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Abstract

Lithium-sulfur batteries (LSBs) have emerged as promising power sources for
high-performance devices such as electric vehicles. However, the poor energy
density of LSBs owing to polysulfide shuttling and passivation has limited their
further market penetration. To mitigate this challenge, two-dimensional (2D)
siloxene (2DSi), a Si-based analog of graphene, is utilized as an additive for sulfur
cathodes. The 2DSi is fabricated on a large scale by simple solvent extraction of
calcium disilicide to form a thin-layered structure of Si planes functionalized with
vertically aligned hydroxyl groups in the 2DSi. The stoichiometric reaction of
2DSi with polysulfides generates a thiosulfate redox mediator, secures the inter-
calation pathway, and reveals Lewis acidic sites within the siloxene galleries. The
2DSi utilizes the corresponding in-situ-formed electrocatalyst, the 2D confine-
ment effect of the layered structure, and the surface affinity based on Lewis
acid-base interaction to improve the energy density of 2DSi-based LSB cells.
Combined with the commercial carbon-based current collector, 2DSi-based LSB
cells achieve a volumetric energy density of 612Wh L. ' at 1 mA cm > with
minor degradation of 0.17% per cycle, which rivals those of state-of-the-art LSBs.
This study presents a method for the industrial production of high-energy-
dense LSBs.

KEYWORDS
2D confinement effects, Lewis acid—base interactions, lithium-sulfur batteries, siloxenes,
thiosulfate-polythionate redox couple
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1 | INTRODUCTION

Electric vehicles and grid-scale energy storage systems
require batteries to power them for their widespread
applications. The current state-of-the-art battery tech-
nology is lithium-ion batteries (LIBs), the performance of
which is, however, already close to the theoretical limits
(240-460 Whkg™' and 640 WhL™")' " and the cost re-
duction of which progresses slowly (~$100 kWh™').* To
make electric vehicles competitive with gasoline cars,
batteries need to be improved in terms of energy density
(greater than 400 Wh kg™ and greater than 600 Wh L™"),
power density (1000 Wkg™' and 2000 W L™"),>>° cycle
stability (greater than 1000 cycles), safety, and cost (less
than $100kWh™"). Such demands have led to research
on lithium-sulfur batteries (LSBs) based on an electro-
chemical reaction between lithium and sulfur to form
Li,S. LSBs not only show a high energy density
(~2500 Wh kg_1 and ~2800 WhL™!) due to their chem-
istry but also use inexpensive, abundant, and ecofriendly
sulfur as an active material. Moreover, the manufactur-
ing process of LSBs can adapt to that of LIBs without
significant modifications.’

With the same dimensions of the cell components,
LSBs must have an areal capacity higher than that of the
commercial LIBs (~4mAhcm™2) to effectively replace
LIBs in high-performance devices.”” In addition, given
the operating potential of 2.1V versus Li/Li*, the capa-
city of LSBs needs to be at least doubled as compared to
that of LIBs with a working potential of 3.5-4.0 V versus
Li/Li*. Assuming a sulfur-utilization efficiency of
60%-80%, this, in turn, requires an areal sulfur loading of
6-8 mg cm™>. However, despite the vast amount of re-
search on every aspect of batteries, including a cathode,
anode, separator, binder, and electrolyte, such high re-
quirements in areal sulfur loading only emerged
recently.'’ Researchers have paid considerable attention
to mitigating polysulfide shuttling at a low areal sulfur
loading of ~2 mg cm™2. A question arises as to whether or
not these strategies are still valid under the high areal
sulfur-loading conditions (i.e., greater than 6 mgcm™2).
Growing concerns stem from the simple calculation that,
assuming a utilization efficiency of less than 60% typical
for the high-sulfur-loading conditions, the sulfur loss
mostly into the electrolyte corresponds to greater than
2.4mgcm 2, exceeding the low-sulfur-loading condi-
tions. Under the high loading conditions, it is reasonable
to believe that the polysulfide shuttling is intensified
enough to neutralize the strategies suggested in the low
loading conditions.'"'* Manthiram et al.'” demonstrated
that high-sulfur-loading conditions (in the range of
6-61.4mgcm™?) induce substantial passivation of a Li
metal anode with Li,S even in the presence of a highly
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efficient porous carbon supporting material. In parti-
cular, Li,S passivation will be a huge concern when using
a stoichiometric amount of Li metal anode, which is
crucial for achieving high-energy-dense LSBs.'* This
justifies further research efforts and demands for high-
sulfur-loading systems.

To alleviate the highly intensified polysulfide shuttling
as well as the intrinsic insulating property of sulfur, high-
sulfur-loading LSB cells (or cathodes) still require porous
conductive supporting material.'” Conductive supporting
materials must have a large pore size (greater than 10 nm)
and high specific pore volume (greater than 2cm®g™) to
efficiently accommodate a large amount of sulfur and its
volume expansion by 180% during repeated charge/dis-
charge cycles. However, such large pores are prone to
substantial polysulfide shuttling due to the decreased
physical confinement effect: At large pore size ranges, the
interaction between polysulfides and the pore wall of the
conductive supporting material becomes negligible, and
thus, this pore size will have no significant effect on the
diffusive transport of polysulfides.'® This suggests that
high-sulfur-loading cathodes need to be supplemented with
additives (or functionalities) that can provide a strong af-
finity to polysulfides and, if possible, facilitate their redox
reactions quickly toward the ultimate insoluble products,
that is, Li,S, (x <2). Various potential additives have been
introduced including transition-metal carbides/nitrides/
oxides with a polar surface, carbonaceous materials mod-
ified with polysulfide-philic N-, O-, and S-heteroatoms,
MZXenes, and metal-organic frameworks with Lewis acidic
metal sites.'”'” Previous studies have reported that these
functional materials enable highly efficient polysulfide re-
tention via chemical adsorption with a low concern of
nanostructure. Moreover, some of these functional mate-
rials with a redox potential between 2.4 and 3.05V versus
Li/Li* or surface hydroxyl groups are also capable of
mediating thiosulfate formation in the presence of poly-
sulfides. These in-situ-formed insoluble thiosulfate species
further strengthen the chemical adsorption of polysulfides
by forming a polythionate complex, thus significantly en-
hancing the cycle stability.””*"

