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ABSTRACT: Li−S batteries have received significant attention owing
to their high energy density, nontoxicity, low cost, and eco-friendliness.
However, the dissolution of lithium polysulfide during the charge/
discharge process and its extremely low electron conductivity hinder
practical applications of Li−S batteries. Herein, we report a sulfur-
infiltrated carbon cathode material with a spherical morphology and
conductive polymer coating. The material was produced via a facile
polymerization process that forms a robust nanostructured layer and
physically prevents the dissolution of lithium polysulfide. The thin
double layer composed of carbon and poly(3,4-ethylenedioxythiophene)
provides sufficient space for sulfur storage and effectively prevents the
elution of polysulfide during continuous cycling, thereby playing an
essential role in increasing the sulfur utilization rate and significantly
improving the electrochemical performance of the battery. Sulfur-infiltrated hollow carbon spheres with a conductive polymer layer
demonstrate a stable cycle life and reduced internal resistance. The as-fabricated battery demonstrated an excellent capacity of 970
mA h g−1 at 0.5 C and a stable cycle performance, exhibiting ∼78% of the initial discharge capacity after 50 cycles. This study
provides a promising approach to significantly improve the electrochemical performance of Li−S batteries and render them as
valuable and safe energy devices for large-scale energy storage systems.

1. INTRODUCTION
The increasing use of high-performance electric vehicles, along
with mobility devices and hybrid electric vehicles, has resulted
in a growing demand for high-energy rechargeable storage
systems.1−7 However, current lithium-ion batteries (LIBs)
cannot fully meet the energy requirements of emerging high-
power devices, such as electric vehicles and unmanned aerial
vehicles, because they primarily use conventional intercalation-
based oxide cathode materials with limited capacities of 100−
200 mA h g−1.8−10 Thus, considerable attention has been
devoted to the development of alternative rechargeable battery
systems with significantly improved energy densities. Among
various potential systems, Li−S batteries are promising energy
storage devices, which benefit from the high theoretical
capacity of sulfur (1675 mA h g−1), to realize a high theoretical
energy density of 2500 W h kg−1, which is seven times higher
than that of conventional LIBs (∼387 W h kg−1). Furthermore,
sulfur as a cathode material has various advantages, such as
nontoxicity, low cost, and abundance.11−17

Despite the advantages of sulfur cathodes in Li−S batteries,
their application is limited by various issues, including the
insulating properties of sulfur (conductivity of ∼10−30), large
volume expansion of up to 80% when fully charged, and
significant capacity loss during cycling.18−20 In contrast to

insertion-based electrodes, sulfur electrodes exhibit significant
changes in structure and morphology during cycling, leading to
the formation of higher-order (Li2Sn, 2 < n ≤ 8) and lower-
order lithium polysulfides (Li2S2 and Li2S), which act as
insulators. Furthermore, the higher-order lithium polysulfides
dissolve in the liquid electrolyte during the initial discharge
phase, causing a shuttling effect in which the dissolved
polysulfides diffuse to the lithium anode, where they undergo
reduction and then diffuse back to the sulfur cathode. As the
polysulfide repeatedly cycles between the two electrodes, the
active material is continuously consumed, and the lithium
metal−electrolyte interface is destabilized, resulting in
significant capacity reduction.21−25 These issues need to be
addressed to widen the utilization of high-energy Li−S
batteries.

A promising strategy to resolve these issues is to encapsulate
sulfur in a carbon-based matrix to increase the electrical

Received: April 1, 2023
Accepted: June 9, 2023
Published: June 21, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

