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ABSTRACT: Lithium—sulfur batteries (Li—S), controlled by the sulfur cathode’s CEIfSEl
conversion reaction, are a promising technology due to their high theoretical e i
capacities and the sustainability of sulfur. In contrast to commercially available E
lithium-ion cathodes, the Li—S system still suffers from unstable cycling
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v Polysulfides
confined inside
carbon micropores.

PH

performance due to the diffusion of soluble polysulfides out of the cathode. - v Shuttle effect

This study explored sulfur cathodes with varying pore sizes, mainly in the /suppressed.

micropore regime (<2 nm). We conducted the work using carbonate-based and Better
performance.

ether-based electrolytes to investigate the impact of the cathode/solid electrolyte
interphase on the cycling performance of the battery. By infiltrating the carbon
with different C/S ratios, we found that the maximum sulfur infiltration attained
was 61 mass % with a C/S ratio of 1:1.5. The best sulfur utilization and cycling performance were achieved with carbonate
electrolyte and S0 mass % S in carbon with a specific surface area of 2210 m?/g and a total pore volume of 1.20 cm®/g. Our findings
emphasize the importance of designing cathodes with optimized pore structures to balance sulfur accommodation, minimize sulfur

Side reactions

dissolution, and mitigate capacity degradation.

KEYWORDS: [ithium—sulfur batteries, polysulfide shuttling, carbonate-based electrolyte, sulfur loading, microporous carbon,

electrolyte/sulfur ratio, energy storage

1. INTRODUCTION

The increasing energy demand and the positive environmental
impact of renewable energy require further development of
high-capacity energy storage.' > Lithium-ion batteries (LIBs)
are often considered the core component of various portable
electronic devices. However, the chemistries and materials
employed in these batteries face safety concerns, high costs,
and a limited theoretical energy density (350—400 Wh/kg),
which hinders their ability to meet high-demand supply.*
Various technologies are being researched to support the
transition to more efficient energy storage technologies,
address climate change, meet consumers’ daily energy needs,
and reduce high energy demand.’~” Current scientific research
focuses on developing high-performance rechargeable bat-
teries, which can potentially be realized through conversion-
type reaction pathways using sulfur as a cathode.®
Lithium—sulfur batteries (Li—S) are a promising alternative
to current LIBs because they use sulfur as the cathode material,
which is inexpensive, nontoxic, and environmentally
friendly.”~"" The sulfur cathode has a high theoretical specific
capacity of 1675 mAh/g, which is five times higher than the
cathodes in commercial LIBs (300 mAh/ g).12 This results in a
high theoretical specific energy of 2567 Wh per kilogram of
active material."”” Despite initial successes, Li—S batteries
encounter challenges such as poor cell capacities due to low
sulfur utilization and high electrolyte-to-sulfur ratios, as well as
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sluggish reaction kinetics resulting from the insulating
properties of Sy and the final discharge products (Li,S)."*"
More importantly, poor cycling stability is observed due to the
formation of lithium dendrites, the shuttle effect of
polysulfides, and the volume expansion of the cathode after
lithiation, resulting in the pulverization of the cathode
architecture during the discharging and charging processes.'®'”

Various strategies have been employed to address these
challenges and improve Li—S performance. One method is to
trap sulfur in the cathode matrix, which serves as a physical
barrier to encapsulate sulfur and facilitate efficient electron
transport.'”'” The high electrical conductivity, lightweight
nature, and diverse porous structures rationalize this approach.
However, studies suggest that carbon has a limited ability to
inhibit the dissolution of polysulfide by trapping sulfur and its
reduced forms at the cathode.”® Therefore, carbon architecture
is vital in harnessing the potential to restrict polysulfide
dissolution. The formation of pores in the carbon material
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serves as an opening cavity for the impregnation and
encapsulation of sulfur and redox products. According to
international standards, pore size is classified as micropores
(<2 nm), mesopores (2—50 nm), and macropores (>50 nm).”'
Due to their open porosity, carbons with macropores are
ineffective in incorporating soluble polysulfides in Li—S.”* Yet
they are beneficial for sodium sulfur batteries (Na—S) to
provide a free space for volumetric expansion of the redox
reaction and enable the deposition of discharge products™
because Na* has a larger ionic radius (0.95 nm) than Li* (0.60
nm).**

A study by Liu et al. on the influence of pore size and sulfur
loading on the cycling performance of Li—S showed no direct
relationship between the two parameters. This is because the
prepared samples had a larger pore size, ranging from 3 to 22
nm, and exhibited the same initial sulfur utilization. However,
they had a different weight ratio of sulfur, varying from 56% to
83%.”° This study observed that the basic principle lies in the
short chain of discharge products Li,S, (2 < x < 4), which
contributes to achieving the theoretical capacity of Li—S.*®
Here, sulfur is usually confined in small micropores <0.7 nm,
and the long-chain polysulfides Li,S, (6 < x < 8) are confined
in the intermediate micropores of 0.76—0.84 nm.*® For
example, He et al. prepared bimodal carbons with different
pore sizes ranging from 2.0 to 5.6 nm.”” They observed that
with increasing sulfur content, the smaller pores were
preferentially filled during sulfur infiltration.”” This shows
that optimal sulfur content depends on the carbon host used,
as the carbon porosity determines the amount of sulfur that
can be efficiently infiltrated.”**” Consequently, microporous
carbons are considered to have significant potential for
producing sulfur cathodes. Sulfur confinement in the micro-
pores is expected to reduce polysulfide shuttling and improve
the cycling stability of the Li—S system.

Another approach to improve the Coulombic efliciency
during cycling stability and ensure sulfur utilization is to
stabilize the Li metal anode. Typically, lithium metal anodes
encounter challenges in the application of Li—S due to their
reaction with organic electrolytes, which form an unstable solid
electrolyte interphase (SEI).”° This leads to continuous
irreversible consumption of active lithium, which limits cycling
stability.”’ Therefore, researchers have considered modifying
the electrolyte with various additives and solvents to stabilize
the Li metal anode.””*® For the common ether-based
electrolyte, one molar lithium bis(trifluoromethanesulfonyl)-
imide in 1,3-dioxolane/1,2-dimethoxyethane (1 M LiTFSI in
DOL/DME) with lithium nitrate (LiNO;) as an additive,
cutoff potentials of about 1.6—1.8 V vs Li/Li" to nearly 2.3—
2.8 V vs Li/Li* are applied to avoid side reactions caused by
LiNO;.** Additionally, DOL/DME electrolytes have a low
boiling point, and LiNO; serves as an oxidizing agent. Both
raise safety concerns regarding operations at elevated temper-
atures.”

To overcome the challenges associated with state-of-the-art
electrolytes, researchers are exploring carbonate-based electro-
lytes, which have already shown promising performance in
LIBs.*® It has the potential for higher oxidative stability,
thermal stability with lower vapor pressure, and compatibility
with Li-salts, creating a more stable cathode/solid electrolyte
interphase (SEI/CEI). Despite the lower vapor pressure,
carbonate-based electrolytes are chemically incompatible with
most sulfur cathodes due to side reactions between carbonate
solvents and polysulfide species. This results in poor cycling

stability, reduced Li anode protection, and rapid electrolyte
degradation.”” However, carbonate electrolytes show promis-
ing performance when encapsulating short-chain sulfur
molecules within a microporous carbon structure or by
forming a strong chemical bond with a polymer host,
employing high-concentration electrolytes or additives. These
strategies result in good cycling performance yet minimal sulfur
mass content (typically <40% by mass in the entire
electrode).” In general, the practical performance of Li—$ is
reported to be highly sensitive to various manufacturing
parameters, including cycling conditions, sulfur content,
electrolyte/sulfur ratio, electrode thickness, areal sulfur
loading, and electrolyte type.’” While prior work has examined
sulfur cathodes in various electrolytes, a systematic inves-
tigation of how well-defined cathode porosity affects sulfur
confinement, dissolution behavior, and long-term capacity
retention in both ether-based and carbonate-based electrolytes
remains lacking.

The present study investigates the influence of atomic and
nanoscale carbon structures on sulfur trapping within micro-
pores and their impact on preventing polysulfide shuttling
using ether- and carbonate-based electrolytes. Based on gas
sorption analysis, X-ray diffraction (XRD), small-angle and
wide-angle X-ray scattering (SAXS/WAXS), scanning electron
microscope/energy-dispersive X-ray spectroscopy (SEM/
EDX), and ex situ X-ray photoelectron spectroscopy (XPS)
measurements, we analyze key parameters affecting capacities,
cycle life, and sulfur loading. With our optimized sulfur
cathode, we have achieved improved performance by using
carbonate electrolytes, which have been reported to be
incompatible with C/S cathodes without microporosity. The
sulfur cathodes were prepared using a simple synthesis method
and demonstrated promising performance, with a sulfur
loading exceeding 50 mass %, utilizing a carbonate electrolyte.
The importance of SEI formation for protecting Li metal
anodes using a carbonate-based electrolyte is also discussed.