However, despite the promising capability to retain
polysulfides, it is still unclear whether these chemical
adsorption-based surface strategies can be successfully
implemented at high-sulfur-loading cathodes. Moreover,
most of these studies were performed under relatively
low-sulfur-loading conditions (less than 6 mg cm™2). This
can be attributed to the fact that chemical adsorption
functions only at or near the interface between the host
matrix and the electrolyte. In addition, similar to physical
confinement, these strategies require the delicate control
of the pore structure to maximize the adsorption sites
while minimizing its content. In particular, the contents
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of inactive materials including the sulfur host and ad-
ditives are strictly limited (less than 30 wt%) for achieving
high-energy-dense LSBs. Moreover, the tailoring or large-
scale production of these functional materials has a sig-
nificant impact on the environment.'>**** Therefore, we
explored new multifunctional additives that can be easily
tailored, be produced on a large scale, and function ef-
ficiently under high-sulfur-loading conditions.

Herein, we propose a novel strategy for solving the
technical challenges of immobilizing lithium polysulfides
by utilizing two-dimensional layered siloxene (2DSi) as a
multifunctional cathode material. The 2DSi possesses at-
tractive structural characteristics. For example, its 2D
layers are stacked at a constant interval (0.53 nm), and it
possesses hydroxyl functional groups in the direction
perpendicular to the skeleton of silicon, which is appro-
priate for aligning linear lithium polysulfide molecule
species into the interlayers and for maintaining the in-
teraction between lithium polysulfides and 2DSi. In ad-
dition, a rich hydroxyl (or oxygen) functional group was
formed in the 2DSi to form a highly polysulfide-philic
surface, which can increase the wettability of the 2DSi
with an organic electrolyte and enable reversible ad-/
desorption such as oxygen with lithium cation and silicon
with polysulfide anion and the stoichiometric reactivity of
the 2DSi, thus inducing the in-situ formation of the
polysulfide redox mediator thiosulfate. Moreover, these
structural properties not only conferred high tortuosity to
the lithium polysulfide diffusing pathway from the cath-
ode to the organic electrolyte but also enabled the main-
tenance of an excellent cycling performance under high-
sulfur-loading conditions. We demonstrated that the
polysulfide trapping ability (7.49 mAh cm ™2 at 1 mA cm %)
of the additive material can be retained for 200 cycles with
a large average Coulombic efficiency of 97% under a high-
sulfur-loading condition (10mg Scm™2). The enhanced
electrochemical performance indicates the effectiveness of
the aromatic silicon-based hydroxyl (or oxygen) functional
group-containing 2D material for achieving a high-sulfur-
loading cathode with a high utilization efficiency of 44.8%.

2 | EXPERIMENTAL SECTION

2.1 | Synthesis of 2DSi

Removal of calcium from calcium disilicide (Ca;
30%-33%, Si; 60%-62%, CaSi,; Sigma-Aldrich) was
achieved by simple solvent extraction according to the
following chemical equation:

CaSiZ + HCI + H20 - Caclz + H, + SIGH3(OH)3 (1)

CaSi, (20g) was treated with a high-concentrated
hydrochloric acid at room temperature (RT) under a N,
atmosphere overnight (12 h). Special precautions are re-
quired to prevent explosions due to massive hydrogen
evolution. The yellow-green powder was recovered after
filtering, washing with acetone, and finally drying the
slurry at 80°C under vacuum. The resulting siloxene
(SigH3(OH)3) is referred to as 2DSi. All chemicals were
used without additional purification.

2.2 | Electrochemical measurements
2DSi electrodes were prepared using the slurry casting
method. For slurry preparation, 2DSi powder (70 mg),
Super P (20 mg), and poly(vinylidene difluoride) (PVdF)
binder (10 mg) were dispersed in N-methyl-2-pyrrolidone
(NMP). The homogeneous mixture was obtained after
sonicating for 3h and stirring overnight. The resulting
uniform slurry solution was cast onto carbon cloth (CC)
or carbon nanotube (CNT) bucky paper and then dried in
a vacuum oven at 120°C for 24 h. The areal loading of
2DSi on CC (or CNT paper) was estimated to be about
2-6 mg cm™ 2. Details of CC and CNT are given in the
Supporting Information Materials.

The cell was assembled in an Ar-filled glovebox with
impure oxygen and H,O less than 0.1 ppm. 2DSi on CC
(or CNT paper; 2DSi'CC, 2DSi'CNT), a Celgard 2000
membrane (19 mm), and a lithium metal foil (@: 10 mm,
thickness: 0.75 mm) were used as the working electrode,
separator, and counter electrode, respectively. These
cell components were all sealed in a CR2032 coin cell
using a manual coin cell crimper. We added a stainless-
steel current collector and spring to the lithium metal
disc to maintain the electrical contact between the li-
thium metal and the negative cell case during electro-
chemical characterization. The electrolyte used was 1 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
with 1 wt% LiNOj; dissolved in 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME) (1:1, volume/volume). The
sulfur source was 1 M Li,Sq dissolved in the electrolyte.
The catholyte was prepared according to the method
described elsewhere.”* Depending on the target areal
sulfur loading (2-10mg sulfur cm™2), a different
amount of the catholyte solution was applied to the
2DSi'CC electrode. Then, we added different amounts of
the electrolyte solution to the membrane separator to
maintain the ratio of (electrolyte and catholyte) volume
to sulfur weight of 13 uL mg™'. Galvanostatic cycling
using the potential limitation (GCPL) technique was
carried out on the WBCS3000S (WonATech) in the po-
tential range between 1.8 and 2.6V versus Li/Li* at
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different areal current densities (1-4 mA cm™2). Cyclic
voltammetry (CV) at a scanning rate of 0.01mVs™'
within the potential range of 1.0-3.0 V versus Li/Li* and
electrochemical impedance spectroscopy measurements
with the frequency range of 500kHz-0.05Hz were
conducted on a VSP potentiostat (Bio-logic). Both spe-
cific capacity and current density were calculated based
on the area of the cathode (1.54 cm?).

