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Lithium-sulfur batteries are emerging as a highly promising
alternative to conventional lithium-ion batteries due to their high
theoretical energy density and the natural abundance of sulfur. However,
challenges such as rapid capacity decay, polysulfide dissolution, and poor
sulfur utilization limit their practical application. This study addresses
these fundamental limitations by developing a novel mesoporous carbon
scaffold with tailored pore structures and oxygen-functionalized pore
surfaces, enabling enhanced sulfur confinement and improved
electrochemical stability. Moreover, our systematic investigation of sulfur
loading strategies reveals that the chemical reaction method effectively
anchors sulfur within the scaffold's pores, significantly suppressing the
polysulfide shuttle effect compared to conventional melt diffusion
methods. By emphasizing the importance of selecting appropriate carbon
scaffolds and the effectiveness of chemical reaction techniques for sulfur
loading, this research contributes to the advancement of high-
performance Li-S batteries, thereby supporting the transition to cleaner
and more sustainable energy solutions.
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Superior sulfur infiltration into carbon mesosponge via chemical
reaction for enhanced cycling stability in lithium-sulfur batteriest
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Sulfur is a promising cathode material for secondary batteries, but its insulating nature and volume expansion during

lithiation require encapsulation within carbon scaffolds. Moreover, the pronounced polysulfide shuttle effect hinders cycle
stability. These issues make it difficult to achieve a sulfur content exceeding 70 wt% in typical sulfur-carbon composites,
which are demanded for practical applications. This study explores a new scaffold, carbon mesosponge (CMS), featuring a
single-layer graphene structure and a high mesopore volume of 3.01 cm3 g. This unique structure allows for a sulfur content
of up to 79 wt%. The S/CMS composite demonstrates superior cycling performance compared to conventional carbon
scaffolds, such as KOH-activated carbon and graphene oxide. Additionally, two sulfur loading methods, physical and
chemical, are compared. The chemical method facilitates sulfur deposition predominantly within the CMS pores, improving
sulfur confinement and enhancing cycling stability compared to the physical method. This controlled sulfur deposition is
attributed to the higher concentration of oxygen-functional groups within CMS pores, which could attract Na,S,, a precursor
of sulfur. When used as the active material, the S/CMS composite prepared by the chemical method achieved a discharge
capacity exceeding 1200 mAh g in a pouch cell. This research underscores the importance of CMS as a scaffold and the
superior sulfur-loading method in enhancing the performance of Li-S batteries.

overcome these obstacles, considerable efforts have been made
Introduction towards the optimization of electrolyte additives,3'* binder
materials,’>1® electrocatalysts'’'® and especially sulfur host

Enhancing the performance of secondary batteries, especially ) ) .
materials.1®23 Carbon materials are typically used as sulfur host

achieving high energy density and prolonged cycle life, is essential to
. . materials due to their excellent electric conductivity, lightweight

meet the growing demand for energy storage. While a mass- . ) . . e

produced battery combining a high-capacity NCM (LiNi,Co,Mni.¢,0;) properties, mechanical properties, and chemical stability.

; i iber 27
cathode with a silicon-based anode has recently achieved 360 Wh kg~ Among_ various types. ofnc:srbon materials, carzt;c;: nanoflb(.er,
1, the demand for even higher energy density is expected to increase graphene-based materials,** and porous carbons®**have received

further.! Thus, various types of advanced batteries have been significant attentions as sulfur supports, because of their superior

extensively investigated.2 One of the promising candidates is the Li- electrical conductivity and ability to confine sulfur effectively.3!

S battery. The sulfur cathode offers a theoretical specific capacity of Nevertheless, the sulfur content in most sulfur-carbon composites

. . o
up to 1672 mAh g%, and Li-S batteries can achieve an energy density typically remains below 70. VYM” due to jche more sever.e sh.uttle
up to 700 Wh kg6 Furthermore, its cost-effectiveness and effect and reduced conductivity observed in electrodes with higher

abundant availability position sulfur as a promising candidate for sulfur loading. Additionally, carbon materials must have sufficient

future applications.® The Li-S battery is based on the redox reaction: pore volume to accommodate volume expansion of sulfur, but

Sg+ 16Li* + 16e~ &> 8 Li,S, involving the generation of intermediate achieving high pore volume while maintaining good electrical
lithium polysulfide species.11 This unique electrochemical process conductivity remains challenging. These factors significantly impact

presents several challenges, including the insulating nature of sulfur Li-S batteries in achleVlr.1g.h|ghe.r e.nerg.y density .and7longer cyclelllf'e
and lithium sulfide, large volume expansion after cathode lithiation c?mpared to commercialized lithium-ion batteries. Th.erefore, itis
(up to 80%),° and the shuttle effect of polysulfides, leading to highly demanded to develop novel carbon host materials that can

continuous active material loss and low Coulombic efficiency.1%2 To address the aforer.ne.ntloned challehges. o
To fully maximize the potential of the carbon host, it is also

important to carefully consider the method of sulfur incorporation.