2. EXPERIMENTAL DESCRIPTION

2.1. Synthesis of Material and Electrode Preparation. Two
commercial high specific surface area activated carbons, MSP20 (here
called AC1, from Kansai Coke Chemical) and YP-SOF (here named
AC2, from Kuraray Chemicals), were used for initial electrochemical
analysis to study the influence of the pore structure on reducing
polysulfide formation on Li—S. The carbons were used as pristine
samples, followed by activation. For sulfur infiltration, AC1 and sulfur
(Sigma-Aldrich) were mechanically mixed at a mass ratio of 1:1 and
ground in a ball mill 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 § h. The resulting sample was abbreviated as
ACI-S. The same sulfur infiltration procedure was performed on the
AC2, and the sample was designated AC2-S. Both AC1-S and AC2-S
were used as cathode materials in Li—S. The ACl-activated carbon
was further activated with CO, at 800 and 1000 °C for 2 h (hereafter
referred to as AC1—800 and AC1—1000, respectively) in a Xerion
pendulum furnace using a quartz glass tube with a heating rate of 20
°C/min and a CO, flow of 100 mL/min. The tube was flushed with
200 mL/min of Ar during heating and cooling. The sulfur infiltration
procedure was performed on the activated AC1—800 and AC1-1000,
and the obtained samples were abbreviated as AC1—800-S and AC1—
1000-S.

The electrodes consisted of carbon black type C6S (Imerys) and
polyvinylidene fluoride (PVDF, molecular mass approximately
534000 g/mol, Sigma—Aldrich) as a binder, in a mass ratio of 8:1:1.
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) was used as a solvent
to prepare the slurry. The slurry was mixed in a ball mill at a speed of
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300 rpm for 30 min, and then spread using a doctor blade with an
automatic coater (MTI Mini Cast Coater MSK-AFA-HC100) onto
carbon-coated aluminum foil. The slurry was dried in an oven at 80
°C for 12 h. The wet thickness was 200 ym, and the dried electrode
attained a thickness of 80—90 ym with a mass loading of 2.6—3.8 mg/
cm? (normalized by 80% of the active material in a 12 mm in diameter
circular disc punched with El-Cut), which corresponds to a sulfur
loading of (1.5—2.1) + 0.3 mg/cm* (61 mass %).

2.2. Material Characterization. Nitrogen gas sorption analysis
(GSA) at 77 K was performed using an Autosorb iQ system
(Quantachrome; now Anton—Paar) to examine the porous structure of
the synthesized samples. All samples were degassed at 200 °C under
vacuum for 12 h. The porosity analysis was performed using
quenched solid density functional theory (QSDFT), assuming a slit-
shaped pore configuration. The average pore size was determined by
the dsy value, which is the pore size equivalent to half of the pore
volume.

XRD was performed using a D8 Advance diffractometer (Bruker
AXS) with a copper source (Cu Ka, 40 kV, 40 mA). The X-ray beam
was calibrated using the National Institute of Standards and
Technology (NIST) 1976a corundum as the standard material. The
measured signal was acquired using a 1D Lynxeye detector in 0.02° 26
steps with a 1 s per step.

Raman analysis was performed using a Renishaw inVia Raman
microscope, equipped with an Nd:YAG laser emitting at an excitation
wavelength of 532 nm and a power of 0.5 mW at the focal point of the
sample, with a numerical aperture of 0.75. For each sample, spectra
from S points were recorded with a 10 s exposure time and
accumulated 5 times. The spectra were normalized after treatment by
removing cosmic rays.

The CHNS-O was used to study the chemical composition with a
Vario Micro Cube system (Elementar Analysensysteme). After
combustion, the samples were measured in a combustion tube
under an oxygen atmosphere at 1150 °C. The CHNS-O analyzer was
calibrated with sulfanilic acid (C: 41.6 mass %, H: 4.1 mass %, N: 8.1
mass %, and S: 18.5 mass %).

To compare the sulfur loading, thermogravimetric analysis (TGA)
was performed using a Netzsch TG-209—1 Libra system to determine
the mass changes in the temperature range of 30—550 °C at a heating
rate of 10 °C/min under Ar gas. The ranges were selected as sulfur
sublimates when heated to 450 °C at ambient pressure.

We used a ZEISS Gemini 500 SEM and an Xmax detector from
Oxford Instruments for EDX analysis. The system was operated at an
acceleration voltage of 1 kV for imaging and 10 kV for spectroscopy.
An aluminum stub and copper tape were used as a substrate to attach
the samples. At least 20 points were selected randomly for elemental
analysis, and the average amount of elements detected was calculated.

SAXS/WAXS was used to study the nanopore structure of the
produced carbons and the sulfur pore filling. The measurement of the
noninfiltrated and sulfur-infiltrated powder samples in a vacuum was
carried out using the Xeuss 3.0 laboratory SAXS/WAXS system from
Xenocs with Cu—Ka radiation (wavelength, 4 = 0.154 nm) and the
single photon counting detector Eiger 2R 1 M from Dectris. The
WAXS data were calculated by converting the g-data into two theta
using the following equation

two theta (20) = 2arcsin
( ) [(4 X n')

(q % /1)]
(1)

where / is the wavelength of the Cu—Ka radiation in Angstrom.

The carbon—sulfur cathodes and lithium anode were studied using
XPS after galvanostatic cycling under the same conditions as the
electrochemical tests. These measurements were performed on the
electrodes after the first and 10th discharge cycles. The cells were
disassembled inside a glovebox and dried under dynamic vacuum
overnight to conduct these studies. The samples were then transferred
to the vacuum transfer module, an accessory of the Versa probe 3 AD,
ensuring no air exposure.

XPS analysis was conducted using a Versa probe 3 AD (Physical
Electronics) with an Al-Ka; X-ray excitation source (1486.7 eV),

operating monochromatically at 46.0 W. Measurements were
performed at room temperature under high vacuum (1077 Pa), and
the spectra were acquired by scanning a 1 mm? area with a beam size
of 200 pum. A charge neutralizer was used since the samples were
mounted on nonconductive double tape to prevent shifts in the
charge state of the electrodes. Survey spectra, along with core-level
spectra for phosphorus (P 2p), sulfur (S 2p), carbon (C 1s), nitrogen
(N 1s), oxygen (O 1s), and fluorine (F 1s), were collected for detailed
analysis. The pass energy and energy resolution were set to 224 and
0.8 eV for the survey scans and 27 and 0.05 eV for the core-level
spectra. Voigt functions were used 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. Three regions were analyzed for each
sample to ensure statistical accuracy and avoid potential single-point
interpretations.

2.3. Electrochemical Analysis. To study the electrochemical
behavior of the produced cathode material, a CR2032 coin cell was
used to fabricate Li—S cells. Cells were assembled in an Ar-filled
glovebox (MBraun with O, and H,0 < 0.1 ppm) using Li metal foil
(11 mm diameter and 0.025 mm thickness) as counter electrode and
reference electrode with Celgard 2320 separator. A minimum of three
cells were assembled for each cathode/parameter under study to
ensure reproducibility. During cell assembly, 40 uL/mg, of ether-
based electrolyte, 1 M LiTFSI + 0.25 M LiNO; in DOL/DME (1:1
by volume) was used and compared with carbonate-based electrolyte;
1 M LiPFy in fluoroethylene carbonate (FEC): dimethyl carbonate
(DMC) (1:4 by volume) (LiTESI, LiNO,, DOL (99.8%), DME
(99.5%), LiPF,, FEC (99.99%) and DMC (>99%) were from Sigma-
Aldrich). A higher amount than 4—5 yL/mg; of electrolyte was used
to prevent cathode swelling due to electrolyte uptake and subsequent
drying.d'o_42 The galvanostatic charge/discharge experiments were
carried out to examine 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 (1C = 1672 mAh/g,).
All electrochemical experiments were performed in a climate-
controlled chamber maintained at 25 + 1 °C. Unless specified
otherwise, we calculated the capacity values based on the active
material (sulfur). The Coulombic efficiency was calculated by dividing
the discharge capacity by the previous charge capacity. Cyclic
voltammetry was performed in a potential range of 1.0—-3.0 V vs Li/
Li* at 0.1 mV/s. In comparison, electrochemical impedance
spectroscopy (EIS) was measured at open-circuit voltage (OCV) in
a frequency range of 10 kHz to 10 mHz. The cells were rested for 2 h
before EIS measurements.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Performance of the Initial
Carbon Materials. An initial electrochemical analysis was
conducted to assess the suitability of porous carbon for
mitigating the polysulfide shuttle on two carbons, AC1-S and
AC2-S, as described in Section 2.1. These carbons were chosen
for their high SSA and easily adjustable pore volume. The
measurements were carried out in 1 M LiPF4 in FEC/DMC
(1:4 by volume) carbonate-based electrolyte. Supporting
Information, Figure SIA shows the first cycle discharge and
charge profiles of AC1-S and AC2-S at a lower cutoff potential
of 0.5—3.0 V vs Li/Li* with a rate of 0.05C. The ACI1-S
recorded a specific capacity of 1106 mAh/g,, while for AC2-§,
a value of 1018 mAh/g, at 0.05C was obtained. The AC1-S
and AC2-S cells were cycled at a rate of 0.05C for S cycles and
later cycled at a higher cutoff potential of 1.0—3.0 V vs Li/Li"
with a rate of 0.1C. Supporting Information, Figure S1B shows
the cycling stability of AC1-S and AC2-S at 0.1C, displaying an
initial discharge capacity of 804 mAh/g, and 631 mAh/g, for
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Figure 1. Nitrogen sorption isotherms at —196 °C (A), calculated pore size distributions derived from nitrogen gas sorption (B), Raman spectra