3 | RESULTS AND DISCUSSION
3.1 | Structural characterization of 2DSi

Among several stable Zintl silicides, calcium disilicide
(CaSi,) is the only compound that contains inter-
connected six-membered rings of Si atoms. These rings
are extended into the 2D layers and thus form an anionic
corrugated sheet-like structure held together by alter-
nating layers of Ca®* similar to graphite® (Figure 1A). In
addition, the covalent Si-Si bonds can remain stable

(A)
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under harsh conditions, thus enabling the large-scale
synthesis of a Si-based sheet-like structure full of Lewis
acidic sites via a simple solvent extraction of Ca®**".”°
Furthermore, controlled chemical modification of the Si
skeleton can be simultaneously achieved by simply
changing the Ca?* extraction temperature (—20°C to
25°C), the introduction of thiosulfate-mediating hydroxyl
groups by which is the aim of this study.

As shown in the X-ray photoelectron spectroscopy
(XPS) survey spectra (Figure S1 and Table S1), the Ca**
extraction process reduced the Ca content of the CaSi,
from 9.8 at% to less than 1.3 at% and reduced the Ca/Si
molar ratio from 0.57 to 0.03, indicating the substantial
removal of Ca** binding layers in the CaSi, by the simple
solvent extraction method. This result is further con-
firmed by the complete disappearance of the CaSi,
characteristic peaks at 17.3°, 26.8°, 33.8°, 39.9°, and 42.3°
in the powder X-ray diffraction (XRD) pattern of CaSi,
(Figure S2a), corresponding to (001),(101),(107),(10
10), and (0 1 11) reflections (JCPDS No. 01-075-2192),
respectively.”” In addition, a layered structure with

(B)
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FIGURE 1 2DSi: (A) Schematic description of the solvent extraction and the resulting chemical structure, (B) TEM image, (C) SEM

image with an inset image of higher magnification, (D) Raman spectra,

(E) PL spectra, and (F) DRS UV-vis spectra with an inset of the Tauc

plot. 2DSi, two-dimensional siloxene; DRS, differential reflectance spectroscopy; PL, photoluminescence; SEM, scanning electron

microscopy; TEM, transmission electron microscopy
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parallel planes was observed after the removal of Ca*",
which emerged from the smooth-surfaced polygonal
crystals of CaSi, (Figures 1B and S3a). The estimated
interlayer spacing between the 2D graphite-like layers is
approximately 0.53 nm, with a moderate-intensity peak
at 17.3° in the XRD pattern corresponding to the (0 0 1)
reflection (Figure S2b).

The transparent particles shown in the TEM images
indicate that the 2DSi consists primarily of few-layer (or
thin) nanosheets with a lateral dimension of less than
500 nm much smaller than that of pristine CaSi, particles
(100-500 um) (Figure 1B). In addition, these nanosheets
maintain their graphite-like stacked structure at rela-
tively low temperatures (25°C). Note that the graphite
oxide is substantially exfoliated via thermal expansion,
which requires a temperature as high as 900°C at a fast
heating rate.”® Only a part of the plate-like particles of
2DSi is exfoliated, while the rest is divided into smaller
pieces during the hydrogen evolution between adjacent
layers, which is immediately initiated with heat genera-
tion after the addition of an aqueous HCI solution to the
CaSi, powders. In addition, the reaction is accompanied
by a substantial volume expansion of the powder ap-
proximately three times, and a change in the powder
color from dark gray to yellow-green (Figure S3b). This
can be attributed to the fact that the nanosheets are, in
part, held by intermolecular interactions such as van der
Waals forces or hydrogen bonding, indicating the in-
troduction of surface-functional groups (hydroxyl
group).”” In addition, this can also be partly attributed to
the prevention of the exfoliation of the stacked na-
nosheets by the remaining Ca®* bridge™ (Figure 1C).

The in-plane crystal structure of the (Si,)* sheets in the
parent CaSi, is well preserved in the 2DSi. A dominant
peak is observed at 515 cm™" in the Raman spectrum of the
2DSi (Figure 1D), and a broad peak is observed in the range
between 380 and 410 cm™!, which is similar to that of
CaSi,.”" However, the slight shift of the Raman spectra of
the 2DSi in comparison to that of CaSi, can be attributed to
the weak interlayer bonding of the 2DSi. The peaks ob-
served in the Raman spectrum of the 2DSi can be assigned
to the 2DSi planes rather than to its oxidation products (i.e.,
Si rings [470cm™'] or chains [broad peak at 482cm™']),
indicating that the oxidation that occurred in the 2DSi is
marginal even after the harsh chemical extraction. This is
consistent with the fact that the 2DSi planes are more
stable against thermal or chemical oxidation than Si rings
or chains® (Scheme S1). In addition, a peak is observed at
519 nm in the yellow-green photoluminescence (PL) spec-
trum of 2DSi (Figure 1E), which can be assigned to the
2DSi planes, whereas the emission peak of Si rings/chains-
based Si materials is observed above 540 nm.”"** Further-
more, a highly ordered Si-based crystal lattice is observed in

the high-resolution TEM images and selected area electron
diffraction (SAED) pattern (Figure S4): 2DSi has a lattice
parameter of 0.317 nm in the a-direction similar to that of
siloxene (chemical structure, SigHz(OH);, with ape, of
0.333+0.018 nm).”>** Such an ordering prevails over the
samples, as supported by a strong XRD peak at 28.5° cor-
responding to the (1 0 0) reflection with a d;g of 0.312 nm
(Figure S2c). These lattice parameters of TEM and XRD
analyses are consistent with those reported in previous
studies.** Therefore, we ensure the selective removal of the
Ca®" interlayer by the chemical extraction, while main-
taining the characteristic crystal structure of the corrugated
Si (11 1) plane of CaSi,, which is crucial for fully exposing
the Lewis acidic Si sites on 2DSi.”’