4 [nstitute of Multidisciplinary Research for Advanced Materials, Tohoku University, The most Wldew used methodis a phyS|caI approach, melt-diffusion,

2-1-1 Katahira, Aoba-ku, Sendai, Miyagi, 980-8577, Japan. where a carbon-sulfur mixture is heated above the melting point of
b-ENAX Inc., Tokyo, 112-0003, Japan. . . .
’ g , sulfur in an inert atmosphere, allowing molten sulfur to penetrate
< Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, 2-1-1 P ’ g . P
Katahira, Aoba-ku, Sendai, Miyagi, 980-8577, Japan. the carbon pores.32-34 However, some studies have noted a tendency
%3DC Inc., Sendai, Miyagi, 980-8577, Japan that sulfur often accumulates on the carbon surface rather than

t Electronic supplementary information (ESI) available. See diffusi fici v i h hich . If
DOI: 10.1039/x0xx00000x ITTusIing e |C|enty into the pores, wnic compromises sultur
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confinement and leads to rapid capacity decay.?® On the other hand,
the chemical approach, which involves the conversion of a sulfur-
containing precursor into sulfur, is expected to achieve more uniform
loading, particularly into carbon pores where precursor
concentration tends to increase due to adsorption.3® Commonly used
precursors include sodium thiosulfate (Na,S,03),373® sodium
polysulfide (Na,Sy),32° and sulfur-ethylenediamine (S-EDA).*
Through well-controlled reaction conditions, the particle size of
sulfur can be reduced, beneficial for achieving a large contact area
between carbon and sulfur and a short ion diffusion length of Li*
inside sulfur/carbon composites.

Although extensive research has been conducted on Li-S
batteries, challenges remain in developing the high-performance
carbon material as sulfur host along with the efficient method for
sulfur deposition. In this study, we explore the feasibility of a new
mesoporous carbon scaffold, called carbon mesosponge (CMS), and
an optimal sulfur-loading method. CMS can be synthesized through
atemplate carbonization method,*?*3 using CH, as the carbon source
for chemical vapor deposition (CVD).4*4> CMS exhibits a high volume
of mesopores, which serve as reservoirs to accommodate sulfur
expansion and enable the physical adsorption of lithium polysulfide
within these pores. Significantly, CMS is primarily composed of quasi-
single-layer graphene walls with defects, which offers significant
mechanical flexibility.*® Moreover, the defective pore walls of CMS
contain oxygen-functional groups that are beneficial for chemically
trapping lithium polysulfide within the cathode.*” The capacity
retention of S/CMS composites outperforms the counterpart
materials prepared by those reported sulfur hosts including

CMS powder

=y
L

Sulfur powder

Se(marging

Journal Name

MAXSORB (KOH-activated carbon)*® and graphene oxide, (GQ).&.Te
maximize the potential of CMS as the sulfuPQuppéPe MateRIOBN8
sulfur loading methods, physical melt-diffusion and chemical
reaction, were examined. It is found that the chemical method
provides sulfur loading mostly inside CMS pores, which contributes
to improved capacity retention. Moreover, the pouch cell using the
S/CMS composite prepared through the chemical reaction method
demonstrated a discharge capacity of approximately 1200 mAh g
after 30 cycles. This study highlights the importance of selecting
carbon scaffold and the effectiveness of chemical reaction method
for sulfur loading in achieving high-performance Li-S batteries.

Results and discussion
Properties of sulfur hosts and the procedure of sulfur loading

In this study, three types of carbon hosts are examined (Figure 1a-c
and Sla-c). Activated carbons (ACs) are the most popularly used
sulfur-host materials,®>! and we have selected the one with a
developed porosity via KOH-activation (Figure 1a and S1a). The AC
possesses a high BET specific surface area (Sger) of 2546 m2g'and a
large total pore volume (Vioi) of 1.64 cm? gt (Figure S2a), with its
pore size ranging from 1 to 3 nm (Figure S2b). Graphene oxide (GO;
Figure 1b and S1b) has been also used as a sulfur host,>2 and we
employ it as a counterpart in this study. GO has a limited porous
structure showing a Sger of 19 m2 g™! (Figure S2c and d), but rich in
oxygen-functional groups. CMS (Figure 1c and Slc) exhibits a two-
dimensional nanoplate-shaped particle morphology with a lateral
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Figure 1. Carbon materials utilized in this study. (a) Activated carbon (AC). (b) Graphene oxide (GO). (c) Carbon mesosponge (CMS). (d,e) The
preparation scheme of S-loaded samples. (d) Melt diffusion method. (e) Chemical reaction method.