(C), and X-ray diffractograms (D) for AC1, AC1—800, AC1—1000, AC1-S,

AC1-800-S, and AC1—1000-S samples. Thermogravimetric analysis to

calculate sulfur content in AC1-S, AC1—800-S, and AC1—1000-S (E), and small-angle X-ray scattering intensity versus scattering vector length Q
(F) of the optimized pore structures AC1, AC1—800, and AC1—1000, as well as the sulfur infiltrated samples AC1-S, AC1—800-S, AC1—1000-S,

and AC1-1000—1C1.25S.

AC1-S and AC2-S, respectively. Cells were cycled for 100
cycles. According to the results shown in the Supporting
Information, Figure S1B, after the first S cycles, there is an
initial decrease in discharge capacity due to the switch to the
higher rate. The reaction kinetics in the solid-to-solid region
are very slow, leading to high polarizations.*’ Following recent
work,** we used a lower potential of 0.5—3.0 V vs Li/Li* with
0.05C to facilitate the transition to Li,S and CEI formation for
the carbonate electrolyte.** After five initial formation cycles, a
higher cutoff potential of 1.0—3.0 V vs Li/Li" at a higher rate
of 0.1C was chosen for the subsequent cycles to analyze the

1214

cycling stability of the two types of activated carbons. The
results show that the discharge capacity of AC2-S decreases
sharply as the number of cycles increases compared to AC1-S
(Supporting Information, Figure S1B). The results also suggest
that AC1-S exhibits better cycling stability, as 536 mAh/g, was
measured after 100 cycles, compared to 261 mAh/g, for AC2-
S. In addition, during charging, the AC1-S exhibits a lower
onset voltage, thereby reducing the voltage gap, which
indicates reduced polarization and faster conversion kinetics.
Based on this analysis, AC1-S was selected for further
modifications to investigate the effect of increased porosity by

2 https://doi.org/10.1021/acsaem.5c01629
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Table 1. Surface and Pore Structure Analysis of Non-Activated AC1, Activated AC1-800, and AC1-1000, along with Their

Corresponding Infiltrated AC1-S, AC1-800-S, and AC1-1000-S

DFT SSA average pore size micropore volume mesopore volume total pore volume

sample name treatment (m*/g) dso (nm) &m3/ g) ch3 /g) fcm3/ g)
AC1 as received 2210 0.8 0.89 0.04 0.92
AC1-800 CO, activation at 800 °C 2005 0.8 0.86 0.02 0.88
AC1-1000 CO, activation at 1000 °C 2246 1.2 1.08 0.12 1.20
ACI1-S as received, after sulfur-infiltration 152 1.4 0.08 0.02 0.10
AC1-800-S CO, activation at 800 °C, after sulfur- 140 1.3 0.08 0.01 0.09

infiltration
AC1-1000-S  CO, activation at 1000 °C, after sulfur- 648 1.4 0.38 0.07 0.45

infiltration

Table 2. Chemical Composition of Sulfur-Infiltrated Carbons”

CHNS-O chemical analysis TGA
sample name C N H (0] S S
AC1-S 47.1 £ 0.0 1.3 £ 0.0 0.5 + 0.0 - 529 + 0.2 50
AC1-800-S 47.7 + 0.3 12 + 04 33+ 04 S51.6 + 0.3 48
AC1-1000-S 494 + 1.3 19 £ 0.2 - 2.8 + 0.1 504 + 0.4 49
AC1-1000—-1C1.25S 42.3 +£ 0.7 0.2 + 0.1 24 +03 570 + 14 53
AC1-1000—1C1.5S 384 + 04 0.2 £ 0.0 2.5 +02 61.0 £ 1.5 56

“All values in mass %. S mass loss from TGA is calculated from the difference between the mass remaining and the original (100%).

CO, activation on the uptake of the polysulfide species and its
influence on cycling stability. In addition, the activation aimed
to increase the pore volume, thereby creating space for easy Li"
migration and sulfur inclusion in the micropores, which
prevents polysulfide shuttling and improves the cycling stability
of Li—S.

3.2. CO, Activation and Pore Structure Modification.
Based on the above discussion, we selected AC1 to investigate
the formation of CEI and polysulfide shuttling through pore
variations. The AC1 was subjected to CO, activation at 800
and 1000 °C for 2 h to modify the carbon porosity, followed
by sulfur infiltration. All activated samples, namely AC1, AC1—
800, and AC1—-1000, as well as the infiltrated samples AC1-S,
AC1-800-S, and AC1—1000-S, were analyzed by nitrogen gas
sorption analysis (GSA) performed at —196 °C (Figure 1A,B).
The nitrogen sorption isotherms confirmed the dominance of
micropores for all samples, with a higher increase in pore
volume for the sample activated at 1000 °C (AC1—1000). The
pore size distribution was calculated using a QSDFT model
assuming slit-shaped pores (Figure 1B). The DFT SSA of 2210
mz/g, 2005 mz/g, and 2246 mz/g was recorded for ACI,
AC1-800, and AC1—1000, respectively. The average pore size
of AC1 was 0.8 nm with a total pore volume of 0.92 cm?/g.
The average pore size of AC1—800 remained similar to ACI
(0.8 nm with a total pore volume of 0.88 cm®/g) and increased
to 1.2 nm (total pore volume of 1.20 cm’/g) after CO,
activation at 1000 °C (AC1—1000), as shown in Table 1. The
lower CO, activation temperature of 800 °C does not change
the specific pore volume (Table 1) because the activation rate
of the CO, reaction with the carbon matrix is very slow. Thus,
the activation step requires a higher temperature for the
formation of larger micropores.46’47 After sulfur infiltration, the
DFT SSA decreased to 152 mz/g, 140 mz/g, and 648 mz/g for
AC1-S, AC1-800-S, and AC1-1000-S, respectively. This
trend is also observed in their respective total pore volume and
micropore volume, as shown in Table 1. Hence, smaller pores
are initially filled during the sulfur infiltration process. DFT
calculations showed that the long-chain polysulfides of LiSg
and Li,S4 molecules have a diameter of 0.84 and 0.76 nm,
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while the short-chain polysulfides Li,S,—Li,S, have a
dimension of <0.5 nm.*>* In this context, micropores of
AC1, AC1-800, could accommodate more short-chain
polysulfides while AC1—1000 could accommodate both
polysulfide molecules.

3.3. Structural Analysis and Chemical Composition.
Raman spectra and X-ray diffractograms were recorded to
characterize the carbon structure. The Raman spectra (Figure
1C) displayed the D-band (1344 cm™') and G-band (1597
ecm™) in AC1, AC1-800, and AC1—1000 samples, the two
significant peaks for the carbon materials.”® The D-band arises
from defects within the carbon structure, while the G-band is
associated with the sp® hybridization of the symmetric
stretching mode of graphitic domains.”’ For AC1-S, AC1—
800-S, and AC1—1000-S samples, no peak was visible in the
spectral range below S00 cm™'. The absence of these
vibrations, combined with the presence of sulfur as indicated
by chemical analysis, suggests that sulfur was confined to the
porous carbon matrix. This was also confirmed by scanning
electron micrographs in Supporting Information, Figure S2A—
F, as the shape and size of the particles are preserved. There
are no traces of sulfur particles on the outer surface of the
carbon. Additionally, sulfur trapped in micropores was evident
through defects in the carbon structure, both before and after
sulfur infiltration. The defect (Figure 1C) was evaluated by
calculating the I,/I ratio using the Voigt function. The AC1-S
and AC1-800-S presented a similar I,/I; ratio of 1.16
(Supporting Information, Table S1). Conversely, the AC1—
1000-S showed a higher Ij,/I; ratio of 1.19, signifying higher
defects and more disordered structures.”