2DSi is a semiconductor based on sp>-hybridized Si
that is more energetically favored than the semimetallic
sp>-hybridized Si.”* On the basis of the linear fitting of
the absorption edge of the Tauc plot, the optical band
gap of the 2DSi is estimated to be approximately 2.62 eV
(Figure 1F), which is consistent with the theoretical
value (2.75 eV) of hydride terminated silicane or layered
polysilane.”” Owing to the sp® coordination of a Si atom,
it is presumed that all of the Si atoms of Si planes
contain either H or OH termination. The OH termina-
tion content, which is beneficial for the formation of the
thiosulfate redox mediator, can be increased by in-
creasing the extraction temperature.”’”” Weiss et al.
suggested that one of the siloxene derivatives prepared
at a moderate temperature such as 0°C consists essen-
tially of Si planes terminated by alternating H and OH,
that is, SigH;(OH),.”® Therefore, we performed the ex-
traction at an elevated temperature (20-25°C) to in-
crease the content of the surface OH terminal groups.
The XPS survey scan indicates that the surface oxygen
content of the 2DSi is as high as 45.6 at%, confirming
the introduction of a large amount of surface OH
groups. The presence of Si-OH (103 eV), Si-O (108 eV),
Si-0-Si (532 eV), and Si-OH (536 eV) bonds is revealed
in the high-resolution XPS Si 2p (Figure Slc) and O 1s
(Figure S1d) spectra. The FT-IR spectrum (Figure S5)
also identifies several Si-H and Si-OH modes in the
2DSi similar to those found in Wohler or Weiss silox-
ene: Si-H bending at 640cm™", Si-H stretching at
2100cm™", Si-H, wagging and scissors in the range
between 835 and 870 cm ™', O-H bending at 1620 cm™ ",
and O-H stretching in the range between 3400 and
3580 cm ™. Partial insertion of oxygen into 2DSi planes
is also seen by the Si-O-Si stretching mode at
1050 cm™"' and O-Si-H stretching at 2200cm™'. The
single peak structure of the former confirms the low
oxidation level of the 2DSi plane, while the latter cor-
responding to the Si-H back-bonded by O reveals the
vertical alignment.”'
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3.2 | Intercalation capability of the 2DSi
toward sulfur and high polysulfides

The 2DSi powder showed a negligible Brunauer—
Emmett-Teller (BET) surface area of 7 m* g—* and a pore
volume of 0.007 cm® g~' (Figure S6), suggesting ex-
panded roles of 2DSi more than conventional additives
under high-sulfur-loading conditions. One possibility is
the partial intercalation of polysulfides and lithium ions
into the galleries between the siloxene layers. Given the
interlayer distance (0.53 nm) and siloxene layer thickness
(0.44nm), the intercalation of elemental sulfur (eight-
membered ring structure of 0.546-0.687 nm) or linear
polysulfides (e.g., Li,Sg of 0.534-0.596 nm) into the 2DSi
is still ambiguous.”’”® Recent publications, however,
imply that a high surface area and a large pore size (or a
large interlayer distance) may not be sufficient for in-
tercalation of sulfur species: Carbon zeolite (pore size:
0.46 nm, BET surface area: 876 m? g_l, pore volume:
0.93cm® g™, and sulfur uptake: 40-60 wt%),” graphite
oxide (interlayer space: 0.35nm, sulfur uptake: 52wt
%)," and layered double hydroxides (MgAl-NO;-LDH,
interlayer space: 0.32nm, BET surface area: 10 m*g™ %,
sulfur uptake: 30wt%)'' showed infiltration and inter-
calation behavior of sulfur species into the small micro-
pores and interlayers, respectively. These studies suggest
that large elemental sulfur (or high polysulfides) can be
broken down into shorter sulfur species (S,*, 2 <x < 6)

CARBON ENERGY-WILEY

that (1) feature a flat-lying arrangement in the layers, (2)
remain stable when confined in the interlayer space, and
(3) allow further (electro-)chemical reactions. These
findings motivated us to attempt intercalation reactions
in the 2DSi.

Surprisingly, the 2DSi allows the intercalation of
sulfur into the interlayer space. For the intercalation
reaction, the 2DSi was impregnated with a sulfur solu-
tion in carbon disulfide, after which the excess sulfur on
the surface or in the interstitial space between the 2DSi
particles is removed by an additional washing procedure
with pure carbon disulfide. The amount of intercalated
elemental sulfur is estimated by thermogravimetric
analysis (TGA) to be approximately 7.51 wt%, which is
lower than that of the intercalation uptake (30 wt%) of
MgAl-NO,-LDH, which can be attributed to the smaller
interlayer distance of the 2DSi due to its layer thickness
(Figure 2A). This result translates into a sulfur uptake
capability of 0.04305 cm® per 1 g of 2DSi (see Calculation
S1), which is significantly higher than the pore volume
(0.007 cm® g ") of 2DSi. This suggests that the intercala-
tion of sulfur species into the interlayer is higher than the
surface adsorption of the pores. The absence of the
multiple crystalline (elemental) sulfur peaks in the XRD
pattern of the resulting 2DSi confirms the homogeneous
distribution of sulfur within the layers (Figure S7).
In addition, the interlayer distance and intensity of the
(1 0 0) reflection at 28° slightly increased, further
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FIGURE 2 Sulfur-infiltrated 2DSi: (A) TGA curves and (B,C) XRD patterns. Li,S¢-infiltrated 2DSi: (D) UV-Vis spectra of the
2DSi-treated Li,Sg solution (2.5 mM, 10-75 mg 2DSi) and (E,F) XRD patterns. 2DSi, two-dimensional siloxene; TGA, thermogravimetric