23799
https://doi.org/10.1021/acsomega.3c02138

ACS Omega 2023, 8, 23799−23805

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joo-Hyung+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hye-Ji+Eun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Su+Hwan+Jeong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihyun+Jang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mihye+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jou-Hyeon+Ahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jungdon+Suk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="San+Moon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="San+Moon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c02138&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02138?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02138?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02138?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02138?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02138?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/26?ref=pdf
https://pubs.acs.org/toc/acsodf/8/26?ref=pdf
https://pubs.acs.org/toc/acsodf/8/26?ref=pdf
https://pubs.acs.org/toc/acsodf/8/26?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c02138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


conductivity of the cathode and prevent the direct dissolution
of higher-order polysulfides.26−31 Various forms of mesoporous
carbon have been investigated and depending on the pore
diameter, small pores (particularly nanopores) are effective in
capturing higher-order polysulfides. Many studies have been
conducted to predict dissolution inhibition effects due to the
similar order of magnitude of the surface pore diameter of
mesoporous carbon and the chain length of high-order
polysulfide. However, such cathode designs could not
completely mitigate the dissolution of polysulfide, as sulfur
remains on the surface of mesoporous carbon, leading to the
shuttling effect. Therefore, a unique structure that physically
blocks the organic electrolyte but allows the passage of lithium
ions should be developed to construct an ideal battery that
selectively and electrochemically uses sulfur.32−34

In this study, we developed sulfur-infiltrated hollow carbon
spheres (S-HCSs) with a conductive polymer poly(3,4-
ethylenedioxythiophene) (PEDOT) coating layer (S-HCS@
PEDOT). As the inner sulfur evaporates, the outer carbon
layer remains intact, forming small pores in the HCS. The
internal space of the HCS can store a large amount of bulk
sulfur. The sulfur binds strongly to the numerous mesopores in
the inner carbon layer, preventing the loss of sulfur during the
charge−discharge process in a stable space, thus increasing the
overall electrode loading. The thin carbon layer facilitates the
diffusion of lithium ions while providing a high electrical
conductivity, enabling a high battery performance. By covering
the outermost carbon layer with a conductive polymer layer
(PEDOT) of optimized thickness, an optimal structure that
can prevent polysulfide elution can be created.17,25,35−39 The
PEDOT layer coated onto the surface of the S-HCS improves
the trapping of polysulfides and serves as a buffer layer to
accommodate sulfur volume changes. This electrode design
can improve the electrical performance of Li−S batteries by
resolving the issues of conventional electrodes.

2. RESULTS AND DISCUSSION
2.1. Physical Characterization of S-HCS@PEDOT. The

key concept of the proposed electrode design is the embedded
sulfur in HCS and the conductive polymer layer coating with
minimal wall thickness. As schematically summarized in Figure
1, encapsulated SnO2 in the carbon sphere was synthesized via
a hydrothermal reaction (Figure 1a). First, SnO2 was reduced
to tin metal by carbon during heating at 800 °C in a high-
purity N2 atmosphere. Subsequently, HCSs with an internal
carbon network structure were eventually formed (Figure 1b).
As a process for synthesizing hollow carbon spheres, 2−3 nm-
sized SnO2 primary particles gather to form 70 nm-sized
SnO2@C secondary particles, and the subsequent heat
treatment and etching process creates a myriad of porous
structures in the carbon inner/outer shell. This provides a
favorable structure for sulfur infiltration and also traps lithium
polysulfide generated during the electrochemical reaction.
Numerous micropores with sizes of 0.7−1.4 nm were formed
in the carbon spheres, as reported earlier.40−42 The HCS and
sulfur were sequentially annealed to enhance sulfur infiltration
into the micropores. The first annealing process at a lower
temperature of 155 °C causes sulfur atoms to be trapped in the
mesoporous surface. The second annealing process at a higher
temperature of 300 °C sublimates the bulk sulfur atoms on the
surface of the HCS. This process facilitates the formation of an
optimized structure, in which sulfur is selectively adsorbed only
on the inner surface. Subsequently, the S-HCSs were

homogeneously coated by PEDOT. The procedure is
described in detail in the Methods section, and each step in
the procedure has a significant effect on the electrochemical
properties of the final cell. The as-prepared SnO2-carbon
sphere is a critical structure that governs the electrochemical
properties because the hollow dimensions and pore sizes are
affected by the amount and size of SnO2 particles in the carbon
sphere. The ratio of the tin and carbon sources can be
optimized to increase the pore dimensions and form a thin and
rigid hollow carbon shell (∼2 nm), facilitating more efficient
sulfur infiltration and maximizing the sulfur content. In the
initial SnO2-carbon particles, small primary particles of SnO2
aggregate to form structures with sizes less than 5 nm, which
subsequently form 50 nm secondary particles; the carbon
nanolayer surrounds the surface of these secondary particles.
Therefore, by controlling the amount of Sn precursor, the
overall size of the final HCSs can be controlled, and the
thickness of the carbon wall can be varied by controlling the
amount of carbon precursor.

