V vs. Li/Li* for the
proceeding cycles), and without switching the currents/potential (AC900S-C/20 and AC900S-
C/10 with 1.0-3.0V vs. Li/Li*). The AC900S-C/20 recorded an initial discharge capacity of
857 mAh/gs, 612 mAh/gs after 50 cycles, and 488 mAh/gs remained after 100 cycles. The
AC900S-C/10 presented an initial discharge capacity of 661 mAh/gs, 521 mAh/gs after 50
cycles, and 428 mAh/gs remained after 100 cycles. The AC900S cycled at C/20 and C/10
showed improved discharge capacity and better cycling stability than the AC900S cycled by
simultaneously switching the current/potential C20/C10 (Figure 3D). These results indicate
that, in the micropore, the highly dispersed short-chain configurations of low-molecular-

weight elemental sulfur are unstable due to the low potential difference versus metallic

15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ya00026f

Energy Advances Page 16 of 32

T H H &\, A8cle Online
lithium compared to the larger molecules of elemental sulfur with crown ring stryctures.>% =5 nne

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Additionally, electrode degradation and electrolyte decomposition occur in the less stable
electrochemical reaction zone, which is also influenced by the battery's charge/discharge
potential.>® Thus, the change of current and potential simultaneously might have influenced
the observed performance in the AC900S cathode cycled at C20/C10.

Based on these results (Figure 3D), we were able to reduce the capacity fading; however, our
cathode (AC900S) still exhibits slow capacity fading in subsequent cycles, indicating that the
reactions between polysulfides and carbonates are not entirely confined to the micropores.
To further understand the behavior of polysulfides in our micropore, the following section
details the mechanism of polysulfide suppression using a carbonate electrolyte, aided by
surface/structural modifications on the microporous carbon. We created chemical affinity in
our microporous carbon (AC900) and investigated the influence of surface modification and
structural compatibility of this carbon with various chemical modifications. Additionally, in
Figure 3D, we observed the effects of simultaneously switching the C-rate and potential in our
cathode. Consequently, the remaining measurements in this study were performed at C/20
and C/10 (1.0-3.0 V vs. Li/Li*) independently, without simultaneously switching the current

and potential.

3.2.3. Impact of structural compatibility between the produced carbon and surface modifier
This section describes the electrochemical performance of Li-S using an AC900 carbon
modified by two different chemical modifications. The modification was made to create a
strong affinity for polysulfide, thereby improving capacity fading in extended cycling.

Figure 4A shows the initial discharge profiles of AC900S, AC900NS, and AC900S-Ni performed
at C/20 in a potential range of 1.0-3.0V vs. Li/Li*in 1 M LiPFg in FEC/DMC (1:4 by volume)
carbonate-based electrolyte. All cathodes presented the formation of two potential plateaus
with different characteristics. The first plateau appears at 2.4 V vs. Li/Li* for the AC900S and
AC900NS, and at 2.2 V vs. Li/Li* for the AC900S-Ni. The plateau is associated with the reduction
of sulfur to high-order polysulfide (Li,S,, 4<n<8) and the reaction between carbonate solvent
molecules and the carbon host.” ®° The second plateau appears at 1.69 V vs. Li/Li* for AC900S,
and at 1.7 V vs. Li/Li* for the AC900NS and AC900S-Ni, respectively. The second plateau is
linked with the formation of lower-order polysulfides (Li,S; and Li,S).%* The behavior of these

plateaus is consistent with the discharge potential of sulfur confined in a micropore carbon
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using a carbonate-based electrolyte, confirming a solid-solid conversion pr%%(;%fg;émé;go%”z“gﬁ
AC900S-Ni presented a distinctive feature in the length of the second plateau, as it was
terminated at 1.03 V vs. Li/Li* with a slightly higher cut-off potential of 0.03V vs. Li/Li*,
compared to the set potential of 1.0 V vs. Li/Li*.