analysis; XRD, X-ray diffraction
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confirming the intercalation of sulfur into the galleries
(Figure 2B,C). Furthermore, the interlayer space of the
2DSi could accommodate polysulfides, which is con-
firmed by the XRD results. To investigate this, 1 M Li,S¢
dissolved in 1 M LiTFSI-DOL:DME (1:1, volume/volume)
was infiltrated into the 2DSi, to directly simulate the
polysulfide trap capability of the 2DSi (Figure S8). The
peak intensity in the UV-Vis spectrum of the 2DSi in
the range between 340 and 360 nm, which corresponds to
S¢”", gradually decreases with an increase in the content
of the 2DSi powder and finally becomes negligible when
the 2DSi content is higher than 25 mg (Figure 2D).*” The
almost complete removal of the peak indicates the spe-
cific affinity of the 2DSi to polysulfides based on che-
misorption rather than physisorption reaching an
equilibrium. Notably, the 2DSi powder preserved its
layered structure with or without infiltration of sulfur
species, as evident from the intact (0 0 1) peak in the
powder XRD pattern of the 2DSi (Figure 2E). In addition,
unlike typical 2D materials, the 2DSi hardly underwent
re-stacking or structure collapse induced by guest mole-
cules, which lead to the substantial loss of the intrinsic
properties of the 2D material.”* These results suggest that
the layered structure of the 2DSi, resulting from Cca**
extraction, can accommodate sulfur species within the
interlayer space. In addition, the layered structure acts as
a physical confinement to 2DSi after consuming the
surface-functional groups by reacting with sulfur or
polysulfides to secure the intercalation pathway. In ad-
dition, the abundant internal Si-based Lewis acidic sites
and surface-functional groups on the layered 2DSi are
easily accessible by polysulfides and exert strong attrac-
tive forces on the polysulfides. Furthermore, the hydro-
gen evolution during Ca®* extraction may further secure
the transport paths for electrolyte and sulfur species.

3.3 | Electrochemical characterization
of the 2DSi-based LSB cells

The electrochemical characterization of 2DSi in LSBs was
performed by loading 2DSi particles on a carbon cloth
(2DSi'CC). Carbon cloth (CC) is used as a free-standing
sulfur supporting material and as a current collector. The
CC efficiently generated polysulfides owing to its high
surface area and uniform micropores of approximately
1.1 nm.” For example, the CC (20 mgcm™>) generates a
capacity of 2.5mAhcm > from the higher plateau
(Figure S92) at an areal sulfur loading of 10 mg S cm ™2 and
a current density of 1 mA cm™. This corresponds to a high
polysulfide utilization efficiency of 61.4%, under the as-
sumption of an ideal capacity of 4.07 mAh cm™? for the
higher plateau (Figure S9 and Calculations S2). Moreover,

the CC is prone to passivation at an areal sulfur loading of
over 6mgcm > and a current density of 1 mA cm™2 This
precludes further reduction and thereby provokes poly-
sulfide shuttling, resulting in a poor total sulfur utilization
efficiency of 23.9% and significant capacity degradation
after 77 cycles (Figure S9 and Calculation S2). The capacity
ratio of the lower plateau to the higher plateau is ap-
proximately 0.72, indicating that the capacity generation is
primarily initiated from the reaction of the high poly-
sulfides rather than from the low ones. Note that the ideal
ratio is 3.* Therefore, we chose CC as the model substrate
to investigate the role of 2DSi in suppressing (high) poly-
sulfide shuttling especially under high-sulfur-loading con-
ditions (over 6 mgcm™2). The current density was set at
ImAcm™

As shown in Figure 3, the presence of 2DSi (4 mg cm™2)
significantly affected the electrochemical behavior of CC
(20 mgcm™?) toward sulfur at an areal sulfur loading of
10 mg cm™2. In addition, its catalytic effect is observed pri-
marily on the lower plateau, which is relevant for the re-
duction reaction from high polysulfides (Li,S,, 4 <x < 8) to
low polysulfides (Li,Sy, 1 <x<4) (Scheme S2). The corre-
sponding second cathodic peak shifted by 100mV to a
higher potential value (2.08 V vs. Li/Li*; Figure 3A) in the
cyclic voltammogram (Figure 3A), and its cathodic current
density simultaneously increased by 3.5 times from 0.33 to
1.14 mA cm 2 at a sweep rate of 0.01 mV s~ . Similarly, the
capacity generation from the lower plateau below 2.1V
versus Li/Li* increases from 1.7 to 3.9 mAhcm™? with a
significantly decreased polarization (187 vs. 360 mV), as
shown in the GCPL results at 1 mA cm ™2 (Figure 3B). With
almost the same capacity generation from the higher pla-
teau for both CC (2.5mAhcm™) and 2DSi'CC (3.0 mAh
cm ), the capacity ratio of the lower plateau to the higher
plateau of the 2DSi'CC is calculated to be approximately
1.45, which corresponds to an enhancement factor of 200%
as compared to that of CC (0.72). Consequently, the total
sulfur utilization of CC at an areal sulfur loading of
10 mg cm™? increases from 23.9% to 56.2% with the addi-
tion of 2DSi. In addition, the catalytic effect of the 2DSi on
the lower plateau is maintained for over 200 charge/dis-
charge cycles (Figure 3C), enabling stable LSBs with a high
areal capacity of 7.49 mAhcm™ and only a marginal de-
gradation (0.14% loss per cycle). The performance values of
the 2DSi'CC are comparable to the best values of high-
loading-sulfur cathodes reported so far (Table S2).