The carbon wall with an appropriate thickness facilitates the
reaction between lithium ions and internal sulfur and helps
maintain a stable morphology when internal SnO2 is reduced
during the heat treatment. Conversely, thicker carbon walls are
formed when larger amounts of carbon precursors are used,
resulting in smaller pore dimensions and severe damage of the
carbon shell when removing Sn, as shown in Figure 2c.
Because microscopic cracks in the carbon wall are inevitably
generated during the reduction process, the sulfur in the
micropores of the HCS come into direct contact with the
electrolyte, resulting in polysulfide dissolution. Therefore, in
addition to optimizing the carbon wall thickness, the
dissolution of polysulfides also needs to be prevented.

Figure 3a−c shows the scanning electron microscopy (SEM)
images of the carbon sphere after each step. As shown in
Figure 3a,b, the morphologies of the carbon spheres with
optimized carbon shells are stable, maintaining the initial
particle shape without severe damage. Figure 3c shows the
SEM image of S-HCS@PEDOT. Although the average particle

Figure 1. Schematic of S-HCS@PEDOT: (a) SnO2@C synthesized
via a hydrothermal reaction; (b) HCS; (c) S-HCS; and (d) S-HCS@
PEDOT.
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size of S-HCS@PEDOT is similar to that of HCS, the S-
HCS@PEDOT surface is significantly smoother than the HCS
surface. Compared to that of HCS, the surface roughness of S-

HCS@PEDOT particles is reduced. Moreover, the polymer,
which covers the surface cracks caused during the earlier
reductive annealing, is found between the particles and is
indicated by the arrows. The inner pores and polymer layer
were characterized further (Figure 3d−g) via high-resolution
transmission electron microscopy (HRTEM). The HRTEM
images (Figure 3d,e) show that many micropores formed at
the locations where SnO2 once existed. After the sulfur
infiltration process, the pores are filled with sulfur, and the
shade becomes darker, indicating the presence of sulfur (Figure
3f). As described above, the S-HCS was coated with a
conductive polymer before the electrochemical tests to
enhance the electrical conductivity and prevent the dissolution
of polysulfides. After the polymerization of the 3,4-ethyl-
enedioxythiophene (EDOT) monomer on the surface of the S-
HCS particles, an amorphous shell of 5−10 nm in thickness
forms around the S-HCS nanoparticles (Figure 3g and inset).
Elemental mapping using scanning transmission electron
microscopy−energy dispersive X-ray spectroscopy (STEM−
EDS) was used to verify the core−shell structure of S-HCS@
PEDOT (Figure 3h,i). A uniform distribution of carbon and
sulfur atoms is observed, and the carbon atoms are more
widely distributed than the sulfur atoms, thereby forming an
outer wall. Table S1 indicates that as the PEDOT content in
the electrode material increases, the absolute content of sulfur
does not decrease; the relative atomic ratio changes, as
determined through elemental analysis.
2.2. Surface Modification and Chemical Properties of

S-HCS@PEDOT. Figure 4a shows the Fourier transform
infrared (FTIR) spectra of S-HCS and S-HCS@PEDOT
particles. The peaks at 1527 and 1355 cm−1 are attributed to

Figure 2. Morphologies of the as-synthesized SnO2 carbon spheres
and HCSs: transmission electron microscopy (TEM) images of SnO2
carbon spheres generated from (a) large and (b) small amounts of
carbon precursors. A large amount of carbon precursors increases the
carbon shell thickness while decreasing the dimensions of SnO2,
which determines the pore dimensions after heat treatment. (c,d)
SEM images of the HCSs corresponding to the images in (a,b),
respectively.