This trend was also confirmed by X-ray diffraction results in
Figure 1D, which shows two broad carbon peaks at 24° and
43° 26 for AC1, AC1-800, and AC1—1000 samples. These
reflections show the presence of incomplete crystalline
graphitic carbon. The peaks are indexed with the characteristic
peaks of graphite (PDF number 41—1487) of the (002) and
(100) planes, respectively.”® The absence of a sharp crystalline
sulfur peak in the X-ray diffractograms confirms the
observations from SEM and Raman analysis, which show
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Figure 2. Initial discharge of AC1-S, AC1—800-S, and AC1—1000-S in a carbonate-based electrolyte (A) and an ether-based electrolyte (B). The
charging and discharging of cycles one to four for AC1-S, AC1—800-S, and AC1—1000-S in the carbonate-based electrolyte (C—E) and the ether-

based electrolyte (F—H).

that sulfur is amorphous and likely infiltrated inside the
micropores of the carbon matrix.

Thermogravimetric analysis (TGA) was performed to
examine the amount of sulfur infiltrated into the carbon
samples. The measurement was executed between 30 and 550
°C under argon gas, with the sulfur expected to completely
evaporate at 450 °C. Expectedly, sulfur did not completely
evaporate at 450 °C as it was confined within the porous
carbon matrix, and a higher temperature was required for
mobilization and evaporation.54 As seen in Figure 1E, based on
the recorded mass loss, the amount of sulfur was 50 mass %, 48
mass %, and 49 mass % for AC1-S, AC1—800-S, and AC1—
1000-S, respectively. The amount of sulfur was also confirmed
by CHNS-O analysis to be 53 mass %, 52 mass %, and 50 mass
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% for AC1-S, AC1-800-S, and AC1—1000-S, respectively
(Table 2). All samples exhibit nitrogen levels below 2 mass %
and oxygen levels below 3 mass % for AC1—800-S and AC1—
1000-S.

The AC1—1000 with a higher pore volume (1.20 cm®/g)
was further infiltrated with a higher amount of sulfur to gain
insight into the maximum sulfur content that can be infiltrated
in this carbon. The carbon was loaded with the carbon—sulfur
ratio of C:S = 1:1.25 and C:S = 1:1.5. The sulfur content was
determined by TGA analysis to be 53 mass % and 56 mass %
for AC1-1000—1C1.25S and AC1-1000—1C1.5S, respec-
tively (Supporting Information, Figure S3A). The sulfur
content was confirmed by CHNS analysis to be 57 mass %
for AC1-1000—1C1.25S and 61 mass % for AC1—1000—
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1C1.5S. There are no additional sulfur-related reflections,
including the X-ray diffractograms of AC1—-1000—1C1.25S
and AC1-1000—1C1.5S samples (Supporting Information,
Figure S3B). TGA analysis showed a small fraction of surface
sulfur on the carbon particles for the higher sulfur contents
(Supporting Information, Figure S3A). Specifically, in AC1—
1000—1C1.5S, the sulfur evaporation started at a lower
temperature than in-pore sulfur in the AC1-1000—1C1S
and AC1-1000—1C1.25S samples. These results are con-
sistent with our pore structure analysis in Section 3.2 and
Table 1, which indicate that the small pores are filled first;
however, as the amount of sulfur increases, the pores become
saturated. Some of the sulfur is also present outside the carbon
structure.

To verify the mean pore sizes as well as sulfur pore filling
inside the nanopores, we conducted SAXS/WAXS analysis.
Figure 1F and Supporting Information, Figure S3C displays
SAXS and WAXS results of AC1, AC1—800, AC1—1000, AC1-
S, AC1-800-S, AC1-1000-S and AC1-1000—1C1.25S. The
position of the SAXS intensity shoulder is related to the mean
pore size (dso & 7/q indicated by the light gray area) and aligns
with the trends obtained from gas sorption analysis. AC1 and
AC1-800 have a similar mean pore size, while AC1—1000
shows a slightly increased pore size. Upon filling the carbons
with sulfur, the SAXS intensity hump shifts toward lower g-
values. Interestingly, the g-position indicates a mean feature
size of 7/q &~ 3 nm, which is much larger than the mean pore
size. This suggests that the sulfur does not simply fill the pores
randomly but forms some larger superstructure inside the
activated carbon particles. We do not expect this sulfur
structure to play a significant role for standard ether-based
electrolytes, given the complete dissolution of sulfur into
polysulfides; however, for carbonate electrolytes, we expect
that the initial sulfur structure impacts the active material/ CEI
composite structure after the formation cycles. The WAXS
data (Supporting Information, Figure S3C) show a broad peak
around 25° 26, indicating the presence of amorphous sulfur in
the sulfur-infiltrated samples, which is in line with the XRD
measurements.

3.4. Electrochemical Performance of Lithium—Sulfur
Batteries. The activated carbon materials were investigated as
cathodes (AC1-S, AC1—800-S, and AC1—1000-S) for Li—S
batteries, as described in Section 2.1. The cathodes were first
examined in 1 M LiPFs; in FEC/DMC, 1:4 by volume
(carbonate-based electrolyte), and 1 M LiTFSI + 025 M
LiNO, in DOL/DME, 1:1 by volume (ether-based electrolyte)
to understand the irreversible capacity loss caused by the
reaction of polysulfides and the selected electrolytes. The
amount of electrolyte was calculated based on the sulfur
content in each sample. All electrochemical measurements
were performed using 40 pL/mgg to avoid electrolyte
limitation and ensure adequate sulfur utilization. Measure-
ments were performed at C/20 in a potential range of 0.5—-3.0
V vs Li/Li* for five formation cycles and then at C/10 in a
potential range of 1.0—3.0 V vs Li/Li* in the subsequent cycles
(1C = 1675 mAh/g,).

Figure 2A displays the initial discharge profiles of AC1-S,
AC1-800-S, and AC1—1000-S in the carbonate-based electro-
lyte executed at C/20 in a potential range of 0.5—3.0 V vs Li/
Li*. Two plateaus are observed for AC1-S and AC1—800-S,
with the first minor plateau at 2.37 V vs Li/Li* corresponding
to 73 mAh/gg and the second plateau at 1.63 V vs Li/Li
corresponding to 2376 mAh/g, for AC1-S and 2169 mAh/g;

for AC1—-800-S. AC1—1000-S displayed only a plateau at 1.60
V vs Li/Li" with a 1615 mAh/gg length. The formation of the
first plateau for AC1-S and AC1—800-S is associated with the
formation of long-chain polysulfide intermediate species that
react with the carbonate electrolyte solvents.”> The length of
the second plateau for AC1-S and AC1—800-S is higher than
the theoretical specific capacity of sulfur (1675 mAh/g,),
which is associated with the CEI formation and the
decomposition of the electrolyte.’® The single plateau length
of AC1—1000-S was close to the theoretical specific capacity of
sulfur, with a slight difference of 57 mAh/g,. During the initial
discharge capacity of the Li—S system, CEI formation occurs
due to the reaction between the C/S cathode and the
carbonate electrolyte solvents.”” The layer formed consumes
sulfur as the active material involved in the electrochemical
reactions and can vary in thickness, depending on the amount
of polysulfide species, creating an additional barrier that slows
down the reaction kinetics. As a result, part of the sulfur is
already consumed in the reversible reactions, leading to a low
specific capacity in subsequent cycles. The formed CEI layer
appears to mitigate polysulfide shuttling.”® However, this also
depends on the physicochemical properties of the sulfur
cathode. Our AC1-S and AC1-800-S, which possess a similar
Ip/I ratio of 1.16 and have a similar mean pore size of 0.8 nm
in their carbon structures, displayed two plateaus. While the
AC1-1000-S has a slightly higher Ip/I; ratio of 1.19,
suggesting additional defects and more disordered structures
with a carbon structure characterized by a higher mean pore
size of 1.2 nm, it exhibits a single plateau. The single plateau is
associated with the full confinement properties of the
microporous structure, whose reaction is a quasi-solid-state
process.” The nanoconfinement restricts the growth and
mobility of polysulfides, and forms a compact CEI that
passivates the surface of AC1-1000-S and adjusts its
electrochemical properties, resulting in a single plateau.59
This effect is expected to enhance the electrochemical
performance of AC1—1000-S more than that of AC1-S and
AC1-800-S. This is also confirmed by DFT calculations and
our designed pore structure, which shows that AC1 and AC1—
800 with a pore diameter of 0.8 nm can accommodate more
short-chain polysulfides, Li,S,—Li,S, (<0.5 nm). In compar-
ison, AC1-1000 with a 1.2 nm pore diameter could
accommodate both polysulfides (LiSg: 0.84 nm and Li,S:
0.76 nm).*® The cyclic voltammograms of all samples in the
carbonate-based electrolyte performed at 0.1 mV/s in a
potential range of 1.0—3.0 V vs Li/Li" further confirmed the
behavior of these plateaus (Supporting Information, Figure
S4A). To investigate this phenomenon further, we analyzed the
charging and discharging of the four cycles in our cathodes
(AC1-S, AC1-800-S, and AC1—1000-S).