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00039d

Open Access Article. Published on 26 April 2025. Downloaded on 4/28/2025 7:00:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

EES:Batteries

size of less than 1 um and a thickness of less than 100 nm. This
structure promotes efficient ion diffusion within the particles and
improves electron transfer through planar contact between
individual particles and with current collector.#> CMS can be
synthesized via CVD on a porous MgO template, followed by
template removal using aqueous HCI. After the HCl treatment and
rinsing with pure water, the wet CMS, referred to as wCMS, is
obtained. By replacing the water with acetone and drying at 150 °C,
CMS is obtained. In this study, wCMS and CMS are used for chemical
and physical sulfur impregnation, respectively. Depending on the
solvent used during the drying process, mesopore shrinkage can
occur due to capillary forces. Figure S2e displays the nitrogen
adsorption-desorption isotherms of water-dried CMS and acetone-
dried CMS, which represent the porosities of wCMS and CMS,
respectively, in the hypothetical absence of sulfur in their S-loaded
forms, respectively. Both isotherms indicate a highly mesoporous
structure with an uptake and hysteresis observed above P/P, > 0.4.
The Sger and Vg of water-dried CMS are 1921 m2 g and 3.01 cm?
g%, and those for acetone-dried CMS are 2128 m? g and 3.63 cm?
gL, respectively. The pore-size distributions show peak pore size at
8.1 nm for wCMS, smaller than that of CMS at 8.3 nm (Figure S2f).
Figure 1d and e illustrate the methods of sulfur loading onto CMS
and wCMS, respectively. The melt diffusion method (Figure 1d)
involves physically mixing CMS and sulfur powder, followed by a heat
treatment at 155 °C for 12 h under an Ar atmosphere. The resulting
composite is referred to as mS(X)/CMS, where “m” denotes the melt-
diffusion method, and “X” represents the sulfur loading amount
(wt%) in the composite. The chemical reaction method (Figure 1e)
consists of two steps: introducing Na,Ss; into the wCMS/water
dispersion to generate sulfur seed crystals, followed by adding formic
acid to accelerate sulfur deposition into the wCMS.3° The resulting
composite, referred to as cS(X)/wCMS, is obtained by drying the
water under 60 °C, where “c” denotes the chemical reaction method.
Similarly, sulfur is loaded into AC and GO using the melt diffusion and
chemical reaction methods. The resulting samples are named in the
same manner as those for CMS and wCMS, with CMS or wCMS
replaced by AC or GO.

Properties of sulfur/carbon composites

The thermogravimetric analysis (TGA) curves of the
sulfur/carbon composites under a nitrogen atmosphere are
displayed in Figure 2a. The sulfur content of each sample is
estimated from the total weight loss after heating to 500 °C.
Sulfur was loaded at 79 wt% onto the wCMS, CMS, and AC
supports, and at 86 wt% onto the GO support. The morphology
of the sulfur/carbon composites, as shown in Figure S1d-i,
exhibits no significant differences across the various sulfur
loading methods. Additionally, the elemental mapping of each
composite (Figure S3) illustrates a homogeneous sulfur
distribution, at least the measurement resolution
(approximately a few micrometers). The derivative weight loss
versus temperature (dW/dT) curves (Figure 2b) obtained from
TGA analysis provide deep insights into the sulfur distribution
within the composites.>!

The dW/dT curve for pure sulfur powder shows evaporation
starting around 170 °C and reaching its maximum rate around 310 °C.

This journal is © The Royal Society of Chemistry 20xx

The evaporation profiles of S/GO composites closely yesemblethat
of pure sulfur, indicating that most sulfurDi9!ndtl e&WMEEORAEIR
nanopores. In contrast, the dW/dT curves for S/AC composites
exhibit two distinct peaks, where the first peak appears below 300°C,
and a second peak around 400 °C. This behavior is likely due to AC’s
limited pore volume; with 79 wt% sulfur loading, the composite
exceeds its maximum pore volume at 111%. Specifically, 1 g of AC
accommodates 3.76 g of sulfur, exceeding its maximum capacity of
3.39 g of sulfur per gram of AC. (Table S1). So, the first peak
represents sulfur loss from the AC surface, while the second peak
arises from sulfur confined within the small pores less than 3 nm.