Figure 3. Characterization of S-HCS@PEDOT: SEM images of (a) HCS, (b) S-HCS, and (c) S-HCS@PEDOT. TEM images of (d) SnO2-carbon
sphere, (e) HCS, (f) S-HCS, and (g) S-HCS@PEDOT, and inset shows a higher-magnification image to clearly demonstrate the PEDOT layer.
EDS elemental mapping results of (h) carbon and (i) sulfur for a single S-HCS@PEDOT particle, showing the embedded sulfur in the HCS.
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the C�C or C−C stretching of the quinoid structure and the
ring stretching of thiophene in PEDOT, respectively. The C−
O−C antisymmetric stretching peaks at 1209, 1148, and 1092
cm−1 and the C−S vibration peaks at 987, 838, and 688 cm−1

originate from the ethylenedioxy group and the thiophene ring,
respectively.36 FTIR analysis confirms the existence of bonds
between carbon and oxygen species, thereby indicating the
successful polymerization of EDOT to form PEDOT, which is
expected to afford multiple advantages, such as the complete
isolation of internal sulfur and good electrical properties.

To verify the structural characteristics of the S-HCS@
PEDOT nanocomposite, X-ray diffraction (XRD) analysis was

conducted on the pure sulfur powder, HCSs, S-HCSs, and S-
HCS@PEDOT, and the results are shown in Figure 4b. The
diffraction pattern of S-HCSs exhibits orthorhombic sulfur
peaks, and no crystal structure changes are observed for the S-
HCS@PEDOT nanocomposite even after polymerization,
although crystallinity is significantly reduced owing to the
amorphous characteristics of HCSs and PEDOT.
2.3. Electrochemical Characteristics of S-HCS@

PEDOT. The electrochemical performance of S-HCS@
PEDOT was evaluated by measurements with coin-type half-
cells. Here, 1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) dissolved in a cosolvent of 1,3-dioxolane and 1,2-

Figure 4. (a) FTIR spectra of S-HCS and S-HCS@PEDOT particles, (b) XRD patterns of pristine sulfur and as-prepared powders after each
synthesis step.

Figure 5. Electrochemical performance of the sulfur cathode: (a) galvanostatic curves of S-HCS and S-HCS@PEDOT in the second cycle at a C-
rate of 0.5 C, (b) cyclic voltammograms of the cathodes at 0.1 mV s−1, (c) discharge capacities of the cathode at a C-rate of 0.5 C, and (d)
electrochemical impedance spectra of the cathodes.
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dimethoxyethane at a volume ratio of 1:1 was used as the
electrolyte. Although the S-HCS shows a significantly higher
discharge capacity than the ball-milled sulfur and HCS
composite, issues remain such as the low cyclability of the
device and the low conductivity of sulfur on the HCS surface.
These drawbacks can be overcome by coating the S-HCS with
conducting PEDOT layers.