Figure 2C—E shows the first to fourth charge/discharge
cycles for AC1-S, AC1—-800-S, and AC1—1000-S at C/20 in a
potential range of 0.5—-3.0 V vs Li/Li". The discharge curve
reveals a single plateau for all samples. This behavior confirms
the chemical reaction between Li—S and the microporous
carbon in a carbonate-based electrolyte.”> The ACI-S
delivered a specific discharge capacity of 1106 mAh/gg to
985 mAh/gg for cycles one to four, as shown in Figure 2C.
Figure 2D presents the specific discharge capacity of 1006
mAh/gg to 898 mAh/gg for cycles one to four for AC1—800-S,
while the AC1-1000-S in Figure 2E recorded a specific
discharge capacity of 1077 mAh/gg to 997 mAh/gg, for cycles 1
to 4. The specific capacities are lower than the theoretical
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Figure 3. Charging and discharging of cycle five at 0.1C for AC1-S, AC1—800-S, and AC1—1000-S in a carbonate-based electrolyte (A) and an
ether-based electrolyte (B), showing the polarization effect. The cycling stability and Coulombic efficiency of AC1-S, AC1—800-S, and AC1—1000-
S in a carbonate-based electrolyte (C) and an ether-based electrolyte (D) for 80 cycles.

capacity of sulfur because some of the active materials were
consumed during CEI formation, Li metal side reactions, or
losses due to confinement and conductivity limitations within
the micropores. Besides, both samples exhibit good reversi-
bility in the carbonate-based electrolyte, as they display nearly
the same discharge capacity in the first cycle, indicating that
sulfur utilization in a full pore was similar for both. This
performance is consistent with the sulfur content of ACI-S,
AC1-800-S, and AC1—1000-S measured by CHNS and TGA,
as shown in Table 2. Furthermore, the performance behavior
of AC1-S, AC1-S, and ACI—1000-S was found to be
consistent with the behavior of the initial discharge analysis.
Although AC1-S had a slightly higher discharge capacity in the
first cycle, the capacity decay rate in the subsequent cycles was
higher than that of AC1—1000-S. The AC1—1000-S exhibits
good stability, sustaining a specific discharge capacity of more
than 1000 mAh/gg over four cycles, which is higher than that
of the AC1-S and AC1—-800-S, as shown in Figure 2E.

The performance of AC1—1000-S in the initial discharge
and subsequent cycles can be explained as follows: (1) The
enhanced porous structure creates space for large volume
change during charge/discharge and sulfur enclosure in the
micropores, thus preventing polysulfide shuttling; (2) The
upper plateau was sustained as the number of cycles increased,
indicating efficient utilization of the active materials without
degradation and (3) CEI formation reduce the side reactions
associated with the dissolution of polysulfide species in the
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electrolyte during the reversible reactions. The slow decrease
in discharge capacity for AC1-S and AC1—800-S in cycles one
to four indicates that these electrodes lack sufficient channels
(limited by their porosity) for lithium ions to traverse, and low
interfacial contact thus affects the electrochemical reactions.
Figure 2B shows the initial discharge profiles of AC1-S,
AC1-800-S, and AC1-1000-S in 1 M LiTFSI + 0.25 M
LiNO, in DOL/DME (1:1 by volume) ether-based electrolyte
performed at C/20 in a potential range of 0.5—3.0 V vs Li/Li*.
Despite the LiNO; decomposition below 1.8 V vs Li/Li*, we
discharge the cell at a lower voltage to (1) examine whether
the produced microporous confine the polysulfides reactions
using an ether-based electrolyte, (2) to facilitate the complete
transition to Li,S and CEI formation and (3) to compare the
electrochemical performance of the produced microporous
carbon in the standard ether-based electrolyte and the
proposed carbonate electrolyte within the same potential
range. Four plateaus are observed for AC1-S, AC1-800-S, and
AC1-1000-S, with the first plateau at 2.4 V vs Li/Li" with a
length of 346 mAh/g,, indicating the formation of long-chain
polysulfides from sulfur and the formation of short-chain
polysulfides in the sloping region.”” The second plateau
formed at 2.0 V vs Li/Li" with a length between 1530 and
1840 mAh/g, presenting the equilibrium between the short-
chain polysulfide and Li,S formation."® The two plateaus
below 1.8 V are due to LiNO; decomposition at the Li anode
and/or cathode surface and polysulfide reduction, where the
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Figure 4. Cycling stability and Coulombic efficiency of AC1-S, AC1—-800-S, and AC1—1000-S in a carbonate-based electrolyte for 200 cycles at
0.1C (A). The cycling stability and Coulombic efficiency of AC1—1000 with higher loading AC1—1000-S-56% and AC1—1000-S-61% compared to
AC1-1000-S-50% in a carbonate-based electrolyte for SO cycles (B). The capacity fading rate is calculated from panel (B) (C), and the discharge
capacity of AC1—1000-S-56% is calculated using different amounts of electrolytes (D).

overlay of sulfur reduction peaks is reduced with a higher
solubility of polysulfide, causing the loss of active material.**
This results in irreversible reductions in the utilization of active
materials, capacity drop, and low Coulombic efficiency.’’ The
cyclic voltammograms of all samples showed similar behavior
in the ether-based electrolyte, confirming the behavior of these
plateaus (Supporting Information, Figure S4B).

To analyze the behavior of these plateaus, the cells were
subjected to charge/discharge over the next four cycles. Figure
2F—H shows the charge/discharge cycles one to four for ACI-
S, AC1—-800-S, and AC1—1000-S at C/20 in a potential range
0f 0.5—3.0 V vs Li/Li*. The specific discharge capacity of these
subsequent cycles showed two plateaus for all samples. The
high voltage plateau at 2.3 V vs Li/Li* has a length of 200—295
mAh/gg, and the low voltage plateau at 2.0 V vs Li/Li* has a
length between 858 and 1230 mAh/gs for all samples. Figure
2F displays the discharge capacity of AC1-S for cycles one to
four, with values of 1237 mAh/gg to 945 mAh/gs, and Figure
2G records 1119 mAh/gg to 859 mAh/gg for AC1—800-S for
cycles one to four. The AC1—1000-S delivered a discharge
capacity of 1228 mAh/gg to 971 mAh/gg in cycles one to four
(Figure 2H).

The specific discharge capacity values of the first cycles for
AC1-S, AC1—-800-S, and AC1—1000-S were higher than those
of the carbonate-based electrolyte but still lower than the
theoretical capacity of sulfur. This is because the polysulfide
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species (Li,S,, n > 4) are highly soluble in ether-based
electrolytes and do not form an insoluble layer with more
stable ethers, thereby increasing the kinetic reactions due to
solution-mediated processes and enabling higher utilization of
active materials.”” The increased dissolutions influence para-
sitic shuttling reactions. This mechanism is also observed in
AC1-S, AC1-800-S, and AC1-1000-S (Figure 2F—H). In
addition, the discharge length of the lower plateau was shorter
than the charge (long upper voltage plateau) for cycles one to
four for all samples (Figure 2F—H). It is reported that the
dissolution of polysulfides in ether-based electrolytes can be
reduced by cycling the cells at a higher cutoff potential range of
1.7 to 2.8 V vs Li/Li*.% However, this technique reduces the
cell potential, making the transition between Li,S, and Li,S
more challenging and less complete.