The dW/dT curve of mS(79)/CMS shows a similar profile to S/GO
and S/AC below 300 °C, which can be attributed to unconfined sulfur.
The curve segment above 300 °C corresponds to sulfur within
mesopores, though this peak occurs at a lower temperature than the
second peak in S/AC. Although the pore volume of CMS is sufficient
to accommodate 7.51 g of sulfur per gram of CMS, the actual sulfur
content is 3.76 g per gram of CMS, representing only 50% of its
capacity (Table S1). However, the sulfur distribution remains uneven
across the mesopores. In contrast, cS(79)/wCMS exhibits the highest
sulfur evaporation onset temperature exceeding 200 °C and a peak
weight loss at 380 °C, indicating that sulfur is effectively confined
within the wCMS pores. In this composite, 1 g of wCMS
accommodates 3.76 g of sulfur, utilizing 60% of its total pore volume,
with a maximum capacity of 6.23 g of sulfur per gram of wCMS (Table
S1). The effective sulfur confinement observed in wCMS is attributed
to the presence of oxygen-functional groups within its mesopores,
which enhance the adsorption of the polar sulfur precursor, Na,S,.
This is supported by the comparative results shown in Figure S4,
where Na,S; adsorption tests and UV-vis measurements were
conducted using CMS and GMS. GMS shows a similar porous
structure to CMS, but it is free of edge sites as a result of high
temperature annealing at 1800 °C, as reported in our previous
work.*” When CMS was added into the aqueous Na,S, solution, the
solution gradually turned colorless, whereas it remained yellow
when the same amount of GMS was introduced. Furthermore, the
characteristic absorption peak of S4>~ at 410 nm in UV-vis spectra
significantly reduced in Na,S,;/CMS, compared to both the pure Na,S,;
solution and the Na,S;/GMS, indicating stronger interaction between
oxygen-functional groups of CMS and Na,S,.>3 More importantly, the
uneven distribution of oxygen-functional groups is generally
observed in the template method, as shown in the top illustration of
Figure 2c.>* When a carbon coating is applied to the template via
CVD, non-terminated edge sites are present at the interface between
the carbon layer and the template. Upon removal of the template,
these edge sites become oxidized, resulting in the introduction of a
large number of oxygen-functional groups.>> As shown in the bottom
of Figure 2c, water-vapor adsorption amount of CMS is much larger
than its precursor, indicating that oxygen-functional groups are
predominantly present on the surfaces of mesopores formed after
the removal of the template. During the synthesis of cS(79)/wCMS,
these polar functional groups attract polar sodium polysulfides,
promoting sulfur deposition within the pores.

Figure 2d shows the XRD profiles of pure carbons and
sulfur/carbon composites. Pure CMS shows the 10 peak around 44°,
corresponding to the in-plane diffraction of a planar graphene
sheet.>® The broad and weak 002 peak around 26° suggests rare
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Figure 2. Analysis of sulfur loaded on carbon scaffolds. (a) TG curves of sulfur/carbon composites under nitrogen atmosphere. (b) Derivative
weight loss versus temperature obtained from TGA results. (c) Preparation scheme of CMS (top) and water vapor adsorption isotherms of

CMS before and after template removal (bottom). (d) XRD patterns.

stacking of the graphene layers.*#%” As a reference, a S/CMS
composite with 79 wt% sulfur was prepared by a physical mixing of
sulfur powder and CMS powder, referred to as pS(79)/CMS, where
“p” denotes the physical mixing. The XRD profile of pS(79)/CMS
shows intense characteristic sulfur peaks (Figure S5). In contrast, in
mS(79)/CMS and cS(79)/wCMS, multiple sulfur peaks in the 20-30°
range appear as a single broad peak, suggesting that the sulfur is
supported in the form of small clusters. On the other hand, the XRD
profiles for sulfur-loaded AC or GO, regardless of the sulfur loading
method, display sharp sulfur peaks, indicating that a significant
amount of crystalline sulfur is deposited in these carbon scaffolds.
The maximum sulfur content within the carbon scaffolds is calculated
under the assumption that the carbon pores are fully filled with
sulfur (Table S1). The value for AC and GO are 77 wt% and 7 wt%,
respectively, with a sulfur loading of 79 wt% exceeding their
maximum capacity. In contrast, the maximum sulfur content for the
CMS and wCMS is significantly higher, at 88 wt% and 86 wt%. Thus,
CMS and wCMS can serve as high-capacity sulfur scaffolds.

Raman spectrum (Figure S6) of CMS shows the G band,
corresponding to the E,; symmetry of graphene, along with an
intense D band, arising from abundant functional groups and
topological defects.”%” In the spectrum of c¢S(79)/wCMS and
mS(79)/CMS, the specific sulfur peaks locating between 100 cm™ to
500 cm™ are absent, suggesting sulfur encapsulated in the CMS
scaffold, as also evidenced by XRD results. The intensity ratio (lp/Ig)
of D band and G band in CMS is not significantly changed before
(1.87) and after (1.69) sulfur loading, indicating that the sulfur
loading does not alter the intrinsic structure of CMS and preserves its
high electrical conductivity for efficient electron transfer.>® In

4| J. Name., 2012, 00, 1-3

contrast, both S/AC and S/GO composites are observed with
characteristic sulfur peaks.