To study the electrochemical characteristics of the S-HCS@
PEDOT nanoparticles, the galvanostatic curves were initially
determined at a C-rate of 1 C and 0.5 C, respectively (Figures
5a and S1). The typical two-plateau characteristic was
observed for the sulfur cathode at 2.3 and 2.1 V, corresponding
to the formation of long-chain polysulfides (Li2Sx, 4 ≤ x ≤ 8)
and short-chain Li2S2 and Li2S, respectively. To understand the
role of hollow carbon spheres and sulfur encapsulation on the
porous structure, carbon nanoparticles were mixed with sulfur
and composites were prepared using a conventional heat
treatment process, as shown in Figure S2a,b, respectively. The
electrochemical performances of the first three cycles at 0.5 C
of this composite are shown in Figure S2c, which shows a
lower reversible capacity of about 600 mA h g−1 compared to
S-HCS@PEDOT. Furthermore, cyclic voltammetry (CV)
scans were performed at a scan rate of 0.1 mV s−1, the results
of which are shown in Figure 5b. Consistent with the voltage
profiles (Figure 5a), two reductive peaks at 2.3 and 2.1 V are
observed in the cyclic voltammogram. When the voltage sweep
was reversed, the CV plot exhibited a peak at 2.4 V. This
indicates that two oxidative peaks exist and overlap with each
other, corresponding to the reverse reactions. The CV profile
of the S-HCS sample in Figure 5b is represented by the black
line. The redox peak exists in a similar position; however, its
amplitude is lower than that of the peak observed for S-HCS@
PEDOT. The reason for the small reduction peak observed at
2.4 V is that the cathode’s electrochemical reaction was not
uniform due to the high resistance of the sample that lacked a
PEDOT coating. Additionally, it is believed that the high-order
polysulfide generation reaction was not sufficient during the
first discharge cycle, as shown in the CV profile of the first
cycle. As a result, the reduction peak at 2 V is comparatively
smaller for the sample with the PEDOT coating. In Figure 5a,
the discharge capacity of the second cycle is 970 mA h g−1 at a
current rate of 0.5 C (1 C = 1675 mA g−1), which is higher
than that of bare S-HCS composite because of two reasons.
First, the PEDOT coating prevents the dissolution of
polysulfide, enabling the conversion of more polysulfides to
Li2S, which is evidenced by a significant difference in capacity
in voltage profiles below 2.1 V. Below 2.1 V, the capacity of S-
HCS@PEDOT is significantly higher (∼700 mA h g−1) than
that of S-HCS (∼550 mA h g−1). The solubility of newly
formed high-order polysulfides decreases owing to the
encapsulation by PEDOT. Second, the high electronic
conductivity of PEDOT, which is used as a conductive
coating, can enhance the high-rate performance of insulating
materials. The electrochemical impedance spectra in Figure 5d
show that Rct decreases from 96 (S-HCS) to 80 Ω (S-HCS@
PEDOT) after PEDOT encapsulation, which indicates that the
conductive PEDOT shell facilitates electrical conduction.
These findings suggest that the encapsulation of high-order
polysulfides by the conductive polymer promotes electron
transfer, enhances the Li+ diffusion path, and contributes to the
formation of a uniform reaction environment. In contrast, for
S-HCS with exposed sulfur particles, the reduction step is
limited to sites in contact with the conductive network.

Moreover, high-order polysulfides may be reduced to insoluble
low-order polysulfides (Li2S2 and Li2S) that act as insulators
near the surface, which may hinder the reduction of
polysulfides away from the contact sites. This would lead to
a rapid increase in the polarization of the electrode at a high C-
rate.

The cycling performance, which is an important and
challenging aspect of Li-ion cell operation, was also evaluated
in the galvanostatic mode. The discharge capacities were
measured at a C-rate of 1 C, while maintaining the charge rate
at 0.5 C. As shown in Figure 5c, after 50 cycles at 1 C, the S-
HCS@PEDOT cells show better capacity retention compared
to the S-HCS cells. After 50 cycles, the capacity of S-HCS
decreased to ∼53% of its initial discharge capacity, whereas the
3.6% PEDOT-coated S-HCS retained ∼78% of its initial
discharge capacity. The enhanced cycling performance results
from PEDOT encapsulation, which restricts the diffusion of
polysulfides, thereby alleviating the self-discharging and
shuttling effects. Furthermore, the PEDOT buffer layer can
effectively accommodate the volume changes during the
cycling process. However, for samples with higher PEDOT
contents (6.9% and 15.5% PEDOT), the PEDOT coating layer
was thick, which hindered electron migration or Li+ diffusion
and deteriorated the cathode performance.

3. CONCLUSIONS
We successfully fabricated a double-layered nanostructure
electrode that could prevent the dissolution of lithium
polysulfide, a significant issue that limits the performance of
conventional Li−S batteries. The nanostructure comprised S-
HCS with a PEDOT coating layer. Using our synthesis
method, the thickness of the amorphous carbon−PEDOT
double layer could be easily controlled. The inner carbon
matrix and PEDOT layer could store large amounts of sulfur
through encapsulation and provide abundant electron trans-
port active sites, enabling the rapid transfer of electrons.
Moreover, the PEDOT layer served as a shielding layer against
electrolytes which cause the dissolution of polysulfides. Owing
to these structural advantages, our S-HCS@PEDOT cathode
material showed excellent electrochemical properties, such as a
high discharge capacity (970 mA h g−1) and low electrical
resistance (80 Ω). This study offers a facile and cost-effective
strategy to construct three-dimensional nanostructured sulfur
cathodes with a thin carbon layer and conductive polymer
coating for Li−S batteries.