The GCPL performance and the impedance of the
2DSi'CC are optimized (or saturated) at an areal loading
of 4mg2DSicm™ and 10mg Scm™2 in the range be-
tween 2 and 6 mg2DSicm > and between 2 and 15 mg
Scm ™2, respectively (Figures S10-S12). In addition, dif-
ferent commercial current collectors (Al, CNT, and CC),
generating different capacities from the higher plateau
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FIGURE 3 Electrochemical characterization of the 2DSi'CC at 10 mg S cm™>: (A) CV diagrams at 0.01 mV s™*, (B) 10th GCPL profiles at

1mAcm™

, and (C) cycle stability. Current collector-dependent GCPL performance at 1 mA cm™2 and 10 mg S cm ™%

2

(D) capacity increase versus areal sulfur loading, (E) enhancement factor versus areal sulfur loading, and (F) capacity generation from the
lower (LPS) and higher plateau (HPS) during the discharge procedure. LSB cell using 2DSi'CNT and Super P pseudo-upper

current collector: (G) Ragone plot and (H) cycle stability at 1 mA cm™2 and 10 mg S cm ™2 2DSi, two-dimensional siloxene;

CNT, carbon nanotube; CV, cyclic voltammetry; GCPL, galvanostatic cycling with potential limitation; LSB, lithium-sulfur battery
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(0.05, 1.09, and 3.07 mAh cm™?, respectively), display a
similar enhancement of the areal capacity at areal sulfur
loadings of 6 and 10 mg Scm™2 as compared to that at
2mg Scm™? (Figure 3D-F and S13). For example, the
capacity generation from the lower plateau of both CC
and CNT at an areal sulfur loading of 10 mg Scm™2 in-
creases approximately twofold with the addition of 2DSi,
whereas that of the higher plateau remains almost con-
stant with an increase of less than 10%. These results
confirm the stoichiometric reactivity of the 2DSi, as well
as its catalytic reactivity, which improves the efficiency of
the 2DSi additive under high-sulfur-loading conditions.
To this end, owing to (1) the low volume fraction of the
void space and inactive carbons in the cathode (e.g.,
switching from CC to CNT), (2) lithium metal anode in
slight excess of 10%, and (3) the Super P pseudo-upper
current collector on the surface of the PP separator
(0.8 mg cm™?), the volumetric energy density of LSB cells
substantially increases from 157 Wh L., ' to 433 Wh
Leen !, and finally to 612Wh Le, * at 1mAcm™ in a
coin cell or 652Wh L' at 0.25mA cm™2 in a pouch
cell (Figure 3G-H). At the different current rates, it
shows good discharge capacity and capacity recovery of
5.9, 4.3, 2.8, and 1.9 mAh cm™2 at different current den-
sities of 0.25, 0.50, 0.75, and 1.00 mA cm ™2, respectively
(Figure S23). The volumetric energy density of the LSB
cells in this study is calculated based on the volume of all
of the cell components including the Li metal anode,
separator, sulfur, conductive carbon additive, polymer
binder, carbon-based current collector, and 2DSi (see the
Supporting Information for the calculation of volumetric
energy density; Figure S14 and Calculation S3). Note
that, except for 2DSi, we only use a commercial carbon-
based current collector (CC or CNT) applicable for fab-
ricating pouch-type cells, and thus, our method is sui-
table for industrial production. Combined with other
well-designed carbon host materials, the performance of
the cell increased significantly. A detailed explanation is
provided in the next section on the mechanistic in-
vestigation of the chemical and electrochemical reactions
between 2DSi and (high) polysulfides.

In addition to the electrochemical equilibrium, we
investigated the electrochemical reaction kinetics of the
2DSi'CC using the power-law equation to verify the cat-
alytic effect of 2DSi. The power-law dependence (b value)
of the second cathodic peak current density (Figure S15)
on the sweep rates changes from the kinetically fast
surface-controlled process (CC, b; =0.769) to the slow
diffusion-controlled (2DSi'CC, b; at 2 mg Scm™2=0.55,
by at 6 mg Scm™>=0.58, and b; at 10 mg Scm ™ > = 0.64)
Faradaic process in the scan rate range between 0.01 and
0.05mVs™!, whereas the b, of the first cathodic peak
current density is maintained at approximately 0.8,

which is close to that of CC*” (Figures S15 and S16). We
attribute this to the significantly increased formation (or
passivation) of insoluble lithium sulfide, leading to
marked polarization enabled by 2DSi, which is consistent
with the results of the equilibrium studies mentioned
above. In addition, the b; value (0.641) of the second
cathodic peak is lower than the b, value (0.879) of the
first cathodic peak of the 2DSi'CC, suggesting that the
liquid-to-solid reaction from high polysulfides to
Li,S,/Li,S must be the rate-determining step for the
overall reduction reactions.*® Furthermore, the 2DSi fa-
cilitates the sluggish electron/ion transfer for the liquid-
to-solid reaction: (1) the b; value increases from 0.55 to
0.641, with an increase in the areal sulfur loading from 2
to 10mg Scm™ 2, (2) Ry, Ry, and Rggp of the 2DSi'CC
remain low (less than 5 Q) after cycling (Figure S17), and
(3) the rate capability of the 2DSi'CC is superior to that of
CC in the current density range between 1 and 4 mA
cm ™2 (Figure S18).