Effects of sulfur loading methods on porous structures of
sulfur/CMS composites are also investigated by N, adsorption as
shown in Figure S7. Both S/CMS composites show a disappearance
of uptake and hysteresis in their isotherms, compared to the results
observed prior to sulfur loading (Figure S2e and f). Theoretically,
Viotal after loading 79 wt% sulfur, assuming no pore blocking, is
expected to be 0.25 cm3 g! for ¢S(79)/wCMS and 0.38 cm3 g* for
mS(79)/CMS. The measured values, 0.19 cm3 g and 0.28 cm3 g7,
respectively, align well with these estimates.

Electrochemical properties of sulfur/carbon composites

The electrochemical properties of various sulfur/ carbon composites
were evaluated by using half-cell configurations, maintaining a
consistent sulfur content of 60 wt% in the electrodes. The discharge-
charge properties of the mS(79)/CMS and cS(79)/wCMS were
evaluated through galvanostatic charge-discharge (GCD)
measurements at various rates ranging from 1/40Cto 1/5C (1 to 14
cycles), as shown in Figure 3a and b, respectively. The initial two
cycles at 1/40 C serve as a conditioning process. The 1%t discharge
capacities of mS(79)/CMS and c¢S(79)/wCMS were 1551 and 1499
mAh g1, respectively, whereas these values dropped to 1113 and
1190 mAh g1, respectively, at the 2"d discharge. At the rate of 1/20
C (3 to 6 cycles), cS(79)/wCMS exhibits higher discharge capacities,
ranging from 971 to 1054 mAh g1, compared to mS(79)/CMS, which
ranges from 818 to 912 mAh g1, At low discharge rates of 1/40 C and
1/20 C, both composites exhibit a flat discharge plateau around 2.1
V, corresponding to the reduction of Li,S, to Li,S,. This is followed by

This journal is © The Royal Society of Chemistry 20xx
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cycle, a constant current density of 133 mA g™ (1/10C) was applied. The electrolyte is 1 M LiTFSI + 1 M LiNO3 + 0.08 M La(NOs); in DME/DOL.

a sloping region below 1.9 V, which is attributed to the subsequent
conversion of Li,S; to Li,S.5%69 When the discharge rate increases to
1/10 C (7 to 10 cycles), cS(79)/wCMS displays a pronounced potential
‘dip’ at the early stage of discharge, followed by a plateau at 2.08 V,
indicating a significant barrier for the nucleation and initial growth of
solid Li,S,/Li,S,%* while mS(79)/CMS shows a much smaller potential
dip. Moreover, the absence of the sloping discharge region below 1.9
V in both composites suggests that Li,S, is not fully converted into
Li,S. This is likely due to the limited electron transport across the
insulating Li,S,/Li,S and the high activation energy required for the
solid to solid conversion, particularly under high current
conditions.5%63 At 1/5 C (11 to 14 cycles), the capacity of
cS(79)/wCMS dramatically reduces to below 80 mAh g, and the
discharge curve shows a sharp potential drop without any plateau,
indicating a large amount of sulfur remains unreduced to
polysulfide.6? In contrast, mS(79)/CMS maintains a discharge
capacity of approximately 600 mAh g*. Electrochemical impedance
spectroscopy (EIS) in Figure 3c offers additional insights into the rate
performance difference. Specifically, EIS was carried out after
discharging cells to 2.15 V, where soluble polysulfides are formed,
allowing analysis of ion diffusion resistance. The high frequency
semi-circles are significantly reduced compared to those at pristine
status before discharge (Figure S8), revealing reduced charge
transfer resistance due to the transformation of solid sulfur to
soluble polysulfide species.®* To further investigate the lithium-ion
diffusion inside the cathode, the real part of Warburg impedance
against the square root of the angular frequency is fitted in Figure
3d, with additional results from multiple cells presented in Figure S9.
The mS(79)/CMS achieves a lower Warburg coefficient ranging from

4.06t04.97 QsY/2, compared to 5.23 t0 6.45 Q s~2 for ¢S(79)/wCMS.