The characteristics of the initial discharge profiles for AC900S, AC900NS, and AC900S-Ni were
also analyzed at a higher C-rate of C/10 using a potential range of 1.0-3.0V vs. Li/Li* as
exhibited in Figure 4B. The cathodes displayed the formation of two plateaus with
characteristics similar to those observed at a lower C-rate of C/20 (Figure 4A). The first plateau
was observed at 2.3 V vs. Li/Li* for the AC900ONS and AC900S-Ni and at 2.2 V vs. Li/Li* for the
AC900S. The second plateau for the AC900NS is at 1.66 V vs. Li/Li*, and for the AC900S and
AC900S-Ni is at 1.63 V vs. Li/Li*. Similar characteristics of the second plateau termination at a
higher cut-off potential of 1.01V vs. Li/Li* versus the set potential of 1.0V vs. Li/Li* were
observed for the AC900S-Ni (Figure 4B). The cyclic voltammograms of AC900S, AC900NS, and
AC900S-Ni show redox peaks (Supporting Information, Figure S8A), signifying a solid-solid
conversion route from S to Li>S and further confirming the behavior of the plateaus in
Figure 4A-B.

Figure 4C-D displays the subsequent charge/discharge profiles of AC900S, AC900NS, and
AC900S-Ni in a potential range of 1.0-3.0V vs. Li/Li* with C/20 and C/10, respectively.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Figure 4C shows an improvement in the discharge capacity for the chemical-modified

cathodes (AC900NS and AC900S-Ni) measured with C/20 (1 C = 1675 mAh/gs). The discharge

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

capacities in the first cycle were 857 mAh/gs, 946 mAh/gs, and 1000 mAh/gs for the AC900S,

AC900NS, and AC900S-Ni, respectively. Similar performance improvement was recorded
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when the cathodes were cycled at a higher current of C/10 with a potential range of 1.0-3.0 V
vs. Li/Li* (Figure 4D). The discharge capacities in the first cycle were 661 mAh/gs, 770 mAh/gs,
and 805 mAh/gs for the AC900S, AC900NS, and AC900S-Ni, respectively.

Figure 4E-F displays the cycling stability of AC900S, AC900NS, and AC900S-Ni in a potential
range of 1.0-3.0V vs. Li/Li* with C/20 and C/10, respectively. The sample modified with
nitrogen (AC900NS) exhibited improved performance compared to AC900S, displaying a
higher discharge capacity of up to 65 cycles at C/20 (Figure 4E) and 200 cycles at C/10
(Figure 4F). Introducing nitrogen as a polar functional group with higher electronegativity was
intended to effectively enhance the interfacial interaction between polysulfides and the

surface of the micropore carbon (AC900).%% Theoretically, the nitrogen atom possesses an
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confirmed with our XPS analysis of N 1s spectra (Supporting Information, Figure S4). These
serve as Lewis-base sites, interacting with the strong Lewis acidity of the terminal lithium
atoms in lithium polysulfides through dipole-dipole electrostatic interactions.2 Meanwhile,
graphitic N acts as an electron donor, donating additional electrons to adjacent delocalized m-
systems. This leads to a stronger affinity for polysulfides compared to the graphene plane.®®
The initial enhancement in our AC900NS aligns with the secondary effects typically associated
with low levels of pyridinic and pyrrolic nitrogen functionalities, which can slightly increase
surface polarity and provide limited additional anchoring interactions for polysulfides.
However, the extent of these improvements remains small, and the long-term cycling
performance does not significantly differ from that of the unmodified sample (AC900S). These
results support the idea that nitrogen plays only a minor supportive role in the overall
electrochemical response, as a continuous decrease in the discharge capacity was noted in
the subsequent cycles of AC900ONS (Figure 4E-F). Previous research shows that increased
nitrogen content or specific nitrogen functionalities can enhance the adsorption and
confinement of polysulfides by improving surface polarity and strengthening chemical
interactions. For example, a study on urea-doped activated carbon indicates that higher
nitrogen levels, achieved by increasing the urea ratio, significantly enhance polysulfide
adsorption capacity. The sample with higher nitrogen doping showed the highest polysulfide
uptake, owing to the combined effects of high porosity and pronounced nitrogen
functionalization.®® Furthermore, the active pyridinic and pyrrolic sites in nitrogen-doped
functionalized hollow carbon nanocages were shown to promote stronger sulfur
immobilization and polysulfide trapping, confirming that specific N functionalities, like
pyridinic and pyrrolic structures, enhance chemical interactions with lithium polysulfide
species.®’