Figure 3A,B presents the discharge and charge profiles of the
fifth cycle for the carbonate-based and ether-based electrolytes
at the cutoff potential of 1.0—3.0 V vs Li/Li" with 0.1C rate.
The initial discharge capacity at 0.1C was 804 mAh/g¢ (AC1-
S), 742 mAh/gs (AC1—800-S), and 818 mAh/gg (AC1—1000-
S) for the carbonate-based electrolyte (Figure 3A). At the same
time, the ether-based electrolyte had an initial discharge
capacity of 539 mAh/gs (AC1-S), 603 mAh/gs (AC1—800-S),
and 741 mAh/g; (AC1—-1000-S), as shown in Figure 3B.
AC1-1000-S exhibits flat discharge potential plateau features
with a higher specific discharge capacity (818 mAh/gg) than
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Table 3. Comparison of Cathode Material, Electrolyte, and Electrochemical Performance for Li—S Batteries (n.a. Represents
Not Applicable/Not Reported)”

potential (V

sulfur cathode electrolyte type/amount per mgg vs Li/Li")
ACL-S (AC/S) 1 M LiPF, in FEC/DMC (1:4 by 1-3
volume)/40 uL
AC1-800-5 (AC/S) 1 M LiPF in FEC/DMC (1:4 by 1-3
volume) /40 uL
ACI1-1000-S (AC/S) 1 M LiPF, in FEC/DMC (1:4 by 1-3
volume)/40 uL
AC1-1000—1C1.25S 1 M LiPF, in FEC/DMC (1:4 by 1-3
(AC/S) volume)/40 uL
C/$-3 (AC/S) 1 M LiTESI DOL/DME (1:1 by 1-3
volume)/n.a.
KJEC-600 (C/S: 1 M LiPF; in EC/DEC/EMC ( 1-3
pristine) 1:1:1 by volume)/n.a.
KJEC-600 (C—S: 1 M LiPF, in EC/DEC/EMC ( 1-3
alucone coated) 1:1:1 by volume)/n.a.
TiC-CDC-S_300 1 M LiPF; in EC/DMC (1:1 by 0.5-3
volume)/30 uL
AC-RH/S2 1 M LiTFSI DOL/DME (1:1 in 1.5-3
0.1 M LiNiO3)/20 uL
glucosamine 1 M LiTFSI DOL/DME (1:1 in 1.5-3
0.1 M LiNiO;)/60 uL
S/OPNC-600 (AC/S) 1 M LiTFSI DOL/DME (1:1 in 1.7-3
1% LiNiO;)/n.a.
$-G mixture (AC/S) 1 M LiTFSI DOL/DME (1:1 in 1.5-3
0.1 M LiNiO;)/n.a.
S/MC-50 (AC/S) 1 M LiPF; in PC/EC/DEC (1:4:5 1-3
by volume)/n.a.
S-RGO 1 M LiPF in EC/DMC/DEC ( 1-3
1:1:1 by volume)/n.a.
SPAN-LSI 1 M LiPF, in EC/PC/DEC (1:1:3 1-3
by mass)/n.a.
KJ-EC600 (C—S) 1 M LiPF in EC/DEC (1:1 by 1-3
volume)/n.a.
KJ-EC600 (C—S) 1 M LiPF, in EC/DEC (with 1-3

20 vol % FEC)/n.a.

initial capacity final capacity cycle  sulfur content
(mAh/gg)/rate (C)  (mAh/gg)/rate (C) number (mass %) refs
1106/0.05 536/0.1 100 52 this
work
1006/0.05 §59/0.1 100 51 this
work
1077/0.05 §73/0.1 100 50 this
work
1336/0.05 584/0.1 S0 56 this
work
1106/0.2 400/0.2 N 60 29
940/0.1 ~100/0.1 100 67 35
912/0.1 429/0.1 100 61 35
800/0.1 536/0.1 100 40 49
1102/0.1 335/0.2 100 42 67
1194/0.1 505/0.1 100 S0 68
921/0.2 489/0.2 300 54 70
1300/0.2 320/0.2 100 S0 73
1625/0.03 559/0.03 50 S0 72
~1000/0.02 ~500/0.02 120 32 74
965/0.05 ~500/0.5 100 42 69
~1050/0.1 ~550/0.1 100 70 71
~1100/0.1 670/0.1 100 70 71

“The cycle number for the final capacity values of the compared studies was set to 100 cycles for comparison, unless otherwise indicated by the
study; the reported final capacity value was displayed as shown in the column.

AC1-S (804 mAh/gg) and AC1—800-S (742 mAh/gg) for the
carbonate-based electrolyte (Figure 3A). The performance
improvement in AC1—1000-S was also observed for ether-
based electrolytes (Figure 3B), indicating enhanced electro-
chemical performance with reduced polarization for both
electrolytes. For AC1-S and AC1—800-S, the polarization was
higher for both electrolytes (Figure 3A,B), which is associated
with their limited porosity, which does not provide sufficient
space for volume expansion. All cathodes were further
investigated by electrochemical impedance measurements in
both electrolyte systems. Supporting Information, Figure
S4C—D present the Nyquist impedance plots for ACI-S,
AC1-800-S, and AC1—1000-S in carbonate and ether-based
electrolytes. The AC1—1000-S cell shows small charge transfer
resistance (R,) in both electrolytes (Supporting Information,
Figure S4C—D), indicating fast charge transfer kinetics for this
sample.”>%*

Further analysis of the cycling stability of AC1-S, AC1-800-
S, and AC1—-1000-S at 0.1C in both electrolytes is shown in
Figure 3C—D. An improvement in cycling stability was
observed for the carbonate-based electrolyte (Figure 3C),
with discharge capacities of 540 mAh/gs, 558 mAh/gg and 598
mAh/gg recorded after 80 cycles for AC1-S, AC1—-800-S and
AC1-1000-S compared to 338 mAh/gg (AC1-S), 286 mAh/gg
(AC1-800-S), and 466 mAh/gs (AC1—1000-S) for the ether-
based electrolyte (Figure 3D). The cathodes exhibited a stable

Coulombic efficiency of 99.73% (AC1-S), 99.94% (AC1—800-
S) and 99.99% (AC1—1000-S) in carbonate-based electrolytes
(Figure 3C) and unstable in ether-based electrolytes (Figure
3D) with 98—98.5% (AC1-S), 96.5-97.5% (AC1—800-S) and
98.5-99.5% (AC1—1000-S). The results are consistent with
the observations in Figure 3A,B. The Coulombic efficiency
below 99.9% in carbonate-based electrolytes is likely due to
constant lithium stripping and parasitic reactions at the Li
metal anode. In comparison, the Coulombic efficiency below
100% in ether-based electrolytes is associated with the loss of
active material due to polysulfide dissolution.®®

A considerable discharge capacity loss was observed during
cycling (Figure 3D) for the ether-based electrolyte. The
improvement in the cycling performance of the carbonate-
based electrolyte (Figure 3C) is related to the addition of FEC
additives to the electrolyte. The FEC helps stabilize the CEI in
the cathode and the Li anode, enhancing fast Li-ion transport.
Additionally, AC1—1000-S exhibited better cycling stability
than AC1-S and AC1—800-S, which can be attributed to its
porous structure (1.2 nm), involved in solid-state electro-
chemical conversion and providing room for volume expansion
during the discharge and charge processes. The approximately
1 nm micropore carbon matrix is wide enough to
accommodate Sy molecules when properly aligned near the
pore entrance.’® The ether-based electrolyte’s low performance
may be related to its high polysulfide solubility, which
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Figure S. Post-mortem analysis: The disassembled AC1—1000-S cell after 318 cycles (A), scanning electron micrographs of the electrode (B), EDS
elemental analysis showing the presence of C, O, S, and F (C), EDS mapping of the electrode showing an inhomogeneous distribution of fluorine
after long cycles (D), and elemental mapping of different elements in the electrode structure (E—H).

enhances the shuttle effect. These results demonstrate that
cathode materials display distinct reactions in various electro-
lytes.

Figure 4A shows the AC1-S, AC1—-800-S, and AC1-1000-S
cycling stability for up to 200 cycles. The 200 cycles were
chosen to evaluate the behavior of these samples after long
cycles and to highlight the significance of testing beyond 100
cycles. Despite the slight difference in mass % of sulfur (Table
2), all cathodes showed almost identical initial sulfur utilization
using the carbonate-based electrolyte. AC1—1000-S showed a
higher capacity in the first 100 cycles (Figure 4A), but the
capacity slowly decreased in the subsequent cycles. To further
elaborate on the impact of a higher specific pore volume, we
increased the AC1—1000-S (1C:1S) sulfur loading to AC1—
1000-S-1C:1.25S and AC1—1000-S-1C:1.5S (Section 3.3) and
tested them with the carbonate-based electrolyte. As seen in
Table 2, the AC1—1000-S samples are referred to as AC1—
1000-8-50% (1C:1S), AC1-1000-S-56% (1C:1.25S), and
AC1-1000-S-61% (1C:1.5S). The electrochemical measure-

ments were carried out under identical conditions as before
(C/20 in a potential range of 0.5-3.0 V vs Li/Li* for five
formation cycles and C/10 in a voltage range of 1.0—3.0 V vs
Li/Li* in the subsequent cycles).