Since both sulfur/CMS composites were subjected to similar
electrochemical measurement conditions, their diffusion coefficients
and Warburg coefficients are inversely proportional.®®> These results

This journal is © The Royal Society of Chemistry 20xx

indicate that the ion diffusion coefficient of cS(79)/wCMS is lower
than that of mS(79)/CMS.%¢ These results indicate that pore blocking
is more pronounced in c5(79)/wCMS, which impedes ion diffusion.
After the examination of the rate performance, cycling
tests at 1/10 C (equivalent to 133 mA g) were conducted, as
shown in Figure 3e. Both S/CMS composites obtain stable
discharge capacities above 700 mAh g~ when the discharge rate
returns to 1/10 C from 1/5 C. To confirm the reproducibility, the
cycling performance was further validated using multiple cells,
as displayed in Figure S10. After 100 cycles, mS(79)/CMS
achieves a capacity retention ranging from 553 to 611 mAh g2,
while ¢S(79)/wCMS exhibits higher value between 577 and 709
mAh g1. Moreover, Figure S11 shows the cycling results after
300 cycles, where ¢S(79)/wCMS maintains a higher discharge
capacity of 557 mAh g (76 % retention), along with higher
coulombic efficiency, compared to mS(79)/CMS, which achieves
481 mAh g1 (67 % retention). The superior cycling stability of
cS(79)/wCMS can be attributed to the pronounced sulfur
confinement within the scaffold. Additionally, the presence of
abundant oxygen-functional groups within wCMS nanopores
can effectively attract polysulfide species, preventing their
diffusion and inhibiting continuous sulfur loss. Conversely,
mS(79)/CMS, with less sulfur confined in the mesopores,
experiences fewer limitations on lithium-ion diffusion but
suffers from more significant active material loss during cycling.
For comparison, sulfur/carbon composites prepared with AC
and GO underwent the same cycling tests, showing rapid
capacity decay to below 550 mAh g! after 100 cycles. For GO,
which is poor in nanopores, there is no performance difference
between melt diffusion and chemical reaction methods. For AC,
with hydrophobic nanopores smaller than 3 nm, the melt
diffusion method yields better results, while in CMS, with
hydrophilic nanopores between 3 and 15 nm, the chemical
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reaction method is more effective. These results emphasize the
superior capacity retention of CMS compared to other carbon
materials and demonstrate that hydrophilic CMS nanopores are
well-suited for sulfur deposition through chemical reactions.
Despite employing the same carbon scaffold, different synthesis
methods result in substantial differences in rate performance and
cycling stability. SEM images of mS(79)/CMS and cS(79)/wCMS
electrodes at pristine status and after one cycle of GCD are shown in
Figure 4a-d. At the pristine status, both electrodes show a mixture of
S/CMS particles and homogeneously distributed carbon nanotubes
(CNTs) as electrically conductive additives (Figure 4a and c). After
one GCD cycle, a solid deposit, ascribed to sulfur, covers the surface
of the mS(79)/CMS electrode, rendering the CNTs invisible (Figure
4b). This indicates sulfur deposition outside the nanopores of CMS.
In contrast, the cS(79)/wCMS electrode retains its morphology,
indicating that sulfur particles are still confined within wCMS pores
(Figure 4d). These differences become more pronounced after 100
cycles. The mS(79)/CMS electrode exhibits an uneven distribution of
sulfur or lithium sulfide, with noticeable voids between
interconnected deposits. These non-conductive deposits hinder
lithium-ion diffusion and electron transport, leading to incomplete
electrochemical reactions (Figure S12a).5” In contrast, the

cS(79)/wCMS electrode exhibits a denser surface morphology while
retaining the distinct structure of the original wCMS particles (Figure
stability and electrical

S12b), indicating superior structural
conductivity throughout cycling.

Se(marging

Journal Name

diffusion of polysulfides during cycling. Consequentiyic.sifHe
redeposits outside the mesopores during chargifg,0é8AtAbRHIE Yo
reduced resistance to lithium-ion diffusion within the pores. On the
other hand, the sulfur content in cS(79)/wCMS is 79 wt%, which
corresponds to 60% of the total pore volume of wCMS (Table S2).
Upon full lithiation, the volume of sulfur expands to 108% of the total
pore volume of wCMS. This suggests that the mesopores could
become blocked during lithiation, leaving limited space for
polysulfides to diffuse or escape. This confinement results in sluggish
reaction kinetics, particularly at high current densities (Figure 4f).