4. METHODS
4.1. Preparation of the HCSs. The SnO2@C spheres

were synthesized via a simple hydrothermal method, in which
4.0 g of glucose and 0.214 g of Na2SnO3·H2O (molar ratio of
25:1) were dissolved in 40 mL of deionized water and then
stirred for 30 min. This solution was transferred to a 50 mL
Teflon-lined stainless-steel autoclave and heated to 160 °C for
15 h, followed by washing with deionized water and drying at
50 °C for 24 h. The obtained SnO2@C spheres were heated to
800 °C in a N2 atmosphere for 12 h and then washed with 12
M HCl to remove residual Sn.40

4.2. Preparation of S-HCSs. The HCSs and sulfur (weight
ratio of 1:3) were mixed via ball milling for 12 h. The mixture
was heated to 155 °C for 12 h in a closed vessel to promote
sulfur infiltration and then heated to 300 °C for 2 h in an inert
atmosphere to remove any residual sulfur.
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4.3. Preparation of the S-HCS@PEDOT Nanocompo-
site. The as-prepared carbon composites and FeCl3 were
added to 250 mL of deionized water and mixed for 2 h. The
EDOT monomer was first dissolved in 10 mL of deionized
water containing 0.025 g of polyvinylpyrrolidone, and the
solution was then slowly added to the mixture of S-
nanoparticle solution and FeCl3 for polymerization. The
resulting mixture was stirred for 24 h at room temperature.
After polymerization, 100 mL of 1 M HCl was added, and the
remaining solid was then collected and diluted with deionized
water until a neutral pH was reached. The product was dried at
50 °C for 48 h under vacuum to produce the S-HCS@PEDOT
nanocomposites.
4.4. Characterization. The weight fractions of carbon and

sulfur were determined using an elemental analyzer (Flash
2000, Thermo Scientific). The morphologies of the materials
were observed using field-emission SEM (FE-SEM, Hitachi S-
4800) and field-emission transmission electron microscopy
(FE-TEM, Tecnai G2 F30 S-Twin). Energy-dispersive X-ray
spectroscopy elemental mapping (Tecnai G2 F30 S-Twin) was
performed to visualize the location of each element. The XRD
data were recorded on a diffractometer (Model D/MAM 2500,
Rigaku Co.) using Cu Kα radiation (λ = 1.5406 Å at 40 kV and
300 mA) and were collected over a 2θ range of 10−40°.
4.5. Electrochemical Measurements of S-HCS@

PEDOT. For electrochemical measurements, 2032-type coin
cells (MTI Corporation) were assembled in an argon-filled
glovebox. The prepared sample and lithium foil (Alfa Aesar)
were used as the working and counter/reference electrodes,
respectively. The typical mass loading of the active material
was approximately 1.0 mg cm−2. The electrolyte was prepared
by dissolving 1 M LiTFSI in cosolvents of 1,3-dioxolane
(anhydrous, contains ∼75 ppm butylated hydroxytoluene as an
inhibitor, 99.8%, Sigma-Aldrich) and 1,2-dimethoxyethane
(anhydrous, 99.5%, Sigma-Aldrich) at a volume ratio of 1:1.
Before preparing the electrolyte, the solvents were placed in
molecular sieves for 24 h to remove moisture. Polypropylene
membranes (Celgard Inc.) were used as separators. Galvano-
static measurements were performed in the potential range of
1.0−3.0 V vs Li/Li+ using a battery cycler (WonATech
WBS3000). For the rate capability tests, the charge rate was
fixed at 0.5 C in the constant-current mode, and the discharge
rate was varied from 0.5 to 10 C (1 C = 1675 mA g−1). CV
measurements were obtained in the potential range of 1.0−3.0
V vs Li/Li+ at a scan rate of 0.1 mV s−1 using a multichannel
battery tester (Biologic VMP3). All electrochemical measure-
ments were conducted at 25 °C.
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