Figure 4B shows an increase in initial discharge capacity to
1336 mAh/gg and 1192 mAh/gg for AC1—1000-S-56% and
AC1-1000-S-61%, which is higher than 1077 mAh/gs for
AC1-1000-S-50%. The increase in the initial discharge
capacity for AC1—1000-S-56% and AC1—1000-S-61% aligns
with previous work and may be associated with improved
charge transfer at higher sulfur loading.** Additionally, AC1—
1000-S-56% exhibited a higher discharge capacity for up to 35
cycles, followed by a gradual decay in discharge capacity in
subsequent cycles. The reason for this decay in comparison to
AC1-1000-S-50% is that during the conversion reaction, the
fraction of sulfur decreases with an increase in sulfur content,
and this behavior is more pronounced in the sulfur cathode
with AC1—1000-S-61% (Figure 4B), suggesting that there is an
optimal C/S ratio based on the micropore structure.”®*”**
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Table 4. Chemical Composition (atom %) Obtained from XPS Measurements of the AC1-S, AC1-800-S, and AC1-1000-S
Cathodes and Anode in Carbonate-Based Electrolytes after the First Discharge (First Value) and 10th Discharge (Second

Value)“
cathode anode
element AC1-S AC1-800-S AC1-1000-S Li; AC1-S Li; AC1-800-S Li; AC1-1000-S

C 28/27 20/18 15/32 35/27 20/21 19/29

P 4/4 8/5 10/4 2.5/3 4/6 5/3

(¢] 18/18 24/21 30/18 20/20 17/25 19/21

F 49/50 48/54 45/44 39/50 57/47 57/45

S 1/1 0/0 0/1 2.5/0 2/0 0/1

Ni n.d/n.d n.d/n.d nd/1 n.d/n.d n.d/n.d n.d/n.d

Li n.d/n.d n.d/2 n.d/n.d n.d/n.d n.d/n.d n.d/n.d

“The n.d. stands for not detected within the detection limits of the method.

Furthermore, the ACI1—1000-S-61% results indicated that
some residual sulfur (Supporting Information, Figure S2H) is
located outside the carbon matrix and/or at the pore entrance
when compared to AC1—1000-S-56% (Supporting Informa-
tion, Figure S2G). This increases the dissolution of
polysulfides in the electrolyte and produces a parasitic side
reaction between the polysulfide and carbonates, resulting in
rapid capacity decay. This interpretation is in line with the
TGA analysis (Supporting Information, Figure S3A), which
indicated some fraction of surface sulfur particles, specifically
for the AC1-1000-S-61%, whose complete evaporation
occurred at a lower temperature compared to AC1—1000-S-
50% and AC1—1000-S-56%. This indicates that sulfur outside
the carbon matrix undergoes polysulfide shuttling, leading to
high-capacity fading. We confirm that the inclusion of sulfur in
the micropores is essential in reducing the shuttle effect
mechanism, which contributes to high-capacity fading in Li—S
batteries. The resulting electrochemical performance values, in
particular after cgrcling, are competitive with the literature
(Table 3)2%354%67=74

From the above context, we observed that the high capacity
fading in the high sulfur loading cathode (AC1—1000-S-61%)
is related to some sulfur particles outside the carbon matrix.
We examined the relationship between sulfur loading and
electrochemical performance to gain insight into the capacity
fading rate. The capacity fading rate (f,) was calculated from
Figure 4B as follows™

c,-¢C
fc — 1 n
n ()

where C; and C, represent the specific discharge capacities of
the first and nth cycles, with n representing the number of
cycles. Figure 4C shows the capacity fading rates of the
cathode samples with different sulfur loading. The capacity
fading rate was 8 mAh/gg/cycle, 13 mAh/gs/cycle, and 19
mAh/gg/cycle for AC1-1000-S-50%, AC1—1000-S-56%, and
AC1-1000-S-61%, respectively. We can observe that the
fading rate increases as the sulfur content increases. This
indicates that for AC1—1000-S-61% with a high rate of fading
per cycle, the majority of the sulfur was located outside the
carbon matrix after filling the pores, thereby increasing
polysulfide dissolution and reducing reversibility. Therefore,
cathode engineering should consider the available pore
structure and the amount of sulfur that can be accommodated
to reduce the excess sulfur dissolved in the electrolyte and
increase the capacity fading

To investigate whether the depletion of electrolytes causes
capacity fading, we conducted an electrochemical analysis by
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adjusting the electrolyte volume for AC1—1000-S-56%. This
analysis revealed an improvement in discharge capacities,
sustaining up to 35 cycles (Figure 4B). The measurements
were carried out to understand whether the decrease in cycling
stability after 35 cycles was related only to the high sulfur
loading and not to the amount of electrolyte used. Figure 4D
displays the electrochemical measurement of AC1-—1000-S-
56% cells performed with different electrolyte amounts from
10 pL/mgg to 50 uL/mgs. The results show that reduced
electrolyte does not correlate with higher sulfur loading. This is
because the 40 yL/mgg cell presented higher cycling stability
compared to the 10 uL/mgg, 20 #L/mgg, and 30 uL/mgg cells.
Additionally, the cell with a higher electrolyte concentration
(50 puL/mgS) displays significant capacity fading due to the
increased dissolution of polysulfide. These results show that an
optimal amount of electrolyte is required based on the cathode
structure, which does not correlate with the higher sulfur
loading.

3.5. Post-Mortem Analysis. To better understand the
reduction in discharge capacity after 100 cycles for AC1—1000-
S (Figure 4A), which exhibited improved cycling stability
related to the pore structure, we performed a post-mortem
analysis of the electrode after 318 cycles (Supporting
Information, Figure S3D). The AC1—1000-S cell was dis-
charged to a lower potential of 1 V vs Li/Li* and held for 2 h
to ensure complete discharge, and was later disassembled. After
opening the cell, we noticed that the mossy dendrites were
lithium passivated due to FEC decomposition, as seen in
Figure 5A. Additionally, the reactions between the electrolyte
and polysulfide (after 318 cycles) may be related to the
passivation of the lithium anode after prolonged cycling.
Furthermore, as a part of this physical observation, we
performed the SEM analysis on the AC1—1000-S electrode.
Figure SB shows a scanning electron micrograph of the
electrode, displaying a stable structure without surface cracks,
along with elemental distributions of C, O, F, and S (Figure
SC,D—H). The formation of the CEI/SEI layer with carbonate
solvents was sustained for 100 cycles (Figure 4A) but
seemingly consumed in subsequent cycles due to the
significant volume change during lithium plating. This was
confirmed by the EIS measurements performed at different
cycling voltammograms, as shown in Supporting Information,
Figure S4E—G, and further investigated using XPS.

We conducted a detailed analysis to investigate the effects of
different electrolytes on the formation and evolution of the
CEI and SEI after the first and 10th discharge cycles. This
study aims to enhance our understanding of (a) the
composition of the CEI/SEI layers, (b) their degradation
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Figure 6. High-resolution X-ray photoelectron spectra of the AC1—1000-S cathode at the discharge state after 1st cycle (top; A—D) and 10th
cycles (bottom; E—H) in carbonate-based electrolytes: P 2p (A, E), S 2p (B, F), C 1s (C, G) and F 1s (D, H). The circular dots represent
experimental data, the red line is the composite spectrum, and the black line is the background used for peak fitting.

over cycles, and (c) the loss of active material. The analysis
included extended spectra to determine the quantitative
composition (Table 4 for carbonate-based electrolyte and
Supporting Information, Table S2 for ether-based electrolyte),
as well as high-resolution scans for the P 2p, S 2p, C 1s, N 15,
O 1s, and F 1s regions (Figures 6—7 for carbonate-based
electrolyte and Supporting Information, Figures S6—S8 for
ether-based electrolyte). Despite conducting high-resolution
measurements on all samples, the results across the different
cathodes (AC1-S, AC1—800-S, and AC1—1000-S) and their
respective anodes were broadly similar (Supporting Informa-
tion, Figure SSA,B for the ether-based electrolyte and
Supporting Information, Figure SSC—D for the carbonate-
based electrolyte).

In this regard, we focused our analysis on the AC1—1000-S
cathode and anode surfaces to gain deeper insights, as this
cathode showed better stability compared to others. Elemental
composition analysis (Supporting Information, Table S2 for
ether-based electrolyte) revealed that the surfaces of the three
cathodes displayed similar atomic compositions, primarily
consisting of fluorine (40 atom %), along with carbon, oxygen,
and sulfur, with nitrogen being the least abundant at around 5
atom 9%. Nitrogen and fluorine primarily originate from the
LiTESI and LiNOj; salts. No significant differences were
observed between the first and 10th discharge cycles,
indicating that the composition of the CEI remained stable
throughout these cycles.