Optimization of sulfur-loading amount

Based on the discussion on Figure 4f, the sulfur content in the
sulfur/CMS composites was further optimized to 73 wt%, while
maintaining a same sulfur content of 60 wt% in the electrodes
by adjusting the CNTs ratio. In the resulting cS(73)/wCMS
composite, sulfur and lithiated sulfur occupy 43% and 78% of
wCMS’s total pore volume, respectively (Table S2), ensuring
that sufficient pores are available for ion diffusion throughout
the charge-discharge processes. The GCD properties of
mS(73)/CMS and c¢S(73)/wCMS were evaluated at high rates
ranging from 1/10 C to 1 C, as displayed in Figure 5a and b,
respectively, with the corresponding rate performance
summarized in Figure 5c. At 1/10 C, the discharge capacities of

Figure 4. Electrode morphology of different S/CMS composites. (a,b) SEM images of mS(79)/CMS. (a) Pristine status. (b) After one cycle
discharge-charge. (c,d) SEM images of cS(79)/wCMS. (c) Pristine status. (d) After one cycle discharge-charge. (e,f) Illustration showing sulfur

and lithiated sulfur in (e) mS(79)/CMS and (f) cS(79)/wCMS.

When sulfur transforms into lithium sulfide, it expands in
volume. Therefore, an additional space should be provided around
the sulfur in the sulfur/carbon composites.®® When assuming that all
the sulfur is confined within the mesopores of mS(79)/CMS, the
volume of sulfur and expanded lithium sulfide accounts for 50% and
89% of CMS’s total pore volume, respectively (Table S2). However,
as discussed above, a significant portion of sulfur is actually
deposited outside the CMS mesopores (Figure 4e). This deposition
behavior leaves sufficient space within mesopores, facilitating the

6 | J. Name., 2012, 00, 1-3

those of ¢S(73)/wCMS ranging from 1436 to 1022 mAh g
When the rate increases to 1/5 C, cS(73)/wCMS demonstrates
improved performance, with discharge capacities ranging from
924 mAh g to 765 mAh g, outperforming mS(73)/CMS
ranging from 858 mAh g~ to 646 mAh g~1. In contrast to the case
of ¢S(79)/wCMS (Figure 3b), the GCD curves of ¢S(73)/wCMS at
1/5 C exhibit a discharge plateau without a significant potential
‘dip’, suggesting improved reaction kinetics. This is due to the
optimization of sulfur content, which maintains sufficient

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Electrochemical measurements of S/CMS composites with an optimized sulfur content (73 wt%). (a,b) GCD curves of (a)
mS(73)/CMS and (b) ¢S(73)/wCMS under different rates. (c) Rate performance. (d) Cycling stability. (e) GCD curves during cycling tests. (f)

Cycling test of a pouch cell using cS(73)/wCMS.

diffusion pathway. Moreover, at higher rates such as 1/2 C and
1 C, cS(73)/wCMS maintains competitive performance,
achieving discharge capacities of 548 to 413 mAh gt at 1/2 C,
and 268 to 200 mAh g at 1 C. In contrast, mS(73)/CMS
significantly underperforms at these rates, with capacities
falling below 170 mAh gt at 1/2 C and below 22 mAh gt at1C.
Additionally, rate performance across multiple cells in Figure
$13 highlight the enhanced high-rate capability of cS(73)/wCMS
compared to mS(73)/CMS. Cycling stability tests at a constant
rate of 0.1C are presented in Figure 5d, along with
reproducibility results shown in Figure S14. The cS(73)/wCMS
undergoes an aging process before 30 cycles, stabilizing at a
capacity of 785 mAh g1. This initial capacity drop is attributed
to the high electrolyte-to-sulfur (E/S) ratio of 20 uL mg, which
promotes the dissolution of lithium polysulfides into the
electrolyte and making more sever shuttle effect.5” The
cS(73)/wCMS maintains a capacity of 695 mAh g1 after 120
cycles, significantly outperforming mS(73)/CMS, which retains
493 mAh g after the same number of cycles. As shown in
Figure 5e, the GCD curves of cS(73)/wCMS from the 30th to the
100th cycle exhibit longer discharge plateaus in both the 1stand
2" stages compared to mS(73)/CMS, indicating stable sulfur
utilization over the cycles. Furthermore, the dQ/dV curves
derived from GCD measurements are displayed in Figure S15,
showing a reduction peak around 2.1 V and oxidation peak
around 2.2 V. For mS(73)/CMS, the overpotential between
these peaks is 141.6 mV at 30t cycle, increasing by 14.5 mV at
100 cycle (Figure S15a). In comparison, ¢S(73)/wCMS exhibits
a lower overpotential of 131.6 mV at 30" cycle, with a smaller
increase of 5.7 mV at 100%™ cycle (Figure S15b). This smaller
overpotential cS(73)/wCMS indicates higher
reversibility of the electrochemical reaction compared to
mS(73)/CMS. To explore the industrial potential of Li-S batteries,
the high-performance cS(73)/wCMS electrode was used to