3.4 | Role of 2DSi

The 2DSi facilitates more reduction reaction and thus
generates increased capacity from the high polysulfides.
The selective and reversible deposition of sulfur species
on the 2DSi is confirmed by the XRD pattern, which
reveals the reversible formation of Li,S (JCPDS No. 01-
077-2145, Figure 4A,B), and SEM images with elemental
mapping, which reveals the uneven surface of the 2DSi
due to the formation of sulfur-based material after dis-
charge (Figure 4C,D). The surface deposition of sulfur
species leads to a complete disappearance of the char-
acteristic peak of the Si-Si bond in the Raman spectra of
2DSi at 1.5 V versus Li/Li*, which is reversibly recovered
after removing the sulfur species at 3.0V versus Li/Li*
(Figure 4E,F). In addition, the intercalation of the sulfur
species into the interlayers of the 2DSi is evident from the
disappearance of the (0 0 1) peak in the XRD patterns of
the 2DSi after discharge (Figure 4D).

In addition, the CC-based LSB cells abruptly degrade
after 77 cycles under the high-sulfur-loading conditions,
which is prevented by the addition of 2DSi. Furthermore, the
capacity generation from the lower plateau increased with
an increase in the 2DSi areal loading from 2 to 6 mg 2DSi
cm 2 (Figure S10). The average increase in the lower plateau
capacity induced by 2DSi was calculated to be 0.313 mAh
mg,psi . This result is consistent with the aforementioned
experimental adsorption results (2.5 mmoly ;s ngDSi_l)
(see calculation details in the Supporting Information, Cal-
culation S4). The adsorption of high polysulfides into 2DSi is
an essential step in their electrochemical reaction, which
indicates the heterogeneous (electro-)catalytic reaction. It is
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FIGURE 4 (A,B) XRD patterns of the 2DSi'CC after discharge to 1.5V versus Li/Li* and charge to 3.0 V versus Li/Li*. (C) SEM and
corresponding EDS mapping images of 2DSi'CC after discharge to 1.5V versus Li/Li* and (D) charge to 3.0 V versus Li/Li* in the order of S,
Si, O, F, and C. 2DSi'CC after the discharge and charge cycle. (E,F) Raman spectra of 2DSi'CC after discharging to 1.5V versus Li/Li* and
charging to 3.0V versus Li/Li*. 2DSi, two-dimensional siloxene; CC, carbon cloth; EDS, energy dispersive spectroscopy; SEM, scanning
electron microscopy; XRD, X-ray diffraction
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noteworthy that the parent CaSi, (4 mg cm™>) has no sig-
nificant effect on the electrochemical behavior of CC toward
sulfur, indicating that such (electro-)catalytic sites emerge
after the extraction of Ca®* (Figure S19).

One possible explanation for the enhancement in the
electrochemical performance of CC toward sulfur is that
the polysulfide shuttling is impeded by the 2DSi additive
owing to its strong affinity to polysulfides combined
with the confinement effect (Scheme S3). The potential-
wise high-resolution S 2p XPS spectra reveal that the
2DSi retains the polysulfides' emerging multiple peaks
at 160-164 eV (Figure 5A), whereas these sulfur species
are completely absent in the XPS spectra of the CC cy-
cled without 2DSi (Figure 5B) in the potential range
between 1.5 and 3.0 V versus Li/Li*. We believe that this
is because the surficial sulfur species on the CC
electrode were washed away during the sample pre-
paration, whereas those on the 2DSi'CC electrode
were robustly retained, indicating the strong affinity
between 2DSi and polysulfides. This is consistent with
the photo images of the cycled Li metal with the

(A) (B)

separator revealing a significant decrease in the dis-
solution of yellow polysulfides in the 2DSi'CC electrode
(Figure S20). In addition, with an increase in the cell
potential from 1.5 to 3.0V versus Li/Li*, the areal
contribution of the peak for the central S at approxi-
mately 164 eV (Sg°) increased from 7.61% to 29.41% and
that for the terminal S at approximately 163 eV (St )
decreased from 32.04% to 7.00% (Figure 5C). This in-
dicates that the polysulfides retained by 2DSi are active
in the reversible, step-wise redox reaction during cycling
(Figure 5A).

The effective interaction between the 2DSi and
polysulfides was also confirmed by density functional
theory (DFT) calculations (Figure S21). The binding en-
ergy of Li,S,, as a representative of lithium polysulfide,
on a flawless 2DSi surface was —2.14 eV, which is similar
to that on the TiS,, a moderate anchoring material.”” On
a defective surface exposing the undercoordinated Si
atoms without a OH functional, the binding of Li,S, was
strengthened to —3.87eV. These moderate interactions
between 2DSi and polysulfides, regardless of the surface
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FIGURE 5 Potential-wise high-resolution XPS spectra of (A) 2DSi'CC and (B) CC. (C) Portion of discharge (LPS + polythionate) and
charge (HPS + thiosulfate) products at 1.5, 1.8, and 3.0 V versus Li/Li*. 2DSi, two-dimensional siloxene; CC, carbon cloth; HPS, high plateau
surface; LPS, low plateau surface; XPS, X-ray photoelectron spectrometry

85U8017 SUOWILIOD BAIIERID 8|qedl|dde ay) Aq peusenob ke sejore VO ‘@SN Jo SN 10} Aeiq18ulUO A8]IM UO (SUONIPUCD-pUe-SWLBIAL0D A8 I AfeIq1[pU1|UO//SANY) SUORIPUOD PUe SWB L 3U188S *[220z/TT/20] uo AriqiTauluo feim ‘Ariqi Aisieniun BueAueH Aq ZGT 2480/200T 0T/10p/00 A8 | ARelq el |uo//Sdny Wouy papeo|umoq 9 ‘TZ0Z ‘89E6.£92



KANG ET AL.