For the ether-based electrolyte, high-resolution C 1s spectra
(Supporting Information, Figure S6A,E) showed no sp” carbon
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signal, suggesting that the CEI thickness exceeds the XPS
probing depth of approximately 5 to 10 nm.”>’® The C 1s
spectra revealed a peak corresponding to sp> C—H bonds at
285.3 eV, associated with electrolyte solvent molecules.
Additionally, five other signals were detected: C—O-C
bonds (286.1 eV), C—S bonds (287.3 eV, from the LiTESI
salt), ethers (288.7 eV), carbonates (289.9 eV), and CF;
(293.4 eV, also from LiTFSI). The presence of carbonates is
likely due to electrolyte solvent decomposition, as proposed in
the literature.”” The dominant signal in the C 1s spectra comes
from the LiTFSI salt, indicating a substantial presence of salt
on the cathode surface, corroborated by the S 2p at 169.8 eV
(Supporting Information, Figure S6B,F), N 1s at 400.1 eV
(Supporting Information, Figure S6C,G), and F 1s at 689.2 eV
signals (Supporting Information, Figure S6D,H).”” Addition-
ally, the S 2p spectra (Supporting Information, Figure S6B,F)
revealed Li,S at 160.53 eV, alongside polysulfides at 162.0 eV
(terminal) and 163.6 €V (bridging) ,/® and SO, species at 167.6
eV. The bridging-to-terminal ratio is almost 1, corresponding
to the mean Li,S, polysulfide. Between the first and 10th
cycles, the number of polysulfides and SO, species increased,
likely due to the shuttle effect, in which more polysulfides
dissolved into the electrolyte and contributed to irreversible
side reactions.”” The N 1s spectra (Supporting Information,
Figure S6C,G) also indicated the presence of Li;N at 397.9 €V,
likely originating from LiNO; decomposition.”® Li;N is a well-
known ionic conductor, often used for protecting Li metal.*”*"

The elemental composition of the lithium metal anode
(Supporting Information, Table S2 for ether-based electrolyte)
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Figure 7. High-resolution X-ray photoelectron spectra of the AC1—1000-S anode at the discharge state after Ist cycle (top; A—D) and 10th cycles
(bottom; E—H) in carbonate-based electrolytes: P 2p (A, E), S 2p (B, F), C 1s (C, G), and F 1s (D, H). The circular dots represent experimental
data, the red line is the composite spectrum, and the black line is the background.

reveals an increase in carbon and oxygen content from the first
to the 10th cycle, accompanied by a reduction in fluorine. At
the same time, sulfur and nitrogen levels remained relatively
similar. To better understand these changes, high-resolution
spectra were inspected. Figure S7, Supporting Information
presents the high-resolution spectra for S 2p (Supporting
Information, Figure S7AD), C 1s (Supporting Information,
Figure S7B,E), O 1s (Supporting Information, Figure S7C,F),
and the deconvolutions show the same contributions as
observed on the cathode surface, with two notable exceptions:
after ten cycles, the C 1s spectra indicated the presence of sp*
carbon (Supporting Information, Figure S7B,E) and the O 1s
spectrum show a new peak at 531.2 eV (Supporting
Information, Figure S7C,F). The decomposition of DOL can
explain the appearance of these two contributions during the
formation of the SEI on the lithium metal anode surface. The
cyclic ether structure of DOL can undergo ring-opening
polymerization and cross-linking in reactive environments,
such as the lithium anode, leading to the formation of partially
conjugated polymers that contribute to the observed sp*
carbon signal.’”** This is confirmed by the O 1s spectra,
where a new peak at 5312 eV can be assigned to C=O
carbonyl groups in conjugated polymers formed from ring-
opening reactions.”” The N 1s (Supporting Information,
Figure S8A,C) and F 1s (Supporting Information, Figure
S8B,D) spectra show the same contribution observed on the
cathode side.
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For the carbonate-based electrolyte, survey analysis of the
cathode and anode revealed minimal or no sulfur on the
electrode surfaces (Table 4). This result is expected, as the
shuttle effect is typically suppressed in microporous carbons
with a carbonate-based electrolyte. Furthermore, this suggests
that the CEI largely covers the surface of the cathode, as
significant sulfur presence would otherwise be detected in the
survey spectra. Small amounts of sulfur were observed on the
lithium metal anode, likely due to dissolved sulfur species,
although the levels remained below 2.5 atom %. The CEI and
SEI are mostly composed of fluorine (49/50 atom %), carbon
(28/27 atom %), and oxygen (18/18 atom %), with
phosphorus at approximately S atom %.

High-resolution fluorine spectra from both anode and
cathode reveal the presence of three peaks, indicating the
formation of LiF (approximately 685.2 eV), PF; anion (around
688.2 V), and another signal at 686.8 eV (Figures 6D,H and
7D,H for carbonate-based electrolyte). This latter contribution
is attributed to the electrochemical decomposition of the PF
anion into POF;~ on the cathode and anode surfaces.”” This
observation is supported by the P 2p spectra (Figures 6A,E and
7AE for carbonate-based electrolyte), which show two
contributions at 135.3 eV (for POF;”) and 1364 eV (for
PF;"). Additionally, on the anode surface, POF;~ can further
decompose into PO, contributing to another feature in the
P 2p spectra at 134.6 eV (Figure 7D,H for carbonate-based
electrolyte). The S 2p spectra from both the cathode and
anode reveal a prominent peak at 163.6 eV across the first and
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10th cycles, which may be assigned to R-S-R sulfide species
formed after nucleophilic reactions between the electrolyte and
polysulfides (Figures 6B,F and 7B,F for carbonate-based
electrolyte).”” This finding explains the cause of capacity
fading and the observations made during the physical
inspection of the lithium metal anode after cycling (Figure
SA).

The C 1s spectrum for carbonate-based electrolyte was
deconvoluted into six distinct contributions (Figures 6C,G and
7C,G). The first contribution, at 284.9 eV, corresponds to sp2
and s.p3 C—C bonds. At 286.4 eV, there is a contribution to
C—O bonds, followed by the signal at 287.3 eV assigned to C—
HF-CH, species from FEC decomposition.”* At 288.7 eV,
there is the contribution from ether species (only for the
cathode surface), and finally, the peak at 289.4 eV is assigned
to the FEC and DMC carbonate solvents.*® Lastly, at 290.5 eV,
we see the C—F bonds from FEC. The ether signal likely
originates from the decomposition of DMC and FEC. Notably,
the same reaction mechanism that produces R—S—R sulfide
species may also lead to the formation of ethers.*> The ether
signal is observed solely on the cathode surface, suggesting that
polysulfides, once formed, immediately react with the electro-
lyte. This reaction allows sulfide species to migrate toward the
anode side, which could further reduce Li,S (Figure 7F).
These findings indicate that the CEI and SEI layers on the
cathode and anode share a similar chemical composition in
carbonate-based electrolytes. These layers are primarily
composed of LiF and LiPOF;, and in the anode case,
Li;PO, is formed from the decomposition of FEC and
LiPF,. The presence of these stable inorganic compounds
may contribute to the formation of a robust SEI and CEI,
potentially enhancing mechanical stability®® and ionic con-
ductivity.””** Together, these components protect against
unwanted side reactions, thereby improving the overall stability
and performance of the battery.

4. CONCLUSIONS

We have successfully produced activated carbons (AC1-800
and AC1-1000) of varying pore sizes by CO, activation,
infiltrated with the same C/S ratios, and tested them as
cathodes in carbonate-based and ether-based electrolytes to
examine the influence of the CEI/SEI layer on the cycling
performance. The activation process was designed to enhance
pore volume, thereby facilitating lithium-ion transport and
enabling sulfur confinement within the micropores, which
helps suppress polysulfide shuttling and improves the cycling
stability of Li—S batteries. The AC1—1000-S, with 50 mass % S
and the highest porosity, showed maximum sulfur utilization
and good cycling stability in carbonated-based electrolytes,
which have been reported to be incompatible with C/S
cathodes without microporosity. The ex situ XPS analysis
confirmed that the CEI and SEI formed at the cathode and
anode, respectively, share a similar chemical composition,
which improves mechanical stability and ionic conductivity,
which affects battery performance. The AC1-1000-S was
further infiltrated with different C/S ratios, and the maximum
sulfur attained was 61 mass %. Based on our findings, cathode
engineering should prioritize optimizing the pore structure and
capacity to effectively accommodate sulfur. These results
contribute to the Li—S battery scientific community by
highlighting the importance of cathode engineering with
optimized pore structures in balancing sulfur accommodation,
reducing polysulfide shuttling, and mitigating capacity
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degradation using carbonate-based electrolytes. The study
also highlights the practical implications of the solubility of
polysulfides, which controls sulfur utilization.
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