increase for

assemble a pouch cell with a cathode size of 12 cm™2 (Figure

This journal is © The Royal Society of Chemistry 20xx

S16). The cell demonstrated outstanding capacity retention,
maintaining approximately 1200 mAh g after 30 cycles (Figure
5f). It is worth noting that the pouch cell demonstrates even
better capacity retention compared to the coin cell. This
improvement can be attributed to its lower E/S ratio at 7 uL mg-
1, which is significantly lower than the case in the coin cell. The
reduced electrolyte amount limits polysulfide dissolution,
keeping more active sulfur within the cathode and thereby
mitigating initial capacity loss.®® To support this explanation, a
coin cell was assembled with an E/S ratio of 7 uL mg=2, which
demonstrated improved capacity retention during the first 20
cycles (Figure S17). The pouch cell achieved an energy density
of 175 Wh kg™, calculated based on the total weight of the
cathode, anode, separator and electrolyte (Supporting
calculation 1), which falls short of meeting practical application
requirements. To achieve energy densities exceeding 350 Wh
kg™, reducing the E/S ratio below 3 pL mg™ is crucial,
potentially using advanced sparingly solvating electrolytes.”®
Nevertheless, the capacity retention of the pouch cell
developed in this study surpasses that of previously reported
lithium—sulfur pouch cells (Table S3). We emphasize this study
focuses on advancing sulfur cathodes with pure carbon
scaffolds, avoiding costly metal catalysts, and utilizing
conventional organic electrolytes. These findings demonstrate
that selecting CMS as the carbon scaffold and utilizing chemical
reactions for sulfur loading hold promising potential for
achieving high energy density Li-S batteries, particularly when
employed with advanced electrolyte systems.

During the sulfur reduction process, soluble polysulfide
species can diffuse to the anode and chemically react with
lithium metal, forming a solid electrolyte interface (SEI) on the
lithium surface. Over repeated cycles, this SEI becomes loose
and highly porous, accelerating the depletion of lithium metal
and electrolyte, which leads to the formation of a thicker SEI
layer. This continues reaction between polysulfides and lithium
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Figure 6. Lithium anode characterization of different S/CMS
composites included cells. (a-b) SEM images and elemental
mapping of lithium anode cross section. (a) mS(73)/CMS. (b)
cS(73)/WwCMS.  (c-d) XPS spectra of lithium anode. (c)
mS(73)/CMS. (d) ¢S(73)/wCMS.

metal is known as sulfur crosstalk.”? Figure 6a and b display the
SEM cross-sectional morphologies of the lithium anodes after
120 cycles. The SEI layer in the mS(73)/CMS cell is 93 um thick,
compared to 48 um in the cS(73)/wCMS cell. Elemental
mapping shows that the lithium surface of the mS(73)/CMS cell
has higher sulfur and carbon signals than that of the
cS(73)/wCMS cell. X-ray photoelectron spectroscopy (XPS)
results in Figure 6c and d provide further insight into the SEI
composition. The F 1s spectra reveal peaks at 684.6 eV and
688.3 eV, corresponding to F-Li and F-C, respectively. The
cS(73)/wCMS cell’s lithium anode shows a more intense F-Li
peak relative to the F-C peak. Additionally, the Li 1s spectra for
the cS(73)/wCMS cell’s lithium anode is shifted left compared
to the mS(73)/CMS cell’s lithium anode, indicating a stronger Li-
F peakin the SEl layer. These observations suggest that a higher
content of inorganic SEl is formed on the cS(73)/wCMS cell’s
lithium anode. The restricted growth of this inorganic-enriched
SEl layer in the cS(73)/wCMS cell’s lithium anode indicates that
polysulfide species are largely confined within wCMS pores,
effectively inhibiting the shuttle effect and sulfur crosstalk on
the lithium anode.

Conclusions

In this research, a mesoporous carbon CMS was applied as the sulfur
host material for the Li-S battery. CMS exhibits a large pore volume

8| J. Name., 2012, 00, 1-3
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at 3.01 cm? g and a peak pore size of approximately, 8 nm, Which
enables sufficient space for sulfur expansionDPHel Syte5i2e8E)CI8
composites show better cycling stability performance than its
counterpart composites prepared by AC and GO. Additionally, the
influence of sulfur loading methods on the performance of S/CMS
composites was investigated. By comparing chemical reaction and
melt diffusion methods, it was found that the chemical reaction
method resulted in superior sulfur confinement within the wCMS
pores, leading to enhanced cycling stability and overall
electrochemical performance. The pouch cell assembled with
cS(73)/wCMS achieved 1200 mAh g after 30 cycles, demonstrating
its practical applicability. This work highlights that the choice of sulfur
loading method significantly affects the electrochemical
performance in Li-S batteries, with the chemical reaction method
proving to be superior in the case of mesoporous CMS.
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