AC900S-Ni cycled at C/20 showed better cycling stability, with the cathode retaining a
discharge capacity of 773 mAh/gs after 100 cycles, 587 mAh/gs after 200 cycles (Figure 4E),
and 455 mAh/gs after 270 cycles (Supporting Information, Figure S7C) compared to
1000 mAh/gs in the first cycle. A similar improvement was observed on the AC900S-Ni cycled
at C/10, which retained discharge capacities of 722 mAh/gs after 100 cycles, 665 mAh/gs after
200 cycles (Figure 4F), and 354 mAh/gs after 500 cycles (Supporting Information, Figure S7D)

compared to 805 mAh/gs in the first cycle. The improvement was also noted in the Coulombic

18


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ya00026f

Page 19 of 32 Energy Advances

efficiency performance, whereby AC900S-Ni cathodes exhibited a stable Coulombig effigieicys 70
at both cycling currents, in contrast to the unstable Coulombic efficiency of AC900S and
AC900NS (Figure 4E-F). The Nyquist plots (Supporting Information, Figure S8B) indicate a
significant difference in charge-transfer resistance (R«t) across the AC900S, AC900NS, and
AC900S-Ni. AC900S shows a smaller semicircle, aligning with more favorable charge transfer
during the solid-state conversion. AC900NS exhibits the largest semicircle, indicating the
highest Rt and suggesting that nitrogen doping in this configuration slightly hinders electronic
transport and interfacial kinetics,®® consistent with the long-term cycling performance in
Figure 4E-F. The AC900S-Ni reveals the smallest semicircle, indicating that the nickel sulfate
post-treatment, despite leaving no residual nickel, effectively reduces R. by enhancing the
sp?-bonded carbon and improving electronic pathways.®® The steeper low-frequency tail of
AC900S-Ni further supports easier Li* transport and a more reversible solid-state conversion
under carbonate-electrolyte conditions.

GITT was performed to elucidate further the performance enhancement of AC900S-Ni. The
total polarization as a function of State-of-Discharge (SoD) and State-of-Charge (SoC) is
presented in the Supporting Information, Figure S9A-B, and the GITT pulse in the Supporting
Information, Figure S9C. Decoupling the individual contributions to polarization (ohmic,

charge transfer, and mass transport) remains challenging because both charge transfer and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

mass transport exhibit prolonged relaxation times in sulfur confined within microporous
carbon cathodes. Nevertheless, AC900S-Ni demonstrates reduced polarization during both

discharge and charge processes, with a notable decrease of approximately 0.05V in total

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

polarization. This improvement is most likely attributable to enhanced charge transfer
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kinetics, corroborated by the significant increase in sp?-hybridized graphitic carbon content
observed via XPS analysis (Supporting Information, Figure S3E, Table 2). The higher graphitic
carbon content facilitates electron transfer and accelerates the solid-state conversion
reactions of polysulfide species. Furthermore, Supporting Information, Figure S9B reveals
critical insights into the delithiation process, which appears to be the primary performance-
limiting factor for this battery system. Beyond 60% SoC during charging, the polarization
exceeds 0.5V, whereas during discharge (lithiation), the polarization remains relatively
constant at approximately 0.25 V. This disparity suggests that delithiation kinetics impose a

significant constraint on the overall electrochemical performance.
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In general, the nitrogen-doping process appears to alter the pore-formation pathway, ledding: e

Al

to a slight reduction in accessible porosity and a shift in pore distribution (Figure 1A and
Table 1). This phenomenon aligns with findings that indicate nitrogen inclusion can affect
activation chemistry and modify pore development in nitrogen-doped porous carbon.’® At the
same time, the electronic properties of the carbon matrix are notably affected by the specific
nitrogen configurations present. Research comparing organic-N and inorganic-N doping shows
that pyridinic and pyrrolic nitrogen improve conductivity, whereas inorganic nitrogen species
may reduce it, thereby decreasing charge-transfer efficiency.®® These combined reductions in
pore accessibility and electronic conductivity provide a coherent explanation for the
decreased sulfur utilization and less effective long-term cycling of AC900NS, which dominate
the slight early-cycle benefits associated with low levels of nitrogen functionalities.
Meanwhile, the enhanced electrochemical performance of the AC900S-Ni sample can be
attributed mainly to its higher sp?/sp3 carbon ratio, as observed in the Supporting Information,
Figure S3E, and Table 2. The increase in sp2-hybridized carbon, along with a significant
reduction in sp3 and C-H bonds, contributes to reduced polarization and improved charge-
transfer kinetics, as confirmed by the GITT analysis.** In contrast, sp3-hybridized carbon and
C-H groups not only lower electronic conductivity but also introduce non-polar, hydrophobic
regions.”l 72 These hydrophobic surfaces can hinder electrolyte wetting and penetration,
potentially blocking pore entrances or reducing the effective pore volume, which ultimately
limits sulfur utilization, as observed in the AC900S sample. Moreover, sp3-rich domains impair
the redox kinetics of polysulfide conversion by reducing electrical conductivity, which slows
down Li,S formation.”® Additionally, studies indicate that graphitic sp? carbon offers more
robust adsorption sites for polysulfide intermediates, while sp3-rich carbon shows weaker
interactions.”® 7> This diminished affinity may indirectly promote the dissolution and loss of
polysulfides, further hindering overall conversion efficiency for the AC900S sample.