987

CARBON ENERGY-WILEY

FIGURE 6 Potential-wise (A) (B)
high-resolution XPS spectra of the 2psice 2psice
2DSi'CC: (A) Si 2p and (B) O1s. 2DSi,
two-dimensional siloxene; CC, carbon = @
cloth; XPS, X-ray photoelectron E o
spectrometry S %
(o) o
o ©)]
I I T I T | | I I N | T [N TN (NN N N TN AN S N [N S N1
2DSi'CC_3.0V
— 0
m Z
-~ 2
2} c
i) .
c - S
8 Si-S 8
S I
TR I N N | | T N S ' |I|l;l|||I|||I|
2DSi'CC_OCV 2DSi'CC-OCcV
0 v
@ ®
= S
= 0
Q /) O
° /\
N N T I N | | N N I N |
2DSI'CC_1.8V
0 0
()
£ £
3 3
S &)
O
T I Y | I I 1 1I7|[1]|I|I|I\|l-|

state, indicate that the 2DSi can be an effective additive
for retaining polysulfides.

Another remarkable observation in the XPS spectra is
the sulfur peaks between 166 and 170 eV (Figure 5A,B).
The binding energies at 167 and 169 eV can be assigned
to thiosulfate and polythionate, respectively, and they are
conspicuous only in the presence of 2DSi. Previous stu-
dies have reported that the electrochemical formation of
thiosulfate and polythionate increased the affinity of the
electrode to polysulfides, thus improving battery perfor-
mance. In addition, these studies reported that thio-
sulfate formation requires redox potential of higher than
2.4V versus Li/Li*, which corresponds to the onset of the
sulfur reduction, to have a more thermodynamic pre-
ference in thiosulfate formation than the reduction of
polysulfides. Adsorption of Li on the 2DSi surface,

|
110 108 106 104 102 100 98 96
Binding energy (eV)

542 540 538 536 534 532 530 528 526
Binding energy (eV)

however, was calculated to have lower redox potential
(~1V vs. Li/Li*) than this onset potential, implying that
the reduction of polysulfide will begin ahead of the
electrochemical formation of thiosulfates. Thus, the ob-
served thiosulfate in the 2DSi might have a different
formation mechanism than the previously suggested
redox-based thiosulfate. In addition, the thiosulfate and
polythionate signals are significant in both the charged
and discharged states of the 2DSi'CC electrode. This
implies that a part of thiosulfate and polythionate are
chemically formed in the absence of the electrochemical
process. According to a previous study, abundant surface
hydroxyl groups on the surface of 2DSi can react with
polysulfides to generate insoluble thiosulfate.”’ As evi-
dence, the oxidation of polysulfides (Li,Ss) was initiated
upon contact with the 2DSi even at an open-circuit
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voltage (OCV) without applying current. Consistently,
the S-O peak reflecting the thiosulfate was observed in
the O 1s XPS spectrum at OCV (Figure S22). This che-
mical interaction between S and O was further confirmed
by comparing the O 1s XPS spectra of 2DSi'CC before
and after the cell fabrication. In the bare 2DSi'CC
(Figure 6A), an obvious peak was observed at 536eV
corresponding to Si-OH, which disappeared after fabri-
cating the cell. This result suggests that the surface OH
groups are consumed by interaction with polysulfides,
although its detailed mechanism is still unclear. The
electrochemical formation of thiosulfate and poly-
thionate was also observed in the XPS results as their
signals increased during the discharge from 3.0 to 1.8V
versus Li/Li*.

This series of reactions facilitates the conversion of the
soluble polysulfides into insoluble lithium sulfide, thus
reducing the loss of active sulfur species caused by dis-
solution. Notably, the thiosulfate formation further
strengthens the interaction of 2DSi with polysulfides by
revealing a fresh Si surface. In addition, the nucleophilic
sulfur species donate electrons to the Si atoms with un-
occupied orbitals, leading to the formation of coordination
compounds, as confirmed by the newly observed peak of
Si-S bond at 102eV in the high-resolution XPS Si 2p
spectra (Figure 6B).”' Furthermore, the areal ratio of
polythionate plus terminal S (or products) to that of
thiosulfate plus central S (or reactants) gradually increases
with decreasing cell potential during the discharge pro-
cedure. This interplay confirms the electrochemical ac-
tivity of the in-situ formed thiosulfate/polythionate redox
couple and the resulting Si surface toward polysulfides in
their chemical binding and conversion into lithium sulfide
under redox conditions.

4 | CONCLUSION

In summary, we showed that a 2DSi is highly effective in
immobilizing and utilizing the intermediate polysulfides,
especially under high-sulfur-loading conditions. The
2DSi was modified to have a layered structure decorated
with vertically aligned surface hydroxyl groups by solvent
extraction at RT. The stoichiometric reaction with poly-
sulfides induced hydroxyl-rich, layered 2DSi electro-
catalytic activity based on the thiosulfate/polythionate
redox couple with a confinement effect via intercalation,
and catalytic surface affinity based on the Lewis acid
-base interaction, which optimized the performance of
the 2DSi at a 1:2.5 2DSi:sulfur weight ratio. With these
multiple effects, the 2DSi improves the conversion from
high polysulfides into low polysulfides or lithium
sulfide of the cathode, thereby increasing the capacity

generation from the lower plateau and cycle stability at
ImAcm™ and ~10mg Scm™'. Combined with com-
mercial carbon materials as a sulfur supporting material
and a current collector, the 2DSi-based LSB cells deliv-
ered a high areal capacity (7.49mAhcm™) and a high
volumetric energy density (612 Wh L., ") with marginal
capacity loss (0.12%-0.14% loss per cycle).
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