Compared to the state-of-the-art ether-based electrolyte utilizing LINO3 to improve Coulombic
efficiency in a microporous carbon, the battery typically operates in a potential range of 1.7-
2.8V vs. Li/Li* (1.1 V vs. Li/Li*).”® Our battery exhibited improved performance at a higher
operating potential of 1.0-3.0 V vs. Li/Li* (2.0 V vs. Li/Li*) utilizing a facilely produced surface-
modified microporous carbon (AC900S-Ni cathode) in a carbonate-based electrolyte. This
electrolyte has been less used for Li-S systems due to the side reactions between carbonates

and polysulfides. Additionally, carbonate-based electrolytes are more mature and stable vs Li
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metal as they are already used in Li-ion batteries and also offer a lower cost compared to; e

ether-based electrolytes.

4, Conclusions

We have investigated and successfully reduced the continued slow capacity fading during
extended cycling in microporous carbon using a carbonate-based electrolyte, which is less
commonly used in Li-S systems. Some studies have used microporous/ultra-microporous
carbon with pore sizes of < 0.7 nm, which can accommodate only the short-chain
polysulfides LiS;.4.%> 77 The discharge products of long-chain polysulfides, LiSs and Li,Se
molecules with 0.84 nm and 0.76 nm, are limited in the micropore carbon. The pore size of
the micropore carbon (1.2 nm) used in this study was optimized to a range that can
accommodate both long-chain and short-chain polysulfide. Furthermore, the carbon was
modified to potentially create an improved chemical affinity for polysulfides and improved
charge transfer kinetics, resulting in reduced capacity fading. The modification was performed
using urea as a nitrogen source (AC900NS) and nickel sulfate as a nickel source (AC900S-Ni).
Different characterization techniques did not detect Ni in our sample, suggesting that it was
removed during the washing process; however, this still alters the sp?/sp3 ratio, which in turn

affects the electronic properties of this sample. Using a carbonate electrolyte, the AC900S-Ni

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

achieved better cycling stability in the preceding cycles compared to AC900S. Overall, our

results demonstrate that chemical/structural modification of the internal carbon surface can
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reduce capacity fading during solid-state S/Li,S conversion in confinement using microporous

carbons and a carbonate electrolyte.
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Tables

Table 1: Surface and pore structure analysis of the ACO, AC900, AC900S, AC900N, AC900NS,
and AC900S-Ni.
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Sample DFT SSA Average Micropore Mesopore Total pore

name (m?/g) pore size volume volume volume

dso (nm) (cm?/g) (cm?/g) (cm?/g)
ACO 1610 0.8 0.67 0.07 0.74
AC900 2057 1.2 0.97 0.15 1.12
AC900S 186 1.5 0.10 0.05 0.15
AC900N 1799 11 0.88 0.10 0.98
AC900NS 132 1.7 0.07 0.04 0.12
AC900S-Ni 31 2.0 0.01 0.01 0.03

Table 2: Binding atom% content of the different C-species shown in Supporting Information,

Figures S3A, 3C, 3E of AC900S, AC900NS, and AC900S-Ni.

Specie Content of C species (atom%)
AC900S AC900NS AC900S-Ni
Csp? 57 63 73
Csp3/C-N 25 14 9
C-0/C=N 6 5 4
C-0-C 6 7 6
0-C-0/C=0/ N-C=0 3 6 4
0-C=0 3 4 4
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Table 3: Chemical composition of the non-infiltrated carbons and sulfur-infiltrated carbons.: 50

The value of S mass loss from the TGA is calculated from the difference between the mass

remaining and the original (100%).

Sample CHNS-O analysis (mass%) TGA (mass%)
name

C N H 0 S S
AC900 94.58+1.91 - 0.3410.08 - - -
AC900N 83.64+1.17 1.94+0.03 0.2510.07 3.22+0.62 - -
AC900S 47.57+0.62 - <0.2 - 51.02+1.24 47
AC900NS 43.72+0.53 1.15+0.02 0.2110.06 1.88+0.01 49.3610.43 48
AC900S-Ni 48.4310.53 0.4910.04 - 2.42+0.20 48.04+0.34 47
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Figure 1: Calculated pore size distributions derived from nitrogen gas sorption (A), Small-angle
X-ray scattering intensity versus scattering vector length q (B), X-ray diffraction pattern (C),

and (D) Raman analysis for AC900, AC900S, ACS00N, AC900NS, and AC900S-Ni, respectively.
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Figure 2: Low and high-resolution BF-STEM analysis of AC900S (A-B) and AC900S-Ni (D-E),
respectively. High-resolution HAADF-STEM analysis of AC900S (C) and AC900S-Ni (F).

29


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ya00026f

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

K E

Page 30 of 32

; + Yiew Article Online
DOI: 19,1059/D6YA00026F

— - - d — ” ""l ‘I
255 it e S,s] L
- L L Sy +_ -k
= eETI Tt 2 1 Ly
= i e 5 i Wee
S I ACOS .ol AC900S
207 wy' Cyclel g~ v ——Cyclel
2 Cycle2 :g b —— Cycle2
e R ——Cvcle
@15 Cycle3 5 15 ¥ Cycle3
- =
9 3 o ;
o by o 4
’ ¢
' ’:’
10 # 10 ;
7 f
? /
? /
i
05 T T T T T T T 1 0'5 T T T T T 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Specific capacity (mAh/g; Specific capacity (mAh/g;)
g g e 100 1200 E o o e 100
[ ! AC9008-C20/C10 Lr o
—_— y
1000 _1000 /
- 96 ] —=— AC9005S-C20 96
= 518 ) —+— AC9005-C10 949
& 800- [7e g so0- | g
£ L23 = -92§
T Z
Z Z % [=x
‘G 600 - L90 o & 600+ L9065
] Q m
= X 3
8 resa. O L 88%
2 o.
@400 - 3 0400 e
o 1862 & L 863
[} = <
£ . ws 2 84
o - — -
& 200~ = B 2004 <=
L g2 -82
0 . . . T . T : : . 80 0 T T T T 80
0 20 40 60 80 100 0 20 40 60 80 100

Cycle number

Cycle number

Figure 3: The charging and discharging of cycles one to four for the CO;-activated carbon

AC900S and ACOS without activation measured at 0.5-3.0 V vs. Li/Li* (A-B). The cycling stability

and Coulombic efficiency of AC900S and ACOS measured at 0.5-3.0 V vs. Li/Li* with C/20 for

five formation cycles, followed by 1.0-3.0 V vs. Li/Li* with C/10 for up to 100 cycles (C). The

cycling stability and Coulombic efficiency of AC900S measured at 1.0-3.0 V vs. Li/Li* with C/20

and C/10 (The AC900S-C20/C10 represent AC900S in Figure Cand 1 C = 1675 mAh/gs) (D).
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Figure 4: The initial discharge of AC900S, AC900NS, and AC900S-Ni measured at 1.0-3.0 V vs.

Li/Li* with C/20 (A) and C/10 (B). The first charge/discharge of AC900S, AC900NS, and AC900S-

Ni measured at 1.0-3.0V vs. Li/Li* with C/20 (C) and C/10 (D). The cycling stability and

Coulombic efficiency of AC900S, AC900NS, and AC900S-Ni performed at 1.0-3.0 V vs. Li/Li*

with C/20 (C) and C/10 (D).

31


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ya00026f

Open Access Article. Published on 30 March 2026. Downloaded on 3/31/2026 8:45:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

Data availability statement

All data can be accessed via 10.5281/zenodo.19048044.
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